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ABSTRACT

The synthesis process to produce a decent thin-film CIGS layer with simple, easy, and low-cost are essential
factors in CIGS solar cell technology. This study synthesized a thin layer of CIGS by a simple spray coating
method and selenization process. The temperature substrate and distance between the nozzle and target are
controlled to provide an even thickness coating. A one-stage selenization was carried out with temperature
variations of 350, 400, and 500 °C and a three-stage selenization process as the comparison was made at 400 and
520 °C. The surface morphology, thickness, and optical properties of CIGS films were investigated as a function
of the temperature of selenization. The complete CIGS solar cell prototype consists of a window, buffer, and CIGS
absorber layer. The buffer layer used is ZnS deposited by the chemical bath deposition method, while the window
layer of ZnO is deposited by the spin coating method. The SEM characterization showed a thinner layer of CIGS
as temperature, and the heating rate of the selenization increased. The increasing selenization temperature also
affects the Selenium deficiency that causes low Ga/(In + Ga) content and increases the bandgap energy. By the
grain growth model and the kinetic study yielded estimated activation energy, which one step selenization of the
process is higher than the three steps of the selenization process. PV82QJC8Y.

1. Introduction

Solar energy is among the most widely used energy sources globally.
The average energy radiated by the Sun to the Earth’s surface is about
184 W/m?, which is 5000 times the global energy consumption [1].
Some technology has been developed to exploit solar energy, such as
solar cells. Three generations of solar cells have developed until today.
First-generation solar cells are based on silicon wafers such as poly-
crystalline and monocrystalline silicon. This type of solar cell is the most
available in the market and has been widely used. The second generation
of solar cells adopted thin-film technology, including amorphous silicon,
CdTe, and CIGS, accounting for about 20% market share. On the other
side, the third generation of solar cells such as CZTS, Perovskite, DSSC,
Quantum Dot Solar cell, etc. is researched on the laboratory scale in
industries and universities, which is why most of this generation is still
not commercially available [2].

The second generation of solar cells based on Chalcopyrite materials
such as CIGS (Copper Indium Gallium Selenium) is a promising alter-
native to silicon solar cells due to their high absorption coefficient and

tunable bandgap, which maximizes the light absorption [3]. The effi-
ciency of CIGS solar cells on a lab-scale is reported to be relatively high,
up to 20% [4-6]. Additionally, CIGS can be a candidate for new solar
cells which has the potential for comercial productiondue to the pho-
todegradation stability and relatively low-cost compared to CdTe and
amorphous silicon [7,8].

Generally, CIGS solar cells’ structure consists of a conductive sub-
strate (SLG/Molybdenum), an absorber layer (CIGS), a buffer layer
(CdS), and a window layer (ZnO) [6,7]. Each layer has an essential role
in the solar cells’ overall performance. The conductive substrate is the
"container” for coating materials as well as wiring for conducting direct
electricity. As an absorber layer, p-type semiconductor CIGS functions as
the main component that absorbs sunlight [9]. The window layer widely
used in CIGS solar cells is a material with a wide-bandgap such as ZnO,
which is an n-type semiconductor [10]. Heterojunction between CIGS
and ZnO causes mismatch lattice and a fairly large bandgap difference
between the two. So that an additional layer is needed to bridge the
difference, it is known as a buffer layer. Cadmium Sulfide (CdS) is a
well-established material and is commonly used as a buffer layer in CIGS
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Fig. 1. Set up of the (a) spray coater and (b) selenization of CIGS in a vacuum furnace.

[11]. Recently, the use of cadmium is decreasing as it is toxic to the
environment. Thus, we need other materials that are more environ-
mentally friendly and do not reduce the function and effectiveness of the
buffer layer on the CIGS solar cell. Such a material could be Zinc Sulfide
(ZnS), which has a 3,2-3,6 eV bandgap [12] that can reduce the current
losses in the CdS due to the narrow bandgap [13].

Although CIGS solar cells have a great potential for commercial
production, high-efficiency CIGS are mostly produced by vacuum
deposition methods such as sputtering and co-evaporation [14,15]. Be-
sides requiring high technology investment and strict environmental
control, this method requires relatively expensive costs. Zhang et al., in
2016 have developed solution-based CIGS, which can be deposited by
simple spin-coating using hydrazine solution and other metal precursors
which are annealed under inert conditions [16]. However, hydrazine is a
toxic material for humans and the environment [17]. Solution-based
CIGS synthesis has been conducted in previous studies, which have
developed a solution-based synthesis of CIGS by hot injection method
without hydrazine and deposited by knife coating and spin coating [18,
19]. However, the results of deposition by this method are heteroge-
neous, too thick, and the output produced is unstable. As an alternative
to this problem, deposition using the spray-coating method for Cu, In,
and Ga materials (CIG ink) is carried out to produce a thinner film.
Selenization was used in this study as a substitute for hydrazine, which
serves to carry Se so that it can bind to other elements (Cu, In, Ga).

The selenization process contributes to t he ratio of Ga/(In + Ga),
which will affect the CIGS solar cells’ optical properties and efficiency
[20]. Several parameters must be considered when conducting seleni-
zation, including the selenization temperature, heating rate, soaking
time, and the number of selenization stapes. The number of selenization
steps influences the film morphology, as one-step selenization tends to
crack in high temperatures [21], while multi-selenization of CIGS film is

Em. ----------------------- i
3" heat ;
1 '
Rate : 156° G/min !
400 : . i

5 e Time : 30 min E
P 2" heat
B Rate!: 15° C/min !
8  feeeeee- Time,: 5 min :
13 ' '
,Q_J 200 : '
| 1™ hea:t ;
Py + :
— Rate _:15 F:fmln !
Time 45 min :

T T T ll T T T T U T T U T : 1

0 5 10 15 20 25 30 35 40 45 50 55 @D BS VO V5

Time (min)

(a)

less prone to cracking and has a thinner film. The research that examines
the deposition of CIGS followed by selenization has been reported by
several researchers with kinds of methods such as doctor blade, inkjet
printing, and spray coating [22-24]. What these studies have in common
is the use of non-vacuum deposition followed by one-step selenization
with several parameters as independent variables. However, no study
compares one-step to multi-step selenization towards CIGS film depos-
ited by spray coating. In this study, the effect of one-step selenization
was investigated at temperatures of 350, 400, and 500 °C. In compari-
son, three steps of selenization at 400 °C and 520 °C were carried out to
determine the effect on the morphology, and properties of the CIGS film.

2. Experimental details

The synthesis was started by dissolving three mmol Cu(acac),, 2.1
mmol In(acac)y, and 0.9 mmol Ga(acac)2 in 15 ml of oleylamine at 285
°C with a holding time of 30 min. During this process, the ink was stirred
while nitrogen gas was flowing. The ink was cooled at room temperature
and stored in a vacuum chamber. The ink was deposited by a simple
spray coating method. The ITO substrate was placed on a hot plate at
300 °C. Spray coating was carried out for 60 s at a constant volume.
Heating at a constant temperature for 1 h was done to dry off the CIG
layer on the substrate. The set-up of the spray-coating equipment is
shown in Fig. 1 (a).

After the spray coating, the selenation process was conducted to add
selenium to the CIG film to form a CIGS layer. Selenium was evaporated
in a vacuum furnace until it adhered to the CIG film, as shown in Fig. 1
(b). In this selenation stage, various temperature treatments were car-
ried out. In the first treatment, the CIGS film was single-stepped at
temperatures of 350, 400, and 500 °C. For comparison, three stages of
selenization were carried out at 400 and 520 °C. The process of the
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Fig. 2. Three steps of selenization process (a) 520 and (b) 400 °C.

21195



N. Mufti et al.

p—J

Ceramics International 48 (2022) 21194-21200

Fig. 3. CIGS/ZnS/ZnO film deposition stages.
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Fig. 4. (a) Diffraction pattern of CIGS with one and three steps selenization process at varying temperature (b) The comparison peak of 220/204 with one-step

selenization at 500 °C and three-step selenization at 520 °C.

three-step selenization is shown in Fig. 2(a) and (b). The final product of
this stage is called the CIGS film.

The zinc sulfide (ZnS) layer as the buffer layer was deposited using
the chemical bath deposition (CBD) method. A total of 0.019 M zinc
sulfate (ZnSO4.7H50) in 50 ml deionized water, 0.17 M thiourea
(CH4N,S) in 50 ml deionized water, and 1.92 M ammonia (NH3) 25% in
43.5 mL of deionized water was stirred at 80 °C for 15 min. ZnS layer
was deposited on a glass substrate by soaking ITO/CIGS film in the so-
lution for 12 min.

The window layer used in this study is ZnO nanoparticles deposited
by the spin coating method. In this method, 0.22 g of zinc acetate (Zn
(CH3C00),-2H50) were dissolved in 5 mL of ethanol. The solution was
stirred for 45 min at 70 °C. Then, 0.06 mL of monoethanolamine (MEA)
was mixed into the solution and then stirred for 3 h. The final solution
was dripped onto the substrate in a spin coater at a speed of 2000 rpm.
The coating was carried out three times and annealed at 250 °C for 1 h.
The fabrication of the CIGS solar cell was done by layering ZnS and ZnO
on top of the CIGS layer, by chemical bath deposition and spin coating
methods. The order of deposition of each layer is shown in Fig. 3.

The surface morphology, thickness, and porosity analysis were ob-
tained by Field Emission Scanning Microscopy (SEM), Merk FEI, Type:
Inspect-S50. The composition of the elements for each film was detected
by Energy Dispersive X-Ray Spectroscopy (EDX). X-Ray Diffraction
(XRD) peaks patterns were obtained by Cu-k, Merk PanAnalytical, Type
E’xpert Pro.

3. Results and discussion

CIGS, as an absorber layer, is coated with a two-step method, CIG
coating with a spray coating method, and selenization to add the sele-
nium element. The effect of selenation on the XRD diffraction pattern
was investigated by varying the one-step selenization at 350, 400, and
500 °C and three steps selenization at 400 and 520 °C, with a soaking
time of 30 min for each sample. In the selenization process, the selenium
will evaporate and stick to the top of the CIG layer after reaching the
melting point. After reaching a temperature above 350 °C (confirmed by
SEM results), the Se layer will bind to In and enter the Cu-Ga layer.
Then, Se can bind to CusIn and CusGa and react to InySes, CusSe, and
CusSe, from CIGS [24].

Fig. 4 shows the diffraction pattern of each sample with variations in
temperature during the selenization process. In samples selenized at
temperatures of 350 and 400 °C, no peaks were detected, as shown in
Fig. 4.1(a) and (b). This corresponds to the previous research by Huang
et al., reporting that chalcopyrite crystals in CIGS thin films are formed
at temperatures above 500 °C for 20 min of soaking time [25].

Both one-step selenization and three-step selenization of the sample
selenized under 500 °C tended to have an amorphous diffraction pattern,
which can be seen in Fig. 4 (a) and (b), where there is no visible CIGS
peak. This indicates that the selenium layer is amorphous. Similarly,
previous research by Liu et al. and Moon et al. revealed that the
selenium deposited by the selenization technique is amorphous [26,
271 and that selenium heated under 500 °C has not cooperated with
In or Ga, which is why the XRD detects no peak.

The three-steps selenized sample at 520 °C in Fig. 4 (e) shows several
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Fig. 5. Surface morphology, cross-section, and porosity of CIGS with one-step selenization at (a) 350, (b) 400, (c) 500 °C, and (d) normal distribution curve of the
radian of particles shows that the hyperbolic curve n = 2, and (e) Arrhenius plot is the temperature function depends on the constant kinetic k from the r-value based

on the hyperbolic growth curve (d).

CIGS higher intensity peaks at 26.42° (112), 44.20° (220/204), and
52.42° (312/116). These peaks correspond to the 35-1102. JCPDS
chalcopyrite peaks [28]. The (112) sharp peak shows the absense of
secondary phase that demonstrated good crystallinity and high purity of
selenized CIGS [29]. Other samples with one-step selenization at 500 °C,
as shown in Fig. 4 (a), have several peaks on the (220/204) plane with
shallow intensity and are dominated by the ITO substrate. The low in-
tensity of the peak cause by the temperature which is not high enough
for the chalcopyrite crystal to grow. Further, there is peak shifting at
(220/204), compared to the three-steps selenized sample at 520 °C, as
seen in Fig. 4 (b). This shifting is caused by the unbound In compound
within the chemical reaction during selenization. In this peak, only
CuGasSe is fully formed. This compound was also detected by the peak
shifting to the right, as reported by Mousavi et al. The (220/204) peak
for the three-steps selenized film at 520 °C is detected at 44,12°. In
contrast, the one-step selenized film at 500 °C is detected at 44,71°.
Based on this result, the three-step selenization process with a heating
rate of 15 °C/min with some rem requires more time so the crystal can
optimally grow compared to the one-step seenization process.

The SEM analysis shows the surface morphology and the cross-
section of CIGS film selenized in one step at 350, 400, and 500 °C, as
shown in Fig. 5. Fig. 5 (a) shows that some Se particles with a thickness
of 4.2 pym have not been fused at a selenation temperature of 350 °C. The
heating rate during selenation at 350 °C is 16.25 °C/min. The CIG layer,
which was selenized in one step at a temperature of 400 °C and 500 °C
using heating rates of 18.75 °C/min and 23.75 °C/min produced a CIGS

layer of 0.88 pm and 0.51 pm thickness, as seen in Fig. 5 (b)-(c),
respectively. The layer with a thickness below 1 pm is known as an ul-
trathin film. The performance produced by the ultrathin film is not much
different from the absorber layer with a thickness of more than 1 pm
[30].

The growth distribution of one-step selenized CIGS grain size at 400
°C has a normal fitting that shows that one-step selenized CIGS particles
are spread evenly, as presented in Fig. 5 (d). The grain-size distribution
of the other samples shows similar behavior. This parabolic growth is
the common equation that explains grain growth particles mathemati-
cally formulated by different approaches [31].

" —ry =kt

®

The kinetic constant is in accordance with the parabolic growth law.
The equation from this curve explains that the growth of particle sizes
depends on the function of temperature, as shown in equation (1). In the
equation, ro = 0 represents the nanoparticle precursors and n = 2 due to
the parabolic function, as shown by the particle growth.

“E
nk=—2"411mA

BT (2)

€))

The Arrhenius plot, as shown in Fig. 5 (e), is based on equation (2),
with T in Kelvin. This equation is equal to the linear equation (3), where
the x-axis is 1/T in the Arrhenius plot, and the activation energy Ea is
equal to the gradient m. Therefore, the activation energy is the

y=mx+c
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Fig. 6. SEM cross-section and porosity of CIGS with a three-stage selenation process at (a) 400 and (b) 520 °C, and (c) the relationship between the heating rate and

the CIGS layer thickness.

multiplication between R (gas constant = 8.314 J mol™! K1) and the
gradient. Based on the Arrhenius plot, the activation energy is 89. 715 J
mol ! K ! and is the minimum energy the precursors need to react and
form CIGS in one-step selenization. Similarly, the activation energy of
three-steps selenized CIGS at 400 and 520 °C is 49,340 J mol ! K%,
The activation energy is the minimum that should be fulfilled for the
atoms or molecules in the chemical system to react and form the final
product [32]. The activation energy is also considered a dividing line
between two energy states, the precursors and the product. A chemical
reaction will occur if the dividing line is exceeded. The energy source, in
this case, is temperature. The higher the selenization temperature, the
higher the kinetic energy of the atoms in a reaction. This causes a bigger
collisions frequency between atoms, making it easier for the atoms to
exceed the activation energy [33]. This happens in both one-step and
three-step selenization processes. In the three-step selenization process,
the activation energy is lower than the three-step selenization process.
This is the consequence of the enhanced particles growth, although the

Table 1
The porosity of each film with the variation of selenization.

Variation of selenization temperature Porosity (%)

One-step selenization

350 °C 78.47
400 °C 68.32
500 °C 72.15
Three-steps selenization

400 °C 63.14
520 °C 76.03

samples are in accordance with the normal growth principle. The par-
ticles’ size increases with the temperature increment, showing that the
higher the kinetic constant, the bigger the change of kinetic energy to-
wards temperature, and the higher the activation energy. In the
three-step selenization process, the kinetic constant is higher than the
one-step selenization process, but the constant kinetic alteration at 400
and 520 °C is not more significant than the one-step selenization process,
meaning that the activation energy is lower. In other words, the
three-step selenization process will make the CIGS particles to be
growing better than the one-step selenization process.

One-step selenization obtained a thicker CIGS layer compared to a
three-step, as shown in Fig. 6 (a) and (b). Samples selected at 400 and
520 °C had thicknesses of 1.60 and 1.34 pm, respectively These two
samples are accelerated with the same heating rate, which is 15 °C/min
in each step. The thicker layer is caused by a lower Se loss, compared to
single-step selenation. This result echoes the previous research by Bi
et al. and Chen et al., where even a single-stage selenation with a high
heating rate can cause cracking and peeling of the CIGS coating [34,35].

The effect of heating rate and thickness of the resulting CIGS is
presented in Fig. 6 (c). Based on the graph, it is clear that the higher the
heating rate, the thinner the resulting layer. This is because the faster the
heating occurs, the more material evaporates and escapes from the film.
In the three steps, despite using the same heating rate, the thickness is
different due to the different final holding temperatures used. Se loss
will still occur even in a three-stage process. The samples that were
selenized at a temperature of 520 °C produced a thinner layer than the
samples selenized at 400 °C. Generally, the thickness produced by the
spray coating method and selenized produces a thinner layer when
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Fig. 7. (a) Mechanism of electron-hole movement in CIGS solar cells and (b) Chemical composition measured by EDX characterization of CIGS absorber layer with

various selenization treatments.

compared to the knife coating or spin coating method, which was carried
out as a preliminary study [14,15].

The selenization aims to regulate the composition, and selenium will
bind to In and Ga to form InSe; and GaSe; when selenized. Energy level
InSe; is lower than GaSe;. Thus, when more Ga binds to the Se, the
conduction band will shift upwards, which causes the bandgap to
become wider.

The SEM analysis showed different morphologies. The surface
morphology is characterized by the Origin software to determine the
porosity. The porosity of each sample is shown in Table 1. The porosity
of the CIGS film layer is the substrate layer that is not coated with CIGS
material, or the area of the substrate coated with CIGS is thinner than the
surrounding area [36].

Table 1 shows that the porosity increases with the selenization
temperature in both the one-step and three-step methods. The increase
in porosity with temperature rise was due to the increase in CIGS
nucleation, as shown in the SEM results. Crystal growth was increasing
(confirmed by XRD), accompanied by increasing grain boundaries. This
increase in grain boundaries causes the pores to become wider. The
growth of nucleation in CIGS was also reported by Lin et al. [37]. The
porosity of the film heated at 350 °C was 78.47%, which is higher than
the porosity of the film selenized at a higher temperature. This is due to a
large number of unmelted selenium layers. Thus, the area around the
selenium becomes lower and is detected as pores.

The CIGS film, which was one-step selenized at a temperature of 400
and 500 °C, showed an increasing porosity, namely 68.32% and 72.15%,
respectively. Per the previously stated definition, higher porosity in-
dicates more porosity compared to the material covered by the CIGS
material. In the same vein, such a condition occurs in the three-step
selenization at 400 °C and 520 °C porosity to 63.14% and 76.03%,
respectively. This increase in porosity has a positive impact as it reduces
the effect of light reflection to maximize photon absorption. Solar cells
with 60% porosity can reduce reflections up to 7.3% [38].

Based on the results of EDX characterization, the ratio of Ga/(In +
Ga) content for each sample was obtained, as shown in Fig. 7 (a). Based
on these results, the ratio of Ga/(In + Ga) content is much smaller than
the results obtained by Wu et al. This results in a decreasing CIGS
bandgap, thereby increasing the possibility of recombination in the CIGS
layer. Regarding this, research by Choubrac et al. [39] has shown that
the bandgap value is not suitable for CIGS results in a decrease in the
overall performance of CIGS solar cells. Similar results were obtained by
Wau et al. The best performance of CIGS solar cells is obtained when the
Ga/(In + Ga) ratio is ~0.3, and the bandgap is ~1.14 eV [21]. This
result is in agreement with the SEM results, which showed that the
sample selenized at 350 °C with a lot of unmelted selenium resulting in a

suitable CIGS composition is not achieved.

When light hits the sample, CIGS acts as an absorber layer with a
bandgap of 1.1-1.68 eV [40] absorbing most wavelengths of light
passing by and releasing electrons and holes. The free electrons will then
move to the ZnS layer 3.2 eV-3.6 eV [41] and ZnO 3.3 eV-3.6 eV [42,43]
before finally flowing into the circuit of Fig. 7(b). However, when the
ratio of Ga/(In + Ga) is under 0.3, conductive band shifting will be
closer to the fermy energy, so that the electron will not move to the
n-type semiconductor but merge with the hole, increasing the recom-
bination probability. On the other hand, when the Ga/(In + Ga) ratio
increases, the conduction band will be shifted away from the Fermi
energy, reducing the possibility of recombination [44,45]. Conse-
quently, it allows for an increase in the value of Voc. This finding is in
line with the research by Paul et al., which shows that, when the ratio of
Ga/(In + Ga) is lower or higher than 0.3, the value of Vo¢ [46,47] will
decrease.

4. Conclusions

The crystallinity of CIGS indicated by the results of XRD data analysis
showed an increase in the selenization temperature. The thickness of the
CIGS layer decreases with an increase in selenization temperature,
which also increases the percentage of the resulting film’s porosity that
improves the light reflection effect. The ratio of Ga/(In + Ga) increases
with the rise in temperature, which is due to the growing number of
materials bonded to the CIGS film. The increase in the Ga/(In + Ga) ratio
can also increase Vo in solar cells. The particle growth in the one-step
selenization process delivers higher activation energy than the three
steps of selenization, indicating that the CIGS particles’ size is easier to
form by the three-step selenization.
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