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This paper explores and compares the characteristics of eight diﬀerent kinds of Cu(In, Ga)Se2 (CIGS) solar cells.
Through the technique of chemical bath deposition (CBD), single- (i-ZnO) and double-layer (ZnS/CdS) CIGS
cells were prepared and evaluated. The results of this research signify the potential of high-performance CIGS
cells for photovoltaic (PV) industrial applications. This study focused on the growth-dependency and optical
properties of ZnS/CdS-buﬀer stacked thin ﬁlms, which were prepared through the CBD process. The best
sample developed from this process consisted of a double-layer buﬀer and no i-ZnO layer. This sample yielded a
conversion eﬃciency (η) of 9.23% and a short-circuit current density (JSC) of 26.72 mA/cm2. The performance
of this sample was about 25% (absolute gain) better than that of the standard CdS cells.
Furthermore, the average quantum eﬃciency in the short wavelength range (350–500 nm) for two of the
ZnS/CdS buﬀer structures was 6.8% better than that of a single-layer CdS cell. This improvement can be
attributed to the anti-reﬂective eﬀect of the ZnS/CdS buﬀer structure, which increases the light-intensity
incident on the main absorption layer. In addition, the ZnS/CdS-buﬀer layer not only eliminates the need for an
i-ZnO layer but also reduces the usage of toxic Cd. The procedures to develop these ﬂexible CIGS cells
containing a ZnS/CdS buﬀer structure are simple, eﬃcient, and reliable. These eco-friendly cells could be
eﬀectively applied to mass production for commercial PV applications.

1. Introduction
Photovoltaic (PV) technology utilizes one of the most attractive
energy sources on the planet—sunlight. Perhaps the greatest drawbacks
of solar cells include high production cost and low durability.
Overcoming these two shortcomings can greatly enhance the competitiveness of photovoltaic devices and promote the use of renewable
energy. Amongst thin-ﬁlm PV cells, chalcopyrite solar cells consisting
of a copper-indium-gallium-selenide (Cu(In,Ga)Se2, CIGS) absorber
have shown promise owing to their superior power-conversion eﬃciency [1].
In thin-ﬁlm solar cells with a CIGS absorber, cadmium sulﬁde (CdS)
is generally introduced as a buﬀer layer to achieve high overall
eﬃciencies. However, CdS has a band gap of only ~2.45 eV, which
limits cell performance as its low transparency in the short-wavelength
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spectrum leads to photocurrent loss [2]. Zinc sulﬁde (ZnS), an n-type
II–VI semiconductor with a wider direct band gap of 3.5–3.8 eV at
room temperature [2–4], could be a better material for UV-sensitive
buﬀering layers and coating ﬁlms in solar cells. Due to its wide
bandgap, ZnS can not only enhance the short-wavelength response of
PV solar cells but also allow more high-energy photons to penetrate the
buﬀer and reach the junction between the window and the absorber,
thus improving cell performance.
Moreover, toxicity hazards from the production and use of the CdS
layer further justify the investigation of ZnS as an alternative buﬀer
layer for PV devices [4,5]. Zn-based thin ﬁlms deposited by chemicalbath-deposition (CBD) process (with non-vacuum deposition) have
already been established as alternative buﬀer materials for PV devices,
and a module eﬃciency of 18.6% has been achieved with the
corresponding CIGS-based solar cells [2,6]. Thus in this work, we
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deposited ZnS thin ﬁlms using the CBD technique. Thiourea was used
as the source of sulphur, ZnCl2 as the source of Zn, and NH3 as a
complexing agent for the Zn-salt precursor. The structural and optical
properties of the ﬁlms measured at each step of cell process were
carefully studied and compared.
In the design of CIGS thin-ﬁlm solar cells on ﬂexible substrates, we
focused on the development of double-layered buﬀers (ZnS/CdS), a
novel structure, with high transmittance in the short-wavelength
region, in the meantime maintaining good interface characteristics
between the buﬀer layer and the CIGS absorber on the tuneable bandgap eﬀect. ZnS thin ﬁlm was deposited on the CdS surface through the
CBD process to form a stack of buﬀer layers, denoted as ZnS/CdS. The
structural and optical features of the thin ﬁlms fabricated by CBD were
then analyzed and compared.
Two main objectives of this experiment were to improve the
quantum eﬃciency (QE) in the short-wavelength region and to increase
photocurrent and power-conversion eﬃciency (η) of CIGS solar cells.
In addition to these two goals, we also explored the idea of using i-ZnO
layer as an alternative to the ZnS/CdS double-layer buﬀer in CIGS solar
cells. Lastly, in order to promote future commercialization of these
techniques, we shortened chemical reaction time, reduced process
steps, and lowered production cost.

Table 1
The CBD deposition times of the ZnS film were varied while keeping that of CdS constant
at 5 min. Furthermore, a structure with an i-ZnO layer deposited by RF-sputtering was
used (marked with Yes) for comparison among four kinds of samples, that is, Control 1,
Control 2, group A, and group B.

Fig. 1 shows the ﬂow chart for the fabrication of the proposed
ﬂexible CIGS-based solar cells (stainless-steel substrates) under various conditions. This process allowed for the evaluation of the
performance of CIGS thin-ﬁlm solar cells with ZnS/CdS buﬀer. The
initial solutions to develop CBD-CdS ﬁlms were prepared from
anhydrous cadmium chloride (0.12 M CdCl2 as the Cd2+ source),
thiourea (0.3 M CS(NH2)2 as the S2− source), ammonia (10 M NH3
as the complexing agent), ammonium chloride (NH4Cl). The CdS thin
ﬁlm was grown on the CIGS absorber layer at a temperature of 65 °C
for 5 min. In addition, ZnS thin ﬁlm was also prepared from an acidic
solution containing ZnSO4 [7] as a source of zinc, thiocarbamide
(SC(NH2)2) [8] as a source of sulphur, and tartaric acid (C4H6O6) [9]
as the complexing agent. The acidic solution was prepared using

Control 2

Group A

Buffers structures and CBD duration

ZnO layer included?

Control 1
Control 2
A1
A2
A3
B1
B2
B3

CdS, 15 min
CdS, 15 min
ZnS/CdS, 05/05 min
ZnS/CdS, 10/05 min
ZnS/CdS, 15/05 min
ZnS/CdS, 05/05 min
ZnS/CdS, 10/05 min
ZnS/CdS, 15/05 min

–
Yes
Yes
Yes
Yes
–
–
–

100 mL of ZnSO4, 700 mL of SC(NH2)2 and 50 mL of C4H6O6. The
diﬀerent solutions were prepared by adding the complexing agent
C4H6O6 with varying 0.001–0.05 M concentrations. In order to determine the optimal uniformity and penetrating features for the ZnS thin
ﬁlms, we measured the performance of ZnS at a constant temperature
of 85 °C under three deposition times: 5, 10, and 15 min. Lastly, the
ﬁnal stage of this experiment involved analyzing the eﬀects of RFsputtering deposition of an i-ZnO layer on the cells. The CIGS-based
solar cell area of our samples was 2×2 cm2.
Table 1 lists the structures of the nano-scale buﬀer layer for four
diﬀerent samples: control 1, control 2, group A, and group B. In
particular, group A and B contained three sub-samples. These subsamples all had CdS deposited at 65 °C for 5 min and ZnS deposited at
85 °C; they diﬀer by their ZnS deposition times, which were 5, 10, and
15 min. In addition, cells without an i-ZnO layer (Control 1 and group
B) are marked as ‘-’, and those with an i-ZnO layer (Control 2 and
group A) are marked as ‘Yes’; comparisons were then made between
the two groups.
As shown in Table 2 deposited for diﬀerent CBD processing times,
the surface compositions (atomic ratios) of ZnS/CdS double-layer
buﬀers were measured by the energy dispersive spectroscopy (EDS).
Meanwhile, the optical and electrical properties of our cells were also
measured using commercially available systems: scanning electron
microscopy (Model: JSM-6500F), microwave-induced photo-conductance decay (μ-PCD) system (Model: U-2001), photovoltaic conversion
eﬃciency measuring system (Model: Oriel-91192/ AM 1.5 GMM), and
QE measurements (Model: C-995).

2. Experiments and measurements

Control 1

Cell Samples

Group B

Flexible (stainless ateel) substrate
Mo layer deposited by sputtering

3. Results and discussion

CIGS layer deposited by sputtering, selenization
To investigate the characteristics for the four samples with diﬀerent
buﬀer layers, we recorded scanning electron microscopy (SEM) images

Buffer layers deposited by CBD
CdS
15 min

ZnS/CdS
(05/05, 10/05, 15/05) min

Table 2
The surface composition and the corresponding images of EDS spectrum of ZnS/CdS
double-layer buffers, deposited for different times.

i-ZnO layer deposited by
RF-sputtering

Atomic

AZO (ZnO:Al) layer deposited by RF-sputtering
Cu K
In L
Ga K
Se K
Zn K
Cd K
SK
OK
Zn/(S+O)
Cd/(S+O)
S/(S+O)

Ni-Al deposited by DC-sputtering
Characterization
Fig. 1. The ﬂow chart of CIGS solar cells fabricated by diﬀerent processes and with
diﬀerent deposition times. Cells with and without an i-ZnO layer deposited by RFsputtering were used for comparison. Double-layer ZnS/CdS ﬁlms were deposited for 05/
05, 10/05, 15/05 min, where the CdS ﬁlm was deposited ﬁrst on CIGS for 5 min then the
ZnS was deposited on top of the CdS surface for diﬀerent times (either 5 or 10 or 15 min).
Inside this ﬁgure, the AZO means ZnO:Al.

30

Atomic Ratio, %
CdS+ZnS
(05+05)

CdS+ZnS (05
+10)

CdS+ZnS (05
+15)

CdS (15)

17.43
13.38
9.47
42.85
0.50
3.12
3.70
9.58
0.04
0.23
0.28

17.47
13.17
7.30
44.43
0.94
2.87
3.34
10.48
0.07
0.21
0.24

16.80
13.23
9.70
43.59
0.51
2.48
3.09
10.60
0.04
0.18
0.23

16.42
13.69
4.68
37.17
0
7.24
8.43
12.37
0
0.35
0.41
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(a) CdS 05 + ZnS 05

(b) CdS 05 + ZnS10

(c) CdS 05 + ZnS 15

(d) CdS 15

Fig. 2. Top-view SEM images of the buﬀer layer of CIGS solar cells, grown by CBD for diﬀerent growth times; ZnS/CdS ﬁlms grown for (a) 5/5 min, (b) 10/5 min, (c) 15/5 min, where
CdS is ﬁrst deposited on CIGS for 5 min then ZnS is deposited on top of the CdS surface. (d) CdS ﬁlm grown for 15 min as a control reference.

ZnS/CdS and CdS buﬀer layers in the wavelength range 300–1100 nm.
As deposition time increased, the ﬁlm transmittance decreased, which
lowered cell performance. It can be seen that the ZnS/CdS thin ﬁlm has
higher optical transmittance (~100%) than a conventional thick CdS
layer (73.9%) at 520 nm. The average values of transmittance (Tave) in
visible-light range (400–700 nm) were calculated by the arithmetic
mean, which is the sum of transmitting values as divided by its
numbers. Therefore, the Tave, values of transmittance (in %) and
corresponding thickness (in nm) for the four diﬀerent cell samples
are listed in Fig. 4(b). The experiment showed that for the CdS
deposition that was carried out at 65 °C for 60 min, the transmittance
(76.6% average for Control 1 sample) did not meet the requirement
value of at least 80% in the visible and infrared range [11]. However, as
concluded in [5], this approach still led to a mutual characteristic
improvement on optical transmittance of the ZnS/CdS ﬁlm. The results
show that ZnS has a high-energy band gap of 3.25 eV (more than
2.4 eV of CdS) in cubic forms, which yields a high transmittance in the
visible range [12].
As seen in Fig. 4(b), both ZnS and CdS deposition times were 5 min
for sample B1, and its light transmittance value was 96.9%, which was
higher than those of B2, B3, and Control 1. For sample B2, the ZnS
deposition time of the double-layer structure was 10 min, and the
average transmittance dropped to 95.7%. This transmittance value was
still much better than the 76.6% transmittance from Control 1. When
the ZnS deposition time of the double-layer structure of sample B3 was
increased to 15 min, the transmittance became 93.9%. The trend of the
variation was consistent with the one illustrated by Shin et al. [13].
When the ﬁlm thickness was kept constant, the transmittance
values of double-layer buﬀers (B1, B2 and B3) at short wavelengths
were far higher than that of conventionally processed CdS (Control 1).
Compared to the ZnS/CdS double-layer structure, the top-down
structure sequence of CIGS solar cell thin ﬁlm was closely related to
the energy gap value. A performance gain was achieved by alloying the

of their respective buﬀers. Fig. 2(a)-(c) depicts the top-view surface
morphologies of the ZnS/CdS double-layer buﬀer for these samples.
The ZnS portion was grown at diﬀerent deposition times while the CdS
ﬁlm was grown at the constant duration of 5 min. Fig. 2(d) shows the
single-layer buﬀer (CdS grown for 15 min), which was used as a
reference (denoted as Control 1).
Fig. 2 shows plan-view SEM images of CIGS devices coated with
double-layers of ZnS/CdS (2a-c, samples B1-3) and with a single layer
of CdS. In all cases, the surface morphology is dominated by the
underlying granular structure of the CIGS which remains visible
beneath the over-layers. For images a-c, (i.e. for samples with 5 min
of CdS followed by 5,10 and 15 min of ZnS) the ZnS deposition makes
the surface rough on a smaller scale than the CIGS grains, and at
15 mins (2c) nodules - presumably from homogeneous nucleation of
the ZnS [10] start to appear. For the single layer of thick CdS (2d), the
roughening of the deposit is similar but more pronounced.
Fig. 3(a)–(d) show the cross-section images of the buﬀer layer of
CIGS solar cells in a one-to-one correspondence with Fig. 2(a)–(d).
These images show that both ZnS and ZnS/CdS are double-layered
structures, which cause them to appear more dense and uniform. These
micrographs show that the double-layer buﬀer ﬁlms have good
adherence to the CIGS substrates without pinholes or cracks. We
evaluated the variations in the ﬁlm thickness, in the range 31–66 nm,
as related to the CBD deposition time. These ﬁlms exhibit tightly
connected grain structures with good adhesion to the CIGS. Obviously
for the ZnS/CdS double-layer buﬀer, the longer time of the deposited
ﬁlm increased its ﬁlm thickness. As seen in the ﬁlm cross-sections
shown in Fig. 3(a)–(d), buﬀer layer structures of ZnS/CdS and CdS
have diﬀerent ﬁlm growth rate, and the relationship between ZnS/CdS
ﬁlm thickness and deposition time of ZnS is not linear. It is comparatively easy to form a thin ZnS ﬁlm with uniform thickness and excellent
adhesion to the substrate via CBD [10].
Fig. 4(a) demonstrates the optical transmittance spectra for the
31
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Fig. 3. SEM images of cross-section of the buﬀer layer of CIGS solar cells grown at diﬀerent times; ZnS/CdS ﬁlms grown for (a) 5/5 min, (b) 10/5 min, (c) 15/5 min, and CdS ﬁlm for
(d) 15 min Fig. 3(a–d) has a one-to-one correspondence to Fig. 2(a–d). The smaller characters, numerals and line segment inside photos indicating thickness in yellow. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.).

CdS with ZnS to widen the band gap [14]. Since no apparent defects
(e.g. pinholes) exist in the interfacial regions as seen in Fig. 3, the
grown thin ﬁlm structure could lead to an improvement of transmittance in the ZnS thin ﬁlms [10]. The transmittance values for samples
B1, B2, and B3 reveal that larger ZnS grains deposited on the surface of
sample B3 (see Fig. 2(c)) will introduce scattering eﬀects, which reduce
optical transmittance [10]. As the deposition time of ZnS increased, the
ZnS ﬁlm became denser and the transmittance worsened.
All the thin ﬁlms of the developed prototypes were analyzed by EDS
using a JSM-6500F scanning electron microscope (SEM) equipped
with a JEOL energy dispersive X-ray analyzer (shown in Table 2).
When the ZnS buﬀer layer deposition time was 5 min, the atomic ratios
for all the atoms were as follows: Cu 17.43%, In 13.38%, Ga 9.47%, Se
42.85%, Zn 0.50%, Cd 3.12%, S 3.70%, and O 9.58%. When the ZnS
deposition time increased from 5 min to 10 and 15 min, we observed
ZnS gradually covering CdS, resulting in a lower Cd/(S+O) atomic
ratio. When the ZnS deposition time was increased to 15 min, the
atomic ratios became the following: Cu 16.80%, In 13.23%, Ga 9.70%,
Se 43.59%, Zn 0.51%, Cd 2.48%, S 3.09%, and O 10.60%. The standard
process for CdS thin ﬁlms (as used to produce Control 1) takes 15 min
for deposition and had the atomic ratio composition of Cd 7.24%, S
8.43%, and O 12.37%. As to the ZnS/CdS double-layer, the Cd atomic
ratio on the surface of the ﬁlm decreased with an increase of ZnS
deposition time. It is clear that all the atomic ratios of Zn/(S+O) (listed
as Table 2) are far less than that of Cd. This observation and Fig. 3
verify that the growth rate of the newly designed ZnS ﬁlm is much
slower in depositing CdS/ZnS ﬁlm.
One main objective of this study was to explore whether the ZnS/
CdS double-layer structure could replace the i-ZnO layer. The J–V

110

Transmittance (%)

100
90
80
70

(73.9% for 2.4 eV)

60

CdS 05 + ZnS 05
CdS 05 + ZnS 10

50

CdS 05 + ZnS 15
CdS 15

40

(520nm)
30
300

400

500

600

700

800

900

1000

1100

Wavelength (nm)
(a)
Cell Samples No.
B1, CdS (05) + ZnS (05)
B2, CdS (05) + ZnS (10)
B3, CdS (05) + ZnS (15)
Ref 1, CdS15

Thickness (nm)
31.0-42.2
44.1
45.6-61.9
66.0

Transmittance (%)
96.9%
95.7%
93.9%
76.6%

(b)
Fig. 4. (a): The optical transmittance of ZnS/CdS and CdS buﬀer layers as a function of
the wavelength in the range (300–1100 nm) for diﬀerent deposition times, observed on
ITO. (b) The corresponding average values of visible light (400–700 nm) transmittance
for the ZnS/CdS double-layer buﬀer and the CdS buﬀer for diﬀerent deposition times.

32

Materials Science in Semiconductor Processing 59 (2017) 29–34

J.-S. Ho et al.

sample yielded η of 8.74%, JSC of 25.69 mA/cm2, F.F. of 66.00%, and
RS of 5.0 Ω cm2. When i-ZnO was added, the JSC value of the Control 2
cell became 24.61 mA/cm2, which was lower than the JSC values for all
the ZnS/CdS double-layer ﬁlms (samples A1, A2 and A3). For the 10min ZnS deposition, the comparisons between the JSC and η of the
ZnS/CdS structure and our previously studied CdS/ZnS structure
(performance not shown here) showed that JSC increased from
25.62 mA/cm2 to 25.69 mA/cm2 and η improved from 7.63–8.74%.
The wider band gap of ZnS allows more incident high-energy photons
to reach the buﬀer-absorber junction, which in terms increases JSC
(Fig. 5(b)) [15]. This is one of the main advantages of having ZnS
deposited through CBD, as mentioned in [4] above.
Fig. 6 provides the CIGS-cell performances of the ZnS/CdS buﬀer
and Control 1 without an i-ZnO layer; the JSC of the Control 1 cell
dropped to 20.74 mA/cm2. Compared to the JSC of the Control 2 cell
with an i-ZnO layer (Fig. 5(b)), JSC for Control 1 without an i-ZnO layer
was 3.87 mA/cm2 lower, and cell eﬃciency also decreased from 8.15–
7.38%. For CIGS solar cells, the increase in JSC could be attributed to a
decrease in surface reﬂection [16]. When the shunt leakage of CIGS is
suﬃciently high, it can reduce the ﬁll factor signiﬁcantly while keeping
JSC and VOC constant, which in turns adversely aﬀects the cell eﬃciency
[17]; therefore, a decrease in JSC for Control 1 is independent of the
shunt leakage.
Fig. 6(b) shows that sample B2 (10-min ZnS deposition) yielded the
highest eﬃciency of the ZnS/CdS buﬀer ﬁlms, with JSC=26.72 mA/cm2,
VOC=0.515 V, RS=4.9 Ω cm2, and η=9.23%. However, according to
Fig. 6(b), JSC for all the ZnS/CdS buﬀer ﬁlms (B1, B2, and B3 cells)
are higher than that of Control 1, demonstrating that partial replacement of the CdS ﬁlm by a ZnS ﬁlm will eﬀectively improve the JSC while
also satisfying the environmental requirement for Cd-usage reduction.
The double-layer buﬀer structure designed in this work can form a
good Zns/CdS/CIGS heterojunction [18] and improve the transmittance in the short-wavelength region as described in Fig. 4. In addition,
CBD-CdS/CIGS has better band alignment than CBD-ZnS/CIGS
[19,20], further indicating that the eﬃciency of the CIGS cell can be
improved. A performance gain was achieved by alloying the ZnS with
CdS to widen the band gap [21]. In comparison, the performance of the
B2 cell (CdS05+ZnS10 at Fig. 6) without an i-ZnO layer is better than
that of the A2 cell (CdS05+ZnS10 at Fig. 5) with an i-ZnO layer. This
shows that the i-ZnO layer does not improve performance.
Fig. 7 shows the external quantum eﬃciency (EQE) for our CIGS
cells with three kinds of buﬀers: B2 (ZnS/CdS double-layer with i-ZnO/
AZO), A2 (ZnS/CdS double-layer with AZO) and Control 2 (CdS buﬀer
layer only). A signiﬁcantly enhanced blue response of the cell with the
ZnS/CdS buﬀer was observed, in concurrence with literature reports
[22]. For the EQE of the MgF2/ZnO/CdS/CGIS solar cell, the blue
response was constrained by the band gaps of ZnO and CdS, and the
red response was constrained by the band gap of the absorber [11]. In

Fig. 5. (a) The J–V curves of CIGS solar cells made from diﬀerent types of buﬀers with
the ZnS /CdS structure, where the deposition time in the CBD bath has been varied as
shown in Table 1. These structures were fabricated together with an i-ZnO layer. (b) Cell
performance of CIGS solar cells with both the ZnS/CdS double-layer structure and the iZnO layer.

100
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80

EQE, (%)

70

Fig. 6. (a) The J–V curves of CIGS solar cells made from diﬀerent types of buﬀers with
ZnS /CdS structure, where the deposition time in the CBD bath has been varied as shown
in Table 1. This structure was fabricated without an i-ZnO layer. (b) Cell Performance of
CIGS solar cells with ZnS/CdS double-layer structure but without the i-ZnO layer.

curves and the performances of our CIGS solar cells with an i-ZnO layer
are illustrated in Fig. 5. The curves and performances of these cells
without an i-ZnO layer are shown in Fig. 6. The deposition times of A1/
B1, A2/B2, A3/B3, and Control 2/ Control 1 in the CBD bath are the
same as those listed in Figs. 3(b) and 4(b).
For the structures with an i-ZnO layer (Fig. 5b), the best sample is
CdS 05+ZnS 10 with a ZnS/CdS double-layer buﬀer (sample A2). This
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Fig. 7. The EQE of CIGS cells with double-layer buﬀer ZnS/CdS, compared to that of the
control cell. The EQE of the CIGS solar cells with the ZnS/CdS buﬀer layer is about 6.8%
higher than that of the Control 2 cell.
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this study, for the short-wavelength range (350–500 nm), the average
EQE value of our ZnS/CdS buﬀer structure was greater than that of the
Control 2 cell by 6.8%, due to the high transmittance of the buﬀer layer
[23]. This was attributed to the light absorption eﬀect [24]—the buﬀer
structure (ZnS/CdS double layer) adopts wider bandgap of ZnS
(3.25 eV), thus allowing more incident light into the main absorption
layer. Meanwhile, this double-layer thickness was about 31–42 nm
(Fig. 3(b)), which was close to one-fourth of the wavelength
(λ=410.61 nm) for the refractive index (n=2.551); therefore, the ZnS/
CdS buﬀer could increase the fraction of incident light reaching the
main absorption layer. The improvement of EQE is also consistent with
the increase of values of JSC as shown in Fig. 5(b) and in Fig. 6(b). Even
if bandgap of CdS ﬁlm is 2.4 eV, in general, the transmittance increases
with the ﬁlm thickness. As a result, the ZnS/CdS ﬁlm shows higher
transmittance compared to single CdS ﬁlm, thus increasing the Jsc
value and agreeing with the curves in Fig. 4(a).
4. Conclusions
In CIGS solar cells, thin-ﬁlm depositions must be done in accordance with the tuneable band-gap values and in the following order
starting from the top layer: 3.29 eV for the window layer (AZO),
3.25 eV for the ZnS buﬀer layer cubic form and 2.4 eV for the CdS
buﬀer layer in cubic form, and ﬁnally 1.2 eV for the absorption layer
(CIGS). This approach enables most of the incident light to enter the
main absorption layer of the CIGS solar cells. An increase in visible
light transmittance for ZnS/CdS-buﬀer cells (Fig. 4) enhances electrical
performance, provided there is no loss from the photo-harvesting
approach. This is veriﬁed by the J–V measurement of the cells,
illustrated in Figs. 6 and 7.
For the ZnS/CdS buﬀer structure without an i-ZnO layer, the values
for JSC for sample B2 and η increased by 26.72 mA/cm2 and 9.23%,
respectively. In the meantime, we observe that with the substitution of
ZnS/CdS for CdS single-layer buﬀers, the values of light transmittance
and EQE in the short-wavelength region (300–500 nm) can be
eﬀectively improved, and the heterojunction can maintain good AR
characteristics, thus enhancing cell performance. The experimental
results demonstrate that the ZnS/CdS double-layer structure can omit
the i-ZnO layer and still maintain good electrical and opto-electronic
properties. Furthermore, this improvement can be achieved while
reducing the usage of Cd, an undesirable material that could cause
environmental hazard. The discoveries of this CIGS research provide a
new scientiﬁc understanding of solar cells. In conclusion, this research
undeniably contributes to a major advancement towards practical PV
applications and can help building a more eco-friendly community.
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