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Abstract 

The high efficiency of thin Cu(In1-xGax)Se2 solar cells is investigated using the Atlas SILVACO-TCAD tools. The CIGS 

model is based on an experimental study and takes into account the physical properties, dimensions, and thicknesses of 

the different layers. The main features model used consists of the thermionic emission concept that was used to describe 

the carrier transport model across the buffer/absorber heterojunction. Thermionic emission was found to be an important 

mechanism for carrier transport across the hetero-interface since it produced a matching behaviour for the cell under study 

with experimental behaviour, thus validating the considered CIGS model for further investigation. To improve efficiency, 

magnesium fluoride (MgF2) is used as the preferred anti-reflective coating to maximize the photocurrent from the incident 

light intensity. The effect of varying the single-layer antireflective coating thickness variation, surface recombination 

velocity at the hetero-interface between CdS and CIGS layers, absorber thickness variation, and gallium content in the 

Cu(In1-xGax)Se2 on cell performance are studied under AM 1.5G, 1 sun illumination. The novelty of this research includes 

the configuration of the p-CIGS/n-CdS cells with thin CIS material used for the back surface field layer to improve 

efficiency. The result has shown that a cell performance of 25 % efficiency can be achieved using a 1 µm thick absorber 

and an MgF2 anti-reflective layer. This result can further aid the development of ultrathin, flexible, and tandem solar cell 

devices. 

Keywords: Thin-film, Heterointerface, Carriers transport, Reflectance, Silvaco. 

1. Introduction 

In recent years, Cu(In1-xGax)Se2 solar cells are recognized as a promising option for future thin-film photovoltaic (PV) 

technologies as they show good spectral response in a wide wavelength range of the solar spectrum and their bandgap 

can easily be changed from 1.0 eV to 1.7 eV by increasing in the gallium-to-indium ratio of the absorber. For that reason, 

such devices have been in the interest of the solar energy industry [1–3]. The actual record of 22.6 % for this technology 

is achieved with less than 2.5-μm-thick of the absorber layer [4, 5]. Therefore, it is with great interest that several 

researchers, maintaining the concept of thin-film technology, have widely explored the use of thin GIGS absorber layer 

in tandem cells such as CIGS/Silicon and perovskite/CIGS multijunction solar cells [6]. The CdS buffer layer is 

considered as an important layer that contributes to the pn-junction formation and enhances the lattice match between two 

layers, absorber and window layers [7–9]. The ZnO window layer is used to minimize the defect density of the surface, 

thus reducing the surface recombination velocity [9]. Magnesium fluoride (MgF2) thin film used to cover the top of the 

cell works as an anti-reflective coating increasing the number of electron-hole pairs generated in the semiconductor [10]. 

This study is based on the experimental investigation of CIGS structures with efficiencies up to 22.6 % [11]. In their 

investigation, Jackson et. al. optimized the absorber layer thickness to be in the range of 2.5 and 3 µm-thick. In this study, 

the effect of the surface recombination velocity at the heterointerface between CdS and CIGS layers, absorber thickness 

variation, and gallium content in the Cu(In1-xGax)Se2 on the cell characteristics are investigated. The MgF2 layer thickness 

is a key parameter to investigate in order to improve the optical coupling into the device. As it is well known the effective 

optical path inside a standard AR coating should be equal to a quarter of lambda. In the case of a solar cell, this point is 

not trivial as the device should absorb a spectrum as large as possible, therefore the choice of the right antireflective 

coatings thickness is a challenge. In this frame, the simulation takes into account the effect of thickness variation of the 

AR coatings, absorber layers, and BSF layer (back surface field) contact on the PV performance. 

2. Device Modeling and Simulation 
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This section introduces the modeling of a single junction-based Copper Indium Gallium Selenide (Cu(In1-xGax)Se2) 

solar cell. The considered model starts from the physical properties, dimensions, and thicknesses of the different layers 

as described in a previous experimental investigation [10–12]. The numerical simulation has been performed using Atlas 

SILVACO-TCAD tools evaluating both optical and electrical parameters of the cell. Fig. 1 shows a schematic structure 

of the considered CIGS model and Fig. 2 describes its band diagram at equilibrium. Valence and conduction band offsets 

(discontinuities) occur at the CdS/CIGS hetero-interface due to different values of energy band-gap and electron affinity 

in CdS and in CIGS materials. Fig. 3 shows an expanded view of the energy band diagram around the hetero-interface 

showing the effects of illumination under AM 1.5G condition on the band bending in the absorber layer. The energy band 

diagram clearly shows a barrier for electrons crossing the hetero-interface into the emitter. The transport mechanism 

across this barrier can either be thermionic emission or tunneling [13]. In the current model, thermionic emission will be 

considered and validated as the main transport mechanism across the hetero-interface. 

The considered model consists of a transparent conductive oxide (TCO) layer acting as the front contact (aluminum 

(Al)-doped ZnO (n-type), Eg= 3.37 eV, and χ= 4.5 eV) attached to the grid lines using aluminum contacts. A intrinsic 

zinc oxide (i-ZnO) layer, a CdS buffer layer (n-type, Eg= 2.48 eV, and χ= 4.4 eV), and a CIGS absorber layer (p-type, 

Eg= 1.27 eV, χ= 4.58 eV, and Na= 1 × 1016 cm-3) are deposited consecutively underneath the TCO layer. A back-

Molybdenum layer is placed as a back contact. A schematic cross-sectional view of the CIGS model is shown in Fig. 1. 

MgF2 layer is used as an anti-reflective coating to enhance the photocurrent by increasing optical coupling into the device 

and is placed on top of the TCO layer. The use of the i-ZnO layer is to contribute to the displacement of the electrons 

generated in the CIGS absorber as they move towards the front contact. CIGS is a direct bandgap material characterized 

by a high absorption coefficient in the order of 105 cm-1 for 1.5 eV and higher photon energy, which leads to most of the 

electron-hole pairs being generated at the top of the CIGS layer as shown in Fig. 4. For that reason, thin-film technology 

is well suited to produce next-generation PV devices allowing lower weight, cost, flexibility, and transparency [11–14]. 

In the simulation program, the anode and cathode terminals are assumed to be ohmic contacts, and the surface 

recombination velocity under the contacts is assumed to be as large as 107 cm/s. The interface between the layers and the 

layers themselves constituting the PV cell is populated by a large number of defects. Such defects work as traps and this 

is the main reason for the anomalous current density leading to a voltage hysteresis behaviour due to the trapping and de-

trapping mechanisms involved. The simulated I–V characteristics were adjusted accordingly to the experimental data in 

order to validate the considered CIGS structure [11, 12]. To model both the optical and the electrical performances of the 

studied device, many physical processes have to be taken into consideration, including the Auger and Shockley Read Hall 

(SRH) recombination mechanisms that are dominant in these structures, the concentration-dependent mobility model 

(CONMOB), and the Schenk bandgap narrowing (BGN) model [16, 17]. In the simulation program, also the effects of 

the multiple reflections inside the antireflection coating have been tacken into account.. We verified that optimum  number 

of reflections to be included into the simulation is 2 as a higher number of reflections has a largely negligible impact on 

the results but dramatically increases only the machine time.  The transmission coefficients are properly calculated for 

transmitted rays [17]. The front reflection and back reflection are specified in the beam statement. The transmitted rays 

are attenuated by the transmission coefficient. The reflection from the sides of the device is not ignored since the back 

reflection is used to also enable the sidewall reflections assuming a vacuum outside the device [17]. 
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Fig. 1. Schematic of typical CIGS structure. 

 

Fig. 2. Corresponding equilibrium band diagram for CIGS solar cell – 0 V Bias. 

 

Fig. 3. Conduction band (Ec) in the dark (red line) and under light illumination (green line). 

 

Fig. 4. A photon absorption rate of CIGS thin solar cell under AM 1.5G, 1 sun illumination. 

Table 1 Material properties of the proposed CIGS structure. 

Parameters ZnO:Al i-ZnO CdS Interface CIGS CInSe 

Thickness (nm) 150 [11,12] 50 [11,12] 40 [11,12]  2500 [11,12] 100 

Relative dielectric constant εr 8.49 8.49 10  13.6 13.6 
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Bandgap Eg (eV) 3.37 3.37 2.48  1.27 [11,12] 1.01 

Electron affinity χ (eV) 4.5 4.5 4.4  4.5 4.58 

Donor concentration Nd (cm-3) 1.0 × e18 - 2.0 × e17  -  

Acceptor concentration Na (cm-3) - - -  1.0 × e16 1.0 × e20 

Effective conduction band density Nc (cm-3) 2.2 × e18 2.2 × e18 2.2 × e18  2.2 × e18 2.2 × e18 

Effective valence band density Nv (cm-3) 1.8 × e19 1.8 × e19 1.8 × e19  1.8 × e19 1.8 × e19 

Capture cross-section for electrons (cm2) 2.0 × e-16 2.0 × e-16 1.0 × e-17 5.0 × e-15 2.0 × e-16 2.0 × e-16 

Capture cross-section for holes (cm2) 2.0 × e-15 2.0 × e-15 1.0 × e-12 5.0 × e-14 2.0 × e-15 2.0 × e-15 

Gaussian distribution peak for donor (eV) 1.4 1.4 1.2 0.5 0.575 0.575 

Gaussian distribution peak for acceptor (eV) 1.4 1.4 1.2 0.5 0.575 0.575 

Gaussian defect density for donor (cm-3) - - -  1.0 × e14 1.0 × e14 

Gaussian defect density for acceptor (cm-3) 5.0 × e17 5.0 × e17 1 × e18  -  

Defect density (cm-2)    1 × e10   

Numerical modeling is used to perform the thin CIGS structure and to analyze the device behavior in different constraints 

by using Atlas Silvaco [14, 16]. The presence of the defects inside the layers, the interface states, their diffusion, and the 

surface recombination velocities (SRVs) are included in the model due to the different materials used along with their 

respective bandgap, electron affinity, mobility, and density of states [16–23]. Fig. 5 illustrates the photogeneration rates 

of the various layers under the AM1.5G spectrum, at 300K. The result states that, as expected, the higher rate occurs on 

the top of the absorber, hence a high amount of the photons will be absorbed in that region, then quickly it decreases 

toward the rear side of the device. 

 

Fig. 5. Photogeneration rate of CIGS thin solar cell under AM 1.5G, 1 sun illumination. 

3. Device simulation 

3.1. Stucture calibration 

The calculated I–V/Power characteristics of the proposed models under the AM1.5G spectrum are shown in Fig. 6 with 

the calibrated data (solid line) and experimental data (dots) shown. The PV characteristics of the simulation and the 

experimental results are illustrated in Table 2 [11, 12]. 
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Fig. 6. Simulation and experimental characteristics of CIGS solar cells. 

PV characteristics Simulation results Experimental results [11] 

Jsc (mA/cm2) 37.8 37.8 

Voc (mV) 740.1 741 

Pmax (W/m2) 226 225.54 

FF (%) 80.6 80.6 

η (%) 22.6 22.6 

J0 (mA/cm2) 1.42 x 10-6 - 

Table 2 PV characteristics of simulation and experimental results. 

3.2. Impact of the surface recombination velocity 

The simulation closely matches the experimental results validating the model for future studies. Fig. 7 illustrates how the 

SRV at the CdS/CIGS heterointerface affect the cell parameters, this result clearly shows that the SRV value has to be 

considered as a key factor for improving p-CIGS heterojunction solar cell performance. A comparison of the quantum 

efficiency (EQE) with different SRV in the wavelength range from 300 nm to 1200 nm is shown in Fig. 8. It can be clearly 

seen from the figure that there are two interesting differences in structure. Firstly, EQE at shorter wavelength range (300 

– 600 nm) is lower due to possible recombination velocity effect caused by the less more roughened surface than that has 

low-velocity recombination of the carrier. Secondly, EQE shape is observed at a longer wavelength range (600 – 1200 

nm), showing that the energy conversion of the photons around the energy bandgap is almost the same at different SRV 

levels. Based on the simulation results, the absorbed amount of the photons can be adjusted by the SRV value through 

achieving better passivation. 
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Fig. 7. Effect of the SRV values of CdS|CIGS interface on the PV characteristics. 

 

Fig. 8. EQE with different SRV values of CdS|CIGS interface (from 10e1 to 10e7 cm.s-1). 

3.3. Impact of the Ga-concentration 

Next, the thermionic emission transport mechanism at the CdS|CIGS interface has been analyzed. It is known that both 

the optical and electrical properties of the absorber layer depend on the gallium content in the Cu (In1-xGax) Se2 alloy [27], 

in particular, the optical bandgap energies of the CIGS thin films range vary from 1.07 eV to 1.53 eV as the Ga/(In + Ga) 

ratio increased from 20 % to 90 % [5]. As a consequence, the physical properties change, if the Ga-concentration is varied 

[27–30]. This parameter happens to be quite important for future tandem structures where bandgap matching with the 

optical spectrum can be further exploited to increase efficiency when applied to the future tandem structure. Fig. 9 

illustrates the effect of Ga-concentration on PV characteristics. In addition, Table 3 summarizes the impact of different 

Ga-concentration on the output PV characteristics. 
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Fig. 9. J-V & power characteristic with different Ga-concentration. 

Ga-concentration (%) Jsc (mA/cm2) Voc (mV) FF (%) η (%) 

30 37.84 740.1 80.68 22.60 

31 37.75 746.5 80.84 22.78 

32 37.67 753.3 80.90 22.96 

33 37.59 760.3 80.87 23.11 

34 37.50 766.8 81.00 23.29 

35 37.41 773.5 81.05 23.45 

Table 2 Effect of gallium content in the Cu (In1-xGax) Se2 on the CIGS cell performance 

3.4. Impact of the anti-reflection coating thickness 

Magnesium fluoride (MgF2, n= 1.38) is commonly used material as an anti-reflective coating (ARC) to minimize the 

reflection of the certain incident light [30]. The optimum thickness of the ARC layer could be calculated as: 

𝑑 =
𝜆

4𝑛
 (1) 

Where n is the refractive index of the material. The impact of different thicknesses of the ARC on the cell performance 

is analyzed. Fig. 10 illustrates the impact of the thickness of the MgF2 layer on Jsc and η. The simulated reflectance spectra 

of different ARC thickness are plotted in Fig. 11 for CIGS composition ratios of 30% at AM1.5G. From Fig. 11, there 

are clear reflections in the shorter wavelength range which are not strongly sensitive to the MgF2 layer thickness, these 

reflection peaks slightly shift to the longer wavelength side when the MgF2 thickness increases [9, 17]. Figure 12 shows 

the wavelength dependence of absorption at different ARC thickness.  An optimum ARC layer thickness was found to be 

120 nm. This thickness is optimized for a  peak wavelength around 662.4 nm according to formula (1) as shown in Fig. 

12 (Red). This result is supported by the obtained Jsc and η that peak at 120 nm. Fig. 13 and Fig. 14 show the EQE and 

the Jsc of the considered model with different ARC layer thicknesses, respectively. Table. 3 summarizes the electrical 

characteristics of the proposed model with/without the MgF2 layer. 
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Fig. 10. Jsc and η depend on different MgF2 layer thickness. 

 

Fig. 11. Wavelength dependence of reflectivity, simulated with different MgF2 layer thickness. 

 

Fig. 12. Wavelength dependence of absorption, simulated with different MgF2 layer thickness. 
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Fig. 13. EQE with different MgF2 layer thickness. 

 

Fig. 14. J–V curves with/without the MgF2 layer. 

MgF2 layer Jsc (mA/cm2) Voc (mV) FF (%) η (%) 

With (165 nm) 37.84 740.1 80.68 22.60 

With (120 nm) 38.37 740.4 80.74 22.94 

Without 36.75 739.1 80.63 21.90 

Table 3 Solar cell characteristics with/without the MgF2 layer. 

3.5. Impact of the absorber thickness 

After ARC thickness optimization, the optimal MgF2 thickness was kept constant about 120 nm for the rest of the 

investigation. The electron affinity of the materials ZnO/CdS/CIGS is implemented by default at values of 4.5 eV, 4,18 

eV, and 4.58 eV, respectively. The thermionic emission model is activated for an interface between the absorber and 

buffer layers. Dependence of the I–V characteristics and maximum electric field on the absorber thickness under 

illumination is illustrated in Fig. 15 and Fig. 16, respectively. The simulation results describe that reducing the absorber 

thickness while fixing the effective Richardson constant for electrons which is taking account of quantum mechanical 

reflections and tunneling results degradation on cell performance as shown in Table. 4. From Table. 4, the total inversion 

layer peak electron concentration npeak starts to decrease when the thickness is less than 1 µm thick at the heterointerface. 

However, under illumination, the maximum electric field and npeak at the heterointerface are partially independent of 

absorber thickness. The depletion region would be limited by the thickness of the absorber layer, thus affecting the 

effective separation of photogenerated charge carriers and causing the reduction in the short circuit current density [31, 

32]. Fig. 17 shows a comparison of the quantum efficiency (EQE) of three different cells in the wavelength range of 300 
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nm to 1200 nm. Reducing the absorber thickness below 1 micron provides a weak absorption and decreasing cell 

performance as is clearly illustrated in Fig. 17. 

 

Fig. 15. J-V characteristics under illumination for CIGS solar cell with thermionic emission carrier transport for 

different of the absorber thickness. 

 

Fig. 16. Results of ATLAS simulations of CIGS cell under illumination presents an Electric field distribution at 

different absorber thickness. 

 

Fig. 17. EQE with different absorber layer thickness. 
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Absorber thick [µm] nPeak [cm-3] 
Max. E-field 

[KV/cm] 
Jsc (mA/cm2) Voc (mV) FF (%) η (%) 

2.5 4.48 × 1017 106.14 39.79 765.6 80.12 24.41 

2.0 4.48 × 1017 106.10 39.67 763.0 80.17 24.27 

1.5 4.48 × 1017 106.06 39.35 758.1 80.20 23.93 

1.0 4.47 × 1017 105.97 38.58 748.7 79.85 23.06 

0.5 4.43 × 1017 105.77 36.65 723.7 78.21 20.74 

0.3 4.19 × 1017 105.94 33.81 693.1 77.81 18.23 

Table 4 Dependence of CIGS cell characteristics on absorber thickness. 

3.3. Impact of CIS back surface field (BSF) layer 

From the earlier study, it is concluded that reducing the absorber thickness will decrease the cell performance under 

illumination AM1.5G conditions. A schematic cross-sectional view of the CIGS model including a BSF layer is illustrated 

in Fig. 18. The influence of using the CIS layer (p+-type, Eg= 1.07 eV, χ= 4.58 eV, and Na= 1 × 1020 cm-3) as the BSF 

layer on the performance of the proposed cell is explored and analyzed and results are shown in Table 5 and Fig. 19. The 

thickness of the CIS layer is kept constant at 100 nm for all different CIGS devices [32, 33]. From the simulation results, 

it is well understood that the CIS BSF layer has a strong effect on cell performance with ultrathin absorber layers (≤1 

µm). This result demonstrates a solution towards achieving ultra-thin CIGS devices while maintaining relatively high 

performance. However, there is an approximatively 24% improvement when the absorber thickness is 300 nm as 

compared to the device without the BSF layer. It is observed from Fig. 19 that there is a very slight change in functional 

parameters for the thinner absorber layers (≥1 µm) which ensures that using CIS material as a BSF layer will not have a 

significant impact on the performance of the proposed devices. The better design of CIS/CIGS/CdS could be defined by 

having an optimum thickness of 1 µm for the absorber layer leading to a maximum power conversion efficiency of 25 %. 

 

Fig. 18. Schematic of typical CIGS structure including BSF layer. 
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Fig. 19. The impact of the BSF layer on the efficiency of different CIGS cells. 

Absorber thick [µm] Jsc (mA/cm2) Voc (mV) FF (%) η (%) 

2.5 40.02 770.1 79.89 24.62 

2 40.12 772.1 79.84 24.73 

1.5 40.23 775.6 79.77 24.89 

1 40.07 780.7 80.07 25.05 

0.5 37.96 788.2 81.51 24.39 

0.3 34.93 785.1 82.69 22.67 

Table 5. Dependence of CIGS cell characteristics on absorber thickness with a fixed BSF layer of 100 nm thick. 

4. Conclusion 

In this work, the Atlas program was used successfully to investigate the thin p-CIGS solar cell. The simulator was used 

to understand the physical phenomena of the proposed structure and to validate the model from the experimental 

investigation. The thermionic emission concept was used to simulate the carrier transport model across the buffer/absorber 

heterojunction. Thermionic emission was found to be an important mechanism for carrier transport across the hetero-

interface since it produced a matching behaviour for the cell under study with experimental behaviour. The quality of the 

passivation at the CdS/CIGS hetero-interface is investigated and analyzed by changing the SRV value for both electrons 

and holes. As expected, changing the Ga-concentration causes a variation in the bandgap of the absorber layer which has 

no effect on short-circuit current but has a significant impact on open-circuit voltage. This parameter happens to be quite 

important for future tandem structures where bandgap matching with the optical spectrum can be further exploited to 

increase efficiency when applied to the future tandem structure. The results shown in the current work can aid in paving 

the way for future tandem solar cell devices based on the CIS/CIGS/CdS structure. The results from the MgF2 layer 

investigation lead to achieving a high cell performance with an optimum ARC layer thickness of 120 nm under the 

AM1.5G spectrum, 300K, and reconfirms the suitability of MgF2 as a good ARC material for such devices. It is also 

analyzed that reducing the absorber thickness below 1.5 µm shows a significant degradation in cell performance. This 

result shows a physical limitation for achieving devices with thicknesses below 1.5 µm without having additional 

complexities such as a back reflection scheme. For high efficiencies, CIS/CIGS/CdS cell configuration is proposed and 

analyzed with an absorber layer in order to understand the impact of the BSF layer on cell performance. An improved 

design of CIS/CIGS/CdS could be defined by the optimum thickness of 1 µm absorber achieving a maximum power 

conversion efficiency of 25 %. The findings from this investigation might be useful for further ultrathin cell development 

with an added BSF. 
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