
A flatter gallium profile for high-efficiency Cu(In,Ga)(Se,S)2 solar cell and improved
robustness against sulfur-gradient variation
Chien-Yao Huang, Wen-Chin Lee, and Albert Lin 
 
Citation: Journal of Applied Physics 120, 094502 (2016); doi: 10.1063/1.4961605 
View online: http://dx.doi.org/10.1063/1.4961605 
View Table of Contents: http://scitation.aip.org/content/aip/journal/jap/120/9?ver=pdfcov 
Published by the AIP Publishing 
 
Articles you may be interested in 
New insights into the Mo/Cu(In,Ga)Se2 interface in thin film solar cells: Formation and properties of the MoSe2
interfacial layer 
J. Chem. Phys. 145, 154702 (2016); 10.1063/1.4964677 
 
Reliable wet-chemical cleaning of natively oxidized high-efficiency Cu(In,Ga)Se2 thin-film solar cell absorbers 
J. Appl. Phys. 116, 233502 (2014); 10.1063/1.4903976 
 
Intergrain variations of the chemical and electronic surface structure of polycrystalline Cu(In,Ga)Se2 thin-film
solar cell absorbers 
Appl. Phys. Lett. 101, 103908 (2012); 10.1063/1.4751261 
 
Comparative atom probe study of Cu(In,Ga)Se2 thin-film solar cells deposited on soda-lime glass and mild steel
substrates 
J. Appl. Phys. 110, 124513 (2011); 10.1063/1.3665723 
 
Tunneling-enhanced recombination in Cu(In, Ga)Se 2 heterojunction solar cells 
Appl. Phys. Lett. 74, 111 (1999); 10.1063/1.122967 
 
 

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  140.113.228.241 On: Wed, 02 Nov

2016 09:06:23

http://scitation.aip.org/content/aip/journal/jap?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1064718782/x01/AIP-PT/JAP_ArticleDL_102616/AIP-2968_JAP_1640x440r2.jpg/434f71374e315a556e61414141774c75?x
http://scitation.aip.org/search?value1=Chien-Yao+Huang&option1=author
http://scitation.aip.org/search?value1=Wen-Chin+Lee&option1=author
http://scitation.aip.org/search?value1=Albert+Lin&option1=author
http://scitation.aip.org/content/aip/journal/jap?ver=pdfcov
http://dx.doi.org/10.1063/1.4961605
http://scitation.aip.org/content/aip/journal/jap/120/9?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/145/15/10.1063/1.4964677?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/145/15/10.1063/1.4964677?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/116/23/10.1063/1.4903976?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/101/10/10.1063/1.4751261?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/101/10/10.1063/1.4751261?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/110/12/10.1063/1.3665723?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/110/12/10.1063/1.3665723?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/74/1/10.1063/1.122967?ver=pdfcov


A flatter gallium profile for high-efficiency Cu(In,Ga)(Se,S)2 solar cell and
improved robustness against sulfur-gradient variation

Chien-Yao Huang,1,2,a) Wen-Chin Lee,1 and Albert Lin2

1TSMC Solar Ltd., Taichung 42882, Taiwan
2Department of Electronic Engineering, National Chiao-Tung University, Hsinchu 30010, Taiwan

(Received 20 June 2016; accepted 12 August 2016; published online 1 September 2016)

Co-optimization of the gallium and sulfur profiles in penternary Cu(In,Ga)(Se,S)2 thin film solar

cell and its impacts on device performance and variability are investigated in this work. An

absorber formation method to modulate the gallium profiling under low sulfur-incorporation is dis-

closed, which solves the problem of Ga-segregation in selenization. Flatter Ga-profiles, which lack

of experimental investigations to date, are explored and an optimal Ga-profile achieving 17.1%

conversion efficiency on a 30 cm� 30 cm sub-module without anti-reflection coating is pre-

sented. Flatter Ga-profile gives rise to the higher Voc� Jsc by improved bandgap matching to solar

spectrum, which is hard to be achieved by the case of Ga-accumulation. However, voltage-induced

carrier collection loss is found, as evident from the measured voltage-dependent photocurrent char-

acteristics based on a small-signal circuit model. The simulation results reveal that the loss is attrib-

uted to the synergistic effect of the detrimental gallium and sulfur gradients, which can deteriorate

the carrier collection especially in quasi-neutral region (QNR). Furthermore, the underlying physics

is presented, and it provides a clear physical picture to the empirical trends of device performance,

I–V characteristics, and voltage-dependent photocurrent, which cannot be explained by the stan-

dard solar circuit model. The parameter “FGa” and front sulfur-gradient are found to play critical

roles on the trade-off between space charge region (SCR) recombination and QNR carrier collec-

tion. The co-optimized gallium and sulfur gradients are investigated, and the corresponding process

modification for further efficiency-enhancement is proposed. In addition, the performance impact

of sulfur-gradient variation is studied, and a gallium design for suppressing the sulfur-induced vari-

ability is proposed. Device performances of varied Ga-profiles with front sulfur-gradients are simu-

lated based on a compact device model. Finally, an exploratory path toward 20% high-efficiency

Ga-profile with robustness against sulfur-induced performance variability is presented. Published
by AIP Publishing. [http://dx.doi.org/10.1063/1.4961605]

I. INTRODUCTION

The Chalcopyrite-based thin film solar cell has emerged

as a promising candidate for photovoltaic applications due to

its high conversion efficiency headroom, evident from the

reported >21% efficiency lab-scale cells1,2 by co-evaporation.

For large-scale industrial manufacturing, “sulfuration after

selenization” (SAS) process of Cu-In-Ga metal precursor to

form a penternary Cu(In,Ga)(Se,S)2 (CIGSeS) absorber has

been a preferred technology for its low cost, friendly produc-

tion, and uniform deposition.3–7 However, there has been a

considerable conversion efficiency gap between large-scale

CIGSeS modules and lab-scale high-efficiency Cu(In,Ga)Se2

(CIGS) cells, which needs to be eliminated for realizing the

high-efficiency and cost-competitive thin-film photovoltaic.

A notch-shaped gallium profile to form “double-graded

bandgap” has been known as an important prerequisite for

achieving the record high-efficiency CIGS lab-cells.1,4,8–11 A

double-graded bandgap profiling consists of wider bandgap

regions near the p-n junction and back contact, which effec-

tively reduces the recombination losses. In the case of

selenization process, Ga element tends to segregate, and thus

an increased Ga-concentration is resulted toward the Mo

back contact. Consequently, the Ga-profile inherently pro-

duced by selenization is hard to form the front Eg grading

since it requires an increased Ga-concentration toward the p-

n junction. A sulfuration step afterward is used to form an

increased S-concentration toward the absorber’s surface and

build the front Eg grading with a wider bandgap region near

the p-n junction. For penternary Cu(In,Ga)(Se,S)2 absorbers,

the conduction band minimum (CBM), valence band maxi-

mum (VBM), and bandgap (Eg) depend on both Ga/

(Gaþ In) and S/(Seþ S) ratios.12,13 As Ga/(Gaþ In) ratio

increases, the Eg of CIGSeS is enlarged by an increased

CBM. As S/(Seþ S) ratio increases, the Eg of CIGSeS is

enlarged by both the increased CBM and decreased VBM.

Therefore, “sulfuration after selenization” (SAS) process can

produce a CIGSeS absorber with double-graded bandgap by

controlling both of the gallium and sulfur profiling.

For the back Eg grading of CIGSeS absorber, the

increased CBM and Eg toward the back contact can be

designed by a Ga-grading in the sulfur-free Cu(In1�xGax)Se2

region with tunable bandgaps of 1.04–1.68 eV. For the front

Eg grading, a wider Eg region near the p-n junction can be
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designed by both of the Ga and S contents in Cu(In1�xGax)

(Se1�ySy)2 region with tunable bandgaps of 1.04–2.4 eV.

The grading of CBM and VBM can also be adjusted by the

Ga and S-gradients. Accordingly, the penternary CIGSeS

absorber has higher tunability for bandgap engineering.

Nevertheless, the design of composition gradients of CIGSeS

cells is more complicated as compared with the lab-scale CIGS

cells by co-evaporation. Very few physical studies on the opti-

mal composition profile for penternary CIGSeS absorber are

reported to date.

In practice, Ga-segregation toward the back of absorber

during selenization process, which results in the inhomoge-

neity of films and low Voc, has been widely discussed.14–17

Such effect adversely limits the capability of bandgap engi-

neering, and it is regarded as an efficiency limiting factor in

CIGSeS technology. Some studies4,7,18 found that the

enhanced sulfuration degree is a factor in improving the

gallium-diffusion toward the surface of absorber.

Nevertheless, the gallium and sulfur profiles cannot be co-

optimized through this approach. For enhancing gallium-

diffusion, sulfuration degree should be substantially

increased. However, an increased sulfuration may induce

“over-sulfuration” effect4,7,18 to cause parasitic resistance

losses. The side-effect comes from the excessive sulfur-

incorporation, and it deteriorates the efficiency by reducing

fill factor (FF). Therefore, low sulfur-incorporation is

required for a high-efficiency CIGSeS absorber, and such

requirement makes it more difficult to enhance the gallium-

diffusion in SAS process.

To date, the lack of theoretical studies and process capa-

bility on Ga-profile modulation limits the efficiency

improvement of SAS-fabricated CIGSeS solar cells from the

optimal bandgap profiling. This deficiency is one of the main

causes of the efficiency gap between large-scale CIGSeS

modules and lab-scale CIGS cells. Besides, the lack of inves-

tigation in performance sensitivity to composition variation

leaves an inadequate understanding for improving produc-

tion yield. These deficiencies hinder the industrial take-off of

chalcopyrite thin film photovoltaics. Therefore, a compre-

hensive understanding of the optimized Ga-profile in

CIGSeS solar cells with low sulfur-incorporation and its

impacts on performance and variability are very important

for the production efficiency enhancement.

A state-of-the-art absorber formation technology has

been reported by TSMC Solar demonstrating the previous

record 15.7% and 16.5% total-area efficiency on 1.09 m2

commercial-sized CIGSeS module.19,20 This technology pro-

vides a platform to modulate the gallium profile without the

need of enhancing sulfuration degree, which avoids parasitic

resistances losses by “over-sulfuration.” Through this plat-

form, experimental investigation of the optimal gallium pro-

filing under low sulfur-incorporation can be realized on the

penternary CIGSeS solar cells for the first time. In this work,

the experiments of Ga-profile modulation under low sulfur-

incorporation are conducted and 17.1% conversion effi-

ciency on a 30 cm� 30 cm CIGSeS sub-module without

anti-reflection coating (ARC) is achieved. Detailed film

properties and related process knobs are disclosed. More

importantly, understanding the physical mechanisms that

lead to the improved efficiency can help universal perfor-

mance and yield enhancement for a variety of CIGSeS for-

mation technology. These samples were characterized by

comprehensive material and electrical analysis. Besides, the

underlying physics of experimental results is disclosed

through analysis and Technology Computer Aided Design

(TCAD) simulations. Co-optimization of the gallium and

sulfur gradients is investigated, and the corresponding pro-

cess modification for further efficiency improvement is pro-

posed. Performance variability induced by the sulfur-

gradient is also studied. A detailed comparison of the simula-

tion results with the measured device parameters shows that

the established TCAD model can reproduce the experimental

observations (g, Voc, Jsc, FF, J-V, Jph(V), gc(V)). Based on

the modeling, the device simulations of varied Ga and

S-gradients were carried out for path-finding. Finally, a path

toward 20% high-efficiency Ga-profile with robustness

against sulfur-induced performance variability is presented.

This study also pinpoints the importance of gallium-

engineering for the higher manufacturing yield of state-of-

the-art CIGSeS production lines.

II. EXPERIMENTAL AND CHARACTERIZATION
RESULTS

In this work, the layer structure in CIGSeS thin film

solar cells is Glass substrate/Mo(Back contact)/

CIGSeS(Absorber)/CdS(Buffer)/ZnO:B(Window). Each cell

is monolithically interconnected via three scribing patterns

(P1, P2, P3) to form a 30 cm� 30 cm sub-module. A 350 nm

molybdenum (Mo) thin film was deposited on the glass sub-

strate by DC magnetron sputtering. For monolithic cell inte-

gration, a high-power laser was used to scribe the Mo layer

and generate the P1 pattern. The P1 pattern defined the unit

cell area by isolating each cell in Mo layer. CuGa/In metal

alloy layers were deposited by DC magnetron sputtering.

The deposited thin film layers form a 340 nm metal precursor

with Ga/(Gaþ In) ffi 0.26 and Cu/(Gaþ In) ffi 0.90, mea-

sured by inductively coupled plasma (ICP) atomic emission

spectrometry. Then the precursors were placed in a quartz

tube furnace for absorber formation process (chalcogeniza-

tion). During the furnace process, 1.7 lm CIGSeS absorbers

were formed by sequential selenization in H2Se gas, thermal

annealing in N2 gas, and sulfuration in H2S gas. Firstly,

70 Torr H2Se was filled into the furnace at room temperature,

and the total pressure was further increased to 650 Torr by

filling N2 gas. When selenization was performed, the furnace

temperature was ramped and held at 415 �C for 180 min. At

the end of the selenization step, the furnace was purged and

filled with N2 gas. For N2 annealing process, the furnace

temperature was further ramped and held at 540 �C for 30

min (1�) annealing time. Final sulfuration step was per-

formed at 520 �C for 25 min with the mixed gases of H2S

(100 Torr)/N2 (550 Torr). In this experiment, the CIGSeS

absorbers with different gallium profiling were prepared by

adjusting N2 annealing process. 1�/1.3�/1.4�/1.6�/2�
annealing time was applied to samples A, B, C, D, and E for

gallium profile modulation, while the other process conditions

were kept the same for fair comparison. The average
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elemental compositions of these absorbers such as Cu/

(Gaþ In), Ga/(Gaþ In), and S/(SeþS) were fixed. After the

absorber formation process, a 15 nm CdS-based buffer was

grown on the absorber layer by chemical bath deposition

(CBD) method. The CdS-based buffer was formed by a chem-

ical source of CdSO4, NH4OH, and thiourea dissolved in

deionized (DI) water for 20 min. Subsequently, a P2 pattern

on the buffer layer was generated by a mechanical scribing.

The P2 pattern was used to interconnect each unit cell.

Afterward, a 1.8 lm ZnO:B transparent conductive oxide was

deposited on the buffer layer by metal-organic chemical vapor

deposition (MOCVD) method. Finally, the window layer was

mechanically cut with a P3 pattern for cell isolation. To avoid

overestimating the solar module’s conversion efficiency in

real-world applications, we did not deposit an anti-reflection

coating layer on these modules. In these monolithic modules,

the unit cells are connected in series. The single unit cell area

was 13.725 cm2 with 8% dead-zone region (active area

¼ 12.627 cm2).

To determine a representative composition profile of

each sample, we check the composition variation measured

by X-ray fluorescence (XRF) spectrometer. In each sample,

the elemental composition is measured at 25 different posi-

tions with 6 cm� 6 cm spacing. The composition non-

uniformity is calculated by the measured 25 data points. As

shown in Table I, the composition non-uniformity of these

modules is smaller than 1%. Such small variation corre-

sponds to the well-controlled uniformity of the metal precur-

sor deposition and the chalcogenization process.

The composition depth profile of CIGSeS absorber layer

is measured by transmission electron microscopy (TEM)-

energy dispersive spectroscopy (EDS) with sub-nm depth res-

olution and calibrated with total elemental composition mea-

sured by inductively coupled plasma (ICP) atomic emission

spectrometry. The specimens for cross-sectional transmission

electron microscopy are mechanically thinned using a dimpler

and milled using an Ar ion beam at a liquid N2 temperature to

minimize potential excessive heating and ion beam induced

damage. The final thickness of the specimens is approximately

500 Å. TEM analysis is performed using an FEI Tecnai G2 F-

20 electron microscope operated at 200 kV. The energy-

dispersive spectroscopy (EDS) line scans of the samples are

recorded using scanning transmission electron microscope

(STEM) mode. For the quantitative compositional analysis,

the spot size for STEM mode is about 0.2 nm. Sample drift is

minimized by comparing the STEM image before and after

recording the EDS line scan. The system detection error bar is

estimated to be 62%. Because of the uniform composition

distribution, we take the EDS line scan of the center region of

the sample as the representative depth profile.

The composition depth profiles of Ga/(Gaþ In) and S/

(Seþ S) measured by STEM-EDS are shown in Figs. 1(a)

and 1(b). The atomic ratio of Ga/(Gaþ In), known as “GGI,”

is a critical parameter determining the band gap (Eg) and the

conduction band minimum (CBM) of CIGSeS material.12,13

Higher GGI in the junction region can lead to the higher

bandgap and Voc. For the selenized Cu(In,Ga)Se2 or

Cu(In,Ga)(Se,S)2 films, Ga-accumulation near the Mo-side

has been regard as a fundamental problem to limit the

Voc.
14–17 In this work, the modulation of Ga-gradients is

demonstrated by adjusting N2 annealing process. As shown

in Fig. 1(a), gallium profile becomes flatter from sample A to

sample E. This shows that longer thermal treatment in nitro-

gen gas environment can enhance the interdiffusion of Ga

and In atoms in the selenized films that has Ga-accumulation

problem. Such controllable diffusion property of Ga/In

atoms in chalcopyrite structure allows us to optimize the gal-

lium profiling for higher Voc.

TABLE I. The composition non-uniformity of samples A, B, C, D, and E

measured by X-ray fluorescence (XRF) spectrometer. In all of these samples,

the averaged Cu/(Gaþ In) ratio is 0.90 with uniform depth-distribution, and

the averaged Ga/(Gaþ In) ratio is 0.26 with different front-to-back Ga ratios.

The averaged composition ratios are measured by inductively coupled plasma

(ICP) atomic emission spectrometry.

Sample

Cu/(Gaþ In)

non-uniformity

(%)

Ga/(Gaþ In)

non-uniformity

(%)

Se/(Cuþ InþGa)

non-uniformity

(%)

S/(SeþS)

non-uniformity

(%)

A 0.82 0.74 0.81 0.92

B 0.91 0.71 0.84 0.89

C 0.78 0.69 0.72 0.85

D 0.90 0.74 0.75 0.94

E 0.94 0.75 0.77 0.91

FIG. 1. Ga/(Gaþ In) and S/(SeþS) depth profiles by STEM-EDS. (a)

Front-to-back Ga ratio “FGa” for samples A, B, C, D, and E are 0%, 20%,

30%, 50%, and 90%, respectively. (b) S/(SeþS) profiles show comparable

concentration among these samples, but the gradients are different. The

increased surface S/(SeþS) ratio and decreased penetration depth are

observed from samples A to E. Sample E has relatively higher surface

S/(SeþS)¼ 29.5% and shallower penetration depth DP¼ 11% than other

samples. In all of these samples, the averaged Cu/(Gaþ In) ratio is 0.90 with

uniform depth-distribution, and the averaged Ga/(Gaþ In) ratio is 0.26 with

different front-to-back Ga ratios. The averaged composition ratios are mea-

sured by inductively coupled plasma (ICP) atomic emission spectrometry.

094502-3 Huang, Lee, and Lin J. Appl. Phys. 120, 094502 (2016)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  140.113.228.241 On: Wed, 02 Nov

2016 09:06:23



Fig. 2 shows the cross section of these absorbers by

scanning electron microscope (SEM). In sample A, a large

number of small grains form at the bottom side that has

higher Ga-concentration, GGI ratio ffi 0.5. Lundberg et al.21

observed the higher Ga-concentration in co-evaporated

CIGS films results in smaller grains, which is irrelevant to

the sequence of Ga/In layer stacks during chalcogenization.

In this work, similar experimental results can be observed in

selenized CIGSeS absorbers. From sample A to sample E,

the grains in the bottom region become larger with a

decreased backside Ga-concentration, which can be adjusted

by the N2 annealing step. This result also shows the re-

crystallization of chalcopyrite structure during the Ga-In

interdiffusion process. In addition, the more homogeneous

gallium profiling corresponds to the improved homogeneity

of film structures (Fig. 2).

The atomic ratio of S/(SeþS) can affect the Eg, CBM,

and VBM of CIGSeS material.12,13 As shown in Fig. 1(b),

these samples have comparable sulfur-concentration as indi-

cated by the integral of S/(SeþS) profile, but the gradients

are different. As the gallium profile is flatter, the surface

S/(SeþS) ratio increases, and the penetration depth

decreases. According to the published thermodynamic

data,22 the formation of Ga2S is thermodynamically pre-

ferred over the formation of In2S during sulfuration process.

It provides a qualitative insight into this experimental obser-

vation. The flatter gallium profile has higher GGI ratio near

the front side and lower GGI ratio near the backside, which

can force more sulfur remaining at the surface due to the

preferable reaction of Ga-S rather than In-S. Accordingly,

the higher surface Ga-concentration and more homogeneous

gallium profile in sample E lead to the relatively higher sur-

face S/(SeþS) ratio and a shallower penetration depth. This

finding reveals the thermodynamic interaction between sul-

fur and gallium distribution, which should be considered in

the process tuning.

For quantitative analysis, Ga/(Gaþ In) and S/(Seþ S)

depth profile are described by the specific parameters.

Parameter “Gaf” is defined as the front or surface Ga/

(Gaþ In) ratio at the absorber/buffer interface, while “Gab” is

defined as the back or bottom Ga/(Gaþ In) ratio at the

absorber/back contact. The parameter “FGa,” which represents

“front-to-back Ga ratio” or “surface-to-bottom Ga ratio,” is

defined as Gaf/Gab to describe the flatness of GGI depth pro-

file. Therefore, a gallium depth profile in the absorber layer

can be described by an “FGa” and an averaged GGI ratio

“GGIavg.” In this work, GGIavg of these samples is fixed at

0.26, and the “FGa” parameters for samples A, B, C, D, and E

are 0%, 20%, 30%, 50%, and 90%, respectively. The sulfur

profile can be described by a surface S/(SeþS) ratio “SS”

and a normalized penetration depth “DP.” The corresponding

parameters for samples A, B, C, D, and E are listed in Table

II. As mentioned above, sample E has relatively higher sur-

face S/(SeþS) ¼ 29.5% and shallower penetration depth

DP¼ 11% than other samples. These quantitative indices

show that our absorber formation method can produce a wide

range of gallium-gradients (FGa¼ 0%–90%) under a fixed

sulfur-incorporation. The interaction between gallium and sul-

fur gradients during the absorber formation process is also

observed.

The minority carrier lifetime “sn” of CIGSeS absorber is

determined by Time-Resolved Photoluminescence (TRPL).

For measuring the carrier lifetime of the bare absorber, the

CdS and ZnO:B layers are removed by diluted HNO3. For

TRPL, the detection wavelength is set to the photolumines-

cence (PL) maximum, and a near infrared fluorescence life-

time spectrometer with 532 nm laser is used to measure the

PL decay curve. Due to the high absorption coefficient

(�105 cm�1) of chalcopyrite materials, incident photons can

be completely absorbed by the front 400 nm-thick CIGSeS

absorber. Therefore, the extracted carrier lifetime by TRPL

is determined by the recombination process in the front

FIG. 2. SEM images of samples A, B,

C, D, and E.
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absorber, and it can be affected by the physical properties

that vary with composition grading such as bandgap, defects,

carrier density, etc. From sample A to sample E, the

increased Ga/(Gaþ In) and S/(Seþ S) near the absorber’s

surface can contribute to higher Eg, and hence a higher car-

rier lifetime is expected. Nonetheless, the extracted carrier

lifetime from all of these samples is limited to be around

10 ns (Table II). The limited carrier lifetime is attributed to

the degradation of CIGSeS films, which has been observed

in our fabrication environment. The degradation of the bare

absorber has also been observed and reported by several

groups. National Renewable Energy Laboratory (NREL)

reported that the carrier lifetime degrades fast as the bare

absorber is exposed to the non-vacuum environment.23 The

degradation of carrier lifetime corresponds to the increased

carrier recombination by the formation of defects. In this work,

the time period between SAS and CBD processes that we can

control is around 5 hours. Therefore, the prepared CIGSeS

samples were degraded by the air-exposure. Because of the

increased recombination, the measured carrier lifetime of these

samples was limited to be around 10 ns. A method that has

been known to avoid the degradation is to deposit the CdS

layer as soon as the absorber is removed from the vacuum

chamber. After CdS deposition, samples are stable in air for

months. Therefore, the time control between SAS and CBD

processes is an approach for further efficiency-improvement.

More importantly, NREL demonstrated that once the degraded

absorbers are made into complete devices, the device perfor-

mance is strongly correlated to the measured TRPL lifetime of

degraded films.23 The study supports that the measured TRPL

lifetime in this work is physically meaningful and can be fac-

tored in the analysis of device performance.

Glancing incident angle X-ray diffraction (GIXRD) is

also used to analyze the bare CIGSeS absorber. In GIXRD

analysis, a 0.5� incident angle is set to analyze the surface

region of the absorbers. As shown in Fig. 3, the shift of (112)

peak position toward the higher 2theta angle “2H” from

sample A to sample E corresponds to an increased FGa.

Quantum efficiency (QE) of complete device is measured as

shown in Fig. 4. Minimum bandgap (Eg min) is extracted by

calculating the bandgap energy from the long wavelength

where a 30% QE value is observed. Dark J-V characteristics

are measured as shown in Fig. 5(a). Diode saturation current

density (J0), ideal factor (A), series resistance (Rs), and shunt

resistance (Rsh) are extracted from measured J-V curves

according to Ref. 24. Illuminated J-V characteristics as

shown in Fig. 5(a) are measured at standard test condition

(STC) (AM1.5G intensity and room temperature). The corre-

sponding performance parameters are extracted as shown in

Figs. 6(a)–6(d). The film properties and device characteris-

tics mentioned above are summarized in Table II.

Notably, the comparable Rs and Rsh in these samples

indicate that the flatter Ga-profiles produced by this work do

not induce “over-sulfuration” effect, which can cause severe

parasitic losses. Due to the separate engineering of gallium

and sulfur profiles in the absorber formation platform, no

excessive sulfur-incorporation is needed to enhance the

gallium-diffusion. This distinguishing property allows us to

investigate the effect of Ga-profile modulation and its intrin-

sic impact on device performance, which lacks the experi-

mental investigation for penternary Cu(In,Ga)(Se,S)2

photovoltaics.

From sample A to sample E, the flatter Ga-profile, i.e.,

an increased FGa, means higher Ga-concentration in the front

of the absorber layer. In CIGSeS absorbers, the higher Ga-

TABLE II. Material properties and device characteristics of samples A, B, C, D, and E.

Sample FGa (%) SS (%) DP (%) sn (ns) 2H (deg) Eg,min (eV) J0 (mA/cm2) A- Rs (X cm2) Rsh (X cm2)

A 0 19.1 18 10.5 26.85 1.03 1.7� 10�6 1.44 0.94 1438

B 20 19.6 17 10.5 26.95 1.07 1.2� 10�6 1.40 0.86 1453

C 30 19.8 16 10.6 26.97 1.08 9.1� 10�7 1.35 0.94 1560

D 50 20.4 15 10.2 27.05 1.10 3.3� 10�7 1.33 0.90 1450

E 90 29.5 11 10.9 27.13 1.12 4.9� 10�8 1.31 0.92 1550

FIG. 3. GIXRD patterns of CIGSeS (112) peak position with 0.5� incident

angle. FIG. 4. Quantum efficiency vs. wavelength of samples A, B, C, D, and E.
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incorporation can lead to the improved bandgap. As shown

in Fig. 4, an increased FGa (0%–90%) enlarges the absorber’s

minimum bandgap (Eg, min) from 1.03 eV to 1.12 eV. Such

high Eg,min is demonstrated under the constraint of low

GGIavg (26%) and SS (30%). In addition, the bandgap of the

regions near p-n junction is improved, as evidenced by the

increased peak position (26.85� to 27.13�) of (112) chalcopy-

rite phase in GIXRD analysis. Remarkably, sample E with

FGa¼ 90% shows a second peak position of 27.75� (Fig. 3).

Such high peak position reveals the phase formation of Ga-

rich Cu(In,Ga)(Se,S)2. These two peaks in GIXRD indicate

the phase separation of CIGSeS, which can form structure

defects. The induced defects near the junction may cause

severe recombination loss. On the other hand, Ga-rich

CIGSeS phase can enlarge the bandgap near the junction,

which can reduce carrier recombination. For the formation

of Ga-rich CIGSeS, the combination of these two induced

effects determines its impact on device performance. Among

these samples, sample E shows the best Voc, A, and J0 (Table

II and Fig. 6(c)), which indicates that its diode quality is the

FIG. 5. Illuminated and dark J-V char-

acteristics of samples A, B, C, D, and

E: (a) Experiment. (b) Simulation. The

arrows indicate the respective shift

from samples A to E. J-V curves of

sample E are marked in red and show

serious distortions under illumination.

FIG. 6. Device performance parame-

ters vs. FGa: (a) conversion efficiency

g, (b) fill factor FF, (c) Voc and Voc/A,

and (d) Jsc. The measured parameters

are marked in black, and the simulated

parameters are marked in red.
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highest. These performance results show that the carrier

recombination is dominated by the enlarged bandgap rather

than the induced defects. Therefore, the effect of an enlarged

bandgap is more pronounced than the effect of the phase sep-

aration induced defects. Overall, these results reflect effec-

tive Ga-incorporation during the absorber formation, and

thus it builds a strong correlation between the parameter FGa,

(112) peak position (2H), and bandgap shift (Eg) (Table II).

This correlation shows that the thermal budget of N2 anneal-

ing step is an effective process knob for bandgap tuning.

For a chalcopyrite-based solar cell, there are three possi-

ble carrier recombination paths: (1) space charge region

(SCR) recombination, (2) quasi-neutral region (QNR)

recombination, and (3) absorber/buffer interface recombina-

tion. These paths contribute to the total recombination cur-

rent under forward bias. Increased FGa can improve the

bandgap near the junction, and thus it reduces the recombi-

nation loss in space charge region (SCR). On the other hand,

increased FGa causes more recombination losses in quasi-

neutral region (QNR) due to the narrowed bandgap and the

reduced back electric field. Based on the measured results,

the significant reduction in saturation current J0 with

increased FGa (Table II) indicates that the dominant recombi-

nation path in these devices takes place in SCR rather than

QNR. From the viewpoint of conduction band offset (CBO),

more gallium at the absorber’s surface can increase the CBM

and change spike-like CBO to cliff-like CBO, which blocks

electron transportation across the buffer/absorber interface to

trigger strong interface recombination. By calculating the

CBO followed by Refs. 12 and 13, the conduction band of

these samples with surface S/(Seþ S) ratio¼ 0.2–0.3 and

Ga/(Gaþ In) ratio¼ 0–0.25 is spike-like rather than cliff-

like junction. By measurement, the continuous J0 reduction

with increased FGa also supports the fact that no significant

interface recombination is activated by a cliff-like junction.

Accordingly, saturation current of these devices is most

likely dominated by SCR recombination. Besides, the

decreased ideal factor toward A¼ 1 indicates that the domi-

nant recombination path shifts toward QNR as FGa increases.

The experimental results (Fig. 6(a)) show that the flatter

Ga-profiles (FGa> 0) are beneficial to conversion efficiency,

as compared with the accumulated Ga-profiles (FGa¼ 0). It

is remarkable that 17.1% conversion efficiency with

Voc¼ 668 mV, Jsc¼ 34.9 mA/cm2, and FF¼ 73.6% is

achieved on a 30 cm� 30 cm sub-module without anti-

reflection coating (ARC). This significant gain highlights

the efficiency headroom from Ga-diffusion enhancement in

CIGSeS technology, which has not been reported to date.

Fig. 6 shows the trend of performance parameters with

varied FGa. From sample A to sample E, the short circuit cur-

rent Jsc (Fig. 6(d)) is decreased from 36.5 to 33.8 mA/cm2.

The observed trend is attributed to the long-wavelength

absorption loss as a consequence of wider optical bandgap

(Eg, min) by increased FGa, which is confirmed by the blue-

shift of QE response edge (Fig. 4). Based on the above analy-

sis, saturation current in these devices is mainly affected by

SCR recombination, which can be modulated by the bandgap

in the front absorber region. Therefore, the modulation of

FGa is critical for the saturation current reduction. With

increased FGa (0%–90%), wider bandgap in SCR can lead to

significant J0 reduction by two orders of magnitude from

1.7� 10�6 to 4.9� 10�8 mA/cm2, which is responsible for

the improved open circuit voltage Voc from 587 to 686 mV

(Fig. 6(c)). Overall, the Voc� Jsc product increases with

increasing FGa because the Voc improvement by reduced car-

rier recombination is larger than the Jsc loss by less optical

absorption. In conclusion, from the accumulated Ga-profiles

(FGa¼ 0) to the flatter Ga-profiles (FGa> 0), the match

between bandgap profiling and solar spectrum gives rise to

considerable Voc� Jsc improvement.

Increased conversion efficiency by increased FGa is

expected due to the significant Voc� Jsc improvement.

Surprisingly, the efficiency does not follow such trend and

peaks at FGa¼ 50% (sample D) instead. As shown in Fig.

6(b), the optimal FGa for the maximum efficiency is deter-

mined prominently by the trend of fill factor (FF). In general,

FF can be described by the standard solar circuit model25

which can be expressed in terms of Voc, ideal factor A, and

parasitic resistances. Accordingly, the increased Voc/A from

sample A to sample E as shown in Fig. 6(c) should lead to an

increased FF. However, sample E shows a deterioration on

FF and conversion efficiency, which cannot be explained by

the standard model. Although flatter Ga-profile (FGa> 0)

shows a good prospect for Voc� Jsc improvement, efficiency

loss may result from the deteriorated FF. To understand the

above empirical results, we perform a comprehensive analy-

sis in Sections III, IV, and V.

III. VOLTAGE-DEPENDENT PHOTOCURRENT
MEASUREMENT AND ANALYSIS

Based on measured J-V characteristics (Fig. 5(a)), the

deteriorated FF on sample E corresponds to the increased

slope of dJ/dV in illuminated J-V curve. Nevertheless, the

distortion cannot be interpreted by leakage shunting paths in

the device, which shows high shunt resistance (�1550 X
cm2) in the dark J-V curve. The distortion reveals the failure

of superposition principle26 that assumed the illuminated J-V

curve of a junction should be the same as the dark J-V curve,

only shifted downwards by a constant photocurrent. Some

studies27–30 proposed voltage-dependent photocurrent to

interpret such failure of superposition. To quantitatively con-

firm this model in our experiment, accurate measurement of

voltage-dependent photocurrent Jph(V) is performed based

on a small-signal circuit model incorporated with voltage-

dependent photocurrent characteristics. The corresponding

small-signal model under AC light source is shown in Fig.

7(a). When an AC light source is applied to a solar cell, it

produces a small signal photocurrent which acts as an AC

current source jph(V0). The induced small change in voltage/

current is considered as a small perturbation at fixed DC bias

point. With the small perturbation, the diode acts as a

“small-signal resistance rd.” Using the Shockley equation

I¼ I0� exp(qV/AVT � 1), the small-signal resistance rd can

be derived by (dI/dV)�1 at fixed DC bias point and expressed

as rd¼AVT/(Iþ I0). In this expression, A is diode’s ideal

factor, VT is thermal voltage, I is the diode DC output cur-

rent, and I0 is the diode saturation current. Parasitic

094502-7 Huang, Lee, and Lin J. Appl. Phys. 120, 094502 (2016)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  140.113.228.241 On: Wed, 02 Nov

2016 09:06:23



resistances (Rs and Rsh) are also considered in the small-

signal circuit model. Using Kirchhoff’s law, the small-signal

output current j(V) at applied DC voltage-bias V is derived

j Vð Þ ¼ jphðV0Þ
Rs

rd

þ Rs

Rsh

þ 1

� � ; (1)

where jph(V0) is the small-signal photocurrent at DC voltage-

bias V0 that represents the voltage drop across the p-n junc-

tion. Rs is the series resistance, Rsh is the shunt resistance,

and rd is the small-signal diode resistance. The DC voltage-

bias V0 across p-n junction is determined by V0 ¼V � IRs,

where V is the applied DC voltage bias at terminals, and I is

the DC output current. Based on the small-signal model,

voltage-dependent photocurrent Jph(V) can be measured by

an AC monochromatic light source, an I-V converter, a lock-

in amplifier system, and a DC voltage-bias system. For

Jph(V) measurement, devices are placed on a temperature-

controlled plate at 25 �C. An AC monochromatic light source

is used to excite photo-generated carriers with a frequency of

100 Hz. The small-signal photocurrent jph(V0) generated by

these photo-carriers flows from the p-n junction to the termi-

nals and forms a small-signal output current signal. The

small-signal output current j(V) is measured over an I-V con-

verter and followed by a lock-in amplifier system for better

AC signal accuracy. The j(V) under varied light wavelength

illumination is measured and then weighted with AM1.5G

solar spectrum to obtain the photocurrent Jph under STC.

Here varied DC voltage-biases are applied on samples

A, C, and E to measure the voltage-dependent photocurrent

Jph(V) as shown in Fig. 7(b). The ratios of Rs/Rsh in these

samples are below 10�3 and thus can be neglected in

Equation (1). At the applied DC voltage-bias V< 400 mV,

Rs/rd (<10�2) can be neglected due to large small-signal

diode resistance rd. In addition, the DC voltage-bias V0

across p-n junction is close to V due to the negligible DC

output current at dark and small DC bias. Therefore, mea-

sured photocurrent Jph(V) at terminals is close to the actual

photocurrent generated from the p-n junction, j(V)ffi jph(V0).
As shown in Fig. 7(b), measured Jph(V) curves match the

illuminated J-V curves with distortions in the bias range

<400 mV and thus confirm the voltage-dependent photocur-

rent characteristics of these samples. As DC voltage-bias V

exceeds 400 mV, the exponential growth of diode dark cur-

rent significantly decreases the small-signal resistance rd. As

a result, the non-negligible term Rs/rd causes severe decay of

the measured photo-current j(V) according to Equation (1).

At DC voltage-bias V> 400 mV, small-signal diode resis-

tance rd is less than 100 X and the term Rs/rd becomes non-

negligible (>10�2). Consequently, the measured Jph(V)

curves drop exponentially and converge as the applied DC

voltage-bias V increases. Based on the measured data, the

loss of Jph(V) increases from sample A to sample E and

matches the distortion of light J-V curves. Therefore, we can

conclude that stronger voltage-dependence on photocurrent

drives the FF drop. For further investigation on the Jph(V)

loss, the ratio of quantum efficiency response at voltage

bias¼ 400 mV over the response at 0 V is measured as

shown in Fig. 8. The measured ratio represents voltage-

induced difference on the QE response. Sample E shows

reduced QE response under forward bias as indicated by the

measured ratio �1, and the ratio is lower at long-

wavelengths. This indicates that the Jph(V) loss may corre-

late to the voltage-induced carrier collection loss, especially

for carriers generated by long-wavelength photons.

IV. TCAD MODELING

Several models of voltage-dependent photocurrent have

been reported based on non-graded bandgap structure.31–42

FIG. 7. (a) Small-signal circuit model of a solar cell under AC light source.

Voltage-dependent photocurrent characteristic is incorporated. j(V) is the

small signal output current at applied DC voltage-bias V. jph(V0) is the small

signal photocurrent at DC voltage-bias V0 across p-n junction, Rs is the

series resistance, Rsh is the shunt resistance, and rd is the small signal diode

resistance. The DC voltage-bias V0 across p-n junction is determined by

V0 ¼V � IRs. V is the applied DC voltage bias at terminals. I is the DC out-

put current. (b) Measured photocurrent Jph(V) (dashed line) and illuminated

J-V curves (solid line) of samples A, C, and E.

FIG. 8. The measured ratio of QE(400 mV)/QE(0 mV) for samples A and E.

QE(400 mV) and QE(0 mV) represent measured quantum efficiency at volt-

age bias¼ 400 mV and 0 mV, respectively. Sample E shows the reduced

ratio of QE(400 mV)/QE(0 mV), especially at long wavelengths.
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In the complicated Cu(In,Ga)(Se,S)2 thin film solar cell, drift

and diffusion carrier transportations in both SCR and QNR

should be considered with graded bandgap structure. To

solve this issue and to provide a clear physical picture,

Technology Computer Aided Design (TCAD) simulation is

used for compact device modeling by solving coupled device

equations of optical, electrostatic, and continuity.

Material parameters of penternary Cu(In1�xGax)

(Se1�ySy)2 compounds are determined by interpolation between

the four quaternary side materials (CuIn(Se1�ySy)2,

CuGa(Se1�ySy)2, Cu(In1�xGax)Se2, and Cu(In1�xGax)S2) based

on an interpolation scheme method.43,44 Material parameters of

this penternary compound as function of Ga/(Gaþ In) and S/

(Seþ S) ratios can be expressed as below

P x; yð Þ ¼
1

x 1� xð Þ þ y 1� yð Þ
� fx 1� xð Þ yP CuIn1�xGaxS2½ � þ 1� yð ÞP CuIn1�xGaxSe2½ �

� �

þy 1� yð ÞfxP CuGa Se1�ySyð Þ2
� �

þ 1� xð ÞP CuIn Se1�ySyð Þ2
� �

gg; (2)

where P(x, y) represents material parameters of Cu(In1�x

Gax)(Se1�ySy)2 compound, x is the ratio of Ga/(Gaþ In),

and y is the ratio of S/(Seþ S). In this simulation, the

bandgap (Eg), conduction band minimum (CBM), valence

band maximum (VBM), and optical n, k are interpolated

based on the specific Ga/(Gaþ In) and S/(SeþS) ratios,

while the other parameters remain constant. To determine

the bandgap with varied composition, an empirical equation

in Ref. 45 can be used. Here, the four quaternary materials

are constructed by the ternary corner materials (CuInSe2,

CuGaSe2, CuInS2, and CuGaS2) with zero bowing factors

based on experiments.46 The bandgap and band offset of

these four ternary corner materials are based on first-

principle calculations.12,13 The bandgaps of Cu(In,Ga)

(Se,S)2 absorber with varied Ga/(Gaþ In) and S/(SeþS)

ratios used in this simulation are shown in Fig. 9. The optical

parameters (n, k values) are extracted from measurement

data,47,48 and the absorption edges are shifted with varied

optical bandgaps. Carrier lifetime of the CIGSeS absorbers

is set to 10 ns based on TRPL measurements (Table II).

Electron and hole mobility are set to 100 cm2 V�1 s�1 and

25 cm2 V�1 s�1, respectively, which are in the typical range

of polycrystalline chalcopyrite materials.49,50 The effective

donor-like defect states in p-type absorber layer are assigned

to a narrow Gaussian distribution close to the middle of

bandgap (mid-gap states). The capture cross-section for elec-

tron/hole (re/rh) is set to 5� 10�13/1� 10�15 cm2.50 Here

effective defect density¼ 1015 cm�3 is used to fit the mea-

sured J-V characteristics in experiments. Other material

parameters are taken from the standard chalcopyrite thin film

solar cell in Ref. 50.

CIGSeS device structure with different Ga and S profiles

in samples A, B, C, D, and E as shown in Figs. 1(a) and 1(b)

are modeled with the corresponding material parameters men-

tioned above. The parasitic resistances Rs and Rsh coupled in

simulations are set to 0.9 and 1500 X cm2/cell, respectively,

which are the average of extracted resistances as shown in

Table II. For optical absorption simulation, transfer matrix

method (TMM) is used. By this method, reflection, absorption,

and transmission spectra of multilayer stacks are obtained by

multiplication of thin film layer matrices. This yields an overall

transfer matrix for all wavelengths of interest. For J-V charac-

teristics simulations, optical generation profiles under AM1.5G

solar spectrum are calculated by transfer matrix method

(TMM), and the following electrical simulation is responsible

for solving coupled Poisson and continuity equations at varied

voltage biases. Recombination models (Shockley–Read–Hall

(SRH), Auger, Radiative, and surface recombination) are also

incorporated. The respective performance parameters are

derived from the simulated J-V characteristics.

To analyze voltage-dependent photocurrent characteris-

tics, voltage-dependent carrier collection efficiency gc(V) is

defined according to Jph(V)¼ Jscgc(V). Carrier collection effi-

ciency is referred to as the probability that a photo-generated

carrier inside the device is collected at terminal contacts. The

voltage-dependent carrier collection efficiency gc(V) repre-

sents the voltage-induced difference in carrier collection effi-

ciency with a specific carrier generation profile. gc(V) can be

estimated from the difference between J-V characteristics

with differing illumination according to Ref. 30

gc Vð Þ ffi

D collected carriersðVÞ
D generated carriers

D collected carriers ð0VÞ
D generated carriers

ffi JI1 Vð Þ � JI2 Vð Þ
Jsc;I1 � Jsc;I2

; (3)FIG. 9. The bandgap (Eg) of penternary Cu(In1�xGax)(Se1�ySy)2 material

with varied Ga/(Gaþ In) and S/(SeþS) ratios based on the interpolation

scheme method.
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where Jsc,I1(V) and Jsc,I2(V) represent the short-circuit cur-

rent under differing illumination, and JI1(V) and JI2(V) repre-

sent the J-V characteristics under differing illumination.

Localized voltage-dependent carrier collection efficiency

gc(x,V) is defined as voltage-dependent carrier collection

efficiency at a given location x with a carrier generation

G(x). Here gc(x,V) profile is simulated by artificially creating

additional carrier generation DG(x) at a location x and calcu-

lating the output current difference according to Equation

(3). The integral of gc(x,V) profile and optical generation

profile G(x) under AM1.5G illumination is equal to gc(V) of

the whole device. In gc(V) and gc(x,V) simulations, series

resistances are set to zero to make the output voltage (V)

equal to the voltage-bias across junction (V0). This equality

allows us to simulate actual collection efficiency, especially

at high voltage bias.30

V. DISCUSSIONS

Simulated J-V characteristics in dark and under

AM1.5G spectrum are shown in Fig. 5(b). The simulated and

measured J-V curves with distortions are in good agreement.

In addition, the simulated device parameters (g, Voc, FF, and

Jsc) are well-matched to the measurements in Figs. 6(a)–6(d).

The matching indicates that the device performance is indeed

dominated by the bandgap profiling (Ga and S profiles) in

different samples (Fig. 1) rather than other material proper-

ties, such as defects, carrier lifetime, mobility, etc. To further

understand the influences of composition grading (FGa and

sulfur-gradient) on device characteristics, the relationship

between Eg, CBM, VBM, and composition grading is stud-

ied. In CIGSeS absorbers, increased FGa can result in the

increased Eg and CBM in the front of the absorber, the

decreased Eg and CBM in the back of absorber, as well as

the decreased conduction band grading. The increased front

sulfur-gradient can enlarge the Eg near the surface of

absorber by decreased VBM and increased CBM, as well as

the grading of the front energy barrier. As a result, the evolu-

tion of Eg profiling from sample A to sample E leads to

wider Eg near the p-n junction, reduced back Eg grading, and

enlarged front energy barrier. The corresponding device

characteristics are discussed as below.

A. Origin of voltage-dependent carrier collection

In this work, the voltage-dependence on carrier collec-

tion was observed and confirmed by the Jph(V) measurement

(Fig. 7(b)). Fig. 10(a) shows the simulated voltage-

dependent collection efficiency gc(V) curves which are in

good agreement with the measured Jph(V) characteristics.

Simulation reveals that the change of composition grading

from sample A to sample E degrades the carrier collection

under a forward bias. Moreover, the difference in collection

efficiency among these samples becomes larger as voltage-

bias increases. The collection efficiency at the maximum

power point gc(Vmpp) is simulated as shown in Fig. 10(b).

From sample A to sample D, gc(Vmpp) decreases linearly

with increasing FGa. For sample E, the further increased FGa

and sulfur gradient cause a severe gc(Vmpp) drop.

To further study the gc(Vmpp) loss, the localized collec-

tion efficiency profiles gc(x,Vmpp) are simulated for varied

FGa with two kinds of sulfur-gradients, SL and SU. Here SL

represents the sulfur profile of sample A, which is the lower

bound of measured sulfur-gradients. SU represents the sulfur

profile of sample E, which is the upper bound of measured

sulfur-gradients. As shown in Figs. 10(c) and 10(d), the sim-

ulated results reveal that the gc(Vmpp) loss mainly comes

from the deteriorated collection efficiency in QNR. An

increased FGa can degrade the collection efficiency because

the lower Ga-gradient reduces the CBM grading which can

FIG. 10. (a) Simulated voltage-

dependent collection efficiency gc(V)

curves. The inset shows more gc(V)

loss from samples A to E, which is indi-

cated by the dashed arrow. (b)

Simulated collection efficiency at the

maximum power point gc(Vmpp) vs. FGa

with SU and SL sulfur-gradients. SL rep-

resents the sulfur profile of sample A,

which is the lower bound of measured

sulfur-gradients. SU represents the sul-

fur profile of sample E, which is the

upper bound of measured sulfur-

gradients. At the maximum power

point, the localized collection efficiency

gc(x, Vmpp) profiles with two kinds of

sulfur-gradients (SU and SL) are simu-

lated as shown in (c) and (d).
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force the collection of photo-generated electrons. The degra-

dation of carrier collection is more severe in QNR due to the

lack of p-n junction field. By comparing Figs. 10(c) and

10(d), it appears that the increased sulfur-gradient from SL to

SU also degrades the collection efficiency, especially in

QNR. Furthermore, the synergistic effect is found that the

gc(Vmpp) loss by increased sulfur-gradient is more severe as

FGa increases, as shown in Fig. 10(b). Based on the simulated

results, the loss of localized collection efficiency is analyzed

quantitatively. From sample A to sample E, it is found that

an increased FGa (from 0% to 90%) reduces the collection

efficiency from 98% to 90% in QNR (Fig. 10(c)).

Additionally, the higher sulfur-gradient on sample E further

degrades the collection efficiency to 55% in QNR (Fig.

10(d)), which is attributed to the blocked electron collection

by the higher energy barrier. For sample E, the synergistic

effect of increased FGa and sulfur-gradient incurs a large

gc(Vmpp) drop (Fig. 10(b)). Based on the above study, we

can conclude that the change of composition grading from

sample A to sample E, which leads to the reduced CBM

grading and enlarged front energy barrier, is detrimental to

the photo-generated carrier collection especially in QNR.

We also can understand the decreased long-wavelength

quantum efficiency from sample A to sample E (Fig. 4) is

resulted from the poor collection of photo-generated elec-

trons in QNR. Moreover, the simulated results corroborate

the correlation between the Jph(V) distortion and forward-

bias induced carrier collection loss in QNR. The loss of

localized carrier collection efficiency mainly occurs in QNR

which lacks p-n junction field. As the voltage-bias increases,

the wider QNR causes more collection losses in solar cell.

Therefore, worse Jph(V) distortion is observed at large

forward-bias (Figs. 7 and 10(a)). In addition, the composition

grading significantly affects the carrier collection in QNR,

and thus it dominates the photo-generated current at large

voltage-bias. This explains that the Jph(V) difference among

these samples becomes larger as voltage-bias increases.

Overall, the voltage-dependent photocurrent characteristics

observed in this work are dominated by the carrier collection

in QNR, which is affected by the parameter FGa and front

sulfur-gradient.

B. Interpreting the empirical trend of FF

In literature, voltage-dependence on carrier collection

has been reported to modify the ideal FF,51 and the modified

FF is dependent on Voc, A, and gc(Vmpp).52

FF 	 gc Vmppð Þ 1� AVT

Voc

ln
Voc

AVT

� �� �
; (4)

where VT is the thermal voltage that depends on the absolute

temperature. The value of VT is 26 mV at 300 K. The modi-

fied expression of FF shows positive dependence on both of

the gc(Vmpp) and Voc/A factors. These two factors play criti-

cal roles in determining the empirical trend of FF.

In addition to the gc(Vmpp) that has been discussed in

Section V A, the empirical trend of Voc/A is discussed here.

In Fig. 6(c), the measured data show an increase of Voc/A

from sample A to sample E. Furthermore, the influence of

composition grading on Voc/A is analyzed. In simulation, it

reveals that an increased FGa can reduce SCR recombination

rate and improve the Voc, which is due to the enlarged

bandgap in the front of the absorber. In addition, an

increased FGa can decrease the CBM grading and result in

the weaker back electric field. Under a forward bias, the

weaker electric field reduces the blocking of electron injec-

tion into QNR. Consequently, the increased FGa leads to the

reduced ratio of the integrated recombination rate in SCR

over that in QNR, which results in a decreased ideal factor

toward A¼ 1. By the same token, Orgis et al.52 found that a

shift towards the dominance of SCR recombination can be

created by a longer gradient length of back Eg grading.

These findings point out that an increased back grading of

CBM gives rise to an increased diode ideal factor and vice

versa. Based on the above discussion, we can conclude that

an increased FGa can lead to an improved Voc/A by reducing

SCR recombination and shifting the recombination center

toward QNR. Similarly, an increased sulfur-gradient also

can enlarge the surface Eg and improve the Voc/A.

Therefore, the evolution of bandgap profiling from sample A

to sample E, which leads to the wider Eg and lower gradient

of CBM, is beneficial for improving the Voc/A.

The influence of composition grading on gc(Vmpp) and

Voc/A has been studied in Sections V A and V B. By apply-

ing the above learning, the empirical trend of FF can there-

fore be interpreted. From sample A to sample D, the

increased FGa significantly enlarges the bandgap in SCR and

reduces the back grading of CBM. These changes lead to the

reduced SCR recombination and the shift of recombination

center toward QNR, which result in an increased Voc/A (Fig.

6(c)). On the other hand, the reduced CBM grading also

decreases the collection efficiency in QNR and results in a

decreased gc(Vmpp) (Fig. 10(b)). Because the Voc/A improve-

ment is over the gc(Vmpp) degradation, an increased FF from

sample A to sample D is resulted. For sample E, both the

increased FGa and front sulfur-gradient can improve the Voc/

A. Nonetheless, the high FGa and sulfur-gradient form a det-

rimental bandgap grading to deteriorate the carrier collection

in QNR, which causes severe gc(Vmpp) drop by relative

�16% (Fig. 10(b)). Because the gc(Vmpp) drop prevails over

the Voc/A improvement, FF of sample E shows a consider-

able deterioration by relative �10% (Fig. 6(b)). Therefore,

sample E shows much lower conversion efficiency even with

the highest Voc� Jsc (23.2 mW/cm2). In conclusion, the

trade-off between SCR recombination and QNR carrier col-

lection, which can be affected by varied FGa and front sulfur-

gradients, dominates the optimal FF and thus the conversion

efficiency.

C. Co-optimization of the gallium and sulfur gradients

In this experiment, flatter gallium profiles can signifi-

cantly improve the Voc� Jsc but also may induce the syner-

gistic effect with high sulfur-gradient to causes severe

gc(Vmpp) drop. Therefore, co-optimization of gallium and

sulfur gradients in the absorber formation process plays an

important role in producing high-efficiency CIGSeS solar
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cell. For the quantitative investigation, device performances

are simulated for varied FGa with two kinds of sulfur-

gradients, SU and SL. In these devices, the elemental concen-

tration is kept the same, and the gradient is varied. For the

gallium profiles, FGa varied from 0% to 90% under a fixed

GGIavg¼ 0.26. For the sulfur profiles, there are two kinds of

gradients, SU and SL. In Fig. 11(a), g(SU) and g(SL) represent

conversion efficiency with SU and SL sulfur-gradients,

respectively. gavg is defined as the average efficiency of

g(SU) and g(SL). Dg is defined as the half of efficiency differ-

ence between g(SU) and g(SL). Conversion efficiency distri-

bution due to the sulfur gradient variation can be described

as gavg 6 Dg.

As discussed above, the conversion efficiency is deter-

mined by the trend of FF. When FGa< 20%, an increased

sulfur-gradient can improve efficiency because the improve-

ment of Voc� Jsc is more significant than the FF loss (Figs.

11(b) and 11(c)). When FGa> 20%, gc(Vmpp) significantly

decreases from SL to SU due to the synergistic effect of high

FGa and sulfur-gradient (Fig. 10(b)). Consequently, higher

sulfur-gradient causes severe FF drop and lower efficiency

especially for high FGa (Figs. 11(a) and 11(c)). In Fig. 11(a),

FGa¼ 20% shows zero performance difference to sulfur-

gradient variation. For FGa> 20%, the efficiency-difference

Dg by sulfur-gradient increases with increased FGa.

Moreover, the optimal FGa also shifts toward a lower value

as sulfur-gradient increases from SL to SU, which indicates

that higher FGa needs lower sulfur-gradient and vice versa.

To approach the maximum efficiency, the parameter FGa

should be increased to 
50% under the controlled sulfur-

gradient (SS� 20% and DP
 15%). This reveals that a

higher efficiency can be achieved by flatter gallium profile

with lower sulfur gradient, which corresponds to the experi-

mental results in this work.

In selenized absorbers, gallium atoms tend to accumu-

late at the back-side, which needs higher sulfur-

incorporation to improve the gallium-diffusion for the higher

Voc. However, sulfur-incorporation should be kept at low

level to avoid “over-sulfuration” effect. In this work, varied

gallium gradients of the selenized absorber are explored

under low sulfur-incorporation. The experiment shows that

the high FGa absorber can significantly improve the cell effi-

ciency with proper sulfur-gradient. Through characterization

and simulation, it can be understood that a low sulfur-

gradient is preferred for reducing the carrier collection loss

for high FGa absorbers. With the consideration of the Ga-S

interaction, lower H2S/N2 concentration and longer sulfura-

tion time should be considered in practice to reduce the

sulfur-gradient, which can further enhance efficiency gain of

high FGa absorbers.

D. The high-efficiency gallium profile with robustness
against sulfur-gradient variation

Compound absorber typically shows a compositional

variation as a function of depth, e.g., gradients of gallium

and sulfur. The amount of Ga and S present in the CIGSeS

absorber directly affects the bandgap and hence the device

efficiency. In production, process variation is unavoidable,

and the sensitivity of performance to variation should be fac-

tored in device optimization. For CIGSeS graded bandgap

devices, even a small fluctuation on Ga or S can lead to an

unacceptable bandgap profiling and thus the variability in

conversion efficiency. In some cases, an optimal composition

profiling for the highest conversion efficiency may not be

practical for mass-production due to the high sensitivity to

process variation. In our absorber formation technology,

gallium-gradient controlled by N2 annealing step shows

lower variation as compared with the sulfur-gradient, which

can be affected by H2S gas reaction and Ga-S interaction

effect. Therefore, in pursuit of high production efficiency,

FIG. 11. Simulated device performance vs. FGa with SU and SL sulfur-gra-

dients: (a) conversion efficiency g (b) Voc� Jsc, and (c) FF. The GGIavg of

simulated devices is kept at 0.26. g(SU) and g(SL) represent efficiency with

SU and SL sulfur-gradients, respectively. gavg is defined as the average effi-

ciency of g(SU) and g(SL). Dg is defined as the half of efficiency difference

between g(SU) and g(SL). Efficiency distribution by the variation of sulfur-

gradients can be described as gavg 6 Dg.
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optimal Ga-profile with sulfur-variation aware design should

be considered.

Generally speaking, process variation of sulfur-gradient

is expected even in a state-of-the-art CIGSeS production line.

The possible variation is assumed to be bounded by the SU

and SL sulfur-gradients. Here Dg< 0.3% is assumed as the

requirement for high manufacturing yield. As shown in Fig.

11(a), Dg by sulfur-gradient variation is larger than 0.3% for

devices with FGa> 50%, and it increases with increasing FGa

due to the aforementioned synergistic effect. Thus, FGa> 50%

is not a viable choice for manufacturing due to its high sensi-

tivity to sulfur-gradient variation. As far as a high manufactur-

ing yield is concerned, the Ga-profile with FGa¼ 50% is

regarded as the optimal design which achieves the best effi-

ciency distribution 16.8 6 0.3% for the case of GGIavg¼ 0.26.

The proposed TCAD modeling provides reliable predic-

tions on the complicated interactions between composition

gradients, device performances, and variability. Through the

TCAD modeling, vast process parameters can be pre-screened

to offer a path-finding function. Here varied Ga-profiles are

explored to seek further efficiency improvement. Device per-

formances are simulated for varied Ga-profiles with two kinds

of sulfur profiles (SL and SU). The corresponding maps of Dg
and gavg are shown in Figs. 12(a) and 12(b), respectively.

Varied Ga-profiles are defined by FGa parameters and GGIavg

ratios. As shown in Fig. 12(a), Dg is larger than 0.3%

for FGa> 50%. This is because Dgc (Vmpp) from the sulfur-

gradient variation is more severe as FGa increases. For devices

with overly steep Ga-profiles (FGa< 10%), DVoc is sensitive

to the Eg variation in SCR. In GIGSeS material system

(Fig. 9), the Eg dependence on S/(Seþ S) ratio is larger as

Ga/(Gaþ In) ratio increases. The dependence leads to worse

Dg for overly steep Ga-profiles as GGIavg ratio increases. As

a result, the window of high manufacturing yield (Dg
< 0.3%) becomes narrowed as GGIavg increases.

From the viewpoint of bandgap engineering, the

increased Eg,min with an optimal CBM grading allows us to

improve the conversion efficiency along with robustness

against sulfur-induced performance variability. For the

absorber with overly flat (FGa> 90%) and steep (FGa< 10%)

Ga-profiles, only an increase in GGIavg does not bring appre-

ciable improvement on gavg but causes much worse Dg as

shown in Figs. 12(a) and 12(b). This reflects the uncontrolla-

ble efficiency variability on these approaches because of the

non-optimized Ga-profile to sulfur-variation. It is also seen

from Figs. 11 and 12 that the modulation of FGa can lead to

significant efficiency gain without losing performance stabil-

ity. This point has been verified based on our experiments

that an efficiency improvement from 15.4% (sample A) to

17.1% (sample D) for the case of GGIavg¼ 0.26 is achieved

by an increased FGa from 0% to 50%. Even more promis-

ingly, a high-efficiency Ga-profile with robustness against

sulfur-gradient variation is presented in Fig. 12(b). It indi-

cates a pathway toward 20 6 0.15% conversion efficiency

distribution within high yield window. A further efficiency

improvement of relative þ19% can be achieved by an

increased GGIavg ratio to the range of 0.55–0.60 and

decreased FGa to 40%. The modulation of both GGIavg ratio

and FGa leads to the improved bandgap profiling with greater

tolerance to the sulfur-gradient variation. This also reveals

that the optimal gallium profiling can contribute considerable

manufacturing efficiency enhancement of a state-of-the-art

CIGSeS production line. Moreover, it should be noted that

performance sensitivity to FGa variation becomes higher

with an increased GGIavg ratio (Fig. 12(b)), which indicates

that the process controllability in gallium-gradient is the

most critical factor as approaching the higher efficiency.

Based on the simulated results, a Voc saturation problem

is observed if GGIavg ratio is larger than 0.6 due to the

increased recombination at the absorber/buffer interface,

which is caused by near-zero or negative conduction band off-

set (cliff-like junction) at wide bandgaps. Such behavior has

been observed experimentally in wide bandgap Cu(In,Ga)Se2

devices and related discussion can be found in Refs. 53–56.

From the viewpoint of band alignment, sulfur-incorporation in

the surface region of Cu(In,Ga)(Se,S)2 devices can reduce Voc

saturation behavior at wider bandgaps because a part of

bandgap widening is in the valence band.53 This feature

allows a wide bandgap Cu(In,Ga)(Se,S)2 device to have

higher efficiency headroom than the reported Cu(In,Ga)Se2

devices.53–56 Besides, the influence of high gallium content in

CIGSeS crystalline quality is unknown and needs further stud-

ies when we are approaching the high efficient Ga-profile.

VI. SUMMARY AND CONCLUSION

In this work, the co-optimization of gallium and sulfur

gradients in penternary Cu(In,Ga)(Se,S)2 thin film solar cell

FIG. 12. Contour plots of Dg and gavg

as a function of the parameter FGa and

GGIavg are shown in (a) and (b), respec-

tively. High manufacturing yield win-

dow (Dg< 0.3%) is plotted by the

white dashed line. The arrow in (b)

indicates a pathway toward 20 6 0.15%

conversion efficiency distribution from

current optimal FGa at GGIavg¼ 0.26,

which has 16.8 6 0.3% efficiency

distribution.
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and their impacts on performance and variability are investi-

gated experimentally and theoretically. An absorber forma-

tion method to modulate gallium profile under low sulfur-

incorporation is disclosed. Flatter gallium profiles are dem-

onstrated to provide a significant efficiency gain with

improved Voc� Jsc, which is attributed to better matching

between the bandgap profiling and the solar spectrum. An

optimal Ga-profile achieving 17.1% conversion efficiency

(Voc¼ 668 mV, Jsc¼ 34.9 mA/cm2, and FF¼ 73.6%) on a

30 cm� 30 cm sub-module without anti-reflection coating

(ARC) is presented. Detailed film analysis and numerical

simulation are performed to disclose the underlying physics

of empirical observations.

Voltage-dependence on carrier collection for varied

front-to-back Ga ratio (FGa) and front sulfur-gradients is

investigated through photocurrent characteristics measure-

ment and device simulation. It is concluded that the

conduction-band grading by an increased FGa and front sul-

fur gradient is detrimental to the collection of photo-

generated electrons. With an increased FGa, insufficient back

grading of CBM reduces carrier collection efficiency, espe-

cially in QNR. The increased front sulfur-gradient also dete-

riorates QNR carrier collection due to the increased front

energy barrier across the absorber/buffer interface. A syner-

gistic effect of these two factors is found to incur severe

gc(Vmpp) loss, which can deteriorate FF and therefore the

conversion efficiency.

Influences of varied FGa and front sulfur-gradients on

carrier recombination are also investigated for CIGSeS solar

cell with graded bandgap structure. Experiments reveal that

the recombination current in these devices is dominated by

the recombination paths in SCR. The bandgap and band

grading in SCR can be tuned by varied FGa and front sulfur-

gradient, and consequently diode quality is affected. An

increased FGa gives rise to a decreased recombination rate in

SCR by wider Eg and a shift of recombination path toward

QNR by decreased conduction-band grading. The combina-

tion of such effects increases Voc and decreases ideal factor

toward A¼ 1. The same effects on Voc and A can be resulted

from the aid of front sulfur-gradient because SCR recombi-

nation can be further suppressed.

A clear physical picture is therefore presented to under-

stand the complex trade-off between SCR recombination and

QNR carrier collection, which is affected by the gallium and

sulfur gradients. Our interpretation can successfully address

the empirical observations that cannot be explained by stan-

dard solar circuit model, which includes the puzzling trend

of FF, distortion of illuminated J-V curves, and voltage-

dependent photocurrent characteristics. Additionally, the co-

optimization of gallium and sulfur-gradient is further investi-

gated. The experimental and simulation results show that a

flatter gallium profile with lower sulfur gradient is a key fac-

tor in achieving high-efficiency CIGSeS solar cell. The

gallium-flattening provides a different approach as compared

with the case of Ga-accumulation by SAS method. For fur-

ther process tuning of this work, lower H2S/N2 concentration

and longer sulfuration time should be considered to reduce

sulfur-gradient, which can further reduce carrier collection

loss for efficiency improvement.

Performance variability induced by sulfur-gradient varia-

tion is also studied through compact device modeling, which

shows reliable predictions on the complex interactions

between composition gradients, performances, and variability.

A gallium profiling guideline for suppressing sulfur-induced

variability is proposed. It is suggested that gallium profiles

with FGa> 50% are not suitable for mass-production because

of their high-performance sensitivity to sulfur-gradient varia-

tion. This is because Dgc (Vmpp) from sulfur variation is worse

as FGa increases. Additionally, sulfur-induced efficiency vari-

ability becomes worse as the averaged GGI ratio (GGIavg)

increases, especially for the overly flat (FGa> 90%) and

overly steep (FGa< 10%) cases. The presented results indicate

that sulfur-gradient variation is critical for the conversion effi-

ciency distribution of a state-of-the-art CIGSeS production

line. The headroom for further efficiency improvement is

studied through exploring varied gallium profiling under dif-

ferent sulfur-gradients. Finally, 20 6 0.15% conversion effi-

ciency distribution is reached by an optimal gallium profile

with an averaged GGI ratio (GGIavg) of 0.55–0.60 and front-

to-back Ga ratio (FGa) of 40%. This optimal gallium profile

also leads to greater tolerance to the sulfur-gradient variation

of surface S/(SeþS)¼ 19%–30% and normalized penetration

depth¼ 11%–18%.
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