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Modification of deposition process for Cu(In, Ga)Se2 thin 
film solar cells on polyimide substrate at low tempera-
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We fabricate polycrystalline Cu(In, Ga)Se2 (CIGS) film solar cells on polyimide (PI) substrate at temperature of 450 

°C with single-stage process, and obtain a poor crystallization of CIGS films with several secondary phases in it. For 

improving it further, the two-stage process is adopted instead of the single-stage one. An extra Cu-rich CIGS layer 

with the thickness from 100 nm to 200 nm is grown on the substrate, and then another Cu-poor CIGS film with thick-

ness of 1.5-2.0 µm is deposited on it. With the modification of the evaporation process, the grain size of absorber layer 

is increased, and the additional secondary phases almost disappear. Accordingly, the overall device performance is 

improved, and the conversion efficiency is enhanced by about 20%. 
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Cu(In, Ga)Se2 (CIGS) solar cells have demonstrated a 

very high efficiency of 20.3% on glass substrate[1]. Re-

cently, solar cells on flexible substrate have drawn more 

and more attention, because they can be fabricated by 

using roll-to-roll deposition process with very high 

throughput[2]. Additionally, the flexible substrates offer 

the advantages for monolithically interconnected module 

development. However, the CIGS absorber layer is usu-

ally deposited around 480 °C[3], and the influence of co-

efficient of thermal expansion (CTE) becomes a critical 

problem at this temperature[4]. In this paper, CIGS ab-

sorber layers are deposited on flexible polyimide (PI) 

substrate at 450 °C. Deposition process is optimized by 

adding an extra Cu-rich step before depositing CIGS 

absorber layer to improve the quality of crystallization of 

the CIGS film, and the properties of films and devices 

are investigated. 

Devices were prepared on 50 µm-thick PI films, and 

an approximate 600 nm-thick Mo bilayer was deposited 

by direct current (DC) sputtering as the back contact. 

The CIGS absorber layer with thickness of 1.5-2.0 µm 

was deposited in high vacuum environment with sin-

gle-stage and two-stage processes, respectively. Both 

processes started with the deposition of a (In1-xGax)2Se3 
(IGS) precursor layer (200 nm-thick) at 350 °C, 10 nm 

NaF was deposited on the precursor, and then the sub-

strate temperature was increased to 450 °C. In the sin-

gle-stage process, the four elements were co-evaporated 

on NaF layer. In the two-stage process, firstly a thin Cu 

layer was deposited on NaF layer, which makes the layer 

fully Cu-rich, and then the four elements were 

co-evaporated with decreasing the Cu evaporation rate 

slightly. Se was evaporated throughout the whole layer 

growth in constant overpressure. In the final CIGS films, 

Cu/(Ga + In) is in the range of 0.80-0.90, and Ga/(Ga + 

In) is in the range of 0.25-0.30. Subsequently, the CIGS 

films were covered by an approximate 70 nm-thick CdS 

layer grown with a chemical bath deposition (CBD) 

method. A 50 nm-thick high-resistance intrinsic-ZnO 

(i-ZnO) and 500 nm-thick high-conductivity ZnO:Al 

bilayer were deposited by a radio frequency (RF) sput-

tering as the front contact window layer[5]. The Ni/Al (30 

nm/2 µm) grid was deposited by electron beam evapora-

tion to complete the device. No anti-reflection coatings 

were applied, and the cell with the area of 0.2 cm2 ap-

proximately was isolated by mechanically scribing. 

The general deposition temperature for high quality 

CIGS film is 500 °C approximately or even high during 

the evaporation process. For two types of commercial 

available PI substrates of Kapton and Upiles, the CTEs 
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of CIGS films are very different at such a substrate tem-

perature[4]. Because of the mismatch of CTEs between PI, 

Mo and CIGS layers, CIGS film cracks or even peels off. 

Poor adhesion can cause more electricity leakage chan-

nels, and it is the most serious problem of the CIGS solar 

cells on flexible PI substrate[5]. 

On the other hand, typically high efficiency CIGS thin 

film solar cells require to incorporate 0.01%-0.1%[8] 

sodium (Na) into the CIGS absorber layers. It is very 

important for improving the properties of CIGS films 

and the performance of solar cells on the substrates 

without sodium, like PI foils. Sodium can be incorpo-

rated into CIGS absorber layers during various stages of 

film growth with compounds or elemental Na[9]. In this 

paper, 10 nm-thick NaF was deposited prior to the CIGS 

layer. It can affect the contact between Mo and CIGS 

layers. The CIGS film can peel off with slight curve after 

finishing the CIGS film. To avoid this, we deposit 200 

nm-thick IGS precursor before NaF deposition to im-

prove the CTE matching of this multi-layer structure.  

In the new two-stage process, we only co-evaporate 

Cu and Se on the IGS precursor for a short time (Δt) 
about 2-4 min, making the layer fully Cu-rich. However, 

if Δt is too long, the Cu element will react with the IGS 

compound and the by-products will diffuse to the bottom 

of absorber layer. Thus, the role of IGS layers on im-

proving the adhesion between the CIGS and Mo films 

can be traded off，and it causes serious degradation of the 

electrical and structural properties of CIGS film.  

The surface and cross-section SEM images of CIGS 

films grown at different deposition processes are shown 

in Fig.1. The quality of crystallization of CIGS film de-

posited by the two-stage process is improved greatly. The 

surfaces of CIGS films for both deposition processes are 

smooth and with many triangle grains as shown in 

Fig.1(a) and (b), respectively. It is attributed to the com-

position of Cu/(In+Ga)<0.90[10,11]. However, the grain 

size of CIGS film deposited by the single-stage process 

is smaller, and numerous tiny grains distribute among the 

larger grains. Fig.1(c) and (d) show the cross-section 

images of two samples. It is found that the grains of 

CIGS absorber layer for both processes are compact and 

lathy. Fig.1(d) shows that the grain size of the film de-

posited by the two-stage process is larger, growing al-

most from the Mo layer to the top of absorber layer, and 

there is no weeny grain at the bottom of CIGS film. 

Co-evaporation of Cu and Se elements onto IGS precur-

sor layer makes the film fully Cu-rich, which assists the 

grains and the film in growing and recrystallizing[12]. As 

a result, the grain size of CIGS film increases, and the 

number of small grains near the Mo back contact de-

creases obviously. 

The structural properties of CIGS films deposited by 

the two processes are investigated by XRD. As shown in 

Fig.2, the XRD spectra of CIGS films from different 

processes exhibit strong peaks of (112) and (220)/(204), 

and the preferential orientation of grains is (112) in the  

layer. However, the obvious difference is that there is an 

additional peak of secondary phase (In, Ga)2Se3 at 2θ= 

25.5°, as shown in Fig.2(a). The existence of (In, Ga)2Se3 

phases can be attributed to the incomplete diffusion reac-

tion between the metal elements and selenium due to the 

limited heat energy from the substrate at lower tempera-

ture[13,14]. 
 

 

(a) Surface in the single-stage process 

 

(b) Surface in the two-stage process 

 

(c) Cross-section in the single-stage process 

 

(d) Cross-section in the two-stage process 

Fig.1 Surface and cross-sectional images of CIGS 

films deposited by different processes  
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(a) Single-stage process 

 

(b) Two-stage process 

Fig.2 XRD spectra of CIGS films with different depo-

sition processes 

 

The Raman measurements help to discern the structure 

of the CIGS film surfaces. As shown in Fig.3, the Raman 

spectra present the expected values for the main 

chalcopyrite A1 peak around 176 cm-1 and the mixed 

modes between 200 cm-1 and 250 cm-1[15]. However, 

there is a distinct peak at 260 cm-1 for the single-stage 

process. It can be concluded that a possible presence of 

the Cu-rich phase, i.e., Cu
x
Se, exists on/near the surface 

of absorber layer[16]. It is mainly attributed to the 

different reaction paths of the growing absorber layers 

for different deposition processes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3 Raman spectra of CIGS absorber with different 

deposition processes 

 

In single-stage process, four elements of Cu, In, Ga 

and Se are co-evaporated with a constant rate at lower 

temperature of 450 °C. The metal elements may be com- 

bined with selenium to form CIGS quaternary phase 

directly or to form binary selenides firstly, i.e., In-Se, 

Ga-Se and Cu-Se, and then they react with each other to 

produce CIGS phase. The obvious defect of this process 

is that the evaporation rate of Cu is lower than that of In 

and Ga all the time, resulting in Cu-poor film during the 

growth of CIGS film. This can be affected by the 

reaction rate among the four elements or binary phases, 

especially at lower substrate temperature, because the 

elements and compounds can not get enough thermal 

energy for the inter-diffusion and combination. As a 

result, the additional secondary phases shown in Figs.1 

and 2 exist in the bulk or on the surface of the film. 

However, at the beginning of the two-stage process, 

Cu and Se atoms are deposited onto IGS precursor layer 

firstly, producing Cu-rich film. Followed by evaporating 

Cu, In and Ga elements on the substrate, they react with 

the Cu-rich phase to form CIGS quaternary phase with a 

slight Cu-poor composition ultimately. It can be assumed 

that CIGS film is grown through a Cu-rich process, the 

Cu-rich CIGS layer has significantly different composi-

tions in the bulk and on the surface, leading to a 

stoichiometric large chalcopyrite grain[17-19], and then the 

Cu-poor CIGS is continuously deposited, which grows 

along the large grains. Although the deposition tempera-

ture in this paper is 450 °C, which is lower than the liq-

uid phase temperature of Cu
x
Se, the grain size, especially 

at the bottom of CIGS film, is larger than that of sin-

gle-step process obviously. It is also supported by the 

model based on grain boundary migration, and argues 

that a liquid Cu-Se phase is not a necessary precondition 

for the achievement of CIGS layers with large grains, 

which is proposed by Barreau[20]. 

The performance of CIGS solar cells deposited with 

different processes is investigated by external quantum 

efficiency (EQE) and J-V measurements as shown in 

Figs.4 and 5, respectively. Fig.4 shows the response in-

tensities of the solar cells are low for both two processes, 

which can be enhanced by adding an anti-reflection layer 

to reduce the reflection loss. Almost similar EQEs are 

obtained for wavelength region up to 500 nm. The EQE 

of the two-stage process device increases slightly in the 

wavelength region from 500 nm to 1000 nm. It can be 

attributed to the improvement of the absorption and col-

lection of photo-induced carriers in CIGS film, resulting 

in higher Jsc as shown in Fig.5. It can be found that the 

photovoltaic (PV) performance is improved significantly 

by using the modified process. The conversion efficiency 

is increased from 6.78% to 8.11%. The modified deposi-

tion process improves the quality of crystallization of the 

CIGS solar cell, which results in the reduction of defect 

state density and conductivity compared with the sin-

gle-stage process, and thus reduces the recombination of 

the photo-induced carriers, which leads to enhanced Jsc 
from 24.46 mA/cm2 to 26.43 mA/cm2, Voc from 520.4 

mV to 535.6 mV and FF from 53.3% to 57.3%. The PV 

parameters for both devices are limited by relatively low 

deposition temperature[14]. 
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Fig.4 EQE curves of CIGS solar cells using different 

deposition processes 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5 J-V curves of the two devices using different 

deposition processes 

 

The CIGS solar cells are fabricated at relatively low 

substrate temperature of 450 °C. The influence of the 

two co-evaporation processes on the crystal quality and 

the device performance is investigated. It can be seen 

that the Cu-rich CIGS deposited after the IGS precursor 

is vital for improving the device performance. The new 

deposition process results in large grain size, and it is 

confirmed that it is necessary to pass through a Cu-rich 

composition during the deposition process[19]. A conver-

sion efficiency of 8.11% is achieved with the reduction 

of recombination losses caused by the grain boundaries. 

A further enhancement can be realized by optimizing the 

co-evaporation process, controlling the amount of so-

dium, adjusting deposition time Δt, and finding the suit-
able precursor with little influence on device perform-

ance.  
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