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About Version 3.0 

 

In Ver. 3.0, the calculation of maximum solar cell efficiency and the other related 

parameters (maximum Voc and FF) became possible. The J-V curve and the resulting 

solar cell performance is calculated from EQE by considering the black-body radiation 

at 300 K in a thin-film structure [see Kato et al. Phys. Rev. Appl. 12, 024039 (2019)]. In 

this version, the solar-cell selector screen is also provided. 

 

About Version 2.0 

 

In Ver. 2.0, the EQE simulation/analysis of solar cells with thick wafers, such as 

crystalline Si (c-Si) solar cells, is supported. In this version, the incoherent 

optical-response calculation, which is necessary to reproduce the light absorption 

behavior in thick semiconductors, is fully supported [see Nakane et al. J. Appl. Phys. 

122 (2017) 203101] and thus the EQE simulation of quite typical c-Si solar cells can 

now be performed. Moreover, the EQE calculation for a tandem-type solar cell is further 

realized in this new version. 

 

About Version 1.1 

 

The e-ARC software Version 1.0 was released in September 25, 2017 at EU PVSC 

conference. Later, however, it was found that the software does not operate properly in 

European-language-based Window OS due to the difference in the definition of 

“comma” and “period”. In this new version of the software (Version 1.1), the problem 

has been fixed and the operation of the software under various Window operating 

systems has been confirmed. Moreover, simulation/analysis examples for different solar 

cell devices are included (see “2.3 Quick start”). 

 

 

If there are some problems for the software operation, please contact with the following 

persons: 

 

i) Concerning overall software operation 

  Hiroyuki Fujiwara (Gifu University); Email: fujiwara@gifu-u.ac.jp 

ii) Concerning software download 

  Hitoshi Tampo (AIST) ; Email: tampo-21@aist.go.jp 
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1. Introduction 

 

  The e-ARC software is the external quantum efficiency (EQE) analysis and 

simulation program that can be employed to determine reflection, absorption and 

recombination losses in various solar cells with a calculation time of ~1 s. In this 

method, the effects of (i) light scattering caused by rough textures and (ii) carrier loss 

induced by recombination at semiconductor interface and bulk regions are fully 

incorporated. In the ARC method, the reflectance (R) spectrum of the textured solar cell 

is calculated by linearly connecting the minimum R points obtained assuming flat 

optical models to simulate the anti-reflection condition (ARC) effect realized in textured 

structures. In the extended ARC (e-ARC) method, the influence of the carrier 

recombination is further modeled. The most detailed explanation for the analysis 

method is described in the book  

[1] Chapter 2 in Spectroscopic Ellipsometry for Photovoltaics: Volume 2: 

Applications and Optical Data of Solar Cell Materials, H. Fujiwara and R. W. 

Collins, editors (Springer, Heidelberg, 2018). 

In this book, the tabulated and modeled optical constants of ~150 solar-cell component 

materials including various inorganic/organic/hybrid perovskite semiconductors, 

transparent conductive oxide (TCO) materials, metal, and substrates are summarized, 

which can be incorporated directly to the EQE calculations. The absorption-coefficient 

spectra of selected inorganic/hybrid-perovskite solar cell materials, which are 

summarized in Ref. [1], are shown in the next page. 

The basic principles of the EQE analysis method can also be found in 

[2] A. Nakane, H. Tampo, M. Tamakoshi, S. Fujimoto, K. Min Kim, S. Kim,  

H. Shibata, S. Niki and H. Fujiwara, J. Appl. Phys. 120 (2016) 064505. 

In the above Ref. [2], the EQE analysis examples of Cu2ZnSn(S,Se)4 (CZTSSe), CdTe, 

hybrid perovskite solar cells are described. For the complete analysis of Cu(In,Ga)Se2 

(CIGSe) solar cells fabricated by three-stage coevaporation, the method described in 

   [3] T. Hara, T. Maekawa, S. Minoura, Y. Sago, S. Niki and H. Fujiwara, Phys. Rev. 

Applied 2 (2014) 034012. 

has been employed in the software. For the analysis of textured c-Si-based solar cells, 

detailed description is given in 

   [4] A. Nakane, S. Fujimoto and H. Fujiwara, J. Appl. Phys. 122 (2017) 203101. 

 

When the analysis/simulation results obtained using the e-ARC software is to be 

published in your researches, please cite the proper references described above. 
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Fig. 1.1 Absorption-coefficient spectra of various solar cell materials which appear in 

Spectroscopic Ellipsometry for Photovoltaics: Volume 2: Applications and Optical Data 

of Solar Cell Materials, H. Fujiwara and R. W. Collins, editors (Springer, Heidelberg, 

2018). The complete optical data of these materials are shown in the above book. The 

closed circles indicate the Eg positions of each absorber material. For high efficiency 

Cu(In,Ga)Se2 solar cells, the composition of CuIn0.8Ga0.2Se2 has been used and the 

corresponding spectrum is shown. It should be noted that the optical constants of a-Si:H 

are process dependent. 
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1.1 Software features 

 

  The e-ARC software calculates the EQE and absorptance (A) spectra of the 

semiconducting absorber and component layers incorporated into solar cells in high 

speed. From these spectra, the short-circuit current density (Jsc) and the current losses 

induced by light reflection, parasitic light absorption and carrier recombination are 

estimated. From the EQE, the maximum conversion efficiency, Voc and FF are further 

estimated. 

 

1.2 Software specification 

 

① Modeling and calculation 

・Various solar cells with substrate- and superstrate-type structures can be calculated. 

・CIGSe solar cells having Ga double-grading structures can be simulated. 

・Analyses of wafer-based (thick) solar cells can be carried out. The pyramid-type c-Si 

solar cells can also be characterized using experimental R. 

・By linear interpolation, various EQE and R spectra with different data spacing for 

wavelength can be analyzed. 

・Arbitrary optical data (tabulated and modeled data) can be used as the optical constants 

of each layer. The model parameters of the Tauc-Lorentz, Drude, Sellemier and 

Cauchy models can also be used. For the details of the models, please see  

[5] H. Fujiwara and R. W. Collins, editors, Spectroscopic Ellipsometry for 

Photovoltaics: Volume 1: Fundamental Principles and Solar Cell 

Characterization (Springer, Heidelberg, 2018). 

   [6] H. Fujiwara, Spectroscopic Ellipsometry: Principles and Applications, Wiley, 

2007. 

・Minor adjustment of band gap (Eg) of each layer can be made quite easily by using a 

simple spectral-shift model. 

 

② Analysis results 

・R, A and EQE spectra of solar cells are calculated in a few seconds by applying the 

optical admittance method. 

・Jsc values corresponding to EQE, R, A and recombination are shown automatically. 

・Maximum conversion efficiency, Voc and FF are further estimated automatically. 

・When the thickness or Eg of the component layer is changed, all the calculated spectra 

changes automatically (real-time mode). 
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・Depth-resolved EQE and A spectra can be calculated. 

 

③ File management 

・All the graphs that appear on the software screen can be saved using “.png” file  

format. 

・All the calculation parameters and results can be saved. 

・The partial EQE and A data (2D data) can be saved using a script file that can be 

illustrated by gunplot. 

 

2. Installation & Quick Start 

 

2.1 Execution environment 

 

・Microsoft Windows 7 and above operating system 

・For gunplot (free software), gnuplot 4.2 and above version 

 

2.2 Installation method 

 

  The easiest way to operate the software quickly is to copy the downloaded “e-ARC” 

folder directly to the main C drive (i.e., root directly; C:). To do this, click “e-ARC.zip” 

and copy the “e-ARC” folder to the C drive (C:). Note that when the e-ARC folder is 

copied to the desktop or “C:/Program” directory, the software does not operate properly. 

In case the e-ARC folder is copied to other directory, the file path name should be 

changed (see Sections 4.1 and 4.2). After the completion, click “Optical simulator 

ver3.0.exe” in the e-ARC folder to start the program. (If the e-ARC folder is copied to 

the directory other than C:, some error messages appear due to the improper path names, 

which need to be corrected).  

 

2.3 Quick start 

 

The window shown in the next page indicates the screen image obtained after clicking 

“Optical simulator ver3.0.exe”. After starting the software, solar-cell selector screen 

appears (see next page). From this screen, select a desired solar cell device. After this 

procedure, the software main screen appears. If you click the start button indicated by a 

red square below (see next page), the EQE spectrum is calculated. If the layer thickness 

is changed, the EQE spectrum changes automatically. 
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Solar-cell selector screen 

 

Main screen 

 

After the EQE spectrum is calculated successfully, if the “J-V Curve” tab is clicked, the 

maximum efficiency, Voc and FF are calculated automatically (see Section 4.6 for more 

details) 
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In the software, several examples for different device structures are installed. To load 

this setup, first click the stop button shown below. 

 

 

 

Then click the “File” menu bar and select “Load Setup”. 

 

 

 

When the following sub-window opens, select a file with “.ini” extension.  

 

 

 

The folder “SAMPLE” includes calculation examples and, in the current version, the 

examples for CdTe (i.e., “CdTe.ini” for example), CIGSe, CZTS, CZTSe, MAPbI3, c-Si, 

GaAs, a-Si:H/c-Si, InGaP/GaAs solar cells and Potential Efficiency are incorporated. 

After selecting these files, click the start button to start the calculation. The current 

setup can also be saved using “Save Setup” command in the “File” menu.  
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2.4 Directory structure 

 

 
e-ARC 

     cbar:  Color examples for 2D graphs (default) 

     material file:  Optical constants of materials are stored 

     Experimental data:  Experimental EQE and R spectra of analysis examples 

     solar spectrum:  Spectrum of solar light (AM1.5G) is stored 

     SAMPLE:  Sample initial file (default) 

    Optical Simulator ver3.0.exe:  Execution file of the e-ARC software (Version 3.0) 

    Setup.ini:  Initial parameter file for the program 
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3. Overview of EQE analysis/simulation 

 

In the EQE analysis (Fig. 3.1), we first select experimental data of the solar light 

spectrum, EQE spectrum (optional) and R spectrum (optional). The experimental R 

spectrum can be incorporated into the analysis particularly when the texture structure is 

present and the modeling of accurate R spectra is difficult (see Ref. [1-4]). In the next 

step of the analysis, the layer structure of the solar cell is modeled, followed by the 

selection of the optical constants and thickness of each layer. After setting these initial 

parameters, the calculation is started. In the actual fitting analysis, layer thicknesses and 

carrier recombination (carrier collection length LC and dead layers: see Section 4.7 and 

4.8) can be adjusted. In more advanced analysis, the compositional grating in the 

absorber layer is modeled. 

In the software, mean-squared error (MSE) given by the following equation is 

calculated automatically: 

      ( )∑
=

−=
N

i

icaliex EQEEQE
N

MSE
1

2

,,

1
,                             (3.1) 

where EQEex, EQEcal and N are experimental EQE and calculated EQE and a total 

number of data points, respectively. When the fitting is insufficient (i.e., when a MSE 

value is large), the structures and optical constants of layers are adjusted. Finally, from 

the best fitting, the current losses are determined. From the determined EQE, the 

maximum efficiency, Voc and FF are further calculated. 

 

  

 

 

 

 

 

 

 

 

 

 

 

                                      

Fig. 3.1 EQE calculation procedure. 
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4. Details of EQE analysis 

 

Here, the basic e-ARC analysis procedure is introduced using a CZTSe solar cell as 

an example. The experimental data are described in Ref. [2]. This CZTSe solar cell has 

a structure of ZnO:Al/ZnO/CdS/CZTSe/MoSe2/Mo (a total of six layers). 

 

4.1 Selection of the experimental data and path name setting 

 

  In this analysis example, the R spectrum of a CZTSe solar cell is calculated by the 

ARC method [1-3] as the solar cell has a submicron texture [2]. In the analysis, 

therefore, only the solar light and EQE spectra are used. The unit of the input solar cell 

spectrum is Wcm
-2

nm
-1 

and the spectra of EQE and R should be in a range of 0~1 (i.e., 

Not 0-100%). When the experimental EQE is evaluated, it is necessary to remove the 

contribution of the front metal-grid electrode used in substrate-type solar cells, as the 

effect of the shadow loss is not modeled in the EQE calculation. 

 

① Start the software by clicking “Optical Simulator ver3.0.exe”. 

 

② The software window below shows the initial screen of the software. Click the tab 

menu of “File” and further select “File Select”  
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③  In the generated “File Select” subwindow, click “Browse” button of “Solar 

Spectrum File” (red square below) 

 

 

 

④ Select a file of solar spectrum data (“AM1.5G.csv” in “solar spectrum” directory) 

 

 

⑤  In the case of the EQE fitting analysis, click “Browse” button of “EQE 

Experimental Data File”. When only EQE simulations are performed, the selection of 

EQE is not necessary. The EQE experimental file should have two columns with the 

first and second columns to be the wavelength and EQE data, respectively. 

 

 

 

 

 

 

⑥ Select a file of EQE experimental data (“CZTSe_Experimental EQE A. Nakane, J. 

Appl. Phys. 120 (2016) 064505.csv” in this example) 
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⑦ When the experimental R spectrum is used in the EQE analysis, click “Browse” 

button of “Reflectance Data File”. The file structure is identical to that of the EQE file. 

 

 
 

 

⑧ Sometimes it may be necessary to show additional EQE spectra. In this software, 

additional EQE spectral can be uploaded up to two files. To do this, click the tab menu 

of “EQE1” or “EQE2” and then select the file using “Browse” button.  
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It should be noted that the additional EQE spectra are shown to confirm/compare the 

data and, in the fitting analysis, MSE of these additional EQE spectra will not be 

calculated. 

 

4.2 Modeling of a solar cell structure 

 

4.2.1 Setting of layer number and layer names 

 

① For the construction of a solar cell structure, click the tab menu of “Setup” and 

further click “Layer Model”. 
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② The CZTSe solar cell has a structure of ZnO:Al/ZnO/CdS/CZTSe/MoSe2/Mo. Thus, 

in the generated subwindow (“Layer Model Configuration”), input “6” for “Number of 

the used layer” indicated by the red square. 

 

 

③ Then, input the name of individual layer in the textbox indicated by the red squars. 

 

Note that all the names of the individual layers need to be different and the 

calculation errors occur when the same name is used for two different layers. 

 

④ For the absorber layer (active semiconductor layer) of the solar cell, click the button 

of “Absorber” subwindow. In this example, select the CZTSe layer as the absorber. This 

button needs to be used and affects the color map of the EQE spectrum and Jsc 

calculation result. The “Glass substrate” and “CPA layer” subwindows are not used in 

this example and will be applied for superstrate-type solar cells (Section 6.1) and c-Si 

solar cells (Chapter 7), respectively. 
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⑤ The number of “Integration#” denoted by the green color shows the sequence of the 

integration in the EQE color-map spectra calculated later. The absorber layer is #1 layer 

and, in the EQE plot, A of #2 layer is added to the EQE of #1. When the anti-reflection 

layer is present, select the number of this layer as the last number. In this example, the 

integration sequence is as follow: CZTSe(#1), CdS(#2), ZnO (#3), ZnO:Al (#4), MoSe2 

(#5), Mo(#6). 

 

 

4.2.2 Setting of optical constant data 

 

  For the optical constants of layers stored in the “material file” directory (see Section 

2.4), two different data types are present: (i) (n, k) data (refractive index n and 

extinction coefficient k) and (ii) dielectric-function model parameters. The file type of 

the (n, k) data is “.csv” and this text data has a file structure of Fig. 4.1(a) (i.e., the 
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columns of wavelength, n and k). On the other hand, the file type of the model 

parameters is “.txt” and the example of the text data is shown in Fig. 4.1(b). In this 

program, the four dielectric function models are supported: (i) Tauc-Lorentz (TL) model, 

(ii) Drude model, (iii) Sellmeier model and (iv) Cauchy model (see Refs. [5-7]). The 

sequence of parameter description and the units of each model are summarized in Table 

4.1. In the example of Fig. 4.1(b), the CZTSe dielectric function is modeled by a total of 

five TL peaks [8] and the first row shows the TL parameters of the first TL peak (i.e., 

A=11.122 eV, C=1.330 eV, E0=1.177 eV, Eg=0.700 eV and ε1(∞)=0.770). 

 

Figure 4.1 (a) (n, k) data file (“.csv” files) for ZnO:Al and (b) dielectric-function model 

parameters (“.txt” files) for CZTSe [8]. 

 

Table 4.1 Sequence of parameter description and units of each model. 

 

 

The procedure for the selection of the optical constant data is as follows: 

 

① Select the (n, k) data file for the ZnO:Al using “Browse” button in “Layer Model 

Configuration” window as indicated by the red square. 
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② Select the (n, k) file of “ZnO;Al N_1.5×10^20 T. Hara, Phys. Rev. Applied 2, (2014) 

034012”. The number of this file indicates the optical carrier concentration Nopt of 

1.5×10
20

 cm
-3

, which determines the free carrier absorption in TCO layers [5,6,9]. The 

reference information is also included as a file name. 

The difference of the “.csv” and “.txt” files is judged automatically by the software 

and, in the case of the (n, k) data file (i.e., “.csv”), the minimum and maximum 

wavelengths will be indicated. In the above example of ZnO:Al, the (n, k) wavelength 

range is denoted as “nk (192-1687)” and “192” corresponds to the minimum λ, where 

“1687” indicates the maximum λ of the data. If the file name/path name is invalid, the 

message of “Invalid path” will be shown (see blue square above). On the other hand, 

when the model parameters (i.e., “.txt”) are chosen for the optical function calculations, 

“Model” indicator is shown and, in this case, there is no limit for the calculated λ range.  

 

③ Select the input files for all the layers. In this analysis example, the model 

parameters (i.e, “.txt” file) are used for the CZTSe absorber. For this layer, therefore, 

“Model” is indicated. The figure below shows the window obtained after finishing all 

the selection and necessary input. Then, to finish the modeling, click “OK” indicated 

below. 
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4.3 Setting of wavelength range for EQE calculations 

 

① Click the tab menu of “Setup” and further select “Wavelength” 
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② In the generated “Wavelength range” window, insert the minimum and maximum 

wavelengths as the wavelength range of EQE calculations. In this wavelength range, the 

data spacing of the experimental data is adjusted automatically to that of the solar light 

spectrum, so that Jsc can be calculated. It should be emphasized that all the input data 

(experimental data of EQE, R and optical constants) need to cover the wavelength range 

defined by the minimum and maximum wavelengths in this window. The maximum 

values for “Minimum” and “Maximum” wavelengths are 400 and 3999 nm, 

respectively. 

 

 

③ Then select the maximum wavelength for the EQE plot. This value should be equal 

or smaller than the maximum value of ②. The minimum value is consistent with the 

minimum wavelength range of ②. 

 

 

④ Input the maximum wavelength for Jsc calculation. This value should be smaller 

than the maximum value of ②. The minimum value is consistent with the minimum 

wavelength range of ②. This maximum value is quite important in the analysis of the 

current loss mechanism as Jsc and other current losses are calculated by integrating the 

spectra range using this maximum wavelength. Often, solar cells show strong tail 
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absorption and, if the maximum wavelength is set to Eg, Jsc is underestimated. On the 

other hand, if the maximum value is too large, the contribution of the parasitic 

absorption will be overestimated. 

 

 

 

 

⑤ After setting all the parameters, cilick “OK”. 

 

 

 

4.4 EQE calculation using the main menu. 

 

Figure 4.2 shows the main screen of the software. In this figure, the areas indicated by 

the red squares represent the windows that control the input parameters (i.e., A～D), 

whereas the blue squares denote the subwindows that show the calculation results (i.e., 

E～G). 
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Figure 4.2 Main screen of the e-ARC software. 

 

 

The details of each panel are described below: 

A: Layer name and thickness, number of division and energy shift value of the optical 

data. 

B: Detailed setting and adjustiment of R calculation 

C: Selection of the R spectrum used for the EQE calculation 

D: Recombination analysis (carrier collection length LC) and graded/compositional 

modulation control. 

E: Calculated R and EQE spectra are shown here. 

F: This small window indicates the wavelength ranges set at Section 4.3. 

G: Calculation result of Jsc, current losses, and MSE in the EQE fitting analysis. 

 

① Setting of solar cell structure (window A) 

  Input thicknesses of each layer in the text boxes. Set all the numbers of divisions to 

“1” as the default value. The number of division indicates the number of sublayers. If 

the number of division is 10, this layer is divided into 10 sublayers with an equal 

thickness. This value becomes important in the depth-resolved EQE calculation (see 

Option in Section 4.10). 

 

 

A 

 

D B 

 

C 

 

 

 

E 

F 

G 
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② Start EQE calculation 

  If “Start” button indicated by the red square below is clicked, the EQE calculation 

starts and the status bar changes to “Simulating”. The “Start” button also changes to 

“Stop” button. In this status (real-time mode), if the thickness or other parameter is 

changed, the calculation result is reflected in real time, making the EQE fitting more 

easily. On the other hand, if “Stop” button is pushed, the status changes to “Idle” and 

the calculation stops. The calculation result can be saved only during the idle status. 
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③ Setting of the energy shift value (window A) 

  Often, semiconductor layers show slight Eg shifts due to the compositional 

modulation or the Burstein-Moss shift in TCO layers. In the e-ARC software, the effect 

of Eg change can be incorporated by simply setting the energy shift value “E_shift” in 

the window A. In this case, not only the positive vlaues, but also the negative values can 

be employed, and the original optical function is shifted horizontally along the energy 

direction. At this stage, the feature of the E_shift can be applied only when the TL 

model parameters (i.e., “.txt”) are available and is not supported for the (n, k) data file 

(i.e., “.csv”), although the shifted spectra can be made manually. For all the optical data 

of Ref. [1], the TL parameterization has been performed and thus the energy shift can be 

implemented. In the actual calculation, the E0 and Eg parameters of the TL model are 

changed according to the E_shift value. 

  In the above analysis example, the energy shift is possible for the CZTSe absorber 

layer and the value of 0.25 eV is assumed in the analysis. In the calculated result, the 

longer-wavelength EQE response decreases rather largely due to the spectral shift 

toward higher energy. 

 

Figure 4.3 EQE analysis result obtained with the energy shift of 0.25 eV in the CZTSe 

layer. 

 

④ Setting of R spectrum (window B) 

  Figure 4.4 shows the enlarged window B. In the regions I and II of Fig. 4.4, we select 

the types and scales of R spectra, respectively. 
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Figure 4.4 Enlarged window B. 

 

In the region I, the R data for plots are selected. The R data types are as follows: 

  Experiment:  Experimental R (this check box appears only when the experimental  

file is selected). 

  Flat:   R calculated assuming a flat optical model. 

  ARC:  R calculated for textured structures using the ARC method [1-3]. This 

spectrum is obtained by connecting the minimum R points of the flat 

structure. 

ARC(adjust):  R calculated using the ARC method but with adjusted R points (see ⑤ 

below for more detail) 

  Mixed: In this case, R is calculated by mixing R contributions of flat and ARC 

calculations: 

        
100

100
)(

100

a
adjustARC

a
FlatMixed

−
×+×=                 (4.1) 

 The value of a is set as a value of “Flat area (%)” in the window. 

 

In the region II, the scales of the R plot shown in window E can be changed. 

 

⑤ Adjustment of the R spectrum calculated by the ARC method (window B) 

 In some cases, the R spectra obtained from the ARC calculations deviate from 

experimental R spectra due to the simplification in the ARC method. In such cases, we 

can adjust the R spectra by adding/removing the control R points using the following 

procedure. 

 

I. Removal of the R point 

  Within the ARC adjustment window, if the numerical value of “Point (nm)” is clicked, 

the minimum R points are listed in the column (see below). Then, select a minimum R 

ⅠⅠⅠⅠ ⅡⅡⅡⅡ 
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point you want to remove. 

 

 
 

  After selecting the wavelength, click “Remove”, then the result is reflected 

automatically. In the plot, the modified spectrum is shown as ARC(adjust) as shown 

below. If necessary, repeat the above procedure to further remove additional R points. 
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II. Addition of the R point 

  Within the ARC adjustment window, input a R value at an arbitrary wavelength in the 

text boxes and then push “Add” button. The added point is shown automatically in the 

plot. 

 

⑥ Selection of the R spectrum for EQE calculation (window C) 

  In the window C, the R spectrum used for the EQE calculation is selected. The 

R(ERS) in the window indicates R of experimental reflectance spectrum. Figure 4.5 

shows the calculation result when the R spectrum calculated from the ARC method is 

chosen. In Figure 4.6, the EQE spectrum obtained when the R spectrum of the flat 

model is used is indicated. As confirmed from these two results, the choice of the R 

spectrum affects the calculation result largely. In particular, when the texture is present, 

the interference pattern is eliminated by the light scattering effect and the ARC 

spectrum needs to be used [1-3]. 

 

 

Figure 4.5 Calculation result when the R spectrum calculated from the ARC method is 

used. 
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Figure 4.6 Calculation result when the R spectrum of the flat model is used. 

 

In Figs. 4.5 and 4.6, the red lines in window E (right side) show the calculated EQE 

spectra, whereas the yellow region indicates the light absorption in the CZTSe absorber 

layer. In these analysis examples, the poor agreement between the calculated and 

experimental EQE spectra is caused by the carrier recombination (see Section 4.7). 

 

4.5 Calculation result (window G) 

 

  After the EQE calculation, the analysis result and MSE are shown in window G (see 

Fig. 4.7 below). In the “Simulation result” subwindow (region I), the values of the 

analysis parameters (layer thicknesses, etc.), Jsc, and various current losses are indicated, 

while the value in the “Fitting error” subwindow indicates the difference between the 

experimental and calculated EQE spectra. 

 

  

Figure 4.7 EQE analysis result and fitting error (MSE). 

 
 

I II 
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In the result subwindow, the date/time, analysis condition and Jsc result are summarized. 

The various Jsc values are calculated by the following equation [1-3]: 

∫= λλλ
π
λ

dSF
c

e
J sc )()(

2 h
,                                  (4.2) 

where e and c show the electron charge and speed of light, respectively. In the above 

equation, F(λ) is the spectrum or a function described below, while S(λ) indicates the 

solar light spectrum (irradiance). The integration of Eq. (4.2) is carried out in the range 

selected in Section 4.3. 

 Depending on the selection of F(λ), different Jsc values are calculated as listed below: 

Jsc(total): Jsc obtained by setting F(λ)=1 in Eq. (4.2). This corresponds to the 

maximum Jsc possible in the selected wavelength range (i.e., all the 

photons are simply converted into the current). 

Jsc(calc):  Jsc obtained by setting F(λ)=EQE(λ). This Jsc is consistent with the 

calculated EQE spectrum. If the fitting to the experimental EQE 

spectrum is sufficiently good, the Jsc(calc) should show a similar 

value close to the experimental Jsc. 

Jsc(R): Jsc obtained by setting F(λ)=R(λ). This shows the Jsc loss induced 

by the light reflection. Jsc(R) is calculated by R(λ) selected in the 

window C. 

Jsc(layer): Jsc obtained by setting F(λ)=A(λ). This shows the Jsc loss induced 

by the unfavorable parasitic light absorption in each solar-cell 

component layer. 

Jsc(recomb): Jsc obtained by setting F=A(absorber)−EQE. This shows the Jsc 

loss induced by the carrier recombination. If Jsc of the absorber 

layer is Jsc(absorber), Jsc(recomb) is expressed as  Jsc(recomb) = 

Jsc(absorber) − Jsc(calc). 

 

4.6 Calculation of solar-cell potential efficiency 

 

  After the EQE is calculated, the maximum conversion efficiency and the other 

solar-cell parameters (J0, Jsc, maximum Voc and maximum FF) can be calculated 

automatically by clicking the “J-V Curve” tab (Fig. 4.8). This calculation is performed 

by exactly following the procedure described in Kato et al. Phys. Rev. Appl. 12, 024039 

(2019). In the software results, however, the performance loss due to surface metal-grid 

electrode is neglected and the saturation current density J0 is estimated by considering 

only the black-body radiation at normal incidence (i.e., θ = 0
o
, see the reference above). 
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Figure 4.8 Calculation results of J-V curve and solar-cell parameters. 

 

 

 

4.7 Analysis of carrier recombination (window D) 

 

  In the e-ARC method, the carrier recombination that occurs within the absorber layer 

can further be analyzed [1-2]. The carrier recombination can be modeled rather simply 

by defining the carrier collection length LC. As illustrated in Fig. 4.9, LC indicates a 

length from the absorber front interface and the carrier generated within the distance of 

LC is collected while the other carriers generated in the solar cell bottom region is lost 

by the recombination. In general, LC = W + LD, where W is the depletion layer thickness 

and LD is the diffusion length [1,2]. In the e-ARC method, the carrier collection  

 

 

 

 

 

 

 

 

Figure 4.9 Definition of carrier collection length LC. 
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efficiency H(λ) is modeled as 

[ ]CLH )(exp1)( λα−−=λ , (4.3) 

where α (λ) shows the absorption coefficient of the absorber (semiconductor) layer. By 

employing the above equation, the resulting EQE spectrum can be calculated by 

)()()( λλ=λ HAEQE .                                     (4.4) 

  By using the above e-ARC method, the CZTSe analysis in the previous section is 

performed again here. To perform the recombination analysis, click “Active” check box 

in the window D and input the LC value (nm) in the text box. The EQE spectrum is 

updated automatically according to the LC value. Figure 4.10 shows the final result 

obtained from this analysis. In this analysis, LC =700 nm and E shift (CZTSe) of 0.15 

eV are assumed. From such analyses, all the current loss mechanism (reflection, 

parasitic absorption and recombination losses) can be determined. 

 

Figure 4.10 Final analysis result obtained for the CZTSe solar cell using e-ARC. 

 

  In the actual experimental CZTSe solar cell used in the above analysis, rather 

extensive void formation occurs at CZTSe/Mo interface [2] but this effect is neglected 

in this example. If more detailed analysis is performed, the EQE fitting further improves 

notably [2]. 
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4.8 Analysis of interface recombination (window A) 

 

  In the e-ARC method, the carrier recombination that occurs in the rear interface 

region can be expressed quite well, but the recombination in the front interface region 

cannot be described. However, the front interface recombination can be modeled by 

providing a dead layer that allows no carrier extraction (Fig. 4.11). In the model of Fig. 

4.11, the dead layer is placed within the absorber layer with a thickness of ddead. If the 

front interface recombination is strong, the effective thickness of ddead increases and the 

carrier loss increases. 

  To perform the above analysis, provide a dead layer at the interface using the same 

optical constants as the absorber in window A. In other words, in this analysis, we 

introduce identical two absorber layers in the optical model and treat the one layer as 

the dead layer while assuming 100% carrier collection in the rest of the absorber layer. 

 

 

Figure 4.11 Definition of a dead layer in an absorber layer. 

 

The example of the dead layer analysis is shown in Fig. 4.12. In this case, the front 

interface recombination is considered and the optical model of ZnO:Al/ZnO/CdS/Dead 

layer (CZTSe)/Absorber (CZTSe)/MoSe2/Mo (7 layers) is constructed. In Fig. 4.12, the 

thickness of the dead layer is 30 nm and, since EQE is calculated from the contribution 

of only the CZTSe absorber layer, the EQE decreases by the light absorption in the dead 

layer. In the actual fitting analysis, a total thickness (absorber+dead layers) needs to be 

maintained to a constant value. As confirmed from Fig. 4.12, the front interface 

recombination reduces the EQE response in the short wavelength region, while the 

recombination in the rear interface region decreases EQE in the longer wavelength 

region. Accordingly, this analysis confirms that the front interface recombination is 

negligible in the CZTSe solar cell [2]. 
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Figure 4.12 Example of the dead layer analysis. The blue square indicates the CZTSe 

layers and the red square represents the CZTSe dead layer. 

 

  By assuming the rear interface recombination, a more complex analysis can be 

performed. If the dead layers are assumed to exist at both interfaces (i.e., front and rear 

interfaces), the absorber layer should be divided into a total of three layers (i.e., front 

dead layer/absorber/rear dead layer). This analysis can be implemented by further 

introducing the additional layer in window A. Nevertheless, the combination of the front 

dead layer with the LC modeling for the absorber provides better EQE fitting [1,2]. 

 

 

4.9 Saving the calculation result 

 

  All the calculation results including (i) R spectra, (ii) EQE and A spectra, and (iii) 

simulation results can be saved. To do this, 

 

① First click “Stop” button in the main menu to finish the real-time mode. And then 

click “Main Save” button in the main window (see below).  

Dead layer 
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② In the generated “Save Main Simulation Result” window, click “Browse” button to 

select the directory and enter the folder name. For the intended files to be saved, click 

the check boxes. Finally, click “Save” button to finish the operation. 

 

4.10 Optional calculation 

 

 In the option window, the depth-resolved EQE and A spectra (partial EQE and A) are 

calculated. To perform the depth-resolved EQE calculation, the number of division in 

window A needs to be increased. In general, the resolution of 1 nm is sufficient. Thus, if 

the layer thickness is 100 nm, the number of division is set to 100. For the actual 

calculation, click the “Option” tab located right next to the main tab (near “Setup” menu 

bar). By this procedure, the option window (see below) is generated: 
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Figure 4.13 Screen of the option window 

 

The windows of the option window are as follows: 

A: Result window. There are also sub-menus described below: 

Jsc:            Integrated Jsc for wavelength and layer thickness is shown. 

The integrated Jsc is consistent with Jsc of the EQE 

spectrum. 

EQE/A:         Depth-resolved color mapping graphs for EQE and A of 

the absorber layer. If these partial EQE and A spectra are 

integrated, the EQE and A spectra of the absorber layer in   

the main window are reproduced. 

Each materials: Depth-resolved color mapping graphs for A of the 

component layers. 

B: Option calculation/save window. 

   Option calculation and data saving are controlled. 

C: Data save window 

   When the check boxes are clicked, the data of the clicked materials are saved. 

 

① Color mapping data 

  The following example (Fig. 4.14) shows the partial A spectra of the ZnO layer in the 

CZTSe solar cell. To show this data, click “Each material” tab in the window A, then 

click the “#2” button that appears at the top part of the subwindow. In the solar cell 

A B 

C 
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structure, the second layer on the light incident side is the ZnO layer. Thus, #2 

corresponds to the ZnO layer. The setting for the ZnO layer in the main menu (window 

A) is as follow: thickness = 50 nm, number of division = 50. In this case, since the ZnO 

layer is divided into a total of 50 layers, the thickness of one sublayer is 1 nm. If the 

division is 100, this thickness decreases to 0.5 nm. In the mapping data, the partial A 

spectra calculated using the corresponding number of division are shown. In the above 

example, the number of division is set to 1-nm resolution as the thickness is equal to the 

number of divisions. The depth resolution can be improved by simply increasing the 

number of divisions. 

  In the example of Fig. 4.14, the number of division is 2000. As shown in this figure, 

the light absorption in the ZnO layer occurs only in a selected region. The 

lower-wavelength limit is determined by the light absorption in the upper ZnO:Al layer, 

whereas the maximum limit is determined by Eg of the ZnO layer (Note that Eg of 

non-doped ZnO is slightly smaller than that of ZnO:Al due to the Burstein-Moss shift). 

 

Figure 4.14 Partial A spectra of the ZnO layer with a thickness of 50 nm (Number of 

division is 2000). 

 

② Saving of color mapping data 

  First click “Stop” button in the main menu. The calculation results can be saved by 

clicking “Option Save” in window B (see below). In the generated “Save Option 

Result” window, the same procedure used in the “Main save” can be used (see Section 

4.9). 
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5. Example 1: EQE analysis of a CIGSe solar cell with a double 

grading structure 

 

In this section, a more complicated EQE analysis for a state-of-the-art CIGSe solar 

cell fabricated by three-stage coevaporation is described. The experiment and EQE 

analysis are described in Ref. [3]. The CIGSe solar cell analyzed here has a structure of 

MgF2/ZnO:Al/ZnO/CdS/CIGSe/MoSe2/Mo (a total of seven layers). The initial file of 

this example can also be found in SAMPLE folder. 

 

① Modeling of Ga grading structures 

For the analysis of the Ga grading structures, the complete (n, k) optical database 

established for different Ga composition x [i.e., x=Ga/(In+Ga)] is necessary. In this 

example, the CIGSe optical database reported by Minoura et al. [10] are used. To 

perform the CIGSe analysis, the CIGSe optical-constant data file has already been made 

and is included in the software package (File: CIGS (x_0~1 0.01 step) S. Minoura, J. 

Appl. Phys. 117, (2015) 195703.csv). 

  Figure 5.1 shows the data structure of this file. In the file, the (n, k) data of 

CuIn1-xGaxSe2 with a compositional step of 1 at.% (i.e., x=0.01) are summarized. The 

leftist column shows the wavelength, and the second and third columns correspond to 

the n and k data of the CuInSe2 (x=0.0), while the fourth and fifth columns show the n 

and k of the CIGSe (x=0.01). There are roughly 200 columns to cover the compositional 

range of x=0.00-1.00.  

 

Figure 5.1 Data of ”CIGS (x_0~1 0.01 step) S. Minoura, J. Appl. Phys. 117, (2015) 

195703.csv”. 
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Similar optical-constant data file can also be established for other alloy materials. In 

this case, the material file can be made using arbitrary number of alloy compositions. 

For example, when there are (n, k) files of six different compositions for AxB1-x alloys 

with a step of 0.2, there should be a total of 13 columns in the file including the 

wavelength column. In this case, the first one pair of the (n, k) data is assigned to the 

composition of 0.0 automatically and the composition of the sixth pair of the data 

becomes x=1.0. 

If such an optical database file with different compositions is made, the composition 

of the absorber can be controlled using the composition window (Window D in Fig. 4.2), 

as shown below. If there are six compositions, the value can be changed with a step of 

0.2. In the case of CIGSe, x can be changed with a step of x=0.01. 

 

Figure 5.2. Enlarged screen of the composition subwindow. 

 

 

② Modeling of the graded structure 

  For the analyses of compositional grading structures, the software provides two 

different models: (i) linear variation model and (ii) double Gaussian model. In the linear 

model, the composition changes linearly between arbitrary data points. When the double 

Gaussian model is used, the double Ga grading structures in CIGSe layers are 

approximated by using a total of six parameters [3]: 
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where d is a position and dv shows a position of the compositional valley as indicated in 

Fig. 5.3. The x1 and x2 indicate the compositions at the front and rear interface, 

respectively, whereas xv is x at the valley position. In addition, w1 and w2 represent the 

widths of the first and second Gaussian functions. Note that the values of d and x are in 

the range of 0~1. In particular, the d values are normalized and the absolute thickness of 

this layer is set at window A of the main menu (Fig. 4.2). 
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Figure 5.3 Parameters of the double Gaussian model [3]. 

 

③ Modeling of the graded structure 

  To set the above graded structure, click the tab menu of “Tool” and further select 

“Graded” menu (see below).  

 

 

  In the generated window, first select the model (“Linear” or “Gaussian”). In the linear 

model, input first a total number of model data points (Insert the value to the “Points” 

text box). Then set the composition x at each d. In this case, the d values need to be set 

incrementally. The calculation result can be confirmed in the plot of the “Graded layer” 

window. In the Gaussian mode, after the six parameter values are set, the compositional 

profile is also shown automatically. If the parameters are fine, click the “OK” button. 

The profile text data can also be saved and be loaded using “Save” and “Load” buttons. 
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Figure 5.4 Graded layer screen 

 

④ Analysis result of the CIGSe solar cell 

  Figure 5.5 shows the analysis result obtained for the CIGSe solar cell reported in Ref. 

[3]. In this analysis, the Gaussian model with the parameters shown in Fig. 5.4 is used. 

It can be seen that the calculated spectrum shows excellent agreement with the 

experimental result with a very low MSE value. 

 

Figure 5.5 Analysis result obtained for the CIGSe solar cell reported in Ref. [3]. 
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6. Example 2: EQE simulation of a superstrate-type hybrid perovskite 

solar cell 

 

In this section, the EQE spectrum of a standard superstrate structure of a 

CH3NH3PbI3 (MAPbI3) solar cell fabricated with a thick glass substrate (a few mm) is 

simulated. In a superstrate-type solar cell with a thick glass substrate, incoherent 

superposition of light wave occurs and the EQE calculation needs to be performed 

under the incoherent condition [1]. In the e-ARC software, the incoherent optical 

transmission can be reproduced explicitly using a procedure of Ref. [1]. The initial file 

of this example can also be found in the SAMPLE folder. 

 

6.1 Setting of optical model 

Figure 6.1 shows the window of “Layer Model Configuration” (see Section 4.2) with 

a setting for a MAPbI3 solar cell. The detailed EQE analysis of MAPbI3 solar cells is 

described in Ref. [2] and a MAPbI3 solar cell structure of Glass/SnO2:F/TiO2/MAPbI3/ 

sprio-OMeTAD /Ag is assumed. 

The optical response of the optically thick transparent substrate (incoherent layer) can 

be set within the “Layer Model Configuration” window (see next page). Click the check 

box of the “Glass substrate” subwindow if the optically thick (typically >100 µm) 

transparent incoherent layer (or substrate) is incorporated into solar cells, as shown 

below. Although the name of the subwindow is “Glass sub.”, other transparent materials 

can also be selected as an incoherent layer by clicking the button.  

To cancel the selection of “Glass substrate”, click the “Glass clear” button indicated 

by a blue square in the figure. 

 

6.2 Simulation result of the MAPbI3 solar cell 

 

  Figure 6.2 shows the screen obtained after the EQE calculation described in Ref. [2]. 

In window A, the yellow “Glass” indicator is shown for the glass substrate (see the red 

square in the figure). This indicator shows that the optical response in this layer is 

calculated assuming incoherent condition. 

  In the model of Fig. 6.2, a dead layer (4 nm) is provided at the TiO2/MAPbI3 interface 

due to the intense carrier recombination in this region [2]. By incorporating this dead 

layer, the agreement with the experimental results improves significantly. 
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Figure 6.1 Screen of “Layer Model Configuration” window prepared for the analysis of 

MAPbI3 solar cell. 

 

 

Figure 6.2 Screen obtained after the EQE analysis described in Ref. [2]. 
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7. Example 3: EQE simulation of a textured a-Si:H/c-Si heterojunction 

solar cell 

 

Here, the EQE spectrum of a standard pyramid-texture a-Si:H/c-Si heterojunction 

solar cell is simulated. In the case of textured c-Si solar cells, experimental R spectra are 

required for the analyses [1,4]. In this calculation example, R of a textured a-Si:H/c-Si 

solar cell reported in Ref. [11] is employed. The detail of the overall calculation can be 

found in Ref. [4]. The initial file of this example can also be found in the SAMPLE 

folder. 

In c-Si-based solar cells with thick wafers (~100 µm), incoherent superposition of 

light wave occurs and, in the e-ARC software, the incoherent optical response in thick 

absorbing wafer is calculated explicitly by applying CPA (continuous phase 

approximation) method [1,4]. If the CPA method is not employed, a very sharp 

interference pattern appears in the near-band-edge region (i.e., λ=1000~1200) and the 

calculated result deviates largely from experimental spectrum (see Refs. [1,4]). 

  In the e-ARC software, the calculation of a-Si:H/c-Si solar cells using the CPA 

method can be performed quite easily. The optical response of the optically thick 

absorbing wafer (incoherent layer) can be set within the “Layer Model Configuration” 

window shown below. Click the check box of the “CPA layer” subwindow if the 

optically thick (typically >20 µm) incoherent layer (or substrate) is incorporated into a 

solar cell. More than two layers can be selected as the CPA layers. 
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  In this example, the structure of the a-Si:H/c-Si solar cell is ITO/a-Si:H(p)/a-Si:H(i)/ 

c-Si/a-Si:H(i)/a-Si:H(n)/ITO/Ag and the c-Si is selected as a CPA layer. Note that, in the 

above configuration window, different names are used for the layer names of ITO and 

a-Si:H i-layer (i.e., “ITO 1” and “ITO 2”) as the layer names need to be different (see 

Section 4.2.1). 

  The figure below shows the screen obtained after the EQE calculation described in 

Ref. [4]. In window A, the orange “CPA” indicator appears for the c-Si substrate (see 

the red square in the figure). This indicator shows that the optical response in this layer 

is calculated assuming incoherent condition. 

  It should be emphasized that the CPA calculation is carried out by dividing a 

thick substrate (wafer) into many sublayers. Accordingly, the number of division in 

window A needs to be increased so that the resolution of 1 µµµµm is attained. For 

example, in this calculation, c-Si wafer thickness is 230 µm (i.e., 230000 nm) as 

indicated in the figure below. In this case, to obtain the 1-µm resolution, the number of 

division should be set to 230 (i.e., 230 µm/230 = 1 µm). If the number of division is set 

to a very small number, the calculation error occurs and the software operation stops. 

Thus, appropriate number should be selected for the CPA calculation. 

 

 

The above figure shows the final simulation result for the a-Si:H/c-Si solar cell. The 

analysis result is consistent with Fig. 11(a) of Ref. [4]. In the texture calculation, 

experimental R spectrum needs to be used [i.e., click button of “R(ERS)” in the “EQE 

calculation” subwindow. 
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8. Example 4: EQE simulation of an InGaP/GaAs tandem-type solar 

cell 

 

Here, the EQE simulation of a InGaP/GaAs solar cell is presented. The basic 

structure of this tandem solar cell is adopted from the work of Ref. [12]. This solar cell 

has a total of 14 layers including a GaAs wafer. The exact structure can be confirmed 

from the initial file of the InGaAs/GaAs solar cell, which can be found in the SAMPLE 

folder. The calculation procedure of the InGaAs/GaAs solar cell is exactly the same as 

the a-Si:H/c-Si heterojunction solar cell (see Example 3). 

  The figure below shows the selected view of “Layer Model Configuration” window. 

As confirmed from the red square below, the CPA check button is clicked for the GaAs 

wafer substrate. Other than this point, the layer setting is quite normal. 

 

 

 

  The figure below shows the calculation result for the InGaP/GaAs solar cell. The 

same result can also be obtained from the initial file. For the GaAs wafer, the “CPA” 
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indicator appears. As described in Example 3, in the CPA mode, the number of division 

needs to be increased. In this example, the wafer thickness is 300 µm and the number of 

division is set to 300 to realize 1-µm resolution. 

 

 

 

In the EQE fitting analysis of tandem-type solar cells, additional feature can be used. 

If the “Tandem” check box in the above blue square is clicked, several EQE 

contributions of different layers can be added. For example, in the InGaP/GaAs solar 

cell, there are a total of two absorber layers for the top and bottom cells. In this case, to 

match the calculated EQE to the experimental total EQE, the calculated EQE values of 

the top InGaP and bottom GaAs layers need to be added. To do this, after clicking the 

check box, select the number of sub-absorber layers. In the InGaP/GaAs tandem solar 

cell, select “2”. By this, the EQE contributions of “layer 1” and “layer 2” are added 

automatically. Here, the layer number indicates the “integration #” selected by the user 

in “Layer Model Configuration” window and this number appears in green in window A 

above. In this example, the integration# is “1” for the InGaP pn absorber and the 

integration# is “2” for the GaAs pn absorber. Thus, if the above tandem check box is 

clicked and the number of “2” is selected, the EQE of the InGaP and GaAs is 

summarized and MSE with the total experimental EQE spectrum can be obtained. 
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9. Calculation of (n, k) data from dielectric-function model parameters 

 

  Using a special feature of this software, (n, k) data can be calculated from 

dielectric-function model parameters. In particular, the parameters of the Tauc-Lorentz, 

Drude, and Sellmeier models have been summarized for numerous solar-cell component 

layers in Ref. [1] and, by applying these parameters, numerical (n, k) spectra can be 

obtained. 

 This can be implemented by clicking the “Tool” tab menu, followed by the selection of 

“Material” tab menu. By this procedure, “Create nk data” window is generated. If “Load 

Model Parameters” button is clicked, a “.txt” file can be selected and the parameter 

values of the dielectric function model are loaded automatically. In this case, the 

calculation is performed to obtain the corresponding (n, k) spectra. The parameter 

values found in the literature can be inputted directly by typing the numerical values in 

the window. When this is implemented, the number of the peaks (models) also needs to 

selected at the bottom of the window. The units of the model parameters can be found in 

Table 4.1 (p. 18). After clicking the “Calculate/Save” button, the (n, k) output spectra 

are generated. Note that, when the (n, k) data created by the above procedure are used in 

the analysis, the energy shift feature cannot be used, as mentioned earlier. 

 

 

Figure 9.1 Create nk data screen 
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11. Biographical information of the e-ARC software 

 

  For the e-ARC software, the original software was prepared by A. Nakane (Gifu 

Univ.) in 2015 using a MATLAB source code. This code was translated into a C
#
-based 

software by H. Tampo (AIST) in 2017. The C
#
 source code was further modified, to 

include graded structure and incoherent calculations, and was perfected by S. Fujimoto 

(Gifu Univ.). The manual was prepared by H. Fujiwara and S. Fujimoto (Gifu Univ.). 

The version 1.0 was released in September 25, 2017 at EU PVSC conference. The 

correction made for version 1.1 was carried out by H. Tampo (AIST). The CPA feature 

and several modifications that appear in version 2.0 were made by M. Kozawa (Gifu 

Univ.). The feature of maximum efficiency calculation is further implemented by M. 

Kozawa (Gifu Univ.).  

 

 

Version Information 

 

Version 1.0:  Original software (Sep. 25, 2017) 

Version 1.1:  Software operation under different operating systems with different 

languages was established (May 10, 2018). 

Version 2.0:  EQE calculation for wafer-based solar cells (c-Si and GaAs solar cells)  

was established by adopting CPA method (Sept. 20, 2018). 

Version 3.0:  The calculation of conversion efficiency and solar-cell parameters was  

established by adopting the QE-limit method (Sept. 7. 2019). 


