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Abstract. In this study, we utilized SCAPS simulation to evaluate the performance of an innovative copper
indium gallium selenide (CIGS) - based solar cell architecture meticulously designed to achieve superior
conversion efficiency. We employed a novel functionality to predict the absorber layer's bandgap and electron
affinity across varying gallium (Ga) concentrations (x). To mitigate back-contact recombination losses, we
investigated the incorporation of a copper gallium selenide (CGS) layer with a high bandgap (1.7 eV) near the
molybdenum back contact, which acts as an electron reflector. The performance enhancement of CIGS solar
cells through Ga grading of the absorber layer is demonstrated. Our findings revealed that in a dual-absorber
layer configuration, conversion efficiency steadily increased as the CGS layer's thickness approached
approximately 90% of the overall absorber thickness. Additionally, we examined the impact of a graded
bandgap toward the back of the top absorber layer, i.e., the CIGS. The results demonstrated that an optimized
CIGS (graded)/CGS/Mo system exhibits exceptional photovoltaic performance, achieving an optimal efficiency
of 25.98%.
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1. Introduction
Chalcopyrite-type compound semiconductors with the formula Cu(IniGaix)Se; hold

significant promise as absorber materials for thin-film solar cells. These materials are strong
contenders for high-efficiency, cost-effective solar technologies and exhibit prime optical and
electronic properties, including an enhanced absorption coefficient (o~10% cm) [1]. Thin-
film solar cells based on copper-indium-gallium-diselenide (CIGS) have demonstrated
efficiencies of ~19.5% [2]. A record efficiency of 17.4% was achieved for a CIGS thin-film sub-
module [3], while laboratory-scale devices have reached remarkable efficiency levels of up to
23.6% [4].

These absorber layers typically exhibit an off-stoichiometric composition characterized
by the Ga/(Ga+In) ratio (x) [5]. By intermixing CulnSe; (CISe) and CuGaSe; (CGSe), the
optical bandgap can be engineered within 1.06 eV and 1.7 eV. This ability to customize the
absorber bandgap to align with the solar spectrum provides an effective strategy for
enhancing solar cell performance. The change in the absorber layer bandgap is directly tied
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to changes in its electron affinity (x) and optical absorption characteristics. The optical
absorption coefficient of CIGS at various Ga/(Ga+In) ratios is modeled using the Gloeckler
approach [6], enabling the implementation of the so-called Ga-grading. The Ga fraction
significantly impacts the electron affinity of CIGS, influencing the conduction band minimum
(E ¢), while the valence band maximum (E,) remains largely unaffected by changes in x [7].
Bandgap engineering can be achieved through two primary approaches: modifying the
bandgap near the buffer layer (front grading) or adjusting it towards the back contact of the
absorber (back grading). A combination of these methods, known as double grading, involves
a gradual decrease in Ga content from the front surface to a minimum point within the
absorber (typically near the center) followed by an increase towards the back contact [8, 9].
This double-grading strategy improves carrier collection efficiency and minimizes
recombination losses, enhancing the overall performance of the solar cell. Numerous CIGS-
based solar cells featuring both standard and double Ga-grading have been developed in
recent years; however, the precise impact of this bandgap variation remains uncertain.

A double-graded bandgap profile offers enhanced solar cell performance by simultaneously
addressing key parameters. Indeed, front grading enhances the open-circuit voltage (Voc) by
optimizing the energy alignment, while back grading facilitates the efficient collection of
photogenerated carriers, thereby increasing the photocurrent (Ji) [10]. The optimal bandgap at
the back contact plays a critical role in achieving the desired increase in Jic [11]. Song et al. [12]
modeled a CGS/CIGS tandem solar cell. They demonstrated that a conversion efficiency of 25% is
attainable when a high-efficiency CGS at the top is paired with an optimized CIGS as a bottom cell.
Furthermore, simulation studies using SCAPS for CIGS double-absorber solar cells have reported
a best-achieved efficiency of 22.32%, highlighting the potential of this configuration for high-
performance photovoltaic applications [13].

To optimize the high performance of the CIGS-based solar cells with low-cost semiconductor
material and fabrication process, it is necessary to investigate and develop alternative designs of
the absorber constituents and to obtain more details in understanding their properties for
different structure layers. Recently, a high conversion efficiency of 45.23% was achieved by
optimizing a double junction CGS/CIGS solar cell under current matching conditions using
SILVACO software [14]. The literature mentions that single-junction solar cells have limited
efficiency. On this basis, we propose a single-junction architecture with a double absorber
CGS/CIGS solar cell as another option to reduce the recombination rate in this conventional
structure and improve the performance of thin-film solar cells.

This paper aims to investigate factors limiting the performance of modern graded CIGS
solar cells using the SCAPS-1D simulation package [15, 16]. The study examines two types of
solar cell designs. The first involves a single absorber layer of CIGS, where the influence of
parameters such as absorber thickness and bandgap on photovoltaic performance is
systematically analyzed. The second one features a bi-layer structure with a CIGS/CGS
absorber. A numerical analysis was performed to assess the effect of integrating a CGS layer
near the molybdenum back contact on the performance of CIGS solar cells. A parameter, rcgs,
is introduced to represent the ratio of the CGS layer thickness (di) to the total absorber
thickness (d), with r¢gs values ranging from 0.1 to 0.9. The study further explores the benefits
of a linear back-graded CIGS top absorber on device efficiency, considering a spatially linear
bandgap variation and optimizing the grading profile [1].
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2. Device configuration and simulation methodology
Numerical modeling is crucial in understanding and interpreting experimental results for

CIGS-based solar cells while evaluating the potential advantages of different cell structures.
Various software tools, including SCAPS-1D [15, 16], PC-1D [17], AFORS-HET [18], AMPS-1D
[19], and ASA [20], have been initiated to simulate the performance of multilayer thin-film
solar cells. In this study, we extensively utilized SCAPS-1D to investigate and optimize device
performance. The simulations were conducted under an AM 1.5 light spectrum with
P=1000 W/m? and at a room temperature T=300 K. The baseline solar cell configuration
considered is a ZnO: Al/Zn0/CdS/CIGS/Mo/substrate structure, as illustrated in Fig. 1a. The
key component of this photovoltaic device is the CIGS absorber layer, which was initially
modeled as a single-layer absorber akin to conventional CIGS solar cells. Subsequently, we
explored an innovative bi-layer absorber structure of CIGS/CGS, shown in Fig. 1b, to
investigate its potential for enhanced performance.

(a)
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Fig. 1. (a) Single absorber layer CIGS solar cell structure. (b) Bi-layer cell CIGS/CGS. The bottom layer is
CGS (1.7 eV), and the top is CIGS (1.26 eV).

The parameters of the different layers, bulk defect properties, and contact parameters
extracted from reported literature [21-25] are displayed in Table 1. The material properties
of the buffer and window layers are held constant throughout the simulation. The band gap
of the absorber increases from 1.06 eV (pure CISe) to 1.7 eV (pure CGSe), and electron
affinity ranges from 4.6 eV to 3.41 eV, according to the following equations [7]:

E,(x)=1.06(1-x)+1.7x - 0.24762x(1-x), 1)

x(x)=4.6(1-x)+3.41x—-0.03333x(1—-x). (2)
The term (1-x) coefficients represent the band gap and electron affinity of the ternary compound
CISe, while the coefficients of the (x) term are E; and y of the ternary compound CGSe. Moreover,
the third coefficient is the bowing parameter representing non-linear components' amplitude.

First, We have chosen donors and acceptors concentrations to equal Np=1x1017cm-3
and N4= 2x10%6 cm-3 [6], respectively. A single deep acceptor and donor defect type were
used for the CdS and CIGS layers, respectively. The CdS and ZnO layers are characterized by a
high defect density comparable to the shallow donor density, contributing to the commonly
observed photoconductivity [25]. When surface states are absent, the majority carrier
barrier height for holes can be expressed as follows [26]

Cp=E;+ -0y 3)
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Table 1. The parameters of the input layer, defect and contact properties for the simulation

of CIGS solar cells.

Parameters CIGS Cds Zn0 ZnO0:Al
Thickness (d), pm Variable 0.05 0.2 0.2
Bandgap (Eg), eV Variable 2.4 3.3 3.3
Electron affinity (x), eV Variable 4.2 4.4 4.4
Dielectricrelative permittivity (er) 13.6 10 9 9
Density of states (N¢) in conduction band (Cg), cm=3  2.2x1018  22x1018 2.2x1018 2.2x1018
Density of states (Nv) in valence band (V5),cm-3  1.8x1019  1.8x101°  1.8x1019 1.8x1019
Electron mobility (pe ), cm2/V's 100 100 100 100
Hole mobility (un), cm2/V's 25 25 25 25
Donor density (Np), cm-3 0 1017 1018 1020
Acceptor density (Na), cm-3 2x1016 0 0 0
Defect properties
Capture cross-section electrons (Ge), cm?2 5x10-13 10-17 10-12 10-12
Capture cross-section holes (on), cm? 10-15 10-12 10-15 10-15
Defect density (N), cm-3 1014 1018 1017 1017
Contact parameters Back Contact Front Contact
Recombination velocity for electron (Se), cm/s 107 107
Recombination velocity for holes (Sn), cm/s 107 107
Reflectance 0.8 0.05
back contact barrier (®g), eV Variable 0
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Fig. 2. Variation of back contact barrier ®g due to the increase of Ga content in CIGS composition for
®n=4.95 eV. The values of ®p are calculated by Eq. (3) while Eg and x are varied as a function of Ga
mole fraction by Egs. (1) and (2).

Fig. 2 shows the variation of @3 at different Ga/(Ga+In) ratios for a metal work function
@, M0=4.95 eV. This back contact barrier decreases almost linearly by increasing Ga content
in Culni.xGasSe.
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3. Results and discussion

3.1. The effect of absorber layer thickness and band gap on CIGS cell performance

The effect of absorber layer thickness on cell performance was simulated across a range
from 0.2 pm to 3 pm, considering both low and optimal absorber layer band gaps, as
discussed in Ref.[26]. The simulations were conducted at various energy gap values
determined as functions of composition (x) from Eq. (1) while maintaining all other material
parameters unchanged and varying the absorber thickness, as shown in Fig. 3. The results
indicate that increasing the thickness from 0.2 um to 2.5 pm enhances efficiency values.
Notably, the efficiency remains nearly constant for absorber thicknesses greater than 1 pum,
specifically in the range of 1 um<d<3 pm. These simulations identified an optimum thickness
of 2.5 ym, independent of the energy gap. This finding aligns well with previously reported
results in Refs. [27, 28].
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Fig. 3. Baseline CIGS solar cell efficiency versus CIGS absorber thickness at varying absorber energy
gap values.

Fig. 4 illustrates the variation in quantum efficiency (QE) of baseline CIGS solar cell as a
function of incident light wavelength at different CIGS thicknesses. For thicknesses greater
than 0.5 pm, the collection efficiency of photo-generated carriers improves, and complete
photon absorption is achieved with increasing layer thickness. This enhancement is
attributed to a reduction in the junction depth. It is well established that recombination is
primarily influenced by the junction depth, as discussed in Ref.[29]. For a d=2.5pum
thickness, more photons are absorbed due to the increased optical path length, allowing for
greater interaction between the incident light and the absorber material. This enhanced
photon absorption results in more photogenerated charge carriers, improving performance.
The calculation of short-circuit current density(Js), open-circuit voltage (Vo.), fill factor (FF),
and conversion efficiency (1) values for various energy gap ranges is shown in Table 2, with
the efficiency curve versus energy gap presented in Fig.5. The absorber's band gap and
electron affinity are adjusted according to the Ga content, as per Eq. (1) and (2). The results
indicate that efficiency peaks at an energy gap of approximately 1.26 eV, corresponding to a
Ga/(Ga+In) ratio of 0.4. This finding aligns with previous studies reported in Ref. [9]. Beyond
this point, efficiency decreases with a wider band gap in the CIGS absorber layer.
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Table 2. Comparative table of the cell performance as a function of the CIGS absorber bandgap.

EgeV Voo, V Jso mA/cm? FF, % n, %
1.15 0.588 28.721 76.34 11.64
1.2 0.676 27.674 75.5 13.65
1.26 0.742 26.443 74.85 14.35
1.32 0.801 25.166 66.37 13.37
1.4 0.87 23.498 48.49 12.23
1.48 0.89 22.22 46.94 10.55
1.55 0.947 21.566 46.07 10.04
1.62 0.982 20.32 46.03 9.9
100 — ——
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Fig. 4. Quantum efficiency of the cell as a function of incident light wavelength when the thickness of

the absorber layer increases.
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Fig. 5. Variation of baseline CIGS solar cell efficiency as a function of CIGS energy band gap for a 2.5 pym

thick absorber layer.
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The same trend is observed for other thickness values, with the maximum FF of about
75% achieved for a uniform band gap of 1.26 eV, which correlates with the lowest defect
density. Further increases in the band gap by adding gallium do not provide additional
benefits and can adversely affect the solar cell's performance. Experimentally, enhancing the
band gap (E,) by increasing gallium content is not an ideal solution, as it introduces defects
in regions with high Ga content, as reported in Refs. [30, 31]. Consequently, as the
Ga/(Ga+In) ratio rises, the carrier concentration increases, reducing the depletion region
width. This effect is demonstrated in Fig. 6, where the space charge region thickness is
plotted versus voltage for lower (x = 0.2) and higher (x = 0.8) Ga mole fractions. As seen, CIGS
cells with higher Ga content exhibit a higher recombination rate, further diminishing their

efficiency.
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Fig. 6. The thickness of space charge region versus voltage for lower (x = 0.2) and high (x = 0.8) Ga
content.
3.2. The introduction of a CGS double absorber layer in the back contact
Alternative cell structures with a variable absorber composition have been explored in the
literature to address this limitation, particularly with an increased energy gap near the Mo
back-contact region [32]. Introducing a Ga-rich layer at the CIGS/Mo interface maintains high
conductivity for the majority holes while simultaneously reflecting minority electrons.
Adding the CGS layer helps repel electrons away from the Mo contact, preventing their
capture and thus enhancing the Jic [27]. Consequently, we optimize this novel structure by
placing a CIGS layer on top of the CGS bottom layer, as illustrated in Fig. 1b.

In this study, the CIGS layer near the junction has a Ga fraction of x = 0.4 (E; = 1.26 eV),
corresponding to the optimal cell configuration. All parameters of the layers are kept
constant, except for the Ga/(Ga + In) ratio and the thickness of the bottom layer near the Mo
back contact. The top layers, ZnO and CdS, remain unchanged. Fig. 7 illustrates the variation
in efficiency as a function of the Ga/(Ga+In) ratio in the bottom absorber layer of
CulngeGao4Sez/CulniGa,Sez/Mo, with varying rees values from 10% to 90%. Here, recs
represents the ratio of the bottom absorber layer thickness to the total thickness of the
single absorber layer (2.5 pm).
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The addition of Ga content has a positive effect on the solar cell's performance. For a
high Ga content (x = 1), the efficiency reaches a maximum value of 17.4%, corresponding to a
90% thick CuGaSe; bottom layer and 10% of CulngsGao4Se; as the top layer. To confirm that
the optimum thickness of the CGS bottom layer is 90% of the total absorber thickness
(2.5 pm), the efficiency as a function of r¢es is presented in Fig. 8. The two endpoints on this
plot depict the efficiencies of a single Culng¢GaopsSe; layer (rcgs = 0) and a single CuGaSe;
layer (rc¢es = 1). The efficiency increases significantly from 14.35% to 17.4% as r¢es increases
from O to 0.9, then gradually decreases with further increases in r¢s from 0.9 to 1, with a

step of 0.01 (inset of Fig. 8).
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layer (2.5um). The inset shows
magnifications of rces from 0.9 to 1.

Table 3. Optimized photovoltaic parameters of single and double absorber layers.

Absorber layer Voc, V Jsc, mA/cm? FF, % H, %
CIGS 0.742 26.443 74.85 14.35
CIGS/CGS 0.804 28.910 76.65 17.4
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The comparison between the performance of a single-layer cell and its bi-layer
counterpart is noteworthy. For a 2.5 pm thick cell, the bi-layer structure consisting of a
0.25 pm thick Culng¢GagaSez (Ey = 1.26 eV) layer on top of a 2.25 pm thick CGS (E;= 1.7 eV)
layer outperforms its single-layer CIGS counterpart (E; = 1.26 eV). The efficiency of the
CIGS/CGS bi-layer cell reached 17.4%, while the corresponding value for the single-layer
CIGS cell with x = 0.4 was 14.35%. Table 3 compares the optimized single and double
absorber layer cells’' photovoltaic parameters. The (J-V) characteristics of both the bi-layer
and single-layer cells are shown in Fig. 9. From this graph, it is evident that both the J,c and
open V,. improve in the optimized bi-layer structure, with an increase of 2.5 mA/cm? for J.
and 62 mV for V,.. A CGS/Mo interface with a Ga mole fraction of 1 provides a minimal
back contact barrier of 0.16 eV (as shown in Fig. 2), ensuring high conductivity for
majority carriers at the metal-semiconductor interface. This leads to a significant
improvement in Js.

30
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The recombination rate (R) can be calculated as an approximation using the following
formula [31]:
np
= , 4
t(n+p) ()
where 7 is the minority lifetime; n and p are the electron and hole concentration,

respectively. In the back contact part of the CGS bottom layer and under low injection (low
absorption due to large band gap), we have n <<p. The Shockley-Read-Hall recombination of

R=1/ (5)

This indicates that the total recombination is primarily governed by the excess

Eq. (4) reduces to:

concentration of minority electrons. The profiles of minority carrier densities (in this case,
electrons) for the optimized bi-layer and single-layer cells are shown in Fig. 10. It is evident
that the electron density at the Mo/CGS interface (in the double absorber layer structure) is
significantly reduced, as is the case at the Mo/CIGS interface (in the single absorber layer
structure).
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This reduction suggests the accumulation of majority carriers (holes), which creates an
energy barrier that prevents minority carriers from recombining. The accumulation of
positive charges generates an internal electric field that repels minority carriers away from
the trap-rich CGS/Mo interface, thereby reducing the recombination rate, as depicted in
Fig. 11. This Fig shows the recombination rate profiles at the back contact interface for both
the optimized single absorber layer and bi-layer structures, providing a clear explanation for
the observed performance enhancement in the cells.
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3.3. The effect of Ga-Grading on CIGS cell performance

A bi-layer structure can be viewed as a simple alternative to a graded junction, widely known
to enhance solar cell performance. For example, C. Guillen et al. [32] simulated CIGS solar
cells with a graded CIGS layer that exhibits a linear variation towards the back of the device.
Kaufmann et al. [28] concluded that most of the performance improvement in these devices
is due to the increase in Ga content near the Mo back contact. To investigate the effect of a
graded band-gap CIGS absorber in the newly proposed CIGS/CGS bi-layer structure, we
adopt a grading model characterized by a linear variation in Ga content (x) throughout the

Ukr. J. Phys. Opt. 2025, Volume 26, Issue 2 02113
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CIGS top layer. This approach results in two distinct band gaps: one at the front side (A) and
one at the back side (B), as shown in Fig. 1b. Our study considers all possible cases,
independently varying the Ga ratio at both ends fromx=0tox = 1.

This study enables the analysis of different single-grading approaches towards the back
of the CIGS top absorber layer. Two distinct effects are induced by fixing the band gap at the
CIGS/CGS interface and gradually increasing the front band gap of the CIGS top layer. First,
the absorption of photons decreases, with only those possessing higher energies being
absorbed, which leads to a drop in the Ji, as shown in Fig. 12. In the same figure, it can be
observed that when the front bandgap is fixed, a photo-current increase occurs when the
front bandgap is raised below the previously identified uniform band-gap value, as
confirmed by A. Belghachi et al. [33]. Second, the increase in the absorption of higher-energy
photons increases the V,., which then saturates at higher values (Eg> 1.53 eV and x> 0.8), as
illustrated in Fig. 13. This behavior of V,. has been previously reported by Jo et al. when
examining CIGS thin films with varying Ga content, prepared using a co-evaporation
technique [34].
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29.5 4 —a—E; =126eV
—o—E;=138¢eV
£ 29,0 1 —A—E;=1.53eV
s —¥—E;=1.70eV
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The Vq. of a solar cell is influenced by the photo-generated current (/1) and the saturation
current (Jo), as expressed in Eq. (6) [35]:

v, = nk—Tln[]ﬂ + 1] , 6)

q Jo

where n is the ideality factor, k and T are the Boltzmann’'s constant and absolute
temperature, respectively. Jyn is linked to the generation of electron-hole pairs through the
absorption process within the solar cell. Consequently, it can be inferred that the CGS layer
beneath the CIGS layer contributes to the absorption process, ultimately enhancing V.. On
the other hand, J, is governed by recombination within the solar cell, making V. an indicator

of the recombination level in the device.

Table 4. Comparison of output parameters of the optimized bi-layer structure with
previously reported in the literature.

Photovoltaic This work Ref. [12] Ref. [13] Ref. [33]
values CIGS (graded)/CGS CGS/CIGS CIGS/CIGS CIGS (graded)
n, % 25.98 15.3 22.32 24.34
FF, % 85.75 84 78.43 85.02
Js, MA/cm2 27.96 14.9 32.45 29.10
Voo, V 1.13 1.2 0.789 0.98

The high V,. and the bandgap saturation threshold can be attributed to the constant
defect density assumed in our model. Fig. 14 presents the energy conversion efficiency of a
simulated bi-layer structure (CIGS graded/CGS) as a function of the single linear energy
band-gap grading at the front of the CIGS top absorber layer, ranging from 1.06 eV to 1.7 eV,
corresponding to Ga/(In+Ga) ratios from 0 to 1 (as per Eq. (1)). The maximum efficiency,
approximately 25.95%, is achieved with a grading towards the back contact of the CIGS layer
with E; = 1.53 eV (x = 0.8) at the front and E; = 1.7 eV at the back, located near the junction. It

254 CIGS top layer
20 -
B
5.“
.E 15 1
;f':’ Back side
i o =—E,=126ev
—e—E =138eV
—A—Eg=1.53eV
51—+—Eg,=170ev

1.0 11 12 13 14 15 16 17

E,in the front side, eV
Fig. 14. Efficiency versus the energy band gap at the front of the CIGS top absorber at several different
values of Egat the back of this layer.
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is also shown that bulk recombination in the CIGS layer is relatively low in the graded CIGS
layer, particularly at the CIGS/CGS interface, when the gap values for both the CGS bottom
absorber layer and the back of the CIGS top absorber layer are the same (Eg = 1.7 eV,
corresponding to x = 1). The recombination rate at the interface between the back-graded
CIGS and CGS is significantly reduced, which explains the observed improvement in cell
performance. By incorporating the optimal parameters identified, we have designed the ideal
bi-layered CIGS (back-graded)/CGS structure for the solar cell of interest. Our results, which
are summarized in Table 4, show improved efficiency compared to previously studied
configurations (bi-layered CIGS/CGS and graded CIGS cells), as reported in Refs. [12, 13, 33].

4. Conclusion
In this study, we used the SCAPS-1D simulation tool to investigate the effects of the absorber

band gap and thickness on the electrical parameters of single-layer CIGS solar cells. The
results indicated that the maximum efficiency is obtained when the band gap is around
1.26 eV. Furthermore, the electrical parameters remained stable when the absorber
thickness exceeded 2.5 um, though the efficiency was relatively low compared to other
reported structures.

To improve performance, we optimized a novel bi-layer structure consisting of a CIGS
layer on top of a gallium-rich CGS layer at the CGS/Mo interface. The optimal efficiency was
achieved when the CGS bottom layer comprised 90% of the total absorber thickness.

Additionally, we examined the effect of a graded band gap in the CIGS layer, with a
linear variation of Ga content at the interfaces. Our results showed that a graded band gap,
particularly with a higher Ga content at the back of the absorber, significantly reduces
recombination at the CIGS/CGS and CGS/Mo interfaces. This resulted in an efficiency of
25.98%.

To further optimize solar cell performance, ongoing research will focus on surface
recombination and defect density at the CGS/Mo interface.
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AHomayisa. Y yvomy docaidxceHHi mu eukopucmanau modearweaHHsi SCAPS 0as oyiHku
npodykmusHocmi iHHo8ayiliHOI apximekmypu COHAYHO20 e/feMeHmda HA OCHO8I Midb-iHOIl-
eaniti-cenenidy (CIGS), pemeavHO po3po6aeHOi 0451 docsizHeHHs1 8uwo20 KoegiyieHma
nepemeopeHHsl eHepzii. Bysa 3acmocosaHa Ho8a (yHKYIOHANbHICMb 0158 NPO2HO3YB8AHHS
WupuHu 3a60poHeHoi 30HU ma cnopidHeHocmi do eseKMpPOHI8 y Wapi no2AuHa4a npu pisHux
KoHyeHmpayisax eaniro (Ga) (x). o6 3meHwumu pekom6iHayiliHi empamu HA 3A0HbOMY
KoHmakmi, mMu docaiduau eukopucmaHHsi wapy Midv-easiii-ceaenidy (CGS) i3 wupokow
3a6opoHeHo 30How (1.7 eB) nob6ausy mosi6deHosozo (Mo) konmakmy, skull die sk
esekmpoHHull g8idéusau. Bysno npodemoHcmposaHo nokpaweHHs1 npodykmusHocmi CIGS-
COHSIYHUX e/leMeHmig 3a80s1KU 2padieHmHoMy po3nodiny zanilo 6 wapi nozauHava.Hawi
pe3yabmamu nokasaau, wo 8 KoH@izypayii 3 deoma wapamu nozauHa4a egekmugHicmb
nepemeopeHHsi cmabi/bHO 3pocmasa npu 36iabwerHi mosuwuHu CGS-wapy do npubausro 90%
8i0 3azasbHOI moswuHu nozauHava. Kpim moeo, mu docaiduau enaue 2padieHmHoi 3MiHu
WUPUHU 3a60pOHEHOT 30HU 8 HANPSAMKY 00 3a0HbOI YACMUHU 8ePXHbO20 NO2AUHAI0Y020 WApy
(mo6mo CIGS).OmpumaHi pesysbmamu npodeMoHCMpyeaau, Wo OonmumizoeaHa cucmemd
CIGS (3 ezpadieHmHolo wupuHolo 3a6opoHeHoi 30HU)/CGS/Mo 3ab6e3neuye 8UCOKY
domoesnekmpuyHy npodykmueHicms, docsearouu onmumanbHoi egpekmusHocmi 25,98%.

Kawuoei cnoea: consuHi  enemeumu  CIGS, epadiechmHa  3a60poHeHa  30HQ,
egpekmusHicmbvnepemesoperHs, SCAPSmodenrosanHs
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