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Abstract 

The solar cell structure based on copper indium gallium 

diselenide (CIGS) as the absorber layer, cadmium sulfide 

(CdS) as a buffer layer un-doped (i) and Aluminium (Al) 

doped zinc oxide (ZnO) as a window layer was simulated 

using the one dimensional simulation program called analysis 

of microelectronic and photonic structures (AMPS-1D). In 

this work we have, investigate the effect of graded doping 

concentration absorber profile; including front grading, back 

grading, and double grading of the CIGS absorber layer. An 

optimal graded band gap profiles were analyzed for achieving 

highly efficient Cu (In,Ga) Se2  thin film solar cells often 

have a compositional variation of Ga to In the absorber layer. 

A comparison of the simulation results with published data for 

the CIGS cells shows an excellent agreement of photo-current 

density–voltage and quantum efficiency characteristics.        
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INTRODUCTION 

CIGS Solar cells in thin layers possess extraordinary stability, 

under a wide range of operating condition. In addition, 

ranging CIGS band-gap can be tuned through progressive 

Gallium in corporation, ranging from 1.02 to 1.68ev. 

Potentially a wide band-gap of the absorber designed to match 

the spectrum represents an effective way to increase the 

efficiency, as well as increase the open- circuit voltage (Voc) 

of the fabricated cells, at the expense of a reduction in the 

value of the short-circuit current  density (Jsc). This material 

has a direct band-gap and high absorption coefficient (10+5 

cm-1) [1], requiring only a few micrometers to absorb the 

maximum of incident photons. The partial substitution of 

Indium    ( In) CuInSe2 by Gallium (Ga) ,commonly refer to 

as Ga – grading ,to from Cu In₁₋ₓ Gaₓ Se2, effects the band- 

gap of the material according to the following equation [2]. 

 

Eg(x) = 1.02+0.67x+0.24x(x-1)               (1) 

 

Where x is the Ga  fraction in the absorber layer by adjusting 

x.  The band-gap can increase from 1.02 eV (CuInSe2) to 1.68 

eV (CuGaSe2), which affects principally the conduction band 

level of the absorber Cu(In,Ga)Se2 [3] . The probability of 

carrier recombination can be reduced by an additional electric 

field, which improves the separation of the free carrier [4].             

The purpose of this work is to examine using (AMPS-1D) 

software (analysis of microelectronic and photonic structure) 

[5], this method estimates the steady-state band diagram 

recombination profile, carrier transport in one dimension 

based on the Poisson equation and the hole and electron 

continuity equation, to investigating the possible effects of 

various band-gap profiles for the CIGS layers on the 

performance parameters of the cells The record performance 

of 20.3% [6] obtained for CIGS based solar cells are related to 

the intentional or unintentional graduation of the absorber. 

Usually t four profiles of graduation are performed on CIGS 

based solar cells.  

- An optimal uniform band-gap profile with Eg=1.4ev. 

- Back grading, this consists to increase the conduction 

band level towards the back surface field of the 

absorber|7]. 

- Front grading, the conduction band level of the 

absorber is increased near the (SCR) [8]. 

- Double grading, which combines (2) and (3), has an 

increased band-gap both towards the back and front 

contact [9].Six band gap profiles are analyzed, 

including the baseline case of a uniform band-gap 

profile; this has the optimal value of 1.4ev.Based on 

the simulation results. The simulation results of the 

optimized cell are compared to the reported 

experimental data. 

 

 

DEVICE STRUCTURE 

The structure of the CIGS thin film solar cell ZnO/CdS/CIGS 

considered in our simulation is depicted in Fig.1. It is consists 

of: substrate soda lime glass (SLG); a Molybdenum (Mo), to 

realize an ohmic back contact; a p-CIGS absorber layer; thin 

layer of which is usually intentionally made Cu-poor named 

mailto:yassoura0@gmail.com%20-


International Journal of Applied Engineering Research ISSN 0973-4562 Volume 12, Number 2 (2017) pp. 227-232 

© Research India Publications.  http://www.ripublication.com 

228 

the Surface Defect Layer (SDL); an n-type buffer layer; 

typically CdS [1]; an undoped ZnO layer namely a transparent 

conduction oxide (TCO), and an ZnO:Al transparent front 

contact that has the same parameters of  i:ZnO except the 

doping concentration which equal to 1020 (cm-3). Metallic 

Ni/Al contact grids complete the cell. 

 

 
 

Figure 1: Schematic of a grid/Zno/CdS/CIGS/Mo/glass solar 

cell. Only the semiconductor layers are reproduced in 

numerical models. The metallic contacts at the top and bottom 

are defined by their work function and surface recombination 

velocity. An external load is connected between negative 

(grid) and positive (Mo) electrode. 

 

 

Numerical Modeling : 
The merit of the numerical methods is to test and predict the 

results and the influence of the process parameters on the 

device without fabrication. In this work, The CIGS solar cells 

are modeled using the latest version (XXXX) of (AMPS-

1D).This numerical simulation programmed AMPS software 

can operate in two distinct modes: the density of state (DOS) 

mode or the lifetime mode. A description of both modes can 

be found in the AMPS manual ; In essence, the lifetime mode 

accepts inputs in the form of carrier lifetimes, which are 

assumed constant, independent of light and voltage bias, and 

does not address the underlying recombination processes. The 

DOS mode allows the definition of multiple defect states, 

using densities, energy distributions, and capture cross-

sections. 

 

Based on this information, the recombination current and 

defect occupancy is calculated using the Shockley-Read-Hall 

formalism in detail, in the case of a p-type semiconductor 

having a band-gap 𝐸𝑔, electron affinity 𝜒, and a metal with 

work function Φ𝑚, an ohmic metal/semiconductor contact is 

obtained when:  

 

           Φ𝑚> 𝐸𝑔+ 𝜒                         (2) 

 

On the other hand, a rectifying contact is formed when the 

following relationship occurs: 

 

          Φ𝑚<       𝐸𝑔+ 𝜒                    (3) 

 

At the Schottky-contact interface, majority carriers (holes) see 

a barrier Φ𝐵, as they travel from the semiconductor towards 

the metal, but such a barrier is not present in the case of an 

ohmic contact interface.   

 

Most metals, however, do not have sufficiently high work 

functions and therefore form Schottky-barrier contacts: this is 

indeed the case for the p-CIGS absorber layers/Molybdenum 

interface. In the case of an ideal contact between a metal and a 

p-type Semiconductor, and in the absence of surface states, it 

is possible to express the contact barrier height for holes as 

follows [10]: 

 

Φ𝐵= 𝐸𝑔+ 𝜒 – Φ𝑚                                    (4) 

 

To model the charge transport processes in the present 

structure shown in Fig.1, the drift-diffusion approach is used 

as a function of device length, x. The three main equations 

are:  

- The Poisson’s equation 

- Continuity equation for free holes 

- And continuity equation for free electrons 

 

AMPS-1D solves three coupled differential equations each 

subject to boundary conditions and then calculates the 

electrostatic potential and the quasi-Fermi level for holes and 

electrons at all point in the solar cell. Once these values are 

known as a function of depth, it is straightforward to calculate 

the carrier concentrations, electric fields and currents, and 

device parameters like the open-circuit voltage (Voc), short 

circuit current density (Jsc), fill-factor (FF), and the efficiency 

(ƞ(%)). 

These parameters define the performance of a solar cell.  

 

 

MATERIAL PARAMETERS  

in all stages of numerical simulations were carried out using 

the parameter of the material (Tablets (1,2,3)) and the 

standard AM1.5G solar spectrum, a coefficient of reflection 

from the upper part of the cell equal to 5% and 300K of cell 

temperature, and we assumed 𝐸𝑔 + χ constant and equal to 

5.55 eV , and also Φ𝑚  = 4.95 eV.  

 

Table 1: Simulation material parameters 

 

Parameter ZnO CdS CIGS 

Defect type Donor Acceptor Donor 

Energy level [eV] 1.65 1.2 0.6 

Deviation [eV] 0.1 0.1  0.1 

𝜎𝑛 [cm2] 10−12  10−17  5 10−13 

𝜎𝑝 [cm2] 10−15 10−12  10−15 

𝑁𝑡 [cm−3] 1017 1018 1014 
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Table 2: Contact parameters applied in the simulations 

 

Parameter ZnO CdS CIGS 

𝑑 (𝜇m) 0.06 0.05 3 

𝜀 𝑅 9 9  13.6 

    𝐸 𝑔 (eV) 3.3 2.4 Variable           

𝜒 (eV) 4.4 4.2 variable                 

𝑁 𝐶 [cm−3] 2.21018 2.21018 2.21018          

𝑁𝑉 [cm−3] 1.81 019 1.81 019 1.8 1019                                

𝜇𝑛 [cm2/(V/s)] 100 100 100 

𝜇𝑝 [cm2/(V/s)] 25 25 25 

𝑁𝐷 [cm−3] 1018 1017 0          

𝑁𝐴 [cm−3] 0 0 21016                

 

 

Table 3: Contact parameters applied in the simulation 

 

Parameter Back contact Front contact 

Φ𝐵 [eV] Variable 0 

𝑆𝑛 [cm/s] 2 × 107 1 × 107 

𝑆𝑝 [cm/s] 2 × 107 1 × 107 

Reflectivity 0.8 0.05 

 

 

RESULTS AND DISCUSSION 

 First-An optimal uniform band-gap profile with 

Eg=1.4ev. 

A simulation study of uniform band-gap CIS and CIGS cells 

is carried out to establish a baseline for comparison. Three 

representative band-gaps, namely 1.04 eV for CIS and 1.40 

eV for Cu(In0.34,Ga0.66)Se2 and 1.68eV for CGS, are 

considered. The simulation results are shown in Table 4.  

 

Our simulations are in good agreement with the results 

reported in the literature [11] and show that the efficiency 

increases with the energy gap, reaching a peak at about 1.40 

eV  or Fig(2). The schematic energy-band diagram under 

equilibrium condition for a typical ZnO/CdS/CIGS solar cell 

With an optimal uniform band-gap profile Eg=1.4eV is 

illustrated in Fig. 2. 

 

Table4: Simulated performance parameters of the 

Cu(In1_x,Gax)Se2 for x = 0 (Eg = 1.04 eV), and 

Cu(In1_x,Gax)Se2 for x = 0.66 (Eg = 1.40 eV) and for x=1 

(Eg=1.68Ev)solar cells with a uniform absorber band-gap 

profile. 

 

1. X Eg 

(eV) 

ƞ  (%) Voc 

(mV) 

Jsc 

(mA/cm2) 

FF 

(%) 

CuInSe2         0 1.04 13.00 449 43.35 77.4 

Cu(In0.34,Ga0.66)Se2 0.66 1.40 20.905 795 30.539 85.3 

CuGaSe2 1 1.68 16.07 890 20.78 86.6 

 
 

Figure 2: The performance (FF) parameters variation of 

CIGS solar cell a function of CIGS band gap. 

 

 

 
 

Figure 3 : The schematic energy-band diagram under 

equilibrium condition (Eg=1.4ev). 

 

In the second step of the simulation, a study was conducted to 

evaluate the effect of graded gap profiles of the CIGS 

absorber on cell performance. A total of seven cases band gap 

profile is considered as shown in Table 5 . 

 

The results of the simulation for each case give performance g 

parameters, Voc, Jsc and FF reported in the columns 3-6 of 

table 2. the performance of the cell in case 1, both the Voc and 

Jsc either with a normal (case 2) or step (Case 3) Return 

surface classification are improved at the same time, and 

therefore the conversion efficiency is also increased, as shown 

in  Table 5.mai The double graded band gap structure Case 6 

achieves a high conversion efficiency of 22.92 %. A 

comparison of the simulation results with published data [11] 

for the CIGS cells shows an excellent agreement of photo-



International Journal of Applied Engineering Research ISSN 0973-4562 Volume 12, Number 2 (2017) pp. 227-232 

© Research India Publications.  http://www.ripublication.com 

230 

current density–voltage and quantum efficiency 

characteristics. 

 

 

 
 

 

 
 

Figure 4: schematic energy band diagram with a double 

graded CIGS layer. 

 

 

Fig. 4 illustrates the schematic energy band diagram under 

equilibrium condition for Case 6 with a double band-gap 

grading. In this figure, a quasi-electrical field can be 

established by the band-gap gradient with the incorporation of 

a high Ga content in the back region (near the Mo contact) of 

the CIGS absorber layers by reducing the back surface 

recombination and increasing the effective minority-carrier 

diffusion length. This result in an efficient carrier collection in 

the CIGS cells, and thus both the Voc and Jsc are enhanced. 

The same trend was observed when comparing the 

performance of the cells in Cases 5 and 6 with that in Case 4, 

except that the doping density in the CdS layer is increased to 

6 1017 cm-3 and the deep-level defect densities are assumed to 

be equal to zero in the CIGS absorber. The result yields a 

maximum conversion efficiency of 22.92% for this cell. In fig 

5. Comparing the IV of a uniform band-gap cell (Case 1) with 

the graded band-gap cells (Cases 5 and 6), the benefit of band-

gap grading for the CIGS solar cells is clearly demonstrated. 

In the simulation studies the band-gaps in the SCR and in the 

back region and the thickness of the back surface grading layers 

are varied to achieve the optimal performance through re-
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ducing the carrier recombination and increasing the carrier 

collection for the given material parameters and device 

structure. 

 
Figure 5: The photo-current -voltage (IV ) curves for the 

double grading and back grading results (solid and dashed 

lines) and the uniform band-gap  (solid circles) 

 

 

 
Figure 6. The photo-current voltage (IV ) curves for the 

simulated results (black lines) and the published data (red 

lines) [11]. 

 
To compare the simulation results with reported experimental 

data [11] for the CIGS cells. The measured values are taken 

from the photo-current –voltage (IV ) and normalized 

quantum efficiency (QE) curves of an experimental CIGS cell 

with 22.92%  efficiency under standard conditions produced 

at  the performance of this experimental cell is compared with 

the simulated results of Cases 6  in Table 5, and the results are 

shown in Figs. 6 and 7, where the solid line (black) represents 

the simulated cell of Case 6, the dashed line (red) represents 

the experimental values. Fig.6 shows that the photo-IV curve 

for Case 6 closely matches the experimental curve for the [12] 

CIGS cell.  

 

The photo-IV values obtained from the simulation of Case 6 

suggest that a higher efficiency is possible. 

 

Fig. 7  shows a comparison of the simulated QE curve for 

Case 6 with the experimental curve. Good agreement was also 

observed in this case in the wavelength (k) range of 0.5 lm 6 k 

6 1.2 lm. 

 

 
Figure 7. The normalized QE for the simulated results (red 

lines) and the reported experimental values (black lines) [12]. 

 

 

SUMMARY AND CONCLUSIONS 

In this work we presented a detailed analysis of the graded 

band-gap structures for the CIGS cells has been presented. It 

is shown that band-gap grading using a wide band-gap layer 

in the SCR and/or back surface grading using the gradient of 

Ga content in the CIGS absorber layer greatly improve the 

performance of single-junction CIGS cells. Additionally, 

studies to fit the simulation results with the reported 

experimental data show reasonable agreement in the IV and 

QE curves between the modeling and the experimental data. 
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