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Abstract 

The Ga gradient optimization is an important subject in the studies of Cu(In1-x,Gax)Se2 (CIGS) 

solar cells, and numerical simulation has been demonstrated as an informative approach to 

investigate the effects of Ga grading profiles on device performance.  The Ga grading profiles 

modeled in previous studies are mostly based on simplified piecewise linear structures, few 

simulation works treat the real experimental Ga gradient directly. In this paper, we present a 

theoretical method that allows for the inclusion of experimentally obtained Ga grading profiles as 

a modeling input, and from that compare the modeling results of several CIGS samples with 

experimental device data. It is found that the non-uniformity of carrier mobility needs to be 

considered in the model for cells having different grain sizes across the whole CIGS film. Besides 

the effects of the Ga gradient profile, additional factors including crystalline qualities should be 

considered to obtain modeling results consistent with experimental observation. The modeling 

approach implemented in this work improves numerical models to attain better predictability of 

the simulation, and provides deeper insights into the effects of Ga gradient profiles on real CIGS 

solar cells, which is helpful for extracting more information from interpreting the experimental 

data. 

 

Keywords: CIGS solar cells; Ga grading; simulation 

 

1. Introduction 

The gallium content in Cu(In1-x,Gax)Se2 (CIGS) films plays an important role in determining the 

CIGS absorber band gap, and conducting band gap engineering by tuning the Ga grading profile is 

an essential process for developing high efficiency CIGS solar cells[1–3]. At present, almost all 

high-efficiency CIGS solar cells are based on a double-grading structure, in which the front Ga 

grading enlarges the band gap and benefits the open-circuit voltage (Voc), and the back Ga grading 

brings in a reflection barrier of minority electrons and enhances the short-circuit current (Jsc) [4–

6]. Several theoretical investigations have been carried out to quantitatively study the Ga grading 

effects on device performance [7–10], to interpret experimental results [11], and to attempt to 
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propose the optimal band gap structure [12,13]. But limited by the capability of modeling tools, 

the Ga gradient analyzed in prior modeling studies was mostly based on simple structures, such as 

piecewise linear grading profiles or being represented by a limited number of discrete CIGS 

layers. Consequently, most previous investigations on the Ga gradient are restricted to 

hypothetical discussions, and the studies on the effects of real Ga gradient are limited.  

A recently developed solar cell modeling program, wxAMPS, has incorporated the feature of 

modeling arbitrary elemental gradient within photovoltaic devices [14], and thus it provides a 

useful solution to analyze the effects of real Ga gradients, which can be characterized by 

experimental approaches. By taking advantage of wxAMPS, several CIGS device samples with 

different Ga gradient profiles have been studied in this work, and the correlation between the 

internal Ga gradients and the external solar cell performance such as current-voltage 

characteristics and quantum efficiencies has been investigated in-depth.  

 

2. Modeling setup 

Material parameters used in the wxAMPS simulation are categorized into three groups: electrical 

parameters, defect states and optical absorption coefficients. Characterization approaches to 

extract these simulation parameters have been summarized in Ref. [15]. For those parameters that 

are not easily measured, such as effective density of states for conduction/valence band, values 

reported in references are used as approximation. In this work, the CIGS device parameters are 

based on our own measurement as well as the data from Gloeckler’s baseline [16].  

2.1 Grading input 

The Cu(In1-x,Gax)Se2 absorber band gap is affected by the atomic Ga/(Ga+In) ratio x, and can be 

approximated by [17]: 

)1(68.1)1(04.1)( xbxxxxEg −−+−= ,   (1) 

where the so-called bowing coefficient b is a fitting parameter between 0.15 and 0.21. To obtain 

the band gap profile within the CIGS absorber, the elemental compositions in CIGS cells are 

measured by MagixPW2403 X-ray fluorescence spectrometer (XRF), and their grading profiles 

are obtained by using CAMECA IMS-4F secondary ion mass spectrometer (SIMS). Based on the 

Ga and In elemental compositions and their distribution in the CIGS film, the Ga/(Ga+In) ratio 

profile can be extracted, and thus the experimental band gap profile is attainable. In the 

simulations conducted in this work, a series of CIGS sub-layers are generated in wxAMPS, based 

on the extracted band gap profile. Furthermore, material parameters of each CIGS sub-layer, 

including conduction band position, bulk defect densities, and absorption coefficients, are varied 
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according to the bandgap values [7].  The conduction band position is shifted by varying the CIGS 

film electron affinities, and absorption coefficients for the CIGS sub-layers with different band 

gaps are derived from a measured absorption spectrum with a known CIGS band gap (Figure 1). 

Different from previous models, where the whole Ga gradient profile have to be divided into 2~4 

regions whose Ga grading profile is approximated by a linear gradient [2,18], this work uses the 

complete Ga grading profile without approximations as an input to the model, and the modeling 

using arbitrary Ga gradient profiles is thus supported. Moreover, this method allows tuning the 

parameters at each CIGS sub-layer when considering different physical mechanisms, and provides 

more versatility for the model setup. A Matlab script that generates simulation files for such 

gradient CIGS devices can be found at the website of wxAMPS [19].  

2.2 Device structure 

The CIGS devices analyzed in this work are based on the structure: ZnO/i-ZnO/CdS/SDL/CIGS, 

where SDL is a surface defect layer located at the interface of CdS/CIGS [12,20–23]. The SDL 

setting is based on Ref. [10]. The conduction band of SDL is the same as that of CIGS, but the 

valence band is down-shifted by 0.1~0.3 eV because of the Cu-poor nature [24]. Considering the 

high defect densities and high resistivity of SDL, a high density of recombination centers is placed 

at SDL in the simulation, and the carrier mobility of SDL are set up lower than those of CIGS. The 

defect level in the CIGS bulk is assumed to be located at mid-gap in order to make these defects 

effective recombination center [7,8]. The Mo back contact is treated as a Schottky barrier with a 

0.1 eV height [10,25], and the surface recombination model is used to describe the contact 

behavior [26]. 

The bulk defect density in CIGS films is assumed to be Ga-dependent, and high Ga content results 

in high defect density, as reported in Ref. [25,27]. Moreover, grain sizes of CIGS crystals are 

typically small at the presence of high Ga content, which lowers the carrier mobility by the scatter 

mechanism and grain boundary recombination [28,29]. Therefore, in the simulations of this work, 

the carrier mobility for the CIGS region, having a high Ga content, is set much lower than the one 

at the region of low Ga content. Such treatment for high Ga content regions is demonstrated as an 

important factor in fitting the experimental data in this work. 

The simulation parameters for each layer are referred to experimental measurements. The 

thicknesses are measured by AMBIOS XP-2 stylus profiler. The majority carrier densities are 

measured by Hall Effect measurement that also provides carrier mobility information. As 

mentioned above, the carrier mobility of CIGS films depends on grain sizes and thus is Ga-

dependent.  Therefore, the CIGS carrier mobility values given by the Hall Effect measurement are 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 4

regarded as average values for the whole CIGS film, and the mobility inputted in CIGS sub-layers 

and used in the simulation utilizes the measured ones as references. More detailed modeling 

parameters for CIGS devices are listed in Table 1.  

 

3. Simulation and discussion 

By building the numerical model described in Section 2, several CIGS samples fabricated under 

different conditions are investigated in this section, and the quantitative analysis on the effects of 

experimental Ga gradients is implemented. The device characteristics, such as current-voltage (J-

V) curves, external quantum efficiency (EQE), are fitted by the modeling to attain deeper insights 

into the devices and to extract more information on the CIGS films.  

3.1 Curve fitting 

Sample 1 was fabricated on a glass substrate by the three-stage co-evaporation method [30]. The 

Ga gradient profile of this sample is seen in Figure 2(a), and the corresponding energy band 

diagram revealed by simulation is shown in Figure 2(b). The back grading of Ga forms the 

conduction band bending near the back contact, and provides a beneficial reflection barrier for 

minority carrier electrons away from the back-contact recombination. As to the front grading, 

besides its favorable effects on Voc, it has been reported that a too pronounced front grading of Ga 

can result in an electron blocking barrier behind the space charge region, and is detrimental to the 

electron collection [11]. Seen from Figure 2(b), the conduction band behind the space charge 

region is almost flat, which indicates no electron blocking barrier there and the front grading 

profile of Ga is appropriate. 

Based on the simulation parameters listed in Table 1, the JV curve of sample 1 is well fitted. In 

model 1, the mobility in all the CIGS sub-layers are set as 100 cm2/V/s and 25 cm2/V/s for 

electrons and holes, respectively. The Ga-dependent bulk defect densities are set in the range of 2 

x1014~1 x1016 cm-3 through matching the experimental Voc.  According to the electron mobility and 

defect parameters, the electron diffusion length in the low Ga-content CIGS region is given by 0.8 

µm, which is consistent with the values revealed by experimental measurements (0.5~2 µm 

reported in Ref. [31]).  As seen in Figure 3, model 1 properly reproduces the experimental JV and 

EQE curves of sample 1, except the overestimation of EQE between 700~1000 nm and thus Jsc. 

The EQE at longer wavelength is corresponding to the light absorption and carrier collection in 

the deeper position of CIGS film. As the optical reflection at the CIGS/Mo interface has already 

been considered in the wxAMPS simulation, the EQE overestimation in the long-wavelength 

region can be explained by a shorter diffusion length of electrons generated by long-wavelength 
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light deeper in the CIGS layer [6].  

Though in model 1 the back grading region with high Ga content (x > 0.40 is regarded as high Ga-

content in this work) has a higher defect density (~1016cm-3) and thus a shorter carrier diffusion 

length than the low Ga content region [27], the Ga-dependent defect property alone cannot shorten 

the electron diffusion length at the back side of CIGS film enough to fit the experimental EQE 

data at the long-wavelength range. As seen in Fig. 3(c), there are small grains at the bottom of 

sample 1. In general, the grain boundary is not crucial to the high-efficiency CIGS-based solar 

cells, because large CIGS grains usually possess columnar grain boundaries, which can be 

throughout the whole CIGS absorber and not detrimental to the cell performance [32]. But the 

grain boundaries parallel to the junction will block carrier transport between contacts and be 

detrimental [33]. In sample 1, a number of parallel grain boundaries are observed around small 

grains at the bottom. The carrier transport is believed to be impeded at that region, and therefore 

the carrier diffusion is also affected. Therefore, in model 2, the carrier mobility at the back-grading 

region with high Ga content is reduced as a result of small grain sizes together with the effects of 

impeded carrier diffusion by the grain boundaries therein. Via this adjustment, both JV and EQE 

curves are fitted much better. In model 2, the electron mobility is fitted as 1 cm2/V/s (which could 

be seen as an effective value caused by mechanisms described above) for the high Ga content 

region of the back grading, and the electron diffusion length at this region is given between 5~16 

nm.  

The shorter carrier diffusion length at the backside of CIGS films is consistent with the 

experimental observation reported in previous works. At first, the high Ga content at the backside 

results in higher defect density, together with smaller grain sizes, which lower the carrier mobility 

as described in Section 2.2. Second, the small grain sizes near the back contact are commonly 

observed in samples grown by the three-stage method, in which the lower substrate temperature 

and Cu-poor condition at the first stage are responsible for the small grain sizes when CIGS starts 

to grow on the Mo contact [34,35]. The modeling investigation for sample 1 suggests that it is 

problematic to assume uniform carrier mobility across the whole CIGS film, as used in most of the 

modeling studies on Ga grading [7,10,12,18], to investigate the real experimental data of CIGS 

cells. In this work, carrier mobility is assumed different for low Ga-content and high Ga-content 

regions. The measured CIGS hole mobility by Hall effect for sample 1 is 18.6 cm2/V/s, which can 

be seen as an average value over all large-grain and small-grain regions. 

3.2 Samples with similar Ga gradients but different performances 
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Sample 2 and sample 3 are CIGS cells developed by the three-stage method but on flexible 

polyimide substrates. All the fabrication processes are the same for sample 2 and 3, except 

different Na incorporation approaches. For sample 2, Na is incorporated into CIGS at the second 

stage of the three-stage method. For sample 3, Na is incorporated in the post-annealing process 

after depositing the whole CIGS film [36]. Previous literature has already demonstrated that the 

Na incorporation can vary the Ga gradient profile, and be used to optimize the device efficiency of 

CIGS cells developed on polyimide substrates [36,37]. 

The Ga gradient profiles and SEM cross-section images for sample 2 and 3 are given in Figure 4, 

and device performance curves of two samples are shown in Figure 5.  It is seen that the Ga 

gradient profiles of two samples are a little different, and sample 3 possesses larger grain sizes and 

higher device efficiency. In order to quantitatively analyze the benefit from the Ga profile 

optimization, the simulation approach as described in Section 3.1 is employed for the investigation 

of sample 2 and 3. Because Na can increase the net doping of CIGS films [38], the Na gradient 

profiles of two samples are also investigated and shown in Fig. 4a. It is seen that the Na 

concentration and distribution are similar in both samples, and thus the doping profiles in both 

samples should be close. In the simulation, the doping parameters of sample 2 and 3 are assumed 

the same. 

Numerical simulation is firstly implemented for sample 3 by inputting its experimental Ga grading 

data to wxAMPS. The JV and QE curves are well fitted when assuming carrier mobility for low 

Ga-content region are 40 cm2/V/s and 10 cm2/V/s for electrons and holes, respectively. The bulk 

defect densities for sample 3 are set between 2x1015~1017 cm-3. Since sample 2 and 3 were 

fabricated by the same experimental processes except the Na incorporation method, we firstly 

assume most of their properties are the same except the Ga-dependent parameters. Then, in order 

to investigate how much the device performance improvements of sample 3 are attributed to the 

Ga grading variation, the Ga gradient data of sample 2 is loaded into the sample 3 simulation 

setup, and those Ga-content-dependent parameters are also updated, accordingly. However, the 

simulation of this setup (denoted by “sample 2 non-fitted” in the latter part of this paper) produces 

unexpected results. 

The JV curve simulated based on the parameters of “sample 2 non-fitted” predicts a slightly higher 

Voc and Jsc than those of sample 3. Revealed by the simulation, the increase of Voc is attributed to 

the steeper front Ga grading of sample 2 that presents a larger band gap in the depletion region. 

And the small Jsc increment (from 33.2 mA/cm2 to 33.7 mA/cm2) can be explained from the QE 

results shown in Fig. 5b. The back grading plays a significant role in determining the QE variation 
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between 900~1200 nm. Shown from the Ga content profiles in Fig. 4a, the electron reflection 

barrier between 1.5~2.0 µm in sample 2 is weaker than that on sample 3, and thus the collection 

efficiency for photons which are mainly absorbed at this region will be lower. This is 

corresponding to the QE decrease between 900~1120 nm. Similarly, the stronger electron 

reflection barrier located at the narrow region between 2.1~2.2 µm in sample 2 is corresponding to 

the QE increase at 1120~1200 nm. 

The simulation results on “sample 2 non-fitted” reasonably explain the effects of Ga gradient 

alone, however, as seen in Figure 5, are very inconsistent with the experimental curves. The 

problem arises in the ignorance of the variation of other parameters (e.g., carrier mobility values 

and defect parameters are still based on the sample 3 setup), which can also be changed by a 

different Na incorporating process. As indicated in the SEM microscopes in Figure 4, the average 

grain sizes of sample 2 are smaller, which results in lower carrier mobility and more grain 

boundary recombination in the CIGS film. Considering these effects, carrier mobility at the low-

Ga region of sample 2 are reduced to 10 cm2/V/s and 2.5 cm2/V/s for electrons and holes, 

respectively, and the defect density is about twice more than that of sample 3, and then the JV and 

QE curves of sample 2 are well fitted by the simulation.  

Compared with sample 1, it is also reasonable that Voc and carrier mobility of sample 2 and 3 are 

lower, because the substrate temperatures when growing CIGS on polyimide are lower than that 

when growing on glass substrate, and result in inferior film quality of CIGS [36,39]. The carrier 

mobility difference was also verified by Hall measurements, where 1.92 and 6.21 cm2/V/s for the 

holes of sample 2 and sample 3 were obtained, respectively. The numerical investigations of 

sample 2 and 3 reveal an important message that, when investigating the benefits brought by the 

Ga grading optimization, the device performance of CIGS cells cannot be judged only from the 

effects of Ga grading. Even though the fabrication processes are mostly the same except some 

optimization tunings, the material qualities of the CIGS films could probably be so different that 

play a more significantly role in determining the device performance than the Ga gradient 

variations do. Therefore, besides the SIMS gradient measurement, multiple characterization 

approaches such as SEM, mobility measurement, are also necessary to be carried out in order to 

implement a comprehensive theoretical investigation and to guide the experimental optimization 

for the development of CIGS cells. 

4. Conclusions 

In this work, the effects of experimental Ga grading are analyzed for several CIGS samples by 

employing numerical simulation, and the modeling results are compared with experimental data. 
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The results demonstrate a valid theoretical method for investigating the impacts of real 

experimental Ga grading profiles, rather than simplified Ga gradient profiles, on the device 

characteristics. Better insights have been obtained by using this theoretical approach to interpret 

experimental measurement data, and the fundamental link between the Ga grading and device 

outputs are better understood, e.g., the variation of other material parameters besides different Ga 

contents, such as carrier mobility, defect densities, also need to be considered. And in the 

modeling, these parameters are treated as fitting parameters, which are unique from sample to 

sample and should be in a reasonable range consistent with experimental observation. 

It is well known that CIGS absorber transport properties such as carrier mobility and diffusion 

length will significantly affect the device performances, however, these properties were assumed 

uniform in the whole CIGS film in most of previous CIGS modeling studies. In this work, the in-

nature non-uniformity of the carrier mobility in the CIGS film is also considered in the models. 

For the presence of the high Ga content and small grain sizes at the back grading, the carrier 

mobility of CIGS films near the back contact are lower, which is also verified when fitting EQE at 

the long-wavelength range. Moreover, the comparison between the modeled and experimental 

results of sample 2 and 3 shows that, when optimizing CIGS device performance by tuning 

fabrication processes, the Ga gradient optimization is not the only important factor, additional 

factors such as crystalline quality and grain sizes must be taken into account at the same time. 
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Figure 1. Illustration of absorption coefficients for CIGS sub-layers with different band gaps (Eg). The solid line is 

the measured absorption spectrum for a CIGS film with a known bandgap, and used as the reference spectrum 

[40]. The dashed lines are derived absorption spectra that are obtained by shifting the energy axis of the reference 

spectrum according to different Eg [8].  
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Figure 2. For sample 1, (a) the experimentally obtained Ga grading profile in the CIGS film. This profile is a 

typical double-grading structure. (b) the simulated energy band diagram of the whole device at thermal 

equilibrium. Ec, Ef, Ev stand for conduction band, Fermi level, valence band, respectively. SCR denotes space 

charge region, and QNR denotes quasi-neutral region. 
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Figure 3. (a) experimental and simulated JV curves for CIGS sample 1. (b) experimental and simulated EQE 

curves for CIGS sample 1. (c) SEM cross-section of sample 1. 

  

(a) 

(b) 

(c) 

Mo 

CIGS 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 15

 

 

 

Figure 4. (a) experimentally obtained Na and Ga gradient profiles for sample 2 and 3. (b) and (c) are SEM cross-

section micrographs for CIGS sample 2 and 3, respectively. It is shown that the CIGS grain sizes near the Mo 

contact are smaller for both sample 2 and 3; the average grain sizes of sample 2 are smaller than those of sample 3. 

The reasons of different grain size formation have been discussed in Ref. [36]. 
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Figure 5. Experimental and simulated JV, QE curves for CIGS sample 2 and 3. The curves for “sample 2 not-

fitted” (blue curve) are based on the Ga gradient profile of sample 2 and electrical parameters of sample 3. 
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Table 1. Baseline parameters for modeling CIGS solar cells[10,16,41] 

 

Contact settings Front contact Back contact 

Contact barrier height (eV) 0.05 0.1 
Surface recombination rate 
(cm/s) 

Electron: 1x107 

hole: 1x107 
Electron: 1x107 

hole: 1x107 
Reflectivity 0.05~0.12 1 

Layer Parameters ZnO CdS SDL CIGS 

Thickness (nm) 300 50~80 30~70 sample dependent 

Electron affinity (eV) 4.4 4.2 same as CIGS 3.67~4.31 (a) 

Band gap (eV) 3.3 2.4 Eg(CIGS)+0.2 1.04~1.68 (a) 

Relative permittivity 9 10 13.6 13.6 
Effective conduction band state 
density (cm-3) 

2.2 x 1018 2.2 x 1018 2.2 x 1018 2.2 x 1018 

Effective valence band state 
density (cm-3) 

1.8 x 1019 1.8 x 1019 1.8 x 1019 1.8 x 1019 

Electron mobility (cm2/v s) 100 100 10 
10~100 (b)  

1.0 (c) 

Hole mobility (cm2/v s) 25 25 2.5 
4~25 (b)  
0.25 (c)  

Doping concentration (cm-3) n: 1x1018 n: 1.1 x 1018 n: 1x1012 p: 2x1016~1x1017
 

Defect states 
    

Density 
Donor-like: 

1x1017 
Acceptor-like: 

1x1018 

 
Donor-like: 

1x1015 
 

Donor-like: 
1x1014 ~1x1017 (a) 

Energy level (eV) Mid-gap Mid-gap Mid-gap Mid-gap 

Gaussian deviation (eV) 0.1 0.1 0.1 0.1 

Capture cross-section for 
electrons (cm2) 

1x10-12 1x10-17 1x10-13 1x10-13  

Capture cross-section for holes 
(cm2) 

1x10-15 1x10-12 1x10-13 1x10-14 

a Ga content dependent 
b for CIGS with low Ga content, sample dependent 

c for CIGS with high Ga content  



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

1. The experimental Ga gradient profles are investigated by numerical modeling. 
 
2. The numerical investigation reasonably interprets all the experimental observation. 
 
3. Carrier mobility in the CIGS absorber is affected by Ga-dependent grain sizes. 
 
4. Non-uniformity of carrier mobility in CIGS needs to be considered in the simulation. 
 


