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Article 

Determination of Electronic Loss in Cu(In,Ga)Se2 
Solar Cell by Spectroscopic Ellipsometry Analysis 
and External Quantum Efficiency Simulation 

Dhurba R. Sapkota 1 and Rabee B. Alkhayat 2 

1 Wright Center for Photovoltaics Innovation & Commercialization, Univ of Toledo, Toledo, Ohio 43606, 
USA 

2 Department of Physics, College of Education for Pure Science, Univ of Mosul, 41002 Iraq 

Abstract: Copper indium gallium diselenide, Cu(In,Ga)Se2, thin-film of about 1.2 μm has been deposited on 
Mo coated soda lime glass by thermal co-evaporation of Cu, In, Ga, and Se sources. The thin film CIGS was 
characterized by energy dispersive spectroscopy (EDS) and identified the elemental composition of Cu, In, Ga 
and Se in the film. A CIGS device was completed by the successive deposition of multiple layers; 
SLG/Mo/CIGS/CdS/ZnO/ITO which yielded the efficiency of 11%. External spectroscopic ellipsometry (ex-situ 
SE) was performed on the completed device and the device analysis was performed. Starting with the 
parameterized complex dielectric functions of the individual component layers, SE analysis was performed 
using a step-wise procedure that ranks the fitting parameters according to their ability to reduce the mean 
square error (MSE) of the fit. The resulting layer thicknesses and dielectric functions were used to simulate the 
external quantum efficiency (EQE) of the device assuming complete active layer collection. Electronic losses 
were identified by comparison of simulated EQE with the measured EQE. The ultimate goal of this work is the 
optimization of narrow band-gap CIGS-related solar cells for the bottom layer in tandem devices. 

Keywords: CIGS; SE measurement; Device Analysis; EQE simulation 
 

1. Introduction 

Cu (In1-x,Gax) Se2 (CIGS with x = Ga/In+Ga) as a good photovoltaic absorber has attracted interest 
since the first report as a CIS (x = 0) by Wagner et al. in 1974. In this report fabrication of a hetero-
junction CIS/CdS PV detector using a bulk p-type crystalline CIS absorber that yielded a solar 
conversion efficiency of 5% [1,2]. The CIGS efficiency is optimized at x ∽ 0.3[3] and decreased with 
x > 0.3 [3,4]. The first fully thin film CuInSe2/CdS solar cells were fabricated from absorbers co-
evaporated from CuInSe2 and Se in a single stage [5]. Series of CIS device optimization and 
characterizations were presented previously [6–8] and this research is the continuation of CIS and 
adding Ga to convert into CIGS. CIGS has attracted great interest as an absorber layer in the field of 
thin film solar cells due to its high efficiency over the time[3,9–14]. Jackson et al. reported the CIGS 
with the efficiencies 21.7 % and 22.6% in 2015 and 2016 respectively[14,15]. Cadmium free CIG (Se, 
S)2 with the conversion efficiency of 23.35% was reported in 2019 by Nakamura et al. [16]. The 
potential alternatives of CdS for the fabrication of Cd free CIGS would be the magnesium zinc oxide 
(MZO) and indium gallium oxide (IGO), the details of their properties were studied [17,18]. 

Researchers are focused on CIGS thin films due to their potential application in multijunction 
perovskite tandem solar cells. The band gap ∽1.20 eV of CIGS is well- suited for this application 
along with its favorable electronic properties and controllable p-type conductivity. CIGS is a 
chalcopyrite compound alloy with a direct bandgap and an optical absorption coefficient greater than 
105 cm−1 above the bandgap. Due to its thermal and chemical stability, adjustability of its bandgap 
by adjusting the gallium content, low light degradation, and high stability under high energy 
irradiation, CIGS has been one of the most promising absorber materials for thin film solar cells. If 
the Ga content x = Ga /In + Ga in the CIGS is reduced to zero, the result is the CIS ternary compound 
with a direct bandgap of ∽ 1.02 eV. The bandgap energy can be increased by adding Ga to CIS and 
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converting it to CIGS CIS. This work focuses on procedure for the understanding of the carrier 
collection and electronic loss for a CIGS (x = 0.3) device via spectroscopic ellipsometry (SE) analysis, 
external quantum efficiency measurement and simulation. Previously a similar study was made and 
presented for the CIS device (CIGS: x = 0.0) [19]. Study of degradation of CIGS, the optical properties 
and band gap of CIS/CIGS and Urbach tail energies were presented previously[7,20] and these results 
were applied to design the perovskite tandems [21,22]. Before studying CIGS, several studies were 
made for the CIS (CIGS: x = 0.0) including optical hall effect, structural and optical studies, device 
simulation and characterizations by different methods[6–8,23–28]. 

2. Experimental Details 

CIGS device was completed by the deposition of different layers in sequence starting from the 
Mo back contact and ending with metal grid as shown in the Fig 1. Soda lime glass (SLG) of 2.5 cm × 
7.5 cm × 0.15 cm in size was used as a substrate. Bared SLG were first cleaned using micro-90 solution, 
followed by rinsing in deionized water in an ultrasonic cleaner and then dried with nitrogen gas. 
Cleaned SLG were immediately put inside the vacuum chamber for the Mo deposition. Mo ∽0. 6 
µm was deposited on Soda-lime glass (SLG) by DC sputtering at 250°C by two-step sputtering 
process. Deposition and process parameters play a major role in achieving the appropriate properties 
for a layer [29]. Mo coated SLG was then transferred to the thermal co-evaporation chamber for the 
absorber layer (CIGS) deposition. CIGS ∽1.2 µm was deposited on top of Mo by one stage thermal 
co-evaporation procedure keeping the substrate at 570°C during the deposition. One stage thermal 
co-evaporation process was performed in a high vacuum chamber by evaporating the corresponding 
elements Cu, In, Ga, Se at same time by adjusting the source temperature to maintain the CIGS 
deposition rate of ∽7-8 Å/s. Buffer layer CdS ∽ 0.05 µm was deposited on top of CIGS by chemical 
bath deposition procedure. Most efficient CIGS-based solar cells have been prepared using CdS as 
the n-type buffer layer. In this process, an aqueous solution of cadmium acetate and thiourea with 
ammonium hydroxide catalyst was used [28]. A bi-layer of transparent conductive oxide i-ZnO 
followed by Indium-dopped tin oxide ITO was deposited on top of CdS. This front contact layer was 
deposited with intended thickness of 0.05/0.2 µm by RF sputtering in high vacuum by keeping the 
sample at room temperature. Immediately it was followed by the metal grid deposition of tri layer 
Ni/Al/Ni by electron beam evaporation. 

 
Figure 1. Schematic of the CIS solar cell structure in the substrate configuration used in this study. 
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2.1. SE Analysis and EQE SIMULATION 

Ellipsometry is an optical technique traditionally used for measuring the thickness and 
investigating the dielectric properties, i.e., the complex index of refraction or complex dielectric 
function, of thin films and stack layers. Spectroscopic ellipsometry (SE) involves performing the 
ellipsometry measurement continuously versus source wavelength and, over the years, has become 
a powerful non-contacting and non-invasive optical technique for the characterization of materials of 
different kind. In a SE measurement, one determines as a function of incident beam wavelength the 
change of polarization upon reflection from or transmission through one or more interfaces that 
comprise the sample structure. During the model analysis; this measured change is compared to that 
simulated using structural and optical models of the sample. The models are then adjusted to fit the 
measured result. SE technique can be used to characterize material structure including thicknesses 
and surface morphologies. SE is a powerful tool which be used to extract optical properties, the real 
and imaginary parts the complex dielectric function (ε1, ε2) as a function of incident photon energy. 

To explore the limitations on single stage CIGS solar cell efficiency the EQE spectrum has been 
modelled. EQE simulation was performed by measuring the SE on whole device and extracting the 
complex dielectric functions (ε1, ε2) of the component layers used in the actual device as in Fig 1.A 
step wise reduction of mean square error (MSE) procedure as presented in Figure 2 was applied while 
performing the device analysis with best fitting of actual data with SE model [19,28]. SE measurement 
was performed on the CIGS solar cell at a 500 angle of incidence with in the photon energy range of 
0.73 eV to 4.0 eV. SE data were fitted using a multilayer model including structural and optical 
properties as presented in Table I. The SE data were fitted by using multilayer stack of device 
structure. This multilayer stack also includes layer volume fractions which control the (ε1, ε2) spectra, 
were determined in a step-wise MSE reduction procedure. Each fitting parameter of the model was 
ordered in two sets according to its ability to reduce the MSE, the first set structural parameters and 
the second set optical property parameters [30]. The MSE reduction procedure in which case the 
square root of the MSE is given in terms of the Muller matrix spectra (N, C, S) as 𝜎𝑁𝐶𝑆 =  √ 13𝑛−𝑝 ∑ [(𝑁𝑖(𝑒)− 𝑁𝑖(𝑐)𝜎𝑁,𝑖(𝑒) )2 + (𝐶𝑖(𝑒)− 𝐶𝑖(𝑐)𝜎𝐶,𝑖(𝑒) )2 + (𝑆𝑖(𝑒)− 𝑆𝑖(𝑐) 𝜎𝑆,𝑖(𝑒) )2] 𝑛𝑖=1 .  

In this equation, n is the number of spectral points and p is the number of fitting parameters. The 
superscripts (e) and (c) represent experimental and calculated values of N = cos2, C = sin2 cos, 

and S = sin2 sin. The quantities σj,i are estimates of the errors in j = N, C, S, at spectral position i for 
the ellipsometer used in this study. The results of the procedure from which nine structural and eight 
optical property parameters deduced are presented in Table I and Figure 2. From the final best fit 
spectra in the ellipsometry angles (, ), the Mueller matrix spectra N = cos2, C = sin2 cos, and S 
= sin2 sin spectra (lines) can be determined as shown along with the data (points) in Figure 3. 
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Figure 2. Step-wise mean square error reduction in the analysis of SE data collected from the CIGS 
solar cell at an angle of incidence of 50°. 
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Figure 3. (a) (, ) best fit matching of model and data, (b) experimental Mueller matrix spectra (N, 
C, S) from a spectroscopic ellipsometry measurement of the CIGS solar cell along with the 
corresponding best fit results using the model of Figure 4. 

Table I was utilized to simulate and model the External quantum efficiency (EQE) of the device. 
CIGS and CIGS/CdS interface layers are the active layers which contribute to the photogenerated 
charge carrier collection as presented in the Figure 5. Figure 6 shows the measured normal incidence 
EQE spectrum, along with the summed spectrum from Figure 5 simulated assuming 100% 
contribution from the two active layers. The reflectance of the complete multilayer structure and the 
optical absorption of each layer in the structure of the CIGS cell obtained via simulation are presented 
in Figure 7. Presented in the Figure 8 is a comparison of the measured complex dielectric functions 
spectra of the CIGS device obtained before (individual layers) and after from device analysis. 

 
Figure 4. Layer stack of the CIGS solar cell including bulk, interface, and surface layers from the SE 
analysis of Figures 2 and 3, and Table I. 
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Figure 5. Components of the EQE spectrum from the two active layers of the CIGS solar cell structure 
of Figure 4 simulated optically assuming 100% charge carrier collection. 

 
Figure 6. Measured normal incidence EQE and the ideal simulated EQE (black line) of thin film CIGS. 
Electronic loss was obtained from simulation by using the structural model and complex dielectric 
functions as presented in Figs.4 and 9. 
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Figure 7. Simulated reflectance from the complete stack and optical absorption in the individual 
layers of the CIS solar cell structure. 

A set of complex dielectric functions (ε1, ε2) was determined applying ex-situ spectroscopic 
ellipsometry measurements and analyses of the component layers used in the CIGS device. These 
complex dielectric functions were utilized for SE analysis of the complete CIGS solar cell in order to 
extract photon energy independent structural and optical property parameters that enable simulation 
of the external quantum efficiency (EQE). Considering the Mo back contact layer first, there have 
been no changes in the deposition chamber and procedure other than standard maintenance since 
the previous optical study by Pradhan [28,31]. As a result, the complex dielectric function of Mo 
obtained by in-situ SE from the previous work were utilized in this work [31]. The (ε1, ε2) spectra of 
the CIGS absorber layer were utilized from the previous study of CIGS from the same chamber and 
deposition procedures [32]. The spectra CdS, ZnO, and ITO were determined in the present work 
utilizing ex-situ SE measurement and data analysis methods. To extract the complex dielectric 
functions, samples in this study were deposited on native oxide coated Si wafers, and all data were 
analyzed using the structural model presented in Fig 8. The complex dielectric function of the surface 
roughness layer in Figure 8 was modeled using the Bruggeman effective medium approximation 
(EMA) by assuming a mixture consisting of bulk layer material and voids characterized in terms of 
their volume percentages[33]. 

 
Figure 8. Model used in the SE study of the thin film component layers of the CIGS solar cell including 
CdS, ZnO, and ITO, each deposited on a c-Si wafer substrate. Variable structural parameters include 
the bulk layer thickness db, and the surface roughness layer thickness ds [28]. 
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Figure 9. Complex dielectric functions of the component layers before device fabrication and obtained 
from the device. 

3. Conclusion 

Multilayer structural analysis by SE on thin film CIGS solar cell by spectroscopic ellipsometry 
(SE) is performed. Complex dielectric functions layers from the CIGS stack layers were utilized for 
the EQE simulation and compared with measured results. Observed deviation is utilized to refine the 
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optical model for the cell, as well as to identify electronic losses in the present configuration and 
deposition procedures of the layer stack. Complete collection by the active layers CIGS/CdS interface 
and CIGS absorber layers, was expected to yield a potential short circuit current density of 32.44 
mA/cm2 as obtained from simulation. The lower experimental value of Jsc = 30.87 mA/cm2 is an 
indication of recombination in the absorber layer along with possible effects of a large conduction 
band offset at the CdS/CIGS interface and this also indicates the formation of barrier against collection 
of the photogenerated electrons in the absorber [30]. Total of ∽ 1.6 mA/cm2 loss is identified from 
the experimental and simulated EQE comparison. Study of change in complex dielectric functions of 
the component layers deposited separately and in stack on top of each other is presented. Future 
steps will involve optimization of the CIGS performance by reducing the deep absorber 
recombination and top contact optical losses through variations in the CIGS thickness and other layer 
thicknesses of the device. 
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