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Abstract 

Copper indium gallium selenide (CIGS) solar cells are among the most efficient thin-film photovoltaic technologies due to their 

high absorption coefficient, long-term stability, and bandgap tunability. However, the conventional CIGS/CdS structure raises 

environmental and regulatory concerns associated with cadmium toxicity, driving the development of fully Cd-free device 

architectures. In this context, zinc selenide (ZnSe) is a promising alternative buffer layer owing to its wide bandgap, high 

transparency, and favorable band alignment with CIGS. This work numerically investigates the combined influence of ZnSe 

buffer-layer thickness and doping concentration on the electrical performance of CIGS solar cells using the ATLAS-SILVACO 

TCAD simulator. The key photovoltaic parameters examined include the short-circuit current density (JSC), the open-circuit 

voltage (VOC), the fill factor (FF), and the power conversion efficiency (η). The results show that ZnSe thickness has a limited 

impact on VOC but significantly affects JSC, FF, and η. Very thin layers exhibit higher interfacial recombination and incomplete 

junction formation, whereas an optimal thickness between 0.08 and 0.10 µm ensures improved carrier transport, reduced losses, 

and superior efficiency. Doping concentration also plays a determining role. Although JSC and VOC remain only weakly 

sensitive to doping, the FF and η degrade markedly at high doping levels due to increased defect density, reduced carrier mobility, 

and enhanced nonradiative recombination. The optimal doping range is found to be 8×1016 to 2×1017 cm-3. Overall, the study 

provides clear guidelines for optimizing ZnSe-based buffer layers and demonstrates the importance of jointly controlling 

thickness and doping to design high-performance, environmentally compliant Cd-free CIGS solar cells. These results also offer a 

robust numerical foundation for future experimental validation and further device optimization. 
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1. Introduction 

Copper indium gallium selenide (CIGS) solar cells rank 

among the most efficient thin-film photovoltaic technologies, 

with laboratory efficiencies exceeding 23% [1-3]. In the 

conventional device architecture, the CdS buffer layer ensures 
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proper junction formation, but its use raises increasing envi-

ronmental and regulatory concerns [4-6]. This has motivated 

the development of Cd-free alternatives, among which zinc 

selenide (ZnSe) is a strong candidate due to its wide optical 

bandgap (~2.7 eV), high transparency, and favorable band 

alignment with CIGS [7-9]. 

The physical properties of ZnSe, particularly its thickness 

and doping concentration, directly influence junction quality, 

band alignment, recombination mechanisms, and resistive 

losses [10-14]. Ultra-thin layers may lead to incomplete 

junctions or poor interface passivation, while excessively 

thick layers increase optical and resistive losses [15, 16]. 

Similarly, improper doping can alter the internal electric field, 

enhance recombination, or increase the series resistance [17, 

18]. 

In this context, the present work uses TCAD simulations 

performed with ATLAS-SILVACO to investigate the com-

bined influence of ZnSe thickness and doping level on the 

electrical performance of CIGS solar cells, focusing on 𝐽𝑆𝐶 , 

𝑉𝑜𝑐 , the fill factor, and the power conversion efficiency [17, 19, 

20]. The results identify the optimal ZnSe parameters needed 

to design efficient, environmentally compliant Cd-free CIGS 

solar cells. 

2. Materials and Methods 

This section presents the structural, optical, and electrical 

properties of ZnSe thin films, followed by the electrical model 

used for the CIGS solar cell. The fundamental photovoltaic 

equations are introduced, and the numerical simulation 

strategy adopted under ATLAS-SILVACO is described in 

detail. 

2.1. Properties of ZnSe Thin Films 

2.1.1. Structural Properties 

 
Figure 1. Crystal Structure of ZnSe in the Sphalerite Phase. 

Zinc selenide (ZnSe) generally crystallizes in two main 

phases: the zinc blende (sphalerite) structure and the wurtzite 

structure. Under standard deposition conditions, the sphalerite 

cubic phase is dominant. It consists of a face-centered cubic 

(FCC) lattice where each selenium atom is tetrahedrally 

coordinated to four zinc atoms, and reciprocally. This tetra-

hedral geometry is illustrated in Figure 1, which shows the 

zinc blende crystal structure of ZnSe [21-23]. 

ZnSe thin films can be grown using several techniques, 

including chemical bath deposition (CBD), electrochemical 

routes, Bridgman crystal growth, and sputtering. Their crys-

talline quality, phase purity, microstructure, and possible 

strain effects are commonly assessed using X-ray diffraction 

(XRD) analysis [21-23]. Recent studies have highlighted the 

role of precursor chemistry, pH, annealing temperature, and 

dopant incorporation on grain size, dislocation density, and 

structural stability [7, 17, 24]. 

2.1.2. Optical Properties 

ZnSe is a wide-bandgap II-VI semiconductor characterized 

by high optical transparency in the visible spectral range. In 

this work, the optical bandgap of ZnSe is not extracted ex-

perimentally but is taken as an input material parameter in the 

TCAD simulations. A bandgap value of Eg = 2.7 eV is 

adopted, consistent with widely reported experimental and 

theoretical studies [7, 24]. 

The large bandgap of ZnSe minimizes parasitic absorption 

in the buffer layer and enables favorable band alignment with 

the p-type CIGS absorber, contributing to reduced interface 

recombination and improved carrier selectivity [17-19]. 

2.1.3. Electrical Properties 

Pristine ZnSe behaves as an intrinsic semiconductor, but 

its conductivity can be tuned to n-type or p-type depending 

on the dopant species. n-type ZnSe is obtained more easily 

through incorporation of halogen donors such as Cl, Br, or F, 

which introduce shallow donor levels. Achieving p-type 

ZnSe remains challenging due to the low solubility of ac-

ceptor dopants such as N or Cr [8, 9, 20]. 

The electrical conductivity 𝜎  and resistivity 𝜌 can be 

measured using the two-probe method, and are expressed as: 

𝜎 =  
𝐼𝑡

𝐴𝑉
                   (1) 

𝜌 =  𝜌𝑜 exp (
𝐸

𝐾𝑇
)             (2) 

where 

𝐼: is the measured current (A), 

𝑡: the film thickness (cm), 

𝐴: the cross-sectional area (cm²), 

𝑉: the applied voltage (V), 

𝜌0: the resistivity at 0 K, 

𝐸: the activation energy (eV), 

𝑘: the Boltzmann constant, 

𝑇 the temperature (K). 

Reported electron mobilities in high-quality ZnSe thin 
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films often reach 100 cm²·V-1·s-1, while hole transport re-

mains significantly lower, as commonly observed in II-VI 

semiconductors [8, 9, 20]. 

2.2. Electrical Model of the CIGS Solar Cell 

2.2.1. Two-diode Equivalent Circuit 

The CIGS solar cell operates as a classical p-n heterojunc-

tion, in which the p-type CIGS absorber and the n-type ZnSe 

buffer layer form the main junction. A two-diode equivalent 

model is employed to describe its electrical behavior, incor-

porating both bulk and interfacial recombination mechanisms. 

Figure 2 presents the equivalent electrical circuit used in 

this study [10, 11]. 

 
Figure 2. Two-Diode Equivalent Electrical Model of a CIGS Solar 

Cell. 

Under illumination, the terminal current density 𝐽 is ex-

pressed as: 

𝐽 = Jph − Jo1 {exp [
q(V + RSJ)

n1KT
 − 1]} − Jo2 {exp [

q(V + RSJ)

n2KT
]  − 1}  −

V + RSJ

RSh
                        (3) 

where 

𝐽𝑝ℎ is the photogenerated current density, 

𝐽01, 𝐽02 the saturation current densities, 

𝑅𝑠, 𝑅𝑠ℎ the series and shunt resistances, 

𝑛1, 𝑛2 the diode ideality factors, 

𝑞 the elementary charge, 

𝑉 the applied voltage, 

𝑘 the Boltzmann constant, 

𝑇 the temperature. 

2.2.2. Fundamental Photovoltaic Parameters 

Short-Circuit Current Density 𝐽𝑆𝐶  

𝐽𝑆𝐶 = 𝑞 ∫ I0(λ)
hc

λ
EQE(λ)dλ

λg

0
          (4) 

where 

1) λg : wavelength corresponding to the bandgap energy 

(m), 

2) I0(λ): incident spectral irradiance (W·m-2·nm-1), 

3) ℎ: Planck constant (J·s), 

4) 𝑐: speed of light in vacuum (m·s-1), 

5) 𝐸𝑄𝐸(𝜆): external quantum efficiency (dimensionless), 

6) and 𝐸𝑄𝐸 ≈ 1 in the ideal case [12]. 

Open-Circuit Voltage 𝑉𝑜𝑐  

𝑉𝑂𝐶 =  
𝑛𝐾𝑇

𝑞
. ln (

𝐽𝑆𝐶

𝐽0
 + 1)            (5) 

where 

1) 𝑉𝑜𝑐: open-circuit voltage (V), 

2) 𝑛: diode ideality factor (1-2), 

3) 𝑘: Boltzmann constant (J·K-1), 

4) 𝑇: absolute temperature (K), 

5) 𝐽0: reverse saturation current density (A·cm-2), 

6) 𝐽𝑆𝐶  : short-circuit current density (A·cm-2) [13, 14]. 

Fill Factor (FF) 

𝐹𝐹 =
Jm×Vm

JSC×VOC
                  (6) 

where 

1) 𝐹𝐹: fill factor (dimensionless), 

2) 𝐽𝑚 : current density at maximum power point (A·cm-2), 

3) 𝑉𝑚: voltage at maximum power point (V), 

4) 𝐽𝑆𝐶 , 𝑉𝑜𝑐  : as previously defined [13, 14]. 

Power Conversion Efficiency (η) 

𝜂 =
Pm

Pin
=  

JSCVOC

Pin
. FF                (7) 

where 

1) 𝜂: power conversion efficiency (%), 

2) 𝑃𝑚: maximum output power density (W·cm-2), 

3) 𝑃𝑖𝑛: incident power density (W·cm-2), 

4) 𝐽𝑆𝐶 , 𝑉𝑜𝑐 , 𝐹𝐹 : as defined above [13, 14]. 

2.3. Numerical Simulation Framework 

2.3.1. Device Structure 

The simulated solar cell adopts the standard substrate con-

figuration: 

SLG / Mo / CIGS / ZnSe / ZnO / Al 

The full device architecture is illustrated in Figure 3, fol-

lowing [15, 16]. 
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Figure 3. Schematic Diagram of the Simulated CIGS/ZnSe/ZnO Solar Cell Structure. 

2.3.2. Physical Models and Simulation Approach 

Simulations were performed using the ATLAS-SILVACO 

device simulator. The following physical models were 

activated: 

1) Poisson and drift-diffusion transport equations 

2) Shockley-Read-Hall (SRH) recombination 

3) Auger recombination 

4) Wavelength-dependent optical generation (AM1.5G 

spectrum) 

5) Thermionic emission at heterojunctions 

6) Gaussian trap distributions in all layers 

7) Fermi-Dirac carrier statistics 

All simulations were conducted at: 

1) Temperature: 300 K 

2) Illumination: AM1.5G (1000 W·m-2) 

3) Bias sweep: 0-1.5 V 

Two parametric sweeps were performed: 

1) ZnSe thickness: 0.02-0.10 µm 

2) ZnSe donor concentration 𝑁𝐷: 8×1016 - 1×1017 cm-3 

2.3.3. Material Parameters Used in the Simulation 

The material properties employed in ATLAS are summa-

rized in Table 1, directly inserted below for clarity and ease of 

reference. 

Table 1. Material Properties Used for the CIGS/ZnSe/ZnO Solar Cell Model. 

Parameter CIGS ZnO ZnSe 

Bandgap Eg (eV) 1.32 3.30 2.70 

Thickness (µm) 1.50 0.80 0.02-0.10 

Electron affinity χ (eV) 4.80 4.10 4.10 

Relative permittivity εr 13.6 9 10 

NC (cm-3) 2.2×1018 2.2×1018 2.2×1018 

NV (cm-3) 1.8×1019 1.8×1019 1.8×1019 

Electron mobility μn (cm²·V-1·s-1) 100 100 100 

Hole mobility μp (cm²·V-1·s-1) 25 25 25 

Electron lifetime τn (s) 1×10-7 1×10-7 1×10-7 

Hole lifetime τp (s) 1×10-7 1×10-7 1×10-7 

Acceptor doping NA (cm-3) 6×1016 — — 
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Parameter CIGS ZnO ZnSe 

Donor doping ND (cm-3) — 1×1018 8×1016-1×1018 

 

2.3.4. Defect Parameters Incorporated in ATLAS 

The Gaussian trap distributions implemented in ATLAS for 

each layer are listed in Table 2. 

Table 2. Gaussian Defect Parameters Used in CIGS, ZnO, and ZnSe 

Layers. 

Parameter CIGS ZnO ZnSe 

Trap concentration NG (cm-3) 1×1013 1×1011 1×1011 

Gaussian width W (eV) 0.10 0.10 0.10 

Peak energy EG (eV) 0.60 1.65 1.35 

Electron capture cross-section σn 

(cm²) 
1×10-17 1×10-17 1×10-17 

Hole capture cross-section σp (cm²) 1×10-15 1×10-15 1×10-15 

All material, transport, recombination, and defect parame-

ters used in the ATLAS simulations were adopted from 

well-established TCAD studies on CIGS and Cd-free buffer 

layers [25-28]. These values fall within commonly accepted 

ranges reported in the literature and ensure the physical con-

sistency and reproducibility of the simulations. 

3. Results and Discussion 

3.1. Effect of ZnSe Buffer-layer Thickness 

The influence of the ZnSe buffer-layer thickness on the 

electrical performance of the CIGS solar cell is analyzed 

through the 𝐽 − 𝑉  characteristics, the short-circuit current 

density 𝐽𝑆𝐶 , the open-circuit voltage 𝑉𝑜𝑐 , the fill factor (𝐹𝐹), 

and the power conversion efficiency (𝜂). The ZnSe thickness 

is varied between 0.02 and 0.10 µm, which covers the typical 

range investigated for alternative Cd-free buffer layers in 

CIGS solar cells [18, 19, 21]. 

3.1.1. Influence of ZnSe Thickness on the J-V 

Characteristics 

The evolution of the current-voltage characteristics for the 

different ZnSe thicknesses is presented in Figure 4. 

 
Figure 4. J-V characteristics Simulated for Various ZnSe Buffer-Layer Thicknesses. 

As shown in Figure 4, the J-V curves do not overlap; in-

stead, they exhibit a strong dependence on the ZnSe thickness. 

The short-circuit current density (JSC) increases from 7.66 

mA·cm-2 for a 0.02 µm ZnSe layer to about 29.56 mA·cm-2 

for 0.10 µm. Likewise, the open-circuit voltage (VOC) rises 

from approximately 0.89 V to nearly 1.01 V as the thickness 

increases. 

This behavior confirms that ZnSe thickness plays a critical 

role in controlling interface recombination and heterojunction 

quality. Very thin buffer layers generally induce strong inter-

face defects and incomplete junction formation, leading to 

poor charge extraction. Conversely, moderately thicker layers 
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improve electrostatic band alignment and suppress interfacial 

recombination, which enhances both J_SC and VOC, as 

commonly reported in numerical and experimental CIGS 

studies [12-14, 17]. 

A detailed parameter-by-parameter analysis (JSC, VOC, FF, η) 

is presented in the following sections. 

3.1.2. Effect of ZnSe Thickness on the Short-circuit 

Current Density (JSC) 

The variation of the short-circuit current density as a func-

tion of ZnSe thickness is shown in Figure 5. 

 
Figure 5. Evolution of the Short-Circuit Current Density 𝐽𝑆𝐶 as a 

Function of ZnSe Thickness. 

Figure 5 shows a nearly linear increase in the short-circuit 

current density as the ZnSe thickness grows from 0.02 to 0.10 

µm. Specifically, JSC rises from 7.66 mA·cm-2 at 0.02 µm to 

29.56 mA·cm-2 at 0.10 µm, indicating that thicker ZnSe layers 

systematically enhance carrier collection over the investigated 

range. 

This behavior is consistent with a progressive improvement 

of the CIGS/ZnSe interface, leading to: 

1) reduced interface recombination due to better surface 

coverage, 

2) improved passivation as the buffer becomes more uni-

form, 

3) a stronger built-in electric field favouring carrier ex-

traction, 

4) more favourable conduction-band alignment as the ZnSe 

layer approaches full continuity [12, 14, 17]. 

It is important to note that the simulations could not be 

extended beyond 0.10 µm due to numerical convergence 

limitations in ATLAS. Work is currently underway to lift this 

constraint and explore whether an even thicker ZnSe layer 

could further enhance device performance. However, as will 

be discussed in the next subsection, the incipient saturation of 

the open-circuit voltage VOC suggests that the optimal thick-

ness is likely very close to this value. 

The detailed justification for this trend is presented in the 

following paragraph. 

3.1.3. Effect of ZnSe Thickness on the Open-circuit 

Voltage (VOC) 

The variation of the open-circuit voltage as a function of 

ZnSe thickness is illustrated in Figure 6. 

 
Figure 6. Variation of the Open-Circuit Voltage 𝑉𝑜𝑐 as a Function of 

ZnSe Buffer-Layer Thickness. 

Figure 6 shows that VOC increases nearly linearly as the 

ZnSe thickness grows from 0.02 to 0.10 µm, rising from 0.887 

V to approximately 1.009 V. 

This evolution indicates that thicker ZnSe layers contribute 

to improved junction quality and reduced recombination at the 

CIGS/ZnSe interface. 

The observed increase in VOC can be attributed to: 

1) a progressive reduction in interface trap density as the 

buffer becomes more continuous, 

2) a decrease in the dark saturation current density J0, 

3) improved band alignment reducing thermionic recom-

bination losses, 

4) enhanced passivation effects that suppress Shock-

ley-Read-Hall recombination in the depletion region [12, 

14, 17]. 

Unlike the previously reported non-monotonic behavior, 

the updated simulation results reveal a smooth and qua-

si-linear rise in VOC, with no degradation within the explored 

range. 

However, the gradual flattening of the curve as the thick-

ness approaches 0.10 µm indicates the onset of voltage satu-

ration, suggesting that further increases in ZnSe thickness 

might provide only marginal improvements. This behaviour is 

commonly reported in optimized CIGS heterojunctions where 

increasing buffer-layer thickness eventually yields diminish-

ing returns due to band-offset stabilization and saturation of 
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interface passivation effects [12, 19]. 

It is worth noting that the simulation could not be extended 

beyond 0.10 µm because of numerical convergence limita-

tions in ATLAS. We are currently working on adjusting the 

meshing, boundary conditions, and defect modelling to re-

move this constraint and identify the true optimal thickness. 

Nevertheless, the emerging saturation trend strongly sug-

gests that this optimum is likely very close to 0.10 µm. 

3.1.4. Effect of ZnSe Thickness on the Fill Factor 

(FF) 

The variation of the fill factor according to ZnSe thickness 

is shown in Figure 7. 

 
Figure 7. Evolution of the Fill Factor as a Function of ZnSe Buff-

er-Layer Thickness. 

Figure 7 shows that the fill factor increases steadily as the 

ZnSe thickness is varied from 0.02 to 0.10 µm, rising from 

approximately 78.84% to 81.01%. 

The improvement is most pronounced in the thinner-layer 

region (0.02-0.06 µm), where the FF responds sensitively to 

the reduction of interface defects and the progressive ho-

mogenization of the ZnSe coverage. 

Beyond 0.07 µm, the increase becomes more gradual, re-

vealing a beginning of saturation. This behavior likely arises 

from: 

1) enhanced passivation of interface states, 

2) improved conduction-band alignment that stabilizes the 

junction’s transport properties, 

3) reduced series resistance as the buffer thickness be-

comes sufficient to ensure uniform charge transfer, 

4) suppression of localized recombination pathways due to 

better crystalline continuity [12, 14, 17]. 

The saturation trend observed near 0.10 µm suggests that 

the FF is approaching its optimum in this region. Additional 

simulations beyond this thickness, currently limited by con-

vergence, would help determine whether the maximum FF 

lies just above the explored range or is already reached. 

Taken together with the trends in JSC and VOC, these results 

confirm that ZnSe thicknesses close to 0.10 µm provide the 

best overall device performance. 

3.1.5. Effect of ZnSe Thickness on Power 

Conversion Efficiency (η) 

The evolution of the power conversion efficiency as a 

function of ZnSe thickness is shown in Figure 8. 

 
Figure 8. Evolution of the Power Conversion Efficiency η as a 

Function of ZnSe Buffer-Layer Thickness. 

The efficiency increases steadily as the ZnSe thickness 

grows from 0.02 to 0.10 µm, rising from approximately 5.22% 

to 24.10%. This continuous improvement reflects the pro-

gressive enhancement of the short-circuit current density, the 

open-circuit voltage, and the fill factor as the buffer layer 

becomes thick enough to ensure proper heterojunction for-

mation and stable carrier transport. 

For very thin layers (0.02-0.05 µm), the low efficiency 

arises from: 

1) incomplete surface coverage, 

2) significant interface recombination due to insufficient 

passivation, 

3) a weak electric field at the CIGS/ZnSe interface that 

limits charge separation. 

As the ZnSe thickness increases, these limitations diminish. 

Improved structural homogeneity, better band alignment, and 

reduced trap-assisted recombination lead to stronger carrier 

collection and higher photovoltaic performance. 

A noticeable reduction in the slope of η is observed near 

0.10 µm, which suggests the beginning of a saturation regime. 

This indicates that the device may be approaching its optimal 

ZnSe thickness. Further simulations beyond 0.10 µm, once 

convergence constraints are resolved, will be required to 

accurately identify the true maximum. 

Such trends are consistent with reported behaviors in CIGS 
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devices using wide-bandgap buffer layers, where intermediate 

thicknesses achieve the best compromise between passivation 

quality and carrier transport [17, 19, 20]. 

3.1.6. Intermediate Conclusion 

The combined analysis of the J-V characteristics, the 

short-circuit current density JSC, the open-circuit voltage VOC, 

the fill factor (FF), and the conversion efficiency (η) confirms 

that the ZnSe buffer-layer thickness plays a decisive role in 

determining the performance of the CIGS solar cell. 

Across the entire investigated range (0.02-0.10 µm), all 

photovoltaic parameters improve steadily, reflecting a pro-

gressive enhancement of interface quality and carri-

er-collection efficiency: 

1. Very thin layers (< 0.06 µm) lead to incomplete junction 

formation, poor surface passivation, and elevated inter-

face recombination, which significantly reduces JSC, 

VOC, FF, and η. 

Such behavior is typical for wide-bandgap buffer layers 

when they are too thin to ensure proper coverage and defect 

suppression [15, 17, 21]. 

2. As the ZnSe thickness increases, junction quality im-

proves, and recombination losses decrease. 

This results in monotonic increases of JSC, VOC, and FF, 

consistent with reported trends for optimized Cd-free CIGS 

interfaces [17, 20]. 

3. At 0.10 µm, the device reaches its highest simulated 

performance, with η exceeding 24%. 

The slight slowing of improvement near 0.10 µm suggests 

that the optimal thickness lies close to this value, as expected 

when the buffer layer becomes sufficiently thick to stabilize 

the electric field while avoiding excessive absorption or 

transport resistance [18, 29]. 

It should be noted that simulations above 0.10 µm were not 

completed due to numerical convergence limitations. Work is 

currently underway to extend the analysis and confirm the 

exact optimum. However, the incipient performance satura-

tion observed in VOC and FF strongly suggests that the true 

optimum is located only slightly above 0.10 µm. 

Overall, the results validate that the near-optimal ZnSe 

thickness range is around 0.10 µm, in close agreement with 

trends previously reported for high-performance Cd-free 

CIGS device architectures [17, 20, 21]. 

3.2. Effect of ZnSe Buffer Layer Doping 

Concentration 

The influence of the ZnSe buffer-layer doping concentra-

tion on the performance of the CIGS solar cell is evaluated 

through the J-V characteristics, the short-circuit current den-

sity JSC, the open-circuit voltage VOC, and the main photo-

voltaic parameters. 

In this study, the doping concentration is varied over a wide 

interval, from 8×1016 cm−3 to 1×1018 cm−3, allowing a detailed 

assessment of how increasing donor density affects carrier 

transport, recombination, and band alignment in the 

CIGS/ZnSe heterojunction. Such doping levels are commonly 

used in the optimization of wide-band-gap Cd-free buffer 

layers and are consistent with previously reported design 

guidelines for ZnSe- and ZnS-based architectures [17, 20, 29]. 

This analysis provides a basis for identifying the optimal 

doping range that maximizes JSC, enhances VOC, and ensures a 

balanced compromise between reduced series resistance and 

controlled interface recombination. 

3.2.1. Influence of ZnSe Doping on the J-V 

Characteristics 

The evolution of the current-voltage characteristics for 

different ZnSe doping concentrations is shown in Figure 9. 

 
Figure 9. Simulated J-V Characteristics for Various ZnSe Buffer 

Layer Doping Concentrations. 

The simulated J-V curves exhibit clear variations as the 

ZnSe donor concentration increases from 8×1016 to 

1×1018 cm−3. Two main trends emerge: 

1) Increase in short-circuit current density JSC 

As the doping level increases, the curves shift upward, with 

JSC increasing from 29.56 mA·cm-2 at 8×1016 cm−3 to 30.22 

mA·cm-2 at 1×1018 cm−3. 

This enhancement can be attributed to: 

a) a stronger electric field at the ZnSe/CIGS interface, 

b) a reduction in interfacial barrier height for electron 

extraction, 

c) a decrease in recombination losses within the buffer 

region for moderately high doping [17, 20]. 

2) Decrease in open-circuit voltage VOC 

At the same time, the open-circuit voltage gradually de-

creases from ≈1.026 V at low doping to ≈0.919 V at the 

highest level. 

This decline is typically linked to: 

a) an increase in the saturation current density J0, 

b) enhanced recombination within the heavily doped 
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ZnSe layer, 

c) a slight deterioration of the conduction-band offset at 

the heterojunction interface [20, 29] 

Interpretation 

The combined behavior highlights a doping-induced 

trade-off: 

d) Higher doping improves current collection, 

e) but simultaneously reduces voltage stability. 

A more detailed assessment of JSC, VOC, the fill factor, and 

the conversion efficiency is therefore necessary, as presented 

in the following subsections. 

3.2.2. Effect of ZnSe Doping on the Short-circuit 

Current Density (𝑱𝑺𝑪) 

The variation of the short-circuit current density 𝐽𝑆𝐶  with 

respect to the ZnSe doping concentration is depicted in Figure 

10. 

 
Figure 10. Variation of the Short-Circuit Current Density as a 

Function of ZnSe Doping Concentration. 

According to Figure 10, JSC shows a slight but consistent 

increase as the ZnSe donor concentration rises from 8×1016 to 

1×1018 cm−3. 

More specifically, the short-circuit current density in-

creases from 29.56 mA·cm-2 at the lowest doping level to 

30.22 mA·cm-2 at the highest concentration. 

This gradual enhancement can be attributed to several 

mechanisms: 

1) strengthening of the electric field at the ZnSe/CIGS in-

terface, which improves charge separation and extrac-

tion, 

2) reduction of the effective barrier height for electron 

transport as donor density increases, 

3) suppression of interface recombination through im-

proved band bending in the depletion region [17, 20]. 

These observations are consistent with reports showing that 

moderate-to-high doping levels in wide-bandgap buffer layers 

can enhance carrier collection without significantly modify-

ing the optical absorption properties, as most photogeneration 

occurs in the CIGS absorber [20, 29]. 

Overall, the weak dependence of JSC on ZnSe doping con-

firms that: 

1) the absorber remains the dominant contributor to pho-

tocurrent generation, 

2) the buffer layer plays mainly an electrical role, shaping 

interfacial fields rather than contributing to light ab-

sorption, in agreement with previous Cd-free CIGS 

studies involving ZnS, Zn(O, S), and In2S3 [20, 29]. 

Although some studies report a slight reduction of JSC at 

high doping, the present simulation shows a small increase, 

which can be attributed to the specific band bending and 

interface conditions reproduced in ATLAS. 

3.2.3. Effect of ZnSe Doping on the Open-circuit 

Voltage (VOC) 

The variation of the open-circuit voltage 𝑉𝑜𝑐  as a function 

of the ZnSe doping concentration is shown in Figure 11. 

 
Figure 11. Evolution of the Open-Circuit Voltage as a Function of 

ZnSe Buffer Layer Doping Concentration. 

Figure 11 shows that VOC decreases from 1.170 V to 1.054 

V as the ZnSe doping concentration increases from 8×1016 

cm-3 to 1×1018 cm-3. 

Although the overall reduction remains moderate, the de-

cline is more pronounced in the interval 8×1016-2×1017 cm-3, 

beyond which the decrease tends to slow down. 

This behavior can be explained by: 

1) an increase in the reverse saturation current density J0 

when the doping becomes excessive, 

2) a modification of the junction band bending that be-

comes less favorable for carrier separation, 

3) an enhancement of non-radiative recombination within 

the depletion region as the electric field weakens at high 

dopant concentrations [17, 29]. 
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Thus, as observed for JSC, the open-circuit voltage remains 

weakly sensitive to ZnSe doping as long as the concentration 

stays within a moderate range. 

In the next section, the influence of doping on the fill factor, 

and more importantly on the overall power conversion effi-

ciency, is examined to determine the doping interval that 

ensures the best device performance. 

3.2.4. Effect of ZnSe Doping on the Fill Factor (𝑭𝑭) 

The evolution of the fill factor as a function of the ZnSe 

buffer-layer doping concentration is presented in Figure 12. 

 
Figure 12. Evolution of the Fill Factor as a Function of the ZnSe 

Buffer-Layer Doping Level. 

According to the updated dataset, the fill factor decreases 

continuously as the ZnSe doping concentration increases from 

8×1016 to 1×1018 cm-3, dropping from 81.01% to 77.80%. 

This monotonic decline indicates that increasing the donor 

concentration in the ZnSe buffer layer systematically deteri-

orates the diode quality. 

Several physical mechanisms may explain this degradation: 

1) increased ionized-impurity scattering, which reduces 

carrier mobility and increases resistive losses in the 

buffer region, 

2) enhanced interface recombination due to do-

pant-induced defect formation near the CIGS/ZnSe 

heterojunction, 

3) higher series resistance, a typical consequence of ex-

cessive doping in wide-bandgap buffer layers, 

4) unfavorable modification of band bending, which limits 

efficient charge extraction. 

Such behavior is consistent with previous observations in 

Cd-free buffer technologies: such as ZnS, Zn(O, S), and In2S3, 

where excessive doping systematically reduces FF due to 

increased recombination and resistive effects [20, 21]. 

Overall, these results show that higher ZnSe doping con-

centrations negatively impact the fill factor, and therefore 

contribute to the reduction of the total power conversion 

efficiency. 

This makes the identification of a moderate doping range 

essential to balance interface quality and charge transport 

properties. 

3.2.5. Effect of ZnSe Doping on the Power 

Conversion Efficiency (η) 

The variation of the power conversion efficiency as a 

function of ZnSe doping concentration is shown in Figure 13. 

  
Figure 13. Evolution of the Power Conversion Efficiency as a 

Function of ZnSe Buffer-Layer Doping Level. 

The results in Figure 13 show that the efficiency decreases 

continuously as the ZnSe doping level increases from 8×1016 

to 1×1018 cm-3, falling from 24.58% to 21.60%. 

Two distinct regions can nevertheless be identified based 

on the rate of degradation: 

1) Rapid degradation at moderate doping levels (8×1016 - 

2×1017 cm-3) 

In this interval, η drops sharply from 24.58% to 23.09%. 

This pronounced decline is primarily related to: 

a) an increase in the reverse saturation current J0, 

b) enhanced Shockley-Read-Hall recombination, 

c) degradation of band alignment at the CIGS/ZnSe in-

terface, 

d) the formation of dopant-induced defect states within 

the buffer layer and at the heterojunction [20, 29]. 

These mechanisms reduce both VOC and FF, directly low-

ering efficiency. 

2) Slower degradation at higher doping levels (2×1017 - 

1×1018 cm-3) 

Beyond 2×1017 cm-3, the efficiency continues to decrease, 

but at a reduced rate, from 23.09% to 21.60%. 

This smoother decline suggests that excessive doping: 

a) no longer contributes to band-structure improvement, 

b) introduces additional recombination pathways, 
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c) reduces carrier mobility through ionized-impurity 

scattering, 

d) perturbs the electrostatic potential distribution, lim-

iting charge extraction. 

Overall interpretation 

Unlike thickness, where an optimum region emerges, ZnSe 

doping monotonically degrades the power conversion effi-

ciency across the entire explored range. 

This deterioration is strongly correlated with the corre-

sponding decrease in the fill factor, which is itself highly 

sensitive to: 

a) interfacial defect density, 

b) resistive losses, 

c) charge-transport limitations. 

These results clearly indicate that high ZnSe doping levels 

are detrimental to CIGS performance, confirming that only 

moderate dopant concentrations should be considered for 

Cd-free buffer optimization. 

3.2.6. Overall Conclusion on the Influence of ZnSe 

Thickness and Doping 

A consolidated analysis of the photovoltaic parameters 

provides a coherent understanding of the impact of ZnSe 

buffer-layer engineering on the performance of CIGS solar 

cells. 

Influence of ZnSe Thickness 

Although ZnSe thickness has only a minor effect on the 

open-circuit voltage VOC, it significantly influences the other 

key photovoltaic parameters: 

1) the short-circuit current density JSC, 

2) the fill factor (FF), 

3) the power conversion efficiency (η). 

The updated simulations show that increasing ZnSe thick-

ness progressively improves device performance, mainly due 

to: 

1) better junction formation, 

2) reduced interface recombination losses, 

3) improved carrier-collection efficiency. 

The optimal performance range corresponds to 0.08-0.10 

µm, where efficiency approaches its maximum and begins to 

show early signs of saturation, suggesting proximity to the 

true optimal point. 

The limiting value of 0.10 µm arises from numerical con-

vergence constraints; future work will aim to extend the 

simulation domain to confirm the exact optimal thickness. 

Influence of ZnSe Doping 

The doping concentration of ZnSe exerts only a weak in-

fluence on JSC and VOC, but it has a strong and systematic 

impact on: 

1) the fill factor, 

2) the overall conversion efficiency. 

Increasing the doping concentration leads to: 

1) enhanced trap-assisted recombination, 

2) stronger ionized-impurity scattering, 

3) deterioration of band bending and electric-field distri-

bution, 

4) higher resistive losses. 

These effects contribute to the monotonic degradation of 

FF and efficiency, confirming that ZnSe performs best under 

moderate doping conditions. 

The optimal doping concentration is found to be: 8×1016 - 

2×1017 cm-3, in agreement with previous studies on Cd-free 

buffer layers in CIGS devices [18, 20, 21]. 

Optimal Parameters for ZnSe as a Buffer Layer 

By combining the separate influences of thickness and 

doping, the optimal ZnSe configuration for maximizing CIGS 

cell efficiency is: 

1) ZnSe thickness: 0.08 - 0.10 µm 

2) ZnSe doping concentration: 8×1016 - 2×1017 cm-3 

This optimized design provides the best compromise be-

tween junction quality, carrier collection, interface pas-

sivation, and recombination suppression. These results align 

with current literature demonstrating that wide-bandgap, 

Cd-free buffer layers must be carefully engineered to achieve 

high-efficiency CIGS devices [18, 20, 21]. 

4. Conclusion 

This work investigated, through numerical simulations 

performed using ATLAS-SILVACO, the influence of the 

ZnSe buffer-layer thickness and doping concentration on the 

electrical performance of CIGS solar cells. The results con-

firm that these two parameters play a central role in deter-

mining the mechanisms of carrier generation, transport, and 

collection within the CIGS/ZnSe heterojunction. 

The analysis shows that ZnSe thickness has only a limited 

effect on the open-circuit voltage, but strongly impacts the 

short-circuit current density, the fill factor, and the overall 

power conversion efficiency. Very thin buffer layers suffer 

from incomplete junction formation and increased interfacial 

recombination, whereas intermediate thicknesses provide 

better passivation, improved band alignment, and reduced 

electrical losses. The optimal performance is obtained for 

ZnSe layers in the range of 0.08-0.10 µm, which ensures a 

favorable compromise between optical transparency, elec-

tronic quality, and recombination suppression. 

Concerning the doping concentration, the simulations in-

dicate that JSC and VOC are only weakly affected, while the fill 

factor and efficiency exhibit strong sensitivity to doping 

variations. Insufficient doping leads to a weaker internal 

electric field, while excessive doping increases defect density, 

lowers carrier mobility, and enhances non-radiative recom-

bination processes. The optimal doping interval is identified 

as 8×1016 - 2×1017 cm-3, where the device achieves the best 

balance between carrier extraction and recombination control. 

By combining both optimization axes, this study demon-

strates that achieving high-performance, Cd-free CIGS solar 

cells requires simultaneous control of ZnSe thickness and 

doping. The established trends provide practical guidelines 

for designing improved CIGS/ZnSe architectures and offer a 
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solid basis for future experimental validation. 

Abbreviations 

ZnSe Zinc Selenide 

SLG Soda-Lime Glass 

TCAD Technology Computer-Aided Design 

J-V Current-Voltage Characteristic 

JSC Short-Circuit Current Density 

VOC Open-Circuit Voltage 

FF Fill Factor 

η Power Conversion Efficiency 

CB Conduction Band 

VB Valence Band 

SRH Shockley-Read-Hall Recombination 

EQE External Quantum Efficiency 

ND / NA Donor / Acceptor Concentration 

Mo Molybdenum 

CBD Chemical Bath Deposition 

XRD X-Ray Diffraction 
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