
 

Numerical Investigation of Cu2O as a Hole Transport Layer for 

High-Efficiency, Cadmium Free CIGS solar cell 

Muhammad Hassan Yousuf (M. H. Y)1*, Faisal Saeed (F. S)2,*, Haider Ali Tauqeer (H. A. T)4 

 

 
1Department of Electrical Engineering, University of Engineering and Technology Lahore, Lahore, 5749, Punjab, 

Pakistan 
2Department of Physics, Functional Materials and Optoelectronic Devics (FMOD) Lab, Lahore University of 

Management Sciences (LUMS), Lahore, 74792, Punjab Pakistan 
3Department of Electrical Engineering, Lahore University of Management Sciences (LUMS), Lahore, 74792, Punjab 

Pakistan 

M.H.Y-*2020msee137@student.uet.edu.pk, F.S-19060005@lums.edu.pk 

 

ABSTRACT 

The current research work is an effort to analyze the p-type Cu2O layer as a hole transport layer on Cu(In,Ga)Se2 (CIGS) absorber layer. 
The analysis is performed by utilizing the solar cell capacitance simulator, SCAPS-1D. Wideband and non-toxic ZnSe is employed as an n-
type buffer layer along with Cu2O. The simulation analyzes the thickness, defect density, and recombination in the absorber layer on 
photovoltaic properties of the solar cell. Moreover, the impact of various metal work functions is investigated as well. CIGS solar cell 
with Cu2O as the hole transport layer and ZnSe buffer layer result in a high short circuit current density of 39.42 mA/cm2 as compared to 
34.73 mA/cm2 measured in the reference cell without Cu2O and the CdS buffer layer. Cu2O enhances the conduction of photo-carriers 
(holes) at rare contact due to its p-type nature, hence, augmenting the device efficiency. The significant photocurrent enhancement in 
the UV region of the spectrum can be attributed to the lower parasitic absorption loss in ZnSe due to the larger bandgap of 2.9 eV, as 
compared to 2.4 eV of conventionally employed CdS. Overall, the solar cell conversion efficiency improved from 18.72% to 26.62% by 
adding a Cu2O hole transport layer and substituting CdS with ZnSe. The results imply that Cu2O is a promising hole transport material 
and the CIGS solar cell proposed in the current research effort may open new horizons for the development of high-efficiency thin-film 
solar cells. 

Introduction 

Thin-film copper indium gallium di-selenide [Cu(In,Ga)Se2] or CIGS technology is considered the most promising next-

generation photovoltaic (PV) technology due to its direct band-gap (∼1.0-1.14 eV), high absorption coefficient (∼ 105 cm−1), 

and lower material losses 1-6.CIGS cells have the highest power conversion efficiency as compared to other thin-film 

technologies like Cu-chalcopyrite, cadmium telluride (CdTe), and amorphous silicon (a-Si), with a certified record efficiency 

of 23.40 % for lab-scale cells 7. CIGS material is inexpensive and can deposit on any rigid or flexible substrate which increases 

its applications in commercial and wearable devices as well8-10. CIGS solar cells exhibit outstanding stability, high efficiencies 

and radiation tolerance hence can also be used for space application 11. 

CIGS is a direct band-gap p-type semiconductor that minimizes the requirement of large diffusion length and also 

decreases losses. Such semiconductor with high absorption co-efficient is ideal for thin-film PV technology 12. The tunable 

band-gap of p-type CuIn1−xGaxSe2 can be adjusted by varying the concentration of gallium and indium, to match the solar 

spectrum 13. A thicker CIGS layer means more material which results in higher cost, particularly indium which is a costly 

material and its availability will be an issue in the future 14. Aluminum (Al)/Nickle (Ni) and molybdenum (Mo) act as front 

and rear contact for the cell while Magnesium fluoride (MgF2) acts as an anti-reflecting coating. Mo deposited on substrates 

offers lower electrical resistance (< 0.5 /sq.), higher thermal stability, and also less resistance to p-CIGS by forming a thin 

layer of molybdenum di-selenide (MoSe2) during the absorber formation 15. 

The optimum band gap for CIGS is ∼ 1.14 eV due to material properties16-17. In general, for efficient absorption, a band-

gap of ∼ 1.4eV is required to match the solar spectrum. In CIGS crystal Indium can replaced by Gallium to achieve the 

required optical band gap, hence by the introduction of Indium the band-gap of CIGS can be varied from 1.04 eV to 1.7 eV. 
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Other elements can also be used in chalcopyrite Cu(In,Ga,Al)(S,Se)2 , this can vary band-gap from 1.04 eV (CuInSe2) to about 

3.5 eV (CuAlS2) covering most of the visible spectrum. However, for CIGS material a higher band-gap causes complications. 

The efficiency of the cell decreases because of defect states and dangling bonds. For a wider band-gap, the defect level is in 

the middle of the band-gap thus increasing the band-gap also increases defect levels 18. Fig. 1 19 depicts a scanning electron 

microscope image (SEM) of a CIGS cell. In this substrate configuration, the light enters through a transparent conductive 

oxide (TCO) i.e., zinc oxide (ZnO) layer. 

 

 

Figure 1. Scanning Electron Image (SEM) of buffer layered CIGS solar cell [19]. 

The working of CIGS cell is as follows: n-type cadmium sulfide (CdS) buffer layer (band-gap, Eg ∼ 2.4 eV) absorbs the 

higher energy photons ≥2.4 eV, while photons of energy less than 2.4 eV are transmitted to the p-type CIGS absorber layer 

where electron-hole pairs are mainly generated. Due to the in-built junction voltage of n-CdS/p-CIGS, the electrons within the 

diffusion length are carried away from the p-CIGS layer to the n-CdS layer and are collected at the n-type electrode. Similarly, 

holes are carried away from the n-type buffer layer to the p-type absorber layer and are collected at the p-type electrode. A 

highly transparent, large band-gap (>3.3 eV) n-type TCO layer i.e., ZnO act as front contact over CdS called window layer. 

Typically, ZnO (Eg 3.2 eV) the layer consists of a double layer of a thick (400nm) layer of n-doped ZnO layer and a thin 

(50nm) intrinsic ZnO. The intrinsic-zinc oxide (i-ZnO) provides isolation between CdS and n-doped ZnO (ZnO: Al) so that i-

ZnO prevents the diffusion of Al into the CdS/CIGS absorber layer. 

The buffer layer acts as an intermediate layer between the window layer and absorber layer which provides stability 5, 20-

21. The buffer layer is highly-resistive and it prevents shunting between the absorber layer and TCO i.e., ZnO. The buffer layer 

affects the band offset and electric field in the junction, and thus improves the charge transport 22. CdS is the most common 

material used as a buffer layer. The narrow band-gap of CdS causes current losses due to parasitic absorption. Additionally, 

cadmium (Cd) is a toxic element and is classified as a human carcinogen. For these reasons, extensive research is being done 

on the alternative buffer layer, such as Zinc sulfides, oxides, and selenides 23-26. Like CdS, zinc selenide (ZnSe) is an n-type 

semiconductor but with a wide band-gap and the most promising material to replace CdS 27-30. The band-gap of ZnSe is Eg ∼ 

2.9 eV which is greater than the CdS Eg ∼2.4 eV, which means more light is passed to the CIGS absorber layer and a larger 

number of photo-carriers will be generated increasing efficiency. 

This research effort proposes a theoretical approach to enhance the power conversion efficiency (PCE) of the CIGS solar 

cells with structure Substrate/Cu2O/CIGS/buffer layer/intrinsic-i-ZnO/n-doped ZnO. The CIGS modeling and analyses are 

done by using a solar cell capacitance simulator (SCAPS-1D) that gives simulation results close to fabrication results [21, 31-35]. 

Here CdS is replaced with is replaced by a double buffer layer CdS/ZnSe. In addition to the double buffer layer, the Cu2O is 

implemented as the hole transport layer (HTL). Cu2O is an earth-abundant, non-toxic material and is easy to fabricate. The 

thickness of the CIGS absorber layer is reduced to 850 nm which is usually about 3000nm. Under standard illumination 

(AM1.5 G, 100 mW/cm2, 300 K) 36, the photovoltaic parameters, short circuit current density (Jsc), open-circuit voltage (Voc), 

fill factor (FF), and efficiency (η) of different hole transport layers and buffer layers under varied thicknesses are measured. 

Cu2O is a p-type semiconductor and has an optical band-gap of 2.17 eV. Its application as photovoltaic material lies in the fact 

that the constituent materials are nontoxic and abundantly available on the earth, and that the Cu2O has a high absorption 

coefficient in visible regions and low-cost. The doping concentration in Cu2O can be achieved up to 1017 cm-3 37. 

Cuprite Cu2O is known to have a low value of thermal expansion coefficient around room temperature, and to exhibits a 

negative thermal expansion behavior at low temperatures. The thermal decomposition temperature of Cu2O exceeds 900 oC. 
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So, the high-temperature processing of CIGS material, may not have any serious effect on the Cu2O layer 38. Moreover, there 

is a possibility of Cu diffusion in CIGS material at the rear end which can change the CIGS band-gap and its performance. 

This can be addressed by the grading process of the CIGS structure and the exact band-gap of CIGS can be achieved from 

In/Ga ratio to compensate for Cu diffusion. As compared to conventional CIGS cells the device with Cu2O as HTL gives 

greater output voltage. To optimize the light absorption and output current we put forward Cu2O as HTL for further 

enhancement. 

Theoretical studies show a significant increase in the efficiency of chalcopyrite-based solar cells with the introduction of 

Ga2O3, MoO3, MoSe2 and MoS2 as back interfaces. MoO3 gives maximum efficiency of 24 % among all due to its highest 

band-gap 39-41. The band-gap of Cu2O makes it suitable to work as a back interface for CIGS solar cells. Although for perovskite 

and copper zinc tin sulfide (CZTS) extensive studies are present on Cu2O as HTL for CIGS, it’s a novel approach. Here 

different parameters of CIGS cells are observed using SCAPS. It is observed by numerical calculations that Cu2O increases 

the flow of charge carriers which greatly enhances the efficiency of CIGS cells. As compared to conventional CIGS cells the 

device with Cu2O as HTL gives greater output voltage. By using Cu2O recombination losses were reduced which results in 

high efficiency and stability. As Cu2O is a transparent and inexpensive inorganic material it does not increase the cost and 

complexity of cell fabrication. 

Materials and Methods 

Numerical Modeling 

Fig. 2 depicts the proposed CIGS solar cell with a p-type CIGS absorber layer and a thin layer of Mo deposited on a glass 

substrate. An n-type ZnSe material acts as a buffer layer and n-ZnO acts as a window layer. The proposed structure is simulated 

on SCAPS-1D software which solves semiconductor equations, the equation of continuity, and the Poisson equation for 

electrons and holes. These equations are as follows 42; 

ⅆ2

ⅆ𝑥2 𝜓(𝑥) =
ⅇ

𝜀0𝜀𝑟
 [ 𝑝(𝑥) − 𝑛(𝑥)−𝑁𝑎 + 𝑁ⅆ + 𝑝𝑡(𝑥) − 𝑛𝑡(𝑥) ]                  (1) 

Where 𝜓  is electrostatic potential, e is electric charge, εo, εr is the electric permittivity of vacuum and relative electric 

permittivity, p(x) and n(x) is the concentration of free holes and electrons, Na, Nd are ionized acceptor and donor concentration, 

pt (x), nt (x) is the concentration of trapped holes and electrons. 

𝜕𝛥𝑝
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Where ∂∆p, ∂∆n is the change in holes and electron concentration, G is the generation rate of holes and electrons, τp ,τn is 

the hole and electron lifetime, D is the diffusion coefficient, µp ,µn is the mobility of holes and electrons and E is the electric 

field. SCAPS numerically calculates a steady-state solution of these equations with appropriate boundary conditions. 

Material Parameters 

The basic parameters used for the simulation of the proposed CIGS solar cell are shown in Table 1. The important 

parameter is the thickness of the absorber. It must be thick enough to absorb the highest cut-off wavelength of the incident 

solar radiation. For CIGS material thickness of 1-2 µm is enough to absorb the major portion of the visible spectrum. For this 

study, the CIGS layer is optimized to 850 nm for maximum efficiency. Apart from that, the thickness of the buffer layer is 

varied from 20 nm to 100 nm to observe the behavior and optimized to 50 nm for maximum efficiency. The Input parameters 

for device simulation were adopted from the experimental results, literature as well as self-ascribed [43-58]. 
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Figure 2. (a) Proposed CIGS solar cell architecture (b) Energy Band-gap diagram. 

Table 1. Parameters for device simulation. 

Parameters Cu2O CIGS ZnSe i-ZnO n+-ZnO 

Device Thickness (nm) 20 850 50 (Variable) 50 400 

Band Gap (eV) 2.17 1.16 2.9 3.3 3.2 

Electron Affinity (eV) 3.2 4.0 4.2 4.4 4.4 

Dielectric Permittivity 7.1 13.6 10.0 9.0 9.0 

CB Density of States (cm-3) 2×1017 2×1017 1×1018 3.1×1018 3.1×1018 

VB Density of States (cm-3) 1.1×1019 1.5×1019 1.8×1019 1.8×1019 1.8×1019 

Electron Mobility (cm2/Vs) 200 100 70 100 100 

Hole Mobility (cm2/Vs) 80 25 3 31 31 

Donor Density (cm-3) 0 0 5.5×1017 1×1018 1×1019 

Acceptor Density (cm-3) 1×1018 1×1016 0 0 0 

Defect Density (cm-3) 1×1014 1×1015 1×1018 1×1014 1×1014 

 

Results and Discussion 

Impact of Cu2O Layer on device Performance 

The J-V curve of both simulated cells was plotted, as shown in Fig 3. The electron-hole pair generated inside the absorber 

layer as light enters the cell are collected at respective electrodes. The Jsc of a solar cell is determined by the absorption 

coefficient, absorber layer thickness, and electron-hole mobility of the material. Apart from that suitable electron and hole 

selective layers play a critical role in the performance of the solar cell. As shown in Fig 3. the efficiency of CIGS cells greatly 

increases with the introduction of a thin layer of Cu2O. The Jsc of 39.42 mA/cm2, Voc of 0.799 V, FF of 84.44 %, and PCE of 

26.62 % are obtained for the cell with Cu2O as compared to Jsc of 37.24 mA/cm2, Voc of 0.704 V for the device without 

Cu2O. The hole mobility Cu2O is 80 cm2/Vs as compared to 25 cm2/Vs for CIGS material. This results in the reduction of 

recombination of photo-generated carriers in the CIGS absorber layer thus increasing the number of carriers that contribute to 

photo-current which is also depicted in Fig 4. 46-47. The wide band of Cu2O reduces recombination losses and pulls holes from 

the CIGS absorber. This allows smoother extraction of holes with experiencing lower resistance. The proposed CIGS cell with 

HTL shows an increase in output, Voc, and Jsc, as compared to cells without HTL and PCE increases from 18.72 to 26.62 %, a 
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total increase of 7.90 %, is recorded. This increase in efficiency can also be attributed to the p-type semiconductor nature of 

Cu2O. The high absorption coefficient of Cu2O allows for absorption of photons and contributes to photo current as 

recombination in this region is minimum. The absorption in Cu2O can also be observed if the cell is simulated in an inverted 

manner. 

 

Figure 3. J-V curve of the simulated solar cells, with and without Cu2O layer. 

External Quantum Efficiency 

External quantum efficiency (EQE) is the quantification of the spectral, optical, and electrical loss which determine the 

performance of a solar cell. Optical losses include transmission losses in the absorber layer (depending on band-gap), reflection 

at the surface and interfaces, and parasitic absorption losses in the functional layers. Additionally, a recombination of the 

minority carriers reduces the EQE. Recombination losses mainly dominate at the front surface and within the heavily doped 

emitter of solar cells 59-61 

 

Figure 4. External Quantum Efficiency of the proposed CIGS solar cell. 
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Current solar cells have lower EQE at short wavelengths, λ<400 nm. In CIGS solar cells, parasitic absorption mainly 

occurs in the ZnO window and CdS buffer layers. Along with transmission and reflectance losses, the parasitic losses 

drastically reduce the short-wavelength EQE for λ<515 nm. This can be addressed by incorporating a luminescent down-

shifting layer that is an efficient approach to enhancing the short-wavelength response of the solar cell. It absorbs short 

wavelength photons and re-emits longer wavelength photons, hence red-shifts the incident spectrum and improving the 

spectral response at short wavelength 62-63. 

EQE of the simulated device at 350 nm wavelength (photon energy is 3.54 eV) is ∼57.7 % and increased to ∼90.79 % at 

the wavelength 450 nm (photon energy is 3.46 eV). The EQE remains above 80 % up to the wavelength of 1000 nm (photon 

energy of 1.23 eV). At short-wavelength 350 nm, such high EQE can attribute to the ZnSe buffer layer instead of the CdS 

layer that reduced EQE at a shorter wavelength. High EQE in the cell with a Cu2O layer at a longer wavelength can attribute 

to the lower recombination inside the CIGS layer. As Cu2O has higher hole mobility than CIGS material the holes move 

towards Cu2O at a faster rate without recombination hence contributing to greater EQE. 

Impact of CIGS Layer Thickness on device Performance 

The CIGS layer thickness of the device depends on the concentration of the material, temperature, and vapor pressure during 

the fabrication. Therefore, it is essential to evaluate the device’s performance at various absorber layer thicknesses. The CIGS 

layer thickness is variated from 0.1 m to 1.0 m, keeping all other device parameters intact. Corresponding results of the J–V 

curve, EQE, and PCE are summarized in Fig. 5. It is observed that on increasing the absorber layer thickness, the optical 

absorption of the material enhances which resulted in higher efficiency, especially at higher wavelengths, as depicted in Fig. 

5(b). Since short-wavelength photons can absorb in a smaller thickness, the longer wavelength photons require a higher 

thickness absorber layer for complete absorption and reduce transmission losses. 

Therefore, an increase in the thickness results in a higher absorption rate, lower transmittance loss, and greater charge 

carrier collection probability at higher wavelengths. Quantitatively, increasing the thickness from 100 nm to 1000 nm results 

in enhancement in EQE from 51.61% to 96.51% at wavelength 700 nm. Although an increase in the absorber layer thickness 

improves the optical performance of the device, absorption saturation restricts the improvement beyond a certain thickness 

which is also reflected in this study, where the beyond 400 nm thickness improvement in EQE is negligible, as depicted in 

Fig. 5(a). Enhanced optical performance anticipate the improvement in Jsc, an increase the thickness from 100 to 500 nm 

resulted in Jsc improvement from 20.23 mA/cm2 to 37.46 mA/cm2 whereas on increasing the thickness beyond 500 nm to 1000 

nm resulted in 39.73 mA/cm2. To this point, the impact on Jsc is analyzed whereas the device performance is the combination 

of all three parameters such as Jsc, Voc, and FF. The PV parameters of the device show that the Voc decreases up to 500 nm and 

then indicates saturation. This is attributed to the size of the absorber layer at a lower thickness the strength of the electric field 

is higher in the space charge region (SCR), hence resulting in higher Voc. As the thickness increases, the ZnSe/CIGS and 

CIGS/Cu2O interfaces move apart, and the associated electric field strength decreases which result in lower Voc. Obtained FF 

improves up to 200 nm though decreases drastically at a thickness greater than 200 nm due to reduced electric field strength 

across the absorber layer. The PCE improves till 500 nm, beyond that only fractional improvement is observed which is 

attributed to the performance saturation of JV and EQE at a higher thickness of the CIGS absorber layer. This subsection 

concludes with a CIGS solar cell with a PCE of 26.62 % at the CIGS absorber layer thickness of 1000 nm. The same solar cell 

is studied under the influence of various defect levels in the CIGS in the following subsection. 
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Figure 5. Impact of CIGS layer thickness on (a) EQE, (b) J–V curve, and (c) PV parameters of the device at various thicknesses, 

i.e., from 100 to 1000 nm. Results are obtained from the SCAPS-1D 

Impact of defects in CIGS Layer on device Performance 

The impact of defects in the CIGS absorber layer was also examined. In a semiconductor material defects are inevitable. In 

the CIGS material, defects exist as point defects i.e. lattice vacancy VCu, VIn, VSe, intrinsic defects, and antisite defects like 

InCu, CuIn, GaCu, CuGa. These defect are due to the p-type doping VCu and n-type doping VSe or InCu 64-67. These defects can 

also be an extended defect, such as a grain boundary-related defect, a dislocation, or a void and introduce deep or shallow 

levels in the energy band gap 68. 

The Na diffusion from soda-lime glass (SLG) substrate to the CIGS layer increases the carrier concentration in the CIGS 

layer which leads to the formation of useful defect clusters that elevate CIGS material properties. Oana Cojocaru-Miredin et 

al. reported 69 that the atom probe tomography measurement shows a rich Na composition in the grain boundary that induced 

extended defects. L. E. Oikkonen et al. also reported 70 that two (Na-Na) Cu dumbbells attract each other, that means Na atoms 

can cluster together in a polycrystalline material. These cluster can appear at grain boundaries, causing an extended defects 

consisting of several (Na-Na) Cu dumbbells. The charge carriers can trap in these defects and facilitate nonradioactive 

electron-hole recombination. 

Experimental results show the diffusion length of charge carriers is in the range of 0.5-2 µm in a CIGS material 71. Since 

defect density is related to diffusion length 72. Therefore, to see the effect of diffusion length on photovoltaic responses, the 

diffusion length of the electron was varied from 0.013 to 1.3 µm by varying the defect density from 1018 to 1014 cm-3 and results 

are illustrated in Fig. 6. The performance of the device improved as the defect density of the CIGS decreased. Heo, S. et al. 68 

reported that via deep-level transient spectroscopy (DLTS) the defect in CIGS material is in the order of ∼1015. The 
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Figure 6. Impact of defect density in CIGS layer on (a) EQE, (b) J–V curve, and (c) PV parameters of the device at various 

Defect Density, i.e., from 1014 to 1018 nm. Results are obtained from the SCAPS-1D 

initial defect density was set to be 1 × 1015 cm3 as for such values of defect density the simulation results are realistic and close 

to experimental results. The simulated cell achieves the Jsc of 39.41 mA/cm2, Voc of 0.79 V, FF of 84.44% and PCE of 26.62 

% at defect density of 1015 cm3. As we further decrease Nt to 1014 cm-3, variation in Jsc 39.45 mA/cm2 and FF 84.53% is 

insignificant but for Voc 0.87 V and PCE 29.07% a considerable change is observed. However, it is difficult to fabricate a 

semiconductor material with such a lower value of defect density in the lab. 

Recombination Losses 

The recombination losses in the CIGS solar cell are analyzed by employing Shockley–Read–Hall (SRH) recombination model. 

To analyze the recombination losses in the CIGS layer, the trap density Nt is varied from 1014 to 1018. Figure 7 shows the 

impact of Nt on recombination rate at various values. It is observed that the recombination rate increases as defects in the 

device are increase consequently, PV parameters i.e. Jsc, Voc, FF, and PCE of the solar cell decrease, as illustrated in Fig. 6. 

According to the SRH model, the recombination rate (R) can be expressed as; 

  𝑅𝑆𝑅𝐻 =  
1

𝜏𝑛,𝑝
×

𝑛𝑝−𝑛𝑖
2

  𝑝+𝑛+2𝑛𝑖 cosh(
𝐸𝑖−𝐸𝑡

𝐾𝑇
)
                                                     (4) 

where, n, p, τn, p, ni, Et and Ei are the density of electrons and holes, charge carrier lifetime (electron and hole), intrinsic 

density, energy level of defects and intrinsic energy level, respectively. The charge carrier lifetime is given by Equation 5 
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𝜏 =
1

𝜎𝑛,𝑝  𝑣𝑡ℎ 𝑁𝑡
                                                         (5) 

where, σn,p , Nt and vth are the charge carrier’s capture cross-section, CIGS trap density, charge carrier velocity respectively. 

Following this equation, the recombination rate in the CIGS material increases by increasing the defects, as the lifetime of the 

charge carrier decrease as per Eq. 5. The diffusion length of charge carriers can be expressed as follows: 

 

𝐿𝐷 = √𝐷𝜏   (6) 

 

Figure 7. Generation, Recombination profile at various doping concentrations. 

where, the diffusion coefficient D = (kt/q)µ. The diffusion coefficient is proportional to carrier mobility as for CIGS 

material the electron mobility is 100 cm2/Vs and hole mobility is 25 cm2/ Vs is large as experimentally observed 30,44. 

Recombination in the Cu2O is in the order of 1010 cm3, least in the device whereas the generation rate is about 1017 cm3. In the 

CIGS layer, the recombination rate increases from 1019 to 1022 as defect density varies from 1014 to 1018 which greatly affects 

the device performance whereas in the ZnO window layer recombination rate is 1017, and the generation rate is 1020 hence it 

contributes to the device performance. 

 

Optical Losses 

For CIGS, the absorption coefficient, α in the photon energy range h<Eg is α=4πk/λ= (4-5) ×103 cm-1 48. These values of α 

should result in a high value of quantum efficiency but this is not observed in this case. For λ>λg=hc/Eg the quantum efficiency 

decreases drastically to zero within a range of 100 nm above λg. This rapid decrease in quantum efficiency can be attributed 

to the ‘band tails’ of the density of states which is due to disordered crystal structures and strong doping in the semiconductor. 

The force field of the impurity atom and wave function of electrons overlap and transformed into an impurity band. At critical 

concentration, the conduction band joins with the impurity band which results in tails of the density of states. 

The absorption coefficient depends exponentially on incident photon energy shown as follows; 

𝛼 = 𝛼0 exp [
ℎ𝜈−𝐸0

𝐸𝑈 𝑇
] (7) 

Where EU is Urbach energy, these empirical dependencies are represented by the Urbach rule 49. For an electron to take 

part in photo generated current it must absorb energy greater than or equal to Eg. In the case of tail absorption at h<Eg, the 

electron gets energy equal to h from the incident photon and the rest is covered by phonons. The Urbach rule represents that 

as hv decreases, the probability of the multi-phonon process also decreases. The electron absorbed a photon having energy hv 
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< Eg takes part in photocurrent just as that of h≥Eg. The part of spectrum hv < Eg makes a small contribution to short circuit 

current 0.40 mA/cm2 (1.10%). For spectral range h≥Eg absorption coefficient follows the direct-band-gap law for 

semiconductors expressed as follows; 

𝛼 = 𝛼0
√ℎ𝑣−𝐸𝑔

ℎ𝑣
                                                       (8) 

For CIGS material with a bandgap Eg=1.16 eV, the wavelength is given by, λg= hc/Eg=1068 nm. Optical losses can be 

calculated quantitively by calculating short circuit current density Jsc. If hv is the photon energy and φi is the spectral radiation 

power density, Jsc can be written as follows. 9 

 𝐽𝑠𝑐 = 𝑞 ∑
𝜙𝑖𝜆𝑖

ℎ𝑣
𝑇(𝜆𝑖) 𝜂 𝛥𝜆𝑖

𝑖
 (9) 

Where q is the charge on the electron, is the quantum efficiency here assumes =1, T(λi ) is the transmission of photons 

from one layer to the other, the summation in the above equation should range from =300 nm to λg= hc/Eg= 1068 nm for 

bandgap Eg=1.16 eV. For such CIGS cells, the total reflection losses are about 8.1% and total absorption losses are 9.4% which 

adds up to 17.5% of total optical losses. 

Metal contact work function 

To examine the contact nature of metal contact/HTL interface, a work function study was conducted on various metals. The 

studied metals are Mo, Ag, Fe, Cu, Au, and Pt, having metal work function 4.6 eV, 4.74 eV, 4.81 eV, 5.0 eV, 5.10 eV, and 

5.70 eV, respectively. Figure 8 a, b. shows an energy band diagram for various metals which shows that the barrier height 

increases as the work function of contact materials decrease. Figure 9 a, b. shows an impact of metal work function on the PV 

parameters. It is evident that the PCE decreases as the metal work function decreases. For the Mo, Ag, Fe, Cu, and Au, a 

Schottky contact was established as the work function is less than the work function of Cu2O. However, for Pt, an ohmic 

contact was established at the metal/Cu2O interface as the work function is greater than Cu2O. Figure 9 a, b. shows the effect 

of work function on the FF and PCE of the device. It is observed that PV parameters increase from 4.6 eV to 4.9 eV and then 

saturate. This can be attributed to the work function of Cu2O being about ∼5.0 eV which is close to Cu 73. Hence at 5.0 eV 

and above the efficiency of the device is maximum. Cu2O layer is deposited by the high-temperature oxidation of a thin sheet 

of Cu and therefore it is an efficient option for rare contact. 

 

 
 

Figure 8. (a) Schottky contact, (b) Ohmic contact 
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Figure 9. (a) J-V curve for various metals and (b) FF, PCE vs Metal work function 

 

 

Results Comparison 

Table 2. shows a comparison of basic photovoltaic parameters among conventional buffer layers of CdS, ZnSe, 

CdS/ZnSe double buffer layer, and ZnSe along with Cu2O as a hole transport layer. The PCE of CIGS cells with Cu2O is much 

larger than conventional CIGS cells. As compared to the solar cells with only CdS as buffer layer 18.72% and with CdS/ZnSe 

as double buffer layer 19.01 %. with the introduction of Cu2O as HTL, the overall efficiency increases up to 26.63 %. 

Table 2. Summary of the photovoltaic parameters of all the devices considered in this study. 

Device Jsc (mA/cm2) Voc (V) FF (%) PCE (%) Ref 

Proposed CIGS Solar Cell (with Cu2O and ZnSe) 39.42 0.799 84.44 26.62 This work 

CIGS Solar cell without Cu2O 37.24 0.704 71.38 18.72 This work 

CIGS Solar cell with CdS buffer layer 34.77 0.68 77.49 18.72 Moradi. et al. 54 

CIGS Solar cell with ZnSe Buffer layer 33.42 0.746 71.78 17.92 Wang, H. et al. 53 

CIGS Solar cell with CdS/ZnSe Buffer layer 33.94 0.744 75.2 19.01 Wang, H. et al. 53 

 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 22 June 2022                   doi:10.20944/preprints202110.0326.v2

https://doi.org/10.20944/preprints202110.0326.v2


12/16 

Conclusion 
The paper concludes with a 26.62% efficient CIGS solar cell design through comprehensive device simulations. A 

compendious analysis of the CIGS cell is executed in terms of variation in the CIGS absorber layer thickness and defect density 

(per experimental data) to optimize the device performance. Furthermore, Cu2O as the hole transport layer and ZnSe as buffer 

layers are examined as well. The thickness of these layers was optimized to achieve maximum efficiency. The performance of 

the device is greatly enhanced with the Cu2O layer at the rare contact. This can be attributed to mainly two factors i) the 

transmission of photo-carriers reduces the carrier recombination at rare contact which allows smoother extraction of holes 

while experiencing lower resistance, and ii) the wide bandgap of the ZnSe buffer layer authorize a larger number of photons 

to pass and absorb in the CIGS layer. Therefore, the current CIGS design delivers a JSC of 39.42 mA/cm-2 and a VOC of 0.799 

V, leading to an optimum design. Metalwork function analysis depicts that Cu along with Cu2O HTL delivers pinnacle results 

instead of Mo rear contact. As Cu2O can be produced by the oxidation of Cu which presents high thermal stability; making it 

an optimal choice alongside CIGS material. The results present the effectiveness of HTL by confirming the enhancement of 

efficiency as a result of the curtailment of the recombination losses in the absorber layer. CIGS solar cells have lower lab-

scale efficiency of about 25% than Si-cells. The current effort presents an increase in the efficiency with the addition of Cu2O. 

Based on the results, it is expected that CIGS cells with HTL can be a breakthrough in the solar industry due to higher efficiency 

as well as stability. 
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