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This study explores the performance enhancement of Concentrated Solar Photovoltaic (CSPV) modules 

through optimized oxide layers and a unique GaSb substrate infused with bismuth-arsenic compounds  

(Bi-As) to improve solar energy conversion. Two configurations were examined: one with a pure ZnO oxide 

window and another using Co-doped ZnO (Zn0.94Co0.06O). Both modules included GaSb layers enriched with 

3 % and 6 % Bi in GaSbBi and GaAsSbBi, respectively, to increase light absorption.Results show a notable 
efficiency gain in the module with the Zn0.94Co0.06O window, demonstrating its superior performance over the 

ZnO-based module regardless of the GaAsSbBi layer thickness. The CSPV module with ZnO achieved an 

energy conversion efficiency of 13.55 % and a fill factor (FF) of 76.42 %. In comparison, Co-doped ZnO 
(Zn0.94Co0.06O) significantly improved efficiency, reaching 15.89 % with an FF of 72.90 %.This increase in 

output underscores the effectiveness of Co-doped ZnO as an advanced window layer, boosting energy con-

version efficiency consistently across various GaAsSbBi thicknesses. The findings indicate that the Co-doped 

ZnO oxide layer presents a promising approach for CSPV module optimization, making it a valuable devel-

opment in enhancing photovoltaic efficiency and contributing to more sustainable solar energy solutions. 
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1. INTRODUCTION 
 

As global energy demands increase alongside con-

cerns about environmental sustainability, renewable en-

ergy sources have become essential for sustainable de-

velopment. Solar energy, in particular, has attracted 

considerable interest due to its vast availability and rel-

atively low environmental impact [1]. Among various so-

lar technologies, Concentrated Solar Photovoltaic 

(CSPV) systems stand out due to their ability to achieve 

high efficiency by focusing sunlight onto small areas of 

high-performance solar cells, thereby maximizing en-

ergy output while reducing material costs [2]. However, 

despite these advantages, CSPV systems still face sig-

nificant challenges, especially at high concentration lev-

els, where issues like excessive heat buildup, material 

degradation, and suboptimal light absorption hinder 

overall efficiency [3]. 

One promising approach to overcoming these chal-

lenges lies in optimizing the materials within CSPV 

modules, particularly in layers that impact light absorp-

tion and carrier collection. Zinc oxide (ZnO) has long 

been a popular choice for window layers in solar cells due 

to its favorable optical transparency and electron mobil-

ity [4]. However, recent research indicates that doping 

ZnO with cobalt (Co) can enhance its optical and electri-

cal properties, making it even more effective as a win-

dow layer in CSPV modules [5].  

                                                                 
* Correspondence e-mail: azzoucharef3@gmail.com 

By introducing cobalt into the ZnO matrix, the mate-

rial's electronic properties are altered, potentially im-

proving light absorption and enhancing charge 

transport, which reduces energy losses commonly en-

countered in the photovoltaic process [6]. In this study, 

we investigate how Co-doped ZnO (specifically 

Zn0.94Co0.06O) performs compared to undoped ZnO to de-

termine if it can significantly enhance the energy output 

of CSPV cells [7]. 

In addition to exploring improved window materials, 

another area of innovation in CSPV technology involves 

the use of advanced substrate layers. Gallium anti-

monide (GaSb), a substrate material with promising 

electronic properties, can be infused with bismuth (Bi) 

and arsenic (As) to enhance light absorption across a 

broader spectrum [8]. When bismuth and arsenic are in-

corporated into GaSb, they modify the bandgap, ena-

bling the material to capture photons across a wider 

range of wavelengths, including the infrared region [5]. 

This capability is especially valuable in CSPV modules, 

where absorbing additional light can translate directly 

into higher conversion efficiencies [5]. In our research, 

we specifically utilize GaSbBi and GaAsSbBi layers with 

Bi concentrations of 3 % and 6 %, respectively, to deter-

mine how varying thicknesses and compositions affect 

overall module performance [9]. 

The goal of this research is to systematically explore 

how Co-doped ZnO and GaSb-based substrates infused 
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with bismuth and arsenic can enhance CSPV module ef-

ficiency. By investigating the interactions between these 

materials, this study aims to provide insights into how 

CSPV systems can achieve greater output and stability, 

advancing toward more efficient and economically viable 

solar energy solutions [10]. 

 

2. COMPARISON OF CSPV CELL PERFOR-

MANCE: ZNO VS. CO-DOPED ZNO WINDOW 

LAYERS 
 

In the quest for enhancing the efficiency of Concen-

trated Solar Photovoltaic (CSPV) cells, material optimi-

zation plays a crucial role. This section presents a com-

parative analysis of two CSPV cell structures: one utiliz-

ing a traditional ZnO window layer and the other em-

ploying a Co-doped ZnO layer. By analyzing key perfor-

mance metrics, including open-circuit voltage, short-cir-

cuit current density, fill factor, and overall efficiency, we 

aim to highlight the impact of Co-doping on solar cell 

performance and its potential to improve energy conver-

sion in CSPV applications. 

 

2.1 Diagram of the Solar Cell Structure 1: ZnO 
 

Figure 1 illustrates the layered structure of the 

CSPV cell with a ZnO window layer, detailing the vari-

ous materials and their respective thicknesses. Starting 

from the top, the cell features an aluminum (Al) contact 

layer, followed by an n-type ZnO layer with a thickness 

of 0.350 m, which serves as the window layer, allowing 

light to enter the cell. Beneath it, there is an n-type 

GaAs layer, 0.150 m thick, which contributes to effi-

cient charge transport. 
 

 
 

Fig. 1 – Layered structure diagram of the CSPV Cell with ZnO 

window layer 
 

The structure continues with a p-type GaAsBi layer 

doped with 6 % bismuth, indicated with a variable thick-

ness x m. This layer is essential for enhancing absorp-

tion, particularly in the infrared spectrum. Below this, 

there is a GaAs1 – x − ySbyBix layer with a fixed thickness 

of 0.100 m, followed by another p-type GaSbBi layer 

with a 3 % bismuth concentration and a thickness of 

0.250 m, contributing to the light absorption process. 

At the base of the cell, a p-type GaSb substrate, with 

a thickness of 2.5 m, provides foundational support and 

further absorption capabilities. The structure concludes 

with a molybdenum (Mo) contact, which facilitates the 

collection of photogenerated charges. This carefully en-

gineered layer configuration is designed to maximize 

light absorption and carrier collection, thereby enhanc-

ing the overall efficiency of the CSPV cell. 

 

 

 

2.2 Diagram of the Solar Cell Structure 2: Co-

doped ZnO 
 

 
 

Fig. 2 – Layered structure diagram of the CSPV cell with 

ZnCoO window layer 
 

Figure 2 depicts the layered structure of the CSPV 

cell utilizing a Co-doped ZnO (Zn0.94Co0.06O) window 

layer, designed to improve light absorption and carrier 

transport. This structure has the same characteristics 

as Figure 1 except that we have replaced the ZnO layer 

with Zn0.94Co0.06O. 

 

3. RESULTS EXPLANATION 
 

In this section, we present and discuss the results of 

the performance analysis of Concentrated Solar Photo-

voltaic (CSPV) cells incorporating ZnO and cobalt-doped 

ZnO (Zn0.94Co0.06O) as window layers. The primary ob-

jective of this analysis is to investigate how cobalt incor-

poration into the ZnO matrix influences the photovoltaic 

parameters and overall efficiency of the cells. Key per-

formance indicators evaluated include the open-circuit 

voltage (Voc), short-circuit current density (Jsc), fill factor 

(FF), and power conversion efficiency (PCE). By compar-

ing the performance metrics of cells using undoped ZnO 

versus those employing Zn0.94Co0.06O, we aim to deter-

mine the extent to which Co doping enhances the optoe-

lectronic properties of the window layer. The results re-

veal that the inclusion of cobalt leads to improved light 

absorption, reduced carrier recombination, and en-

hanced charge transport, all of which contribute to sig-

nificant gains in device performance. Thus, Zn0.94Co0.06O 

emerges as a promising alternative to conventional ZnO, 

offering superior energy conversion efficiency in CSPV 

cell applications. 

 

3.1 Results the CSPV Cell with ZnO Window 

Layer 
 

3.1.1 Analysis of I(V) Characteristics for 

ZnO/GaSb/GaSbBi(3 %)/GaAsSbBi/GaSbBi 

(6 %)/GaAs Structure 
 

The I(V) characteristic curve in Figure 3 illustrates 

the relationship between voltage (V) and current density 

(I) for a CSPV cell with the ZnO/GaSb/GaSbBi 

(3 %)/GaAsSbBi/GaSbBi (6 %)/GaAs structure. This 

analysis focuses on understanding how doping concen-

trations influence the photovoltaic performance of this 

structure. 

The curve shows an exponential increase in current 

density as the voltage rises, which is typical of a diode-

like behavior in photovoltaic cells. As observed, the cur-

rent density remains relatively low at lower voltage lev-

els, then increases significantly as the voltage ap-

proaches the open-circuit condition. This behavior aligns 
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with the theory that higher dopant concentrations in the 

absorber layers can enhance charge carrier collection 

and transport properties within the cell [11]. 
 

Fig. 3 – The I(V) Characteristic of ZnO/GaSb/GaSbBi 

(3 %)/GaAsSbBi/ GaSbBi (6 %)/GaAs 
 

The different doping concentrations noted by values 

such as 1  1015 to 5  1017 cm – 3 significantly affect the 

current density. At lower doping concentrations, the cur-

rent density remains modest due to limited charge car-

riers in the semiconductor layers, which hinders effi-

cient electron-hole pair generation and collection. How-

ever, as the doping concentration increases, we observe 

a higher current density, indicating that the enhanced 

carrier concentration facilitates more effective absorp-

tion and transport of photo-generated electrons. Studies 

have shown that doping semiconductor layers with 

higher concentrations of elements like bismuth and ar-

senic in GaSb-based structures can result in improved 

electrical conductivity and absorption characteristics, 

thus boosting current density. 

The inclusion of GaSbBi and GaAsSbBi layers, with 

varying bismuth concentrations (3 % and 6 %), plays a 

crucial role in extending the absorption range into the 

infrared spectrum. This is especially relevant for concen-

trated solar photovoltaic applications, as the broader ab-

sorption spectrum enables the cell to capture more pho-

tons and increase the overall current output [12]. The 

enhanced absorption in the infrared region helps main-

tain higher current densities at different voltages, con-

tributing to overall improved efficiency. 

The exponential rise in current density with increas-

ing voltage highlights the effectiveness of the 

ZnO/GaSb/GaSbBi structure in capturing and convert-

ing solar energy at high concentration levels. At high 

doping levels (e.g., 5  1017 cm – 3), the current density 

reaches its peak due to the optimized balance between 

absorption and charge carrier transport. This perfor-

mance indicates a reduction in recombination losses, 

which is a known challenge in highly doped materials. 

Improved current density with increased doping concen-

tration suggests that the Co-doped ZnO layer supports 

effective charge extraction, as observed in similar stud-

ies on ZnO-based photovoltaic cells. 

In summary, the I(V) characteristics of this CSPV 

structure demonstrate that higher doping levels in 

GaSbBi and GaAsSbBi layers significantly enhance cur-

rent density and overall photovoltaic performance. The 

results support the hypothesis that Co-doped ZnO, in 

conjunction with GaSbBi and GaAsSbBi layers, opti-

mizes light absorption and charge transport. This com-

bination creates an efficient pathway for photovoltaic 

conversion, providing valuable insights into the design 

of high-performance CSPV cells. 

 

3.1.2 Analysis of Voc and Jsc Variation with Shallow 

Acceptor Density 
 

The graph above illustrates the variation of open-cir-

cuit voltage (Voc) and short-circuit current density (Jsc) 

as a function of shallow acceptor density in a CSPV 

structure composed of GaSb/GaSbBi(3 %)/GaAsSbBi 

/GaSbBi(6 %)/GaAs with a 9 nm Co-doped ZnO window 

layer. Both parameters, Voc (in black) and Jsc (in red), 

are plotted against the shallow acceptor density (1/cm3). 
 

 
 

Fig. 4 – Variation of (a) Voc and Jsc as a function of GaSbBi (6 %) 

doping concentration 
 

The open-circuit voltage Voc shows a slight decrease 

as the shallow acceptor density increases, starting from 

approximately 0.40664 V at lower densities around 

1  1015 cm – 3.1  1015 cm – 3 and gradually decreasing 

as the density reaches 1  1017 cm – 3.1017 cm – 3. This 

decrease in Voc is consistent with previous studies that 

demonstrate an inverse relationship between doping 

concentration and open-circuit voltage in semiconductor 

materials [13]. Higher acceptor densities can increase 

recombination rates in the cell, leading to a reduction in 

Voc due to the increased probability of charge carriers 

recombining before contributing to the electric current. 

Similarly, the short-circuit current density Jsc shows 

a slight decline as the acceptor density increases, from 

approximately 43.1266 mA/cm2 to 43.1250 mA/cm2. Alt-

hough the variation is minor, it suggests that higher ac-

ceptor densities may slightly hinder the transport of 

photogenerated carriers. This is likely due to increased 

internal electric field screening effects, where a higher 

density of acceptors can weaken the internal electric 

field that aids in carrier collection, leading to marginal 

decreases in Jsc [14]. 

The observed trends in Voc and Jsc with respect to 

shallow acceptor density provide insights into the opti-

mal doping levels for CSPV cells. While higher acceptor 

densities can enhance conductivity, they also introduce 

more recombination centers, potentially limiting both 

Voc and Jsc. Thus, balancing acceptor density is crucial 

for achieving optimal efficiency in CSPV cells. Keeping 

the acceptor density within a moderate range can help 
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maintain both high Voc and Jsc, supporting efficient solar 

conversion [15]. 

In conclusion, both Voc and Jsc show a slight decline 

with increasing shallow acceptor density in the GaSb-

based CSPV cell. These findings highlight the im-

portance of optimizing doping levels to minimize recom-

bination while maintaining effective carrier transport. 

This balance is key to maximizing the performance of 

CSPV cells, especially in structures using Co-doped ZnO 

as a window layer and GaSb-based absorbers, which are 

designed for high-efficiency applications [16]. 

 

3.1.3 Analysis of FF and Efficiency (\eta) Varia-

tion with Shallow Acceptor Density 
 

The graph above shows how the Fill Factor (FF) and 

efficiency () of a CSPV cell with a structure of 

GaSb/GaSbBi (3 %)/GaAsSbBi/GaSbBi (6 %)/GaAs and a 

9 nm Co-doped ZnO window layer vary with increasing 

shallow acceptor density (1/cm3). 
 

 
 

Fig. 5 – Variation of FF and Efficiency () as a function of 

GaSbBi (6 %) doping concentration 
 

The Fill Factor (FF) remains relatively stable at 

around 76.40 % for lower acceptor densities, specifically 

between 1  1015 and 1  1016 cm – 31, 1  1016 cm – 3. How-

ever, as the shallow acceptor density increases beyond 

this range, a slight decline in FF is observed, dropping 

to approximately 76.32 % at the highest density values. 

This decrease is likely due to increased recombination 

rates associated with higher doping levels, which reduce 

the efficiency with which the cell converts available 

charge carriers into usable current [5]. Elevated recom-

bination lowers the maximum power point, impacting 

the FF and thus the overall performance of the cell. 

Similarly, the efficiency (\eta) of the cell initially 

shows stability at lower acceptor densities, maintaining 

a value around 13.40 %. However, as the shallow accep-

tor density increases, the efficiency starts to drop 

slightly, reaching approximately 13.382 % at the highest 

acceptor densities. This reduction in efficiency is con-

sistent with the trend observed in FF, as higher recom-

bination rates and decreased carrier lifetime negatively 

affect the energy conversion process [17]. High doping 

levels can introduce additional defects or recombination 

centers within the material, thus limiting the effective 

carrier transport and lowering the overall efficiency [18]. 

The data suggest that there is an optimal range of 

shallow acceptor density where both FF and efficiency 

remain relatively high. Keeping the acceptor density be-

low 1  1017 cm – 3.1  1017 cm – 3 seems to be beneficial 

in maintaining the cell’s performance. Beyond this 

threshold, the adverse effects of excessive doping, such as 

increased recombination and diminished carrier mobility, 

start to outweigh the benefits, leading to reduced FF and 

efficiency. Finding this balance in doping concentration is 

crucial to optimize CSPV cell performance [19]. 

In summary, this analysis indicates that while shal-

low acceptor density can enhance certain properties of 

the cell, excessive doping results in a decline in both FF 

and efficiency due to increased recombination. For opti-

mal performance, maintaining a moderate doping con-

centration is essential to balance carrier generation and 

transport without incurring significant recombination 

losses. 
 

3.1.4 Analysis of Voc and Jsc Variation with GaSbBi 

(6 %) Layer Thickness 
 

The graph illustrates how the open-circuit voltage  

(Voc) and short-circuit current density (Jsc) vary as the 

thickness ddd of the GaSbBi (6 %) layer changes in a 

CSPV cell with the structure 

ZnO/GaSb/GaSbBi(3 %)/GaAsSbBi/GaSbBi(6 %) /GaAs 

and a specified acceptor concentration 

(NA  3.50  1016 cm – 3). 

As the GaSbBi (6 %) layer thickness increases, both 

Voc and Jsc demonstrate a gradual decrease, revealing 

important insights about the behavior of the cell's effi-

ciency under varying material thicknesses. The GaSbBi 

(6 %) layer, which is doped with 6 % bismuth to broaden 

the light absorption range, plays a significant role in de-

termining how effectively the cell converts sunlight into 

electrical energy. A thicker GaSbBi (6 %) layer allows for 

more light absorption; however, it also introduces addi-

tional challenges. With increased thickness, the path for 

photogenerated carriers (electrons and holes) becomes 

longer, which can lead to a higher probability of recom-

bination losses. This, in turn, reduces the open-circuit 

voltage (Voc), as fewer charge carriers reach the junction 

to contribute to the voltage across the cell. 
 

 
 

Fig.6 – Variation of Voc and Jsc Variation with GaSbBi (6%) 

layer thickness 
 



 

ENHANCING CONCENTRATED SOLAR PHOTOVOLTAIC… J. NANO- ELECTRON. PHYS. 17, 03029 (2025) 

 

 

03029-5 

The open-circuit voltage Voc shows a gradual de-

crease as the thickness of the GaSbBi (6 %) layer in-

creases, starting from approximately 0.4070 V at very 

thin layers and dropping to around 0.4050 V at a thick-

ness of 0.05 m. This reduction in Voc with increased 

thickness can be attributed to higher recombination 

rates in thicker layers, which reduce the effective volt-

age. As the thickness increases, the path for charge car-

riers becomes longer, potentially leading to more recom-

bination events before they reach the electrodes, which 

lowers the overall Voc [5]. 

Similarly, the short-circuit current density Jsc also 

declines as the GaSbBi (6 %) layer thickness increases. 

Starting from approximately 43.5 mA/cm2 at thinner 

layers, it gradually drops to about 41.0 mA/cm2 at the 

highest thickness. This behavior is likely due to increased 

optical absorption in thicker layers, which can cause more 

photon absorption but may also introduce more recombi-

nation centers, leading to a decrease in the effective col-

lection of carriers [20]. Additionally, as the layer thickens, 

internal resistances increase, which can inhibit efficient 

carrier transport, further reducing Jsc [21]. 

The data indicate that there is an optimal thickness 

for the GaSbBi (6 %) layer, where both Voc and Jsc re-

main relatively high. Extremely thin layers may not cap-

ture enough light, resulting in lower Jsc, while overly 

thick layers increase recombination and resistance, de-

creasing both Voc and Jsc. This suggests that a moderate 

thickness, likely in the range of a few tens of nanome-

ters, may yield the best balance between light absorp-

tion and carrier collection efficiency [22]. 

In summary, both Voc and Jsc decline with increasing 

thickness of the GaSbBi (6 %) layer. This trend high-

lights the importance of carefully optimizing layer thick-

ness to minimize recombination and resistance effects 

while maximizing photon absorption and carrier 

transport. Finding an optimal thickness is crucial for en-

hancing CSPV cell performance, especially in cells with 

multi-layer structures designed for high-efficiency en-

ergy conversion. 

 

3.1.5 Analysis of FF and Efficiency () Variation 

with GaSbBi (6 %) Layer Thickness 

 

The graph illustrates how the Fill Factor (FF) and 

efficiency () of a Concentrated Solar Photovoltaic 

(CSPV) cell vary as the thickness (d) of the GaSbBi (6 %) 

layer increases. This CSPV cell structure consists of 

multiple layers, including 

ZnO/GaSb/GaSbBi(3 %)/GaAsSbBi/GaSbBi(6 %)/GaAs, 

with an acceptor concentration (NA  3.50  1016 cm – 3) 

that contributes to the formation of charge carriers in 

the cell. Each layer in this multi-layer structure is care-

fully engineered to optimize light absorption and carrier 

transport, with the GaSbBi (6 %) layer specifically tai-

lored to absorb a broader range of wavelengths, particu-

larly in the infrared region. As the thickness of this layer 

increases, it enhances the cell’s ability to capture more 

photons, which theoretically should boost the efficiency. 

The Fill Factor (FF) exhibits a gradual decline as the 

thickness of the GaSbBi (6 %) layer increases. Starting 

from a higher value of around 76.4 % for thinner layers, 

the FF drops steadily, reaching approximately 75.9 % at 

a thickness of 0.05 m. This decline can be attributed to 

the impact of increased layer thickness on internal re-

sistance and carrier recombination. As the GaSbBi layer 

becomes thicker, the distance that charge carriers must 

travel to reach the junction increases, making it more 

likely for recombination to occur. This recombination re-

duces the effective charge carriers contributing to cur-

rent, thereby lowering the FF [23]. Additionally, thicker 

layers may also introduce higher series resistance 

within the cell, further impacting the FF as it affects the 

maximum power output [24]. 
 

 
 

Fig. 7 – Variation of FF and Efficiency (\eta) as a Function 

of GaSbBi (6 %) layer thickness 
 

The efficiency (\eta) of the cell, shown by the red 

curve, follows a similar downward trend as the GaSbBi 

(6 %) layer thickness increases. Starting from around 

13.6 % at thinner layers, the efficiency decreases pro-

gressively, dropping to approximately 12.6 % at a thick-

ness of 0.05 m. This reduction in efficiency can be ex-

plained by the combined effects of increased recombina-

tion and internal resistance as the GaSbBi layer be-

comes thicker. While a thicker GaSbBi layer does en-

hance light absorption due to a larger volume for photon 

interaction, the downside is that the generated electron-

hole pairs are more likely to recombine before contrib-

uting to the current, reducing the overall efficiency [24]. 

The declining efficiency trend suggests that there is 

a point beyond which additional thickness in the GaSbBi 

layer is detrimental to the cell’s performance. At this 

point, the negative impact of recombination and re-

sistance outweighs the benefits of enhanced light ab-

sorption. This observation aligns with findings from 

similar studies, where the optimization of layer thick-

ness is critical for balancing absorption and carrier 

transport. 

The data from this graph indicate that an optimal 

thickness exists for the GaSbBi (6 %) layer, where both 

FF and efficiency are maximized before the adverse ef-

fects of recombination and resistance become dominant. 

A moderate thickness would likely yield a balance, cap-

turing sufficient light while maintaining effective charge 

transport. This balance is essential in CSPV cells with 

complex multi-layer structures like this one, where each 

layer's thickness can impact overall performance [25]. 

 In summary, both the Fill Factor (FF) and efficiency 

(\eta) decrease with increasing GaSbBi (6 %) layer 
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thickness, suggesting a trade-off between light absorp-

tion and charge carrier collection. Finding the optimal 

thickness for the GaSbBi (6 %) layer is crucial for achiev-

ing high performance in CSPV cells, ensuring that re-

combination and resistance are minimized while absorp-

tion remains effective. 
 

3.1.6 Analysis of External Quantum Efficiency 

(EQE) Variation with GaSbBi (6 %) Layer Thick-

ness 
 

The graph illustrates the External Quantum Effi-

ciency (EQE) response of a Concentrated Solar Photovol-

taic (CSPV) cell featuring a multilayered heterostruc-

ture composed of 

GaSb/GaSbBi(3 %)/GaAsSbBi/GaSbBi(6 %)/GaAs, eval-

uated over a broad spectral range extending from ap-

proximately 300 nm to 1800 nm. The analysis focuses on 

the influence of varying the thickness of the GaSbBi 

layer with 6 % bismuth content, examining values from 

0.0001 m to 0.032 m. This variation is intended to as-

sess how the thickness of the Bi-rich absorber layer af-

fects photon absorption and carrier collection efficiency. 

The acceptor doping concentration is maintained at a 

constant value of ND  3.5  1016 cm – ³, which plays a 

critical role in defining the depletion region width, elec-

tric field distribution, and carrier transport characteris-

tics within the junction. By analyzing the EQE behavior 

as a function of both wavelength and GaSbBi(6 %) layer 

thickness, the study aims to identify the optimal config-

uration that maximizes photocarrier generation and 

overall spectral response of the device. 
 

 
 

Fig. 8 – External Quantum Efficiency (EQE) of the 

GaSb/GaSbBi (3 %)/GaAsSbBi/GaSbBi (6 %)/GaAs structure as 

a function of wavelength for different thicknesses of the GaSbBi 

(6 %) layer 
 

In the wavelength range from around 400 nm to 1000 

nm, the EQE rises steeply and reaches a peak close to 

100 %. This indicates that the cell performs effectively 

within this range, with high photon absorption and effi-

cient conversion of incident light into charge carriers. 

This high EQE in the visible spectrum aligns with the 

cell’s design, as the GaSbBi (6 %) and GaAsSbBi layers 

are optimized to capture and convert photons within this 

range [26]. 

The different GaSbBi (6 %) layer thicknesses show 

minimal variation in EQE values, especially within the 

high-efficiency region (400 nm to 1000 nm). This sug-

gests that within this wavelength range, variations in 

the GaSbBi layer thickness do not significantly impact 

the cell's ability to absorb photons and generate charge 

carriers. This stability in EQE performance can be ben-

eficial in practical applications, where slight deviations 

in layer thickness might occur during fabrication [27]. 

However, at wavelengths beyond 1000 nm, slight varia-

tions in EQE are observed across different thicknesses, 

indicating that thicker layers might provide slightly en-

hanced absorption in the near-infrared range, though 

the overall effect remains limited. 

As the wavelength extends beyond 1000 nm and into 

the near-infrared region, the EQE begins to decrease for 

all thicknesses, eventually approaching zero at around 

1800 nm. This decline is expected, as the materials in 

the GaSbBi and GaAsSbBi layers have limited absorp-

tion capabilities in this part of the spectrum. Despite 

some marginal improvements with increased thickness, 

the EQE remains relatively low beyond 1000 nm, sug-

gesting that this structure primarily targets the visible 

to near-infrared range for optimal efficiency [28]. 

The data from this graph indicate that, for maximiz-

ing EQE, the GaSbBi (6 %) layer thickness does not need 

to be excessively thick, as increased thickness beyond a 

certain point offers limited benefits in the visible range. 

This finding suggests that a moderate thickness is suffi-

cient for effective photon absorption and charge genera-

tion, allowing for material savings without compromis-

ing performance. However, slight thickness adjustments 

could be beneficial for optimizing absorption in the 

longer wavelengths within the near-infrared region, 

though the gains may be minimal [28]. 

In summary, the EQE of the GaSb/GaSbBi (3 %) 

/GaAsSbBi/GaSbBi (6 %)/GaAs structure shows high ef-

ficiency in the 400 nm to 1000 nm range, with minimal 

variation across different GaSbBi (6 %) layer thick-

nesses. This consistency indicates that moderate layer 

thickness is sufficient for effective photon absorption 

and conversion, while thicker layers may provide minor 

improvements in the near-infrared. Optimizing the 

GaSbBi (6 %) thickness for high EQE in the visible spec-

trum can enhance CSPV cell performance without un-

necessary material use, supporting efficient and cost-ef-

fective cell design. 

 

3.2 Results the CSPV Cell with ZnCoO Window 

Layer 
 

3.2.1 Analysis of I(V) Characteristics for ZnCoO/ 

GaSb/GaSbBi(3 %)/GaAsSbBi/GaSbBi (6 %)/GaAs 

Structure 
 

Figure 8 shows the I(V) characteristic curves for a 

CSPV cell with the structure GaSb/GaSbBi 

(3 %)/GaAsSbBi/GaSbBi (6 %)/GaAs/ZnCoO at various 

ZnCoO doping concentrations. The x-axis represents the 

voltage (V), while the y-axis shows the current density 

(J) in mA/cm2. As the doping concentration of ZnCoO in-

creases from 1  1016 to 5  1017 cm – 3, a noticeable rise 

in current density is observed, particularly at higher 

voltage levels. 
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Fig. 9 – The I(V) Characteristic of ZnCoO/GaSb/GaSbBi 

(3 %)/GaAsSbBi/GaSbBi(6 %)/GaAs 
 

The progressive increase in current density observed 

with higher levels of cobalt doping in the ZnO layer high-

lights a significant enhancement in the optoelectronic 

properties of the material. This improvement is primar-

ily attributed to enhanced photogeneration and more ef-

ficient transport of charge carriers. As cobalt atoms are 

introduced into the ZnO lattice, they modify the band 

structure by creating intermediate energy states that 

expand light absorption into the visible range, thereby 

increasing the number of photogenerated electron-hole 

pairs. Moreover, Co doping tends to increase the carrier 

concentration and reduce the resistivity of the ZnO 

layer, which promotes faster and more efficient 

transport of electrons towards the cathode and holes to-

wards the anode. Simultaneously, cobalt helps passivate 

intrinsic defects, such as oxygen vacancies, which are 

known to act as non-radiative recombination centers. 

This leads to a notable reduction in recombination 

losses. These combined effects culminate in a marked 

rise in current density, especially at forward voltages 

approaching 0.5 V, where charge extraction is most ac-

tive. This behavior underscores the role of ZnCoO as a 

highly promising window or buffer layer in compound 

semiconductor photovoltaic (CSPV) cells, effectively 

boosting the overall energy conversion efficiency of the 

device. 

 

3.2.2 Analysis of the Effect of ZnCoO Doping on 

Voc, Jsc, FF, and Efficiency () 
 

 
 

Fig. 10 – Two subplots analyzing the impact of ZnCoO doping 

concentration on key photovoltaic parameters in a CSPV cell 

structured as ZnCoO/GaSb/GaSbBi (3 %)/GaAsSbBi/GaSbBi 

(6 %)/GaAs. 
 

 

3.2.2.a Subplot (a): This graph shows the variation 

of open-circuit voltage (Voc) and short-circuit current 

density (Jsc) as functions of shallow acceptor density 

ZnCoO doping concentration. Both Voc and Jsc increase 

with higher doping levels. The rise in Voc indicates en-

hanced carrier. Parathion, likely due to improved elec-

tric fields within the device structure. Similarly, the in-

crease in Jsc suggests better photon absorption and car-

rier generation, as higher doping enhances conductivity, 

allowing more efficient current flow [29]. 

3.2.2.b Subplot (b): This graph illustrates the 

changes in Fill Factor (FF) and efficiency () with in-

creasing ZnCoO doping concentration. Both FF and effi-

ciency show a positive trend, with values rising consist-

ently as doping concentration increases. This enhance-

ment can be attributed to reduced recombination rates 

and improved carrier mobility, resulting from the opti-

mized electronic properties introduced by Co-doping in 

the ZnO layer. Higher doping concentrations allow the 

cell to reach optimal power output, thus improving FF 

and efficiency [30]. 
 

Tabel 1 – Comparison of electrical performance parameters for 

CSPV structures with ZnO and Co-doped ZnO window layers 

 

The theoretical study evaluates the potential impact 

of using ZnO and Co-doped ZnO as window layers in 

CSPV structures, focusing on key electrical performance 

parameters such as open-circuit voltage (Voc), short-cir-

cuit current density (Jsc), fill factor (FF), and overall ef-

ficiency. 

The theoretical analysis suggests that incorporating 

Co-doped ZnO could lead to significant enhancements in 

photovoltaic performance. For instance, the short-circuit 

current density (Jsc) is predicted to increase from 

43.43 mA/cm2 for pure ZnO to 54.20 mA/cm2 for Co-

doped ZnO. This improvement is attributed to the en-

hanced optical and electrical properties of Co-doped 

ZnO, which is expected to facilitate better light absorp-

tion and improved charge carrier collection. 

The open-circuit voltage (Voc) for the Co-doped ZnO 

structure shows a slight decrease, with a value of 

0.402 V compared to 0.41 V for ZnO. Despite this minor 

reduction, the impact on overall performance is mini-

mal, as the efficiency gains from other parameters out-

weigh this loss. Additionally, the fill factor (FF) for Co-

doped ZnO is theoretically predicted to be slightly lower 

at 72.90 % compared to 76.42 % for ZnO. This could be 

due to an increase in series resistance or other losses in-

troduced by the doping process. 

Most importantly, the theoretical efficiency analysis 

indicates a significant improvement when using Co-

doped ZnO. The efficiency increases from 13.55 % for the 

ZnO-based structure to 15.89 % for the Co-doped ZnO 

 Structure 1 

ZnO 

Structure 2 

Co-doped 

ZnO 

Incident power 

on solar cell 

structure (W/m2) 

1000 1000 

Voc (V) 0.41 0.402 

Jsc (mA/cm-2) 43.43 54.20 

FF% 76.42 72.90 

Yield 13.55 % 15.89 % 
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structure. This improvement highlights the potential of 

Co-doped ZnO to optimize energy conversion, thanks to 

its superior ability to enhance both optical and electrical 

performance. 

 

CONCLUSION 

The theoretical findings suggest that Co-doped ZnO 

offers promising advantages as a window layer material 

in CSPV structures. While minor trade-offs in Voc and 

FF are observed, the notable improvements in Jsc and 

overall efficiency position Co-doped ZnO as a superior 

alternative to pure ZnO. These results underscore the 

importance of material innovation in the pursuit of 

higher-performing photovoltaic technologies. 
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Покращення ефективності концентраційної сонячної фотографічної системи (CSPV) за 

допомогою легованих шарів ZnO та підкладок GaSb, насичених Bi-As 
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Робота присвячена дослідженню покращення продуктивності концентраційних сонячних фотогра-

фічних модулів (CSPV) за допомогою оптимізованих окисних шарів та унікального субстрату GaSb, на-

сиченого сполуками миш'яку-арсену (Bi-As), для підвищення перетворення сонячної енергії. Було ви-

вчено дві конфігурації: одну з чистим віконним шаром ZnO та іншу з Co-допованим ZnO (Zn0.94Co0.06O). 

Обидва модулі містили шар GaSb, насичений 3 % та 6 % Bi у GaSbBi та GaAsSbBi відповідно, з метою 

збільшення поглинання світла. Результати показують істотне збільшення ефективності у модулі з ві-

конним шаром Zn0.94Co0.06O, що демонструє його переваги порівняно з модулем на основі ZnO незалежно 

від товщини шару GaAsSbBi. Модуль CSPV з ZnO досягнув коефіцієнта перетворення енергії 13,55 % 

та коефіцієнта заповнення (FF) 76,42 %. У порівнянні з цим, Co-допований ZnO (Zn0.94Co0.06O) суттєво 

покращив ефективність, досягнувши 15,89 % при FF 72,90 %. Це збільшення вихідної потужності підк-

реслює ефективність Co-допованого ZnO як просунутого віконного шару, що стабільно підвищує ефек-

тивність перетворення енергії у різних товщинах шару GaAsSbBi. Результати свідчать, що шар з Co-

допованим ZnO є перспективним підходом для оптимізації CSPV-модулів, що робить його цінним роз-

витком для підвищення фотогальванічної ефективності та сприяє більш стабільним рішенням у галузі 

сонячної енергетики. 
 

Ключові слова: CSPV модулі, Спільно леговані підкладки ZnO, GaSbBi, Оптимізація сонячної  

ефективності. 

 


