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Abstract

This study examined the influence of variables in a finishing
process for making cotton fabric with regenerable antibacterial
properties against Staphylococcus aureus (S. aureus). 5,5-
dimethylhydantoin (DMH) was coated onto cotton fabric by a
pad-dry-plasma-cure method. Sodium hypochlorite was used for
chlorinating the DMH coated fabric in order to introduce
antibacterial properties. An orthogonal array testing strategy
(OATS) was used in the finishing process for finding the
optimum treatment conditions. After finishing, UV-Visible
spectroscopy, Scanning Electron Microscopy (SEM), and
Fourier Transform Infrared Spectroscopy (FTIR) were employed
to characterise the properties of the treated cotton fabric,
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including the concentration of chlorine, morphological
properties, and functional groups. The results show that cotton
fabric coated with DMH followed by plasma treatment and
chlorination can inhibit S. aureus and that the antibacterial
property is regenerable.
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Plasma; Regenerable; Antibacterial; Cotton; DMH

Introduction

Antibacterial finishing is of enormous importance in the textile
industry because fibres are susceptible to microorganisms,
including bacteria and fungi, which are nourished by sweat,
sebum, and food stains, as well as the fibres themselves [1-4].
These microorganisms can cause odor, staining, deterioration of
textiles, and infection, allergies, and diseases. Cotton is a natural
cellulosic fibre which has the ability to absorb and retain
moisture and promote the growth of microorganisms [5,6].
Therefore, antibacterial finishing for cotton fabric is imperative.
To achieve safety and health properties, antibacterial cotton
fabric is grafted or coated with bactericides (e.g., chitosan,
guaternary ammonium salts, chlorine and chloramines, etc.) [7-
11], or loaded with heavy metal ions (silver, copper, zinc) [12-
15]. However, it is found that the uptake and durability of these
compounds are difficult to manage because they leach from the
textiles easily [7]. These chemicals are always loaded onto
cotton fabrics with the help of other chemicals, such as cross-
linking agents, initiators, and catalysts, but the incompatibility of
antibacterial agents with other chemicals and the toxicity of
these antibacterial agents to humans and aquatic animals are also
important weaknesses that need to be addressed [7]. In order to
reduce chemical consumption, protect the environment, and
improve the quality of textiles, researchers have worked hard to
find innovative solutions. Plasma treatment is one of the methods
used to improve textile manufacturing processes. Plasma
technology has already been used by the textile industry for
surface modification and for imparting permeability and
biocompatibility [16-19]. Plasma is a medium composed of ions,
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free electrons, photons, neutral atoms, and molecules in ground
and excited states [20]. These particles, generated from the
dissociation of inert gases under electrical energy, gain their own
energy from an imposed electric field and lose this energy when
they collide with the material surface. During the surface
collision, chemical bonds in the material surface are ruptured and
free radical groups are created on the material surface. These
particles are chemically active and can introduce new functional
groups on the surface of the material which can be used as
precursors for polymerisation; a reaction between the substrate
and the monomer [20]. Plasma treatment applied in textile
processes replaces application of some chemicals, thereby
reducing the amount of chemicals used during production. This
reduces the environmental effects of textile production. The
main advantage of plasma treatment is that it just changes the
surface properties without affecting the bulk properties of
substrates [21,22].

Finishing of cotton fabric with chloramine (pad-dry-cure) with
the aid of plasma treatment is proposed because of
environmental concerns. The chloramine is changed from 5,5-
dimethylhydantoin (DMH), a chemical with an amide structure,
to an N-halamine structure by chlorination. The chlorine in
chloramine can be regenerated through chlorination after
consumption by bacteria (Figure 1). This finishing method
makes antibacterial textiles regenerable. In the reaction, chlorine
in the N-halamine structure is not stable due to the inductive
effect of the carbonyl (C=0) [23]. It can attach to bacteria easily
to change the osmotic pressure of the bacteria and kill it. At that
time, the chlorine in N-halamine is substituted with a hydrogen
ion. However, the chlorine in N-halamine can be obtained again
by chlorination of sodium hypochlorite. Therefore, this finishing
process improves the lifespan of the antibacterial properties of
cotton fabric. In addition, the chemical structure of DMH is
simple and the reagent itself is inexpensive and easily available.
In our preliminary study [24], we found that plasma treatment
can improve the pad-dry-cure process for introducing DMH to
cotton fabric to achieve good antibacterial effects. The plasma
process can be carried out at different stages of the pad-dry-cure
process, i.e., plasma-pad-dry-cure (CPD); pad-plasma-dry-cure
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(CWPD), and pad-dry-plasma-cure (CDPD) [24], in order to
make cotton fabric with antibacterial properties [24].
Experimental results reveal that CDPD treatment can provide the
best antibacterial effect against S. aureus compared with CPD,
CWPD, and even the “pad-dry-cure” process without plasma
treatment (CD). Further studies were conducted in order to
optimize the treatment conditions for CD [25], CPD [26], and
CWPD [27] but the optimum condition for the CDPD process
has not been reported yet. Therefore, the optimum condition for
the CDPD process is investigated in this study.

R R1

R2— C —— C=0 NaClO | R2—C ——C=0

lll\\‘/l\ll .
n |

DMH Dechlorinated DMH

Figure 1: Reversible redox reaction of DMH (red circles show the N-halamine
structure) [25].

Experimental Methods
Fabric and Chemicals

100% woven cotton fabric, completely desized, scoured, and
bleached, was used in this study (fabric weight = 260 g/m? 54
threads/cm in warp and 25 threads/cm in weft). Non-ionic
detergent, Diadavin EWN-T 200% (Tanatex, Leverkusen,
Germany) (2%), was used for cleaning the fabric at pH 7 at
50 °C for 30 min. After cleaning, the fabric was rinsed with
deionised water to remove detergent, oil, and impurities and
dried at 80 °C for 20 min [23-27]. The cleaned fabric was then
conditioned at 65% * 2% relative humidity and 20 + 2 °C for at
least 24 h prior to further use. 5,5-Dimethyl hydantoin (DMH)
(97%), sodium hypochlorite (5% active chlorine content),
potassium iodide, glacial acetic acid (>99.8%), and starch
indicator (1% in H,O) were purchased from Sigma-Aldrich.
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Plasma Treatment

Atmospheric pressure plasma (APP) treatment was conducted
after drying during the conventional pad-dry-cure process.
Plasma generator Atomflo-200 (Surfx Technology, Redondo
Beach, CA, USA) was used for APP treatment of the cotton
fabric. The plasma discharge was ignited by low radio frequency
at 13.56 MHz. In the APP treatment system, the plasma jet was
placed vertically above the fabric (Figure 2) [23-27]. As
described in detail previously [23-27], helium (flow rate = 9.6
L/min) and nitrogen (flow rate = 0.15 L/min) were used as the
carrier gas and reactive gas, respectively. The APP discharge
power was 80 W, the jet distance was 5 mm, and the movement
speed of the fabric was 0.2 m/s.

Carrier gas - Helium ‘ Reactive gas - Nitrogen
P ¥

Plasma jet connected
to plasma generator
with the use of RF

A

Jet distance | 3
_ Moving substrate
P

[ —————

Figure 2: Schematic diagram of the Atmospheric pressure plasma (APP)
treatment.

Optimizing the Treatment Condition for Coating DMH
on Cotton Fabric

For the coating of DMH, cotton fabric was first padded with
DMH (with concentrations of 2%, 4%, or 6%) until a wet pick
up of 80% was achieved. The DMH padded cotton fabric was
then dried at 80 °C for 5 min, similar to previous studies [24-27].
The dried fabric was then treated with plasma and cured at
120 °C, 140 °C, or 160 °C for 5 min (i.e., pad-dry-plasma-cure).
The fabric samples treated with the same coating process were
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subsequently chlorinated at room temperature with sodium
hypochlorite solution with different active chlorine contents of
0.8%, 1.0%, or 1.2%, in order to transform some of the amino
groups on the pad-dry-plasma-cure treated cotton fabric into N-
halamines [24-27]. After chlorination with sodium hypochlorite,
these fabrics were rinsed thoroughly with deionised water in
order to ensure that no free chlorine remained in the chlorinated
fabric. To test the free chlorine, the water after rinsing the
chlorinated fabric was tested with Kl/starch solution. If no blue
color was observed in the rinsing water, this indicated that no
free chlorine remained in the fabric [24-27]. After the
chlorination process, the cotton fabrics were conditioned at 65%
+ 2% relative humidity and 20 + 2 °C for at least 24 h prior to
use [26,27].

Orthogonal array testing strategy (OATS) analysis was used for
determining the optimum treatment conditions [25-29]. Four
variables which have been used previously [25-27] were
adopted, i.e., the concentration of DMH, curing temperature,
concentration of the bleaching solution, and the duration of
chlorination and their respective effects on antibacterial
properties were investigated. Table 1 summarises the variables
and levels used in the OATS analysis and Table 2 shows the
experimental arrangements (nine test runs were conducted).

Table 1: Variables and levels used in OATS [25-27].

Level Variables
Concentration Curing Concentration of Time of
of DMH (%) Temperature (°C) Bleaching Chlorination
Solution (%) (min)
A B C D
[ 2 120 0.8 20
Il 4 140 1.0 40
i 6 160 1.2 60
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Table 2: Arrangement of experiment [25-27].

Test Run Variables
Concentration Curing Concentration of Time of
of DMH (%) Temperature (°C) Bleaching Chlorination
Solution (%) (min)
A B C D
1 | | | |
2 | I I I
3 | 11 11 11
4 Il | I 1l
5 Il 1 11 |
6 Il 11 | I
7 11 | I I
8 11 1 | 1l
9 11 11 I |

Antibacterial Property

Antibacterial activity of the samples was tested referring to the
AATCC Test Method 147-2011. S. aureus (ATCC 6538,
purchased from Tin Hang Technology Ltd in Hong Kong) was
used as the model bacteria [4,30-32]. The bacteria were
inoculated in a blood agar plate purchased from Tin Hang
Technology Ltd in Hong Kong and incubated at 37 °C for 24 h.
A bacterial suspension was prepared in Brain-Heart Infusion
(BHI) (Oxoid, purchased from Thermo Fisher Scientific HK
Ltd., Hong Kong, China) broth by harvesting the cells from the
blood agar plate and its optical density was measured with a UV-
Vis spectrophotometer (DU 730, Beckman Coulter HK Ltd.,
Hong Kong, China) (wavelength at 660 nm) to 0.5 McFarland
standard. Then, the suspension was diluted 100-fold. After that,
the diluted suspension was inoculated on new sterile blood agar
plates using the Autoplate 4000 microprocessor-controlled Spiral
Platter (Advanced Instruments, Inc., Norwood, MA, USA), and
untreated and freshly prepared treated samples (20 mm x 20
mm) were placed on the seeded agar surfaces. After standing for
5-10 min, these plates were placed in the aerobic incubator and
incubated at 37 °C for 48 h. Finally, clear zones were observed
to evaluate the antibacterial activity of the samples. The
antimicrobial activity of each sample was tested three times, and
the mean value of the width of three clear zones was used to
evaluate the antimicrobial activity of the fabric.
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Active Chlorine Content of Chlorinated DMH Coated
in Cotton Fabric

A colorimetric method was used for evaluating the active
chlorine content of chlorinated DMH coated on cotton fabric, as
described previously [24-27]. The available active chlorine
content of the fabric was determined based on the absorbance
measured by the Lambda 18 UV-Visible spectrophotometer
(Perkin Elmer, Waltham, MA, USA) at wavelength (Amax =
427.60 nm). A calibration curve was prepared by measuring the
absorbance of three standard sodium hypochlorite solutions. In
the calibration curve, absorbance is plotted against concentration
(the best fit equation of the calibration curve is y = 30.401x —
50.84; R®> = 0.9918). Based on the calibration curve, the
concentration of active chlorine of the DMH coated fabric
samples can be obtained [24-27].

Regenerability

The regenerability of chlorine in the cotton fabric was tested by
washing using the AATCC Test Method 61-1A [25-27]. The
antibacterial activity of samples before washing, after washing
(termed as AW), and after re-chlorination was tested (termed as
AW + CH). The conditions for re-chlorination were the same as
the first chlorination process.

Chemical Composition of DMH Coated Fabric

Fourier transform infrared spectroscopy was used for evaluating
the chemical properties of DMH coated fabrics. A Spectrum 100
with attenuated total reflection mode was used for obtaining the
FTIR spectra. The spectra were obtained using 16 scans between
650 and 4000 cm™ with a resolution of 4 cm™. For obtaining
better spectra with low noise, the second derivative of the spectra
was obtained, for further analysis of the chemical composition of
DMH coated fabric [25-27].
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Scanning Electron Microscopy (SEM)

Surface morphology of the cotton fabric was evaluated by SEM
(JEOL Model JSM-6490, JEOL USA, Inc., Peabody, MA, USA)
with imaging up to 300,000 with a high resolution of 3 nm.
Samples (5 mm x 5 mm) were pasted on a metal round table
with conducting resin. They were then placed in the vacuum
pump of the SEM. The surface images of fabrics were obtained
by the SEM operated at an accelerating voltage of 20 kV and
magnification of the image was set at 4000x to 5000x.

Tearing Strength

Tearing strength of untreated fabrics, fabrics coated with DMH
(CD), and fabric coated with DMH with plasma treatment
(CDPD) was measured in accordance with the American Society
for Testing and Materials (ASTM) D1424-09 “Standard Test
Method for Tearing Strength of Fabrics by Falling-Pendulum
Type (Elmendorf) Apparatus” with an Elmatear Digital Tear
Tester (James H. Heal & Co. Ltd., Halifax, UK). Three samples
per fabric type for both the warp (for tearing across the weft) and
the weft (for tearing across the warp) direction were tested. The
dimensions of the samples were about (75 + 2) mm x (100 + 2)
mm based on the template in accordance with the requirements
in ASTM D 1424-09 [33]. The results of the tearing strength
were represented in newton (N).

Results
Optimised Treatment Condition for Antibacterial
Finishing

In this study, the mean value of the width of four clear zones in a
fabric (Figure 3) is used to evaluate the antibacterial activity of
the fabric against S. aureus and is termed mean clear width. A
wider clear width indicates the antibacterial activity is more
pronounced. The mean clear width of the bacteria against S.
aureus was obtained from the nine specimens generated by the
OATS technique and the result of orthogonal analysis, where T,
refers to the sum of the evaluation indexes of all levels (n, n =1,
Il, 1) in each factor (m, m = A, B, C), such that TAI = 1.156 +
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1.090 + 1.611 = 3.857 is the sum of level | of factor A; TCIl =
1.090 + 1.062 + 1.258 = 3.410 is the sum of level Il of factor C;
and K., implies the mean value of T, such that KAl = TAI/3 =
3.857/3 = 1.286 is the mean value of TAI; KCIl = TCII/3 =
3.410/3 = 1.137 is the mean value of TCII, and all are shown in
Table 3. In addition, T is the sum of the evaluation indexes, w;,
which is an evaluating indicator for antimicrobial activity of
cotton fabrics evaluated by the AATCC Test Method 147-2011;
and the range of factors in each column, R = Max(K;)-Min(Kj),
indicates the function of the corresponding factor [34]. The
larger value of R corresponds to a greater impact of the level of
the factor on the experimental index. Therefore, the impact of
every factor on the final treatment effect can be distinguished
clearly on the comprehensive condition that every factor
changes.

Clear Zone

Figure 3: Example of the clear zone of the sample against bacteria [24].

Table 3: Orthogonal table for optimizing the antibacterial property of cotton
fabric coated with DMH.

Test Parameters Results

Run Concentrati | Temperatu | Concentration Time of Mean clear width

on of DMH re of of Bleaching Chlorination against S.
(%) Curing Solution (%) (min) aureus (mm)

)

A B C D Wi

| | | 1.156

|
| 1 11 Il 1.090
|

11 11 Il 1.611

11 11 1.062

1 1 11 | 1.338

1 11 | I 0.879

N[OOI~ |W[N|-

111 | 11 I 1.468

11 www.videleaf.com



Surfaces, Interfaces and Coatings Technology

8 111 1l | 11 1.601
9 11 11 I | 1.258
T 3.857 3.686 3.636 3.752 Ton =291 = 1"
Tont 3.279 4.029 3.410 3.437 —
T 4.327 3.748 4.417 4.274 Kinn = 13T =
1/339i=1"
Kmi 1.286 1.229 1.212 1.251 —
Kl 1.093 1.343 1.137 1.146 -
K 1.442 1.249 1.472 1.425 —
R 0.349 0.114 0.335 0.279 R=
Max(Kuni, Kty Kiinr)
Min(Kut, Knit, Kiniir)

Figures in bold exhibit the highest value among all values of
different variables used while italics show the level of
importance of each variable.

Based on Table 3, all the four variables used, i.e., (i)
concentration of DMH; (ii) curing temperature; (iii)
concentration of bleaching solution; and (iv) time of
chlorination, in the antibacterial finishing process can have
different effects on antibacterial activity of cotton fabric coated
with DMH in the CDPD process. The order of importance of
these variables based on the OATS analysis is concentration of
DMH > concentration of bleaching solution > time of
chlorination > curing temperature. According to the results of the
OATS analysis, the optimum conditions for DMH coating on
cotton fabric in the CDPD process are: (i) concentration of DMH
is 6%; (ii) curing temperature is 140 °C; (iii) concentration of
bleaching solution is 1.2%; and (iv) time of chlorination is 60
min. In order to verify these optimum conditions, cotton fabric
was treated under the optimum conditions and it was found that
the mean clear width was 1.798 mm and this width is the widest
when compared with the nine specimens’ results in Table 3.
Therefore, the optimum conditions were determined and the
cotton fabric was treated under these optimum conditions for
further evaluation of regenerability, by FTIR-ATR and SEM.

The effect of process variables including (i) concentration of
DMH; (ii) time for curing; (iii) concentration of bleaching
solution; and (iii) time of chlorination on the antimicrobial
results was investigated (Figure 4). The effect of the
concentration of DMH on the antibacterial property is shown in
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Figure 4a; mean clear width reduces with an increase of the
concentration of DMH when the concentration of DMH is lower
than 4%, while it increases when the concentration of DMH
increases beyond 4%. As shown in Figure 4b, the mean clear
width increases with the increase of the curing temperature until
it reaches 140 °C, but it reduces with the increase of the curing
temperature beyond 140 °C (Figure 4b). As shown in Figure 4c,
when the concentration of the bleaching solution is below 1%,
the mean clear width reduces with the increase of the
concentration of the bleaching solution. Moreover, if the
bleaching solution concentration is higher than 1%, the mean
clear width increases further. Figure 4d shows that the mean
clear width of the finished cotton fabric decreases with the
increase of the time of chlorination up to 40 min. After
exceeding 40 min, the mean clear width starts increasing.

44  ———

Mean Clear Width against
S. aureus (mm)

Mean Clear Width against
S. aureus (mm)

4 6 120 140 160
Concentration of DMH (%) Temperature of curing (°C)

(a) (b)

NI N I S

Mean Clear Width against
S. aureus (mm)
Mean Clear Width against
S. aureus (mm)

08 1 1.2 20 40 60
Concentration of bleaching solution (%) Time of chlorination (min)

(¢) (d)

Figure 4: Effect of (a) concentration of DMH; (b) curing temperature; (c)
concentration of the bleaching solution; and (d) time of chlorination on the
antibacterial property of cotton fabric coated with DMH.
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Relationship between the Antibacterial Property and
the Concentration of Chlorine on Cotton Fabric

Figure 5 shows the relationship between the antibacterial
property and the concentration of chlorine on cotton fabric. It is
noted that the mean clear width becomes wider with an increase
of the concentration of chlorine on DMH coated cotton fabric.
The relationship is logarithmic with a logarithmic equation of y
= 0.933In(x) + 0.0155 (R? = 0.91301). That is because steric
hindrance of the functional groups decreases the chlorination of
N-containing groups by sodium hypochlorite [35,36].

n

y =0.933In(x) + 0.0155
R?=0.91301

Mean Clear Width against S. aureus (mm)

4 5 6 7
The concentration of active chlorine in sodium hypochlorite solution (x 1077 mol/L)

Figure 5: Relationship between the antibacterial property and the concentration
of chlorine on cotton fabric.

Regenerability

Regenerability makes antibacterial textiles environmentally-
friendly, besides prolonging the service life of the fabric. Figure
6 shows the regenerability of cotton fabric with plasma treatment
(symbol: CDPD) and without plasma treatment (symbol: CD). In
Figure 6, the mean clear width of fabric with plasma treatment is
wider than for fabric without plasma treatment whether before
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washing (washing time = 0 in Figure 6), after washing (symbol:
AW), or re-chlorination (symbol: AW + CH). According to
Figure 6, the antibacterial activity of cotton fabric with plasma
treatment after re-chlorination is approximately the same as that
before washing. However, the antibacterial activity of fabric
without plasma treatment decreases after washing and re-
chlorination, compared with that before washing. It is also found
that the mean clear width of fabric without plasma treatment
after washing decreases significantly when compared to that with
plasma treatment after washing.

1.9
4= AW(CDPD)
~f@i—AW-=CH(CDPD)
e AW(CD

18 (CD)

i AW+CH(CD)

—
~J
I

—
(=3
1

Mean Clear Width against S. aureus (mm)
o

Loy
+=

0 10 20 30 40 50 60
Washing Times

Figure 6: Antimicrobial effect of fabric finished with pad-dry-plasma-cure
(CDPD) and pad-dry-cure (CD) processes before washing, after washing (AW),
and after re-chlorination (AW + CH).

FTIR-ATR

FTIR-ATR is used to determine the existence and the content of
chemical groups on the finished substrates. In this experiment,
characteristic groups of DMH, amide II, and C=0 and other
chemical groups related to N, plasma treatment were determined.
Figure 7 is the second derivative FTIR-ATR spectrum of the
untreated cotton fabric (Figure 7a), cotton fabric treated with
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plasma (Figure 7b), cotton fabric coated with DMH with plasma
treatment (Figure 7c) and cotton fabric coated with DMH
without plasma treatment (Figure 7d). Compared with Figure 7a,
the peaks at around 1550 cm™* are assigned to N-H (amine 11)
deformation in Figure 7b—d. The absorbance bands in the 1755
cm ' region of Figure 7b—d indicate the stretching vibrations of
C=0 [36,37,38,39,40]. The absorbance peak of C=0 in Figure
7b belongs to the stretching vibration of the carboxyl groups.
Absorbance peaks of C=0 in Figure 7d are derived from DMH
and the absorbance peaks of C=O in Figure 7c include the
stretching vibration of the carboxyl groups and amides.
Absorbance peaks at 3304 cm® represent the stretching
vibrations of N—H [24]. The absorbance peak of C=0 and N-H
(amine ) in Figure 7c is higher than that in Figure 7b,d
according to coordinates of the absorbance peaks, which means
fabrics finished with the pad-dry-plasma-cure process increase
the content of C=0 and N-H (amine II) groups on the basis of
the Beer-Lambert law [24]. Therefore, finishing process with
plasma treatment can modify the fabric surface by carboxyl
groups and amides.

Figure 7: Second derivative FTIR spectrum of (a) untreated cotton fabric; (b)
cotton fabric treated with plasma; (c) cotton fabric coated with DMH through
the ‘pad-dry-cure’ method with plasma treatment (CDPD); and (d) cotton
fabric coated with DMH through the ‘pad-dry-cure’ method (CD).

16 www.videleaf.com



Surfaces, Interfaces and Coatings Technology

SEM

SEM was employed to observe the variations of physical
characteristics on the surface of modified substrates. Figure 8
shows a SEM picture of untreated cotton fabric (Figure 8a),
cotton fabric coated with DMH through the ‘“pad-dry-cure”
method (CD) (Figure 8b), and cotton fabric coated with DMH
through the ‘pad-dry-plasma-cure’ method (CDPD) (Figure 8c).
As shown in Figure 8, the surface of the cotton fibres is smooth
even before coating, while the surface of cotton fibres coated
with DMH is not smooth. Compared with the distribution of
DMH on fabric without plasma treatment (Figure 8b), DMH is
more evenly distributed on the surface of fibres treated with
plasma (Figure 8c). This may be caused by the etching effect,
that is, species generated in a plasma generator possess active
energy, which collides with material surfaces to remove some
line-structures on the fibre surfaces [23,41,42].

Figure 8: SEM picture of (a) untreated cotton fabric; (b) cotton fabric coated
with DMH through the “pad-dry-cure” method (CD); and (c) coated with DMH
through the ‘pad-dry-cure’ method with plasma treatment (CDPD).

Tearing Strength

Tearing strength of the untreated fabric, fabric coated with DMH
(CD), and fabric coated with DMH with plasma treatment
(CDPD) is shown in Table 4. Compared with the untreated
fabric, the tearing strength of the cotton fabrics decrease about
5% in the warp direction and 10% in the weft direction after
coating with DMH with or without plasma treatment. The tearing
strength of cotton fabric without plasma treatment is nearly the
same as that with plasma treatment. That is to say, the etching
effect of the plasma treatment has no significant influence on the
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tearing strength when plasma treatment is carried out after
drying.

Table 4: Tearing strength of the untreated cotton fabric and cotton fabric
finished with pad-dry-plasma-cure (CDPD) and pad-dry-cure (CD) processes
both in the warp and weft direction.

Sample Untreated CD CDPD
Tearing strength in warp 15.42 14.63 14.60
direction (N)
Tearing strength in weft 104 9.42 9.60
direction (N)

Discussion

In this study, it was found that N, plasma treatment
functionalises the cotton fabric with N-containing groups and
C=0 groups, according to the FTIR study [43]. The formation of
carboxyl groups on fabric after plasma treatment is caused by the
oxidation of hydroxyl groups by particles in N, plasma, and they
can react with amide groups in a hydantoin ring [44]. The higher
absorbance peak of C=0 in Figure 7c means the content of C=0
in Figure 7c is 1.7 times higher than that in Figure 7b and 1 time
in Figure 7d. According to the Beer-Lambert law, A = 1ogo (lo/1)
= abc (where A is the absorbance of functional groups; I is the
intensity of source radiation; | is the intensity of transmitted
radiation; a is the absorpitivity co-efficient, b is the thickness of
the path length; and c is the concentration of the absorber), the
height of a second-derivative peak in the FTIR spectrum is
proportional to the square of the original peak height with an
opposite sign [44].

In addition, plasma treatment imparts an etching effect on the
material surface leading to the formation of grooves and cracks
[45]. In this study, the fabric is first covered by DMH in a pad-
dry-plasma-cure process, and when the plasma particles reach
the surface of the fabric, they initially interact with DMH. Thus,
distribution and coating of DMH onto cotton fabrics is improved
by plasma treatment. Meanwhile, the cracks and DMH on the
fabric increase the surface friction and roughness, which restricts
the sliding action of the yarn during tearing and leads to lower

18 www.videleaf.com



Surfaces, Interfaces and Coatings Technology

tearing strength [23,46,47]. However, the DMH attached to the
fabric decreases the etching effect of plasma treatment which
prevents the tearing strength of the fabric from declining.
Therefore, N, plasma treatment introduces N-containing groups
and improves the content of DMH on cotton fabric, which
increases the content of chlorine and enhances the antibacterial
effect as well as its regenerability [24]. The plasma treatment
applied after drying is a feasible way for improved functional
finishing of cotton fabric.

It was also discovered that the process variables affect the
antibacterial properties of cotton fabric finished with DMH.
Firstly, the higher concentration of the DMH solution results in
the aggregation of molecules of DMH, which affects the
distribution and adhesion of DMH on fabric, resulting in a
decrease of the mean clear width with an increase in the
concentration of DMH. However, when the concentration of
DMH is high enough, the aggregated DMH can cover a larger
surface area and more DMH can be coated on the fabric. This
explains why the mean clear width increases with the
concentration of DMH until the DMH concentration reaches 6%
[25,26]. Secondly, the melting point of DMH is around 175 °C
and thus with a high curing temperature, the DMH can get
detached from the fabric surface leading to poor fixation of
DMH on fabric [25,26]. So DMH may be dissolved in water
easily during the subsequent finishing process. Therefore, the
DMH content on the fabric and chlorine decrease with the
increase of the curing temperature, and the resultant antibacterial
properties decrease. Generally speaking, a higher concentration
of the bleaching solution provides more chlorine to interact with
the DMH in the cotton fabric. Therefore, the chlorine
concentration of fabric increases with an increase in the
concentration of the bleaching solution [25], but this assumption
could not be verified by the outcome as depicted in Figure 4c.
Generally speaking, chlorine in sodium hypochlorite has a strong
oxidising ability which is considered able to damage functional
moieties, such as potential aldehyde groups on the cotton fabric
[26]. This damage may contribute to the occurrence of decreased
antibacterial efficacy of the treated fabrics when fabrics are
chlorinated with higher concentration of sodium hypochlorite
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solution. In this study, the N-containing groups came from two
sources: DMH and N, plasma [41]. N-containing groups in
DMH are chlorinated easily due to the effect of steric hindrance
of functional groups in cellulose molecules [26]. When the
concentration of sodium hypochlorite is lower than 1%, chlorine
is consumed by the N-containing groups in DMH and functional
groups on the cotton fabric. With the increase of the bleaching
solution concentration, redundant chlorine has the chance to
react with N-containing groups introduced by N, plasma [25].
This explains why the mean clear width is nearly stable with an
increase in the bleaching solution concentration when the
bleaching solution concentration is lower than 1%, and why it
increases with the increase in concentration of the bleaching
solution after the concentration exceeds 1%. The last factor is the
time of chlorination. Because there are two sources of N-
containing groups, at the beginning of chlorination, N-containing
groups in DMH are chlorinated by sodium hypochlorite due to
the steric hindrance of vicinal chemical groups of N-containing
groups introduced by the nitrogen plasma on cotton fabrics
[35,36]. However, the N-CI structure in DMH is not stable. N-Cl
bonds are hydrolysed (reverse reaction, Figure 1) with extension
of the time of chlorination [48]. Functional groups in DMH are
potentially destroyed by the strong oxidising ability of sodium
hypochlorite. Meanwhile, nitrogen plasma introduces N-
containing groups which are transferred into the N-halamine
structure with the extension of chlorination time [24,25,26,27].
Therefore, the mean clear width of cotton fabric increases after
the initial decrease.

It is demonstrated that the antibacterial activity is proportional to
the concentration of chlorine on the finished cotton fabric.
Therefore, the effective method to improve the antibacterial
property of cotton fabric is to increase the amount of chlorine on
the cotton fabric.

Conclusions

The pad-dry-plasma-cure process for coating DMH on cotton
fabric followed by chlorination with sodium hypochlorite
inhibits the bacteria, S. aureus, effectively. The optimum
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treatment conditions of the antibacterial finishing process as
identified in this research are (i) concentration of DMH = 6%);
(ii) curing temperature = 140 °C; (iii) concentration of bleaching
solution = 1.2%; and (iv) time of chlorination = 60 min. In the
future, the finishing process can be optimized further by variance
analysis through orthogonal experiments considered with
interaction and error terms.

The antibacterial property of cotton fabric coated with DMH
with the aid of plasma treatment followed by chlorination is
regenerable, durable, and stable. The appearance, distribution,
and content of DMH on cotton fabrics are enhanced by plasma
treatment. Nitrogen plasma also introduces nitrogen-containing
groups onto the surface of cotton fabrics, which enhances the
antibacterial activity directly. Meanwhile, plasma treatment has
no significant effect on the tearing strength of cotton fabric
coated with DMH through the pad-dry-plasma-cure process.

With the regenerable antibacterial property, the cotton fabric can
be potentially used for healthcare products in which a bleaching
agent containing chlorine may be used as a sterilisation agent
during the washing process. However, in future work, it is
recommended to use X-ray photoelectron spectroscopy (XPS) to
detect the variation of the chemical elements quantitatively. This
characterization technique provides a more precise result of the
variation of chemical elements on the surface of materials. In
order to ensure the safety of finished fabrics that come in contact
with humans, cytotoxicity testing should be performed, on
account of the chlorine involved in the finishing process.
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Abstract

We present a new approach of surface functionalization of
PEEK that is carried out during the molding step. Thin films of
polymers with different functional groups were applied to the
surface of a mold and brought in close contact with a PEEK
melt during injection molding. The surfaces of the produced
parts were characterized after solidification. Only those PEEK
surfaces that were in contact with polymers bearing primary
amino groups exhibited a wettability for water. Obviously, the
thin polymer film was grafted to the surface by a chemical
reaction initiated by the high melt temperature. The formation
of azomethine bonds between PEEK and the polyamine by
coupling to the ketone groups was proposed. The other amino
groups in the molecule were still in function after the molding
process. They adsorbed different anionic molecules and anionic
charged nanoparticles from aqueous solutions. The surfaces
could be chemically plated by copper and nickel with high
adhesion.

Keywords
PEEK; Adhesion; Surface Modification; Injection Molding;
Plating; Hydrogel Layers
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Introduction

PEEK is a high performance thermoplastic polymer that
features a high modulus and mechanical strength even at high
temperature and a high chemical stability. It is flame resistant,
and the combustion is self-quenching. Moreover, it is
physiologically harmless. Therefore, it is used in medical
devices and artificial replacements, e.g. for bone and dental
implants. The chemical stability is used in devices for chemical
industry and food industry. Its high mechanical strength at
relatively low density and its flame resistance are advantageous
for aviation and for the construction of vehicles. Its stiffness is
a result of the high content of aromatic hydrocarbon rings in the
molecule. Unfortunately, this makes PEEK sensitive to ultra
violet radiation. That is one reason, why a coating of PEEK
parts is often required. Design aspects are another reason.
However, PEEK surfaces are rather non-polar, and a surface
modification is required for high adhesion of coatings [1,2].
The polymerization of dopamine results in a modified surface,
which is able to immobilize proteins, but the mechanical
adhesion of the poly dopamine would not be sufficient for
bonding a thick metal layer [3]. A direct grafting method was
developed that takes advantage of the reactivity of the ketone
group [4]. Here polyvinyl alcohol was attached via the
formation of acetals. Then, glycidyl groups were attached to the
hydroxyl groups of polyvinyl alcohol, and finally a diamine
was attached via the glycidyl groups. Thus, this way is rather
expensive, and the modification effect was not stable over a
long period of time. Treatment with different types of plasma is
often used for modifying the surfaces of polymers. An efficient
method with high industrial relevance is the flame
impingement. Treatment with defined plasmas, e.g. low
pressure plasma, atmospheric plasma, or corona, in the
presence of different gases gives a better control of the
chemical modification [5-17]. However, only the PEEK
segments on the outermost surface layer are converted to
functional groups like carboxyl, hydroxyl, carbonyl, and amide.
Control of composition is difficult. Since PEEK absorbs
ultraviolet irradiation, it was used for chemical surface
modification and grafting [18-20]. Due to the high-energy
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treatments a high diversity of different functional groups are
formed on the surface, but the effect is usually not permanent
[21,22]. The combination of plasma treatment and grafting a
functional polymer layer from the PEEK surface results in
reliable surface modification, but with high operating expense
[23]. A high adhesion of a metal layer is supported by a micro
structure on the surface. This can be realized by plasma
etching, chemical etching, laser etching or mechanical etching,
e.g. with sandblast [24,26]. There are other processes in use,
but all of them require an additional processing step. Any pre-
treatment step require production space, investment, and
running costs, e.g. for materials, energy, and labor expense.
Integrating the surface modification with the molding step
would be very efficient. This was demonstrated, e.g. by
structuring the part surface using a micro structured mold
surface [27].

In our paper, we present an approach for the chemical surface
modification that is carried out during injection molding of the
part. It is based on the deposition of a thin film of a functional
and reactive polymer, the so-called modifier, on the mold
surface of an injection molding machine. The high temperature
of the melt is used to initiate a coupling reaction. Treatment in
melt state features additional advantages over part treatments.
e.g. a high mobility of chain segments and a higher excluded
volume. Side reactions are minimized due to the rapid cooling
and the small reaction time. The effect is much larger compared
to the pre-treated surfaces due to grafting of a relatively thick
functional polymer layer to the thermoplastic surface. The
reaction proceeds in only one step and is integrated in the
molding step of the part. The important issue is to identify a
reactant and a suitable reaction pathway for the thermoplastic
under consideration. Solutions for polycarbonate (PC),
polypropylene (PP), grafted PP, Polystyrene (PS), and
polyamide (PA) were already published [28-33]. The carbonate
group in PC was reacted with polyethylene imine during
molding under formation of a urethane bond, resulting in a
relatively thick layer of a functional polymer on the PC surface.
Parts rinsed in water did not dewet due to the high
hydrophilicity. PP was modified by radical grafting of acrylic
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acid. The high reactivity of a cyclic carboxylic anhydride was
used to graft a maleic anhydride-ethylene copolymer to PA 6.
PS contains electron-rich phenyl rings. Here, we applied
Friedel-Crafts acylation using mixed anhydrides to attach a
polycarboxylic acid on the melt surface during 3D printing. In
this paper, we tested different functional groups for chemical
coupling onto PEEK surfaces. A reaction pathway is proposed.
Finally, chemical plating was carried out, which demonstrates
the effect of surface modification for industrial use. This
application is of high impact, as a metal composite with PEEK
would support its usage for lightweight construction parts in
vehicles, aircrafts and spacecraft. Moreover, this type of surface
modification of PEEK may also be used for other applications.

Experimental

The different types of polymer modifiers (polyallyl amine,
PAAmM, Mw 65 kg mol™; hyper branched polyethylene imine,
PEI, M,, 700 kg mol™; polyvinyl alcohol, PVA, M,, 23 kg mol’
! degree of hydrolysis 89%; polyacrylic acid, PAc, M,, 450 kg
mol™) and CuSO,» 5 H,O were supplied by SigmaAldrich,
Germany. PEEK (Vestakeep 3300, Evonik Industries AG,
Germany) was used as thermoplastic material. It was dried at
160 °C for 4 hours in vacuum. Melt and mold temperatures
were 360 and 160 °C, respectively. Typical molding conditions
as suggested by the manufacturer were used.

The general processing steps are explained in figure 1.
Fundamental molding investigations were carried out in the
first stage with a small Boy injection molding machine (BOY
22 A HV, Dr. Boy GmbH & Co. KG, Germany). The L/D ratio
of the screw, screw speed, and pressure were 20, 60 min™, 400
MPa, respectively. It was equipped with an in-house build mold
having an inlay with a magnetic substrate holder in which
mirror-polished steel substrates with a diameter of 50 mm were
mounted before each injection cycle [34]. The substrates were
covered with a layer of the appropriate modifier by spin-coating
in advance. This approach had the advantage that the applied
modifier layer on the substrate can be characterized. The layer
thickness on the substrate was measured by ellipsometry using
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a Multiskop 8.8 ellipsometer (Optrel GbR, Germany). After
injection of PEEK and solidification, the substrate was
separated from the formed part. Both surfaces were
characterized. Dynamic contact angles against water were
measured using an OCA35 XL (DataPhysics Instruments
GmbH, Germany). The zeta potential of the polymer surfaces
was measured with an electro kinetic analyzer EKA (Anton
Paar GmbH, Austria). Some samples were dipped into a 10° M
solution of eosin Y in water at pH 9 for 10 minutes to test the
dye adsorption.

SEM-EDX investigations were made with an Ultra Plus Gemini
microscope (Carl Zeiss SMT GmbH, Germany) using an
XFlash 5060 F EDX detector (Bruker Nano GmbH, Germany).
Prior to the characterization, the parts were rinsed in copper
sulfate solution for marking the amino groups, exploiting the
complex formation between amino groups and the copper ions.
After rinsing in water to remove excess copper ions and drying,
they were coated with a Pt layer of 3 nm thickness by
sputtering using a Leica EM SCD 050 (Leica Microsysteme
GmbH, Germany).

Samples for plating experiments were prepared on the injection
molding machine Ergotech 100/420-310 (Sumitomo-Demag
Plastics Machinery GmbH, Germany). The L/D ratio of the
screw, injection pressure, rate, holding pressure and time and
cooling time were 20, 600 MPa, 35 mm s™, 350 bar, 1 s, 25 s,
respectively. The modifier films were directly spray-coated
from aqueous solutions on one side of the mold using an air
brush at each cycle. The amount of dry modifier on the mold
surface was calculated by volume and concentration of used
solution per injection. It was about 250 mg m® The prepared
plates used for metallization experiments were rinsed in water
for 6 hours under stirring to remove unbound modifier. The
plates were shaken first in a colloidal solution of gold
nanoparticles (AuNP) for 30 minutes. The synthesis of the
AuNP was made using a classical approach [34]. After rinsing
with water and drying, the plates were dipped in a copper bath,
consisting of a solution of 6.25 g I CuSO.5 H,0, 8 g I*
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EDTA, and 0.11 g I NaBH, at room temperature. The pH of
this solution was adjusted to 12 by adding NaOH. Plating with
nickel was realized using a commercial nickel bath (SurTec
International GmbH, Germany)

The metal layer thickness was measured by x-ray fluorescence
analysis (XFA) using a Fischerscope Xray Xan 220 (Helmut
Fischer GmbH + Co KG, Germany). The metallized plates
were cut with a cross-hatch (Erichsen Mehrschneidegerét 295/1
with 6 blades, Erichsen GmbH & Co. KG). An adhesive tape
was fixed on the metal layer and then pulled off at an angle of
90 degrees.

i) ﬂ Part
2 1

S,

=

= ﬂ N

-8' — =P -

i)  — =
e +
Substrate
Step: 1. 2. 3. 4.,

Figure 1: Processing steps of surface modification during molding. 1.
Formation of thin film (10-100 nm) of modifier by either (i) spray-coating or
(ii) spin-coating; 2. Modifier layer on mounted substrate or directly on mold
surface; 3. Injection of the PEEK melt while initiating a coupling reaction, see
also graphical abstract figure; 4. Demolding with transfer of the modifier layer
to the part.

Results and Discussion

The thicknesses of the modifier layers on the substrates prior to
molding are listed in table 1. The modifier layer thickness was
measured again after injection molding and removing of the
PEEK part. The comparison with the thicknesses before
molding revealed, that they did not change significantly in the
case of PAc. Obviously, no transfer of PAc from the substrate
to the PEEK surface took place during molding. Thus, PAc did
not interact with the PEEK melt. The same behavior was
observed for the PVA layer. Obviously, no interaction between
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PEEK and PVA did occur either. On the other hand, the
thickness of the PEI layer was reduced very much during
molding. The PAAm layer was transferred almost completely.
Obviously, only thin layers of polymers bearing primary amino
groups were transferred to the PEEK surface during molding.

Table 1: Characteristics of the PEEK part surfaces.

Sample type Layer thickness / nm ? Contact angle / degrees °
after after advancing receding
preparation molding

PEEK - - 80 52
PEEK-PAC 36 34 83 52
PEEK-PVA 18 18 83 53
PEEK-PEI 115 14 68 <10
PEEK-PAAM 79 2 84 <10

2 on substrate, after deposition;  of molded part, after extraction in ethanol,
details in Table S-1

Eosin Y was adsorbed only on surfaces modified with PAAmM
or PEI using the described process, but neither on samples
without such modification nor on plain PEEK. This suggests
the formation of a cationic surface on PEEK. Obviously, the
polyamine-modified surface is charged positively by adsorption
of protons from water and formation of ammonium functions.
Thus the negatively charged dye adsorbed on this surface due
to electrostatic interactions. The adsorbed dye could not be
removed by rinsing with water, see also figure S-1.

The EDX spectrum of plain PEEK shows only signals for C,0
in figure 2. It did not show any copper signal. The spectra of
parts modified with PEI exhibited intense peaks of Cu (L) as
well as S (K) after dipping in copper sulfate solution, pointing
to chemisorption of copper due to formation of a very stable
chelate complex with amino groups. This is an indication, that
the amino groups were still functional and accessible, despite
the thermal treatment during molding. The copper was evenly
distributed on the PEEK surface, as shown in figure S-2.
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Figure 2: EDX spectra of PEEK samples, treated with CuSO, solution. A)
Plain PEEK; b) PEEK surface modified with PEI during molding; c) after
extraction in ethanol; d) after extraction in water at pH 3. The signals are
marked with assigned elements. The Pt signals stem from the preparation
procedure.

The parts were then extracted in ethanol for 6 hours in a
Soxhlet apparatus. The extraction was intended to remove any
unbound material. Ethanol is a good solvent for PAAm but do
not swell or dissolve PEEK. Water was avoided as solvent
because it could result in charging the PEEK surface, which
would enhance the adsorption of PAAmM due to electrostatic
attraction, which was not intended. Moreover, water could
result in hydrolyzation of some bonds. These samples were
characterized by the following experiments.

The EDX spectrum of the sample modified with PEI after
marking with copper exhibited a strong signal of copper that
was only slightly smaller than that of the surface before
extraction. Consequently, only a low amount of the polyamine
was removed. This pointed to a covalent coupling of the
polyamine layer according to figure 3.
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Figure 3: Schema of chemical coupling of a primary amino compound (the
modifier M) to PEEK.

The dynamic contact angles were measured. The advancing
angles of the differently prepared samples in table 1 equaled
almost those of the plain PEEK. The same relation was
observed for the receding angles of samples treated with PAc
and PVA. Thus, these polymers did not modify the PEEK
surface during the proposed approach. However, the samples
modified with PAAm or PEI exhibited receding angles lower
than 10 degrees and in a range that could not be reliably
measured. In addition, parts dipped into water did not dewet
after drawing off the water. Swelling of a hydrophilic polymer
layer may be an explanation for the high hysteresis [35]. A
similar behavior was already studied at the surface modification
of PC with polyamines during molding [29]. There, the amino
groups were coupled onto the PC backbone by formation of an
urethane bond.

Some of the parts modified with PAAm or PEI and extracted in
ethanol were additionally extracted for four hours in a Soxhlet
apparatus in agqueous hydrochloride acid solution of pH 3. The
surfaces of these parts did not show any of the properties and
behavior of that of those surfaces without this treatment. No
staining, no wetting by water, almost no shift of the isoelectric
point (see figure S-3) and no adsorption of copper did occur, as
the EDX spectrum in figure 2 revealed. Obviously, the
polyamines were completely removed by acid catalyzed
hydrolysis in aqueous environment as suggested in figure 3.
Such a reaction is typical for azomethine bonds. Thus, the
assumption of chemical grafting of the polyamines during
molding by the primary amino groups according to figure 3 is
supported by this experiment.
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Since the PAAmM and PEI layers could not be removed by
extraction in ethanol, chemical coupling of primary amino
groups to ketone groups of the PEEK surface by formation of
azomethine bonds was assumed. This assumption is supported
by the fact that compounds with other functional groups
(hydroxyl, carboxylic acid) were not transferred. The reactions
between PEEK and primary amino compounds in solution at
high temperature were studied extensively under different
conditions in the literature [36-39]. Alternatively, the surfaces
of PEEK plates were reacted in solutions of different
components at elevated temperature [40,41]. Reasonable
conversion was achieved there after many hours reaction time.

In contrast to the proposed reactions, our experiments were
carried out under different conditions. The reaction temperature
on melt-mold contact was high, i.e. about 300 °C. However, the
reaction time during injection molding was much smaller due to
the rapid cooling than in the solution experiments, and the
concentration of reactive groups (ketone and amino) was much
higher. Thermal simulations revealed a reaction time at high
temperature of about 1 ps [42]. Hence, a reaction takes place
only in a very small layer along the melt-modifier interface
with a thickness of about 1 nm [43]. Interdiffusion is limited
also by the immiscibility of the two materials. Thus, only
molecular groups that come into close contact immediately
after the melt hits the modifier layer on the mold can take part
in a reaction. Therefore, the concentrations of those reactive
groups in the interphase have to be high. In the case of PEEK,
PElI and PAAm the concentrations of ketone groups and
primary amino groups, respectively, are very high because not
only the end groups but every repeating unit carries a reactive
group. The reactivity of the components, the high
concentrations and the high temperature on the one hand and
the transferred layer and its stability against solvent extraction
on the other hand pointed to a reactive coupling of the
modifiers over the primary amino groups. However, a direct
proof of the reaction product will not be possible due to the low
amount of products formed in the small interface layer.
Moreover, even the plain PEEK is poorly soluble in almost all
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solvents, preventing the use of standard analytical tools like
nuclear magnetic resonance spectroscopy. It is somewhat
soluble in special solvents only at very high temperature (about
300 °C). The reaction products in the surface layer are even less
soluble due to the formation of cross-links between many
ketone groups of PEEK and many amino groups of the
polyamine. Nevertheless, the solubility and chemical behavior
point to the formation of a chemical bond according to figure 3
as suggested by the reaction mechanism taken from literature.

Further investigations were carried out with parts with larger
surface areas. The plates were cut in small pieces and extracted
in ethanol in a Soxhlet apparatus for 6 hours to remove
unbound modifier. The zeta potential of the resulting plain
PEEK surface was positive at low pH values and decreased
with the pH value as shown in figure 4. The isoelectric point
was at pH=4. The zeta potential was constant at high pH with
values of less than -32 mV, which is typical for a non-polar
polymer surface. The curve of the PEEK surface modified with
PAAmM was shifted to higher values. The isoelectric point was
at about pH=5. This suggests a more cationic surface than that
of plain PEEK. The zeta potential then decreased continuously
with pH. In contrast to the plain PEEK surface, no constant
value was approached in the measurement range. This pointed
to functional groups, e.g. amino groups, within a finite polymer
layer bound on the surfaces. The isoelectric point shifted even
more to about 8 for the PEEK surface modified with PEI. The
maximum potential in the acid range was about 40 mV, which
was higher than in the case of PAAm. This revealed a complete
change of the electro kinetic behavior compared to unmodified
PEEK.
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Figure 4: Zeta potentials of PEEK plates and plates chemically modified
during molding with PEI or PAAm, respectively. After extraction in ethanol.
The arrows point to the isoelectric points.

The plates modified with PAAm or PEI, respectively, were
rinsed in a solution of gold nanoparticles (AuNP, size about 20
nm), which were prepared according to the description in a
previous paper [34]. The red color of the surfaces revealed
adsorption of AuNP only at the modified surface regions, i.e.
where a polyamine layer was bound, see also figure S-4. These
parts were then rinsed in the copper bath. After 60 minutes at
room temperature a copper layer had formed. This layer had the
typical view of massive copper. The thickness was about 0.3
pm. The adsorbed AuNP were used here as catalytic seeds for
chemical plating. The cross-hatch test did not show any
delamination of the copper film, and there was no delamination
after peeling off an adhesive tape, pointing to a high adhesion,
see figure 5. The cross-hatch test had a value of zero. Similar
experiments were carried out using a nickel bath with a rinsing
time in the nickel solution of 10 minutes, resulting in deposition
of a nickel layer of 0.1 pm with high adhesion. In contrast, no
adsorption of AuNP and, consequently, no formation of a metal
layer took place on a plain PEEK surface. Moreover, the
covalently grafted polyamine layers can be used for attaching
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different organic layers, e.g. hydrogel layers, see supplementary
materials.

Figure 5: Photograph of a PEEK-copper composite made by chemical
plating, after cross-hatch and peel test.

Conclusions

It was shown that polyamines bearing primary amino groups
can be grafted to the surface of PEEK parts during molding.
Grafting took place exploiting the melt temperature for
initiating a chemical reaction, where the ketone groups of
PEEK and the primary amino groups were connected under
formation of azomethine bonds. The chemical properties and
behavior of these modified PEEK surfaces were dominated by
the attached polyamines. The polyamine layer adsorbed gold
seeds. The use of other seeds may also be possible, e.g. Pd or
Ag. The seeds and the functional surface can then be used for
chemical plating of PEEK with Cu or Ni, e.g. for protective or
decorative coatings or for electromagnetic shielding. Those
metal-PEEK composites will support the application of PEEK
in light-weight constructions. Moreover, plating only takes
place at sites, where the modifier was applied to the mold prior
to injection of the melt. Consequently, site-selective plating and
the formation of metal structures on surface becomes possible,
like for the production of molded interconnected devices or
circuit boards. The thermal stability of PEEK would enable
soldering of those circuit boards.

The high adhesion may be a result of the strong attraction of
copper and nickel ions because the polyamines are strong
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chelating ligands of these metal ions. Probably, there are also
strong interactions to metals, which supported high adhesion of
the metal film [11]. These films are useful for the deposition of
different metal layers by conventional galvanic plating
processes.
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Abstract

A brief overview of photovoltaic technologies, starting from the
first results obtained on monocrystalline materials, passing
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through epitaxial technologies up to the most sophisticated
polycrystalline thin-film solar cells, is presented. Particular
emphasis is given to the cadmium telluride (CdTe) technology
since, among thin-film, CdTe has achieved a truly impressive
development that can commercially compete with silicon, which
is still the king of the market. Solar cells made on a laboratory
scale have reached efficiencies close to 22%, while modules
made with fully automated in-line machines show efficiencies
above 18%. This success represents the result of over 40 years of
research, which led to effective and consolidated production
processes. Based on a large literature survey on photovoltaics
and on the results of research developed in our laboratories, we
present the fabrication processes of both CdTe polycrystalline
thin-film solar cells and photovoltaic modules. The most
common substrates, the constituent layers, their interaction, the
interfaces and the different “tricks” necessary to obtain highly
efficient devices will be analyzed. A realistic industrial
production process will be analytically described. Moreover,
environmental aspects, end-of-life recycling and the life cycle
assessment of CdTe-based modules will be deepened and
discussed.

Keywords

CdTe; CdS; CdSe; Polycrystalline; Thin Film; PV Modules;
Recycling; Life Cycle Assessment

Introduction

Solar cells and photovoltaic (PV) modules have been intensively
studied since the 1950s, when a Si-based p/n junction, able to
convert sunlight into electrical energy, was made for the first
time. Since then, many steps for obtaining more and more
efficient devices have been made, both with laboratory-scale
solar cells and with commercial PVmodules.

Many different materials were studied, which gave rise to their
respective technologies. Others have been abandoned due to the
inability to obtain power conversion efficiencies (PCE) high
enough to be used in large-scale industrial production, or
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because they did not produce devices that were sufficiently
stable overtime [1,2]. Among the most successfully technologies
are certainly those based on single- and multi-crystalline Si [3,4],
widely used in terrestrial PV generators and multi-junctions
based on GaAs technology, which are essentially used for space
applications[3].

In addition to Si technology, alternative materials and production
processes have been developed in order to easily realize solar
devices. The research was pushed towards the optimization of
the PCE/cost ratio, decreasing the amount of constituent
materials and using easily available low-cost substrates, such as
soda-lime glass, polymers or thin metallic foils. This was the
beginning of the thin-film technology, which demonstrated its
potential when a fully automated in-line machine produced the
first PV module based on amorphous Si (a-Si) [5]. The success of
this technology is mainly due to two other materials: CdTe and
Cu(In,Ga)Se,(CIGS) which, thanks to the high efficiency
obtained in recent years both on laboratory scale and in large
modules[3], have completely replace a-Si. Nowadays, a-Si finds
its principal use in consumer electronics, such as calculators,
watches, toys and gadgets, while the PV market is almost
completely governed by multi crystalline silicon (mc-Si),
relegating thin film technology to a small percentage of the
market. This is firstly due to the fact that Si technology was the
first implemented at an industrial level, secondly thin film
technology developed high-efficiency modules only in the last
ten years, when the PV market was already well-established.
However, thin film technology, with its CdTe and CIGS
diamond tips, is gaining more and more space in the PV market
due to its excellent performance and the over-time stability
achieved in recent years.

Nowadays, the increasing demand for environmentally friendly
technologies pushes research towards new absorber materials
made of non-polluting and abundant elements on the earth’s
crust such as: Cu,ZnSnS, (CZTS), SnS and Sh,Se; between
inorganics and perovskites and polymers among organic
substances. The research on these systems is still young; for this
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reason, the final performance and the over-time stability of the
solar cells based on these absorbers have certainly improved.

In this work, we will only deal with thin-film technology applied
to inorganic materials. In particular, we will present the
CdTe/CdS system, giving a comprehensive description of all the
constituent layers, the strategic choices made in over thirty years
of research and the discovered tricks needed to enhance the final
performance of the solar cell. The article is organized with the
first section dedicated to a brief history of the inorganic
photovoltaic world. The second section describes the CdTe/CdS
system, the different deposition methods, the main
characteristics of the constituent layers and how their mutual
interactions control the final results. A portion of this section is
dedicated to the latest innovations, which have led to solar cells
having efficiencies high enough to compete with the other
players on the PV market. The third section describes the
passage from laboratory scale to the large production level, with
particular attention to the industrialization of the manufacturing
process. The fourth section is dedicated to the end-of-life of
CdTe-based modules, considering the environmental
dangerousness of some constituent elements, together with some
comments on the life cycle analysis (LCA) of the whole
production process. The article finishes with the Conclusion, in
which the major accomplishments, some open problems with
their solutions, and potential future developments are
highlighted.

Inorganic Photovoltaics: A Brief History

In 1839, Edmond Becquerel [6] discovered the photovoltaic
effect while performing experiments with an electrolytic cell
composed of two metal electrodes: the conclusion was that some
materials, notably platinum, produced small amounts of electric
current when exposed to sunrays. In 1873, the British engineer
Willoughby Smith [7] discovered the photoconductivity of
selenium (the element varied its electrical conductivity following
the illumination of the surface). Ten years later, Charles Fritts [8]
invented the first solar cell by using selenium, which showed a
PCE of 1%, too low for practical applications.
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Silicon (Si)

It was only in 1941, that Russel Ohl produced and patented the
first silicon cell [9-11], which was more efficient than the
selenium one. Ohl’s intuition was further developed by three
colleagues from Bell Laboratories, Gerald Pearson, Calvin Fuller
and Daryl Chapin [12], who built the first photovoltaic cell
capable of converting solar energy into enough electricity to
power a small electrical device, a radio transmitter (Figure 1a).
This progress was only possible because the people involved had
a good understanding of quantum processes [13] while they were
developing the necessary manufacturing techniques. In a few
years, silicon-based photovoltaic cells were developed with a
PCE of 15%, which made the first practical application possible,
including, in 1958, the artificial satellite VVanguard I, the first
large-scale equipment furnished with silicon photovoltaic cells
[14]. In the last sixty years, silicon technology has progressed up
to an efficiency of about 26.7% on small cells (Figure 1b) and
24.4 % on large photovoltaic modules [3]. These results are
based on monocrystalline silicon technique (mono-Si),
essentially developed with the Czochralsky growth process [15].

Si single crystal

\ ’ 7 N\ 4 ":‘ /l‘ [ / \\ // (\ 4""
\ I JT oxide
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Figure 1: (a) first modern silicon cell, reported in 1954 [12], fabricated on
single-crystalline silicon wafers with the pn junction formed by dopant
diffusion. (b)Passivated Emitter Rear Locally-diffused (PERL) silicon cell,
with light trapping, back-reflector and buried contacts, which took efficiency
close to 27%.

This growth technique has found widespread use in the
production of electronic chips and, while producing silicon
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crystals of excellent quality, is a very energy-intensive and time-
consuming technique. Electronics have overcome these problems
by developing the “Very Large-scale Integration” (VLSI)
technology, namely, many devices can be made using a low
quantity of the precious Si single crystals. Photovoltaics, on the
other hand, must use very large devices to recover energy from
the sun. From this point of view, single-crystal silicon
technology is not particularly suitable for use in photovoltaics. In
fact, over time, an alternative technology has been developed
that uses multicrystalline silicon (multi-Si) [4]. To obtain multi-
Si, a less sophisticated growth technique is used, the so-called
Siemens method [16]. However, this process is able to supply
solar cells with an efficiency of the order of 22% on a laboratory
scale and an efficiency of about 20% on large-size modules.

However, Si technology dominates the PV market with a mono-
Si and multi-Si share of 60.8 and 32.2 respectively, covering
93% of the worldwide production.

Gallium Arsenide (GaAs)

In the second part of the last century, in parallel with silicon
technology, other materials capable of producing sophisticated
devices including high-efficiency solar cells, were studied. In
particular, in 1954 Welker published a first work showing the
behavior of a GaAs “photocell” as a function of illumination
intensity. In 1955, Gremmelmaier [17] reported the
characteristics of two polycrystalline GaAs solar cells, which
had measured efficiencies of 1% and 4% while illuminated with
“sea-level sunlight”. Gremmelmaier expected a higher efficiency
if monocrystalline GaAs was used. This material shows some
intrinsic advantages with respect to silicon, such as a direct
energy gap whose value is well-suited to sunlight and better
withstands bombardment by ionizing radiation, making it
suitable for space use. Unfortunately, GaAs is particularly
sensitive to structural defects and its performance strongly
depends on the intrinsic quality of the single crystal. It was
necessary to wait 10 years in order to develop epitaxial growth
techniques that were able to produce a small solar cell showing
an efficiency of 13% [18], which is quite low compared to the
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theoretical efficiency of 26% [19]. It was already known [20]
that the direct recombination process, occurring in poor-quality
GaAs crystals, limits the cell output. Moreover, it was shown
that a high surface recombination velocity was the most probable
origin of the poor performance practically obtained for GaAs
cells [21]. A heteroface cell, consisting of a p-type Ga,.Al,As or
InGaP layers on a p/nGaAs cell (Figure 2a) represented the
keystone to overcoming the problems related to interface states
[22,23]. The great boost due to the strong demand for space cells
to be installed in the ever-increasing number of
telecommunications satellites meant that the GaAs technology
could reach the production of 5000 cells per week with an area
of 2 cm x 4 cm. This was made possible because the technology
passed from the liquid phase epitaxy (LPE), developed in the
1970s in the Hughes Research Lab (HRL), to the metal organic
chemical vapor deposition (MOCVD) technology developed in
the 1980s by Applied Solar Energy Corp. (ASEC). The key
points of this technology were [24,25]:

e Monocrystalline Ge substrate that, in addition to allowing an
epitaxial growth of GaAs, provides a p/n junction sensitive
to infrared light;

o Epitaxial GaAs layer, thin enough to allow infrared light to
reach the junction with Ge, grown by MOCVD process;

e Upper AlGaAs layer with the primary function of
eliminating surface defects and acting as a window layer for
the cell;

o Antireflecting bi-layer (SiO,+Al,Os) coating with the double
function of minimizing the sunlight reflection and preventing
any damage to the underneath AlGaAs layer due to
humidity;

o Interdigitated metal (Ti-Pd—Ag) external contacts. In order
to avoid any possible diffusion of metal atoms into the active
layers, a capping p+ GaAs coating was deposited between
AlGaAs and the contacts.

7 www.videleaf.com



Surfaces, Interfaces and Coatings Technology

Ag Front
. contact

s

n INAIP window

F InGaP top cell n InGaP Emitter
ront Eg - 1.80eV p InGaP base

| A 7 contact o
/ / g p InAIGaP BSF
f p+ GaAs

" p InGaP Wind n IAIP window
P i GaAsmiddlecen{ n Ge Emitter

| n+ InAIP

Tunnel junction

p GaAs Emitter Eg - 142V 1 GaAs base _— Tunnel junction
n GaAs Base p GaAs BSF
n InGaP BSF n InGaP window
n GaAs buffer / GaAs bottom cell n Ge Emitter
[ Eg - 0.66 eV /
n+ GaAs substrate _Back p Ge base /" AgBack
- contact (a) 78 contact (b}

Figure 2: (a) GaAs single junction (SJ) with an InGaP Back Surface Field
(BSF) layer. (b) GaAs-based triple junction (3-J) suitable for harvesting
sunlight in a wide range from 0.69 to 1.87 um.

In the1990s, dual-junction solar cells based on Ge/GaAs/AlGaAs
system showed an efficiency, under extraterrestrial condition, of
about 20%. In this period, many satellites were supplied with
GaAs-based solar modules. GaAs panels with an efficiency over
20% represent an attractive choice for low-earth orbit (LEO)
satellites [26], where the aerodynamic drag represents a problem,
it is mandatory to use panels that are as small as possible;
moreover, transport in orbit with a launch vehicle requires
objects that are as light as possible. These considerations confirm
that GaAs-based technology is widely accepted for space
application. Furthermore, the MOCVD growth technique showed
that only a small additional growth time is needed for adding a
top cell and a tunnel diode to a bottom GaAs cell, increasing the
interest in cascade cells. The higher efficiency exhibited by these
cells, although costlier on cell scale, lead to a considerable
reduction in the weight and costs of the whole system, making
them even more attractive for space uses. On the contrary, the
only way to exploit this technology for terrestrial use is to couple
solar cells with light concentration systems making up for the
higher cost of the system with less use of the material [27,28].

Nowadays, triple junction (3-J) GaAs-based solar cells (Figure
2b) under a concentration of 508 (508 times the irradiance of 1
sun) show an efficiency of 46% over a designed area of 0.05
cm?. Four junctions (4-J) minimodule (10 cells) under 230 suns
exhibit an efficiency of 41.4% over an aperture area of 121.8
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cm?. Multijunctions (nGaP/GaAs/InGaAs) for space use show an
efficiency of the order of 31.2% under AM 1.5 [3]. At the same
time, since the end of the 1970s, GaAs thin-film solar cells
technology was developed [29], demonstrating its
competitiveness both in terms of long-term stability and
reasonable cost [30], reaching an efficiency of 29.1% (aperture
area of 0.998 cm?) in recent years [3].The main process adopted
for the realization of the GaAs thin layer consists of the epitaxial
lift-off (ELO) method to separate the GaAs film from the
substrate. Production costs are appreciably reduced by re-using
the substrate [31-33].

Copper Sulfide (Cu,S)

Thin film technology wasn’t implemented only for crystalline
epitaxial growth. Materials with good photovoltaic responses
both in amorphous and polycrystalline form have been studied
since 1954, when Reynolds published a first work on the
CdS/Cu,S heterojunction  (Figure 3a) [1,2]. This first
polycrystalline thin-film solar cell raised many expectations
when, around the 1980s, a 10% photovoltaic conversion
efficiency was achieved using ZnCdS as a window material
coupled with Cu,S [34]. By replacing CdS with ZnCdS, the
interface states introduced by the lattice mismatch between CdS
and Cu,S were almost completely removed. However, this cell
did not have the success that the pioneers expected due to over-
time instability problems. Briefly, Cu,S is not a stable material
when subjected to the electric field of the p/n junction; in fact, it
frees Cu atoms, which form metallic filaments that channel the
reverse current, causing the destruction of the junction barrier
[35]. For this reason, this system was slowly abandoned, and the
researchers began to take an interest in two other excellent
photovoltaic materials: CdTe and CulnSe,.
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Figure 3: (a) schematic representation of the front-wall Cu,S/CdS solar cell in
which light enters the device from the top. Solar cells made with Cu,S layer,
topotaxially grown on CdS, exhibited an efficiency close to 10%. (b) a-SiGe-
based triple junction, which exhibited a stabilized total-area efficiency of
12.1% on laboratory scale.

Hydrogenated Amorphous Silicon (a-Si:H)

In 1975, within extensive research on amorphous
semiconductors, it was unexpectedly discovered that the a-Si:H
alloy can be doped with substitutional impurities such as boron
(p-type) and phosphorus (n-type) [36]. Immediately after this, a
solar cell exhibiting a 2.4% efficiency was realized [37]. The
intrinsic disorder of the amorphous phase is effective in a lot of
defects, which limit the mobility and the mean lifetime,
contributing to the recombination of the photogenerated carriers.
For this reason, a less defective intrinsic material (i:a-Si) was
used as an absorber layer. In the following years, a-Si:H-based
solar cells were produced both in substrate or in superstrate
configuration, which means a p-i-n or n-i-p system, respectively.
It became clear that the final productivity of the cell was strongly
influenced by a consistent degradation of its PV parameters as a
consequence of the light exposure (Light Induced Degradation
(LID)), which creates metastable states in the energy gap. The
recombination of photogenerated electron—hole pairs releases
enough energy to break a weak bond, producing a pair of
dangling-bond defects. To prevent the recombination of the two
neighboring broken bonds a hydrogen atom moves from an
adjacent Si—H bond. Annealing at temperatures of about 150 °C
for one hour restores the original condition, allowing the
hydrogen atoms to return to their original positions. In other
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words, the absence of a long-range order and the presence of
dangling bonds produce states in the energy gap that prevent
charge carriers to move freely [38,39]. Subsequent studies have
clarified that this behavior was due in part to the large number of
defects generated from the amorphous nature of the material and
partly caused by interfaces; a-Si is usually grown by a plasma-
enhanced chemical vapor deposition process (PECVD) in which
silane is dissociated into an RF plasma [40]. The final quality of
the material is determined by plasma chemistry and growth
kinetics, which is highly influenced by temperature. In order to
improve the film quality, the p-i-n stack was deposited at a
temperature just below the amorphous-to-microcrystalline
transition; to improve the interface quality, a tandem junction
was realized, bringing together an a-Si:H top and
microcrystalline pc-Si:H bottom cell (micromorph-cell). In this
tandem cell, the different values of the energy gap of a-Si:H (1.7
eV) and pc-SicH (1.1 eV) allows the exploitation of a wider
region of the solar spectrum [41]. Starting from 1990, a new
system based on three subcells integrated in a single device
(triple junction) was considered, in order to improve the
collection of the photogenerated carriers. The triple junction (3-
J) was realized in a n-i-p sequence in which the topmost subcell
exploits a typical a-Si:H-based sequence, while the middle and
the bottom subcells were based on an a-Si—Ge:H alloy [42]. The
Ge content was controlled in order to obtain an energy gap width
of 1.6 and 1.4 eV for the middle and the bottom subcells
respectively. 3-J devices (Figure 3b), realized on laboratory
scale, exhibited an initial active-area efficiency of 14.6%,
corresponding to a stabilized total-area efficiency of 12.1%, very
similar to the best performance of micromorph tandem cells. For
these solar cells, initial and stabilized, are significant for their
performance before and after light-induced degradation,
respectively.

The modest performance of these cells caused many market

losses. This technology covered only 0.3% of the annual
photovoltaic production in 2017.
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Copper Indium Gallium Diselenide (CulnGaSe;)

The development of CulnSe, (CIS) solar cells started in the early
1970s, when a 12% efficient solar cell based on a p-type CIS
single crystal coupled with a n-type CdS thin film was realized
[43]. Only few years later, the first entirely thin-film solar cell
based on CIS/CdS exhibiting a 5.7% efficiency was realized
[44]. Many efforts were made in order to improve the
photovoltaic performance of this solar cell, involving several
laboratories and researchers, but it took more than 30-40 years to
realize CIS-based thin film solar cells that were efficient enough
to compete with the most studied silicon-based ones. During
these years, some important modifications were introduced in
stoichiometry and in the growth process of the CIS film in order
to completely exploit its potential. In particular, Ga was added to
form Culn,Ga;,Se,(CIGS), whose energy band gap can be
adjusted by the percentage of Ga incorporation [45]. By
exploiting the higher band gap of the quaternary compound, the
photovoltage (V) increased and a reduced recombination in the
conduction band of CdS was observed. All this work led to a
17.7% efficiency solar cell in 1996 [46]. MgF, antireflecting
coating and a ZnO window layer helped to improve the
photocurrent (lg), resulting in an 18.8% efficient device [47]. By
gradually changing the Ga and In concentration inside the CIGS
layer, a band gap grading was obtained. The interface with CdS
was formed with a very thin CIGS layer with a higher Ga
concentration, resulting in an increased built-in potential, which
means an enhanced photovoltage (V,). By raising the In
concentration in the remaining CIGS material, the energy band
gap was lowered; as a consequence, the Iy increased. This
engineered band gap profile attained a larger diffusion length in
the minority carriers and reduced recombination in the space-
charge region, leading to a 19.2% efficient ZnO/CdS/CIGS solar
cell in 2003 [48]. The energy band gap profile was definitively
stressed when, approaching the back contact, the Ga
concentration was increased inside the CIGS layer.
Consequently, a larger energy gap in the back-contact region was
realized and a mirror for the minority carriers was obtained,
increasing their diffusion length [49,50]. In this favorable
condition, a 19.9% efficient solar cell was realized in 2008 [51].
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In 2010, an efficiency of 20.3% was reached [52], definitively
overcoming the 20% psychological barrier. Three years later, the
Swiss Federal Laboratories for Materials Science and
Technology (EMPA) obtained a 20.4 efficiency CIGS-based
solar cell on a flexible polymeric substrate (Figure 4a) [53]. This
impressive result opened the route to the roll-to-roll continuous
production of completely flexible PV modules.
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Figure 4: (a) CIGS solar cell which evidenced the possibility of using different
types of substrates. (b) CZTSSe solar cell; the stacked layers are almost the
same, except for the absorber.

In the same year, substituting the CdS buffer with a more
environmental sustainable Zn(O,S) layer and improving the
CIGS film by using potassium doping, an efficiency of 20.8%
was reached [54]. The efficiency became 21.7% [55] by
optimizing the alkali post-deposition treatment of the cell.
Recently, a CIGS-based solar cell world record efficiency of
23.35% was achieved by Solar Frontier [56] over a designated
area of about 1 cm? The use of Cu(In,Ga)(Se,S),, together with a
high-temperature heavy alkali (Cs) post-treatment of the
absorber layer, results in a reduced defect density. The enhanced
quality of the Cu(In,Ga)(Se,S), allows the opportunity to benefit
from the effects of a wider absorber bandgap. Consequently, the
reverse saturation current density decreases, producing an
important enhancement in photovoltage and fill factor (FF),
leading to the world record efficiency result.

Today, CIGS technology, with an annual production of around
1.8 GWp, covers a market share of 1.9%, which is principally
supported by three producers: Miasolé, Solibro and Solar
Frontier.
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Within the past ten years, the photovoltaic world has realized
that 20% efficiency is more than enough to guarantee the so-
called grid parity, or to make photovoltaics widely competitive
with traditional energy sources [57-59]. To significantly affect
the world energy market, the production volume of photovoltaic
modules must be a few terawatts/year (TW/yr). TW-scale
production implies a correct availability of the constituent
elements. For CIGS technology, the greatest risk is represented
by the availability of indium (In), since it is even more widely
used in expensive devices such as flat panel displays (FPD)
[60,61]. In this condition, the estimates predict that the demand
for In will exceed the supply, when CIGS manufacturing
volumes will reach 100 GW/yr. From this point of view, it is
mandatory to exploit other materials, whose constituents are
more available on the earth crust. For example, we have to
consider that the abundance of Cu, Zn, Sn, and Sulphur is 68,79,
2.2, and 420 ppm respectively, which is considerably higher
compared to that of In, Cd, Te of 0.16, 0.15, and 0.001 ppm,
respectively.

Cu,ZnSn(S,Se)4-(CZTSSe)

Ternary and quaternary  chalcopyrites (CulnSe, and
Cu(In,Ga)Se,) represent a promising solution, but the increase in
the prices of rare metals (In and Ga) heavily influences the cost-
efficiency ratio.

Another opportunity is offered by replacing rare metals with
cheap and widespread zinc and tin, and different new materials
are considered for replacing CIGS and CdTe. Among them, one
of the kesterite family, namely Cu,ZnSn(S,Se), (CZTSSe), has
become intriguing as an alternative absorber in thin film solar
cells. CZTSSe exhibits a native p-type conductivity, high optical
absorption coefficient (>10*cm™" in the visible part of the solar
spectrum) and tunable direct band gap in the (1.0/1.5) eV range,
depending on the S and Se concentration [62—64].

In 1996, the first CZTS-based cell exhibiting an efficiency of

0.66% was realized [65]. In the following decades, the
knowledge of the material improved and, as a consequence, the
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performance of the solar cell increased too, reaching an
efficiency of 12.6% in 2013 [66]. Different physical and
chemical techniques are used for the deposition of the CZTSSe
layer. Among them, the most common are: RF sputtering with
post-deposition treatment in S and/or Se atmosphere at high
temperature (> 500 °C), thermal evaporation, pulsed laser
deposition, spray pyrolysis, spin coating, sol-gel. The best
performing cell has been obtained by IBM, making use of a
simple nano particle ink-based process. All these different
manufacturing methods indicate a cost-effective approach for
this technology, but they are not effective in terms of the finished
device’s performance. In fact, it was clear from the beginning
that one of the main problems affecting this material is the
possibility of generating many stoichiometric defects during
growth both in bulk material and in the form of thin film. The
similar ionic radii of Cu and Zn promote the formation of Cugz,
and Znc, anti sites, which are characterized by having the lowest
energy among the acceptor and donor defects. Given the high
concentration of these native defects, compensation is offered
through the formation of anti site pairs [Cuz, + Zn¢,]
distinguished by a very small formation energy. This cations
disorder into the kesterite crystal lattice could be the reason for a
poor performance, showing a reduction in the photovoltage and
fill factor. Recently, improvements in open circuit voltage have
been obtained by reducing the number of antisite defects via
cation substitution with Cd, Mn, Ba, Fe, Ni and Co,
demonstrating that a better control of stoichiometry is needed for
obtaining high efficiencies [67]. Moreover, the most efficient
CZTSSe-based devices are processed by reacting precursors at
atmospheric pressure; these methods are effective in reducing the
re-evaporation of high-vapor pressure compounds, such as SnSe,
Cu,SnSes, Zn, Se and S, and in providing good control of the
CZTSSe stoichiometry. This solar cell was born with the purpose
of replacing the more expensive and less sustainable CIGS and,
although they have a lot in common (Figure 4b), they are still far
from the remarkable performance of CIGS-based cells. One
possible explanation consists in considering the different role of
the grain boundaries (GB) inside CIGS and CZTSSe. Some
studies have recognized GBs as the origin of the extraordinary
performance of CIGS. In this material, crystal defects and
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impurities present at GBs act as traps for majority carriers (holes
for p-type CIGS), generating a depletion region [68—70]. The
resulting electrostatic barrier repels holes from the GBs, assists
electrons in reaching the n-type layers, enhancing the charge
carrier collection, and prevents the recombination of the
photogenerated electron-hole pairs. On the contrary, GBs in
CZTS polycrystalline films act as recombination center for the
electron-holes pairs and, to date, an effective method for their
passivation has not yet been found.

The history of the development of the champion module
efficiencies for silicon and thin-film technologies is depicted in
Figure 5, together with their manufacturer, while the current
performances are shown in Table 1.
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Figure 5: History of the development of the champion module efficiencies for
terrestrial technologies plotted from 1988 to the present. For each technology is
reported the manufacturer of the module that holds the world efficiency record.
Acronym explanation: a-Si 2J = amorphous silicon double-junction cells, mc-Si
= multi crystalline silicon, mono-Si (IBC) = single-crystal silicon with inter
digitated back contacts, mono-Si (HJ-IBC) = single-crystal silicon with
amorphous silicon heterojunction contacts made on the back of the cell. Data
reported from https://www.nrel.gov/pv/module-efficiency.html.
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Table 1: Photovoltaic Conversion Efficiency (PCE) of the best solar cells and commercial modules collected for different technologies. The confirmed
PCE data are measured under the global AM1.5 spectrum (1000 W/m?) at 25°C (IEC 60904-3:2008, ASTM G-173-03 global). Data reported from [3]
and from www.nrel.gov/pv/cell-efficiency.html.

Solar Cells

Parameters/ | Si Si GaAs GaAs GaAs | Cu,S | CIS CIGS CZTS CdTe

Producers Single-Crystal | Multi-Crystal | SJ 3-J 6-J

PCE [%] 26.7 23.2 32.8 37.9 4715 10.0 | 154 23.35 12.6 22.1

Area[cm?] 79* 247.79%** 1000** 1047** | 0.099 | =1.0 | 100.0*** | 1043* 0.4209** | 0.4798*

Producer Kaneka Trina Solar LG Electronics | Sharp NREL | IEC IPE Solar Frontier | IBM First Solar

Modules

PCE [%] 24.4 20.4 — 31.2 - - - 18.6 - 19.0

Area[cm?] 13 177* 14 818** - 968* - - - 10 858** - 23573*

Producer Kaneka Hanwa - Sharp | — - - Miasolé - First Solar
Q Cells

* (da) = designated illumination area; ** (ap) = aperture area; *** (t) = total area; § 6-J = six-junction with concentrator (143X)
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CdTe-Based Technology

In the previous paragraph we presented the world of inorganic
PV, except for the CdTe system. In the following, we will
extensively describe the CdTe-based solar cell and modules,
departing from the research which started in the 1960s and
moving on to the technological aspects inherent the module
production.

CdTe is considered as a very good material to serve as an
absorber in solar cells, due to its direct energy gap (1.45 eV),
which is nearly ideal for photovoltaic energy conversion,
corresponding to the maximum of the solar spectrum. Its high
optical absorption coefficient allows the incident light, with
energy above its band-gap, to be totally absorbed within 1 um
from the surface. A CdTe-based solar cell could exhibit a
photocurrent of 30.5 mA/cm® when illuminated with 100
mW/cm? sunlight, offering a theoretical maximum efficiency
close to 30%. Historically, the best performances were typically
obtained with heterojunction in which the n-type partner was
cadmium sulfide (CdS). Some different attempts were tried when
p-type CdTe single crystals were coupled with In,0; [71], ZnO
[72] or a very thin n-type CdTe layer [73], obtaining a 13.8%
maximum efficiency. The success of this material was not
obtained by means of single crystal but, on the contrary, by
exploiting one of its best characteristics, namely the possibility
to produce a complete solar cell by simply using thin-film
technology. In fact, CdTe/CdS total thin film heterojunction led
to a 6% efficiency solar cell and this result has been known since
1972 [74]. However, the psychological limit of 10% efficiency
was overcome in the 1980s only after a heat treatment in
chlorine atmosphere was applied to the CdTe/CdS stacked layers
[75]. In the following ten years, devices with efficiency close to
17% were made by optimizing both the front and the back
contacts [76,77]. This was followed by a period of stasis in
photovoltaic performance, in part due to intrinsic difficulties,
such as the impossibility of extrinsically doping polycrystalline
CdTe thin films and partly due to the fact that many researchers
have devoted their activities to the technological transfer of
production processes from laboratory to industrial scale.
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Around 2010, the photovoltaic conversion efficiency began to
increase again, reaching values close to 20% in a short time. The
continuous increase in efficiency is largely due to the
optimization of the layers making up the antireflecting coating
(ARC), the transparent electrical contact and the window layer,
as well as a careful choice of the glass substrate. This led to a
substantial increase in the photocurrent, going from 26.1
mA/cm? for a cell with 17.6% efficiency [77] to a 28.59 mA/cm?
photocurrent for a cell with 19.6% efficiency, corresponding to a
rather modest increase in photovoltage [3]. Unfortunately, there
aren’t any details in the literature concerning these remarkable
results. However, it seems clear that the photocurrent increase is
not only due to a very good optimization of the light harvesting,
but also to an accurate management of the CdTe energy gap in
order to extent the absorption to longer wavelengths.
CdTe(S,Se)x alloys show energy band gap values smaller
than CdTe when x < 0.05, corresponding to a maximum increase
in the cutoff wavelength of about 15 nm. The corresponding
increase in photocurrent can be evaluated in 1 mA/cm?.
Moreover, the use of a CdTe((S,Se), mixed compound reduces
the lattice mismatch at the metallurgical junction, resulting in
enhanced charge transport properties. In 2015, a solar cell based
on a CdTe;(S,Se) thin film exhibited a world efficiency
record of (22.1 *0.5)%, showing the following parameters
measured under the global AM1.5 spectrum (1000 W/m?) at
25 °C:V, = 0.8872 V, Iy, = 31.69 mA/cm, fill factor = 0.785
over a designated illumination area of 0.4798 cm?[3,78].

The fabrication process of this solar cell is particularly suitable
to be implemented in a large area, fully automated, in-line
production. This is made possible by the electrical in-series
integration of the cells directly inside the production process
(monolithically integrated) by means of a robotic laser scribing.
This technology realized a 11% efficient module in 2002 by
depositing the CdTe thin film with the electrodeposition
technique [79]. In the years 2010-2011, the number of factories
able to produce tens of megawatts/years of CdTe modules were
10 units worldwide. The production was based on the close-
spaced vapor transport (CSVT) or close-spaced sublimation
(CSS) techniques for the deposition of the CdTe layer and an
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average module efficiency ranging from 10% to 12% was
announced. At the end of 2012 a 14.4% efficient device was
reported, which became 16.1% at the beginning of 2013. In
March 2014, a 17.5% efficient module was obtained, followed
by a world efficiency record of (18.6 + 0.5)% in 2015. The
photovoltaic parameters of such a module, taken under the global
AML.5 spectrum (1000 W/m?) at a cell temperature of 25 °C,
are: Voo = 110.6 V, I, = 1.533 A and fill factor = 0.742 over a
designated illumination area of 7038 cm® [3]. Commercial
modules with an efficiency of 18.2% are now available on the
market [81]. First Solar, with a 2.4 GWp annual production,
covers 2.3% of the market share.

The Solar Cell

A CdTe-based solar cell is typically realized with very thin
stacked layers, arranged in such a way to form a high-quality
heterojunction. When CSS or CSVT techniques are used, CdTe
thin films naturally grow as p-type and are forced to select a n-
type partner to make the p-n junction. The architecture of the
heterojunction allows sunlight to pass through the n-type layer to
reach CdTe where photogeneration takes place. To date, the
best-found configuration is the CdS/CdTe system, where CdS is
the “window”, while CdTe is the “absorber”. For this reason, the
thickness of CdS film is never more than 100 nm to ensure
excellent transparency. The free carrier concentration of both the
window and absorber films ensures that the electric field mostly
falls into the absorber material, so that all the photogenerated
electron-hole pairs can be separated and pushed towards the
external electrical contacts. These auxiliary layers complete the
device, ensuring the passage of the photocurrent. High-efficiency
CdS/CdTe solar cells are produced in a superstrate configuration,
which means light passes through the substrate and the front
contact is as transparent and conductive as possible. Instead, the
back-contact, which is generally opaque, has to ensure the
ohmicity with p-type CdTe in order to efficiently harvest all the
photocurrents (Figure 6a).

In substrate configuration, the manufacturing sequence starts
with the back contact, followed by the CdTe/CdS films, ending
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with the transparent electrical contact (Figure 6b). This
configuration is particularly intriguing since it allows devices to
be made on opaque substrates such as metal and polymeric foils,
paving the way for the production of flexible, light and cost-
effective modules. Moreover, flexible substrates enable the roll-
to-roll technique, which is very suited for vehicle- and building-
integrated photovoltaics (VIPV and BIPV). It is undeniable that
this architecture could overcome one of the problems of
superstrate configuration; in fact, CdTe doping and CdTe/CdS
junction formation are separated production steps, which could
be individually optimized. On the contrary, one of the unsolved
issues is the formation of an ohmic back-contact, which is partly
resolved by the introduction of a buffer layer between the
metallic part of the contact and the CdTe surface. By using
Te/MoOs and Cu,Te as buffer layers, coupled with a Mo metal
contact, solar cells exhibiting efficiencies in the range (13.6-
11.3)% are obtained [82,83]. Furthermore, individual cells,
monolithically integrated inside a module, require the electrical
insulation of the metal substrate from the back-contact,
otherwise series interconnection would not be possible, as the
system has a common electrode. This dielectric film also acts as
a barrier against the diffusion of metal atoms from the substrate
into the absorber layer and, consequently, to the junction region.
Al,Os or SiO, films, 100 nm thick, directly sputtered onto the
metallic substrate, are excellent buffer layers from both these
points of view.
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Figure 6: The CdTe/CdS solar cell; (a) superstrate configuration (light enters
through the substrate), (b) substrate configuration (substrates could be opaque).

The final behavior of the CdTe-based solar cell strongly depends
on the interaction among the constituent layers, which depend on
the deposition order, highlighting that the layer sequence is
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crucial. CdTe/CdS solar cells realized in substrate configuration
are younger compared with the superstrate ones, and a lot of
research on the layer interaction, diffusion, interfaces, back-
contact and doping issue should be done.

We are principally interested in superstrate configuration, since
the best performances are obtained by solar cells fabricated
following this arrangement.

Briefly summarizing, the main steps of the production process
are: (i) to deposit cadmium and tellurium as inexpensively as
possible, (ii) to activate the system in chlorine environment at
high temperature, (iii) to couple a window layer to the absorber
layer to form an efficient heterojunction. The other production
steps are typical of thin-film technology such as the choice of the
electrical contacts, whose principal requirements are to be as
conductive as possible and to be transparent to sunlight in case
of the front contact. Since we are dealing with superstrate
configuration, the substrate must be chosen to ensure maximum
light transparency for the whole useful life of the solar cell.

Now, we will review each of the production steps and the main
requirements the individual materials should have.

The Substrate

Rigid glass is normally used in the superstrate production of
high-efficiency cells and modules. Since solar light passes
through the substrate, glass has to be as transparent as possible in
order to minimize parasitic light absorption. The most common
commercial glasses are generally known as “soda-lime glass”
(SLG). Silica (SiOy,) is the principal component of this type of
glass (up to 75% - 76%), making it particularly resistant to
thermal shocks, but its high melting point and its viscosity make
processing difficult. To simplify the manufacturing process,
other substances are added. One is “soda”, or sodium oxide
(Na,0O) (14%), for lowering the glass transition temperature.
Nevertheless, soda makes glass unwantedly water-soluble and, in
order to provide a better chemical stability, “lime” or calcium
oxide (CaOQ) is also added (9%). In addition, magnesium oxide

22 www.videleaf.com



Surfaces, Interfaces and Coatings Technology

(MgO) and alumina (Al,O3), contribute to durability (see Table
2). Inexpensive minerals such as trona, sand, and feldspar are
typically used in place of pure chemicals, making soda lime
glass really cost-effective. Unfortunately, when starting with
minerals, some impurities, such as Fe,Oz; and MnO,, which are
responsible for a transparency decrease in the visible part of the
solar spectrum, are un-intentionally introduced. For this reason,
iron-free glasses are normally used in CdTe technology, gaining
8% transparency at short wavelengths (A <300 nm) [84].

Table 2: By weight composition of commercial soda-lime glass. In iron-free
glass, iron oxide (Fe203) is discarded from the starting material.

Oxide S|02 Na,O CaO MgO A|203 K,O T|02 SO, Fe,O3

Others

Weight | 72.85 | 12.42 | 8.15 | 4.09 1.27 0.47 | 037 | 0.18 | 0.10
[%]

0.10

Some attempts to employ flexible substrates were made by using
polymers, such as the Dupont’s polyimide, which permits a high-
rate roll-to-roll technology in order to produce large-area, very
light photovoltaic devices at reasonably low costs. The optical
transparency of standard SLG and polyimide are comparable at
long wavelengths, but below 530 nm polyimide transmittance is
not enough for PV application, despite thin foils being used
(Figure 7a). This turns into a photocurrent loss of at least 3
mA/cm?. For this reason, together with the temperature
limitation, solar cells realized with this polymer never exhibit an
efficiency over 13.8% [85].
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Figure 7: Transmittance spectra of: (a) commonly used substrates such as
soda-lime glass (SLG) and polyimide; (b) SLG (3.3 mm thick) covered with
only ITO or FTO and SLG covered with ITO or FTO coupled with ZnO as a
high-resistivity transparent (HRT) layer.
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The Transparent Electrode

In thin-film photovoltaic technology, one of the most severe
requirements is the use of transparent and conductive electrodes,
capable of letting light pass through, which must reach the
underlying active layers and must be electrically conductive in
order to efficiently collect the photogenerated carriers without
introducing unnecessary series resistances. Transparent and
conductive oxides (TCO) are high-performing, exhibiting
transparencies close to 90% in the wavelength range of the
visible light and electrical conductivity up to 10* Q'.cm™. A
high electrical conductivity and high transparency to visible light
seem to be contradictory. In fact, these requirements need
opposite properties in terms of band gap, which must be:

e Large enough to avoid optical absorption;
e Small enough to allow the filling of the conduction band by
a near-free electron at the working temperature.

Concerning the optical transparency, the low-energy limit is set
by the width of the energy band gap. On the other hand, the
electrical conductivity needs heavy doping, which often means a
degenerate condition characterized by the Fermi level inside the
conduction band. In this condition, the energy gap, evidenced by
the absorption of light, is wider when compared with the
fundamental one, according to the Burstein—Moss effect [86].

The most common TCOs used in CdTe technology, are: Sn-
doped In,05 (ITO), F-doped SnO, (FTO), Al-doped ZnO (AZO)
and Cd,SnO, (CTO). These TCOs are near-degenerate
semiconductors, but only ITO exhibits a typical free-carrier
absorption in the near-infrared (NIR) region of the solar
spectrum. This drawback, together with the indium scarcity [87],
implies that ITO is not widely used in PV industrial production.
All these TCOs are coupled with high-resistivity transparent
oxide buffer layers (HRT’s) with the aim of reducing shunt
effects coming from pinholes in active layers hindering the
diffusion of impurities from TCOs or from the substrate. The
transmittance of some of these TCO is reported in Figure 7b. On
laboratory scale, un-doped SnO,, In,05; and ZnO are HRT layers
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commonly coupled with ITO, while FTO is generally paired with
pure SnO, and CTO is combined with Zn,SnO, (ZTO) [88]. The
typical bilayer structure of these TCOs change the chemical and
physical interaction between the front contact and the window
layer, as is seen when ZnO and CdS, brought at high
temperature, form an intermixing layer, which modifies the
optical properties of both films.

The Window Layer

The most used n-type partner with CdTe is cadmium sulfide
(CdS), which exhibits n-type conduction due to stoichiometry
defects, such as sulfur vacancies, which are formed during the
film growth. With an energy gap of 2.42 eV, it allows sunlight to
pass up to a wavelength of 512 nm, inhibiting the passage of the
near ultraviolet light to which SLG substrate and TCO layers are
still transparent. Moreover, self-doping is effective in obtaining
resistivity of the order of (10°-10") Q-cm, the same order of
magnitude obtained with CdTe films. A golden rule for the
formation of a p/n junction in efficient solar cell is that the
electric field falls principally into the p-type region (CdTe). As
the mobility of electrons in CdS is significantly greater than the
mobility of holes in CdTe, this requirement is satisfied only if
the density (p) of the p-type carriers in CdTe is appreciably less
than the density (n) of the n-type carriers in CdS. In dark
conditions, this rule is not satisfied, but under light, where the
solar cell works, the photoconductivity of CdS helps to distribute
the electric field into the CdTe film. Concerning the transparency
of the wavelengths of sunlight, which are shorter than the gap
cutoff, since nothing can be done about the absorption
coefficient (o), it is only possible to work on the optical density
(a-d) by using extremely thin films, allowing the passage of light
despite the high value of the absorption coefficient (t < d, t< 100
nm, where d is the average absorption length and t is the film
thickness).

In order to better exploit the visible spectrum of sunlight,
window materials with a wider energy band gap were studied.
The ZnCdS system, varying the energy band gap from 2.42
(CdS) up to 3.6 eV (ZnS), seemed a good candidate. The
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expected increase in the photovoltaic parameters (V,. and ls) of
the ZnCdS/CdTe solar cells did not take place [89]. The most
reliable explanation is that interface defects have increased
because the Zn—Cd-S-Te system is not as favorable as the Cd-
S-Te one in reducing the structural defects responsible for the
recombination of the photogenerated carriers. In fact, it is now
accepted by many researchers that CdS is crucial for obtaining
solar cells with excellent performances, despite the high lattice
mismatch with CdTe (=10%). This drawback is overcome since
the deposition high temperature of CdTe guarantees a strong
interaction between the two materials. As a consequence, an
intermixed layer is formed, minimizing the lattice mismatch and
the interface states resulting from structural defects.

Since the quality of the solar cell strongly depends on the
interaction between the active layers, the deposition techniques
used for the film growth play an essential role. The techniques
generally used for the deposition of both the active layers can be
divided into low (L-T) and high temperature (H-T).

CdS is normally deposited at a substrate temperature below (L-
T) or above (H-T) 200 °C. RF sputtering, chemical bath
deposition (CBD) and high vacuum thermal evaporation (HVTE)
belong to L-T processes, while close-spaced sublimation (CSS)
and close-spaced vapor transport (CSVT) are H-T deposition
procedures.

The CBD process gives high-quality CdS films characterized by
a very high density and compactness which are pin-hole free, but
as-deposited films are not suitable for the formation of an
efficient junction when coupled with CdTe [90,91]. A heat-
treatment at 400°C is needed to remove the Cd and S excesses
naturally present in the L-T deposited films. This treatment is
also effective in changing the crystalline structure from a
hexagonal-cubic mixed phase to a more stable unique wurtzite
phase.

On a laboratory scale, this method offers excellent results, but in
industrial production sputtering and H-T processes are generally
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preferred since CBD is a low-speed process and it produces a
large amount of waste, which must be expensively recycled.

CdS films can be sublimated at temperatures above 700 °C in a
high-vacuum chamber and deposited on a substrate held at a
temperature below 200 °C. As in the case of the CBD deposition,
an annealing at a temperature of 400 °C, under vacuum or in a
hydrogen atmosphere, is needed to remove stoichiometry defects
and to obtain the necessary chemical stability. Unfortunately,
CdS films deposited with this technique have low compactness
with a high density of pinholes.

For this reason, very thick CdS layers (=300 nm) must be used to
produce efficient solar cells, but with unavoidable photocurrent
loss due to poor light collection.

The HVTE technique is used for producing flexible PV modules,
where a thin polymeric foil is used as a substrate, which can
withstand temperatures up to 400 °C [92].

Sputtering is considered a L-T deposition technigque even though
the surface of the growing film is constantly bombarded by
electrons and impinging atoms, which exchange their kinetic
energy and promote typical high-temperature effects. In fact, the
RF sputtering deposition is not suitable to produce CdS films
with the proper quality and chemical stability to be used in
CdTe-based solar cells. Only reactive RF sputtering, introducing
oxidizing atoms into the process chamber, such as fluorine- or
oxygen-containing gases, produce high-quality CdS films which
are able to form a good CdS/CdTe heterojunction. What happens
in the sputtering discharge when a hydrofluorocarbon or oxygen
gas is added to the process gas (Ar) is well known: the glow
discharge ionizes the decomposed elements of the reactive gas,
producing free fluorine or oxygen ions [93]. Some of these,
being electronegative, become negative ions and, as a
consequence, they hit the surface of the growing film, which
could be considered the positive electrode for the main part of
the RF period. These ions have sufficient energy to sputter-back
the weakly bonded Cd and S atoms on the surface of the CdS
film. As a result, a stoichiometric, dense and better-crystallized
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film is obtained with a great improvement in optical and
structural quality. Moreover, fluorine or oxygen ions could react
with CdS, forming CdF, or CdSOs, respectively. These are
excellent dielectric insulating materials, principally segregated
into the grain boundaries of the polycrystalline CdS film,
contributing to their passivation. The same segregation on the
surface of the growing CdS film may adjust the interaction with
CdTe during its high-temperature deposition (Figure 8b). Among
the H-T deposition technique, CSS is the most popular and CdS
films obtained with this process exhibit superior qualities, even
though depositions carried out in pure Ar provide low-density
films with many pinholes. If oxygen is added into the process
chamber, the deposition equilibrium is substantially altered and
the growth slows down, since the grain boundaries of the
growing film are decorated with oxides (CdSO,4, CdSO;) [94].
As a consequence, a denser film without pinholes is easily
obtained. In this case, the CdS surface is covered by a mixed
CdSO,4-CdS0s thin layer. High-efficiency solar cells are obtained
when, CdS films deposited with CSS in Ar + O, process gases,
are annealed in an H, atmosphere (Figure 8a).
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Figure 8: Transmittance spectra of: (a) 300 nm thick CdS film prepared by
CSS in Ar + Ojatmosphere: (1) as-deposited, (2) after annealing for 30 min at
420 °C in 400 mbar of Ar containing 20% of H,; (b) 80 nm thick sputtered CdS
film: (1) deposited in pure argon and (2) deposited in argon + CHF3. The shift
toward shorter wavelengths of the absorption edge demonstrates the helpful
effect of deposition in the presence of fluorine.

The Absorber Layer
Homojunction, heterojunction, p-i-n and Schottky barrier have

been historically investigated for CdTe-based solar cell
production [95-97]. It was immediately clear that heterojunction
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is the most efficient structure, probably due to the intermixing
layer formed during CdTe deposition or during post-deposition
heat-treatments. This layer, removing the structural native
defects, makes the window/absorber interface very close to a
homojunction exhibiting an ideality factor close to unity. This
homojunction-like behavior characterizes the high-efficiency
CdTe polycrystalline thin-film solar cells, confirming that the
recombination centers are far away from the junction, i.e., the
depletion layer is virtually free of interface states.

Typically, L-T and H-T deposition technologies are both widely
used to produce CdTe thin films.

The highest efficient devices are generally obtained by H-T
processes, in particular CSS (Figure 9) and CSVT, which are
industrially implemented for the production of commercially
available 18% efficiency CdTe-based modules. Due to the high
deposition  temperature, the polycrystalline films are
characterized by large, columnar and slightly defective grains
with an average dimension in the range of (5/10) um for film
thickness of about (6/8) um. These techniques allow high growth
rates (up to some um/min) at the expense of a homogeneous
growth of the crystalline grains. As an immediate consequence,
wide grains, with a lot of pinholes in the middle, are routinely
obtained although, the film thickness is already very large.

1 - thermocouples 4 - CdTe/CdS
2 - i.r. heaters 5 - graphite crucible
3 - substrate 6 - graphite substrate-holder
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Figure 9: Not in scale outline of the CSS system for the deposition of CdTe
and CdS films. The distance between crucible (5) and substrate (6) is of the
order of 0.5 cm.
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In this form, it is very hard to extrinsically dope CdTe, because
any attempt carried out to date has highlighted the tendency of p-
type dopants to segregate into the grain boundaries, generating
short-circuit paths that kill the junction. With only the intrinsic
doping, due to stoichiometric native defects, the typical dark p-
type conductivity, shown by CSS-deposited CdTe films, is of the
order of (107%107) Q'.cm™. By considering the absorption
coefficient, the visible light penetrates into the CdTe layer up to
1 pm. Due to photo-generation, this part becomes more
conductive (10 Q'-cm™"), while the rest of the film, persisting
in dark conditions, cannot change its electrical conductivity. This
corresponds to a series resistance which afflicts the device,
inhibiting the complete collection of the photocurrent.

From this point of view, it is mandatory to reduce the thickness
of the CdTe layer, since a thickness of around 2 pum is more than
enough to absorb all the visible light, considering that CdTe
exhibits an absorption coefficient in the range of (10*/10°) cm™.
This thickness is optimal both for optical and electrical
requirements, even though it’s very difficult to obtain CSS-
deposited pinhole-free films with the requested quality and
compactness.

In order to avoid these two unpleasant drawbacks, oxygen is
generally added to the inert gas in the CSS or CSVT process
chamber. Due to the presence of CdO and TeO, species, an
increased surface diffusion of the incoming Cd and Te atoms is
expected; as a consequence, a less defective CdSTe layer could
be formed. The presence of oxygen affects the nucleation
process, increasing the number of nucleation sites and promoting
a denser growth of the CdTe film. In these conditions, a small
amount of CdTeO; is formed, performing an appreciated
passivation effect of the grain boundaries [98].

A similar result is obtained if oxygen is added to the Ar process
gas during the CdTe sputtering deposition by using a ceramic
target. In both cases, a reduction in the grain size is clearly
evidenced and a deep profiling analysis, made by secondary ion
mass spectroscopy (SIMS), put in evidence a Te-rich surface
concerning the CSS-film, while the sputtered CdTe layer shows
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a Cd-rich stoichiometry on the surface [99]. The sputtered film
exhibits a n-type conductivity of about 107 Q'.cm™. A
sputtered thin film, deposited on top of a CSS-deposited one, is
mainly segregated into the grain boundaries, filling in all the
pinholes and giving rise to a p-n junction formed between the
grain boundaries and the bulk. This beneficial passivation
efficiently acts as a mirror for the minority carriers, increasing
their lifetime and preventing shunt paths in the junction region.

In recent years, an attractive hypothesis about the optimization of
the photovoltaic parameters of the CdS/CdTe solar cell has been
considered. In particular, it is known that a solar cell under AM
1.5 G reaches maximum efficiency when the energy gap of the
absorber layer is 1.34 eV [19,100]. From this point of view, the
energy gap of CdTe is slightly wider, being 1.5 eV. Following
this idea, First Solar improved the efficiency of the CdTe-based
solar cells by using CdTe;Sey as an absorber material. In fact,
by adjusting the stoichiometric composition x, a graded profile of
the energy gap could be obtained. According to [101], when x =
0.4, the energy gap of the CdTey¢Seq4 alloy is 1.4 eV and a
better collection of the solar light extended to a longer
wavelength compared to the pure CdTe is observed. An
engineered profile of the energy gap could be effective in
improving the photocurrent if a CdTeSex alloy is used in the
front region, while maintaining the photovoltage in the bulk of
the CdTe layer. Moreover, when a CdS/CdTeq Sex
heterojunction is made, it was found that the thickness of the
CdS layer can be drastically reduced or the layer can be avoided,
decreasing the parasitic absorption in the high-energy region of
the solar spectrum, and obtaining an increasing photocurrent
[102]. Additional improvements can be obtained if the CdS layer
is replaced with MgZnO, a material with which CdTe and
CdTe-xSex have a better alignment to the energy band. This
material is characterized by a better transparency in the high-
energy region with respect to CdS [103,104]. Furthermore, a
greater passivation effect of the defects due to the presence of Se
is effective for a longer lifetime of the charge carrier in
CdTe;»Sex compared to CdTe [105]. By adopting these
measures, solar cells with an efficiency of over 22% were
obtained, including the world record [3].
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These excellent results are a consequence of more than 20 years
of research focused on all the aspects that influence solar cell
behavior, including materials, interfaces, deposition techniques,
electrical contacts, substrates and last but not least, production
techniques which must be intrinsically easy enough to scale up to
the industrialization of large modules.

However, alternative ways to achieve high efficiency devices
should not be overlooked. In fact, high-efficiency solar cells
have also been made on flexible polymeric substrates, where the
basic requirement is a low process temperature.

CdTe and CdS films, deposited by HVTE at a temperature of
about 200 °C with a typical thickness of (2/3) um, show very
good smoothness and compactness with a characteristic grain
size of (100/500) nm [106]. The dimension of crystallites
suggests that the mobilities and lifetimes of the charge carriers
are very low, and not suitable to form an efficient p-njunction
capable of properly collecting the photogenerated carriers.

Never, as in this case, is a post-deposition treatment, the so-
called “chlorine treatment” needed. This heat-treatment has the
ability to reduce the stacking faults, misfit dislocations and grain
boundaries, increasing, accordingly, the crystalline grain size
[107]. By using commercial FTO-covered SLG substrates, all
HVTE-deposited CdS/CdTe solar cells exhibit efficiencies of
about 15%. The efficiency is lowered to 12% if a polyimide
substrate is used [108].

Among the L-T techniques, the electrodeposition of
semiconducting materials was originally presented in the 1970s
[109,110]. Only in the early 1980s was an all thin-film
electrodeposited CdTe-based solar cell developed, exhibiting a
notable efficiency of 8% [90,111,112]. Recently, a record
efficiency of 15.3% has been announced, exploiting a different
device architecture. Normally, the electrodeposited CdTe layer
exhibits a n-type conductivity. As a consequence, the active
junction is shifted at the back-contact, which forms a Schottky
barrier with CdTe. An innovative SLG/FTO/n-CdS/n-CdTe/p-
CdTe/Au layer sequence was implemented for producing the
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record solar cell. The main improvement is represented by a
buried-homojunction close to the back-contact. The presence of
a p-type CdTe thin film at the back-contact allows for better
control of the junction position inside the absorber layer, resulting
in an enhanced barrier height and photogenerated carrier collection
[113].

RF magnetron sputtering deposition is a simple technique for
industrial coating needs after being scaled down to laboratory
requirements. For this reason, the opposite path is considered
obvious and sputtering technique is increasingly considered a
key process when a high-density film with good adhesion to the
substrate is requested [114]. When CdS and CdTe compounds
are deposited, the electro-optical properties of the films strongly
depend on the sputtering parameters as well as the sputtering
power, Ar and reactive gas pressure, bias voltage, substrate
temperature, target-to-substrate distance, etc. This great variety
of process parameters allows a very fine-tuning of the physical
characteristics of the growing film. Exploiting the excellent
coverage and high density of the sputtering-deposited films, a
2um thick CdTe layer is used to realize very thin solar cells
[115]. By suitably adjusting the chlorine treatment, CdTe thin
films with crystalline grains large enough for achieving high-
efficiency solar cells could be obtained. Following this
philosophy, in the early 2000s a 14% efficient solar cell has been
produced [116].

The Heat-Treatment

It is not important which technology is used to deposit the CdTe
layer; whether it is LT or HT, the result obtained is always the
same, i.e., very limited conversion efficiency. Evidently the as-
deposited material does not have a suitable crystalline quality to
obtain a good device, since it is characterized by a large number
of structural defects, which hinder the motion of the charge
carriers promoting the recombination of the photogenerated
electron—hole pairs.

For this reason, in CdTe technology an annealing, at a
temperature in the range (350/400) °C, in chlorine atmosphere, is
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currently used. This treatment is inspired by the monocrystalline
vapor phase growth of 11-VI compounds, in which the transport
agent is a halogen gas, normally chlorine. Historically, chlorine
is supplied by depositing a CdCl, on the top of the CdTe film. A
first attempt was made by vapor depositing a CdCl, thin film or
by drop-casting a Cl-salt/methanol solution followed by an air-
anneal. At the treatment temperature, the surface of the CdTe
film becomes mobile due to the vapor pressure, and the
following process is normally assumed to occur:

CdTe(s) + CdCl,(s) = 2Cd(g) + ¥%Te,(g) + Cly(g) = CdCl,(g) + CdTe(s) (1)

During the annealing, CdTe re-crystallizes, changing its
morphology (Figure 10). A better-organized crystalline matrix is
formed, small grains disappear and the CdS/CdTe interface is re-
organized, removing the typical defects due to the lattice
mismatch [117]. Moreover, treated samples exhibit a very good
response in the long wavelength region of the visible light. These
photons are absorbed far away from the CdS/CdTe region and
the photogenerated electron—hole pairs must live long enough to
reach the external electrical contacts. This is possible only if
recombination is negligible, which means an absence of
structural defects.

Figure 10: SEM images of CdTe film morphology (a) before, and (b) after
chlorine-treatment with Ar + HCI + fluorine-containing gas (R-23).

As a chlorine supplier, other Cl-based salts have been used;
among them, the most popular are NH,CI, NaCl, MgCl,, ZnCl,
[118-121]. These Cd-free salts are more environmentally
sustainable than CdCl,. Recent studies have been demonstrated
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that the replacement of costly and toxic CdCl, could be made by
using nontoxic and more cost-effective MgCl, [122] without
losing solar cell performance.

A good alternative to Cl-salts is represented by halogen gas,
which is able to release chlorine radicals in the heat-treatment
ambient at the annealing temperature. Since Cl-containing gases
are very aggressive with CdTe surface, the re-crystallization
process becomes extremely critical [99,123,124]. The reaction
returns under control if a fluorinated hydrocarbon is added into
the treatment chamber. In the presence of F, or F-based radicals
a fluorine compound, such as CdF,, could be formed. The
presence of CdF, is effective in lowering the growth rate of the
Cl-containing counterparts (CdCl,), resulting in the decreased
reactivity of all the system.

All studies, regarding chlorine heat-treatment, unequivocally
claim that the solar cell efficiency strictly depends on how
effective the re-crystallization of the CdTe grains is, and on the
quality of the intermixing layer at the junction region. These
results reveal that the lower dissociation energy of the salt
molecules promote greater recrystallization and, in turn, higher
conversion efficiency.

These findings help to choose the best candidate for substituting
CdCl; and underline that Cl-containing gases, with the addition
of fluorinated hydrocarbons, could be a good option.

The Back-Contact

One of the criticisms encountered in the high-efficiency
CdS/CdTe solar cell production is the realization of an ohmic,
stable over-time, back-contact. Commonly, many production
processes make use of a Cu-containing compound, such as Cu—
Au alloy, Cu,Te, ZnTe:Cu and Cu,S [125-128]. Excluding the
Cu-Au bilayer, the electrical contact is finished with the
deposition of a metallic layer such as Mo, Ni-V or graphite
paste.
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The diffusion of copper into the CdTe layer reduces its
resistivity, promoting the formation of a very low resistance
ohmic contact suitable for high-performance solar cells.

Devices made with contacts not containing Cu show a high
series resistance, principally due to the non-ohmic contact. For
this reason, the highest efficiency solar cells have been made,
exploiting the presence of some Cu-based compound at the back-
contact.

Typically, a chemical attack in Br,-methanol or in a mixture of
HNO3/HPO; acids is performed, which leaves the surface of the
CdTe film as Te-rich. A Te-rich surface promotes the correct
band alignment between the valence band of CdTe and the work
function of the metal contact and/or the electronic affinity of a
degenerate semiconductor, through the formation of a low-
resistance tunneling barrier.

Since copper is very reactive with Te, a thin layer of Cu,Te is
formed at the interface between CdTe and the back-contact,
which limits the copper diffusion into the grain boundaries of the
absorber film. Unfortunately, Cu,Te is not sufficiently stable
since it releases copper atoms directly in contact with the surface
of the CdTe film, triggering the usual diffusion into the grain
boundaries. To overcome this regrettable problem, a fine control
of the amount of copper, directly in contact with the Te-rich
surface of the CdTe layer, is mandatory. Different solutions are
proposed; the most reliable make use of a very thin layer of Cu
(0.5 nm) or of a buffer layer, which acts as a filter for the
diffusion of the Cu atoms. In both cases, the formation of a
Cu,Te layer is needed to ensure a good quality contact and to
break the Cu diffusion, but Cu,Te behaves like a stable material
only if x < 1.4. This condition is achieved by placing a buffer
layer, based on M,Te;, between the very thin layer of Cu and the
surface of CdTe (where M = Sh, Bi, As)[129,130]. Two different
phenomena are present: (i) the M atoms can bind the tellurium
excess, forming a M,Te; or Cu,Te degenerate interface layer,
confirming the fundamental role of a CdTe Te-rich surface. (ii)
An air heat-treatment of the whole system, carried out at a
temperature of 200 °C for 15 min, promotes the formation of an
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oxide into the grain boundaries of the CdTe layer, which
contributes to the passivation of the grain boundaries by
removing their capacity to recombine the charge carriers. A
similar result is obtained if a ZnTe film is used as a buffer layer
[131].

This is a general recipe; if respected, an efficient and durable
solar cell is routinely realized, allowing the industrial production
of CdTe-based large modules.

The Industrial Production

At present, an in-line, fully automated machine is able to
produce large CdTe modules (=1 m?) with a cycle time of about
1 min. The mainly exploited technologies are CSS or CSVT for
the deposition of the CdTe layer and sputtering for the remaining
films. Exploiting the thin-film technology, the in-line production
machine carries out the monolithical series-integration of solar
cells, by selective laser scribing of constituent layers at different
stages of the production steps. In this way, a soda-lime glass
enters the machine at the first stage and a finished PV module
comes out from its last section (Figure 11). A typical engineered
process consists of the following main steps [80]:

Wul\ing he: ‘ h
— lo:dcr— machine = m*' TCO . I.ingi_ scribing— hesl

r""mrm e coing fentorine  cooting  care

contact ibing tunnel treat. tunnel

Figure 11: Flow diagram of a fully automated in-line process for the
production of CdTe/CdS based PV modules.

Substrate Cleaning: The first stage of the in-line production
machine is a robotic loader connected with a washing machine.
The substrate, typically iron-free SLG is washed by means of
pressurized deionized water jet and then dried in a filtered hot air
stream.
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1%-Heating Tunnel: The SLG substrate moves on a rail in
vertical or horizontal position according to the operations it
needs. The glass enters evacuated chambers at a 10° mbar
residual pressure to be heated up to the deposition temperature of
the TCO layer. The heating must be very uniform to avoid
thermal shocks, which could cause glass break. Considering that
glass moves at a speed of 1 m/s and it cannot be heated with a
rate greater than 25 °C/min, the heating tunnel must be at least 7
m long if the deposition will take place at a temperature of 200
°C or 14 m if the temperature should be 400 °C. The heating
system is equipped with infrared (IR) lamps and a PID system
controls the power supply through the temperature feedback.

Sputtering TCO: In case TCO consists of the ITO + ZnO bi-
layer, the deposition takes place at 400 °C to guarantee the
correct stability of the stacked films. The sputtering chambers
are equipped with a number of targets sufficient to deposit 500
nm of ITO and 150 nm of ZnO in the transit time of the SLG
substrate. Typically, four ITO targets, and two for ZnO, are
enough to accomplish this task.

The targets, in a vertical position, are of the cylindrical-rotating
type to efficiently use up to 95% of the starting material. 1TO
and ZnO targets are deposited by means of a DC- and RF-
sputtering power supply, respectively. If commercially TCO-
coated SLG substrates are used, this deposition step is not
present in the first part of the production machine.

1* Cooling Tunnel: Since the next operation is the first laser
scribing, temperature must be decreased up to 25 °C. The
substrate, covered with the front contact, comes out from the
sputtering chamber and enters into the cooling tunnel. The
cooling rate is very similar to the heating one, and also, in this
case, the tunnel is 14 m long.

1% Laser Scribing: In order to define how large a solar cell is, an
IR or ultraviolet laser (UV), able to eliminate the TCO along
parallel lines, at a distance of 1 cm one from each other, 40/60
pMm wide, is typically used (Figure 12). The industrial solution
for this purpose is a Q-switched (ns regime) diode-pumped solid-
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state laser (DPSSL), working at wavelengths of 1064 or 266 hm
(third harmonic) depending on the IR or UV cutting,
respectively. The lasing medium for the DPSSLs is a
neodymium-doped yttrium aluminum garnet (Nd:Y3;Als0y,), the
so-called Nd:YAG. For a CdTe-module with an area of 1 m?, a
scribing length of about 100 m has to be done in 1 min. This is
made possible only if the laser beam moves with a speed of 2
m/s, which includes the time loss due to the motion inversion
that must be carried out for cutting each cell [132].

20 um

Figure 12: Optical microscope pictures of P1-P2-P3 scribes taken with a
magnification of 1000x; P1, P2 and P3 cut TCO, CdS/CdTe and back-contact
layers, respectively. Substrate is a 3.3 mm thick SLG.

2"-Heating Tunnel: Before the deposition of the window layer,
the temperature of the TCO-covered SLG must reach 200°C.
This heating tunnel, 7 m long, is equipped as the previous one.

Sputtering of CdS Layer: A planar RF sputtering equipped with
at least three CdS ceramic targets, provides the deposition of the
window layer. The typical deposition rate (DR) is more than
2nm/s, supplied by a RF power density of 3.5 W/cm® As an
alternative to the sputtering technique, chemical bath deposition
(CBD) could be implemented for the deposition of the CdS
layer. Since CBD is carried out at very low temperatures (60/80)
°C, the preceding heating tunnel is not necessary and the
deposition occurs inside thermostatic baths containing the
saturated solution.
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3"-Heating Tunnel: Deposition of the CdTe film by CSS or
CSVT requires a temperature of about 500 °C; consequently, the
SLG covered with TCO + CdS layers runs into a heating tunnel,
while the temperature varies from 200 to 500 °C.

CSS of the CdTe Layer: CSS requires a substrate temperature of
500 °C and a crucible temperature of 600 °C if an Ar pressure of
1 mbar is used as a process gas. The number of crucibles is
congruent with respect to the DR. Fortunately, this technique
allows a very high DR (8/10 pm/min), which enables the
deposition of relatively thick CdTe films (6 um) within the
production cycle time.

2" Cooling Tunnel: The next step is the so-called chlorine
treatment, which is carried out at a temperature of about 400 °C.
This tunnel, with a length of 4 m, can lower the temperature
from 500 °C to the typical temperature of the Cl,-treatment, in
the range of (360/400) °C.

Chlorine Treatment: This is a special section of the in-line
production machine, since Cl, or Cl-radicals are very aggressive,
especially at very high temperatures. If Cl-F-containing gases
(Freon) are used, this step is performed in a vacuum chamber
whose walls are internally coated with HCL-resistant ceramics.
The final pressure of the Ar-Freon mixture is about 500 mbar
and the total length of the treatment station is about 25 m.

Chlorine could be also supplied by dipping the CdS/CdTe
system into tanks containing the CdCl,-methanol solution. On
the contrary, CdCl, could be additionally deposited by simple
sublimation; in that case, this treatment section is furnished by
vacuum thermal evaporators. In this situation, CdCl, is supplied
at a low temperature and a cooling tunnel in front of this section,
with a heating tunnel after the CdCl, deposition is needed.

3rd Cooling Tunnel: However, chlorine is supplied, the
CdS/CdTe system, after having covered the entire cooling
tunnel, lowering the temperature from 400 °C to room
temperature, enters a washing machine in which splashes of
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demineralized hot water remove any CdCl, residue and/or oxides
formed during the Cl-treatment.

2" Laser Scribing: This patterning step selectively removes the
active layers close to one edge of each cell delineated by the first
scribing (Figure 11). The laser action only has to remove the
CdS and CdTe semiconductors, leaving the unchanged,
completely cleaned surface of the underneath TCO. The laser
scribing of the CdS/CdTe layers could be done facing the film
surface or from the glass side. These strategies are employed
with opaque or transparent substrates, respectively. In both
cases, a green laser (wavelength = 515 nm) is efficiently used.
Cycle time imposes a cutting speed of 2 m/s to perform a 100 m-
long scribing in less than a minute.

Sputtering of Back-Contact: Back-contact consists of Mo or Ni—
V films and the deposition is normally carried out at room
temperature. The sputtering chamber is equipped with a
sufficient number of cylindrical-rotating targets to perform the
film deposition in the requested cycle time. The metallic films
are deposited by a DC power density of 5 W/cm?, which is able
to deposit the 500-nm-thick back-contact in less than 1 min (DR
> 30 A/s). Before the deposition of metallic films, buffer layers
are added between the CdTe surface and the metallic films to
achieve an ohmic contact. The M,Te; and Cu films are deposited
by means of a DC sputtering with a power density of about 3
W/cm?for M,Te; and 1.5 W/cm?, corresponding to a DR of about
30 and 5 A/s, respectively.

3" Laser Scribing: This scribing removes the back-contact and
the active stacked films close to the 2nd scribing keeping the
underneath TCO layer as unchanged as possible (Figure 11). In
this way, every cell is series-connected with its adjacent one. The
main problem regarding this patterning, is to avoid the thermal
damage of the CdS/CdTe films, which could form shunt paths in
the junction region. This effect could be minimized if a very
short pulse laser is used in order to avoid, as much as possible,
the heat-affected zone (HAZ). This laser has the following
characteristics: wavelength = 1064 nm, average max power =
5W at 50 kHz, energy per pulse = 160 puJ at 30 kHz, pulse width
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=500 ps at 30 kHz. This laser ensures a cutting speed of 2 m/s,
which is able to perform a 100 m-long scribing in less than a
minute.

Bus-Bar, Contact Box, Lamination: The production line ends
with the installation of bus bars and a junction box with the
external cables. Lastly the lamination operation, using a thin
ethylene-vinyl acetate sheet (EVA) placed between two glasses.
Lamination requires keeping the module at a temperature of
about 165 °C for several minutes; this operation is effective in
curing the diffusion/reaction of Cu with the M,Te; material to
form the desired Cu,Te inside the back-contact. In this case, the
upper glass, placed on the sunny side of the PV module, is
normally a tempered glass, which makes the module particularly
robust and hail-resistant.

Final Flash-Test and Packaging: The finished PV module is
subjected to the so-called flash test to learn the electrical output
power and the characteristic photovoltaic parameters. The
measurement is performed with a pulsed solar simulator under
standard conditions (1000 W/m?, AM 15 G, 25 °C). The test
results are printed on an adhesive label, which is automatically
attached to the back of the panel, following the appropriate IEC
standard. The tested modules are automatically divided into 5W
output power classes and packaged in order to be shipped to their
final destination.

Recycling and Life Cycle Assessment

Independent studies have shown that metallic cadmium is much
more toxic compared to the CdTe compound, and massive doses
of CdTe taken by oral inhalation have been shown to be about
nine times lower than the toxicity of elemental cadmium[133].

Starting material processing, modules production, the operation
of the PV plants and removal at their end of life, releases two
orders of magnitude less cadmium emissions compared to the
most modern thermoelectric power plants.
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Concerning environmental issues, some of the main
characteristics of CdTe are: (i) it is a non-flammable solid, (ii) it
is insoluble in water, (iii) a melting point in air close to 1100 °C
(higher than the typical temperature of an outdoor fire), (iv) at
high temperature with oxygen (air), it forms an oxide, CdTeOs,
which is even more stable than CdTe itself. Moreover, CdTe
modules are of the glass—glass laminated type and CdS-CdTe
materials are retained in the molten glass if exposed to
temperature in excess of the softening point of the encapsulant
glasses [134]. Encapsulating Cadmium in the form of CdTe
inside photovoltaic modules represents a safe alternative for
using cadmium with respect to the commonly practiced use. In
other words, this is a safe way to sequester cadmium from the
environment. Replacing fossil-fuel electricity with CdTe-based
PV plants results in a reduction in all the life cycle impact
categories. In fact, CdTe modules have the lowest environmental
impact from the harmful emissions point of view, showing the
smallest ecological footprint compared to the other thin-film and
cost-competitive Si technologies[135]. Increasingly, efficient
cells and modules decline the availability concern, which is
common to all thin-film technologies. The ever-decreasing use
of CdTe might have an impact on tellurium primary demand,
which could decrease regardless of the growth of the CdTe-
technology market. Detractors of photovoltaic technologies
assert that ground-mounted photovoltaic systems are very
impactful from the soil transformation point of view. Since PV
plants do not require extraction of fuel during their life cycle and
the occupation of soil decreases with the increasing plant
lifespan and PCE of modules, we can conclude that CdTe,
among thin film technologies, is the best related to the land
transformation impact.

The large amount of water required in the production of
electricity from fossil and nuclear sources poses a serious supply
problem, especially in those areas of the planet where water is a
very precious resource. PV technology needs significantly lower
water consumption than the full life cycle of thermoelectric
power plants [136]. The amount of water used to produce one
MWh of electricity from a PV source is the third lowest after
wind and hydroelectric. Among the PV sources, CdTe-based
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technology shows a lower water consumption than the more
common multi-Si technology, due to the production of ultra-pure
Si. A common implication for all the PV technologies is the
recycling of modules at the end of their useful life; this not only
from the point of view of the environmental impact but also in
terms of the efficient recovery of raw materials. Cadmium, being
a toxic element, must be recovered regardless of the economic
implications, while the recovery of tellurium is seen as an
additional benefit.

With a worldwide installed capacity close to 200 GW, recycling
is mandatory for the future management of extensive PV waste
volumes in order to safely recover costly materials.

In general, thin film technology is a feasible, environmentally
friendly way to produce electricity. In particular, CdTe
production represents a safe way to remove Cd from the
environment.

Conclusion

Ever since the first photovoltaic device was made in the 1950s, it
was immediately clear that this technology could be used to
produce electricity. The first devices were built for space
applications, allowing the development of telecommunication
satellites on an international scale.

Since then, many different materials have been studied and
related different technologies have been developed. Actually, the
photovoltaic market, based on single and polycrystalline Si
technology, has been developed since the 1980s. Quite quickly,
very high-performance Si-based devices, with photovoltaic
conversion efficiencies close to 25%, were realized. At the same
time, other materials, made with epitaxial techniques, entered the
world of PVs. Devices based on materials of the 1l1-V family,
such as GaAs, have given rise to even more efficient solar cells.
At present, complex devices made with these materials, as well
as multi-junction cells, exhibit an efficiency above 35% and up
to 45% if sunlight concentrators are adopted. These technologies
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are very expensive and are typically used to supply energy to
space missions.

At the same time, alternative technologies were developed with
the aim of maximizing the cost—efficiency ratio to make
photovoltaics truly competitive with traditional energy sources.

Thin-film technology is well-suited to accomplishing this task,
and devices based on different materials have been developed.
Nowadays, sophisticated solar cells, in which the absorber layer
is CulnGaSe, or CdTe, achieved efficiencies of 23.35% and
22.1%, respectively. These technologies, which are very
competitive with respect to the Si-based one, will allow the
development of PV at very low prices, reaching the so-called
“Grid-Parity” in many countries, i.e., electricity is produced with
photovoltaics at a lower price than the electricity produced by
traditional fossil sources.

CdTe technology, which has several advantages compared to its
competitors, is particularly promising; in fact, CdTe has one of
the lowest costs of all the finished modules per peak watt. The
high scalability of the production process, as well as the low
production cost and not-problematic recycling of modules at
their end of life, allow an extremely low cost per watt, making
this technology the most competitive on the PV market. Despite
this, CdTe technology represents a very small portion of
production on the global market scale, while Si is still the
undisputed king of the market.

CdTe production could receive a further boost if some still-open
problems could be solved and easily implemented in the
production process.

A reduction in the CdTe layer thickness, grain boundaries
passivation, back-contact quality and stability, CdTe doping, and
control of interface defects are only few of the main problems
that can be improved. In this direction, some remarkable steps
concerning the recombination of the charge carriers and the
engineering of the energy gap have been made. For example, the
addition of selenium in the production process allows for the
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realization of PV modules with a photovoltaic conversion
efficiency greater than 18%, representing one of the best results
among commercial thin-film technology.
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Abstract

Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS) is known for its potential to replace indium-tin
oxide in various devices. Herein, when fabricating finger-type
PEDOT:PSS electrodes using conventional photolithography, the
cross-sectional profiles of the patterns are U-shaped instead of
rectangular. The films initially suffer from non-uniformity and
fragility as well as defects owing to undesirable patterns. Adding
a small amount of hydrolyzed silane crosslinker to PEDOT:PSS
suspensions increases the mechanical durability of PEDOT:PSS
patterns while lifting off the photoresist. To further improve their
microfabrication, we observe the effects of two additional
oxygen (O,) plasma treatments on  conventional
photolithography processes for patterning PEDOT:PSS,
expecting to observe how O, plasma increases the uniformity of
the patterns and changes the thickness and U-shaped cross-
sectional profiles of the patterns. Appropriately exposing the
patterns photoresist to O, plasma before spin-coating
PEDOT:PSS improves the wettability of its surface, including its
sidewalls, and a similar treatment before lifting off the
photoresist helps partially remove the spin-coated PEDOT:PSS
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that impedes the lift-off process. These two additional processes
enable fabricating more uniform, defect-free PEDOT:PSS
patterns. Both increasing the wettability of the photoresist
patterns before spin-coating PEDOT:PSS and reducing its
conformal coverage are key to improving the photolithographic
microfabrication of PEDOT:PSS.

Keywords

Microfabrication; Photolithography; Patterning; PEDOT:PSS;
Plasma; Thickness; Film; Surface; Height Profile; Terahertz
Device

Introduction

Advancing terahertz (THz) technology [1,2] requires developing
many functional quasi-optical components for THz devices such
as phase shifters [3-8], filters [9], phase gratings [10], and
polarizers [11]; however, most of these device components use
indium-tin oxide (ITO) or metal electrodes, the transmittance of
which is not necessarily high enough for THz devices.

To improve transmittance characteristics, on one hand, finger-
type ITO electrodes [12], which mitigate the absorption of light
via ITO, have been fabricated by patterning flat ITO electrodes.
On the other hand, materials with higher transmittance in the
THz region such as graphene [13] are actively being attempted to
replace ITO. For this purpose, poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT:PSS) [14-19] is a promising
candidate, and patterning PEDOT:PSS as a microfabrication
strategy has been well studied. PEDOT:PSS exhibits high
transmittance in the THz region, and because of its solution-
process capability, it can be patterned using photolithography.
Under these circumstances, replacing the finger-type ITO
electrodes with patterned PEDOT:PSS ones would attain even
higher transmittance in the THz region. Therefore, we attempted
to fabricate finger-type electrodes using PEDOT:PSS; however,
the films suffered from non-uniformity and fragility as well as
defects owing to undesirable patterns.
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As wearable and portable electronics have continued to develop
[20], PEDOT:PSS as a flexible transparent electrode has been
gaining an important role in such optoelectronic devices [21].
For practical purposes, developing versatile patterning
techniques is required for incorporating PEDOT:PSS into these
optoelectronic devices. Micropatterning has been developed for
organic materials, but some challenges have not yet been fully
addressed; in particular, the surface morphology and electrical
and optical properties of patterned PEDOT:PSS are adversely
influenced by patterning processes. This is because organic
materials, i.e., soft matter, that can be dissolved or dispersed in
water or organic solvents are usually mechanically fragile and
chemically sensitive. These difficulties have encouraged
researchers to devise various approaches in different micro- and
nanopatterning techniques to solve these problems and to
ultimately achieve well-organized, uniformly patterned surfaces
with fine structures.

In principle, photolithography is applicable to organic materials
including PEDOT:PSS when the proper materials and processes
are selected [16]. Traditional photolithography materials and
processes can be used in the lift-off process. As another
alternative method, using orthogonal solvents and corresponding
photoresists enables creating submicrometer-scale PEDOT:PSS
patterns [22,23]; however, they can potentially be damaged by
aggressive organic solvents. In addition, PEDOT:PSS can be
directly crosslinked by ultraviolet (UV) irradiation with an
appropriate photoinitiator [24-26], but the resolution is limited
to several micrometers. From the above-mentioned techniques,
we choose traditional photolithography together with the lift-off
process. In other words, we observe how PEDOT:PSS films can
be patterned using traditional photolithography and how
undesirable patterns or defects, if any, made by
photolithographic processes can be altered and improved.

Plasma treatments are well known and offer many advantages in
fabrication processes because they can modify the surface
properties, but exposing a surface to plasma does not alter its
bulk properties [27]. Plasma treatment can prime any surface for
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secondary manufacturing processes by eliminating all traces of
contamination. Therefore, we are interested in observing the
correlation between plasma treatments and the surface structures
and morphologies of photolithographic PEDOT:PSS patterns
while exploring ways to improve their quality.

In this study, we aim to tackle the aforementioned problems, i.e.,
the non-uniformity and fragility of the films as well as defects
owing to undesirable patterns, and to improve the quality of
photolithographic PEDOT:PSS patterns. Although
photolithography has already been established for PEDOT:PSS,
some material- and process-related factors seem to affect the
quality of the films and patterns. For this purpose, we introduce
two additional O, plasma processes into traditional
photolithography, and we analyze how each additional plasma
treatment affects the PEDOT:PSS patterns, expecting to improve
them by applying these two additional processes. From a
practical perspective, exploiting these basic, unsophisticated
fabrication processes while unveiling their effects helps further
develop the photolithographic patterning of PEDOT:PSS thin
films in a facile, familiar way.

Materials and Methods
Materials and Procedure

Soda-lime glass substrates with dimensions of 25 x 25 x 0.7 mm
were sequentially sonicated in commercially available detergent
RBS™ 35 Concentrate (Thermo Fisher Scientific, Waltham,
MA, USA and deionized water (>18 MQ-cm) for 15 min. To
increase its hydrophilicity, the surface of the substrates was
exposed to O, plasma with a power of 100 W and O, flowing at
15 sccm for 3 min using a Samco-ucp PC-300 plasma cleaner
(Ruggell, Liechtenstein). A positive photoresist AZ4620 (Merck
KGaA, Darmstadt, Germany) was spin-coated onto the
substrates at 4000 rpm for 40 s and then baked at 90 °C for 7
min. The photoresist films were exposed to UV light for 7 s
using an EVG®620 mask aligner. The photoresist films were
developed in a developer solution AD-10 (Merck KGaA,
Darmstadt, Germany) for 3 min.
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Figure 1 illustrates the designed mask patterns of a unit cell
together with an enlarged diagram of a corner of the electrode
area showing a part of the finger-type electrodes near the edge.
The total electrode dimensions are 14 x 13 mm, and each finger-
type electrode is 20 pm wide with a 20 um gap between
neighboring electrodes. In practice, the four designed unit cells
were laid out in a soda-lime mask with dimensions of 5 x 5 x
0.09in (12.7 x 12.7 x 0.229 cm).

Magnification ratio: 2.6
Magpnification ratio: 33

40 mm

Finger-type electrodes
>
30mm

Figure 1: Designed mask pattern for a unit cell (right) and enlargement of the
finger-type electrodes (left).

A PEDOT:PSS dispersion (PH1000, Heracus Epurio Clevios™,
Leverkusen, Germany) was filtered through a 0.45 um syringe
filter and then mixed with 02 wt % (3-
glycidyloxypropyl)trimethoxysilane ~ (GOPS)  [28,29], a
hydrolyzed silane crosslinker (Sigma-Aldrich, St. Louis, MO,
USA). The suspension was sonicated for 30 min to homogenize
the PEDOT:PSS dispersion, which was then spin-coated at 3000
rpm for 60 s onto the patterned photoresist. The spin-coated
substrates were baked at 130 °C for 15 min and finally sonicated
in acetone to lift off the photoresist.

In our modified process, two O, plasma treatments were
independently added, one before spin-coating PEDOT:PSS and
one before lifting off the photoresist. The O, plasma power and
the O, flow rate were set to 100 W and 15 sccm, respectively, for
both reaction ion etching (RIE) and plasma etching (PE) modes,
and each operation time was varied. The latter mode is more
isotropic and gentler, whereas in the former mode, the O, species
are generated more vertically and hit the substrates more
vigorously because of the potential between the electrodes in the
chamber.
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Measurements

A Dimension ICON scanning probe microscope system (Bruker,
Billerica, MA, USA), which offers precisions of <0.15 A nm for
XY noise and <0.35 A Z sensor noise, was used to measure the
film thickness and probe its height profiles on the surface of the
substrates. We prepared three samples for each set of conditions.
For each sample, we measured at least three points in the upper,
middle, and lower parts of the electrode area shown in Figure 1,
and we measured each point three times. We also used a Quatek
(Sheung Wan, Hong Kong) four-point probe test system,
composed of a 5601TSR surface resistance tester and a QT-50
manual test console, to measure the surface resistance Ry(Q2) of
films, from which the conductivity o (S/cm) = 1/(Rs -d) was
deduced using the film thickness d (cm).

Results
Transferring an Image to the Photoresist and the
Fragility of PEDOT:PSS Patterns

To draw a finger-type (stripe-type) image on the photoresist, a
mask pattern (design drawing or pattern) is first transferred. The
stripe-type-patterned photoresist works as a template or mold to
create PEDOT:PSS patterns [16,30]. To this end, some process
conditions are optimized using various quality engineering
methods [31], i.e., by controlling the spin-coating rotational
speed, baking temperature, UV-light-exposure time, and
developing time, as described in the experimental section. Using
these optimized conditions, we attain a high-quality patterned
photoresist, and the patterns are transferred from the mask
patterns with a gap of 20 um between neighboring patterns. By
using the image (pattern) of the photoresist, PEDOT:PSS is then
patterned via microprocessing.

Initially, the PEDOT:PSS patterns were very mechanically
fragile, especially in the lift-off process, during which the
substrates were shaken in an acetone bath. To remove the
photoresist patterns from the substrates, they were inevitably
shaken, which presumably applied a frictional force to the
PEDOT:PSS patterns on the substrates. In fact, the PEDOT:PSS
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patterns were partially peeled off and bent out of the substrates,
as shown in Figure 2. Simply immersing substrates in acetone,
however, does not remove photoresist patterns from substrates;
therefore, to avoid damaging the patterns, the films had to be
strengthened. This fragility can be attributed to the weak
anchoring of the PEDOT:PSS films to the surface of the
substrates, although this technique is well known [28,29,32].
However, exposing the photoresist patterns to O, plasma did not
mitigate this problem, so it had to be resolved using surfactants.

Specifically, GOPS, a hydrolyzed silane crosslinker, was used to
improve the anchoring, as its epoxy group can react open under
acidic conditions, yielding a hydroxyl group. When GOPS is
added to PEDOT:PSS suspensions, the hydroxyl groups strongly
interact with the sulfonic acid groups of PEDOT:PSS via
hydrogen bonds. The trimethoxysilane groups of GOPS are
hydrolyzed in acidic suspensions and become Si—-OH groups,
which form stable Si—O-Si bonds on the glass surface [32]. To
reveal the effects of GOPS in the PEDOT:PSS suspensions, its
concentration was varied, and the durability of the resulting
PEDOT:PSS patterns was evaluated. As the GOPS concentration
increased, fewer defects ended to appear in the PEDOT:PSS
patterns. However, 3.0 wt % GOPS caused PEDOT:PSS to
agglomerate, which was previously reported to hinder spin-
coating [29]. Further, we confirmed that adding GOPS decreased
the conductivity of the PEDOT:PSS films, suggesting a trade-off
relationship between improving the durability and maintaining
the conductivity of the PEDOT:PSS films. Figure 3 shows the
relationship between the conductivity of PEDOT:PSS films and
the GOPS concentration, which shows almost the same trend as
that observed in previous work [28], although the initial
conductivity without GOPS was slightly lower here. Based on
these findings, we used 0.2 wt % GOPS in subsequent
experiments because this concentration yielded PEDOT:PSS
films that were sufficiently durable during the lift-off process.
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Figure  2:  Poly(3,4-ethylenedioxythiophene)  polystyrene  sulfonate
(PEDOT:PSS) film damaged when the substrate was shaken in an acetone bath
during the lift-off process. (a) Image of the finger-type electrodes observed
using an optical microscope. (b) Macroscale image of the entire substrate.
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GOPS Concentration (wt %)

Figure 3: Changes in conductivity of PEDOT:PSS films when (3-
glycidyloxypropyl)trimethoxy-silane  (GOPS) is added to PEDOT:PSS
suspensions. The solid curve is a visual guide.

Traditional Process for PEDOT:PSS
Figure 4 shows the two-dimensional height profiles of the

PEDOT:PSS patterns obtained using the traditional process.
Each sample was measured at several points in the sample, and
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an average was taken at each position. Considering the
photoresist patterns, we expect to observe a rectangular cross-
section with a line width of 20 pm. Surprisingly, however, the
actual profiles are U-shaped [33,34], with large variations in
thickness at the center of the lines. The U-shaped profiles could
be attributed to the evaporation of solvent and its corollary mass
transfer [35]. If the surface of the photoresist has good
wettability, the suspension spreads not only in the planar
direction but also upward along the sidewalls of the photoresist.
In addition, as the solvent evaporates, mass transfer occurs at the
edge of the suspension on the sidewall of the photoresist, thereby
leading to the U-shaped profiles at the edge. According to this
mechanism, a higher concentration with higher viscosity would
reduce the peak height of the U-shaped profiles, whereas better
wettability, including on the sidewalls of the photoresist, would
develop U-shaped profiles.

From another perspective, the bottom of the lines is
approximately 30 pm, which is 1.5 times larger than the
designed value. In contrast, the peak-to-peak width is almost 20
um, suggesting that each peak must be determined by the
sidewall of the patterned photoresist. Presumably, when
PEDOT:PSS is spin-coated onto the patterned photoresist,
PEDOT:PSS not only fills the spaces between the lines of the
patterned photoresist but also covers the top of the photoresist.
The PEDOT:PSS initially present on top of the photoresist can
be connected to the PEDOT:PSS between the lines via
conformal coverage. Therefore, even after the photoresist
patterns are removed during the lift-off process, partially
connected PEDOT:PSS would remain at the bottom of the
patterns [30]. These observations suggest that removing the
PEDOT:PSS from the top of the photoresist may help improve
the quality and uniformity of the final PEDOT:PSS patterns.
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Figure 4: Height profiles of the patterned PEDOT:PSS lines made using the
traditional process. The error bars show the difference in the maximum and
minimum values at each position.

Adding an O, Plasma Treatment before Spin-Coating

0, plasma increases the hydrophilicity of surfaces. Contact angle
measurements revealed that the surface of the patterned
photoresist was rather hydrophaobic, which prompted us to add an
0O, plasma treatment before spin-coating PEDOT:PSS, which
would also remove the PEDOT:PSS from the top of the
patterned photoresist. Figure 5 shows how PEDOT:PSS
suspensions spread on the surface of the photoresist with and
without an O, plasma treatment; clearly, increasing the O,
plasma operation time further increased the wettability of the
patterned photoresist surface.
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Figure 6: Height profiles of the patterned PEDOT:PSS lines made by plasma-
treating the photoresist in reaction ion etching (RIE) mode before spin-coating
PEDOT:PSS. The error bars show the maximum and minimum values at each

position.
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We found that adding the O, plasma treatment at this point
during processing indeed improves the uniformity of the
thickness. Figure 6 shows how the height profiles of the cross-
sectional PEDOT:PSS patterns change when the patterned
photoresist is plasma-treated in RIE mode before spin-coating it
with PEDOT:PSS. As the operating time of the O, plasma
treatment increases, the center of the lines becomes more
uniform. Interestingly, however, the peaks that appear at the
edge of each line become more pronounced with the increasing
operating time, which suggests that the plasma-treated surface of
the photoresist-patterned substrates indeed provides better
wettability for PEDOT:PSS and hence better uniformity at the
center of the lines. Specifically, the thickness variations at the
center of the lines are improved, decreasing from +33.9 to £5.7
nm. Furthermore, O, plasma increases the wettability of the
sidewalls of the photoresist patterns, and therefore, the peaks
become more pronounced with the increasing operating time
owing to the so-called coffee ring effect [35,36]. This finding
can be verified by using a gentler O, plasma treatment in PE
mode.

Figure 7 shows how the height profiles of the cross-sectional
PEDOT:PSS patterns change when the photoresist is plasma-
treated in PE mode before spin-coating PEDOT:PSS. In contrast
to the results of the RIE O, plasma treatment, the thickness of
PEDOT:PSS changes more mildly and gently, with little impact
on the sidewalls of the photoresist pattern. Figure 8 compares the
changes in thickness and its variability at the center of the
PEDOT:PSS patterns when the patterned photoresist is plasma-
treated in RIE or PE mode before spin-coating. In RIE mode, the
O, plasma treatment is indeed vigorous and more rapidly reduces
the film thickness. Presumably, this mode makes the surface of
the photoresist more hydrophilic than PE mode, which is
consistent with the results shown in Figure 5. Although in
principle, the RIE plasma mode bombards the substrate surface
more vertically, it also more severely affects the sidewalls.
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Figure 7: Height profiles of the patterned PEDOT:PSS lines made by plasma-
treating the photoresist in plasma etching (PE) mode before spin-coating
PEDOT:PSS. The error bars show the maximum and minimum values at each
position.

Therefore, the hydrophilicity increases on the entire surface of
the patterned photoresist, including the sidewalls, so the U-
shaped profiles become more pronounced. Meanwhile, the films
become thinner, with less variability at the center of each
patterned line and a higher peak at the edge.

In subsequent experiments, to avoid developing U-shaped cross-
sectional profiles in the PEDOT:PSS patterns, we performed the
0O, plasma treatment for 3 min in PE mode before spin-coating
PEDOT:PSS for the following step, i.e., lifting off the
photoresist.
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Figure 8: Changes in thickness and its variability at the center of the
PEDOT:PSS patterns as a function of O, plasma exposure time using PE and
RIE modes.

Adding an O, Plasma Treatment before Lifting Off the
Photoresist

The next step introduces another difficulty that disturbs the
uniformity of the patterns. Undesirable patterns, a type of defect,
are often observed when lifting off the photoresist. Figure 9
shows an image of typical undesirable patterns remaining on the
surface of the patterned PEDOT:PSS, which we assume are
related to the PEDOT:PSS covering the top of the photoresist via
conformal coverage [30]. Presumably, when the photoresist
patterns are lifted off, the PEDOT:PSS anchored to the surface
of the photoresist mechanically causes this problem. Further,
brush-like wrinkles often appear around the boundaries after
spin-coating PEDOT:PSS onto the patterned photoresist, as
shown in Figure 10b, which prompts us to consider the effects of
conformal coverage. During the spin-coating process,
PEDOT:PSS spreads over the entire patterned photoresist
surface, meaning that PEDOT:PSS can spread not only in the
gaps between the strip patterns but also on top of the patterned
lines. Therefore, removing such PEDOT:PSS covering the
photoresist before lifting it off would help reduce these defects.
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Figure 9: Typical undesirable patterns remaining on the surface of the
patterned PEDOT:PSS observed using an optical microscope.

Figure 10: Photoresist patterns (a) before and (b) after spin-coating
PEDOT:PSS observed using an optical microscope.

Thus, to remove the PEDOT:PSS from the top of the photoresist
caused by conformal coverage, we introduce another O, plasma
process before lifting off the photoresist patterns. As expected,
applying this additional O, plasma treatment at this stage reduces
the undesirable patterns and defects in the resulting PEDOT:PSS
when the photoresist is finally removed with acetone, as shown
in Figure 11. Obviously, however, a longer plasma treatment at
this stage also reduces the thickness of PEDOT:PSS itself or
even damages the patterns. As an extreme case in which we
plasma-treated the PEDOT:PSS pattern for 120 s, its thickness
decreased to one-fifth of its designed value, and its linewidths
became two-thirds narrower. Further, we observed jagged line
patterns, which are side effects of O, plasma exposure at this
stage. Therefore, the operating time of O, plasma has a trade-off
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relationship between mitigating these undesirable patterns and
maintaining the quality of the PEDOT:PSS patterns.

Il.ﬂw-ll

Figure 11: Microscopic image of undesirable patterns being removed when
adding O, plasma in RIE mode for 15s.

Nevertheless, adding an O, plasma treatment at this stage
enables the removal of the unfavorable PEDOT:PSS covering
the photoresist, suggesting that it is crucial to remove such
PEDOT:PSS from the top of the photoresist or avoid conformal
coverage. In order to remove this PEDOT:PSS without affecting
the film thickness or damaging the film, O, plasma etching with
masking would be more reliable.

Combination of the Added O, Plasma Treatments

Naturally, we are also interested in how combining the two
added O, plasma processes eventually improves the quality of
the PEDOT:PSS patterns. We thus optimized the plasma
treatment operation time in PE mode to be 3 min before spin-
coating PEDOT:PSS and that before lifting off the photoresist in
RIE mode to be 1 s. Our investigation reveals that even 1 s of O,
plasma in the RIE mode assists with removing undesirable
PEDOT:PSS, thereby promoting the lift-off process while
avoiding defects. Figure 12 shows microscopic images and
height profiles of the PEDOT:PSS patterns when both O, plasma
treatments are added to the process. Applying both treatments
enables fabricating more uniform, defect-free PEDOT:PSS
finger-type patterns with a deviation in the thickness of £10.6 nm
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at the center of the cross-section. The bottom of the lines is still
beyond the designed value, thus requiring further optimization;
however, avoiding conformal coverage would be crucial to
improving microfabrication using photolithography.

(b)

Figure 12: (a) Microscopic images and (b) height profiles of the PEDOT:PSS
patterns made by adding both O, plasma treatments to traditional
photolithography.

Conclusions

We fabricated finger-type PEDOT:PSS electrodes using
conventional photolithographic patterning techniques, during
which the cross-sectional U-shaped profiles of the PEDOT:PSS
patterns were found instead of rectangular cross-sections. The
fragility of the PEDOT:PSS patterns was improved by adding
0.2 wt % GOPS to the PEDOT:PSS suspensions. Using the
strengthened PEDOT PSS patterns, we investigated the effects of
adding O, plasma treatments to the traditional photolithography
process for patterning PEDOT:PSS, expecting to observe how
this treatment improved the uniformity of the patterns and how it
changed the thickness and U-shaped profiles of the patterns. One
0O, plasma treatment was introduced before spin-coating
PEDOT:PSS onto the patterned photoresist layer, and the other
was employed before the lift-off process for removing the
photoresist layer. The former improved the wettability of the
patterned photoresist surface, including that of its sidewalls, and
the latter helped partially remove the spin-coated PEDOT:PSS
that impeded the lift-off process. In the former O, plasma
treatment, the uniformity of the thickness at the center of the
lines became more uniform, with an improved deviation from
several tens of nanometers to several nanometers; however, the
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U-shaped patterns became more pronounced when the sidewalls
of the patterned photoresist were exposed to the plasma in RIE
mode, which could be avoided using more gentle plasma in PE
mode. The latter O, plasma treatment eventually facilitated the
lift-off process while preventing defects, uniformly reducing the
entire thickness of the PEDOT:PSS patterns while removing the
PEDOT:PSS covering the photoresist. Our findings suggest that
the most important factor is how to remove PEDOT:PSS from
the top of the photoresist or avoid its conformal coverage.
Applying these two additional processes enabled fabricating
more uniform, defect-free PEDOT:PSS patterns. Realizing a real
THz device using the investigated techniques requires
considerable effort to optimize the entire procedure, which
would involve many factors, such as the cross-sectional shape of
the patterned lines, defects, conductivity, and anchoring strength.
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Abstract

Over the past 10 years, carbon dots (CDs) synthesized from
renewable raw materials have received considerable attention in
several fields for their unique photoluminescent properties.
Moreover, the synthesis of CDs fully responds to the principles
of circular chemistry and the concept of safe-by-design. This
review will focus on the different strategies for incorporation of
CDs in organic light-emitting devices (OLEDSs) and on the study
of the impact of CDs properties on OLED performance. The
main current research outcomes and highlights are summarized
to guide users towards full exploitation of these materials in
optoelectronic applications.

Keywords

Carbon Dots; Organic Light-Emitting Diode; Photoluminescence

Introduction

The growing demand for electronic devices for an ever-
increasing number of applications means that green and
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sustainable electronics are no longer just a dream but a pressing
need [1].

In this context, the electronics and optoelectronics based on
organic semiconductors showed, in the last few years, significant
growth in many areas dominated by traditional electronics [2].
The foremost advantage of organic materials is that they are
cheap, lightweight, easy to be processed, and flexible [3].
However, the synthetic techniques currently used for production
of organic semiconductors [4] suffer from toxicity and
environmental problems that can seriously prevent their large-
scale production. In this regard, application of the principles of
green chemistry for development of synthetic sustainable
methods for the synthesis of semiconductors is essential to
support the development of organic electronics, thus moving
towards increasingly sustainable electronic devices [5].

In fact, the use of organic materials to build electronic devices
[6] holds the promise that future electronic manufacturing
methods will rely on safer and more abundant raw materials [7].
The vision is for resource-efficient synthetic methodologies,
whereby both devices themselves and manufacturing of those
devices use less materials and more safe materials.

The first pillar on which the new sustainable industrial
revolution is based on is inevitably the development of new
materials that are possibly safe and sustainable by design [8].

Among the emerging classes of materials able to meet these
needs, carbon dots (CDs) are attracting considerable interest.
They are part of the nanocarbon family, and differently from the
best known carbon nanotube [9], they include quasi-spherical
nanoparticles with sizes around 10 nm. Since their first discovery
in 2006, CDs [10,11] have gained ever-increasing attention due
to their fascinating properties like distinctive optical behavior,
tunable emission, different functional groups, good
biocompatibility, chemical and photo-stability, low toxicity, and
low-cost production. More importantly, CDs properties can be
changed by controlling their size, shape, and heteroatom doping
and by modifying the surfaces, thanks to the quantum
confinement effect (QCE)[12] (Figure 1). They are considered
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promising green alternatives to fluorescent dyes [13-15] and
generally to toxic metallic colloidal semiconductor nanocrystals
and have been proposed for optoelectronic applications in
general [12,16-19] (Figure 1), such as sensing, bioimaging,
fingerprint detection, gene delivery, solar cells, or printing inks.

Applications _ PLMechanisms

Synthesis

Figure 1: Carbon dots general overview.

In general, CD preparation methods can be grouped into two
main approaches: top-down and bottom-up. The first strategy
[20-27] involves the use of techniques such as arc discharge,
laser ablation, chemical oxidation in strong acid, and
electrochemical synthesis to break down carbon sources such as
graphite, carbon nanotubes, and nanodiamonds to form
fluorescent CDs. In contrast, in the bottom-up approach [28-34],
CDs are synthesized from organic molecules by applying
hydrothermal solvothermal methods, ultrasonic or microwave
treatments, or simple thermal combustion.

Although CDs have been synthesized from different starting
materials with a great variety of techniques, there is a huge effort
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to develop sustainable synthetic paths which adhere to the
principles of green chemistry. It has been demonstrated that CDs
can be obtained from any carbon-based materials. This, in
particular, guarantees that most by-products of the food supply
chain can be reused to produce CDs. Agriculture products
contain a myriad of natural molecules that can make up a diverse
source of surface functional groups in CD formation.

A relevant feature for CD sustainability has to do with synthetic
methodologies for their fabrication. CDs can be produced
hydrothermally, that is, by heating the starting materials in water
under atmosphere or elevated pressure [28-31,34,35].
Consequently, the cost of production is low, and the operation is
easy, relatively safe, and free from organic solvents (Figure 2).
Furthermore, shorter processing time and lower energy
consumption for CD manufacture can be obtained when
microwaves are used as the heating source [36,37].

Toxicity studies of the CDs were performed with both plants and
animals (mice), revealing good biocompatibility [38—40], and
opened the way not only to their bio-application but also to
biodegradable electronics [19,40].

SAFE BY DESIGN
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RN f{f\;ﬁ“ oom
Con
@ oSoo v N
000,
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° ¢ o 111
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MATERIALS PRECURSOR

CARBON RESOURCE

selr. Oxidation Hydrothermal
tecy, “SSempy, Electrochemistry Microwave
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SEMICONDUCTING QDS GQDs CDs

Figure 2: Schematic representation of carbon dots’ main characteristics:
adapted with permission from [14], copyright 2019 American chemical society,
and adapted with permission from [41], copyright 2017 Elsevier.
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With this perspective, in the present review, we will discuss CDs
obtained with a bottom-up approach as it is the one that best
adheres to the principles of green chemistry. They can be
obtained from renewable sources or waste such as citric acid or
agricultural waste [37]. The synthetic methodologies are simple
and inexpensive, and they do not require the use of metal
catalysts or chlorinated solvents. We will focalize on CDs as a
sustainable new platform for organic light-emitting device
(OLED) technology [42,43] without deepening the methods of
synthesis on which relevant works have already been written
[28-37,44]. In fact, among the various interesting applications of
organic electronics, OLEDs are certainly those that have already
carved out a slice of the market [42], and for this reason, the
development of sustainable active materials and green
technologies can already help the economy make a green turn.

In the next Section 2, we will make a brief introduction on the
type and optical properties of these luminescent carbon
materials. Section 3 will cover the different applications in
electroluminescence devices as active layers or as charge
regulating layers. In the last section, we will give some
perspectives for the use of CDs including potential applications
and possible development in particular as a safe-by-design
material. We hope that this review will provide new insights to
develop new knowledge on CDs, from the point of view of both
sustainable synthesis and multiple applications, so that their
potential in the optoelectronics area can be consolidated.

Definition of Carbon Dots and Optical
Properties

Since their fortuitous discovery in 2004 by Xu et al. [10] and
subsequently by Sun et al. in 2006 [11], CDs attracted a great
deal of attention. Generally, CDs are 0-dimension nanocarbons
with a typical size of less than 10 nm, although approximately
60-nm-size CDs have also been reported. CDs are quasispherical
nanoparticles consisting of amorphous and crystalline parts,
mainly composed of carbon with a fringe spacing of 0.34 nm,
which corresponds to the (002) interlayer spacing of graphite
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[12-14]. CDs are often confused, or associated, with graphene
qguantum dots (GQDs) [15], which are always part of the family
of carbon-based nanomaterials but have different characteristics
and origins. In fact, GQDs are nanofragments of graphene
exhibiting a graphene structure inside the dots with a typical
fringe spacing of 0.24 nm associated with the (100) in-plane
lattice spacing of graphene. They have only one or a few layers
of graphene with variable thickness between 2 and 10 nm and
with usually 100 nm in lateral dimension, and they are generally
produced by converting graphene or graphene oxide via top-
down approaches [14].

Over the last 15 years, CDs have been synthesized with different
approaches (i.e., top-down and bottom-up). However, only
recently, sustainable precursors and methodologies have been
deeply investigated for their production [45,46]. These
approaches look for sustainable materials which are low-cost,
scalable, industrially and economically attractive, and based on
renewable and highly abundant resources. This means that CD
synthesis can meet the requirements of circular chemistry.
Interestingly, CDs after synthesis can be further functionalized
with various surface groups. In particular, oxygen-based
functional groups, such as carboxyl and hydroxyl, give excellent
solubility in water and are suitable for surface passivation and
derivatization with various organic materials. Surface
functionalization modifies both the physical properties of CDs
such as their solubility in agueous and non-aqueous solvents and
their optical properties. For example, after surface passivation,
the fluorescence properties of CDs can be improved [47,48]. In
addition, the large conjugated structure endows CDs with some
important characteristics, like good photostability, high surface
area, and robust surface grafting [49]. Their electronic structures
can be tuned by their size, shape, surface functional groups, and
heteroatom doping, as theoretically investigated and
experimentally confirmed by several groups [50-54]. The
tunability of optoelectronic properties by modifying synthetic
parameters and precursor strictly resembled the conjugated polymer
features [55].
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As mentioned above, the CD emission properties are their most
amazing characteristics [41] and significant advances have been
made in the last years, reaching photoluminescence (PL)
quantum yields (PLQYS) up to 80% in CDs produced from citric
acid as a renewable precursor or bright and stable PLQYs of
26% converting toxic cigarette butts [28,54].

Mostly, CDs are blue emitters, but emissions from ultraviolet to
near-infrared [55-58] as well as white light emission [59] were
reported. In general, their PL spectra are symmetrical and broad,
with large Stokes shifts (mainly due to the CD size distribution),
and usually have an excitation-dependent behavior, with the
emission peak varying with the excitation wavelength [22,58].

The emission mechanism of CDs is a longstanding debate, and
several hypotheses have been proposed [41] (see Figure 3) such
as (i) size-dependent emission, (ii) surface state-derived
luminescence, and iii) embedded molecular luminophore [60].
Regardless of the type of mechanism, it has been shown that CD
emissions could be regulated by controlling their size (mainly
referring to sp, carbon domains), their surface passivation and/or
functionalization, and their doping due to the presence of
heteroatom [61-63].

The first hypothesis proposed is based on the size of CDs [60].
Yuan and coworkers synthetized multicolor-emitting CDs with
different  dimensions  from citric acid (CA) and
diaminonaphthalene (DAN) by controlling the process
parameters. CDs showed average sizes of about 1.95, 2.41, 3.78,
4,90, and 6.68 nm (Figure 4A), with corresponding tunable
absorption (Figure 4B) blue (430 nm), green (513 nm), yellow
(535 nm), orange (565 nm), and red (565 nm) emissions,
respectively (Figure 4C). In accordance with the results, they
deduced that, by increasing the size of CDs and consequently the
conjugated m-domain, the bandgap decreases (Figure 4D,E) [65].
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Figure 3: Different hypotheses for carbon dot (CD) emission mechanism:
reprinted with permission from [64], copyright 2019 Springer Nature.
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Figure 4: Preparation of bright multicolor bandgap fluorescent (BF) CDs by
solvothermal treatment of citric acid (CA) and diaminonaphthalene (DAN) (A)
from blue to red (B-E): (A) reprinted with permission from [14], copyright
2019 American Chemical Society, and (B—E) reprinted with permission from

[65], copyright 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

A second hypothesis is related to the surface states of CDs. Ding
et al. [66] synthetized tunable photoluminescent CDs by one-pot
hydrothermal synthesis (Figure 5A). Noteworthy, these CDs had
comparable particle size and carbon core but variable degree of
oxidation of the surface state. Therefore, a gradual reduction in
their band gaps and a red shift in their emission peaks from 440
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to 625 nm (Figure 5B,C) was observed by increasing the
incorporation of oxygen species into their surface structures
(Figure 5D) [66].

Also, Miao et al. [67] hypothesized a similar mechanism. They
modulated the CD emission from 430 to 630 nm by controlling
the degree of graphitization and the number of surface -COOH
groups by changing the molar ratios of CA to urea at different
temperatures (Figure 6). The increasing number of —COOH
groups on the surface increases the electronic delocalization, and
the emission wavelength is consequently red-shifted [64].

Another relevant hypothesis to explain CD emission is molecular
luminophore-derived emission or molecular state emission.
Small molecules or oligomeric luminophores could be produced
during CD synthesis, and these luminophores could be attached
to the surface of CD backbones, allowing CDs to have bright
emission properties [68]. Song. et al. [69] studied the chemical
structure and PL mechanism of CDs from CA and
ethylenediamine (EDA). They proved the presence of a type of
bright blue fluorophore and that CD emission was a result of
small molecules, polymer clusters, and carbon cores. Indeed, the
fluorophore may be attached to the carbon core, that may
strongly affect the PL properties of the CDs.
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Figure 5: (A) One-pot synthesis and purification route for CDs with distinct
photoluminescence (PL) characteristics, (B) eight CD samples under 365 nm
UV light, (C) corresponding PL emission spectra, and (D) model for the
tunable PL of CDs with different degrees of oxidation: reprinted with
permission from [70], copyright 2016 American chemical society.
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Figure 6: Multicolor-emitting CDs (called as CDs3) by using different molar
ratios of CA to urea at different temperatures: the emission of CDs3 can be
adjusted from 430 to 630 nm. The photoluminescence quantum yields (PLQY'S)
of the three CDs3 in blue, green, and red were 52.6%, 35.1%, and 12.9%,
respectively. Reprinted with permission from [64], copyright (2019) Springer-
Verlag.

OLED-Based Carbon Dots

CDs with amazing properties such as optical characteristics and
carbon’s intrinsic merits of high stability, low-cost, and
environment-friendliness find natural and practical applications
as components in OLED technology.

In the last decade, the interest in OLED based on CDs (hereafter
CD-OLEDs) has been growth, and an increasing number of
research groups have started to investigate in this field.

We want to provide a recent overview on CD-OLEDs,
illustrating the dual employment of CDs as emitter, both as neat
layer or as a guest in host—guest systems, and as a charge
regulating interlayer (Table 1 and Figure 7). Particular attention
will be devoted to the strategies used to prevent aggregation-
induced quenching in the solid-state and to tune the emission
color. It is also important to underline, although beyond the
scope of this collection, that many groups used CDs also as a
remote emitter, endowing blue commercial LEDs with a color
converting filter based on CDs embedded in poly(methyl-
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methacrylate) (PMMA) or other matrices. The blue LED
emission was tuned from blue to red by altering the film
thickness of the filter or the doping concentration of CDs [68—

neat film ‘ as guest 1
INTERLAYER INTERLAYER
ITo 3

EMITTING LAYER

INTERLAYER

Figure 7: Scheme of the possible device architectures that incorporate CD as
an emitter or as an interlayer.
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Table 1: Summary of organic light-emitting devices (OLEDs) incorporating a CD layer.

Starting Materials Dimension (nm)/Shape ELpeak (NM) Lpmax (cd/mz) 1. (Cd/A) Ref
CDs as neat emitter - - - - -
Citric acid with 2,3-diaminonaphthalene 1.95 nm 455 136 0.084 [65]
2.41nm 536 93 0.045
3.78 nm 555 60 0.02
4.9nm 585 65 0.027
6.68 nm 628 12 0.0028
ethylenediamine and phthalic acid 5.53 nm 455 4.97 - [66]
citric acid + octadecene + 1-hexadecylamine | Spherical 5 nm 550-670 35 0.022 [73]
1-octadecene 1-hexadecylamine 6+1.9nm 460 21 0.06 [74]
1-hexadecylamine and anhydrous citric acid 3.3nm 426 24 0.018 [75]
1-hexadecylamine and anhydrous citric acid 426, 452, 588 61
1-hexadecylamine and anhydrous citric acid 426, 452, 588 90
+Zn0 nps
anhydrous citric acid and hexadecylamine Spherical 2.0-2.5 nm lattice spacing 554 5.7 [76]
0.22
CDs as guest emitter - - - - -
citric acid and diaminonaphthalene. quasi-spherical 2.4 450 5240 2.6 [77]
lattice spacing 0.21 hm
Phloroglucinol triangular 476 1882 1.22 [78]
1.9nm
2.4nm 510 4762 5.11
3nm 540 2784 2.31
3.9nm 602 2344 1.73
Citric acid with 2,3-diaminonaphthalene 2.41nm 536 2050 1.1 [65]
human hair 2D array of CDs 2-6 nm 498 350 0.22 [79]
700 0.2
N,N-dimethyl-, N,N-diethyl-, and N,N- quasi-spherical 2.2 £ 0.31. 2.3 + 0.28. 605/434 5248-5909 3.65 [80]
dipropyl-p-phenylenediamine 2.3+ 0.26 nm lattice spacing 0.21 nm 612/435 3.85
616/435
anhydrous citric acid and hexadecylamine spherical_2.0-2.5 nm lattice spacing 558-550 339.5-455.2 - [73]
0.22
anhydrous citric acid and hexadecylamine - 474 569.8 - [81]
CDs as interlayer - - - - -
ethylenediamine and citric acid - 532 30 730 93.8 [82]
banana leaves 4-6 nm (quasi-spherical) 486 - - [83]
Ethanolamine - 622 3500 0.63 [84]
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CDs as Emitter

In 2011, Wang et al. [73] demonstrated the first white OLED
(WOLED) originating from a single CD component film. CDs,
obtained by thermal carbonization of CA in hot octadecene with
1-hexadecylamine (HDA) as the passivation agent (Figure 8a),
with a PLQY as high as 60% were incorporated as an emitting
layer in WOLEDSs with a direct architecture (Figure 8b).

o’ /T
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Figure 8: Schematic representation of (a) CD synthesis and typical devices
architectures: (b) direct [74] and (c) inverted [73] in which CDs are
incorporated as emitters.

(c) Inverted architecture

Electrically driven WOLED-featured electroluminescence (EL)
peaked at 550 nm, with current density (J) of 160 mA/cm? a
maximum luminance (Luax) output of 35 cd/m?® (Figure 9a,b),
and a current efficiency (1) of 0.022 cd/A. As shown in Figure
9c, the maximum external quantum efficiency (EQE), defined as
the ratio between the number of emitted photons and the number
of electrons injected into the device, was 0.083% at a J of 5
mA/cm?.
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Wang et al. reported that white light emission was associated
with energy transfer among various emitting centers in the CDs,
corresponding to different energy transitions.
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Figure 9: (a) Normalized electroluminescence (EL) spectra of direct
architecture LEDs at applied bias voltages: the inset is a photograph of a white
emission of our device (16 mm?) operating at 9 V. (b) J-L-V characteristics of
white OLEDs (WOLEDs). (c) The dependence of external quantum efficiency
(EQE) on J. Reproduced with permission from [73], copyright 2011 The Royal
Society of Chemistry.

Paulo-Mirasol et al. [74], in 2019, by using CDs synthesized
according to Wang conditions [73], demonstrated that the white
light was not due to the charge transfer between the CDs but was
the result of different recombination processes within the CDs.
Indeed, they proposed two radiative PL mechanisms in the CDs,
involving different energies: one originating from the core and a
second process that is faster and originates from the surface of
CDs. The variation of the current injection controls the activation
of the two radiative processes that happen inside the CDs. The
combined emission from different energy states results in white
light emission at an adequate current injection rate. Differently
from Wang and colleagues, Paulo-Mirasol et al. manufactured
OLEDs with an inverted architecture
ITO/ZnO/PEIE/CDs/PVK/M0Os/Au  (Figure  8c).  They
modulated the thickness of CDs and polyvinylcarbazole (PVK,
well-known and used as a hole transporting layer or HTL) to
optimize the performance of devices obtaining WOLEDs with
Lmax Of 24 cd/m® and n. 0.06 cd/A (Figure 10) comparable to
Wang’s achievements (Lyax 35 cd/m? and nc of 0.022 cd/A).
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Figure 10: (a) The EL spectrum of CD-LED at 8 V (top); (b) CIE
(Commission Internationale de I'Eclairage) color coordinates of LEDs with
CDs as the single emitter, (c) J-L versus applied voltage of the LED made
without CDs; (d) digital picture of the device using polyvinylcarbazole (PVK)
as the emissive layer at 12 V and the photoluminescent emission spectra of the
device after excitation at 340 nm: reproduced with permission from Reference
[74], copyright 2019 The Royal Society of Chemistry.

Ding and colleagues [66] proposed short-chain passivated CDs;
in fact, the use of short chains allows for closer CDs, which
probably facilitates the injection of carriers into CDs. Their CDs
were synthesized via a one-step hydrothermal approach using
phthalic acid and ethylenediamine. The resulting CD aqueous
solution featured a PLQY of 29.3% and good film-forming
ability. CD-OLEDs were fabricated by a solution processing
method, and the devices exhibited a stable blue EL peak at 410
nm at 6-9 V. Despite improvement of the carrier transfer ability
of CDs achieved by short-chain modification, the lower PLQY
compared with that of long-chain passivated CDs and the not
optimal device architecture (see the energy barrier at the anode
interface in Figure 11a) were the most probable explanation for
the lower performance observed in the devices (Figure 11b—d).
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Figure 11: (a) The schematic energy level diagram of the CD-LEDs, (b)
emission spectra at different working voltages (the inset is a photograph of CD-
LEDs at 7 V), (c) the CIE 1931 chromaticity coordinates of CD-LEDs at
different working voltages, and (d) J-L-V characteristics of CD-LEDs:
Reproduced with permission from [66], copyright 2017 The Royal Society of
Chemistry.

Zhang at al. in 2013 [75] observed for the first time, a multi-
colored (bright blue, cyan, magenta, and white) EL from CDs of
the same size (3.3 nm). Such a switchable EL behavior had not
been previously observed in single nanomaterial emitting layer
OLEDs. This all-solution processed device consisted of a CD
emissive layer sandwiched between an organic HTL and an
organic or inorganic ETL (electron transporting layer, EIL) with
typical  architecture  ITO/PEDOT:PSS/PolyTPD/CDs/TPBI
(where poly-TPD was poly-(N,N’-bis(4-butylphenyl)-N,N’-
bis(phenyl) benzidine and TPBI 1,3,5-tris(N-
phenylbenzimidazol-2-yl) benzene)) or ZnO/LiF/Al (Figure
12A). The devices structure was adjusted to control J and,
therefore, the EL spectra. By increasing LiF thickness from 1 at
5 nm or by replacing LiF and TPBi with ZnO, the emitted color
changed with the applied voltage from blue, cyan, and magenta
and to white from the same carbon dots (Figure 12B-D).
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Figure 12: (a) Schematic representation of the CD-LED architectures together
with (b) J and L versus V, (¢) n. and power efficiencies vs. J, and (d) EL
spectra and images of the operating CD-LEDs at different applied voltage:
Reproduced with permission from [73], copyright 2013 American Chemical
Society.

The Lyax Obtained was 24 cd/m? for the blue-emitting OLED at
low current injection. The Lyax Observed in devices
incorporating ZnO nanoparticles was higher (90 cd/m?) thanks to
the higher electron mobility of ZnO with respect to organic
ETLs.

To solve the problem of aggregation quenching of CDs, a host—
guest approach [85,86] has been proposed since 2017, with CDs
as guest component and, usually, the PVK as a host matrix.

Yuan et al. [65] compared the performance of a neat CD film to
those of CDs dispersed in PVK. They used bright multicolor
blue-to-red fluorescent CDs (called MCBF-CDs) with PLQY up
to 75%, synthesized through a facile solvothermal method. Their
CDs were N-doped, highly surface passivated with a high degree
of crystallinity. CDs were firstly employed as an active layer for
monochromatic  OLEDs  with a  basic  architecture
ITO/PEDOT:PSS/CDs/TPBI/Ca/Al (Figure 13a). Monochrome
OLEDs featured blue (B), green (G), yellow (Y), orange (O), and
red (R) ELs with peaks at 455, 536, 555, 585, and 628 nm and
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CIE coordinates (0.19, 0.20), (0.31, 0.47), (0.37, 0.52), (0.46,
0.48), and (0.55, 0.41), respectively. The EL spectra showed
voltage-independent behavior as well as no temporal degradation
that are of great significance for display technology. In the B-
OLEDs, Lyax reached 136 cd/m? with 1. of 0.084 cd/A (Figure
13b-d).

ﬁ
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Figure 13: (a) Schematic representation of the multicolor blue-to-red
fluorescent CD (MCBF-CD)-based device architectures, (b) nc vs. J of MCBF-
CD-based monochrome electroluminescent OLEDs from blue to red, (c)
normalized EL spectra (in the inset is a picture of the working devices), (d)
schematic representation of the PVK:MCBF-CD-based device architectures,
(e) nc vs. J of PVK:MCBF-CD-based monochrome electroluminescent OLEDs
from blue to red, (f) normalized white EL spectra (in the inset is a picture of the
working devices), (b,c) reproduced with permission from Reference [65],
copyright 2016 Wiley-VCH, and (e,f) reproduced with permission from [14],
copyright 2019 American Chemical Society.
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In the devices incorporating a blend of green-emitting CD into a
PVK polymer matrix (5 wt.% ratio), with
ITO/PEDOT:PSS/PVK:MCBF-CDs/TPBI/Ca/Al architecture
(Figure 13d), Yuan et al. [65] reached a Lyax and 1 as high as
2050 cd/m? and 1.1 cd/A with a low turn on voltage (Von = 3.9
V) (Figure 13e). In the broad EL spectrum, two peaks were
identified, centered at 410 and 517 nm and assigned to PVK and
green MCBF-CD emission, respectively (Figure 13f). The CIE
coordinate (0.30, 0.33), very close to ideal white, resulted from
both the energy transfer from PVK to CD and the direct charge
trapping on CD.
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In 2018, Xu et al. [76] synthesized oleophilic CDs with a PLQY
of 41% by the one-pot microwave carbonization method (Figure
14a) to study the impact of CD aggregation as a limiting factor
for the brightness of the CD-LED:s.

They fabricated CD-OLEDs, incorporating a neat CD active
layer, with the simple architecture
ITO/PEDOT:PSS/CD/TPBI/LIF/Al (Figure 14b). The devices
featured modest performance (Figure 14c-f), with yellow emission
peaked at 554 nm, Lyax of 5.7 cd/m? at 10 V, and CIE
coordinates od (0.36, 0.42), most probably because of
aggregation of the CDs.
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Figure 14: (a) Illustration of the route for the synthesis of CDs, (b) schematic
representation of the device architectures, (c) energy level diagram of the CD-
LED, (d) J-L-V characteristics curve of the CD-LED, (e) normalized EL
spectra of the CD-LED at different driving voltages, (c) current density—
voltage—luminance (J-L-V) characteristics curve of the CD-LED, and (f) CIE
coordinates of the CD-LED at the working voltage of 10.0 V: reproduced with
permission from [76], copyright 2018 The Royal Society of Chemistry.

The impact of CD aggregation on the brightness of CD-OLEDs
was studied by Xu et al. also by blending the CDs in PVK.
Yellow and white ELs were observed by tuning the doping
concentration of the active layer. The yellow EL, mainly
derived from direct carrier trapping, reached Lyax of 339.5
cd/m? with excellent color stability. The white CD-OLEDs
exhibited a Color Rendering Index (CRI) value of 83 with CIE
coordinates of (0.29, 0.33) and high Lyax of 544.2 cd/m? The
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white EL resulted from contemporary emission from PVK and
CDs, and the good brightness was attributed to a suitable balance
between holes and electrons in the emitting layer (Figure 15)
[76].
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Figure 15: (a) The energy level diagram of the white CD-LED, (b) normalized
EL spectra of the white CD-LED at different voltages (in the inset is a
photograph of the working device), (c) J-L-V characteristics curve of the white
CD-LED, and (d) CIE coordinates at a driving voltage of 11 V: reproduced
with permission from [76], copyright 2018 The Royal Society of Chemistry.

In the last 3 years, the research on LEDs based on CDs has
increased and focalized, almost exclusively, on CDs dispersed in
PVK as an emitting layer. The next two articles discussed below
showed that amination could be exploited to improve the
performance of devices.

Yuan et al. [77] presented deep-blue light-emitting materials and
devices based on CDs that outperform also deep-blue emitting
LEDs based on Cd*/Pb* materials at that time. CDs were
synthesized by solvothermal treatment using CA and DAN as
precursors. To enable efficient high-color purity, an additional
surface amination step using ammonia liquor and hydrazine
hydrate under high temperature was performed. This second
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step, decreasing the number of defects of CDs and thus
suppressing non-radiative pathways, increases the PLQY up to
70%.

CD-OLEDs were manufactured with the architecture
ITO/PEDOT:PSS/TFB/PVK:CDs/TPBI/LiF/Al  (Figure 16a).
The corresponding energy level diagram (Figure 16b) shows a
mitigation of energy barrier for both electrons and hole
injections thanks to the suitable selection of the different
functional layers. Atomic force microscope (AFM)
measurements confirmed the small roughness of CDs blended
PVK film (Figure 16c¢). The EL spectra remained centered at 440
nm across the range of voltage explored and are in good
agreement with the corresponding PL emission peaks, indicating
that an efficient energy transfer from PVK to CDs takes place. L
and EQE as functions of V and J, respectively, are shown in
Figure 16d,e. Lmax, N, and EQE reached remarkable values of
5240 cd/m?, 2.6 cd/A, and 4%, respectively.

After operating continuously for 3 h at 1000 cd/m? the OLED
retained 50% of initial luminance (Figure 16f) without evident
changes in the EL spectrum.

Figure 16: (a) PVK:CD-based device structure, (b) the energy level diagram,
(c) the AFM height image of PVK:CD films, (d) the L-V curves, (e) the EQE-J
characteristics, and (f) the device stability: Reproduced with permission from
[77], copyright 2020 Springer Nature group.
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At the same time, Jia and coworkers [80] demonstrated the
effectiveness of the electron-donating group passivation strategy
to impart in CD finely tuned properties for their application as
emitters in CD-OLEDs. Specifically, they developed three
efficient red-emissive CDs based on the N,N—dimethyl-(NMe,),
N,N-diethyl-(NEty), and N,N-dipropyl-(—NPry) p-
phenylenediamine derivatives and obtaining CD-NMe,, —NEt,,
and —NPr,, respectively (Figure 17a), with the aim to fabricate
warm-light WOLED:s.

Thanks to theoretical investigations, they revealed that CD
emission originated from the rigid m-conjugated skeleton
structure, while —-NR; passivation played a key role in inducing
charge transfer excited state in the m-conjugated structure to
afford high PLQY (up to 86%).

Moreover, the polar —-NR, groups are responsible for the good
solubility of CDs in organic solvent and then processability by
low-cost spin-coating technique.

Solution-processed OLEDs were fabricated with 9 wt.% CDs—
NMe, (WOLEDs 1), -NEt, (WOLEDs 2), and -NPr, (WOLEDs
3) blended in PVK as an emitting layer and the simple
architecture ITO/PEDOT:PSS/PolyTPD/blend/TPBI/Ca/Al
(Figure 17b). The WOLEDs generated warm-light with two
main peaks (434/605, 435/612, and 453/616 nm for WLEDs 1, 2,
and 3, respectively, Figure 17¢) attributed to emission from PVK
and CDs. The corresponding CIE coordinates and correlated
color temperatures were (0.379, 0.314)/3365 K, (0.383,
0.311)/3168 K, and (0.388, 0.309)/2987 K. Finally, WOLEDs 1,
2, and 3 displayed voltage-stable EL spectra with a Lyax in the
range of 5248-5909 cd/m® and a 1. of 3.65-3.85 cd/A (Figure
17d-f).
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Figure 17: (a) CD structures; (b) architecture of CD-WLEDs; (c) EL spectra of
WLEDs 1, 2, and 3 under 7.0 V, (inset, WOLEDs photographs); (d) J-L-V
characteristics; (e) CIE coordinates; and (f) n. of WLEDs 1 (black), 2 (red), and
3 (blue): Reproduced with permission from [80], copyright 2019 Wiley-VCH
Verlag GmbH & Co.
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Yuan et al. [78] recently addressed the issue of broad emission,
usually observed in CDs, which limits their application in
displays.

They obtained multi-colored narrow bandwidth emission from
triangular CDs (T-CDs) synthetized starting from phloroglucinol
(PG) (Figurel8A). They demonstrated that the molecular purity
and high crystallinity of the triangular CDs are indispensable to
obtain high color-purity. The triangular structure and the narrow
bandwidth emission allowed for dramatic reduction in electron-
phonon coupling.

The simple structure ITO/PEDOT:PSS/active layer/TPBI/Ca/Al
(Figure 18B) was used for fabrication of OLEDs emitting from
blue to red with the T-CDs blended in PVK as an active emission
layer. The good match between HOMO/LUMO energy levels of
T-CDs and PVK ensured the efficient transfer of both electrons
and holes from PVK to T-CDs emitter. The multi-colored
OLEDs based on the T-CDs demonstrated high color-purity
(FWHM of 30-39 nm) peaked at 476, 510, 540, and 602 nm for
B-, G-, Y-, and R-LEDs, respectively, a n. of 1.22-5.11 cd/A ,
and Lyax Of 1882-4762 cd/m? rivalling the well-developed
inorganic QD-based LEDs. Finally, the LEDs exhibited
outstanding stability, which is of great significance for display
technology. See Figure 18 B-I
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Figure 18: (a) Synthesis route of the T-CQDs by solvothermal treatment of PG
triangulogen, with photographs of the T-CQD ethanol solution under daylight
(left) and fluorescence images under UV light (excited at 365 nm) (right)
included; (b) the device structure; (c) the current efficiency versus current
density; (d) the energy level diagram of the T-CQD-based LEDs; and (e) the
stability plots of the B-, G-, Y-, and R-LED. EL spectra of the B- (f), G- (h), Y-
(9), and R-LEDs (i) at different bias voltage, respectively (the insets are the
operation photographs of the B-, G-, Y-, and R-LEDs with the logo of BNU).
Reproduced with permission from Reference [78], copyright 2019 Springer
Nature group.
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Singh and colleagues [79] fabricated the first flexible OLED
(Figure 19a,b) based on CDs employing self-assembled 2D array
of CDs embedded in a PVK emission layer. The flexible device
was switched on at 4.3 V and exhibited a blue/cyan emission
peaked at about 500 nm (comparable to PL emission, Figure
19¢) with Lyax of 350 cd/m? and n of 0.22 cd/A (Figure 19d,e),
whereas the corresponding OLED device based on the rigid glass
substrate featured a Lyax of 700 cd/m? and ne of 0.27 cd/A.
Figure 19f shows the CD 2D island in the emitter layer.

The host—guest energy transfer as the main mechanism for CD
emission was exploited by Xu et al. [81] for the fabrication of
solution-processed blue CD-LEDs with ultrahigh brightness.
Oleophylic CDs with a PLQY of 41% were obtained using an
anhydrous citric acid as carbon precursor and hexadecylamine as
passivation agent by the one-step microwave carbonization
method. CDs with different doping concentrations were blended
with PVK and incorporated into a simple and PEDOT-free
device architecture ITO/PVK:CDs/TPBI/LiF/Al (Figure 20a).
The EL spectra of devices were dominated by the 474 nm CD
emission peak with a contribution from a PVK at around 410
nm. When the doping concentration was higher than 25 wt.%, a
progressive weakening of the PVK contribution in favor of an
enhanced CD emission was observed. For the 30 wt.% doping
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ratio, the Lyax reached 569.8 cd/m? at a driving voltage of 12.5
V, with CIE coordinated at (0.22, 0.27) located in the blue light
region (Figure 20b). Also, in this case, the long-chain passivating
ligands on the oleophylic CD surfaces were responsible for the
unideal transporting performance that limited the device
efficiencies. However, it should also be considered that the
devices do not contain the commonly employed PEDOT:PSS
layer.
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Figure 19: Picture of a flexible device: (a) off mode and (b) on mode; (c) the
normalized EL spectra of the device and solid-state PL of a thin film; (d) J-L-V
characteristic of the device; (e) current efficiency versus current density; and (f)
CD 2D islands in the emitter layer: Reproduced with permission from [79],
copyright 2020 Wiley-VCH Verlag GmbH & Co.
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Figure 20: (a) Device architecture and (b) normalized EL spectra for different
CD-doped devices: Reproduced with permission from [81], copyright 2020
Wiley-VCH Verlag GmbH & Co.
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CDs as Charge Regulating Interlayer

The possibility to tune the CD’s energy levels and intrinsic
charge carrier transport enables an alternative use of CD besides
incorporation as an emitting layer. In fact, the following
paragraph demonstrates that CDs, employed as an interlayer at
the electrode interface (for this reason, they are called interfacial
layers or charge regulating layers) in devices based on different
class of emitters, may improve the overall performance of LEDs.
We report examples in which the CD layer was incorporated
both as ETL and HTL in either direct or inverted LED
architectures (Figure 7).

In 2017, Park et al. [84] explored the possibility to enhance the
performance of nanocrystal LEDs (NC-LEDS) based on
quantum dot active layers. NC-LEDs typically take advantage of
the incorporation of organic or inorganic interfacial layers as
charge regulators to ensure charge balancing and high
performance [87]. They investigated the role played by CD N-
doped interlayers inserted by spin-coating between the PVK
(used as HTL) and the core/shell CdSe/CdS quantum dots
(QDs)-based emitting layer [88,89]. In fact, QD-LEDs basically
consisted of a multilayer architecture
ITO/PEDOT:PSS/PVK/with or without N-CD/QD/ZnO/Al
(types A and B, Figure 21a). They showed that CD HTL
decreased the barrier height for hole injection, thus leading to
more charge carrier balance within the emitting layer. Moreover,
they demonstrated that the CD interlayer acted as a resonant
energy donor layer to the QD layer.

Both type A and B devices exhibited good electrical
rectification, but the leakage current of type A QD-LEDs was
significantly suppressed by inserting the N-CD layer (see lower J
for type A devices with respect to type B ones in the ohmic
range below 0.5 V in Figure 21b,c). Noteworthily, the Luax
observed in LED incorporating CDs outperformed type B LEDs,
showing 3500 and 20 cd/m? and the ne were 0.63 and 0.044
cd/A, respectively (Figure 21d,e). The EL of both types of LEDs
was dominated by the emission peak at 622 nm under applied
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voltage >4 V (Figure 21f) with CIE coordinates (0.66, 0.33)
corresponding to the highly pure red emission (Figure 21g).
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Figure 21: (a) Structures of solution-processed quantum dots (QD)-LEDs, with
photographs of red emission from both types of QD-LEDs reported; (b) J-V
characteristic curves, with an inset plotted in a linear scale at forward applied
voltages; (c) J-V characteristic curves plotted on double-logarithmic axes; (d)
luminance and (e) current efficiency plotted as a function of applied voltage; (f)
EL spectra of the N-CD-inserted QD-LED (upper panel) and the control QD-
LED (lower panel) at diverse applied voltages; and (g) CIE coordinates of EL
emission colors measured at various applied bias voltages of 2.0-8.0 V:
Reproduced with permission from [84], copyright 2019 Springer Nature group.

In a very recently publication, Paulo-Mirasol et al. [90]
described the use CDs as HTL but in an inverted LED
architecture. They synthetized four N-doped CDs by citric acid
as a precursor of carbon skeleton and p-phenylenediamine, EDA,
urea, and HDA as precursors of a capping ligand and showed
that the nature of the capping ligand influences directly the
optoelectronic properties of CDs (Table 2). The architecture of
the device consisted of a ZnO nanoparticle layer directly
deposited on the ITO of an emissive conjugated polymer, the
well-known and commercially available poly (9,9-
dioctylfluorene-alt- benzothiazole or F8BT, and of the CDs
(Figure 22A) as HTL. The devices were completed by Au anode.
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Figure 22: (A) Device architecture, (B) luminance vs. applied bias (the inset
shows a picture of a working device), and (C) current density versus applied
bias for the inverted LEDs prepared using the CDs in the selective contact for
holes: reproduced with permission from Reference [90], copyright 2019
American Chemical Society.

Table 2: Summary of the most relevant parameters of devices from Reference
[90], including values obtained for a control device without hole transporting
layer (HTL).

Hole Transport Capping Ligand | Lyax (cd/m?) | n¢ (cd/A)
Materials Hole Mobility ¥

C-Dots-EDA 2.41+0.60 70 2x10°
C-Dots-PDA 15+047 13 9x10"7
C-Dots-HDA 85.4+1.7 174 8x10"
C-Dots-Urea 2.92+0.32 146 2x10°
No HTM (control) | - 2 5x10°°

a) space charge limited current hole mobility measured in hole-only devices.

The LEDs displayed moderate L values but were always clearly
superior to the control CD-free device (Figure 22B,C). In the
case of EDA capping, the Von was very low, which indicates the
existence of an excellent charge injection capability. On the
other hand, devices prepared with urea and HDA CDs showed
the highest L, as summarized in Table 2.

Alam et al. [83] reported the use of CDs synthesized with a one-
step hydrothermal process using the banana leaf precursor as the
ETL in direct architecture LEDs with polyfluorene derivative as
the emitting layer (Figure 23a,b). The introduction of CD as the
ETL reduces the energy barrier for electron injection, which in
turn lowered the Von. The EL spectra showed dominant peaks
typical of PFO but slightly red-shifted compared to that in the
literature.
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Figure 23: (a) Scheme of the device architecture and (b) EL spectra as a
function of operating voltage: Reproduced with permission from [83],
copyright 2019 Wiley-VCH Verlag GmbH & Co.

Zang et al. [82] demonstrated that stable, abundant, and easy-to-
synthesize CDs are suitable as solution processable thin
transparent films, serving as the cathode surface modifier in
inverted LED architecture. This CD ETL minimized the charge
injection/extraction energy barrier, improved the interface
contact property, and smoothed the electron transport pathways
in various optoelectronic devices such as perovskite solar cells
and QD-LEDs. A series of CDs with varying content of either
amine or carboxyl groups at their surface were synthesized using
varying ratios of common precursors CA and EDA. Thanks to a
film consisting in a blend of CDs in ZnO, the work-function
(WF) of commonly used ITO substrates was modified over a
broad range to become suitable as electron injection electrode in
the inverted device architecture (Figure 24a,b). Specifically, CD
modifiers with abundant amine groups reduced the ITO’s WF
from 4.64 to 3.42 eV, while those with abundant carboxyl groups
increased it to 4.99 eV. They manufactured the inverted QD-
LED architecture based on CsPbl; emitters. The EQE increased
from 4.8% to 10.3% and the Lyax increased from 951 to 1605
cd/m? thanks to incorporation of the CD layer and in the same way,
the EQE of CdSe/ZnS QD-LEDs increased from 8.1% to 21.9%
and 1 increased from 34.7 at 93.8 cd/A (Figure 24c-f).

The proposed approach may hold true for CDs with other surface

functional groups, which guides us toward more ideal interface
materials, offering chances to lower the production costs of
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various solution-processed optoelectronic devices with an
improved performance.

(a) ,ﬁ~ (C)‘ I

CdSe/ZnS

200:C0, (S

Figure 24: (a) CsPbl; and (b) CdSe/ZnS QD-LED device architectures; (c) J-V
of CsPbl; QD-LEDs with or without CDs (concentration 0.03 mg/mL in ZnO
and CDy being molar ratios of the CA and EDA precursors) interface modifier,
with the EL spectrum of the LED employing the CD (0.03 mg/mL) modifier
given as an inset; (d) L-J of CdSe/ZnS QD-LEDs modified with different
concentrations of CDs as given on the frame (in mg/mL), with the EL spectrum
of the LED employing the CDs (concentration 0.03 mg/mL) modifier given as
an inset; (e) L and EQE versus J of CsPhl; QD-LEDs modified with different
concentrations of CDg 33 as given on the frame (in mg/mL); and (f) EQE and 1
versus J of CdSe/ZnS QD-LEDs with or without CD maodifiers introduced at
different concentrations (in mg/mL) provided on the frame: Reproduced with
permission from [82], copyright 2019 WILEY-VCH Verlag GmbH & Co.

Summary and Outlook

CDs are materials with a great potential from multiple points of
view. In fact, despite being relatively young materials, the
discovery of which is placed between 2004 and 2006, their
development has already led to particularly encouraging results
in many disciplines including biosensing, photonics, and
optoelectronics.

The interest in this class of materials is both academic and
applicative. In fact, numerous efforts have been made to
understand and modulate their chemical and physical properties,
and although different mechanisms have been highlighted, much
remains to be done, especially in reproducibility and in the deep
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understanding of their size, shape, and composition/doping
property dependence.

With regard to their application in OLEDs, as reported here, they
have been used both as active layers and as charge regulation
layers.

CDs have been used as active layers both dispersed in the matrix
to avoid aggregation quenching and as a neat film, leading to
increasingly encouraging results mostly when their surface was
passivated by a hexadecylamine (HDA) agent [71,79].

Recently, CDs have been tested as a charge regulating layer
(both for holes and for electrons), in either direct or inverted
device’s architectures, highlighting their great versatility linked
to the huge number of possible modifications, which, as we have
pointed out, are related to composition, shape, size, and surface
groups. Importantly, CDs used as ETLs in OLED with direct
architecture were synthetized with the one-step hydrothermal
process using banana leaves as raw material.

In our opinion, the importance of these materials consists in the
possibility of declining them for the concept of safe-by-design,
which is substantially at the basis of circular economy.

To promote sustainability in the electronics industry, a paradigm
shift needs to occur in economic practices from linear to circular.
According to the Ellen McArthur Foundation, new electronics
must be designed for sustainability from the get-go [91].

Technical performance is the driving force for not only the
design but also the use of sustainable precursor (from waste or
renewable materials); biodegradability, toxicity, synthetic
methodology, and production of toxic waste are only some of the
key parameters to be taken into consideration.

In this perspective, although CDs are currently still very far from

the performance of other active materials commonly used in
LED and OLED such as metallic quantum dots or organic
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semiconductors, in a circular perspective, they are already able
to meet some fundamental requirements.

For this reason, we hope that this review can offer a contribution
and be a source of inspiration for the transition towards “circular
organic electronics”.
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Introduction

Super-hydrophobic surfaces inspired by biological species have
been extensively concerned due to their potential applications in
corrosion protection [1,2], anti-icing [3,4], water/oil separation
[5] and drag reduction [6]. Techniques to make
superhydrophobic surfaces can be simply divided into two
categories: making a rough surface from a low surface energy
material or modifying a rough surface with a material of low
surface energy [7,8]. Many methods have been developed to
produce rough surfaces, including plasma etching [9], chemical
vapor deposition [10], solgel method [11], and electrodeposition
[12]. Most of these methods involved multi-step procedures and
harsh conditions, or require specialized reagents and equipment.
In contrast, electrodeposition has been used as a one step, simple
and economic method to fabricate superhydrophobic surface on
different substrates. Up to now, a few papers have been
published on superhydrophobic nickel films produced by
electrodeposition without applying low surface energy materials
[13,14]. These researches have usually studied the morphology
and wetting behavior of the coatings. Ni coatings prepared by
electrochemical deposition have been studied extensively, which
exhibit excellent corrosion protection [15].

S. Esmailzadeh et al. [1] fabricated hierarchical nickel films on
copper substrate by two-step electrodeposition process. In this
work, the corrosion resistant and superhydrophobic nickel films
with a hierarchical structure were synthesized by directional
electrodeposition process. The relationship between the
wettability and surface morphology was studied under different
deposition current densities.

However, only limited studies were concerned about the Ni-Co
alloy coatings with micro-nanostructures. Silva et al. [16]
deposited Ni-Co surfaces with a 3D hierarchical open porous
structure by applying a square current wave form on austenitic
stainless steel substrates. Xue et al. [17] prepared bimetallic Ni-
Co coating with novel hierarchical micro-spherical structures on
carbon steel substrate. The properties including surface
morphologies, structures, chemical compositions, wetting
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properties, as well as the growth mechanism of the
electrodeposited hierarchical structure were observed. However,
one of the major drawbacks to overcome for practical
applications of super-hydrophobic coating, is its mechanical
durability due to its fragile micro-nano structures, which is
behind the surface super-hydrophobic property [18,19].

In our works, to improve the mechanical durability of the Ni-Co
superhydrophobic coating, many attempts have been made such
as increasing the cobalt content and adding the second particle
WC and CeO; on the electrolyte solutions.

Preparation of Co-Ni based Superhydrophobic

Coating
Co-Ni Superhydrophobic Coating

A new low-cost process preparation for super-hydrophobic Co-
Ni coating was prepared on carbon steel substrate via an
electrodeposition route [20]. The Co-Ni coatings were deposited
at a constant potential of —1.0, —1.4 and —1.7 V for 3000 s at
room temperature in mixed solution CoCl, 0.1 mol/L + NiCl,
0.03 mol/L + H3BO3 0.1 mol/L. For the bare carbon steel, the
polished surface displayed lots of scratches (Figure 1a). After
electrochemical deposition under the applied potential at —1.0 V
for 3000 s in the above-mentioned solution, the carbon steel
surface was covered by uniform granular structures containing
average size of sub-micrometer in diameter and the as-polished
scratches were covered completely (Figure 1b). As shown in the
cross-section view, the thickness of the coating is around 26 pm
for the deposition time of 3000 s, and the EDS result showed that
the cobalt content is around 93.8%, which is higher than that of
the initial electrolyte (77%, CoCl, 0.1 mol/L NiCl, 0.03 mol/L).
After the deposition at —1.4 V for 3000 s, the coating surface
evidenced lots of spherical humps with an average size of 33 pm
and a large number of cracks (Figure 1c), which may be
attributed to the internal stress generated during the
electrochemical deposition process. The cross-section image
revealed that the thickness of the coating was around 40 pm and
the large spherical humps grew from the thin layer composed of
small irregular crystals. Increasing the applied potential to —1.7
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V, the cauliflower-shaped micro-nano structures with multiscale
fractal nature were obtained (Figure 1d). The EDS result shows
that the cobalt content decreased to around 77.7% as presented in
Table 1, which is similar to that of the initial electrolyte (77%).
The anomalous Co—Ni deposition behavior can be attributed to
the formation of Co hydroxyl precipitate, which could hinder the
subsequent Ni deposition at the solid/electrolyte interface. Under
thermodynamic and Kkinetic conditions, increasing the over-
potential can favor the development of protrusions in the
direction of increasing concentration, therefore leading to the
formation of cauliflower-shaped micro-nano structures.

Figure 1: SEM images of (a) the bare carbon steel and the Co—Ni coatings
under the applied potential of (b) —1.0 V, (c) -1.4 V, and (d) —1.7 V for 3000 s
in the mixed solution at room temperature. The insets show the corresponding
Cross section.

After electrochemical deposition, the as-prepared samples were
treated with 5 wt.% 1H,1H,2H,2H-Perfluorooctyltrichlorosilane
(PFTEOS) ethanol solution for 1 h at room temperature, then
rinsed and dried for investigations. Figure 2 depicts the contact
angle variations of the Co-Ni coatings with the applied
potentials before and after modification by PFTEQOS in ethanol
solution. For bare carbon steel substrate after polishing, and Co—
Ni coating deposited at the applied potential of —1.0 V, the
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contact angles were around 20°. After modification by PFTEQS,
the water contact angle reached 95° and the surfaces displayed a
hydrophobic property. After electrodeposition at the applied
potentials ranging from —1.4 to —1.7 V, the water contact angles
of the Co—Ni coatings with spherical humps structures and
cauliflower-shaped micro-nano structures decreased to almost
zero, showing the super-wetting properties of deposited Co—Ni
coatings. However, after modification by 5 wt.% PFTEOS in
ethanol solution for 1 h at room temperature, the water contact
angle increases drastically to 140° for the sample with spherical
humps structures, and to 161° for the sample with cauliflower-
shaped micro-nano structures deposited at —1.7 V, respectively.
The above results indicate that the wetting properties of the
deposited hierarchical Co—Ni coating with cauliflower-shaped
micro-nano structures converted from super-wetting to super-
hydrophobic behaviors during the PFTEOS modification
process. The super-hydrophobic behavior on Co-Ni coating with
cauliflower-shaped micro-nano structures was endowed with a
high surface roughness and low surface energy materials
achieved by the combination of electrodeposition process at
higher overpotential and surface modification by PFTEOS.
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Figure 2: The water contact angles of the samples deposited at different
potentials before and after modification by PFTEOS.
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Co-Ni/WC Superhydrophobic Coating

In order to further improve the mechanical durability of the Co-
Ni coating, robust super-hydrophobic cobalt-nickel coatings
reinforced by micro-nano tungsten carbide (WC) particles were
achieved on carbon steel substrate by electrochemical deposition
from the mixed solution [21]. In order to prepare Co-Ni/WC
composite coating by co-electrochemical deposition method,
micro-nano WC particles were added into the deposition
solution. Figure. 3 shows the SEM images of the as-received
micro-nano WC particles with low and high magnification. It can
be observed that the particles have irregular shape and a given
size distribution varying from a few hundred nanometers up to a
few micrometers.

Figure 3: SEM images of micro-nano WC particles (a) low magnification and
(b) high magnification.

And the electrodeposition was achieved under the constant
current density of 65mA/cm? and the deposition time of 3000 s.
The Co-Ni electrodeposits were obtained using the mixed
solution of CoCl,-6H,0 (0.1 mol/L), NiCl,-6H,0 (0.03 mol/L)
and H3BO;s; (0.1 mol/L). Figure 4 presents the typical surface
topographies of Co-Ni coating and Co-Ni/WC composite
coatings electrodeposited in a mixed solutions of different
concentrations of micro-nano WC particles, around 1.96, 3.92,
and 5.88 g/L. The Co-Ni coating electrodeposited in the mixed
solution under the applied current density of —65 mA/cm® for
3000 s, displays cauliflower shaped micro-nano structures
(Figure 4a). These structures are similar to our previous Co-Ni
coating obtained at the constant potential of—1.7 V for 3000 s in
the same electrolyte [22].
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Based on the mixed solution, different contents of micro-nano
WC particles were added to prepare Co-Ni/WC composite
coating. In the mixed solution containing 1.96 g/L WC particles,
the micro-nano particles were entrapped in the Co-Ni coating
during the co- electrodeposition process (Figure 4b). It can be
observed that micro-nano WC particles are trapped in the
electrodeposited Co-Ni coating, and that large cobalt- nickel
grains grow without being hindered by WC particles. Further
increasing of the micro-nano WC particles to 3.92 g/L, Co-
Ni/WC composite coating with micro-nano cauliflower
structures was realized on the substrate. By increasing the micro-
nano WC particles added amount to 5.88 g/L, the agglomeration
takes place during the co-electrodeposition process and some
colonies with the size of tens micrometers could be seen on the
substrate (Figure 4d). Indicated by the cross section images, the
thickness of the Co-Ni coating and Co-Ni/WC composite coating
deposited in the mixed solution with micro-nano WC particles
contents of 1.96 g/L and 3.92 g/L was determined to be around
40 um. While, the thickness of Co-Ni/WC composite coating
with micro-nano WC particles content of 5.88 g/L was
determined to be around 50 um under the same deposition
conditions. The EDS mappings of the Co-Ni/WC composite
coatings show homogeneous distribution of micro-nano WC
particles within the composite coatings when the WC particles
content is below 3.92 g/L. When the WC content increased to
5.88 ¢g/L, the micro-nano WC particles aggregated together,
resulting in the uneven distribution of micro-nano structures. As
indicated by the EDS results, the WC contents in the
corresponding Co-Ni/WC composite coatings were around 5.3
wt.% (Figure 4b), 9.8 wt.% (Figure 4c) and 19.1 wt.% (Figure
4d), respectively.
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Figure 4: SEM images of (a) the Co-Ni coating in the mixed solution and Co-
Ni/WC composite coatings in the mixed solution by adding WC particles: (b)
1.96 g/L; (c) 3.92 g/L; (d) 5.88 g/L under the applied current density of -65
mA/ecm? for 3000 s at room temperature. The inset shows corresponding high
magnification.

For the surface modification, the as-deposited samples were
maintained in 20 mL 5 wt.% PFTEOS ethanol solution for a
period of 1 h around 30 °C. After modification, the samples were
cleaned for observation. Figure 5 shows the transition of wetting
properties during the modification process by PFTEOS in
ethanol solution. It can be observed that all the electro-deposited
Co-Ni alloy coating and Co-Ni/WC composite coatings
exhibited super-hydrophilicity before the modification process
(Figure 5b). However, after the modification process by
PFTEOS in ethanol solution, the electro-deposited Co-Ni alloy
coating and Co-Ni/WC composite coatings with the WC content
around 5.3 wt.% and 9.8 wt.% displayed the contact angle above
150° and became super-hydrophobic surfaces (Figure 5a).
Meanwhile, low WSA values were obtained after the PFTEQOS
modification process (2° for the electrodeposited Co-Ni coating
and 5° for the Co-Ni/WC composite coatings with the WC
content around 5.3 wt.% and 9.8 wt.%) (Figure 5c). For example,
when the micro-nano WC particles with concentration of about
3.92 g/L were added in the mixed solution, the as-prepared Co-
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Ni/WC composite coating with WC content of around 9.8 wt.%
display excellent super-hydrophobicity with WCA of 162° and
WSA of 3°, which could be attributed to the homogeneous
distribution of micro-nano cauliflower structures and fluorinated
solution treatment. However, when the concentration of micro-
nano WC particles in the mixed solution was increased to 5.88
g/L, the WC particles content of the Co-Ni/WC composite
coating is increased to 19.1 wt.%. A great quantity of WC
particles induces the formation of particle aggregates in-
homogeneously distributed in the coatings, which explain the
lower measured WCA (around 145°) and higher WSA (around
16°) values of the composite coating. These results demonstrated
that the super-hydrophobicity of the as-electrodeposited Co-
Ni/WC composite coatings was influenced by the surface
topography variations which were induced by the micro-nano
WC particles content added in the electrolyte solution.
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Figure 5: (a) and (b) The water contact angle (WCA) variations with WC
particles of Co-Ni/WC composite coating before and after PFTEOS
modification. (c) The water sliding angles (WSA) of the CoeNi/WC composite
coatings after PFTEOS. The WC particles were 0, 5.3 wt%, 9.8 wt% and 19.1
wt%, respectively.
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Co-Ni/CeO, Superhydrophobic Coating

Up to now, Rare-earth oxides (REOs) as a second phase particles
received less attention on the preparation of super-hydrophobic
coatings. Metal atoms in REOs have a lower tendency to
exchange electrons and form a hydrogen bond with interfacial
water molecules, which is an effective way to build super-
hydrophobic surfaces. Because of their unique electronic
structure, Rare-earth oxides (REOs) have been proven to be
intrinsically hydrophobic [23]. Herein, cerium oxide particles
(Ce0,) are added to the coating by co-electrodeposition. The Co-
Ni/CeO, composite coatings are obtained in the mixed solution
with CoCl,-6H,0 (0.1 mol/L), NiCl,-6H,0 (0.03 mol/L), H;BO;
(0.1 mol/L) and different amounts of CeO, particles in the
solution [24]. To ensure uniform distribution of micro-nano
CeO, particles in the coating, the magnetic stirrer (Model SH-2,
Input 220 V 50/60 HZ) is used and adjusted to approximately
800 rpm. At first, the morphologies of the used CeO, particles
were characterized. By the low magnification SEM image
(Figure 6a), the CeO, ceramic particles are irregular in shape
with the sizes ranged from a few micrometers to a few tens
micrometers. From the high magnification SEM image
(Figure6b), it is noted that the large particles are loose with the
surfaces attached with a great amount of nano-sized CeO,
particles.

Figure 6: Surface morphology of CeO, particles (a) low enlargement and (b)
high enlargement.

Figure 7 illustrated the surface topography variation of Co-
Ni/CeO, composite coatings electrodeposited at constant current
density of -65 mA/cm? with different contents of CeO, particles
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added in the above-mentioned mixed solution. When the content
of CeO, particles in the electrolyte solution was 1.72 g/L,
irregular diamond-like structures having a diameter of about
several micrometers were aggregated to form a larger-sized
irregular structure, and distributed uniformly over the entire
surface (Figure7a and 7d). After doubling the CeO, content to
3.44 g/L, parts of the diamond structures were replaced by the
flaky fish scale structures, and further aggregated into the
flower-like micro/nano hierarchical structures (Figure 7b and
7e). With the CeO, content rose to 6.88 g/L in the mixed
solution, the flower-like micro/nano hierarchical structures were
replaced by locally aggregated CeO, clusters, which were
distributed inhomogeneously on the surface (Figure 7c and 7f).
According to the cross section images, the thickness of the
composite coating electrodeposited in the mixed solution
containing CeO; particles of 1.72 g/L was around 15 um after the
deposition time of 2000 s. With the increase of the CeO,
particles to 3.44 g/L, the thickness of the electrodeposited
composite coating increased to 20 um. However, by adding the
CeO; particles to 6.88 g/L, the electrodeposited coating’s
thickness decreased to 16 pm, which could be attributed to the
difficulty of co-electrodeposition due to the large amount of
CeO, particles. According to the EDS analysis, the CeO,
contents were around 12.4 wt.% (Figure7a), 15.6 wt.%
(Figure7b) and 19.1 wt.% (Figure7c) in the corresponding Co-
Ni/CeO, composite coatings respectively. Under the same
deposition conditions, the CeO, content in the coatings gradually
increased while the nickel in the composite deposits content
decreased.
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Figure 7: SEM images of Co-Ni/CeO, composite coatings in the mixed
solution by adding CeO, particles: a) 1.72 g/L; b) 3.44 g¢/L; c) 6.88 g/L under
the applied current density of -65 mA/cm? for 2000 s at room temperature.
a’,b’,c”) Corresponding high magnification.

In  order to obtain super-hydrophobicity, @~ PFTEOS
(C4sH4Cl3F13Si) was used to decrease the surface energy and the
variation of the wetting properties was displayed in Figure 8.
After modification, the self-assembled film was formed due to
the reaction of PFTEOS molecules with the -OH groups on the
composite coating surface, which reduce the polar sites, leading
to its super-hydrophaobicity [25]. As can be seen in Figure 8, the
Co-Ni/CeO, coating electrodeposited in the electroplating
solution with the 3.44 g/L CeO, particles exhibits a better super-
hydrophobicity (WCA=160.7°, WSA=2°), revealing that the
flower-like hierarchical micro/nano structures could lead to a
better super-hydrophobicity.

12 www.videleaf.com



Surfaces, Interfaces and Coatings Technology

50
160 S WCA=160.7‘21‘n
140 - == WCA(before modification) - 40
A -~ WCA(after modification) Pt
N . — 7~ WSA(after modification) .~ 30
120- ~ & ? . i 7’ - _
(8] N . T
100 4 N s A -20
S " A =
z S
...................................... : p - S . l 10
0+ it SR o S I
T e WSA=20$0.5"
£l DR R oM SoTr Chomd CLbEY Freigmen prs s rowwd v "'T—"_"'o

.
12 13 14 15 16 17 18 19 20
CeO, content (wt.%)

Figure 8: The WCA and WSA variations with CeO, contents before and after
modification by PFTEOS molecules.

Mechanical Durability

Due to the special features (such as dual micro-nano structures
and modification by low surface energy materials) which is
essential for fabricating super-hydrophobic surfaces, such
surfaces are susceptible to mechanical abrasion. At present, to
enhance the abrasion resistance of super-hydrophaobic coatings
has become the main concern for their practical applications
[26,27]. Recently, Ras et al. [28] suggested that linear abrasion
should be adopted to assess the mechanical durability of the
super-hydrophobic coating because this wear-test method is
accessible to most lab researches, applicable in most industrial
production, and able to generate a large uniformly surface
suitable for wetting measurements. Therefore, in the work the
linear abrasion test was conducted, which is shown in Figure 9.
The 800 grit SiC sandpaper was placed face up and used as
abrasion surface. The super-hydrophobic Co-Ni coating was
tested under the applied pressure of 5 kPa at a speed of 5 mm/s.
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~ Substrate

Figure 9: A scheme for linear abrasion test.

Figure 10 depicts the SEM images for the super-hydrophobic
Co-Ni coating deposited at —1.7 V before and after linear
abrasion tests and the relationship between contact angles and
abrasion distance. As shown in Figure 10a, the Co-Ni coating
with cauliflower-shaped micro-nano structures shows contact
angle of 161° and water sliding angle of 1° before linear abrasion
tests, exhibiting greater super-hydrophobicity. After abrasion
distance of 1.5 m under the applied pressure of 5 kPa, few
prominent cauliflower-shaped micro-nano structures were worn
and obvious scratches appeared on the top of these structures
(Figurel0b). It is obvious that the cauliflower-shaped micro-
nano structures were well preserved and the water contact angle
maintained around 160° with water sliding angle of 2°. After
increasing the abrasion distance to 6 m, large cauliflower-shaped
structures were worn more seriously, and the water contact angle
dropped to 158° and the water sliding angle increased to 5°
(Figure10c). When abrasion distance reaching 12 m, all the large
cauliflower-shaped microstructures appeared different degrees of
wear and the water contact angle dropped dramatically to near
150° (Figurel0d). With the increase of abrasion distance, the
water sliding angle increases to 8° after 12 m of abrasion. When
the abrasion distance increased to 24 m, the large cauliflower-
shaped microstructures were almost completely worn away. The
water contact angle dropped to near 143° and the sliding angle
increased to 12° (FigurelOf). With the increase of abrasion
distance, the wetting properties of deposited hierarchical Co-Ni
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coating with cauliflower-shaped micro-nano structures transited
from super-hydrophobic behaviors to hydrophobic behaviors.
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Figure 10: SEM images for (a) super-hydrophobic Co-Ni coating before
abrasion and after abrasion under the applied pressure of 5 kPa for (b) 1.5 m,
(c) 6 m, (d) 12 m, and (e) 24 m; (f) The water contact angle and water sliding
angle variations on these surface with the abrasion distance. The insert images
in (a) to (e) are the profiles of a water droplet sliding on the Co—Ni coating with
different water sliding angles.

The Co-Ni/WC composite coating with 9.8 wt.% WC particles
content was selected for linear abrasion test. The SEM images in
Figure 1la displays the typical surface morphologies with
cauliflower-like structures of the Co-Ni/WC composite coating
with different abrasion distances. Before the abrasion test, the
electro- deposited Co-Ni/WC composite coating exhibit a super-
hydrophobic behavior with WCA over 162° and WSA around 3°
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(Figurella). In the linear abrasion test, localized friction loss
was produced on the cauliflower-like structures by choosing the
abrasion distance of 3 m (Figure 11b). When the abrasion
distance is increased to 9 m and 32 m (Figure 11c and 11d), the
composite coating surface loses some of cauliflower-like
structures, but most of undamaged micro-nano structures with
small sizes were maintained. As a result, the WCA value
decreased and WSA value increased slightly, and the composite
coating surface is still exhibiting the super-hydrophobic
behavior. However, when the abrasion distance is continually
increased to 41 m (Figure 11e), more scratches were found and
the small size cauliflower-like structures were removed partially.
As a result, the WCA is decreased to 148° and WSA is in-
creased to 18°, and therefore, the as-prepared composite coating
can't maintain its super-hydrophobic behavior. From Figure 11f,
it can be observed that the linear reduction of WCA and the
increase of WSA take place with the increase of the abrasion
distance. From the obtained results, it can be observed that the
critical value of the abrasion distance from which the loss of
super-hydrophobicity takes place is approximately 34 m.
Meanwhile, it can be noted that the WSA rose sharply when the
abrasion distance is over 30 m. Moreover, the Co-Ni/WC
composite coatings with 9.8 wt.% WC particles were scratched
by the knife. After the strong knife-scratch process for 10 times,
the average contact angle of the Co-Ni/WC composite coating
was around 160.5°, which further demonstrated its great
mechanical durability.
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Figure 11: SEM images of the super-hydrophobic Co-Ni/WC composite
coating with 9.8 wt% WC under the load pressure of 5 kPa after abrasion for
(@ 0m, (b)3m, (c)9m, (d) 32 m, (e) 41 m and (f) WCA and WSA variations
with the abrasion distances. The insert images are profiles of water contact
angles and water sliding angles on the coating surface.

Figure 12 showed the loss of the hierarchical structures on the
superhydrophobic Co-Ni/CeO, coating surface during the linear
abrasion test, in which the super-hydrophobic property degraded
gradually with the decrease in WCA and the increase in WSA.
When the abrasion distance was within 1.5 m (Figurel2b), very
few flaky fish scale structures were worn out due to the existence
of convex structures and most hierarchical structures were
preserved during the abrasion test, which explained the fact that
the super-hydrophobic nature of our coating was hardly affected.
Those air cushions trapped among the gaps prevented the
droplets from permeation. When the abrasion distance increased
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to 18 m, large area flaky fish scale structures were worn out by
about half but the second level structures were still preserved
(Figurel2c). The preserved micro-nano structures were still
capable of trapping air within the flaky fish scale structures. As a
result, the WCA reduced by about 7 degrees and the WSA
increased by 6 degrees. The super-hydrophobic behavior was
still maintained. With the increase of the abrasion distance to 30
m, the hierarchical structures were worn out (Figurel2d). The
WCA decreased to around 150° and the WSA increased to 19°,
indicating the loss of super-hydrophobicity. From Figure 12e, it
could be noted that WCA decreased and WSA increased linearly
with the increase of the abrasion distances. Towards the loss of
super-hydrophobic property, the critical abrasion distance was
around 22.5 m. Meanwhile, the surface roughness was measured
to characterize the surface wear loss during the linear abrasion
test (Figurel2f). The surface roughness decreased linearly with
the abrasion distance and the Ra value was close to 5 um when
the abrasion distance was 22.5 m. In comparison to the initial
value before the linear abrasion test, the surface roughness value
decreased by 5.4.
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Figure 12: (a-d) SEM images for the abrasion test and the responding WCA
and WSA,; a) as-deposited super-hydrophobic Co-Ni/CeO2 composite coating
and after abrasion under the applied pressure of 5 kPa for b) 1.5 m,
WCA=160°, WSA=2°; c¢) 18 m, WCA=153.1°, WSA=8% d) 30 m,
WCA=150.6°, WSA=19°; e) the different abrasion distance to the variations of:
e) WCA and WSA,; f) the roughness after the abration test.

Evaluated by the linear abrasion methods, the super-hydrophobic
Co-Ni coating can maintain super-hydrophobicity after abrasion
distance of 12 m under the applied pressure of 5 kPa, which was
attributed to the high cobalt content of the Co-Ni coating.
Adding the WC particles, the linear abrasion test indicated that
the as-prepared super-hydrophobic Co-Ni/WC composite coating
with 9.8 wt% WC content, displayed excellent wear resistance
with super-hydrophobic property for abrasion distance up to 34
m. The Co-Ni/CeO, composite coating from the electrolyte
containing 3.44 g/L possesses a flower-like hierarchical
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structures, displaying a super-hydrophobic behavior after the
modification by PFTEOS. More importantly, excellent
mechanical durability with critical abrasion distance of 22.5 m is
achieved under a 5 kPa fixed normal pressure in the liner
abrasion test before the loss of super-hydrophobicity. We have
found that some features were of vital importance for the wear
resistance of superhydrophobic coatings, such as the micro—nano
hierarchical structures and microhardness. As indicated by the
results, microhardness and roughness showed a positive
correlation with the abrasion distance of the superhydrophobic
composite coatings. To improve the wear resistance of the
superhydrophobic coating, its microhardness was improved by
adding second-phase particles, which was proved effective
through our works.

Table 1: Abrasion distances leading to the loss of super-hydrophobic
properties. Abrasive medium: 800 grit SiC sandpaper.

Materials | Pressure | Abrasion Initial Final Initial Final
(kPa) Length(m) | WCA(°) | WCA () | WSA(°) | WSA ()

Co-Ni 5.0 12.0 161 150 1 8

coating

Co- 5.0 34.0 163 150 3 10

Ni/WC

coating

Co- 5.0 30.0 160 150.6 2 19

Ni/CeO,

coating

Corrosion Protection

The potentiodynamic polarization curves of the bare carbon
steel, as-prepared super-hydrophobic Co-Ni coating, super-
hydrophobic Co-Ni/WC composite coatings with different WC
contents and super-hydrophobic coating with different CeO,
contents were measured at a scan rate of 0.5 mV/s in 3.5 wt.%
NacCl solution, and shown in Figure 13.

The carbon steel substrate displayed negative corrosion potential
(Ecor = —459 mV vs. SCE) with high corrosion current density
(lor = 1.45 x10®° Alcm?). The corrosion potential of Co-Ni
coating deposited at —1.4 V shifted 100 mV toward positive
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direction compared with carbon steel with lower corrosion
current density of 1.50x10°® A/cm® For the super-hydrophobic
Co-Ni coating deposited at —1.7 V, the corrosion potential and
corrosion current density are —303 mV and 5.87x10 'A/cm?
respectively. The corrosion current density of as-prepared super-
hydrophobic Co-Ni coating was 20 times lower than that of bare
carbon steel substrate, demonstrating the significantly improved
anti-corrosion performance of the super-hydrophobic Co-Ni
coating with cauliflower-shaped micro-nano structures.

Generally, the positive shift of the corrosion potential and the
low corrosion current density are a signature of a better corrosion
resistance. As shown in Figure 13b, the Co-Ni/WC composite
coatings show a better corrosion resistance compared both to the
carbon steel substrate and the super-hydrophobic Co-Ni coating
according to these characteristics. The anodic polarization
current density measured for super-hydrophobic Co-Ni/WC
composite coating with the WC particles content of 9.8 wt.%
(lor=1.29%x107 Alcm?) decreases by about two orders of
magnitude compared to bare carbon steel (Icorr=1.45><10'5 A/cmz).
In addition, although the composite coating with the WC
particles content of 19.1 wt.% exhibits hydrophobic property
with WCA of 145°, its corrosion current density (Ic(,rr=1.78><10'6
Alcm?) was one order of magnitude lower than that of the bare
carbon steel. Compared with the carbon steel substrate, both the
anodic and cathodic branches of the as-prepared coatings show
lower current density, indicating that the as-prepared super-
hydrophobic Co-Ni/WC composite coating provides great
corrosion protection performance.

As shown in Figure 13c, for the super-hydrophobic Co-Ni/CeO,
composite coating (1.72 g/L CeO, and 3.44 g/L CeQ,), the
corrosion potentials shift positively about 109 mV and 142 mV
respectively. Due to the adding of CeO, particles, the corrosion
probability of the as-prepared super-hydrophobic coatings
decreases. The as-prepared super-hydrophobic  coatings
electrodeposited with the CeO, particles of 1.72 g/L and 3.44 g/L
exhibited a two orders of magnitude reduction in corrosion rate,
which could be attributed to their super-hydrophabicity that the
trapped air as a barrier decreased the solution/solid contact area
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effectively. However, with the increasing of micro-nano CeO,
particles to 6.88 g/L, corrosion potential shift negatively a little
and the corrosion current density (icor) Was smaller than those of
the aforementioned composite coatings, which could be
attributed to the formation of holes based on the difficulty of co-
electrodeposition under the deposition conditions of large
amount of CeO; particles in the mixed solution.

These results clearly show that the as-prepared super-
hydrophobic Co-Ni coating, super-hydrophobic Co-Ni/WC
composite coatings and super-hydrophobic Co-Ni/CeO,
composite coatings exhibit higher corrosion resistance than
carbon steel substrate. The air entrapped in the cauliflower like
structures can prevent the super-hydrophobic composite coating
from being wetted by the corrosion medium through the limited
solid contact area, endowing the coating larger charge transfer
resistance and lower corrosion rate, and then better corrosion
protection performance [29].
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Figure 13: Potentiodynamic polarization curves of (a) Super-hydrophobic Co—
Ni coating, (b) Super-hydrophobic Co-Ni/WC composite coatings with
different WC contents and (c) Super-hydrophobic coating with different CeO,
contents in 3.5 wt% NaCl aqueous solution at the scan rate of 0.5 mV/s.

Table 2: Derived results from the potentiodynamic polarization measurements.

Sample Ecorr leorr Corrosion
(mVv) | (Alcm? rate(mm/a)

Bare carbon steel -459.4 | 1.45x10° | 0.162

Superhydrophobic Co-Ni coating -303.3 | 5.87x107 0.0066

Superhydrophobic Co-Ni/WC coating | -286.3 | 2.48x107 0.000028

Superhydrophobic Co-Ni/CeO, -316.9 | 1.24x107 | 0.0014
coating
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Long-Term Durability

The long-term durability for two kinds Co-Ni based robust
coatings, Co-Ni super-hydrophobic coating and Co-Ni/WC
super-hydrophobic coating, was analyzed by immersion test in
3.5 wt.% NaCl solution. The immersion test displayed that two
kinds of robust super-hydrophobic coatings have long-term
durability, where the Co-Ni super-hydrophobic coating loses
super-hydrophobicity after immersion for 20 days and the critical
immersion time of Co-Ni/WC super-hydrophobic coating was 12
days, respectively. The loss of super-hydrophaobicity could be
attributed to the corrosion damage of the micro-nanostructures
on the coating and the decomposition of low surface energy
materials. In the early stage of immersion, the decomposition of
hydrophobic groups occurred firstly. In the later stage, it
appeared as corrosion damage of micro-nano structures on the
coatings.
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Figure 14: Wettability variations (WCA, WSA) with immersion time of (a)
Co-Ni superhydrophobic coating and (b) Co-Ni/WCsuperhydrophobic
composite coating.

Conclusion

The Co-Ni based composite coatings were prepared on carbon
steel by the co-electrochemical deposition process by adding
different micro-nano particles in the mixed solution. During the
modification process, the PFTEOS molecules can induce the
transit from super-hydrophilicity to super-hydrophobicity of the
as-prepared composite coatings. The linear abrasion test revealed
that the super-hydrophobic Co-Ni based composite coatings
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displayed excellent mechanical durability at 5 kPa load pressure
and Co-Ni, Co-Ni/WC, Co-Ni/CeO, superhydrophobic coating
can keep their super-hydrophobicity for the abrasion distance of
12 m, 34 m, 22.5 m, respectively. The higher abrasion resistance
of the deposited Co-Ni based composite coating was attributed to
the combination of micro-nano particles addition with high
cobalt content inside the coating. Moreover, the corrosion
current density of the super-hydrophobic Co-Ni based coating
was decreased by more than two orders of magnitude compared
to that of bare carbon steel, exhibiting great corrosion protection.
With the robust mechanical durability, the as-prepared super-
hydrophobic Co-Ni based composite coating could be excellent
alternative technique for real applications in the future.
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Abstract

The effect of microencapsulation of dihydrogen ammonium
phosphate (MAP) in the generation of fire-resistant coatings was
studied in the presence of tannins extracted from Pinus radiata.
MAP was encapsulated to avoid interaction with sodium
carbonate (Na,COs), which upon contact with fire, generates
unwanted gases. Thus, a fireproof (or intumescent) protective
film was produced in the presence of the tannins. Microcapsules
were polymerized with melamine and characterized by FTIR,
TGA, SEM-EDS. The microcapsules were spherical with a
diameter between 0.7 and 1 um. The as-produced microcapsules
were mixed with tannin extract and the properties of their film
were evaluated on wood and structural steel substrates; their fire
resistance on medium density fiberboard was also evaluated.
Flame resistance tests showed a carbonization index of 26.86%
using microcapsules (3% wi/w); this is better than commercial
coatings. The film properties were similar to commercial
coatings, but the adherence was slightly decreased, due to
agglomeration and also films flexibility.
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Introduction

Structural steel has been widely used in the construction industry
due to properties such as high strength/weight ratio, high
ductility, among others. However, its mechanical resistance
decreases if the temperature exceeds 500 °C during a fire.
Therefore, enhancing this property is a concern for the
construction industry; also, technological solutions focused
mainly on the development of foams and coatings have been
proposed [1]. Fire-resistant coatings (fire retardant and
intumescent) have been widely used to protect metal structures
and even wood substrates. These types of fire-resistant coatings
are composed of a carbon forming material, a mineral acid
catalyst, a blowing agent, and a binder resin. During the
combustion process, these components operate synergistically to
form a honeycomb carbon structure that thermally isolates the
coated steel substrate and establishes a protective barrier
blocking heat transfer to the steel; while in wood, acts
chemically to release less pyrolysis gasses and contain more of
the fuel as thermally insulating char [2,3]. The mechanism of
protection in fireproof coatings includes retarding the advance of
flames on the substrate. On the other hand, in intumescent
coatings, the acidic source can release NH; and organic acids
during the combustion process; this initiates an esterification
reaction with the carbonaceous agent. The carbonaceous agent is
carbonized by dehydration, and finally, the blowing agent forms
an intumescent foam or layer on the surface of the polymeric
material [1,4]. These coatings have numerous disadvantages: the
carbon protective layer is vulnerable to high temperatures, the
coating is prone to aging, and in water-based coatings, the
coating displays poor adhesion to substrates [5,6].

To achieve suitable fire resistance, coatings are generally
formulated with a high content of solid fillers; these impair the
mechanical properties and durability of the film. Moreover, a
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major disadvantage of additives is their poor compatibility with
the coating resin; this significantly reduces the protection
capacity in a fire. There has been limited use of
microencapsulation  technology in fire retardants and
intumescent coatings. Almost no research has been conducted on
the durability and fire resistance of the flame-retardant coating
after the static immersion test. To overcome these problems, the
use of microencapsulated dihydrogen ammonium or
monoammonium phosphate (MAP) (acid source) as a fire-
resistant additive has been an effective strategy [7,8].

For the scientific and industry communities, the development of
ecological and sustainable fire-resistant coating systems has
become an urgent challenge. Recently, the study of products
from natural sources as potential additives has garnered
considerable attention. Their characteristics allow the generation
of an insulating carbon layer on substrate surfaces. They provide
efficient fire resistance functionality and are therefore promising
alternatives to halogen-based chemicals. Almost all renewable
resource-based additive approaches to form fire-resistant
coatings can impart these beneficial properties [9,10]. Modifying
the additive properties through microencapsulation with water or
insoluble polymers is an effective method to improve water
resistance and polarity. Wu et al. [11] studied flame retardation
in  microencapsulated ammonium  polyphosphate  and
demonstrated a decrease in particle size upon encapsulation and
low water absorption. This result is of great interest since the
particle size influences the mechanical properties of the
coatings. To solve the aforementioned problems, and to
investigate lower toxicity coatings, the microencapsulation of
dihydrogen phosphate (MAP) as an acid source and low
molecular weight tannins as a carbonaceous agent is proposed.

Tannins extracted from Pinus radiata are mixtures of simple
phenols such as gallic acid and sugar esters (primarily glucose
and gallic/digallic acids). The presence of gallic acid in
hydrolyzable tannins makes them ideal raw materials for
preparing the coatings [12,13]. Likewise, the presence of
hydroxyl groups in tannins, together with their high reactivity
compared to resorcinol and phenol, make them ideal candidates
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to produce fire-resistant coatings [14]. Tannins have been used
in the production of rigid foams, presenting similar fire-retardant
properties to formulations that incorporate specialized additives
such as boric acid (HsBO3) or phosphoric acid (HsPO,). Tannins
are obtained from waste bark making them a renewable material,
and, once extracted, the bark does not lose its calorific capacity
and can be used in industrial boilers.

With increasing focus on sustainability in the construction
industry, multi-story timber buildings are becoming increasingly
popular. the fire issue becomes important since both the wooden
claddings and the building construction itself may get involved
in the combustion. In this study, the effect of MAP
microencapsulation for the generation of a fire-resistant coating,
in the presence of tannins (extracted from Pinus radiata as a
carbon source), was examined [15]. The mechanical properties
of the obtained coatings were compared and their fire resistance
was evaluated. The fire-retardant properties of the coatings were
evaluated according to ASTM D1360-90a standard methods;
this allowed for an indication of the carbonization index and the
weight loss of the substrate. The morphologies of the
microcapsules were revealed by scanning electron microscopy
(SEM) and the changes in the chemical structure were recorded
using Fourier Transform Infrared Spectroscopy (FTIR). The
mechanical film properties were determined using ISO and
ASTM standard methodologies.

Materials and Methods

The reagents used for the microencapsulation of dihydrogen
ammonium phosphate or monoammonium phosphate (MAP)
were as follows: 2,4,6-triamine-1,3,5-triazine (melamine),
polyvinyl alcohol (PVA), ethanol (96% v/v), monoammonium
phosphate (MAP), formaldehyde (37% v/v), sodium carbonate
(Na,COs3), and acetic acid. These were analytical grade and
supplied by Merck SA. Pinus radiata tannins were extracted
according to the procedure described by Fernandez et al. [16]
and were used as a carbon source. The bark of Pinus radiata was
added to a pilot reactor, and extraction with a mixture of
ethanol/water was performed under reduced pressure. The
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extract was subsequently dried in an oven at 40 °C under
reduced pressure until a fine tannin powder was obtained. The
appropriate amount of tannin extract or low molecular weight
tannins (L-MWT) was dissolved in water to make up the
fractions used in this study.

Synthesis of the Prepolymer and Preparation of the
MAP Microcapsules

The prepolymer was synthesized using a modified version of the
method reported by Wu et al. [11]. 2 g of PVA and 2 g of
melanin were added to a 500 mL round bottom flask, followed
by 100 mL of distilled water. After the dissolution of the solids,
the pH of the solution was adjusted to 4-5 using acetic acid and
was then heated at 90 °C in an oil bath for 1.5 hours with
constant stirring. Subsequently, the pH of the solution was
adjusted to between 8 and 9 using a 10% (w/v) Na,COs; solution,
and another 2 g of melanin was added first, followed by the 5
mL of formaldehyde 37% (v/v). Finally, the obtained mixture
was heated at 90 °C for 1 hour to obtain the prepolymer. MAP
microcapsules were prepared as follows: 10 g of MAP was
dispersed in 25 mL of ethanol by stirring at 1000 rpm for 5 min.
Afterward, this solution was added to the prepolymer obtained
previously and the pH of the mixture was adjusted to between 4-
5 using a 10% (v/v) H,SO, solution. The resultant solution was
heated to 80 °C with constant stirring at 400 rpm for 3 hours.
The solution was then centrifuged at 9000 rpm for 15 min. The
obtained microcapsules were filtered and washed with distilled
water and dried in an oven at 70 °C for 24 hours. The obtained
solid was denoted as microcapsules of monoammonium
phosphate (McMAP).

Coating Formulation, Surface Preparation, and
Application Onto Substrates

Three coatings were produced, each with a different formulation,
to determine the effect of the incorporation of microcapsules in
active additives on the fire resistance. A water-based acrylic
coating was created as a control sample. Microcapsules of MAP
(McMAP) were added to this coating at 3 and 9% w/w ratios.
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The coatings were formulated with A values between 1.37 and
1.51, where A is the relationship between the pigment volume
concentrations (PVC) (50 to 65%) and the critical pigment
volume concentration (CPVC) (36 to 43%) [17,18]. Table 1
shows the compositions of the coating components. The
preparation of the coatings was achieved with a mechanical
stirrer and a Cowles-type dispersion propeller operated at speeds
of 550-700 rpm. The components were added into a 1 L plastic
container and were constantly agitated by varying the speed of
the rotor. Zirconia grinding balls were used to ensure adequate
dispersion and to reduce the particle size to a value of 5 Hegman
(35 - 40 um). The surface of the metal substrates (Steel ASTM
A36) was prepared according to the established standards of the
SSPC (Steel Structures Painting Council. Pittsburgh, USA),
applying section SP1 (Solvent Cleaning: removal of all visible
oil, grease, soil, drawing and cutting compounds, and other
soluble contaminants from steel surfaces with solvent, vapor,
cleaning compound, alkali, emulsifying agent, or steam) and
SP5 (Metal blast cleaning: when viewed without magnification,
the surface shall be free of all visible oil, grease, dust, dirt, mill
scale, rust, coating, oxides, corrosion products and other foreign
matter).

The wood substrate was dried in an oven at 30 °C for 48 h and
the adhered powders were superficially cleaned. Due to their
high solid content, the formulated coatings were applied onto the
substrates using a brush. The thickness of the films was between
150-200 um. The formulated coatings were denoted as: F-Blank
(acrylic water-based formulation); F-3% McMAP (parent
formulation + 3% w/w McMAP); and F-9% McMAP (blank +
9% w/w McMAP). In addition, two commercial coatings were
tested for comparison. Intumescent FireWall 200 commercial
paint; Tricolor (C-INT), and Ignifuga Retardant 77 commercial
paint; Chilcorrofin (C-IGN) were used.
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Table 1: Specifications of the experimental materials in the blank formulation,
F3, and F9. All formulations were prepared in (w/w).
3 and 9 indicate the percentage of MCMAP used.

Formulations F-Blank | F-3% McMAP | F-9% McMAP
Components

Water 27.80 27.74 27.80

Caolin (Opacit) 5.12 4.75 4.75

Calcium carbonate (Hifill) | 13.33 12.35 3.01

L-MWT 15.50 15.00 15.00

McMAP 0.00 3.01 9.03
Foamaster MO 2134 0.16 0.14 0.14

Acronal S716 1.09 31.00 26.00 26.00

Characterization and Fire Behavior Tests
Chemical, Morphological, and Structural Characterization
of Microcapsules

The obtained microcapsules were characterized by Attenuated
Total Reflection Fourier Transform Infrared Spectroscopy
(ATR-FTIR) using a Spectrum Two kit (Perkin Elmer). Each
spectrum was obtained by consecutive scanning at a resolution
of 1 cm™ over the range 4000-500 cm™. The morphological
characteristics of the microcapsules were revealed by Scanning
Electron Microscopy (SEM) using a Jeol JSSM 6380 LY operated
at an acceleration voltage of 20 kV. Before SEM analysis, the
samples were coated with 50 nm of gold. Elements present in the
microcapsule were qualitatively determined by Energy-
Dispersive X-ray Spectroscopy (EDS).

Thermogravimetric Analysis (TGA)

TGA was performed using a Pyris TGA kit (TG 209 F3 Tarsus).
Further, 5 mg of the microcapsules was placed in an aluminum
crucible and subjected to a heating cycle over the range 25-600
°C. The heating rate was 10 °C/min. The system was purged
with nitrogen at a flow rate of 50 mL/min.
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Evaluation of the Properties of the Coatings

A range of mechanical assessments was conducted on the coated
substrates and the commercial coatings according to standard
ASTM and ISO testing methodologies. The dynamic viscosity of
the coating was measured using a Krebs viscometer in
accordance with ASTM D562, while the dry film thickness was
measured according to ASTM 6132 using an Elcometer 456 Kkit.
To determine the hydrophobicity of the coating, the contact
angle (CA) formed between the coating and a drop of deionized
water was determined. The change of the angle over numerous
periods of 10 seconds, in static conditions, was evaluated with a
Kruss Goniometer model DSA25S controlled by software. The
average CA value was obtained by measuring the same sample
in different positions. Mechanical properties were evaluated on
metallic substrates with dimensions of 10 x 10 x 0.3 cm for
cupping, adhesion, and abrasion tests. Flexibility tests were
completed on substrates with dimensions of 15 x 6 x 0.3 cm. The
standards applied for these tests were as follows: adherence
(ASTM D4541 using a PosiTest AT-A kit), abrasion (ASTM
D4060 using a Taber Abraser model 5135 kit with a load of
1000 kg and type CS-10 abrasion wheels), flexibility (1SO 1519
using a BYK cylinder mandrel 5710), and cupping (ISO 1520
using a BYK PF-5405 cupping machine).

Fire Behavior of the Coating

The fire resistance of the coatings was evaluated using an
adapted version of ASTM D1360-90a. A constant flame was
applied by a torch, at an inclination of 45° to the sample, for 180
seconds, taking temperature measurements of the area every 15
seconds. The tests were carried out in triplicates for each
formulation. In addition, the weight, width, length, and initial
and final thickness of each specimen were recorded throughout
the test. Thus, the carbonization index, weight loss, and
resistance to temperature increases were evaluated.
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Results and Discussions
Chemical, Morphological, and Structural
Characterization of Microcapsules

The FTIR spectra of the encapsulating materials (melamine and
PVA) are shown in Figure 1a, while the spectra of the additive
to be encapsulated (MAP) and the obtained microcapsules
(McMAP) are presented in Figure 1b. Table 2 summarizes the
characteristic vibrational bonding signals of the samples. Based
on these results, the formation of the MCMAPs is evidenced by
the disappearance of the stretching bands of the primary amine
from the melamine (3500 and 3440 cm™). This indicates that the
reaction with polyvinyl alcohol to form the prepolymer was
successful. The appearance of the vinylidene stretching signal at
1664 cm™ originating from the PVA, as well as the characteristic
stretching signal at 3200 cm™ related to alcohol groups that did
not react, confirm the formation of the encapsulating polymer.
The encapsulated MAP signals observed at 1256 and 880 cm™
are ascribed to P=0 stretching and P-O asymmetric stretching
vibrations, respectively [11,19].

3200 -

10757

——MAP

Trasmittance (a.u)

Trasmittance (a.u)

Melamine 1504
Mc MAP oz

1138

1 1 I L 1 1 I 1 1 I 1 1
4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500

"
Wavenumber (cm™) Wavenumber (cm™)

Figure 1: FTIR spectra of the MAP microencapsulation materials.
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Table 2: Infrared vibration signals from reagents and microcapsules.

Vibration signal Melamine ‘ PVA ‘ MAP ‘ McMAP

Wavenumber (cm™)
N-H Stretching Primary 3500
Amine 3440
N=C Stretching 1630
N-H Bending Primary 1560 1560
Amine
N-C Stretching 1020 1138
O-H Stretching Alcohol 3249 3200
C-H Stretching sp2 sp3 2936

2906

C=C Stretching alkene 1664 1664
C-H Bending alkane 1430
O-H Bending 1330
C=C Bending alkene 840
NH4+ 3200
P=0 Stretching 1256 1256
P-O Symmetric 1075
Stretching
P-O Asymmetric 880 880
Stretching

Figure 2 shows the surface morphology, particle diameter, and
EDS analysis of the McCMAPs. Perfectly spherical microcapsules
are observed, with uniform size and no irregularities. The
particle size distribution varied between 0.7 - 1 um with an
average diameter of 0.98 um (Figure 2a, 2c). The diameter of
the obtained microcapsules was smaller than that reported by
Wu et al. [11] (20 um). Furthermore, compositional analysis by
EDS (Figure 2b) showed characteristic signals for C, N, P, and
O; these results confirm the MAP encapsulation. The
compositional mapping of the McMAPs is illustrated in Figure
3; a homogeneous distribution of each element was seen
throughout the microcapsule. The presence of carbon is
attributed to the fact that the microcapsule is an organic polymer
formed from PVA, melamine, and formaldehyde. The presence
of nitrogen results from the incorporation of melamine in the
polymer matrix while the observed phosphorus signal is due to
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monoammonium  phosphate  existing both inside the
microcapsule and in its wall.

}

-
£
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H
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Figure 2: a) SEM micrographs of the McMAP and b) size distribution
histogram for the microcapsules. ¢) EDS analysis.

c)
P & pm
o 6 pm
Figure 3: a) McMAP EDS mapping image and distributions of the various

elements that make up the microcapsules: b) carbon (C), ¢) phosphorus (P), d)
nitrogen (N), and e) oxygen (O).

Thermogravimetric Analysis (TGA)

The thermogravimetric analysis (TGA) curve and Differential
Thermogravimetric Analysis (DTG) for the McMAPs are shown
in Figure 4 and the decomposition temperatures are reported in
Table 3. Only 26.51% of the initial mass was retained at 600 °C
as revealed in the TGA curve. The observed loss of mass
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corresponds to the thermal degradation of the microcapsules.
Upon determining the first derivative DTG of the TGA curve,
three clear decomposition processes are identified for MCMAP:
40-190 °C, 200-430 °C, and 430-600 °C. The maximum
temperatures of each stage are 103.4 °C, 337.2 °C, and 468.2 °C.
The first stage of degradation corresponds to the decomposition
of PVA and is attributed to the breakdown of ester bonds, the
release of non-flammable gases due to the decomposition of
melamine, and the evaporation of absorbed water [20,21]. The
loss of mass in the second stage is caused by the elimination of
NH; from the melamine units [22]. The final stage of thermal
degradation is a result of MAP decomposition in the
microcapsules, which generates phosphoric acid and
metaphosphoric acid, followed by their dehydration to form
phosphorous oxides (P404¢) [21,23].

110
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Figure 4: TGA and DTG analysis of the MCMAP.
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Table 3: Result of decomposition temperature and residual mass of McMAP microcapsules.

Sample T5% Tmax1 Tmax2 Tmax3 Residual Mass (%)

400 °C | 500°C | 600 °C

McMAP | 90.00°C | 103.40 °C 337.20°C 468.20 °C 50 % 40 % 27 %
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Formulation of Coatings with MAP Microcapsules

The particle sizes for the four formulations described in Table 1
were evaluated using the ASTM D-333 standard. For the
reference formulation (F-Blank), a Hegman value of 5 (<38.10
microns) was determined. On the other hand, the formulations
that comprised microcapsules (F-3% McMAP and F-9%
McMAP) presented Hegman values of 4 (<50.80 microns).
These results can be explained by the inferior dispersion of the
microcapsules in sub-optimal media causing agglomeration.
This is the case for intumescent coating formulations that
contain high solid content, where satisfactory dispersion of the
microcapsules is difficult to achieve. As previously mentioned,
the formulations that include microcapsules were produced with
a high-volume content of solids, exhibiting PVC contents
between 49.90% and 65.42%, and a A ratio in the range of 1.37
to 1.51 (Table 4). These high PVC contents produce dull
coatings and inhibit blistering, however, the permeability and the
risk of substrate corrosion increase. For this reason, when
industrially applied on steel, these formulations must be coated
with a sealant that protects it from corrosive environments. In
this work, the resistance of the coatings to weathering was not
evaluated, therefore a sealant was not applied.

Table 4: PVC, CPVC and A values for the formulations

Formulations PvC CPVC A

F-Blank 49.90 36.53 1.37
F-3% McMAP 58.70 39.52 1.49
F-9% McMAP 65.42 43.46 1.51

Evaluation of the Mechanical Properties of the
Coatings

Visual inspection of the formulated coatings was conducted
using opacity drawdown charts. Figure S1 (a-c) shows the
results obtained for the F-Blank and F-3% MCcMAP coatings.
The formulations show good opacity and covering power when
applied on the substrate, with slight changes in the tonality
depending on the amount of inorganic filler and tannins present.
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These coatings form a continuous film on the substrate (Figure
S1 a, b), however, upon further addition of MAP microcapsules
(i.e., F-9% MCcMAP), agglomerations and cracks were formed
on the coating. Results obtained from the dynamic viscosities are
shown in Table 5; when the percentage of MAP in the
microcapsules increases, the viscosity increases. The F-9%
McMAP sample displayed the highest viscosity with a value of
2407 cp. This is because the tannins present in the MAP
microcapsules absorb any water in the formulation [11]. This
high viscosity is to be expected as the coating has a high solid
content, characteristic of intumescent commercial coatings. The
high viscosities proved to be problematic for the application of
the films onto various substrates, for this reason a brush was
used.

Table 5: Evaluation of Film Properties of McMAP Formulations and
Commercial Coatings.

Formulations | Viscosity Steel Substrate Wood Substrate Contact
(cp) Angles
Dry film c Dry film c ° c
thickness thickness
(Um) (um)
F-Blank 381 153.5 15.40 125.1 0.07 | 44.56 1.10
F-3% 1743 190.8 27.00 99.1 0.49 | 45.38 4.78
McMAP
F-9% 2402 154.9 13.40 65.55 2.68 | 60.27 | 6.02
McMAP
C-INT - 256.86 43.35 65.73 1.73 | 4342 | 9.06
C-IGN - 49.46 5.48 61.65 0.49 | 70.34 2.77

Table 5 also shows the dry film thicknesses of the formulations
on metal substrates. Figure S1 (d-i) shows the coatings applied
on a metal substrate. When two successive coatings were applied
on the metallic substrate, the thicknesses of the applied coatings
(F-Blank, F-3% McMAP, and F-9% MCcMAP) are between 150
and 190 pum. Two coats of the commercial paints were also
applied on the metallic substrate and these exhibited thicknesses
of 256 and 49 pm for C-INT and C-IGN, respectively. The
difference in thickness is because the commercial intumescent
formulation (C-INT) has a high solids content (greater than
65%). while the commercial fire-retardant paint (C-IGN) is a
varnish with a solid content lower than 30%. Furthermore, the
formulated and commercial coatings were applied to wood to

17 www.videleaf.com




Surfaces, Interfaces and Coatings Technology

evaluate fire resistance properties. The thicknesses obtained on
wood were lower than those applied on metal. This is most
likely due to the absorption of the coating by the open pores of
the medium density fiberboard (MDF) wood utilized.

Table 5 shows the contact angle results for the coatings. These
results for all evaluated coatings are also shown in Figure 5. The
three formulated and the two commercial coatings were
hydrophilic in character, presenting contact angle values lower
than 90°. The F-9% McMAP coating displayed was slightly less
hydrophilic with an angle of 60.27 ° + 6.02. This performance is
attributable to the particle sizes in the McMAPs and the
roughness of the coating owing to its high solid content. As the
content of microcapsules in the formulations increases, the
contact angle also increases. For the F-Blank control coating, the
contact angle was 44.56° + 1.10, due to the water solubility of
the added tannins. Similarly, the commercial coatings present
values of 43.42° and 70.34° for C-INT and C-IGN, respectively.

F-Blank ) F-3% MCMAP' F-9% McMAPl

Figure 5: Contact angle of the formulated coatings.

Although the F-9% McMAP formulation presented the best
contact angle as previously mentioned, it did not demonstrate
suitable film properties. For this reason, it was not possible to
determine its mechanical properties. The mechanical properties
of the other coatings (formulated and commercial) were
evaluated, and the results are summarized in Table 6. The 3%
McMAP sample showed a slight improvement in the resistance
to abrasion with respect to the F-Blank sample and lower losses
from mechanical wear were observed with a value of 179.20 mg
obtained.
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Table 6: Evaluation of the mechanical properties of coatings.

Formulations Abrasion Flexibility Cupping Adhesion
Wear Index (mg) | Diameter mandrel without fail (mm) | Impact resistence (mm) Mpa Type failure

F-Blank 193.40 12 1.00 (£ 0.68) 1.77 (£ 0.03) | 100% cohesive

F-3% McMAP | 179.10 12 0.59 (£ 0.04) 0.74 (+ 0.04) | 90% cohesive

F-9% McMAP | - - - - -

C-INT 342.70 16 1.70 (£ 0.12) 1.06 (£ 0.04) | 90% cohesive

C-IGN 274.22 2 8.38 (+ 0.04) 3.50 (+ 0.69) | 98% adhesive
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Figure S2 shows the mass loss of the coatings for the abrasion
test. The commercial coatings exhibited the greatest losses, with
values of 342.70 and 274.22 mg for the C-INT and C-IGN,
respectively. Flexibility tests indicate that formulated coatings
performed better than the C-INT, and worse than the C-ING
(Figure S3). Because the latter is a varnish, it has excellent
flexing properties, unlike high solid content coatings where there
is a deficiency of resin in the solid volume (Table 6). The
moderate behavior revealed for the F-3% McMAP is due to the
presence of MCMAP particles in the formulation. These results
agree with those obtained in the abrasion test. The particle size,
degree of packing, and continuity of the film are determining
factors for obtaining excellent mechanical film properties. A
reduction in the adherence by over 50% was determined; in both
formulations the failure mechanism resulted from inadequate
cohesion, indicating poor physical interaction within the coating
layer. Lower thickness coatings are incomparable with higher
thickness coatings in terms of mechanical test

The reference formulation (F-Blank) presented enhanced
adhesion to the metallic substrate in comparison to the F-3%
McMAP sample, indicating that the incorporation of the
microcapsules produces a relatively negligible negative effect on
the adherence to the metal. 1.77 + 0.03 MPa of adhesion was
determined for F-Blank, compared to 0.74 + 0.01 MPa for F-3%
McMAP. Figure S4 shows the results of the adhesion and
cupping tests. The cupping test showed similar trends to those
observed in adherence tests; the commercial coatings perform
better than McMAP formulated coatings. The coatings obtained
with F-9% McMAP failed to obtain film properties and covering
power due to the high amount of McMAP, for this reason it was
not possible to evaluate their mechanical properties.

Fire Behavior of the Coating

Fire performance tests for the formulated coatings, were
performed on the wood substrate (MDF). Figure 6 shows the
specimens after the flame resistance test; a zone of fire
advancement is observed on the wood surface. The largest
affected area and the highest fire spread rate occurred on
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uncoated wood, followed by F-Blank and F-9% McMAP. For
the F-3% McMAP formulation, the fire expanded to a lesser
degree, behaving similarly to commercial coatings (C-INT and
C-IGN). We expected that the fire-retardant effect would be
superior with a higher MAP microcapsules content. However,
the opposite was seen; this was attributed to the excellent
properties of the 3% McMAP film where its components were
homogeneously dispersed, and well-integrated with the resin.
Likewise, the presence of L-MWT and McMAP play an
important role in generating a sufficient fire-retardant effect. As
such, tannins are excellent materials for generating a
carbonaceous layer that prevents flame propagation. No
significant intumescent behavior (foaming or swelling) was
observed in any of the formulated coatings. However, a uniform
carbonaceous layer was formed on the wood substrate.

Figure 6: Flame resistance of the formulated coatings.

Figure 7 illustrates the temperature versus time curve of the
flame resistance test. This curve represents the increase in
temperature of the back of the substrate, where each coating was
applied. As can be seen, the flame behavior process occurs in
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three stages. The first stage corresponds to the initial interaction
of the fire with the coating; a high-temperature gradient does not
occur and it is maintained at 0 - 1.5 °C above the initial test
temperature, whereas for C-INT, AT = 0 °C. In the second stage,
a dramatic increase in the temperature gradient occurred from 45
to 90 s, until it reached a maximum, due to the partial loss of the
coating from the substrate. The maximum obtained temperature
gradients were between 10.40 and 32.80 °C. The highest
gradient was obtained for F-9% McMAP, followed by F-3%
McMAP. The final stage is the complete degradation of the
coating and the advance of the fire on the wood. A decrease in
AT was observed due to the formation of a superficial
carbonaceous layer. This effect was not seen for C-INT, in
which only the first two stages were observed. This was due to
the formation of foam and/or intumescence of the coating,
preventing direct flame propagation and protecting the substrate.
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Figure 7: Fire behavior of the formulated coatings.

The results obtained for the carbonization index and the loss of
mass in the wood substrate are reported in Table 7 and plotted in
Figure 8. These tests were carried out strictly according to the
ASTM D1360-90a (1994) standard methodology. The results
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were limited to the ASTM D1360-90a test setup, it could maybe
be different if tested in, e.g., the ISO 5660 Cone Calorimeter at
varying heat fluxes or in the full-scale ISO 9705 Room Corner
Test, i.e., tests far outside the focus of the present study. Some
materials perform well in small scale tests but fail
catastrophically in large- or full-scale situations due to high
radiant heat flux levels.

The best carbonization index performance was obtained for the
F-3% McMAP coating with a value of 26.86% determined. This
result confirms that superior film and mechanical properties are
extremely important to enhance the fire-retardant properties. The
carbonization index of uncoated wood was 37.44% indicating
that coatings that contain tannins and McMAP act as flame
retardants as they generate a carbonaceous layer that reduces the
mass loss of the wood substrate. The C-INT and C-IGN
commercial coatings presented carbonization indices of 32.50%
and 39.02%, respectively, demonstrating the superior
performance of the F-3% McMAP. Importantly, the F-3%
MCcMAP coating displayed the lowest mass loss percentage
(9.05%), better than the other formulated coatings and the
uncoated wood. The mass loss of the F-3% McMAP coating is
greater in comparison to the C-INT, however, its film behavior
is superior. Therefore, fire-retardant properties are present in this
film. On the other hand, increasing the McMAP content
generates greater flame resistance, however, suitable protection
is not observed since the carbonization indices and the mass loss
percentage are higher. Excellent film properties are essential, as
these directly influence the behavior of the coating toward fire.
Non-continuous film coatings that contain fissures or cracks
allow the heat transport to pass the coating, reducing the fire
resistance properties. Although the 3% formulation was the most
efficient, other studies where other percentages of microcapsules
are contemplated and tests in Cone calorimetry with different
heat fluxes must be carried out, for the complete characterization
of the formulas and better understand their resistance against
fire.
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Figure 8: Mass loss and carbonization index of the coatings.

Table 7: Mass Loss and Carbonization Index of Coatings.

Formulations % Carbonization Index % Mass Loss
Uncoated wood 37.40 15.80
F-Blank 33.40 11.40
F-3% McMAP 26.80 9.00
F-9% McMAP 37.80 14.30
C-INT 32.50 3.70
C-IGN 39.00 12.40
Conclusions

We obtained MAP microcapsules through a solution-phase
polymeric reaction between melamine and polyvinyl alcohol, as
confirmed by FTIR and TGA. Agglomerated microspheres of
uniform size were generated, with an average size of 0.98 um
and no irregularities. The formulated coatings presented high
values of PVC that increased as the incorporation of McMAP
increased, affecting the film properties. The three obtained
coatings were hydrophilic in character since their contact angles
were lower than 90°, however, these angles were higher than
those of C-INT and were close to those of C-IGN. The
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mechanical properties of the F-Blank and F-3% McMAP
formulated coating were similar. Increasing the amount of
McMAP did not improve the mechanical properties of the
coatings; on the contrary, the properties were diminished
although not significantly. The coatings containing McMAP
exhibited lower temperature gradients indicating greater
resistance to fire. The fire progress and substrate temperature
were well controlled by the coatings. The F-3% McMAP coating
exhibited superior mechanical and fire resistance properties
compared to the F-9% MCcMAP coating. Based on this, we
conclude that the properties of the coatings deteriorate due to
agglomeration upon incorporation of higher amounts of
McMAP.

References

1. Jimenez M, Duquesne S, Bourbigot S. Intumescent fire
protective coating: Toward a better understanding of their
mechanism of action. Thermochim. Acta. 2006; 449: 16—26.

2. Puri RG, Khanna AS. Effect of cenospheres on the char
formation and fire protective performance of water-based
intumescent coatings on structural steel. Prog. Org.
Coatings. 2016; 92: 8-15.

3. Han Y, Wu H, Zhang W, Zou D, Liu G, et al. Constitutive
equation and dynamic recrystallization behavior of as-cast
254SMO super-austenitic stainless steel. Mater. Des. 2015;
69: 230-240.

4. Laoutid F, Bonnaud L, Alexandre M, Lopez-Cuesta JM,
Dubois P. New prospects in flame retardant polymer
materials: From fundamentals to nanocomposites. Mater.
Sci. Eng. R Reports. 2009; 63: 100-125.

5. Wang ZY, Han EH, Ke W. Fire-resistant effect of nanoclay
on intumescent nanocomposite coatings. J. Appl. Polym.
Sci. 2007; 103: 1681-1689.

6. Liu Z, Dai M, Zhang Y, Gao X, Zhang Q. Preparation and
performances of novel waterborne intumescent fire retardant
coatings. Prog. Org. Coatings. 2016; 95: 100-106.

7. Shao ZB, Deng C, Tan Y, Chen MJ, Chen L, et al. Flame
retardation of polypropylene via a novel intumescent flame

25 www.videleaf.com



Surfaces, Interfaces and Coatings Technology

10.

11.

12.

13.

14.

15.

16.

17.

26

retardant: Ethylenediamine-modified ammonium
polyphosphate. Polym. Degrad. Stab. 2014; 106: 83-96.

Cao K, Wu SL, Wang KL, Yao Z. Kinetic study on surface
modification of ammonium polyphosphate with melamine.
Ind. Eng. Chem. Res. 2011; 50: 8402-8406.

Liu Z, Dai M, Hu Q, Liu S, Gao X, et al. Effect of
microencapsulated ammonium polyphosphate on the
durability and fire resistance of waterborne intumescent fire-
retardant coatings. J. Coatings Technol. Res. 2019; 16: 135—
145.

Yew MC, Ramli Sulong NH. Fire-resistive performance of
intumescent flame-retardant coatings for steel. Mater. Des.
2012; 34: 719-724.

Wu K, Song L, Wang Z, Hu Y. Microencapsulation of
ammonium polyphosphate with PVA-melamine-
formaldehyde resin and its flame retardance in
polypropylene. Polym. Adv. Technol. 2008; 19: 1914-1921.
Montoya LF, Contreras D, Jaramillo AF, Carrasco C,
Fernandez K, et al. Study of anticorrosive coatings based on
high and low molecular weight polyphenols extracted from
the Pine radiata bark. Prog. Org. Coatings. 2019; 127.
Jaramillo AF, Montoya LF, Prabhakar JM, Sanhueza JP,
Fernandez K, et al. Formulation of a multifunctional coating
based on polyphenols extracted from the Pine radiata bark
and functionalized zinc oxide nanoparticles: Evaluation of
hydrophobic and anticorrosive properties. Prog. Org.
Coatings. 2019; 135: 191-204.

Amaral-Labat G, Szczurek A, Fierro V, Stein N, Boulanger
C, et al. Pore structure and electrochemical performances of
tannin-based carbon cryogels. Biomass and Bioenergy.
2012; 39: 274-282.

Celzard A, Fierro V, Amaral-Labat G, Pizzi A, Torero J.
Flammability assessment of tannin-based cellular materials.
Polym. Degrad. Stab. 2011; 96: 477-482.

Bocalandro C, Sanhueza V, GOmez-Caravaca AM,
Gonzélez-Alvarez J, Fernandez K, et al. Comparison of the
composition of Pinus radiata bark extracts obtained at
bench- and pilot-scales. Ind. Crops Prod. 2012; 38: 21-26.
Asbeck WK, Loo M. Van Critical Pigment Volume
Relationships. Ind. Eng. Chem. 1949; 41: 1470-1475.

www.videleaf.com



Surfaces, Interfaces and Coatings Technology

18.

19.

20.

21.

22.

23.

27

Rodriguez MT, Gracenea JJ, Saura JJ, Suay JJ. The
influence of the critical pigment volume concentration
(CPVC) on the properties of an epoxy coating: Part II.
Anticorrosion and economic properties. Prog. Org. Coatings.
2004; 50: 68-74.

Chupin L, Motillon C, Charrier-El Bouhtoury F, Pizzi A,
Charrier B. Characterisation of maritime pine (Pinus
pinaster) bark tannins extracted under different conditions
by spectroscopic methods, FTIR and HPLC. Ind. Crops
Prod. 2013; 49: 897-903.

El-Zaher NA, Osiris WG. Thermal and structural properties
of poly(vinyl alcohol) doped with hydroxypropyl cellulose.
J. Appl. Polym. Sci. 2005; 96: 1914-1923.

Giraud S, Bourbigot S, Rochery M, Vroman I, Tighzert L, et
al. Microencapsulation of phosphate: Application to flame
retarded coated cotton. Polym. Degrad. Stab. 2002; 77: 285—
297.

Kim JH, Kwon DJ, Shin PS, Baek YM, Park HS, et al. The
evaluation of the interfacial and flame retardant properties of
glass fiber/unsaturated polyester composites  with
ammonium dihydrogen phosphate. Compos. Part B Eng.
2019; 167: 221-230.

Patrick Lim WK, Mariatti M, Chow WS, Mar KT. Effect of
intumescent ammonium polyphosphate (APP) and melamine
cyanurate (MC) on the properties of epoxy/glass fiber
composites. Compos. Part B Eng. 2012; 43: 124-128.

www.videleaf.com



Surfaces, Interfaces and Coatings Technology

Supplementary Materials:

Figure S1: a-b) Opacity Tests a) F-Blank, b) F-3% McMAP, c¢) F-6%
McTannin, d-i) Application of the coating on metal substrate d) F-Blank, e) F-
3% McMAP, f) F-6% McTannin, g) F-9% McMAP

F-Blank F-3% McMAP C.INT C.IGN

Figure S2: Wear Index a) F-Blank, b) F-3% McMAP, c) C.IGN and d) C.INT.
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Figure S3: Flexibility test a) F-Blank, b) F-3% McMAP, c) C.IGN and d)
C.INT.
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Figure S4: Cupping (green bar) and Pull-off adhesion (blue bar) test on
metallic substrate.

Figure S5. MAP reaction without encapsulation with Na,CO5
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Abstract

Since graphene oxide can be synthesized in large quantities by
oxidation of inexpensively available natural graphite and can be
dispersed in water, it can be coated onto a variety of substrates
by solution processes. Graphene oxide can also be reduced to
yield reduced graphene oxide, which has similar electronic
features to graphene. This review introduces the environmentally
friendly methods for the synthesis of reduced graphene oxide
utilizing electrochemical and thermal methods and summarizes
our recent research results on their application to energy-related
materials such as electric double-layer capacitors, thermoelectric
devices, transparent conductive films, and lithium-ion secondary
batteries.

Keywords

Graphene Oxide; Reduced Graphene Oxide; Environmentally
Friendly Methods; Sol-Gel Method; Electric Double-Layer
Capacitors; Thermoelectric Devices; Transparent Conductive
Films; Lithium-lon Secondary Batteries

Introduction

Graphene is a single layer of carbon atoms lined up in a
hexagonal lattice, and graphite is composed of these multiple
layers. Until the 2000s, graphene was difficult to obtain, and
research in this area was slow for many years. However, in
2004, Andre Geim and Konstantin Novoselov succeeded in
obtaining graphene by attaching a piece of graphite to
cellophane tape (Scotch tape) and peeling it off, and since
then, graphene has attracted attention as a new electronic
functional material due to its unique electrical properties [1].
Graphene can be obtained not only by direct exfoliation from
graphite by tape (as described above) but also by the chemical
vapor deposition (CVD) method. However, the former is
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inefficient and the latter requires large equipment, so both are not
suitable for industrial use. On the other hand, the synthesis of
graphene via graphene oxide, which is obtained from the
oxidation of graphite, has recently attracted much interest due to
its suitability for mass-scale synthesis (Figure 1). In this
method, graphite oxide is first synthesized by chemical
oxidation of graphite. Graphite oxide has many hydrophilic
oxygen functional groups inserted between the graphite
layers, which weakens the interaction between the layers, and
can be easily exfoliated into a monolayer by sonication in
water to produce graphene oxide (GO), which is uniformly
dispersed in water. Finally, the GO can be reduced to obtain a
material with electrical properties similar to graphene. Strictly
speaking, however, it is difficult to obtain perfect graphene
from this method, so the material obtained fromthis method is
often called “reduced graphene oxide” (rGO).

There are three main methods of GO reduction: (1) chemical
reduction, (2) electrochemical reduction, and (3) thermal
reduction. Among them, chemical reduction is the most
frequently used method to synthesize rGO by the chemical
reduction of oxygen functional groups such as epoxy groups in
GO using a reducing agent such as hydrazine [2]. However, due
to the high toxicity of hydrazine, reduction using hydrazine is
not a preferred methodfrom an industrial viewpoint. Recently,
reduction using hydrogen iodide has also been attempted [3],
but this method is also industrially undesirable because
hydrogen iodide is highly corrosive. In addition, a unique
reduction method using food-derived substances such as
vitamin C [4], glucose [5], and xylitol [6] has been reported,
but their reaction efficiency is not very high. More recently,
reduction methods of GO using Joule heat and microwaves
have also been reported [7].
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graphite graphite oxide graphene oxide: GO graphene
(reduced graphene oxide: rGO)

Figure 1: Synthetic route of graphene (reduced graphene oxide) through
graphene oxide from graphite (1: oxidation, 2: exfoliation, 3: reduction).
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In contrast, electrochemical reduction is a method of reducing
oxygen groups by electrode reaction and is therefore more
environmentally friendly than chemical reduction methods in
that it does not use toxic reagents. Another feature is that the
electronic state of the resulting graphene can be easily
manipulated by controlling the reduction level through
electrolysis conditions. The thermal reduction method is not
exactly a reduction reaction but rather a simple thermal
decomposition which removes the oxygen functional groups
(hydroxyl, epoxy, carboxyl groups, etc.) in GO. This method
can synthesize rGO on a mass scale as long as there is an
electric furnace that can provide heat in an inert atmosphere,
making it suitable for industrial-scale production processes in
addition to being environmentally friendly.

In this review, the electrochemical and thermal reduction
methods that we adopted for the synthesis of rGO are
introduced, and examples of our efforts to develop
highperformance energy-related materials using each method are
presented. Since this review summarizes the GO-related research
we have been working on, it is recommended that the readers
refer to the recent review by Prof. M. Mercedes Velazquez et
al. on the myriad of GO-related research that has been carried
out [8].

Synthesis of Graphene Oxide

There are three main methods used for the synthesis of GO:
Brodie [9], Staudenmaier [10], and Hummers [11] methods.
Among these methods, the Brodie and Staudenmaier methods
use potassium chlorate as the oxidizing agent, while the
Hummers method uses potassium permanganate as the oxidizing
agent to reduce the risk of explosion, which was a concern in the
former two methods. However, in the Hummers method, only
the surface of the graphite is oxidized, leaving an incompletely
oxidized graphite core, which tends to produce oxidized graphite
with insufficient exfoliation. Therefore, the Modified Hummers
[12] and Improved Hummers [13] methods were developed to
improve the synthesis efficiency of GO by pre-oxidation of
graphite. Details on the characteristics of these GO synthesis
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methods are provided in the review by Prof. M. Mercedes
Veldzquez et al. [8]. In our study, the Modified Hummers
method was employed and GO aqueous dispersions were
synthesized by the following procedure.

The natural graphite powder (2.0 g) was put into a solution of
concentrated H,SO,4 (8 mL), K,S,05 (1.0 g), and P,Os (1.0 g),
and stirred at 80 °C for 5 h. The mixture was cooled to room
temperature, and 200 mL of deionized water was slowly
added and left to stand overnight. The solution was filtered
through a Buchner funnel, washed until the filtrate was
neutral, and dried spontaneously at room temperature to
obtain a pre-oxidized graphite powder. The pre-oxidized
graphite was then subjected to oxidation by the Hummers
method. The pre-oxidized graphite powder (2.0 g) was put
into cold (0 °C) concentrated H,SO4 (50 mL). KMnO, (7.0 g)
was added gradually with stirring and cooling for 1 h. The
mixture was then stirred at 35 °C for 2 h, and distilled water
(110 mL) was added at 0 °C. Hydrogen peroxide solution
was added until no gas was generated from the reaction
solution, after which the color of the mixture changed to bright
brown. Using a Buchner funnel, the mixture was filtered and
washed with 9 vol % HCI solution (500 mL) in order to remove
metal ions. The GO product was suspended in distilled water
to give aviscous dispersion, which was subjected to dialysis
using a standard regenerated cellulose dialysis membrane
(Spectra/Por® 1, Repligen Corp. (formerly Spectrum
Laboratories, Inc.), Rancho Dominguez, CA, USA) to
completely remove metal ions and acids. This process was
carried out for one week while changing the distilled water.
The GO was thendispersed in water by sonication for 1 h. GO
was dispersed in water by sonication for 1 h and then
centrifuged to remove the few remaining impurities (this process
was carried out twice). The concentration of the final GO
aqueous dispersion was determined by vacuumdrying 1.0 mL
of the GO aqueous dispersion and measuring the weight of
the resulting GO powder.
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Electrochemical Reduction
Electrochemical Reduction of GO in Organic Solvents

The electrochemical reduction of GO is generally carried out
in aqueous electrolyte solutions, but since GO is water
dispersible, it is necessary to immobilize GO on the electrode
by prior chemical treatment [14]. We carried out the
electrochemical reduction of GO in organic solvents, taking
advantage of the fact that GO does not detach from the
electrode in organic solvents as compared to aqueous Systems
[15]. For the electrochemical reduction of GO, platinum and
indium-tin oxide (ITO) could be used as working electrodes, but
the reduction reaction proceeded more effectively when fluorine-
doped tin oxide (FTO), which can be applied in a wide
potential window, was used. Figure 2 shows the linear sweep
voltammetry (LSV) of the system using propylene carbonate
(PC) as the organic solvent, tetraethylammonium
tetrafluoroborate (Et;NBF,) as the supporting electrolyte, and
FTO coated with a drop-cast film of GO as the working
electrode. For comparison, the LSV data using only FTO
without GO coating (bare FTO) as the working electrode
are also shown. The reduction current flowed from around

0.5 V vs. Fc/Fc™, indicating that electrochemical reduction of
GO is possible. When the applied potential became more
negative than 1.0 V at LSV, the color of the film changed from
brown to black, suggesting that GO was changing to rGO
(Figure 3). Electrochemically reduced GO is henceforth
referred to as “erGO”.

6 www.videleaf.com



Surfaces, Interfaces and Coatings Technology

Current / mA

25 20 A5 40 05 00
Potential / V vs. Fc/Fc*

Figure 2: Linear sweep voltammogram of GO (red) (supporting
electrolyte: 0.5 M EtNBF, inpropylene carbonate). As a reference, the
LSV curve of bare FTO is shown (blue).

Figure 3: Photo-images of GO (left) and erGO (right).

Fourier Transform Infrared (FT-IR) and X-ray photoelectron
spectroscopy (XPS) were measured to identify the chemical
structure of erGO (Figure 4). Although no significant
absorption bands were observed in the raw graphite,
absorption bands originating from C=0 stretching vibration of
the carbonyl group, angular vibration of the carboxyl group,
and C—OH stretching vibration of the hydroxyl group were
observed in GO powder at 1740, 1370, and 1220 cmt
respectively. However, after the electrochemical reduction of
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GO, the characteristic absorption bands were no longer
observed in the spectrum of the films as in graphite,
suggesting that most of the oxygen-containing groups were
removed by the electrochemical reduction. In addition, the
Cls spectra in XPS showed that the signal derived from
oxidized species in GO almost completely disappeared by
electrochemical reduction. In order to investigate the
electrical properties of erGO, the electrical conductivity of
erGO films was measured by the four-probe method and
found to be about 3 S cm™, which is comparable to that of
rGO obtained by chemical reductionwith hydrazine.
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Figure 4: (a) FT-IR and (b) XPS spectra of erGO.

In addition to its high electrical conductivity, graphene has a
large specific surface area of 2600 m? g ', which makes it
promising as an electrode material for electric double-layer
capacitors (EDLCs). EDLC is one of the electronic components
used in a wide range of industries as a backup power source for
integrated circuit (IC) and large-scale integration (LSI)
memories and actuators. The sweep rate dependence of the
specific capacity of EDLC prepared using erGO obtained by
electrochemical reduction in propylene carbonate (PC) is shown
in Figure 5. Although the rate of decrease in specific capacitance
was about 20% compared to that at 10 mV s %, it was found
that the specific capacitance was maintained to some extent.
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Figure 5: Specific capacitances of erGO/FTO in EtNBF, (0.5 M) in
propylene carbonate plottedagainst the scan rate.

Preparation of Alternating Layer Films with
Conducting Polymers

In erGO, many oxygen groups are removed after reduction,
and the graphene-like m-conjugated structure is reconstructed,
resulting in stronger n-plane interactions. Therefore, erGO single
component films do not provide as high a surface area as
expected because they tend to stack similar to graphite. One of
the promising methods to increase capacitance is to add
pseudo-capacitance based on redox reaction, and
conducting polymers areattracting attention as a material to
be used for providing pseudo-capacitance [16,17]. However,
because it has been difficult to find an efficient way to
composite  graphene with conducting polymers, the
conventional method suffers from degradation due to swelling
and disintegration during repeated redox reactions, resulting in
a decrease in the cycle life.

We have developed an easy method to fabricate alternating
layered films of rGO and conducting polymers by taking
advantage of the fact that conducting polymers can be easily
synthesized by electrochemical oxidative polymerization and
that the resulting polymer films are deposited on the electrode
surface [18,19]. We focused on the fact that among conducting
polymers, polyaniline (PAn) and polypyrrole (PPy) can be
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synthesized using relatively inexpensive and water-soluble
aniline (An) and pyrrole (Py) as starting materials, and we
developed an efficient method to fabricate alternating layered
films by the following method using a two-electrode cell. GO
aqueous dispersion containing sulfuric acid and An was cast on
the FTO electrode and then sandwiched through the spacer
(Figure 6a). In order to obtain PAn by electrochemical oxidative
polymerization of An, the monomer An must be oxidized to
generate cation radicals. However, if the resulting PAn is
subjected to a high oxidation state (peroxidation state), it will
degrade due to oxidative decay [20,21], so the applied voltage
should be as low as possible. Therefore, optimization of the
voltage applied to the cell was carried out. As a result, it was
found that the lowestvoltage at which PAn could be obtained
was 1.4 V, so a voltage of -1.4 V~ +1.4 V was applied
between the two electrodes. On the other hand, GO is
sufficiently electrolytically reduced at -1.4 V to produce
erGO, but once GO is reduced to yield erGO, erGO is not re-
oxidized back to GO at a voltage of about +1.4 V. Therefore,
if a voltage of +1.4 V and -1.4 V is applied to both electrodes
alternately, erGO and PAn are generated alternately on both
electrodes, and two composite films are produced
simultaneously (Figure 6b). It is also possible to fabricate
composite films in which erGO and PAn are uniformly dispersed
across each other by applying voltage in a scanning manner
in this system. When PAn is oxidized, it incorporates the
anionic moiety of the electrolyte in solution (doping), and
when it is reduced, it releases the anion (de-doping). When
the voltage is scanned, the doping/de-doping process
smoothly takes place and the molecular chains of PAn can
easily form a stable network. It can also be expected that the
specific surface area of erGO will increase as PAn inserts
between each layer of erGO sheets and props up each sheet.
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Figure 6: Illustration of a two-electrode cell for electrochemical
conversion of GO/An to theerGO/PAn composite: (a) Set-up of the cell,
(b) Redox reaction occurring at both electrodes.

An example of the cyclic voltammogram (CV) of the
erGO/PAN composite film obtained by this method is shown
in Figure 7. The current flowing from around +1.1 V isthe
oxidation current of An. The peak current at around +0.26 V
seen immediately after the start of the voltage scan is thought to
be due to the redox reaction of quinone/hydroquinone groups,
which is also seen in other carbon materials [22,23]. This peak
current disappears after 50 voltage scans, suggesting that GO
has been completely reduced and converted toerGO. The large
peak current at around 0 V is the redox wave of PAnN that
continues to be generated on the electrode. The behavior of the
CV curves indicates that the electrochemical oxidation of An
acts as well as the electrode reaction of the counter electrode
when GO is electrochemically reduced to produce erGO.
When voltage was applied to the solutioncontaining only GO
without An, almost no current was observed and the
electrochemicalreduction of GO did not proceed.
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Figure 7: CV curves of a two-electrode cell of the mixture (GO + An +
H2S04) at 100 mV's .,

The brittleness of the resulting erGO/PAn composite film was
reduced due to the uniform dispersion of PAn between the
erGO sheets, and the film was easily peeled off from the
FTO electrode to obtain a self-standing film. The film was
flexible and could be bent or folded at sharp angles (Figure
8). It can also be cut out into any desired shape. These
characteristics are beneficial properties when considering
practical applications (especially wearable devices). The
electrical conductivity of the composite film was 70 S cm™,
which is significantly higher than that of erGO film (3 S
cm ') and PAn nanofiber film (2 S cm™) [24].

Figure 8: Photo-image of the erGO/PAn composite film.
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The capacitance of EDLC with the obtained erGO/PANn
composite film was significantly affected by the mass ratio of
GO and An in the reaction solution (GO:An ratio), and the
highest capacitance of 205 F g was obtained when the
GO:An ratio was 4:1 (H,SO, concentration: 2.0 mol dm‘3).
EDLCs using erGO/PAn composite films obtained from the
reaction solutions with different GO:An ratios (2:1, 4:1, and
16:1), denoted as erGO/PAn-2:1, erGO/PAN-4:1, and erGO-
PAN-16:1, respectively, were repeatedly charged and
discharged under the same voltage scanning conditions as in
Figure 7, and their cycle life was investigated (Figure 9). At
the beginning of the cycle, their capacities were 159 F g™ for
erGO/PAN-2:1, 206 F g for erGO/PAN-4:1, and 193 F g*
for erGO/PAN-16:1. The capacities of all of them decreased
slightly by repetition of charging and discharging. Further
charge—discharge cycles were repeated, and when the number
of cycles exceeded 3000, the capacity became constant
regardless of the number of cycles. Even after 20,000 cycles, the
capacities of erGO/PAN-2:1, erGO/PAN-4:1, and erGO/PAN-
16:1 remained at 95 F g%, 141 F g, and 160 F g}
respectively, all showing a good cycle life.
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Figure 9: Changes in specific capacitance cycle number for composite
films of erGO/PAN.

As a new application of the resulting rGO/conducting

polymer composite films, we also investigated their
thermoelectric properties. Thermoelectric devices, which can
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directly convert thermal energy into electrical energy, have long
been used as power sources, such as space probes (such as
“Voyager”) in faraway places where sunlight cannot reach,
and are coming back into the limelight as a technology to
recover unused heat. Organic thermoelectric materials using
conducting polymers (polythiophene and polyaniline) and
nanocarbon compounds (carbon nanotubes and graphene) have
been attracting attention for their application to the recovery of
unused heat. We have also been working on the development
of thermoelectric materials based on polythiophenes with
various molecular structures [25-31] and their composites
with carbon nanotubes [32]. As part of these studies, we also
investigated the thermoelectric properties of the erGO/PAN
composite film prepared by the method shown above.

The performance of thermoelectric materials is evaluated to be
excellent when the ZT value shown in Equation (1) is large.

2
Sor_ PRy )
K K

T =

where o is the electrical conductivity, S is the Seebeck
coefficient, « is the thermal conductivity, T is the operating
environment temperature, and PF is the power factor (PF =

820). In this study, we investigated the effect of the fabrication
conditions of the composite film on the ZT value.

Two methods of fabricating composite films were
investigated: (1) the potential scanning method, where a
voltage is applied in a triangular wave in the range of 1.4V
and (2) the potential stepping method, where two potentials of
+1.4 V and -1.4 V are applied alternately. Two types of
substrates, FTO and stainless steel (SUS), were investigated
for the working electrode. It was found that the thermoelectric
properties of the resulting composite films were significantly
affected by the combination of these factors. Among them,
the composite film prepared by the potential step method
using an SUS plate as the working electrode showed the
highest thermoelectric performance. The thermoelectric
properties of the composite films were also found to be affected
by the electrolysis treatment time, and the electrical
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conductivity started to increase rapidly after 5 h of treatment
and reached its highest value after about 10 h (Figure 10).
However, when the electrolytic treatment time exceeded 15 h,
the electrical conductivity began to decrease. This was
attributed to the peroxidation of PAn caused by the prolonged
electrolytic treatment. On the other hand, the Seebeck
coefficient did not change significantly with the electrolysis
time. As a result, the power factor was also affected by the
large change in electrical conductivity and showed the
highest value around 10 h of electrolysis treatment time. In
general, the thermal conductivity of graphene alone is very
high, 3000 W m™ K™, which works as a disadvantage to
reduce the ZT value. However, by compositing with PAn,
which has a relatively low thermal conductivity of 0.1 ~ 0.3
W m™* K™, the thermal conductivity of the composite films
could be reduced to 0.05 ~ 0.85 W m™* K, resulting ina
maximum ZT value of 0.024 for the composite films.

In our research, we have been concentrating on compositing
rGO with conducting polymers, but electrochemical methods are
very useful, not only for organic materials, but also for
compositing with inorganic materials such as nickel [33-35].
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Figure 10: Thermoelectric properties of erGO/PAn composites prepared by
various electrolysis times.
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Thermal Reduction
Application to Transparent Conductive Films with
High Mechanical Strength by Combination with Silica

When extremely thin graphene films are applied to glass
substrates, transparent conductive films can be produced due to
the excellent electrical conductivity and transparency of
graphene. However, graphene is brittle and does not adhere well
to the glass substrate, which causes the problem of graphene
detaching from the glass substrate after long-term use. We have
previously reported that when tetraethyl orthosilicate (TEOS) is
added to an aqueous dispersion of a commercially available
conducting polymer, a composite  of  poly(3,4-
ethylenedioxythiophene) and poly(4-styrenesulfonic  acid)
(PEDOT:PSS, Figure 11), the water and acid (sulfonic acid in
PSS) cause a sol-gel reaction of TEOS to form a composite of
PEDOT:PSS and silica. The resulting silica can adhere to the
surface of the glass substrate through chemical bonds (Figure
12), and we have succeeded in developing transparent
conductive films with excellent mechanical properties such as
scratch hardness and adhesion strength [36]. In addition, while
this film has excellent transparency in the visible light range, it
has high absorption of near-infrared light. Therefore, it is
highly expected that this feature can be used to make this film
applicable to heat-shielding materials [37].
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Figure 11: Chemical structure of PEDOT:PSS.
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Figure 12: Synthesis of the PEDOT:PSS/silica composite using sol-gel
reaction.

The sol-gel reaction used here is a reaction in which
organometallic and inorganic compounds (such as TEOS and
tetrachlorosilane) containing the target metal are hydrolyzed
and polycondensed in the presence of an acid or basic catalyst
and water to produce metal oxides [38,39]. For example,
multifunctional alkoxysilanes and halosilanes can easily yield
silicon dioxide (silica, SiO,) by sol-gel reaction (Figure 13).
This technique has been applied in various fields as a simple
method to fabricate metal oxide thin films. Silica-like polymers
(polysilsesquioxane), in which one of the substituents on the
silicon atom is replaced by an organic group, can also be
synthesized by the same method, and various functions can be
introduced by the organic substituents [40-47].
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Figure 13: Mechanism of the sol—gel reaction.

Since GO is obtained by oxidizing graphite under acidic
conditions and exfoliating itin water and the product contains
many acidic functional groups such as hydroxyl and carboxyl
groups, the aqueous dispersion of GO can be obtained in an
acidic state. Hence, it is expected that the GO acidic agueous
dispersion with these characteristics can be used to achieve
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the following: when TEOS is added to the GO acidic
aqueous dispersion, the sol—gel reaction proceeds simply by
mixing, and the GO/silica composite film can be obtained by
coating the resulting solution on a substrate. Finally, the
GOfsilica film is annealed in air or a vacuum to produce the
graphene/silica composite film (Figure 14). If the substrate is
a metal oxide such as silica glass or ITO, the graphene/silica
composite film can be strongly fixed to the substrate via
chemical bonding due to the dehydration condensation
between the hydroxyl groups on the substrate surface and the
silanol at the end of the molecular chain of silica in the film.
Based on this idea, graphene/silica composite films were
synthesized by the following method [48,49]: TEOS was
added to the GO acidic aqueous dispersion in the proportions
shown in Table 1 and stirred for 12 h at room temperature. A
phase separation between TEOS and GO aqueous dispersion
was observed immediately after TEOS was added to the GO
acidic aqueous dispersion. However, the solution became
homogeneous (sol state) as the reaction progressed and
hydrophilic silanols were formed. The resulting mixed
solution was spin-coated onto a glass or quartz substrate and
subjected to thermal reduction (reduction conditions: 300 °C in
air, 300 °C in a vacuum, 500 °C in a vacuum, and 800 °C in a
vacuum) to produce a composite film of thermally reduced
GO (“trGO”) and silica. Among the films prepared by the
feed ratios shown in Table 1, GS27 with the highest silica
content was visually confirmed to be inhomogeneous,
probably due to phase separation between trGO and silica.
Therefore, further investigations were performed only for the
composite films with a silica content less than 23 mol % (trGO
~ GS23).

Figure 14: Conceptual diagram of the synthesis of rGO/silica composite
films using sol—gel reaction.
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Table 1: Feed ratio of GO and TEOS and the theoretical content of silica in
the resulting films.

Films Feed Ratio of GO/TEOS SiO, Contents in
(Volume Ratio) Composite Films (mol

%)

trGO 1000/0 0.0

GS07 996/4 6.8

GS13 992/8 12.8

GS18 988/12 18.2

GS23 984/16 22.9

GS27 980/ 20 27.2

First, we investigated the effect of the concentration of GO
water dispersion on the transparency of the films (Figure 15).
As a result, the transmittance of the film prepared using the
solution with a GO concentration of 5 mg mL™ was
maintained at about 80% of that of the glass substrate alone,
indicating that the film had relatively high transparency. Next,
the effect of the silica concentration in the films was
investigated, and it was found that the transmittance of the
films was not significantly affected by changes in the composite
ratio of trGO to silica (Figure 16). The mechanical strength of
the films was evaluated using a pencil scratch hardness tester
[50], and it was confirmed that the films of trGO alone peeled
off when scratched with pencils of all harnesses in the range of
6B~6H. On the other hand, the strength of the trGO/silica
composite film increased as the silica content and the
annealing temperature of the film increased, and GS23
fabricated at 800 °C in a vacuum showed no damage to the
film even when scratched with a 3H hardness pencil (Figure
17). The electrical conductivity of the films was evaluated, and it
was found that the electrical conductivity tended to decrease as
the silica content in the film increased, while it tended to
increase as the heat treatment temperature of the film
increased (Figure 18). The correlation between the strength of
the films and the electrical conductivities was investigated and
it was found that the optimum relationship between the strength
and the electrical conductivity was established in the case where
the scratching strength of the film was F and the electrical
conductivity was 32 S cm™ (Figure 19).
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Figure 15: Transmission spectra of trGO films on slide glasses prepared with
GO solutions of 5 mg mL ™ (red) and 15 mg mL™ (blue). The dotted line
denotes the transmission spectrum of the slide glass itself.
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Figure 16: Transmittances of trGO/SiO, films at 550 nm plotted
against silica contents forGO =5 mg mL™* (red) and 15 mg mL* (blue).

20 www.videleaf.com



Surfaces, Interfaces and Coatings Technology

6H
5H [
aH[
3H[
2H[

HB

28|
3B

4B
58|
6B

Pencil hardness
m
T
1
1
i
1
i
1
1
1
]
1
1
1

0 7 13 18 23
SiO, contents (mol %)

Figure 17: Pencil hardness test of trGO and trGO/SiO, films prepared at
800 °C. (Red: cohesivefracture, Yellow: plastic deformation, and Blue: no
damage)
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Figure 18: Electrical conductivities of trGO and trGO/SiO, films as a
function of the silica content.
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of trGO/SiO, films.

Application to Anode Materials for Lithium-Ion
Secondary Batteries with High Capacity and High
Durability

In 2019, Goodenough, Whittingham, and Yoshino were awarded
the Nobel Prize in Chemistry for their achievements in research
and development on lithium-ion batteries (LIBs). Rechargeable
batteries, which can be used repeatedly by recharging, have
already been put to practical use as a power source for mobile
phones and laptop computers andare also expected to be further
developed as a power source for electric vehicles in the future
[51-54]. Among rechargeable batteries, LIBs have attracted the
most interest because of their high energy density, light weight,
and high output voltage. Yoshino is the first person in the world
to devise and manufacture a prototype rechargeable battery of
today’s LIBs, using graphite as the anode and lithium cobalt
oxide (LiCoO,) as the cathode. He also developed the basic
LIB technology of using aluminum (Al) as the positive electrode
current collector, as well as the electrode, battery, and
peripheral technologies necessary for practical use, resulting in
the commercialization of the LIB, a new type of compact and
lightweight rechargeable battery.

In LIBs using graphite as anode materials, lithium ions are
intercalated and deintercalated between the layers of graphite
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during charging and discharging (Equation (2)).
6C + Li* + e 2 CoLi (2)

From this equation, the theoretical capacity of carbon
materials such as graphite asthe anode material is 372 mAh g ™.
Currently developed LIBs have already achieved values close
to this theoretical capacity, and the development of new
materials with higher capacity is eagerly awaited in order to
expand their applications to large devices such as electric
vehicles and energy storage systems. Silicon (Si) is an anode
material that is currently attracting attention from this viewpoint
[55-58]. The use of Si can be expected to provide a high
theoretical capacity (4198 mAh g™*) based on Equation (3).

Si + 4.4 Li* + 446" 2 Liy,Si 3)

However, when Si is changed to Li,4Si, the volume expands
3.8 times, and the stress of expansion and shrinkage of the
material due to charging and discharging causes the Si to
collapse and pulverize and to detach from the electrode
(Figure 20). With the aim of overcoming this problem, we
applied our previously developed technology for the
synthesis of graphene/silica composites to synthesize
graphene/Si composites [59].

discharge
e

silicon

Figure 20: Collapse, pulverization, and detachment of silicon due to repeated
charging and discharging.

While GO can be reduced to graphene (trGO) only by heat

treatment at about 1000 °C, silica cannot be reduced only by heat
treatment at this temperature because of its high thermal stability.
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Commercially, silicon has been produced in the order of
hundreds of thousands of tons by reacting silica with carbon at
3000 °C in an electric furnace (Equation (4)) [60].

Si0,+2C —Si+2CO (4)

However, since the graphene/silica composite is used as the
starting material in thisstudy, if this composite is heated as is,
the carbon component in the composite will be used to reduce
the silica, as shown in Equation (4). Heat treatment at
temperatures as high as 3000 °C is also industrially costly. In
order to proceed the reduction of silica under mild heating
conditions without consuming the graphene in the composite,
we applied areduction method using magnesium metal (Mg)
(magnesiothermic reduction) [61].

The synthesis method is as follows; TEOS was added to the
GO aqueous dispersion (5 mg mL™) and stirred for 24 h.
Mg powder was added to the obtained GOfsilica
composite, dispersed by sonication, and dried at 80 °C.
After the dried samples were heat-treated (800 °C, vacuum), the
graphene/Si composites were prepared by removing the
byproducts of Mg-based compounds (MgO, Mg,Si, etc.) with
hydrochloric acid and the remaining silica with hydrofluoric
acid.

In order to evaluate the structure of the obtained product,
Raman spectroscopy was performed (Figure 21). In the
spectrum of the sample before heat treatment, the D band
derived from structural defects around 1350 cm™ and the G
band derived from the sixmembered ring structure around 1600
cm™, which are observed in graphite and graphene, were
observed. On the other hand, in the spectrum of the product
annealed in the presence of Mg, a sharp peak derived from Si
was newly observed at around 520 cm . These results suggest
that silica in the GO/silica composite can be reduced to Si by
heat treatment in the presence of Mg.
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Figure 21: Raman spectra of composites before (blue) and after (red)
magnesiothermic reduction.

XPS measurements were also performed to analyze the
composition of the composite (Figure 22). The Cls spectra
showed that the signals derived from sp® carbon (285 eV) and
the oxygen group (286 ~ 288 eV) in GO almost disappeared,
and the signal intensity derived from sp® carbon (284.3 eV)
increased in the composite obtained by annealing in the
presence of Mg. The Si2p spectrum showed that only one
signal derived from silica was observed around 103.5 eV in
the GO/silica spectrum, but when the composite was heated in
the presence of Mg, the intensity of this signal was greatly
reduced and new signals derived from Si (99.5 ~ 99.8 eV) and
partially oxidized silicon (SiOx, 0 < x < 2, 100.1 ~ 102.0 eV)
were observed. These results indicate that both GO and silica
could be reduced by heat treatment in the presence of
magnesium, although not completely. The composite obtained
by the magnesiothermic reduction is hereafter referred to as
“mrGO/Si”.
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Figure 22: (a) C1s and (b) Si2p XPS spectra of composites before (blue) and
after (red) magnesiothermic reduction.

A Dattery using the obtained mrGO/Si composite as the anode
material was fabricated and its charge—discharge characteristics
were investigated. The initial capacity of the LIB fabricated
with the mrGO/Si composite film was lower than that of the
battery fabricated with silicon alone, but about four times
higher than that of the battery fabricated with graphite. We
also found that the cycle stability of LIB with mrGO/Si
composite was superior to that of LIB with silicon (Figure
23).
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Figure 23: Cyclability of LIBs using the mrGO/Si composite (red), silicon
(blue), and graphite (green)as anodes.
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Summary and Perspectives

In this review, our recent topics on the synthetic method of
reduced graphene oxide (rGO) using graphene oxide by
electrochemical or thermal reduction were presented. It was
found that the rGO synthesized in this way can be used as
important electrode materials in energy storage devices such as
electric double-layer capacitors and lithium-ion batteries,
transparent conductive films that allow electricity to flow while
being transparent, and thermoelectric conversion devices that
can recover electric energy from unused and discarded
thermal energy. Since there is no need to use highly toxic
reagents and the reaction is clean in that it uses water as the
solvent, this method has a low environmental impact from the
perspective of industrialization, which is in line with the
“Sustainable Development Goals (SDGs)”.

As mentioned earlier, graphene oxide can also be chemically
reduced by food-related materials such as vitamin C. The
disadvantage of this method is its low reaction efficiency, but it
is very attractive from the perspective of environmental
friendliness.  This method, in combination  with
electrochemical or thermal reduction techniques, may lead to
the synthesis of graphene-like compounds with even higher
efficiency and environmental friendliness. It is also very
interesting to introduce microwaves. A novel GO reduction
method combining these two methods is currently under
investigation.
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Abstract

Copper nitride (CusN) is attracting a great interest in several
application fields, highlighting its use as a solar absorber
material for flexible and lightweight thin film solar cells. This
growing attention is because this metastable semiconductor is
non-toxic, composed of earth-abundant elements, and its band
gap energy can be easily tuneable according to manufacturing
conditions and deposition methods used.

Due to such interest, this work presents a summary about the
optimization of the CusN with the aim of demonstrating its
suitability to be considered, in a near future, as a good choice as
a light absorber. The CusN thin films were fabricated by reactive
radio-frequency (RF) magnetron sputtering at room temperature
(RT), at RF power (RFP) values ranged from 25 to 200 W, in
two controlled environments (pure N2 and a mixture of Ar/N;
gases) at different total pressures, ranged from 1.0 to 5.0 Pa. All
the thin films were deposited on both glass substrates and silicon
wafers. In the first section, the study is focused on determining
the best sputtering environment for the thin film fabrication;
meanwhile, in the second one, the work shows the influence of
the RFP on the thin film properties.

The structural, morphology and chemical properties were
determined using X-ray Diffraction (XRD), Raman and Fourier
Transform Infrared (FTIR) spectroscopies, Atomic Force
Microscopy (AFM), and Scanning Electron Microscopy (SEM)
equipped with Energy-dispersive X-ray spectroscopy (EDS)
analysis. The results revealed that the CusN films exhibited a
polycrystalline structure, with the preferred orientation varying
from (100) to (111) depending on the deposition conditions used.
Raman spectroscopy confirmed the presence of Cu-N bonds in
characteristic peaks observed in the 618-627 cm™ range, while
SEM and AFM images confirmed the presence of uniform and
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smooth surface morphologies. The optical properties,
investigated by UV-VIS-NIR and photothermal deflection (PDS)
spectroscopies, revealed suitable band gap, refractive index, and
Urbach energy values, indicating the interesting potential of
CusN as solar absorber for photovoltaic technology.

This study highlights the favourable properties of CusN films
deposited using the RF sputtering method, paving the way for
their implementation in the next-generation of thin-film
photovoltaic technologies. These findings contribute to the
progress and optimisation of CusN-based materials for efficient
solar energy conversion. The values obtained demonstrated the
capability of CusN for solar energy conversion applications.

Introduction

Transition metal nitride materials, such as copper nitride (CusN),
are attracting increasing interest because of their outstanding
optical, electrical and energy storage properties [1,2], which
have allowed this material to be used in a wide variety of
application fields, as pictured Figure 1. Among these application
fields, it can be highlighted integrated circuits, photodetectors,
optoelectronics, energy conversion applications and other related
technologies [3-5].

This material is a metastable non-toxic semiconductor that is
composed of earth-abundant elements, which makes it an eco-
friendly material, and with a band gap energy that can be easily
tuneable depending on both the manufacturing conditions and
the deposition methods.

CusN has been investigated as a potential material for energy
storage applications, such as batteries and other energy storage
devices, due to its thermal and chemical stability [6]. Recent
works have reported that CusN can be used as electrode material
in lithium-ion batteries, exhibiting excellent performance in
capacity and cycle stability [7]. Moreover, CuzN has
demonstrated high electrochemical and catalytic activities for
various important reactions, making it a promising material in
this sector [8-10]. Nowadays, CusN is attracting great interest as
a new solar absorber material for flexible and lightweight thin
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film solar cell technology [11], considering its possible
incorporation into novel designs. This would be really useful to
open new doors for a future generation of cost-effective
photovoltaic devices.

ELECTRONIC

ENERGY

STORAGE:
SUPERCAPACITORS

Figure 1: Several applications of CusN thin films in different technological
fields.

Regarding its crystal structure at room temperature (RT), CusN
is a binary compound that displays a cubic anti-ReOs crystal
system (space group Pm3m) made up of nitrogen (N) atoms at
the corners of the unit cell and the copper (Cu) atoms, located at
the centre of the cubic edges (see Figure 2). Because of that, this
crystal structure is extremely favourable to insert metal atoms at
the interstitial body centre site (*2,%,%) [12], a fact that could
lead to different chemical interactions between Cu and N atoms,
affecting the electronic structure of the material. Among the
most common elements used to be inserted in that position,
alkali metals (Li) [13], transition metals (Ti, Pb, Ni, Zn, Cr, Fe,
Mn, Al and Sc) [14-16] and/or non-metals (H and O) can be
found [17,18].
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Figure 2: Picture of the anti-ReOs crystal structure of the CusN compound.
The copper atoms are represented by the yellow balls and the nitrogen, by the
grey balls.

The bond angle of Cu-N-Cu reported is approximately 180
degrees, and the lattice parameter and density are 3.817 A and
6.1 g/cm?, respectively [19]. This material exhibits thermal
stability up to close to 250°C [20]. Depending on its chemical
composition, the Cu-N compound family can offer a wide
variety of optoelectronic properties, i.e, the Cu-rich CusN films
that shows a metallic behaviour, the Cu-rich, N-rich and
stoichiometric CusN films that present a semiconducting
performance [21]. Hence, it is clear that there is a strong
relationship, between its chemical bonds and its electronic
properties. This fact is mainly attributed to the hybridization
effect between the Cu 3d-N 2p bands and the Cu (4s, 4p)
conduction bands, which gives rise to the desired covalent
bonding effect [22]. In addition, CusN displays insulator-to-
conductor transition behaviour, with electrical conductivity
values ranging between 103-102 Scm™ [23]. Moreover, its
electrical properties can be modified by doping them with metal
or non-metal elements resulting in either p-type or n-type
behaviour [24]. To switch between these electric characters,
doping  concentration,  synthesis  conditions,  surface
modifications, and interface engineering can be adjusted to alter
charge carriers, crystal structure, defect density, and electrical
properties. By controlling these factors, copper nitride's
resistivity can be fine-tuned to achieve the desired conductivity
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[25-27]. This approach can potentially enhance and broaden the
scope of applications for CusN films. Because of this, it is a
promising candidate for future technological advancements,
developments, and innovations in various fields, including
electronic devices such as thin-film transistors (TFTs) and
complementary metal-oxide-semiconductor (CMOS) circuits
[28].

From the optical point of view, experimental studies have shown
that this material presents indirect and direct band gap values,
ranged from 1.17 to 1.69 eV and 1.72 to 2.38 eV, respectively
[29,30]. Taking these values in mind, CusN can be also
considered a promising light absorber eco-friendly material,
potential candidate to replace the silicon in solar cells. As it was
explained before, its crystal structure and chemical composition
can be optimised by controlling the parameters during its
preparation, resulting in an optimised optical bandgap to reach a
maximum photovoltaic voltage [23,31,32]. In fact, the
development of p-type and n-type CusN thin films and the
adjustment of Cu/N chemical composition through reasonable
control methods, can be easily performed to achieve materials
and structures ready to be used in photovoltaic thanks to their
excellent indirect bandgap values. This approach could
significantly increase the conversion efficiency of solar energy
[23,33].

There are several chemical and physical methods to prepare
CusN thin films. Among the chemical fabrication techniques,
both chemical vapour deposition (CVD) and atomic layer
deposition (ALD) are commonly used to fabricate it in a gas
phase. These methods involve the use of precursors such as
Cu(hfac)2 and [Cu(sBu-Me-amd)]2 [34] to determine its
resulting phase composition, its morphology and to establish the
growth rate [35,36]. Ammonolysis reactions can also be used to
prepare bulk CusN powder samples [37], as well as thin films
[38]. In addition, recent works have shown that CusN nanowire
arrays can be synthesised by an ammonolysis reaction from
copper (I1) oxide precursors grown on copper surfaces deposited
by electro or PVD in an ammonia solution [39, 40].
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Regarding the physical ones, sputtering is one of the most
popular physical vapour deposition (PVD) methods used to
fabricate films of metals, alloys, oxides, and nitrides [41-44].
Since the pioneering work of Terada et al. (1989) on epitaxial
growth of copper nitride [45], reactive RF magnetron sputtering
has become the most widely used mode for the fabrication of the
binary nitride. This method involves using a vacuum chamber in
which a copper (Cu) target is bombarded with high-energy ions,
causing Cu atoms to be ejected from the target, and finally
deposited onto a substrate to form a thin film. By introducing
nitrogen gas, with or without argon (Ar) gas, into the chamber
during this process, CusN can be grown on a substrate. This
method's ease, simplicity, low cost, reproducibility and
sustainability make it a very attractive choice for the growth of
CusN thin films. Previous studies have already reported that by
modifying the bias voltage [46], the type of substrate [45], the
working pressure [47], and the RF power [48], the film
properties can be adjusted, allowing the variation in optical,
electrical, structural, and morphological features to suit them to
the desired ones depending on the application field.

Nowadays, the design of desired functional material properties
by controlling deposition parameters is a key technological topic.
For this reason, in this chapter, we show the impacts of (i) the
process gas and its working pressure, and (ii) both the RFP and
the gas pressure on the properties of CusN thin film, prepared by
reactive RF magnetron sputtering, with the purpose of adjusting
them to the device requirements. In the first case, two different
atmospheres were studied: an environment based on the mixture
of N, and Ar gases, and another one, based on a pure N gas. The
working pressures were ranged from 1.0 to 5.0 Pa. Whereas in
the second one, the choice of the gas atmosphere was an Ar-free
environment using pressures of 3.5 and 5 Pa, and RFPs from 25
to 200 W. In all cases, the thin films were fabricated at RT,
which means significant energy savings for the manufacturing
process. The changes in crystalline nature, chemical
composition, morphology, and electrical and optical properties
of the thin films were examined in depth. The aim is to
determine what sputtering deposition conditions give rise to a
material with the most suitable optoelectronic properties and
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with the highest absorption coefficient that allow it to be
considered as a candidate for absorber material. Thanks to the
possibility of such tuning, an ad-hoc material could be fabricated
and used as a potential substitute absorber of silicon in PV
devices.

Materials and Methods
CusN Thin Films Fabrication with Physical Techniques

CuszN thin films were deposited on different substrates, <100>
polished n-type floating zone crystalline silicon (c-Si) wafers and
1737F Corning glass (Corning Inc, New York, USA), by reactive
RF magnetron sputtering in a commercial MVSystem LLC
(Golden Colorado, USA) mono-chamber sputtering system (see
Figure 3). The 3-inch diameter Cu target, with a purity of
99.99%, was from Lesker company (St. Leonards-on-Sea, East
Sussex, UK). Before the sputtering deposition, the substrate
surfaces were carefully treated: the surface of the silicon wafer
was prepared by removing the native silicon dioxide layer using
a solution of 1% hydrofluoric acid (HF) in a mixture of
deionised water and isopropyl alcohol. The wafer was immersed
in this solution for 5 min. On the other hand, the glass substrates
were subjected to ultrasonic cleaning with ethanol and deionised
water for 3 min. Then, they were submerged in isopropyl
alcohol. Afterwards, all substrates were dried by blowing
nitrogen gas over them.

The sputtering chamber was initially pumped to a base pressure
of 2.6 x 10-° Pa, and the distance between the target and substrate
was set to 10 cm. A pre-sputtering process was performed for 5
minutes to clean the target surface. Then, the deposition was
conducted for 30 minutes at RT and 50 W of RFP. The process
gases used were Nz (99.9999%) and Ar (99.9999%), with flow
rates of 20 sccm and 10 sccm, respectively, controlled by mass
flow controllers from MKS Instruments (MKS Instruments,
Andover, MA, USA). The total gas pressure varied between 1.0
to 5.0 Pa by adjusting the position of the "butterfly" valve in the
magnetron system.
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Figure 3: Photography of the physical deposition system used for the CusN
thin film fabrication.

Characterization Techniques

The thickness of the films was measured using a Dektak 8
profilometer (Bruker, San José, CA, USA). A tip force of 68.67
UN and a scan size of 2000 um were used. To determine the
crystallinity of the CusN films, XRD was performed using a
commercial system (model PW3040/00 X'Pert MPD/MRD)
(Malvern Panalytical Ltd, Malvern, UK) with Cu-ko radiation
(A=0.15406 nm). The 26 range scanned was 10°-60°, with a step
size of 0.01° and a time of 20 s per step. The topography was
analysed with a multimode nanoscope AFM model I1IA (SPM,;
Veeco Digital In-strument) in tapping mode using a silicon
nitride AFM tip (OTR8, Veeco). The surface roughness was
quantified using mean root square (RMS) analysis, and the grain
size from the two-dimensional (2D) AFM 1x1 um? images, using
the Gwyddion software (Gwyddion software,
http://gwyddion.net/). The variation of surface morphology as a
function of the gaseous environment used was determined using
a JEOL JSM 7600F scanning microscope, equipped with a field
emission Schottky electron gun (FESEM), in-lens secondary
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electron detector and elemental analysis system for chemical
composition EDS. Several surface regions were analysed at an
acceleration voltage of 15 kV to determine quantitatively the
amount of Cu and N in the thin film.

The molecular structure was determined using a dispersive
spectrometer Confocal Raman microscope with capabilities for
obtaining XYZ 3D confocal Raman images, equipped with a 532
nm laser, two diffraction gratings (600 and 1800 gr/nm), 3
objectives (5%, 75x and 100x), and option to obtain photocurrent
mappings (Horiba LabRam soleil, Longjumeau Cedex, France).
This measurement provides valuable information about the
sample's vibrational modes and helps characterise its molecular
structure. A Perkin Elmer Spectrum 100 FT-IR was also used to
complement the information obtained from the Raman
measurements. The spectra were measured in the transmittance
mode in the wave number, which ranged between 400-4000
cmt. Electrical properties, such as sheet resistance and
resistivity, were obtained with a commercial 4-point probe
measurement system (Signatone, EEUU). It was estimated that
the errors in the measured parameters were around 2%.

Finally, to determine the suitability of CusN as a solar absorber,
the optical transmittance spectra were measured at normal
incidence using a UV/VIS/NIR Perkin Elmer Lambda 1050
spectrophotometer. The optical band gap energies (Eg) were
calculated from these spectra for indirect and direct transitions.
The optical properties of CusN thin films deposited on glass
were analysed by UV-VIS-NIR optical spectroscopy and PDS.
The Transmittance (Top) and reflectance (Ropy) Spectra were
obtained with a PerkinElmer Lambda 950 UV-Vis-NIR
spectrometer equipped with an integrating sphere. While the
transverse PDS setup used to measure weaker absorption
consists of a 100 W tungsten halogen lamp, PTI 01-0002
monochromator (spectral range of 4002000 nm), and Thorlabs
MC1000 optical chopper (4 Hz light modulation frequency). A
Signal Recovery 7265 lock-in amplifier was connected to a
Hamamatsu C10442-02 PSD position-sensitive detector to
measure the deflection of a MC6320C 10 mW laser probe beam.
Samples were put in a quartz cell filled with Fluorinert TM FC-
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40. Topr and Rope measurements allow for determining the optical
absorbance (Aopt = 1 - Topt - Ropt) in the strong absorption region.
In addition, the interference fringes observed in both spectra can
be used to estimate the film thickness and their refractive index
(nx). On the other hand, the PDS measurement is very effective
for determining absorbance (APDS) in the weak (and very weak)
absorption region. Thus, it is possible to determine the
absorbance over a broad-spectrum range by combining optical
measurements with PDS. The absorption coefficient (o) is
obtained by a fit based on the calculation of absorbance using the
transfer matrix method (TMM). These measurements allow the
determination of the most suitable sputtering conditions to
achieve a more efficient solar absorber material.

Results

In the following subsections, the quality of the CusN films as
well as the evaluation of the capability as solar absorber are
presented. All the films in the study exhibited excellent physical
stability and good adhesion to the respective substrate, even after
exposure to ambient air; therefore, no evidence of cracking or
peeling off was observed after the deposition process.

Impact of the Type of Process Gas and its Pressure on
the CusN Thin Film Properties

In this subsection, the results derived from the type of
environment used in the growth process as well as its value are
presented. Table 1 details the sputtering deposition conditions
and the results from the film thickness measurement.
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Table 1: Deposition conditions of CuzN films, varying N2 flow ratios (0.7 and 1.0) and different total pressures.

Total pressure (Pa) | Nz flux (sccm) Ar flux (sccm) | Nz flow ratio | Deposition rate (nm/s) | Thickness (nm)

1.0 20 10 0.7 0.053 955

2.0 20 10 0.7 0.054 96+7

3.5 20 10 0.7 0.115 207418
5.0 20 10 0.7 0.055 98+2

1.0 20 0 1.0 0.091 164+12
2.0 20 0 1.0 0.065 118+20
3.5 20 0 1.0 0.060 109+16
5.0 20 0 1.0 0.058 104+20

13
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The sputtering deposition rate varied depending on the
deposition conditions, obtaining close values to those reported
by other authors [33,46]. These data reveal that the working
pressure can be considered as an essential parameter in thin film
fabrication: As the working pressure increased the number of
impacts between the sputtered species and gas atoms rose within
the process chamber. This effect led to a decrease in the
deposition rate due to a reduction of the mean free path of the
species of the plasma [20]. This trend was clearly observed for
the samples deposited in the N2 pure atmosphere, as shown in
Figure 4. It is well known that there is an abrupt decrease in
deposition rate due to the nitridation process that is more favored
at high gas pressures [37]. At the same time, the sputtering ratio
Cu/N began to be higher when the N, gas pressure decreased.
This would favor the metallic regime and hence, obtain the
gradual increase of the sputtering yield at low working pressures.
In addition, this would indicate that, under such values of N, gas
pressure, the target "poisoning” effect would not have started
yet; hence, a gradual decrease of the deposition rate with the gas
pressure was achieved.

On the other hand, it can be noticed that the films prepared under
the N2/Ar gas mixture environment presented lower deposition
rates than those prepared in N2 pure atmosphere. In the case
where the sputtering process was carried out in a N/Ar
atmosphere, the decrease in the deposition rate was not so
evident, remaining almost constant at 0.055 nm/s (see Figure 4).
This could be attributed to a poorer nitridation process occurring
on the surface target due to the lower presence of N in the gas
mixture. It should be pointed out that a significant increase was
observed in the deposition rate at 3.5 Pa, reaching a value of
0.115 nm/s. This was attributed to the change in the preferred
crystal structure orientation, specifically to the (111) plane, a
plane of lower density that would lead to a rougher film with a
lower refractive index, as will be shown later [20].
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Figure 4: Deposition rate to different N2 flow ratios of 0.7 and 1.0, and
different total working pressure. Rest of the deposition conditions of CusN
films: RT and RFP =50W.

Figure 5 illustrates the XRD patterns of the CusN deposited at
the pressure range of 1.0-5.0 Pa in the different environments:
the N, pure atmosphere (Figure 5a)) and the gas mixture of No/Ar
(Figure 5b)). All of the films exhibited a polycrystalline nature,
characterized by an anti-ReOs crystal structure, typical of cubic
CusN (card number 00-047-1088), and hence, dominated with
the CusN phase. Regardless of the working gas pressure used,
the samples deposited in the N> pure atmosphere showed the
(100) plane as the preferred orientation (Figure 5 a)).
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Figure 5: XRD spectra of CusN films at different gas pressures and nitrogen
flow ratios (a) [N2]/[N2+ Ar] r=0.7 and (b) [N2] r = 1.0.

On the other hand, the XRD patterns of the samples deposited in
the Na/Ar gas mixture (Figure 5b)) showed the appearance of
(100), (110), (111), (200), and (220) diffraction peaks. In this
case, and at the low gas pressures used, a weak (100) peak
emerged over an amorphous hump, caused by the glass substrate.
At the pressure of 3.5 Pa, the film showed a (111) preferred
orientation, while the sample deposited at 5.0 Pa presented the
(100) plane as the most intense peak. Other authors previously
reported this transition in the preferred orientation. It could be
attributed to the higher density of the N atoms that reached the
substrate and reacted with the Cu atoms, leading to high-density
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Cu-N bonds for the preferential growth along the (100) direction.
This can indicate that the nitridation process was more effective
when the gas pressure increased and, hence, the growth was
favoured along the N-rich planes of CusN [49].

On the other hand, the constant lattice a was determined by
calculating the interplanar spacing using Bragg’s law [50],
expressed as the following Equation (1):

a
d(hkl) = e 1)

where d is the interplanar spacing, and h, k and [ are the Miller
indices. Furthermore, the grain size (t) was determined using the
Debye—Scherrer Equation (2) [51] as follows:

kA

T = 2

- B-cosBp

where kis a constant (0.9), 1is the X-ray wavelength (0.154
nm), 8 is the diffraction angle, and g is the full width at half
maximum (FWHM) of the predominant peak.

Table 2 and Table 3 summarize the FWHM of the main
diffraction peak, the lattice constant, the predominant plane, the
20 value, and the grain sizes derived from the XRD patterns of
all the samples, depending on the N flow ratio.

Table 2: XRD data extracted from the XRD spectra of the CusN films
fabricated on glass via RF magnetron sputtering in a mixed N2/Ar atmosphere.

N2 flow ratio: 0.7

Working pressure (Pa) 1.0* 20* 35 5.0

20 (°) 23.03 22.97 40.73 23.23
Predominant direction - - (111) (100)
Lattice parameter a (nm) 0.3858 0.3872 0.3813 0.3814
FWHM (°) 0.24 0.24 0.53 0.31
Grain size (hm) 34 34 16 27

* Poor crystalline quality. Preferential orientation is not easy to identify.
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Table 3: XRD data extracted from the XRD spectra of the CusN films
fabricated on glass via RF magnetron sputtering in a pure N2 atmosphere.

N2 Flow ratio: 1.0

Working pressure (Pa) 1.0 2.0 3.5 5.0

20 (°) 22.77 23.17 23.29 23.28
Predominant direction (100) (100) (100) (100)
Lattice parameter a (nm) 0.3903 0.3840 0.3810 0.3813
FWHM (°) 0.20 0.15 0.21 0.21
Grain size (hm) 40 55 39 40

It can be observed that the FWHM values for the samples
deposited in the No/Ar gas mixed atmosphere were superior to
those for the samples deposited in the pure N atmosphere,
indicating an improved quality for these last films. The same
trend was obtained for the grain size, reaching values as high as
55 nm when the samples were fabricated in a pure N
atmosphere. Concerning the lattice parameter, at the low
pressures of 1.0 and 2.0 Pa, greater values than the theoretical
one (0.3817 nm) were achieved, regardless of the N, flow ratio
used. This fact could indicate a move away from the
stoichiometry condition for such samples [52].

Figure 6 pictures the plan-view FESEM and AFM 1x1 um? 2D
micrographs of the CusN thin films deposited in Nu/Ar gas
mixed atmosphere (Figure 6 a)) and pure N, environment (Figure
6b)). FESEM analysis revealed the presence of smooth and
uniform surfaces, composed mainly of columnar grains, which
are characteristic of the sputtering method [45,53,54]. These
findings align with the results obtained from the AFM analysis
[47,55,56], as shown in Figure 6.
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a) N, Flow ratio: 0.7 b) N, Flow ratio: 1.0

1.0 Pa 2.0 Pa 1.0 Pa 2.0 Pa

3.5 Pa 5.0 Pa 3.5 Pa 5.0 Pa

Figure 6: Top view FESEM images: Magn. 90,000x; 100 nm, and AFM 1x1
um? 2D of the samples deposited at flow nitrogen ratios of. (a) [N2]/[Nz+ Ar] r
=0.7 and (b) [N2] r=1.0.

The grain size was influenced by both the environment and the
total pressure applied during the deposition process. It was
observed that lower working pressures resulted in larger grain
sizes. This phenomenon was attributed to the formation of CusN
crystallites and the adhesion of tiny copper crystals, possibly
caused by a decrease in N density. These observations were
supported by grain size calculations performed with the
commercial software Gwyddion from AFM measurements
(Tables 4 and 5), these results reinforced the values obtained
using the Debye—Scherrer equation (see Tables 2 and 3).

Table 4 and Table 5 summarize the grain size and surface

roughness RMS of the CusN films, calculated from the 2D AFM
micrographs, as function of the N> flow ratio.
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Table 4: Surface roughness RMS and grain size calculated from AFM 1x1 pm?
images of the CusN films fabricated on glass, via reactive RF magnetron
sputtering, in a mixed N2/Ar atmosphere.

N2 Flow ratio: 0.7

Working pressure 1.0 2.0 35 5.0

(Pa)

RMS (nm) 1.39+£0.15 | 1.26 +£0.14 | 2.77+£0.23 | 1.77£0.21
Grain size (nm) 19+2 22+3 17+3 343

Table 5: Surface roughness RMS and grain size calculated from AFM 1x1 pm?
images of the CusN films fabricated on glass via reactive magnetron sputtering
in a pure N2 atmosphere.

N2 Flow ratio: 1.0

Working pressure 1.0 2.0 35 5.0

(Pa)

RMS (nm) 090+£0.15 | 1.15+050 | 221 +0.27 | 1.34+£0.12
Grain size (nm) 19+2 32+2 332 35+2

Based on these results, it can be concluded that regardless of
both the total working pressure and N flow ratio used, the
surfaces were very flat, with RMS values not exceeding of 3 nm.
In this sense, it can be noticed that even though the RMS was
very low, there was a difference between the films deposited
using pure N gas and those deposited in the No/Ar gas mixture,
obtaining slightly smoother surfaces in the first case. On the
other hand, the grain size varied depending on the process
parameters: larger sizes as working pressure increased.
Specifically, the larger grain sizes obtained for the films
deposited at 1.0 Pa and 2.0 Pa in a mixture of N2/Ar gases may
be due to the formation of small agglomerates, due to the
amorphous character seen in XRD. It should be pointed out that
the grain size values estimated from XRD patterns were slightly
higher than the obtained from AFM measurements. This can be
explained because the first ones were an average value of a
larger area analysed, while the second ones were calculated in a
small area at a specific point.

The chemical composition of the samples was determined

qualitatively using EDS data (Table 6). The analysis revealed a
Cu/N ratio below three, indicating the non-stoichiometry of the
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deposited material. Interestingly, an increased Cu/N ratio was
observed at higher working pressures. This phenomenon was
attributed to the increased energy of the nitrogen atoms at higher
working pressures, enhancing the formation of bonds with the
Cu ones. Moreover, all CusN films exhibited the presence of
trace amounts of oxygen. This observation may be associated
with exposure to ambient oxygen, as observed in the Raman
analysis but not detected in the XRD patterns.

Table 6: The EDS analysis provided insights into the qualitatively composition
of the examined films.

Working pressure (Pa) 1.0 2.0 35 5.0
Cu/N ratio [N2]/[N2+Ar] r= 0.7 1.79 2.08 2.10 2.17
Cu/N ratio [N2] r= 1.0 1.87 1.88 2.07 2.13

Figure 7 displays the Raman spectra of the CusN films deposited
at different working pressures and N flow ratios of 0.7 (Figure
7a)) and 1.0 (Figure 7b)). CusN has a crystal structure belonging
to the Pm-3m space group where the unit cell contains one
formula unit. As a result, no first-order Raman signal is expected
for a perfect cubic CusN. Although theoretical calculations
suggest the absence of active Raman modes, the possibility of
modes arising due to the breakdown of the selection rule cannot
be ruled out. This is due to CuxN(-x’s highly non-stoichiometric
nature and the breakdown in crystal symmetry caused by defects
in the structure. The prominent Raman peak around 619-627
cmtin Figure 7 corresponds to the stretching of the Cu-N bond,
characteristic of CusN [52, 55, 56]. A slight shift of that Raman
peak was observed as the working pressure varied, while the
Raman shift value tends to move to lower ones when using the
N2/Ar gas mixture compared to using the pure N2 gas in the
deposition process.

21 www.videleaf.com



Surfaces, Interfaces and Coatings Technology

a) [N,]/[N,+Ar]

Cu,0,Cu0  |Cu;N
X4 :
oyt '

s El

< s

z z

.‘2 —5.0Pa g —5.0 Pa

I

£ —35pPa E 3.5Pa
—20Pa —2.0Pa

1.0 Pa

—1.0 Pa

30 330 630 930
Raman shift (cm™)

32 332 632 932 1232 1230

Raman shift (cm?)

Figure 7: Raman spectra for CusN films deposited at different pressures on
glass and the nitrogen flow ratios of (a) [N2]/[N2+Ar] r = 0.7 and (b) [N2] r=
1.0.

Furthermore, the Raman shifts of CuO, and CuO also appeared
in the spectra at 94 cm™, 150 cm™?, and 295 cm™?, respectively.
The samples prepared in the N/Ar gas mixture showed a higher
presence of different copper oxides that may have formed on the
film surface upon contact with atmospheric air and/or within the
crystal structure. In order to analyse the Raman signal derived
from the presence of these types of oxides, these measurements
were complemented with the XRD data. As a result, it was
confirmed that the characteristic 26 peaks of CuO; and CuO at
36.5° and 35.5° respectively [57], did not appear in any
diffraction patterns, reinforcing the idea that the oxidation
process would be happening due to environmental causes.
However, the role of oxygen impurities cannot be ignored, as
oxygen always remains an unintentional impurity in nitride-
based materials [19]. Therefore, a more detailed theoretical
analysis is required to interpret and assign the active Raman peak
appropriately. Table 7 and Table 8 show the prepared samples’
Raman shift values and the FWHM.

Table 7: Raman peak position and full width at half-maximum (FWHM) of the
CusN films deposited at different pressures on glass in a mixed N2/Ar
atmosphere.

N2 Flow ratio: 0.7

Working pressure 1.0 2.0 35 5.0
(Pa)
FWHM (cm™) 789+28 | 768+1.8 829+34 68.1+2.7

Peak position (cm™)

618.0+1.2

621.0+04

619.0+ 0.6

621.0+0.6
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Table 8: Raman peak position and full width at half-maximum (FWHM) of the
CusN films deposited at different pressures on glass in a pure N2 atmosphere.

N2 Flow ratio: 1.0

Working pressure 1.0 2.0 35 5.0
(Pa)
FWHM (cm?) 829+17 749%2.0 68.0 £ 3.6 65.2+1.3

Peak position (cm™) | 623.0 +0.3 625.0+0.4 | 626.0+05 | 627.0+04

The position of the main peak and the FWHM were calculated
by simulating via the OriginLab program (OriginPro 8,
OriginLab Corporation, Northampton, MA, USA). As observed,
the FWHM value decreased as the working pressure increased,
suggesting that the lower the FWHM value, the lower the
nitrogen concentration in the sample. There is an exception for
the sample prepared in the gas mixture at 3.5 Pa, where the
FWHM did not exhibit that tendency, attributed to its structural
change to the (111) preferential plane revealed by its XRD
pattern. However, this sample does not follow that trend. In
summary, the results from XRD and Raman show that the films
with superior structural quality were those prepared in the pure
N> atmosphere and at pressures of 3.5 Pa and 5.0 Pa.
Furthermore, these films exhibited a less variety of grain
orientations, with a predominant (100) plane and the Raman shift
values were closer to the formation of the theoretical bonding
structure.

Optical properties were determined from transmittance and
reflectance spectra, obtained using UV-Vis-NIR spectroscopy,
and shown in Figure 8. The transmittance spectra revealed high
transmittance in the NIR region (>700 nm), which gradually
decreased in the VIS range (450-700 nm), reaching very low
values in the UV range (300-400 nm).
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Figure 8: Transmittance and reflectance spectra of CusN films deposited at
different pressures and atmospheres.

For most samples, a minimum of transmittance was observed in
the transparent region (>700 nm), associated with a maximum in
the reflectance spectra. This is an effect of the interferences,
produced within the films, from multiple reflections due to the
samples’ homogeneity and flatness. Thanks to that, the light can
maintain its coherence in the internal reflections. It should be
noted that the thin film thickness (<200 nm) limits the number of
interferences observed in the spectra (in fact, the maximum of
transmittance beyond 2500 nm, which should be about 92%
according to the refractive index of the glass, is not observed in
any case). However, the detection of the minimum of Ty (or a
maximum of Rqp) is sufficient to determine, by the fit of Top (Or
Ropt) in the transparent region, the thickness and refractive index
(ns) of the films.

Table 9 summarizes the optical parameters obtained. It can be
observed that the thickness obtained from the adjustments of the
optical spectra were slightly superior to the measured with
profilometry (see data in Table 1). This disparity in values could
be attributed to how this value is determined: profilometry
provides direct thickness measurements, whereas PDS relies on
indirect one.
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Table 9: Obtained values of the optical properties of CusN films deposited on glass analysed via UV-VIS-NIR
optical spectroscopy and PDS at different N2 flow ratios.

N> Flow ratio: 0.7

Working Pressure (Pa) 1.0 2.0 3.5 5.0

Optical fit parameters

Film thickness (nm) 110 123 173 125

Refractive index nw 3.05 2.65 2.44 2.45

Band gap fit parameters

Transition energy Ez (eV) 2.18 2.27 2.38 2.46

Direct band gap E¢® (eV) 1.91 2.02 2.09 2.22

Indirect band gap Eg' (eV) 1.10 1.28 1.22 1.53

Urbach fit parameters

Transition energy Ei (eV) 1.55 1.69 1.64 1.90

Urbach energy Eu (meV) 261 233 243 205

Absorption coefficient at E1 (cm™) 6.3x10* 5.1x10* 4.0x10* 5.2x10*
N2 flow ratio: 1.0

Working Pressure (Pa) 1.0 2.0 35 5.0

Optical fit parameters

Film thickness (nm) 109 65 126 123

Refractive index nw 2.85 2.79 2.43 2.43

Band gap fit parameters

Transition energy Ez (eV) 2.30 2.25 242 2.37

Direct band gap E¢¢ (eV) 2.05 2.06 221 2.15

Indirect band gap Eq' (€V) 1.30 1.48 1.55 1.49

Urbach fit parameters

Transition energy Ei (eV) 1.74 1.82 1.96 1.88

Urbach energy Eu (meV) 253 186 229 217

Absorption coefficient at Ex (cm™) 8.0x10* 6.5x10% 6.0x104 5.3x104
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The refractive index values were in the range of 2.4-3.0, which
are consistent with the values typically reported for CusN [35]. It
can be noticed that higher refractive index values were obtained
for the samples deposited at lower total pressures, regardless of
the atmosphere used in the film deposition. This phenomenon
can be attributed to the higher Cu content in the samples
deposited at lower working pressures. This assumption can also
be supported by examining the XRD patterns and EDS analysis.
The absorption coefficient () in the strong absorption region can
be calculated with reasonable accuracy from the absorbance Aopt,
reflectance Rope and thickness d of the film as follows:

az—%ln(l—ﬂ> 3

1_R0pt'

In the weak absorption region, Equation (3) is unsuitable for
estimating a because of multiple reflections. However, in this
case, assuming that the refractive index is practically constant (n
~ 1), it is possible to derive « into a wide range of the spectrum
(from about 3.5 eV t0 0.5 eV).

Figure 9a) shows the Aqx and Apgs spectra for the CusN samples
deposited at 5.0 Pa and N2/Ar gas mixture. As can be seen, the
determination of Aoy at wavelengths longer than 800 nm is
unreliable (the error in the measurement of Topand Rop is of the
order of Aoy). However, the PDS measurement in this region
allows us to obtain the absorbance, Apds. Figure 9b) shows the
absorption coefficient spectrum obtained by combining the
calculation according to Equation (3) for the intense absorption
region (o > 1/d) and the TMM maodel fit for the weak absorption
region.
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Figure 9: Absorbance obtained from optical measurements and PDS for the
CusN film deposited at 5.0 Pa pressure in pure N2 atmosphere. In (a), the
absorbance spectra are shown, and in (b), the absorption coefficient is
calculated from the fit based on the transfer matrix method. The insets show the
same graphs on a linear scale.

Once a was obtained, the indirect and direct optical band gaps of
CusN were calculated using the Tauc plot:

(ahv)¥/™ = B(hv — E,) ()

where hv is the photon energy, Eq is the band gap energy, B is a
constant, and m is a factor, which depends on the nature of the
electron transition (2 for indirectly allowed transitions and 1/2
for direct allowed transitions). Figure 10 shows the Tauc plots
with m = 2 and m = 1/2 of the different CusN samples deposited
at different pressures in the two environments. The decrease in
total pressure implies a decrease in both band gaps. This effect
was more significant in the samples deposited on the Nu/Ar
mixture.
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Figure 10: A plot of (ahv)¥? and (ahv)? vs photon energy (eV) for the CusN
films at different gas pressures and atmospheres. For easy comparison,
normalised values of the absorption coefficient are considered.

Trying to further analysis, different energy ranges were
distinguished according to the behaviour of «. Thus, the
electronic transitions associated with the direct band gap took
place for photon energies in a narrow range from 2.1 to 2.4 eV,
as a lower limit, to approximately 2.5 eV, as an upper limit. On
the other hand, the electronic transitions associated with the
indirect gap cover a larger range extending about 0.5 eV toward
lower photon energies. In addition, at lower energies,
exponential Urbach absorption (au) can be observed, which is
related to electronic transitions involving the band tails.

To accurately determine the direct and indirect band gaps, we
performed a fine least-squares fit of the spectral dependence a
according to the following model:

Athv<E;: ay(hv) = agexp(hv/Ey) (5)

where E; is the transition energy, Eu is the Urbach energy (the
slope of the exponential tail), and « is the absorption prefactor.

Athv >E,:  ay(hv) = By /hv —E§ (6) (direct Tauc model)

E> is the transition energy, By is a constant, and Eg is the direct
band gap energy.
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AtE, < hv < Ey: a;(v) = By(hv — E})*  (7) (indirect Tauc model)

Bi is a constant, and Eéis the indirect band gap energy. On the
other hand, it can be observed that & must vary continuously and
smoothly through the different regions. This implies imposing
continuity conditions for @ and its derivative at the two transition
energies:

a;(Er) = ay(By) T2 (Ey) = Tl ay(Ey) ©
0i(By) = aq(By) T2 (Bp) = T ay(Ey)

which reduces the eight parameters of the model described by
Equations (5)—(7) to only four independent ones. The graphs in
Figure 11 depict the fit of the experimental data with the model
described by Equations (5)—(8). A correlation between these
energies and total pressure was observed, the effect measurable
for the samples deposited in the mixed Na/Ar atmosphere. The
inset in Figure 10 pictures the fit in the sub-gap region at the
edge of the indirect band gap at E;, plotted in a logarithmic scale.
This is the region where «ais described by the Urbach
exponential, related to the states in the band tails. The same was
deduced from the Tauc plots in Figure 9, the samples with the
narrowest band gap (direct and indirect) were obtained at the
lowest total pressures. Therefore, by modifying the deposition
parameters, such as total working pressure and N flow ratio, the
optical properties of CusN thin films can be tailored to achieve
desirable properties, making them promising for applications in
optoelectronics and photonics.
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Figure 11: Absorption coefficient spectra of CusN layers at different pressures
and atmospheres. The red dashed lines show the fit according to the model
equations described (5)—(8). In the logarithmic scale, the insets show the
exponential tail of the Urbach region; note the effect of pressure on the
transition energy Ei.

Finally, the shaded regions in Figure 12 represent the range of
photon energies (Ei<hv<E;) associated with the electronic
transition by the indirect gap. In general, there is an increasing
tendency for the band gap with the total pressure.
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Figure 12: Evolution with a working pressure of the energies of the direct gap
Eq(d) and the indirect gap Eq(i) for the two deposition atmospheres. The shaded
region indicates the range of photon energies (Ei<hv<Ez) associated with
electronic transitions according to the indirect gap: for higher energies (7v>E>),
the transitions are associated with the direct gap and for lower energies (2v<Ez)
with the Urbach tail.

Regarding the Urbach energy (Eu), increasing values were
obtained as the total pressure decreased. These values were
superior to those of other semiconductor materials [34]. It is
known that high Ey values indicated a higher internal defect
density, while lower Ey ones suggest a lower internal defect
density. Hence, the Urbach band tail is related to impurity
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adsorption [17, 62]. According to the literature, CusN shows Ey
values ranging from 105 to 238 meV [34, 62] depending on the
substrate temperature. Therefore, it can be concluded that the
samples deposited at higher total pressures feature reasonable
band gap energies and Ey values to be used in photovoltaic
applications.

Impact of RF Power on the CusN Films Deposited in a
pure N2 Environment

In this section, we present the relevance of RFP on the thin film
properties and their optical properties to determine their
suitability as solar energy conversion applications. Table 10
describes the sputtering deposition conditions used in this study.

Table 10: Sputtering deposition conditions used to fabricate the CusN films at
RT in N2 pure atmosphere at different RF powers and gas pressures. Film
thickness is also included.

Total gas pressure: 3.5 Pa

RF Power (W) 25 50 75 100 | 150 200
Film thickness (hm) | 45 85 95 100 | 175 215
Deposition time (s) 1800 | 1800 | 900 | 900 | 600 420
Total gas pressure: 5.0 Pa
RF Power (W) 25 50 75 100 | 150 200
Film thickness (nm) | 40 85 90 100 | 155 210
Deposition time (s) 1800 | 1800 | 900 | 900 | 600 420

Figure 13 shows the evolution of the deposition rate with the
RFP values used. That parameter was calculated from the CusN
film thickness, data obtained with the profilometer and the
deposition time (see data in Table 10). As expected, the
deposition rate increased with the RFP. This tendency is due to
the enhancement of the Cu atoms flow obtained as RFP rises at a
constant gas pressure. It should be pointed out that a linear trend
with two different slopes can be observed as function of the RFP.
This indicates that two different growth regimes were taking
place, which is expected to have an effect on the film properties.
On the other hand, there was almost no difference between the
rates measured at the two different gas pressures used in this
work. This would mean that the modification of the number of
species in the plasma, due to the increase in the gas pressure, was
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not great enough to lead to a higher number of collisions
between them. Therefore, at a higher pressure of 5.0 Pa, the
sputtered Cu atoms still reached the substrate surface by losing a
similar amount of energy as that lost at the lower pressure of 3.5
Pa due. Hence, no meaningful increase in collisions were taking
place.
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Figure 13: Deposition rate calculated for CusN samples prepared at different
RF power values and gas pressures. The line is a visual guide.

Figure 14 shows the XRD patterns of the CusN films deposited
on glass at the N gas pressures of 3.5 and 5.0 Pa, and the RFP
values of 25 W to 100 W (region I) (Figure 14 a)) and 150 and
200 W (region Il) (Figure 14b)). All of them revealed a
polycrystalline nature with an anti-ReQOj3 structure, typical of the
cubic CusN (card n° 00-047-1088), and no evidence for Cu-
phase and CuOy formation were observed. A clear predominant
(100) direction was obtained at RFP values up to 150 W. This
preferential orientation, referring to the (100) and (200)
diffraction planes, are related to an N-rich growth (Figure 14 a))
[63]. This N-rich growth mode was attributed to the low amount
of Cu atoms within the plasma at such values of RFP. As the
RFP increased, a transition to the dominant (111) plane was
observed, which corresponded to a change in the growth mode
towards a Cu-rich material (Figure 14 b)) [64-66]. On the other
hand, an amorphous matrix around 26 ~ 20-30° was observed in
samples from region Il (samples deposited at the highest values
of RFP, 150 and 200 W), being more evident in the case of the
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thin film fabricated at 200 W and 5.0 Pa (see Figure 14 b)). In its
XRD pattern, the (100), (111) and (200) diffraction planes could
be intuited, where the (100) diffraction peak was the most
intense. Its amorphous nature can be attributed to a saturation
effect of the CusN film that may take place when the gas
pressure rises above a certain value, as other authors previously
reported [67]. Taking the above results into account, all the CusN
films presented in this study would be showing a possible over-
stoichiometry, where additional N atoms would be inserted into
the lattice, probably as interstitials. This stage would be more
evident as the gas pressure increased, due to an enhancement in
the number of energetic and ionized N species within the plasma.
In addition, the (100)-oriented material seemed to be preferred to
the (111)-oriented one. As Z. Cao et al. previously reported [68],
the CusN material with the (111) plane as preferred orientation
showed Cu atoms agglomerated at the grain boundaries forming
nanocrystals. Hence, these samples could give rise to an
uncertain factor in determining their optical and electrical
properties. In fact, Y. Du et al. [69] also observed a sudden drop
in the measured electrical resistivity of the (111)-oriented CusN
material due to an additional conductance mechanism, causing
the percolation effect to come into play that was not beneficial if
the material can be used as a solar absorber. Finally, it should be
pointed out that the number of diffraction peaks that appeared in
the patterns of the samples fabricated in the N, pure environment
(see Figure 14) were less than those obtained in our previous
work for the samples fabricated in a mixture of Ar and N [48].
This fact can positively contribute to minimizing trapping
centres due to the reduction of grain-orientation effects,
indicative of a better crystal quality.
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Figure 14: X-ray diffraction spectra of CusN films deposited at gas pressures
of 3.5 Pa and 5.0 Pa and the different RF power of (a) 25 W to 100 W (region

1) and (b) 150 W and 250 W (region I1).

The FWHM, the grain size and the lattice parameter, extracted
from equations (1) and (2), are summarized in Table 11 as

function of the RFP.
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Table 11: Main XRD data extracted from the XRD spectra of the CusN films fabricated on
glass by reactive RF magnetron sputtering in pure N2 atmosphere.

Total gas pressure: 3.5 Pa

RF Power (W) 25 50 75 100 150 200
20 (°) 23.327 | 23.248 | 23.203 | 23.272 | 40.746 40.748
Predominant direction (100) (100) (100) (100) (111) (111)
Lattice parameter a (nm) 0.3810 | 0.3826 | 0.3833 | 0.3822 | 0.3836 0.3833
FWHM (°) 0.048 | 0.138 | 0.1771 | 0.1181 | 0.1771 0.1771
Grain size (nm) 30 31 27 36 30 32
Total gas pressure: 5.0 Pa

RF Power (W) 25 50 75 100 150 200
260 (°) 23.297 | 23.214 | 23.343 | 23.251 | 40.794 23.293
Predominant direction (100) | (100) | (100) | (100) | (111) (100)
Lattice parameter a (nm) 0.3818 | 0.3832 | 0.3817 | 0.3826 | 0.3840 0.3814
FWHM (°) 0.1378 | 0.0787 | 0.048 | 0.2362 | 0.0787 0.6298
Grain size (nm) 27 36 33 38 27 3
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According to data summarized in Table 11, the (100) diffraction
peak shifted to lower values of angle 26 (reference position 26 =
23.285°) when RFP increased. On the other hand, the lattice
parameters calculated were slightly higher than the theoretical
one (0.38170 nm). These can demonstrate the over-stoichiometry
of the film in terms of N content, as other authors have
previously reported [66,70,71]. With regard to the mean grain
size calculated, no clear trend was observed, being the values
around 27-38 nm, similar to those found in the literature
[66,72,73]. A higher grain size was obtained for the samples in
region | and hence, a better crystal quality for these samples was
expected. This was also confirmed by the FWHM values.

Figure 15 shows the evolution of the FWHM and the lattice
parameter as function of the RFP. The region | corresponded to
the samples with the (100) plane as preferred orientation,
meanwhile the region 11 was represented by the samples with the
(111) diffraction plane as the dominant one. In the region I, the
samples deposited at 3.5 Pa showed a minimum FWHM value at
25 W, whereas this minimum shifted to 75 W in those deposited
at 5.0 Pa, indicative of an improved structural quality. This
displacement of the RFP could be explained by the slight
difference in the number of N-species within the plasma at the
working gas pressures used. As the RFP increased, a high
number of Cu atoms with high energy and enhanced mobility
reached the surface, resulting in an improved crystallinity.
However, in the case of 3.5 Pa, fewer N atoms would be within
the plasma and the number of Cu atoms would increase with the
RFP, there being an excess of the latter. In addition, the
probability of the formation of defects due to disorder at the Cu
and N sites can be more elevated. This is what occurred at 3.5 Pa
and RFP above 25 W, where a detriment in the crystal quality
was observed as RFP increased. In contrast, at 5.0 Pa, the excess
of Cu atoms began to be compensated by the increase of N
species within the plasma to form the Cu-N bond. For this
reason, the sample with improved crystallinity was deposited at a
higher RFP of 75 W. On the other hand, no clear trend was
observed for the samples of region Il deposited at 3.5 Pa; but a
huge increase in FWHM was obtained for the sample deposited
at 5.0 Pa and 200 W, attributed to its amorphous character.
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Figure 15: FWHM and lattice parameters extracted from the XRD spectra of
CusN films deposited at the gas pressures of 3.5 Pa and 5.0 Pa and the different
RF powers of 25 W to 100 W (region I) and 150 W and 250 W (region I1).

The surface morphology of the thin films was studied by AFM.
Figure 16 depicts the 1x1 pm? 2D micrographs of the CusN
films sputtered at 3.5 Pa (Figure 16 a)), and 5.0 Pa (Figure 16
b)). From these images, the grain size and the surface roughness
of the CusN films was obtained, summarized in Table 12.
According to these results, all films presented smooth surfaces,
with grain sizes not strongly influenced by both the RFP and the
N2 gas pressure. However, it was observed that the grain shapes
were slightly different depending on the sputtering conditions
used. In this sense, two types of morphologies were achieved, in
agreement with the two regions previously defined: pyramidal-
cone and nodular-like structures, attributed to both the transition
observed in the crystalline orientation and the increase of the
deposition rate with the RFP [74]. The films of region |
(prepared at 3.5 Pa) showed a conical morphology attributed to
the strong (100) preferred orientation [75]. Large polygonal
grains with irregular shapes were separated by many voids. As
the RFP increased, the grains began to be agglomerated to form a
big grain, a fact attributed to their higher number of grain
orientations. This agreed with the worsening observed in the
crystallinity of such films by XRD, where, in region I, as the
intensity of the (100) diffraction peak decreased with increasing

37 www.videleaf.com



Surfaces, Interfaces and Coatings Technology

RFP, the (111) peak appeared more intense. On the other hand,
the morphology of the samples in region Il deposited at 150 and
200 W and presenting the (111) plane as the preferred
orientation, showed nodular-like structures [50]. In the case of
the samples prepared at 5.0 Pa, a similar trend was observed.

a)3.5Pa

8.0um [

Figure 16:1x1 pum?2D AFM micrographs of the sputtered CusN films
deposited at different RFP and at (a) 3.5 Pa and (b) 5.0 Pa of working pressure.
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Table 12: Surface roughness RMS and grain size calculated from AFM 1x1
um? images of the CusN films fabricated on glass by RF magnetron sputtering
in a pure nitrogen atmosphere.

Total gas pressure: 3.5 Pa

RF Power (W) | 25 50 75 100 150 200
RMS (nm) 850 | 220 3.25 177 881 | 7.40
Grain size 31 31 33 34 36 37
(nm)

Total gas pressure: 5.0 Pa

RF Power (W) | 25 50 75 100 150 200
RMS (nm) 150 | 1.33 1.50 8.02 560 | 5.70
Grain size 29 35 33 34 32 33
(nm)

Data in Table 12 revealed grain sizes ranged from 29 to 37 nm,
close to the values obtained from the XRD measurements by
using the Debye-Scherrer Equation (2). A different grain
morphology was also observed in the (111)-oriented films. Such
samples presented small agglomerated grains that led to visibly
larger grains, as the corresponding AFM micrographs of pictured
in Figure 16. This agglomeration may be attributed to nitrogen
loss that is more favourable in the (111) planes. As it was
showed before in the XRD patterns, this orientation was obtained
as the RFP increased. Finally, a slight reduction in surface
roughness RMS by increasing the gas pressure was observed at
low RFP. As the working pressure increased, more N, ions
struck the Cu target, leading to a higher energy of the ion
bombardment on the substrate, and hence, more atom diffusion.
Under this scenario, the density of the films was enhanced and
the surfaces were flattened [47]. In addition, the samples
deposited at 150 and 200 W (samples in region Il) presented
higher RMS values than the other samples, which is attributed to
the observed changes in morphology and in the preferred
orientation, as previously explained. The highest RMS values
were shown by the samples deposited at 25 W and 3.5 Pa, and
100 W and 5.0 Pa, which were attributed to the presence of many
deep voids on their surfaces. Therefore, the sputtering conditions
that led to the smoothest surfaces together with an improved
crystallinity were 75 W of RFP and 5.0 Pa of gas pressure.
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Chemical composition was qualitatively determined from EDS
data collected in Table 13. These data revealed a qualitative ratio
of Cu to N lower than 3, confirming the non-stoichiometry of the
fabricated material [46, 76]. From these measurements, the
samples showed a slight increase in the Cu/N ratio as the RFP
increased due to a higher number of Cu atoms; but no significant
increase of N in the network was observed with rising gas
pressure, as we argued when determining the deposition rate.
The samples deposited at 200 W showed the highest presence of
Cu in the lattice, as expected.

Table 13: Relative chemical composition of the CusN films in the study,
derived from EDS analysis.

RF Power (W) 25 50 75 100 200
Cu/N ratio (3.5 Pa) 1.85 1.94 1.70 2.15 2.33
Cu/N ratio (5.0 Pa) 1.87 2.06 2.36 2.48 2.87

Figure 17 shows the prominent Raman peak at around 613-644
cm™?, characteristic of the formation of the CusN, and which
corresponded to the stretching of the Cu—N bond [59]. A Raman
shift at a lower frequency was observed as the RFP rose, as well
as when increasing the gas pressure. This shift would imply a
deviation from the stoichiometric level, as already previously
observed. That is, at a high RFP, the presence of Cu in the lattice
is more evident. In addition, the shape of the main peak was
asymmetric, which was clearer for samples in region Il.

Table 14 summarizes the main parameters derived from Raman
spectra. A slight shift to lower wavenumber was observed as the
RFP increased, regardless of the gas pressure. This could be
indicative of a deviation from the stoichiometric level that
changed with the RFP parameter [73]. At 3.5 Pa, the main peak
was widened as the RFP increased, in agreement with the data
extracted from the XRD spectra (see Figure 14). The sample
deposited at 25 W showed the narrowest main band, supporting
the improved crystalline quality. At 5.0 Pa, the narrowest band
was obtained at 75 W, as the XRD data also revealed.
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Figure 17: The Raman spectra of CusN films prepared at different RFP and gas
pressures of 3.5 Pa and 5.0 Pa. (25-100 W, region I, and 150-200 W, region

).

Table 14: Main parameters of CusN films RFP derived from the Raman
spectra.

RF Power (W) 25 50 75 100 | 150 | 200
FWHM (cm™)(3.5 Pa) 66 82 105 | 99 121 | 114
Raman peak (cm™) 632 | 637 | 621 | 621 | 616 | 616
FWHM (cm™)(5.0 Pa) 108 | 120 | 107 | 118 | 108 | 77

Raman peak (cm™) 644 | 640 | 627 | 620 | 616 | 616

Figure 18 depicts the FTIR spectra of the deposited CusN films.
In all cases, a prominent peak around 650 cm™ was observed,
which was attributed to the intrinsic vibration of the Cu—N lattice
mode [79]. The peak at = 2049 cm™* corresponded to the azide
(Ns) stretching vibration, confirming the formation of the CusN
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compound [80]. As the RFP increased, the intensity of the azide
peak decreased, again related to the fact that, at a higher RFP,
the CusN film became more Cu-rich, fact previously observed
from the EDS data (see Table 13). In addition, an asymmetric
peak with a shoulder at longer wavenumbers was obtained at
lower RFP values (region 1), which was more evident in the
samples deposited at 3.5 Pa. Both the asymmetry and the
shoulder began to disappear as both the RFP and the amount of
gas were increased. This disappearance could be attributed to a
better formation of the Cu-N bond due to the higher presence of
Cu atoms as the RFP increased. The asymmetry and the shoulder
also appeared in the samples of region Il deposited at 5.0 Pa.
This effect could be due to a possible imperfection in the
formation of the Cu-N bond because of a greater presence within
the plasma of both Cu atoms and energetic and ionized N
species.

(a) Regionl (b) Region Il
5P //_\/\—. 35
S
| Pommm— 35Pa N —200W |
3 At (c) 3 gy
H | 3 —150W 3 |
; Lo =
%- : g —100W § |
2 | /=sow [ | —75w H !
g H £ | /~1sow
L |
7 —2s
. Wavenumber (cm )
3380 50
enu

Transmittance (3.}

Transmittance (a.u)

Wavenumber (cm ')

1 3380 2380 1380
* —— Wavenumber (cm!)

Figure 18: FTIR spectra of CusN films prepared at different RF power and gas
pressures of 3.5 Pa and 5.0 Pa for samples in (&) region | and (b) region Il. The
whole spectra of the samples are pictured in (c,d).

The resistivity of the films was measured with the four-point
probe system. The results indicated a resistive material in all
cases, where the values ranged from 0.2 x 10% to 5.4 x 10° Q-cm.
This electrical performance was consistent with the chemical
data and non-stoichiometric structure, richer in N than in Cu,
derived from EDS and XRD measurements, respectively. This
could be indicative of a p-type CusN material produced by the
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Cu* vacancies due to the range of N2 gas pressure used. These
values were similar to those found in the literature for CusN
films deposited by the same technique [13,56,79,80].

Finally, the optical properties of the CusN thin films deposited
on glass substrates were analyzed by UV-VIS-NIR spectroscopy
in the range of 300-2500 nm. Figure 19 shows the transmittance
spectra of the deposited films. In general, the films showed a
high transmittance in the NIR (>700 nm), that gradually
decreased in the VIS range (450-700 nm) and turned to very low
values in the UV range (300—400 nm). It was also observed that,
as the RFP increased, the average transmittance value was
drastically affected, obtaining values ranging from 60% to 45%.
This could be explained because the films were increasingly
richer in Cu as the RFP rose, as previously reported [26, 56]. A
relationship between the increase in the thickness of the samples
and the decrease in the percentage of transmittance was
observed, which was attributed to the absorption of the material.
In addition, the transmittance spectra showed a shift of the sharp
absorption edge to lower energies as the RFP increased, as a
result of the variation in the films composition and the structural
change observed [81].
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Figure 19: Transmittance spectra of CusN films prepared at different RF
powers and working pressures. (a) region I; (b) region Il.

The optical band gap was calculated from the transmittance

spectra, using the Tauc Plot Equation (4). The results are
summarised in Table 15.
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Table 15: Direct and indirect band gap energy values calculated for the CusN
films fabricated on glass in a pure N2 atmosphere at different RF powers.

Total gas pressure: 3.5 Pa

RF Power (W) 25 50 75 100 | 150 200
Eg (eV)
Direct (ahv)? 230 |210 | 2.05 | 2.05 | 2.00 1.90

Indirect (ahv)*2 | 190 | 1.80 | 1.70 | 1.70 | 1.60 1.70
Total gas pressure: 5.0 Pa
RF Power (W) | 25 50 75 100 | 150 200
Eg (eV)
Direct (ahv)? 210 | 218 | 205 | 2.01 | 2.05 2.10
Indirect (whv)*? | 1.80 | 1.80 | 1.70 | 1.70 | 1.70 1.70

The samples deposited at the lowest pressure of 3.5 Pa presented
E, values for the direct transitions ranging from 1.90 to 2.30 eV,
and for the indirect allowed transitions, from 1.6 to 1.9 eV
(Figure 20). In the case of the samples deposited at 5.0 Pa, the
direct band gap energy ranged from 2.01 to 2.18 eV, and the
indirect ranged from 1.70 to 1.80 eV. Therefore, a non-clear
tendency with the gas pressure could be established and
attributed to the different sample thicknesses. On the other hand,
as RF power increased, a narrow band gap energy was obtained.
This could be attributed to the increase in the amount of
unbonded Cu atoms with RF power that formed electronic
transitions from the defect levels to the valence band [82].
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Figure 9: Plot of (hva)*? and (hva)? vs hv for the optimized samples
deposited at (a) 25 W and 3.5 Pa, and (b) 75 W and 5.0 Pa.

Finally, the values obtained of the direct and indirect band gap
could be considered as suitable and within the range required to
use this material as a solar absorber.

Conclusions

This work presented how the main properties of CusN thin films
deposited by reactive RF magnetron sputtering can be tuned by
changing the RFP and the gas pressure.

Firstly, it was evaluated which would be the most favourable
environment to obtain CusN thin films with the best
performance. In this sense, a RPF of 50W and different N flow
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ratios of 0.7 and 1.0 were studied. The results provide valuable
insights into these films’ optical and structural properties. The
analysis of the film structure revealed polycrystallinity, with a
preferred growth orientation along the (100) plane when the N,
flow ratio was r = 1.0. However, an amorphous matrix was
observed for an N, flow ratio of 0.7 and low total working
pressures up to 2.0 Pa; at working pressures above 2.0 Pa, a
tendency for growth along the (111) plane was obtained. These
findings and the lattice parameter values extracted from the XRD
patterns suggest that the films deposited in the No/Ar gas mixture
tend to have a higher concentration of Cu. Raman
characterization confirmed the formation of Cu-N bonds. The
presence of oxygen in the Raman spectra and in the EDS
analysis was attributed to environmental factors due to no Cu-O
bond-related structures were detected in the XRD patterns. The
Cu/N ratio demonstrated an increase in the total working
pressure. FESEM and AFM analysis showed a film morphology
consisting of columnar grains with a very smooth and
homogeneous surface. Through a combined analysis of the
optical properties using conventional UV-VIS-NIR and PDS
spectroscopies, the absorption coefficient over a wide range of
photon energies (from 0.5 eV to 3.5 eV) was determined. A
model with two band gaps, indirect and direct, and the Urbach
exponential tail in the subgap region described the complete
absorption coefficient spectrum. Depending on the deposition
conditions, the energy of the direct gap varied in the range of 1.1
to 1.5 eV and the direct gap in the range of 1.9-2.2 eV.
Generally, as the working pressure decreased, the energies of the
two gaps tended to decrease, with the effect being most evident
in the layers deposited in the N2/Ar gas mixture environment.
The samples deposited with the lowest working pressure (1 Pa)
presented the highest value of the Urbach energy (>250 meV).
The minimum value of the Urbach energy of 183 meV was
found for the sample deposited at 2 Pa in a pure N, atmosphere.
Finally, these films exhibited desirable structural, morphological,
and optical properties, making them promising candidates as
solar absorbers.
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Secondly, the effect of the RFP on the thin film properties was
also studied. The results revealed as the RFP increased, the
deposition rate also rose, showing a linear trend but with two
differentiated slopes depending on the power: 25-100 W
(labeled as region 1) and 150-200 W (labeled as region II). Such
a division in regions was also observed in the rest of the film
properties. From XRD, the films from region | showed a (100)
preferred orientation, related to an N-rich material, that turned to
the (111) preferred plane, related to a Cu-richer material, when
the samples were deposited at 150 W of RFP (region Il). No
difference was observed at the two different N, pressures used.
However, a better crystalline quality was obtained for the
samples deposited at 25 W and 3.5 Pa, and at 75 W and 5.0 Pa.
AFM measurements also revealed a different morphology in
each case, changing from conical (region 1) to nodular-like
(region 1) structures as the RF power increased. In addition,
rougher surfaces were obtained for samples of region Il, while
the smoothest surfaces were achieved at 5.0 Pa. Regarding the
chemical composition, qualitative EDS measurements indicated
a gradual and slight increase in Cu as the RFP increased. FTIR
and Raman confirmed the formation of Cu-N bonds, with a
slight displacement to a lower wavenumber as the RFP rose.
From the electrical point of view, all of the films showed high
resistivity. The band gap energy were ranged from 1.60 to 1.90
eV for the indirect transitions, and 1.90 to 2.30 eV for the direct
transitions; suitable ranges for the proposed application.

In summary, this work demonstrated: (i) the feasibility of
magnetron sputtering to manufacture a stable CusN material at
RT; (ii) how the material properties strongly depend on
deposition parameters; and (iii) which sputtering parameters lead
to a material useful for use as a solar absorber (i.e, good
structural quality, smooth surfaces, large grain size, stable Cu-N
bond and adequate bandgap value). All these approaches have an
enormous potential to open new horizons to achieve the
definitive take-off thin film and flexible solar technologies by
using ecofriendly and earth abundant materials.
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Abstract

All-solid-state Li-ion batteries (ASSBs) promise higher safety
and energy density than conventional liquid electrolyte-based Li-
ion batteries (LIBs). Silicon (Si) is considered one of the most
promising anode materials due to its high specific capacity (3590
mAh g!) but suffers from poor cycling performance because of
large volumetric effects leading to particle pulverization,
unstable solid electrolyte interphase (SEI), and electric
disconnection. In ASSBs, additional issues such as poor solid-
solid contacts and interfacial side reactions between Si and solid-
state electrolytes (SSEs) are also hindering their practical
application. This review first outlines the prospects and recent
research achievements of Si-based anodes with special focuses
on various Si structures and composite materials, then analyzes
the issues of the electrochemical-mechanical effects, and finally
summarizes key factors and promising strategies for further
improving the Si-based anodes for high-performance ASSBs.

Keywords

Si-Based Anodes; All-Solid-State Batteries; Interface Issues;
Electrochemical-Mechanical Coupling Effects;
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1. Introduction

Li-ion batteries (LIBs) are widely used in portable electronic
products and electric vehicles (EV) because of their merits of
high energy density (HED), long cycle life, and low memory
effect [1-3]. Traditional LIBs based on organic liquid
electrolytes have safety hazards and are approaching their energy
density limits. In comparison, all-solid-state batteries (ASSBS)
using less flammable solid-state electrolytes (SSEs) and enabling
aggressive high-capacity active materials can meet the persistent
pursuit of high safety performance, HED from battery
manufacturers, and end consumers [4-5].

Apart from the cathode materials, anode materials play a
decisive role in the key performance indicators, especially the
energy density, of the LIBs [6-7]. Candidates of anode materials
for ASSBs include graphite, Li metal, and alloy anode such as
Si, etc [8-10]. Graphite is stable, low-cost, and is the dominating
anode material in commercial LIBs. However, with a theoretical
specific capacity as low as 372 mAh g™!, graphite presents a limit
on the energy density of LIBs [11]. Li metal poses an ultra-high
specific capacity (3860 mAh g!') and a low electrochemical
potential (—3.04 V vs SHE), and can greatly increase the energy
density of the battery can greatly increase the energy density of
the battery when matched with high-voltage cathode materials
[12]. However, it compromises the inherent safety promise of
ASSBs because of their high flammability and high-probability
dendrite formation which can lead to internal short circuits
(ISCs) in the cell. In contrast, Si also has a high specific capacity
(3590 mAh g'), but is chemically much more stable and
environmentally friendly, and thus is also regarded as a
promising and practical anode candidate for HED ASSBs,
especially in the near-to-medium term. As shown in Figure 1a,
compared to Li metal, Si is advantageous with high annual
production and low cost [13]. On the other hand, while Li metal
can undergo severe chemical reactions with some SSEs (e.g.,
sulfide SSEs) [14], forming by-products with low ionic
conductivities, Si is chemically much more stable and thus
compatible with most SSEs [15]. Moreover, Li metal and Si
behave differently under high stacking pressures that are
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generally required in the ASSBs manufacturing process to
realize close solid-solid contacts [16]. At pressures above 25
MPa [17], Li metal may propagate through the SSEs and lead to
short circuits with the cathodes, whereas Si can bear much
higher pressures because of its high Young's modulus of 130
GPa [18]. In addition, Li metal is very sensitive to ambient
environment and must be processed in gloveboxes or dry rooms
[19]. Conversely, Si has good air stability and is suitable for
large-scale manufacturing.
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Figure 1: (a) General evaluation of the Si-anode and Li-metal anode in ASSBs
[19]. “Reproduced with permission from [Cao, Daxian, et al.], [Advanced
materials]; published by [WILEY - V C H VERLAG GMBH & CO. KGAA],
[2022]” (b) Schematic diagram of the bulk effect of Si materials in LIBs [20].
“Reproduced with permission from [Jang Wook Choi et al.], [Nature Reviews
Materials]; published by [Springer Nature], [2016]” (c) Stabilized SEI between
Si anode and electrolyte in ASSBs [21].

Nonetheless, Si has its problems, which mostly originate from
the alloying lithiation mechanism and resulting huge volumetric
change (up to >300%). These problems are illustrated in Figure
1b and include (1) instability in the material level: Si is prone to
particle pulverization during the charging and discharging
process because of high internal stress; (2) instability in the
electrode level: repeated expansion and contraction of the
electrode as a whole may lead to electric disconnection and
isolation; (3) instability at the interface: the volume effect may
cause repeated rupture and excessive growth of surface solid
electrolyte interphase (SEI) film, which consumes active Li and
increases interfacial impedance. The above three unstable
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processes collectively account for the generally observed poor
cycling performance of Si anodes. In addition, (4) the rate
performance of Si is generally not good because of its low
electric conductivity and low Li-ion diffusion coefficient,
compared to conventional anode materials such as graphite.

These issues could be intensified or relieved when Si anodes are
used in ASSBs. In 2009, Lee et al. first investigated the
application of Si nanoparticles in ASSBs with sulfide SSE [22].
In this work, Si nanoparticles demonstrated higher capacity
retention in ASSBs than in liquid batteries after the same number
of cycles. The volume expansion of Si material during cycling is
inevitable. However, sulfide-based SSEs with good mechanical
ductility may be beneficial in buffering the volume and stress
effects of the Si anodes. Moreover, the cracks formed in the
electrodes were reported to be vertical to the current collectors
and may not necessarily cause electric connection failure [19,
23]. The problem of the surface instability of Si anode related to
excessive SEI growth could also be alleviated in ASSBs. In
2021, Meng’s group first reported an ASSB with a carbon-free
Si anode that can achieve a capacity of 2800 mAh g—1, a
capacity retention of 80% over 500 cycles, and an average
columbic efficiency (CE) of > 99.9% at room temperature [21].
As shown in Figure 1c, unlike liquid electrolytes, SSEs do not
completely wet the electrode active material, and therefore the
excessive growth of SEI and Li-ion consumption during cycling
could be largely suppressed by the reduced Si/SSE interface
area.

Stimulated by the urgent demand for HED and safe ASSBs,
there are some review studies on Si-based anodes for ASSBs
from different perspectives. Wang et al. [24] and Pilgun Oh et al.
[14] reviewed the developments of HED anodes for ASSBs
based on sulfide SSEs. Lewis et al. summarized the progress and
promise of alloy anode materials in ASSBs [25]. Hanyu Huo et
al. examined the Si-based anodes for ASSBs with different cell
and electrode types [26]. Liu et al. discussed the challenges and
solutions for Si-based anodes in various LIBs including liquid,
quasi-solid, and all-solid batteries [27]. There are also several
review reports on Si-based anode for solid-state batteries with a
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focus on different SSEs [28-30]. However, only a few reviews
mainly focus on the engineering and modification of Si, as well
as fundamental issues in Si-based ASSBs.

In this review, we summarize the current development and
application of Si anode in ASSBs. The development of Si
structures is first introduced, and this includes um-, nm-, porous
Si, thin-film Si, and columnar Si. In addition, we discuss the
composition and alloying of Si such as Si/C and Li-Si alloys, etc.
Later, we highlight the main factors that could impact the
performance of Si in ASSBs, including interface issues and the
electrochemical-mechanical coupling effect between Si and
SSEs. Finally, we propose some prospects and strategies for the
current hindrance that may put forward the research of Si in
ASSBs.

2. Si Anodes
2.1. Si anodes with different particle sizes

The size of Si particle anodes is a significant factor influencing
their accessible capacities and cycling performances. It has been
found that by reducing the size of Si particles to nanometers, the
stress concentration caused by volume expansion can be
effectively relieved, which can prevent Si from pulverization and
powdering. However, the high specific surface area of nm-Si
could also bring more side reactions consuming more
electrolytes and active Li ions. In addition, large-scale
production of nm-Si generally involves complicated processes
and demanded equipment, and thus leads to high costs.

In 2018, Dunlap et al. [31] investigated the effect of Si particle
sizes on the electrochemical performance of Si/C anode. They
found that the Si/C anode prepared with 50 nm Si has a higher
first cycle capacity and cycling stability than the Si/C anodes
with pm-Si (1-3 pm and 325 mesh Si) because the amorphous
carbon matrix was not robust enough for the um-Si (Figure 2a).
Pores and cracks were observed in electrodes with Si/C anode
with pm-Si, which could increase the cell impedance. Trevey et
al. [32] compared the cycling performances of nm-Si (50-100
nm) and um-Si (1-5 um) in ASSBs with sulfide SSE (Figure 2b).
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At the same cutoff voltages, the nm-Si anode exhibits a higher
discharge capacity and improved cycling performance over the
um-Si anode. Rana et al. [33] investigated the influence of the Si
particle size on the rate performance, and found that the rate
performance as well as the first cycle capacity of the Si anode
improves as the particle size decreases. The surface-to-volume
ratio of active materials plays a decisive role in the rate
performance. While the larger sizes of um-Si may be
advantageous for achieving higher effective ionic conductivity of
the electrodes [34-36], nm-Si with a high surface-area-to-volume
ratio can provide more contact sites, more effective reaction
interfaces, and thus can achieve higher specific capacity (Figure
2c,d).
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Figure 2: (a) Cycling performance of Si-C electrodes[31]. “Reproduced with
permission from [Dunlap et al.], [Solid state ionics]; published by [ELSEVIER
BV], [2018]” (b) Cycling performance of nm-Si and bulk Si under different
voltage range [32]. “Reproduced with permission from [Trevey et al.],
[Electrochemical and solid state letters]; published by [IOP Publishing],
[2010]” (c) Schematic showing influence of Si particle size on the performance
of the anode composites [33]. (d) Dependence of the specific capacity of the
composites at a current density of 8 mA-cm—2 on the surface area/volume ratio
of the Si particles [33]. “Reproduced with permission from [Moumita Rana et
al.], [ACS Energy Letters]; published by [American Chemical Society],
[2023]”

Takahashi et al. [23] presented a slurry-mixing method for
fabricating Si-75Li2S-25P2S5(LPS) electrodes applicable to the
binder-free sheet-type ASSBs. Unlike powder-pressed Si
composite anodes, this method is suitable for the current
manufacturing process for traditional LIBs and is promising for
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large-scale production [26,37-38]. The um-Si-LPS sheet can
deliver a discharge capacity of 3058 mAh g—1 and an initial
coulombic efficiency (ICE) of 90%, while the nm-Si-LPS anode
using the same preparation method delivers a higher capacity of
3168 mAh g—1 but a lower ICE of 86% (Figure 3a,b). The lower
ICE of nm-Si can be ascribed to its higher specific surface area
and irreversible side reaction from the surface oxide layer [39].
Jung et al. [38] came to the same conclusion by fabricating
sheet-type Si composite anode with a different method of
infiltrating electrodes with SSEs in a Li6PS5CI-ethanol solution
(Figure 3c). Both um-Si and nm-Si anodes showed high first-
cycle discharge capacities over 3000 mAh g—1, however, the
nm-Si anode delivered a lower ICE than the um-Si anode. nm-Si
demonstrates good electrochemical performances in sulfide-
based full-cell ASSBs. In 2022, Zhu et al. [19] designed a high-
energy ASSB based on an nm-Si composite anode, a
Li2SiOx@S-NMC composite cathode, and a thin sulfide SSE
membrane, which shows great potential for industrial
applications. The full cell exhibited remarkable cell-level energy
densities of 285 and 177 Wh kg—1 at current densities of 0.158
and 3.16 mA cm—2 (Figure 3d). When cycled at C/3, the cell
showed good cycling stability for 1000 cycles (Figure 3¢). There
are also some reports on the performance of full-cell ASSBs
using um-Si. Meng et al. [21] developed an ASSB that utilized a
um-Si  anode, a sulfide Li6PS5CI SSEs, and a
LiNi0.8C00.1Mn0.102(NMC811) cathode. The full cell
achieved capacity retention of 80% after 500 cycles and an
average CE of >99.9% (Figure 3f). A distinctive feature of this
battery is that the anode does not contain carbon. Conductive
carbon and electrolytes were generally added to ensure good
electron and ion transport paths, but they reduced the weight
proportion of the active material and the effective electrode
loading [31, 40-41]. Eliminating the carbon additives is also
favorable in maintaining the stability of the SSE after forming a
relatively stable two-dimensional interfacial SEI layer with a
limited area. This is in contrast to the uncontrolled growth of the
SEI of Si anode during prolonged cycling [42].
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Figure 3: Charge—discharge curves of binder-free (a) pm-Si and (b) nm-Si
half-cells [23]. “Reproduced with permission from [Yamamoto et al.], [Journal
of power sources]; published by [ELSEVIER S.A.], [2018]”(c) Schematic
diagram illustrating the process for infiltration of conventional Si composite
electrodes with solution-processable SSEs[38]. “Reproduced with permission
from [Kim et al.], [Journal of power sources]; published by [ELSEVIER S.A.],
[2019]7(d) Cell-level energy density comparison with different ASSBs
employing a Si anode[19]. (e) Long-term cycling performance of a full cell
with an nm-Si composite anode and cathode mass loadings of 10 and 20 mg
cm—2[19]. (f) Cycle life of um-Si||SSE||[NCM811 cell at room temperature [21].

Although both nm- and pm-Si have shown promise for
applications in ASSBs, some problems remain to be addressed.
nm-Si may exacerbate the interfacial side reactions with SSEs
due to its higher specific surface area, and could also have size-
matching issues with micro-sized SSEs, which may result in
lower ionic conductivity of the electrode [33]. The electrodes
consisting of um-Si are subject to void formation and porosity
change, which affect the cycling performance of the ASSBs [42].

2.2. Si Anodes with Different Structures
2.2.1. Porous Si Anode

Porous materials have many advantages, such as high specific
surface area, plenty of active sites, and short ion diffusion
distances, which favor good rate performances in LIBs [43]. The
porous structure also improves the cycling performance of
ASSBs Dbecause the connections internal of the porous Si
improve the structure integrity and the pores can act as a buffer
region accommodating the volume changes during cycling.
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Okuno et al. [44-45] investigated the effects of the structure and
dispersion method of porous Si on the performances of ASSBs
with a sulfide SSE. The nano-porous Si half-cell exhibits an
excellent capacity retention of 89% after 50 cycles, with a
remaining capacity of approximately 11 times higher than that of
the non-porous Si half-cell (Figure 4a) [46]. The improved
cycling stability could be because the volume expansion of Si
during charging can be accommodated by the nanosized pores
and the elastic deformation of the surrounding SSE.
Furthermore, Okuno et al. [47] studied the effect of dispersion
methods of mechanical milling and hand milling. The highly
dispersed nano-porous Si electrodes prepared by mechanical
milling enabled capacity retention of 80% up to 150 cycles
(Figure 4b). It is believed that the stress generated by the nano-
porous Si could be relieved by the elastic deformation of the
surrounding electrolyte so that the electrolyte can maintain good
contact with the nano-porous Si during the delithiation (Figure
4c). In the case of a low degree of dispersion (prepared by hand
milling), the stress generated by the aggregated nano-porous Si
may cause the electrolyte to deform plastically, and thus voids
can be formed between the nano-porous Si and the electrolyte
during delithiation, leading to a reduction in capacity. It should
also be noted that the highly dispersed nano-porous Si electrodes
(prepared by mechanical milling) exhibited a lower first cycle
charge/discharge capacity as well as a lower ICE than that
prepared by hand milling. This could be related to the larger
contact area between the nano-porous Si and the SSE and the
more surface oxide layers of the nano-porous Si prepared by
mechanical milling.
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Figure 4: (a) Discharge capacity and CE of nanoporous and non-porous Si
half-cells [46]. “Reproduced with permission from [Okuno et al.], [Journal of
the Electrochemical Society]; published by [IOP Publishing], [2022]” (b) Cycle
performances of half-cells with mechanically milled and hand-milled
nanoporous Si composite anodes [47]. (c) Microstructural behavior of
mechanically milled and hand-milled nanoporous Si composite anodes [47].
“Reproduced with permission from [Okuno et al.], [Journal of the
Electrochemical Society]; published by [IOP Publishing], [2020]” (d) SEM
image of col-Si as cross-section [48]. “Reproduced with permission from
[Cangaz, Sahin, et al.], [Advanced Energy Materials]; published by [WILEY -
VCH VERLAG GMBH & CO.], [2020]” (e) Illustration of the test cell setup
for ASSB cell construction [48]. “Reproduced with permission from [Cangaz,
Sahin, et al.], [Advanced Energy Materials]; published by [WILEY - VCH
VERLAG GMBH & CO.], [2020]” (f)Hllustration of morphological and phase
changes in col-Si during first lithiation [48]. “Reproduced with permission
from [Cangaz, Sahin, et al.], [Advanced Energy Materials]; published by
[WILEY - VCH VERLAG GMBH & CO.], [2020]” (g) Microscopy images of
as-prepared amorphous Si films. [49](h) Cycling performances of amorphous
Si anode films [49]. “Reproduced with permission from [Junichi Sakabe et al.],
[Communications Chemistry]; published by Springer Nature], [2018]”

2.2.2 Columnar Si Anode

Columnar Si is also a promising architecture [50-51]. The low
surface area-to-volume ratio of columnar Si favors a high ICE
[52]. Cangaz et al. [48] prepared a columnar Si anode (col-Si) by
physical vapor deposition process (PVD) and coupled it with a
Ni-rich layered oxide cathode to form ASSBs with a Li6PS5CI
SSE. Figure 4d shows the macroscopic structure of col-Si, which
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is compactly aligned with each other and vertically connected to
the foil. The full-cell delivered a good capacity retention of 82%
after 100 cycles. No short circuits were observed even at a
relatively high charging rate (I mA cm—2). The SSE contacts
closely with columnar Si but does not penetrate the gaps. This
condition facilitates a 2D lateral SEI that can be further
stabilized by external pressure (Figure 4e). As shown in Figure
4f, due to the close contacts between Si pillars prohibiting SSE
penetration, during the lithiation/delithiation, the volume
expansion of col-Si occurs mainly in the longitudinal direction
and not inside the anode, which ensures the stability of the SEI
during the cycling process. The volumetric effects can also be
accommodated by the external pressure.

2.2.3 Film Si Anode

Thin-film Si anodes generally exhibited lower volume expansion
than Si particles and also showed promise in ASSBs [53]. Thin
film Si anodes have been successively deposited on the surface
of the SSEs and show good compatibility[ 54-56]. Miyazaki et
al. [57] reported an amorphous Si(a-Si) film anode for ASSBs
with a specific capacity of 2400 mAh g—1 after 100 cycles at 0.1
mMA cm—2. To alleviate accumulated stress and enhance cycling
performance, Sakabe et al. [49] designed porous amorphous Si
films (Figure 4g), which delivered a high capacity of 3128 mAh
g—1 and a very low capacity fading rate of 0.06% per cycle even
at a high practical areal capacity of 2.3 mAh cm—2 (Figure 4h).
Despite its promise, film Si anodes also face limitations and
some important factors should be considered. For example, film
thickness affects the cycling performance [58], and crystallinity
and microstructure affect the ion/electron transport properties.

3. Si-Based Composite Anodes

Compositing Si with other conductive, active, buffering, or
coating materials to form Si-based composite anodes is a
prevailing strategy to improve the cycling and rate performances
of Si towards HED LIBs [59-60]. Herein, the electrochemical
performances of Si-based anodes in ASSBs that are mentioned in
this section are partly summarized in Table 1.
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3.1 Si/C Composite Anodes

Carbon materials in Si/C composite anodes can serve several
roles: (1) as coating materials restricting the volume change of Si
and preventing the surface side reactions; (2) as conductive
substrates/networks improving the conductivity of the electrode;
(3) as active material contributing capacity. Following these
concepts, many Si/C composite anodes, such as simple Si/C
composites [31], core-shell structured Si/C [61], Si/graphene
[62], Si/carbon nanofiber (CNF)[63], Si/carbon-nanotube(CNT)
[64], have been designed and studied in Si-based anodes in
ASSBs.

Poetke et al. [65] prepared Si-C void composites using polyvinyl
butyral (PVB) as a void template (Figure 5a,b). The void inside
the composite material was designed to provide free space for
the volume expansion. And the carbon shell can prevent the Si
from direct contact with the electrolyte. As anode in ASSBSs, the
Si-C void composite exhibited a higher capacity retention and
CE compared to it delivered in LIBs with liquid electrolyte
because of the inhibited side reactions and suppressed excessive
growth of SEI. Han et al. [66] designed a novel um-
Si/Si02/Li3P04 (LPO)/C multilayer coated Si composite anode
(Figure 5c¢,d). The SiO2/Li3PO4@C coating layer can provide
ionic and electronic fast pathways and improve the integrity of
the Si particles. In addition, theoretical calculations suggested
that the SiO2 layer could reduce the energy barrier of Li+
transport. The pm-Si/SiO2/LPO/C electrode showed a reversible
specific capacity of 2482.1 mAh g—1 with an ICE of 88.7%, and
a capacity of 1001.9 mAh g—1 maintained after 200 cycles at 0.5
A g—1. In sharp contrast, the Si@C anode without the
SiO2/Li3PO4 interlayer only delivered a capacity of 1130.8
mAh g—1 at 0.2 A g—1 and maintained a capacity of 202 mAh
g—1 after 100 cycles (Figure 5e). Recently, a Si@MgO@C
monothetic anode electrode was developed by the same group
[67], see Figure 5f. The conductive carbon network prepared
with a polyacrylonitrile (PAN) backbone facilitated the electron
transport and the charge transfer kinetics at the Si/SSEs
interfaces. Matched with a poly(ethylene
oxide(PEO)/Li1.3Al0.3Til.7(PO4)3(LATP) /nano  cellulose
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(NCF) SSE, the Si@MgO@C electrode exhibited a high
capacity of 2576.1 mAh g—1 with a CE of 81.4% during the first
cycle, and a remaining capacity of 792.1 mAh g—1 after 200
cycles at a current density of 0.5 A g—1 (Figure 5f,g).

(a) Conventional LIB o Solid-State UB (b)

Figure 5: (a) Schematic representation of SiNP and Si-C anode in liquid and
solid electrolyte Li-ion batteries [65] (b) TEM images of the Si-C composite
[65]. “Reproduced with permission from [Poetke et al.], [BATTERIES
JOURNALYJ; published by [John Wiley & Sons], [2021]”(c) TEM image of the
Si@SiO2@LPO composite material[66]. (d) Schematic illustration of the
synthesis processes of Si@SiO2@LPO@C material [66]. () The cycling
performance of Si@SiO2@LPO@C and Si@C electrodes in a half solid-state
cell [66]. “Reproduced with permission from [Gu, Lanhui, et al.], [Energy
Storage Materials]; published by [Elsevier], [2022]” (f) Schematic illustration
of the synthesis process and potential advantages [67] and (g) TEM image of
the Si@MgO particle [67]. “Reproduced with permission from [Xiang Han et
al.], [Rare Metals]; published by [Springer Nature], [2023]”

Paik et al. [63] reported Si nanoparticles embedded in carbon
nanofiber ~ (CNF) sheathed with  Li6PS5CI  (LPSCI)
(SI/CNF@LPSCI, Figure 6a) as anode material to achieve high
energy density and stable cyclability for sulfide-based ASSBs.
The CNF with good mechanical properties and high electronic
conductivity [68-69] can build good electronic transport
pathways and buffer the volumetric effect of the Si particles.
Furthermore, the conformal coating of LPSCI on the fiber
enhances the ionic transport and stability at the active
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material/SSE interface. The Si/CNF@LPSCI electrode exhibits a
capacity retention of 84.3% after 50 cycles at 0.5C in a half cell
with a Li-In counter electrode (Figure 6b). Li et al. [70] reported
a Si/CNF composite anode electrode with unique vertical 3D
architecture, a nanostructured coaxial Si shell coated on
vertically aligned carbon nanofibers (VACNFs) (Figure 6c),
which act as a good electron intercalation medium. Matched with
a good thermal and stable mechanical gel polymer electrolyte,
the Si-VACNFs showed a high capacity of 3450 mAh g—1 at
0.36 A g—1 and 1732 mAh g—1 at 3.8 A g—1. Huang et al. [64]
designed a Si/CNTs/C anode with a “reinforced concrete”
structure (Figure 6d), in which CNT frameworks can prevent
disruption of the electron/ion transport pathways, and can
mitigate the volume expansion of Si. The Si/CNTs/C@Li6PS5CI
electrode showed a stable capacity of 1226 mA h g—1 after 50
cycles at 50 mA g—1 in a half cell. Kim’s group studied the
diffusion-dependent [71] electrodes (DDES) consisting mainly of
graphite and Si without SSEs to meet the high power and high
energy density requirements of ASSBs [72-73]. Adding high-
capacity nm-Si in graphite enabled much thinner coating layers
and therefore can shorten the diffusion distance of Li ions in the
graphite DDEs and increase the energy density (Figure 6e).
Graphite can accommodate the volume change of Si and provide
a good electron transport path. The electrode with optimized
composition demonstrated high areal and volumetric capacities
of 2.76 mAh cm—2 and 935 mAh cm—3 at a high current density
of 1.77 mA cm—2. Furthermore, they developed the dry pre-
lithiated DDEs (PL-DDES) by introducing Li metal powder [73],
which can supply Li ions to the active materials even in a dry
state to enhance the CEs and compensate for the Li loss
prolonging the cycling (Figure 6f). In contrast to other methods,
this pre-lithiation method is simple and can avoid additional side
reactions [74-75]. Compared to the bare DDE, the capacity
retention of the ASSBs with the PL-DDE was significantly
improved to 85.2% after 200 cycles.
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Figure 6: (a)Schematic illustration of the active material and electrolyte
composite electrode: Si particle-SSE composite (case 1), Si/CNF-SSE
composite (case 2), and Si/CNF@LPSCI-SSE composite (case 3) [63]. (b)
Cycling performance of the Si(55)/CNF(45) composite electrode and
Si(55)/CNF(45)@LPSCI composite electrode [63]. “Reproduced with
permission from [Kim et al.], [Journal of power sources]; published by
[ELSEVIER S.Al], [2021]"(c) Schematic illustration of the Si-VACNF half-
cell with the gel electrolyte and SEM images of film Si-coated VACNF
electrodes after half-cells charge—discharge cycles[70]. “Reproduced with
permission from [Gaind P et al.], [Applied Materials]; published by [American
Chemical Society], [2015]”(d) Schematic of the Si/CNTs/C composites[64].
“Reproduced with permission from [Liuyi Hu et al.], [ACS Applied Energy
Materials]; published by [American Chemical Society], [2022]”(e) Schematic
illustration of the structure and Li-ion transport of the composite electrode, the
graphite diffusion-dependent electrode, and the graphite-Si diffusion-
dependent electrode [72]. “Reproduced with permission from [Kim et al.],
[Advanced Energy Materials]; published by [WILEY - VCH VERLAG GMBH
& CO.], [2022]”(f) Schematic illustrations of the PL-DDE fabrication process,
including the slurry coating, pressing, and dry pre-lithiation process, and the
structural and lithiation state changes in each fabrication step[73]. “Reproduced
with permission from [Kim et al.], [Advanced Energy Materials]; published by
[WILEY - VCH VERLAG GMBH & CO.], [2023]”

3.2 Effects of Carbon Additives for Si anode
Due to the low electronic and ionic conductivity of Si, carbon
additives are usually added to the Si anode to ensure electron

transport [76-77]. The type and content of carbon additives have
a large impact on ASSBs. Okuno et al. [78] systematically
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investigated the effects of the content of acetylene black (AB) in
the composite anode on the battery performance. They found that
a higher content of AB can increase the electronic conductivity
and first charging capacity of the anode (Figure 7a), however
does not necessarily lead to increased discharge capacity and
capacity retention (Figure 7b). Compared to granular AB which
is disadvantageous to form a continuous channel, one-
dimensional materials like carbon nanotubes (CNTSs) and two-
dimensional graphene are superior choices for constructing a
stable conducting network and are also beneficial for alleviating
the volume effects of Si anodes. James et al. [32] compared the
effects of multi-walled carbon nanotubes (MWCNTS) and AB on
the nm-Si anodes (Figure 7c). After 100 cycles, the capacity of
the electrode using MWCNTSs was ~100% higher than that using
AB (Figure 7d). The reason was ascribed that MWCNTSs can
provide a higher specific surface area for contact with Si and
pose a higher flexibility to adapt to the volume change of Si
during the cycling process.

5, . 25
@ > ()
oo £ | e
2 3000 < 2000}, [ b
z £ B e
~ iy an
E 2925 Z 15001 Nanoporous Si: x=1
z S b x=2
'S 2850 a
§ & 1000f 9 x=4
S 2775 & 3
@ 500F
= 27 % "-., Non-porous Si: x=1
= 2 . T
© easbit 10 7200 30 40 50
1 1';, zh :'Si 3' CIS\AS Cycle Number
‘eight Ratio of
(© (d)

§ §

H

Solid state B @] Solid state
electrolyte M5 | clectrolyte

Capacity (mAh g')

s B k4

Acetylene Y

d| Mwent

Figure 7: (a) Relationship between carbon additive CA content and initial
charge capacity of nanoporous Si half-cells [78]. (b) Cycle performance of
nanoporous Si half-cells containing various amounts of CA[78]. “Reproduced
with  permission from [Okuno, Ryota, et al.], [Electrochemistry
communications]; published by [ELSEVIER INC.], [2022]”(c) Different
carbon additive in composite anode[32]. (d) Comparison showing superior
performance of MWCNT as a conductive additive for ASSBs over AB [32].
“Reproduced with permission from [Trevey et al.], [Electrochemical and solid
state letters]; published by [IOP Publishing], [2010]”
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3.3 Li-Si Alloy Anode

Compared to pure Si, Li-Si alloys, generally prepared by
controlled pre-lithiation of pure Si, pose higher ICE[79-81],
improved electronic and ionic conductivity, decreased hardness,
and a smaller volume expansion, and therefore can give rise to
improved cyclability and rate performances[82-85].

Ji et al. [86] reported a facile lubricant-assisted ball-milling
technique [87] using um-Si powder and Li metal pieces as
precursors, and hexane as a solvent, to synthesize an all-
electrochem-active pre-lithiated Si and (Figure 8a). The anode
was relatively soft, highly conductive, and with a high Li
diffusivity, and therefore cannot only enhance the energy density
but also prevent electrolyte-related interfacial degradation [21].
As a result, the LixSi-LixSi symmetric cell displayed stable
cycling over 320 h at 4 mAh cm—2 (Figure 8b). Zhang et al. [88]
tried in situ pre-lithiation by placing the Si in direct contact with
the ultra-thin Li foil based on a short-circuiting mechanism
under stack pressure. The reversible delithiation capacity and
kinetics of the Si anode were improved, which enabled a full cell
to achieve a mass-energy density of 402 Wh kg—1 (at a rate of
0.1 C) and stable cycling over a wide temperature range(-30-
50°C). Lim’s group [89] reported a Li3PS4+Li-Si composite
anode for ASSBs to mitigate the short-circuit issues (Figure 8c)
caused by Li dendrites and chemo-mechanical failure because of
uneven lithiation/delithiation reaction [90]. Non-uniform
alloying distribution and Li plating close to the SSE were
effectively mitigated by the more pathways for Li ions in the
anode (Figure 8d,e). The Li3PS4+Li-Si composite anode
exhibited stable cycling performance for 355 cycles without any
short-circuit.
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Figure 8: (a) Schematic of a composite electrode design compared with an all-
electrochem-active electrode design and the delithiation process of an all-
electrochem-active electrode p-LixSi electrode [86]. (b) The cycling
performance of the p-LixSi|SSE|u-LixSi symmetric cell [86]. “Reproduced
with permission from [Ji, Weixiao, et al.], [Energy Storage Materials];
published by [Elsevier], [2022]”(c) Discharge—charge voltage curves of Li-Si
anode[90]. TOF-SIMS data with respect to 7Li+ for Li3PS4+Li-Si alloy cell.
(d) after 2.7V charge and (e)after 3.7V charge [89]. “Reproduced with
permission from [Kim et al.], [Advanced Science]; published by [Wiley],
[2023]” Cross-section SEM image of (f) Si anode (g) Li-Si anode after
activation at 0.1 C for 2 cycles[ 91]. (h) Charge/discharge curves of Li-Si anode
at different rates[91](i) Schematic illustration of mechanisms for Si, LiSi, and
LiSH46 anodes in ASSBs [91].(j) Long-term cycle of full cells with a LiSH46
anode[91]. “Reproduced with permission from [Wenlin Yan et al.], [Nature
Energy]; published by [Springer Nature], [2023]”

Recently, Wu et al. [91] developed a hard carbon stabilized Li-Si
alloy anode. Si can form a continuous amorphous film with
minimized vacancy and close contact, due to the boundary fusion
mechanism during the initial lithiation [92], but is prone to
longitudinal cracks after many cycles[93] (Figure 8f). Li-Si alloy
was proved effective in suppressing the cracks (Figure 8g), but
still subjected to short-circuit issues (Figure 8h). By introducing
hard carbon (HC) materials with high disorder, low potential
plateaus, and sufficient defects [94], they further restricted the
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volume change and cracks in the electrode, as well as the Li
dendrite growth. The Li-rich phases Li15Si4 and LiC6 after
lithiation formed a three-dimensional conducting network, which
can enlarge the active area, and improve the dynamics and
structural stability of the electrode (Figure 8i). The hard carbon
stabilized Li-Si alloy anode enabled high load and long-cycled
sulfide-based ASSBs. Matching with the NMC811 cathode, it
delivered a capacity retention of 80% after 1033 cycles, and
61.5% after 5000 cycles (Figure 8j). It can also be cycled at high
rates, delivering a capacity retention of 80% after 15,000 cycles
at 30 C (Figure 8j). In another study, to avoid Li dendrite growth
and short circuits, Huang et al. [95] prepared an all-
electrochemically active Si/Li21Si5 composite anode, in which
Li21Si5 was uniformly distributed and acted as a continuous soft
buffering medium against volume expansion of Si particles. At
the same time, it could build excellent ionic/electronic
conductive channels in the electrode and therefore can direct Li
ions to the Si particles, avoiding the formation of Li dendrites.
The LCO/Li3InCI6|SSE|Si/Li21Si5 ASSBs using this composite
anode achieved an ICE of 97.8% at 25°C, a first area discharge
capacity of 17.9 mAh cm—2 at 55°C, and an anode expansion
rate of only 18.1%.

3.4 Other Si-based Composites Anode

Apart from carbon and alloys, many other materials with
advantageous properties were also exploited to combine with Si.
Among them, conductive polymers [96] and 2D materials with
superior mechanical properties than inorganic materials were
widely used to stabilize the structure and improve the
performances of the Si anodes.

Polyacrylonitrile (PAN) can be made electrically conductive
without carbonization by controlling the heat treatment
temperature in the appropriate range [97]. Lee et al. [41] utilized
PAN as both a binder and conductive additive for Si-rich anodes
(70 wt%) and investigated the electrochemical properties of the
Si-PAN anode at different cutoff voltages. The Si-PAN half cell
delivered a high ICE of around 84% and an initial discharge
capacity close to the theoretical capacity of Si (3579 mAh g—1)
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in the cutoff voltage range of 5-200 mV, indicating that PAN can
effectively mitigate the volume expansion of Si to maintain a
stabilized electrode structure. Improved stable cycling can be
achieved by increasing the cutoff voltage, which prevents the Si
from undergoing large structure changes, although at the cost of
capacity loss [32, 98]. After 200 cycles at 60 °C, a cell with a
cutoff voltage of 100 mV delivered a capacity retention rate of
77.4%. By adjusting the heat treatment process, PAN can be
transformed into amorphous carbon. Using PAN as a precursor,
Han et al. [99] prepared a self-integrated Si-N-MXene anode
with a Si-N chemical bond between Si and amorphous carbon
and an N-MXene chemical bond between MXene and
amorphous carbon which can improve the structural stability of
the whole electrode. The Si-N-MXene/PEO@LATP/Li half cell
delivered an initial capacity of 2305 mAh g—1 with an ICE of
82.02% at a current of 0.2 A g—1. The capacity remained at 881
mAh g—1 after 90 cycles at a current of 0.4 A g—1. For the
LiFePO4 (LFP)/PEO@LATP/Si-N-MXene full cell, the first
cycle capacity was 1659.2 mAh g—1 at 0.32 A g-1 and no
capacity fading was observed after 60 cycles. Zhao et al.[100]
developed high-capacity ASSBs using a metal-organic
framework(MOF) derived carbon-hosted Si (Si@MOF) anode
and a fiber-supported PEO/garnet composite electrolyte. The Si
nanoparticles were uniformly encapsulated in a micron-sized
MOF carbon skeleton, which could buffer the volume change of
Si while providing a conductive channel. Benefiting from this
composite strategy, the Si@MOF anode exhibits excellent
interfacial stability toward the composite polymer electrolyte and
delivers an initial capacity of 1967 mAh g—1 with an ICE of
72.0%. As a comparison, bare Si electrodes showed a low ICE of
50.8%, probably because of a severe interfacial reaction between
the unprotected Si and the electrolyte. After 50 cycles, the
SI@MOF maintained a reversible capacity of 1442 mAh g—1,
which was much higher than that of the bare Si electrode (636
mAh g—1 after 50 cycles).
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Table 1: Electrochemical performances of Si-based anodes

Si-based anode Solid-state lonic conductivity Counter electrode and | ICE Current Cycling performance Refs
electrolytes Voltage range

Si-C LisPSsClI / Li 0.01V-2.00V 73.2% 0.2mAcm?2 53th: >1000 mAh gisic [65]

Si@Sic.@LPO@C PEO@LATP 2.86*10"° S cm (50°C) Li 0.005-1.5V 88.7% 0.5A g (50°C) 200th: 1001.9 mAh g* [66]

Si@Mgo@cC PEO@LATP@ NCF 1.68*10*S cm (50°C) Li 0.005-1.5V 81.4% 0.3Ag"! 100th: 1658.9 mAh g* [67]

Si/CNF@LPSCI LisPSsClI / Li-In 0.05-1.5V / 0.5C (25°C) Capacity retention:83.4%(50 [63]
cycles)

Si-VACNF Gel Polymer ~2.2*1073 S cm’! Li 0.05-1.5V 76% 26Ag! 100th: ~1050 mAh g! [70]

Si/CNTs/C LisPSsClI 2.13*103Scem' (30°C) | Li 59.7%, 50mAg™! 50th: 1226 mAh g! [64]

Si/Graphite LisPSsClI / Li / 1.77 mA cm2 (50°C) | Capacity retention:88.8%(100 [72]
cycles)

PL-Si/Graphite LisPSsCl / Li 0.01-2.0V ~108.9% 0.5C (60°C) Capacity retention:79.5%(150 [73]
cycles)

LiSH46 LisPSsCl / NCM811 2.5-4.2V / 1C (55°C) Capacity retention:61.5%(5000 | [91]
cycles)

Si/Li21Sis LisPSsCI / LCO/LizInCls 2-4.2V | 97.8% 0.5C (25°C) Capacity retention:80%(175 [95]
cycles)

Si-PAN 77.5Li2S-22.5P>Ss / Li-Ln 100mV-1V ~84% 0.1C (60°C) 200th:1606 mAh g! [41]

Si-N-MXene PEO@LATP 3.4*10*S cm™ (50°C) Li 0.005-1.5V 82.02% 0.4 Ag'(50°C) 90th:881 mAh g* [99]

Si@MOF PVDF/PEO/garnet 81*10“4 S cm! (25°C) Li0.01-15V 72.0 0.2 A g (60°C) 50th:1442 mAh g! [100]
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4. Key Factors Influencing Performance of Si in

ASSBs
4.1. Interface Issues Between Si and SSEs

The interface issues between the Si-based anode and SSEs are a
focus of current research. Interfacial issues typically involve
chemical/electrochemical stabilities of the SSEs, the surface
substances of Si, and side reactions between them. In liquid
batteries, the SEI forms on the anode surface due to solvent
reduction and may break and re-generate as the Si
expands/shrinks in volume, which continuously depletes the Li+
and electrolytes and increases the cell impedance [101].
However, the growth mechanism of SEI in ASSBs also deviates
from that in liquid batteries. Unlike the liquid electrolyte, the
SSEs will not completely wet the electrode material. By reducing
the contact interface between Si and SSEs, the SEI can be
limited to a 2D plane, which can be kept relatively stable and
inhibit excessive side reactions and Li ions consumption. Meng
et al. [21] investigated the interfacial issues of an anode
consisting of 99.9 wt% um-Si (Figure 9a) with Li6PS5CI as the
electrolyte. It was found that the columbic efficiency was low at
the first cycle but stabilized afterward, indicating that the
interface and the side reactions between the Si and the electrolyte
remained stable during cycling. This implied that the volumetric
change of the Si does not lead to the continuous formation and
growth of the SEI film that is frequently observed in the liquid
electrolyte (Figure 9b).

23 www.videleaf.com



Surfaces, Interfaces and Coatings Technology

SHLPSIVGCE
Frison

SHLPSIVGCF
od

s seor /i s e,

Intensity

Normaiized Intensities (a.u.)

i SPSVOCF . P SHPSIVGGF o UsPer | | SHBHIVGCF
1 rodions Crarged foouend P | Craged
] 0, »0.;

O

2es 22 2078 2484 133 136 134 132 130 128 126 138 136 134 132 130 128 126 194 192 190 188 185 164
Energy (eV) Binding energy (eV) Binding energy (eV) Binding energy (eV)

Figure 9: (a) Visualizing lithiation and delithiation of 99.9 wt % Si[21]. (b)
Quantifying effects of SEI growth[21](c) Operando XANES investigating the
chemical stability of SSE in Si composite anodes [102]. “Reproduced with
permission from [Cao, Daxian, et al.], [Advanced Energy Materials]; published
by [WILEY - VCH VERLAG GMBH & CO.], [2023]”(d) Calculated
electrochemical reaction energies between Si and SSEs [15]. (e) Ex-situ XPS
spectra of P 2p from Si+75Li2S-25P2S5(LPS)+VGCF, P 2p from
Si+70(0.75Li2S-0.25P2S5)-60Lil(LPSI)+VGCF, and 1s from Si+3LiBH4-
Lil(LBHI)+VGCF[15]. “Reproduced with permission from [Huang, Yonglin,
et al.], [Energy & environmental science]; published by [RSC Publishing],
[2023]”

Although the solid-solid interfacial contact helps to mitigate the
overgrowth of SEI, the side reactions and product composition at
the Si/SSEs interfaces also play important roles in the
performance of ASSBs. Among sulfide, oxide, and polymer
SSEs [103], sulfide SSEs have attracted intensive attention due
to their high ionic conductivity, good mechanical properties, and
simple synthesis processes [104]. However, sulfide SSEs also
suffer from low stability at low potentials when matched with Si
anodes. The electrochemical stability of SSEs in the Si-based
anode and the effect of carbon additives were investigated
through in situ XANES by Zhu et al (Figure 9c) [102]. It was
found that Li6PS5CI decomposition mainly occurs during the
lithiation of Si in the first cycle and can be exaggerated by the
conductive carbon, forming products of Li2S, Li3P, and LiCl
[105-106]. The peaks remained unchanged in the delithiation
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process, indicating that the decomposition is irreversible and the
products are relatively stable. Han et al. [15] performed first-
principles calculations to understand the thermodynamic stability
between various SSEs and Si. The calculations revealed that a
variety of electrochemical reactions could occur between Si and
sulfide electrolytes (75Li2S-25P2S5(LPS) and 70(0.75Li.S-
0.25P,S5)-60Lil(LPSI)) with an onset potential of 1.5 V vs.
Li*/Li (Figure 9d) and are mainly due to the interactions between
Si and P, with the formation of SiP., SiP, and LisSiP3 as possible
products. In contrast, the stability between Si and 3LiBH.-
Lil(LBHI) is much better and reactions occur only in a very
narrow range of potentials (0.38-0.36 V vs. Li*/Li). The reaction
mechanism was further analyzed by XPS tests (Figure 9e), which
showed that sulfide SSEs can decompose into products such as
LisP and can also react with Si to form products such as SiP,
whereas no side reaction occurs between Si and LiBHI. As a
result, a high-performance solid-state Si anode with 96.2% ICE
and excellent electrochemical stability can be realized by using
LBHI SSE.

4.2. Electrochemical-Mechanical Coupling Effects

A full understanding of electrochemical-mechanical coupling
effects in Si-based ASSBs is key to elucidating the failure
mechanism of Si anodes. VVolume expansion of the Si can lead to
stress and strain evolution and variation of the electrode
structure, which may decrease the effective contacts, increase the
impedance, and therefore cause cycling decay of ASSBs.

Appropriate external pressure can suppress the volume
expansion of Si, which is effective in maintaining the interfacial
contact of Si/SSEs and facilitating the cycling of the battery. In
2012, Lee et al. [107] reported the effect of applied external
stress on the electrochemical performance of nm-Si. The
capacity of the Si half cell nearly reaches the theoretical capacity
when the applied pressure reaches 3 MPa. With an increased
external pressure of 230 MPa (Figure 10a), the capacity of the
battery is only half of that of the external pressure of 3 MPa
when the applied pressure is 230 MPa. However, the increase in
external pressure also is beneficial to the cycling stability
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performance of the battery. The capacity of the battery with an
external pressure of 3 MPa decreases rapidly to 76.1% of its
initial value after 8 cycles. In contrast, the capacity of half cells
with an external pressure of 150 MPa and 230 MPa still retains
87.3% and 99% after 20 cycles, respectively (Figure 10b).
Higher external pressure decreases the capacity because
constraining the volume expansion of Si material may result in
incomplete lithiation of Si. And, lower external pressure affects
the cycling performance because the electrode integrity degrades
faster because of unrestrained volume change of electrodes.
Therefore, a trade-off between capacity and cycling performance
exists when choosing the optimized magnitude of external
pressure [24]. Yamamoto et al. [40] found that as the pressure
increased from 50 MPa to 75 MPa, the initial discharge capacity
of Si|Li-In half cell increased from 2849 mAh/g to 3412 mAh/g
with also a higher capacity retention of 64% after 140 cycles. By
comparing the structure changing of the Si anode under different
pressures, it was suggested that a higher pressure of 75 MPa can
form large perpendicular cracks which relieves the stress and
results in stable cycling instead of fine cracks.

(®) .. ()

Stress Change / Areal Capacity
(WPa / (A cmi?)

| |—1" —
L i, = -

Figure 10: (a) Schematic of the ASSBs design [107]. (b) Electrochemical
performance and CE of solid-state nano-Si anode cycled at a rate of C/20 under
pressures of 3, 150, and 230 MPa [107]. “Reproduced with permission from
[Piper, D. M et al], [Journal of the Electrochemical Society]; published by [IOP
Publishing], [2012]”(c) Schematic of the cell assembly and the
anode/LPSC/cathode stack within the cell[108]. (d)Particle size effect of Si on
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stress [108]. (e) Electrochemical cycling and in situ stress measurements of Si
anode composites in full cells [108]. (f)The galvanostatic curves in the top
panel, the stress change in the middle panel, and the derivative of the stress
with time in the bottom panel [108] “Reproduced with permission from [Han,
Sang Yun et al], [Joule]; published by [Cell Press], [2021](g) Simulation for
Si anodes with different Si-loading and stack pressures [109]. (h) The SEM
images of the anode surface in close contact with the current collector side for
the 100MPa and 300MPa pm-Si after 50 cycles [109]. “Reproduced with
permission from [Tao, Jianming et al], [Energy Storage Materials]; published
by [Elsevier], [2024]”(i) Volume expansion and contraction along with the
volume average of effective plastic strain for different anode materials during
the lithiation and delithiation[102]. (j) Structure evolution investigation of three
types of the anode at pristine, end of lithiation, and delithiation stage. [102].
“Reproduced with permission from [Cao, Daxian et al], [Advanced Energy
Materials]; published by [WILEY - VCH VERLAG GMBH & CO.], [2023]”

McDowell et al. [108] investigated the internal stress evolution
of the Si anode during cycling in an ASSB with argyrodite-type
SSE and NMC cathode (Figure 10c). The stress of the Si anode
increases gradually during charging, reaches a maximum, and
then decreases during discharging (Figure 10d). During the
following cycles, the stress immediately after discharging does
not return to the original value but increases somewhat,
indicating that the electrode structure is irreversibly damaged.
They also investigated the effect of Si particle size on stress. It
was found that nanometer particles induced smaller stress change
compared to microparticles, as the volumetric effect of smaller
particles could be better accommodated by the internal voids
between them (Figure 10e). Based on the dP/dt curves (stress
change/time), it can be found that the rate of stress change is
maximum at the end of charging and close to zero at the end of
discharging. At the beginning of charging, the rate of stress
change is small because the pores inside the electrodes buffer the
stress change due to the volume expansion. However, the void
diminishes with the charging process, which leads to an
increased rate of stress change (Figure 10f). Zhu et al. [102]
investigated strain and stress change of three types of anodes, Si,
Si+SSE, and Si+SSE+C (Figure 10j). During the cycling, the
plastic deformation and stress of the Si anode are the largest,
while those of the Si+SSE electrode are smaller and those for the
Si+SSE+C are the smallest, suggesting that both the SEE and C
can alleviate the stress generated in Si. The deformation of the Si
anode does not return to the original volume ratio (zero) at the

27 www.videleaf.com



Surfaces, Interfaces and Coatings Technology

end of lithiation, indicating that the electrode structure is
irreversibly damaged (Figure 10i). Recently, Tao et al. [109]
investigated the performance decay of um-Si anode in sulfide-
based ASSBs with different Si loading and different external
pressures. As the Si loading increases, the Li-ion concentration
gradient and the hydrostatic stress gradient inside the Si
electrode also increase, causing uneven stress distribution, and
making the electrode susceptible to cracking, which is harmful to
the cycling performance of the battery. Through the simulation,
it was found that the applied pressure helps to reduce the
unevenness of the stress inside the electrode, which reduces the
possibility of electrode structure damage (Figure 10g). They
found that the applied pressure has little effect on Li+ diffusion,
but is advantageous to reduce the internal stress, the degree of
electrode cracking, and the Li* concentration gradient (Figure
10h).

5. Summary and Perspective

With the merits of high specific capacity, high chemical stability,
and low cost, Si anodes hold great promise to fulfill the promise
of intrinsic safety and high energy density of ASSBs. This
review summarizes the advantages and drawbacks, as well as the
current research progress of Si and Si-based composite anodes
with various structures and compositions, discusses the key
issues of interface instability between Si and SSEs, and probes
the electrochemical-mechanical coupling effects of Si-based
anodes. The main perspectives and suggestions are summarized
as follows:

(1) Since the designs, formulas, manufacturing processes, and
working conditions of ASSBs deviate, the basic physiochemical
requirements and application standards of Si anode remain not
converged. Various Si anode structures with different electrode
formulas and testing conditions have been investigated. Key
influencing factors include the sizes, dimensions, and
architectures. In general, um-Si are prone to pulverization, void
formation, and porosity change of the electrodes, which affect its
cycling performance. nm-Si is beneficial because of better
structure integrity, however, when applied in composite anode
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with SSEs, may exacerbate the interfacial side reactions with
SSEs due to its higher specific surface area, and could also have
size-matching issues with micro-sized SSEs. Porous structured
Si is an attractive choice because the connections between
domains can improve the whole integrity and the pores can act as
a buffer region accommodating the volume changes of the Si
during cycling. Columnar Si array is also a promising
architecture with volumetric changing at the lateral direction and
a stable 2D lateral SEI that can be further stabilized by external
pressure.

(2) Compositing Si with other materials proves an effective
strategy to improve the cyclability and rate performances of Si.
Carbon is a promising consistency in Si-based composite
materials since it can serve as a coating material to restrict the
volume change of Si, as a conductive network to improve the
conductivity of the electrode, and as an active material
contributing capacity. Li-Si alloys pose higher ICE, improved
electronic and ionic conductivity, decreased hardness, and a
smaller volume expansion, and therefore represent an attractive
solution. However, simple, low-cost, and safe pre-lithiation or
alloying methods and processes are required for wide
application. Apart from carbon and alloys, conductive polymers
and 2D materials with superior mechanical properties than
inorganic materials were widely used to stabilize the structure
and improve the performances of the Si anodes.

(3) The interface issues between the Si-based anode and SSEs
are a focus of current research. The growth mechanism and
composition of SEI in ASSBs deviate from that in liquid
batteries. By reducing the contact interface between Si and SSEs,
the SEI can be limited to a 2D plane, which can be kept
relatively stable and inhibit excessive side reactions and
successive Li ions consumption. VVolume expansion of the Si can
lead to stress and strain evolution, which can cause cracks, voids,
and degradation of the electrode structure that is harmful to the
cycling performance of Si anodes. Appropriate external pressure
can suppress the volume expansion of Si, and maintain stabilized
interfacial contact of Si/SSEs, and thus is an important factor in
assessing the performances of the Si anodes.
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To conclude, motivated by the urgent pursuit of safe and HED
ASSBs, Si-based anodes have attracted intensive attention and
witnessed significant advances in their performances and
understanding of the failure mechanisms. Nonetheless, there
remain many issues hindering their practical application. Some
of these issues could be naturally solved by the progress on
highly electrochemically stable and mechanically favorable
SSEs. But others are inherent to Si itself and need to be
conquered by collaboration from academia to industry. We
envision that the perspectives and suggestions in this review
could shed some light on the design and application of high-
performance Si-based anodes accelerating the commercialization
of ASSBs.
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