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of Co-Evaporated Cu(In,Ga)Se2
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Cu(In,Ga)Se2 (CIGS) films were deposited by the three-stage co-evaporation process
and the effect of the second stage substrate temperature on device performance were
evaluated. With increasing the substrate temperature, the preferred orientation of CIGS
was found to be changed from (112) to (220), however, the Ga double grading became
weaker and nearly flat for the (220) textured CIGS grown at 570◦C. Despite of (220)
preferred orientation, the conversion efficiency decreased mainly due to the poor fill
factor and open circuit voltage. It is suggested that increasing the growth temperature
in order to get (220) preferred CIGS may destroy the advantage of double-graded Ga
profile.

Keywords CIGS; Cu(In; Ga)Se2; co-evaporation; three-stage; Ga profile; preferred
orientation

Introduction

Cu(In,Ga)Se2 (CIGS) compound which has high optical absorption coefficient as direct
transition type semiconductor, is very profitable in thin film solar cell manufacture. With
several advantages, including high thermal stability and moisture tolerance, CIGS-based
solar cells have achieved the highest energy conversion efficiency among thin-film pho-
tovoltaic technology [1]. World record efficiency for Cu(In,Ga)Se2 thin-film solar cells
reached beyond 20% by three-stage process [2]. The advantage of the process is that the
Ga/(In+Ga) ratio can be controlled and increasing Ga concentration towards the back con-
tact improves open-circuit voltage (Voc) and fill factor (FF) due to passivation of the back
contact [3]. At 2nd stage, the substrate temperature is rising from 300∼400◦C to 500◦C
∼ 600◦C for the high conversion efficiency solar cell devices [4]. According to the CIGS
pseudo-binary phase diagram, the compositional margin of α- CIGS, which is suitable for
photovoltaic absorber layer, is broader at higher temperature up to 600◦C ∼ 700◦C [5]. The
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crystalline quality is expected to be better for the high temperature grown CIGS and hence
the device performance would be better due to lower defect density in the high temperature
CIGS. [6]. On the other hand, increasing the growth temperature at the second stage could
promote diffusion of element, especially Ga, which should be evaluated for implementing
a desirable bandgap profile in the absorber film.

In this study, CIGS absorber layer was grown using the three-stage co-evaporation pro-
cess. The solar cells made of CIGS grown at different substrate temperatures in the second
stage were experimentally compared and the effect of variation of growth temperature will
be discussed in terms of conversion efficiency

Experimental

A Mo back contact with a thickness 0.6 μm was deposited on a soda-lime glass substrate
by DC magnetron sputtering. The CIGS absorber layer was grown by a three-stage co-
evaporation of In, Ga, Cu, and Se. In the first stage, an (In,Ga)2Se3 layer was grown by
co-evaporation In, Ga, Cu and Se elements on the Mo/Glass substrates at 350◦C. In the
second stage, the substrate temperature was regulated ranging from 530 to 570◦C. The end
of the second stage was determined by measuring the substrate temperature drop. In the
third stage, In, Ga and Se were evaporated on the CIGS layer in order to obtain Cu-poor
CIGS film. The fluxes of In, Ga, Cu and Se were fixed at a rate of 2.7, 0.9, 2 and 25 Å/s.
The fluxes were monitored by quartz crystal microbalances.

To fabricate CdS/CIGS solar cells, a 50 nm thick CdS layer was deposited on CIGS
film by chemical bath deposition and i-ZnO(80 nm)/ n-ZnO:Al(500 nm) were deposited
by magnetron sputtering on the CdS layer. An Al grid (750 nm) was deposited by DC
magnetron sputtering.

Measurements

The current-voltage characteristics of the solar cells were measured under AM1.5 spectrum
with 1000 Wm−2 illuminations at 25◦C and the capacitance-voltage, incident photon to
current efficiency (IPCE) (PEC-S20, Jasco) and secondary ion mass spectroscopy (SIMS)
(IMS 6F, CAMECA) depth profiling were measured for the characteristics of the solar cells.
The Solar cell’s surface images were obtained by scanning electron microscopy (SEM) and
the X-ray diffractions were analyzed.

Results and Discussion

Figure 1 shows the plan views of the CIGS’s grown at different 2nd stage temperature. The
morphologies are quite similar except that the high temperature grown CIGS shows more
pronounced faceted structure, which possibly suggests a better crystalline quality [7]. It is
interesting to find higher density of small clusters, which are round shape and embedded in
the grain boundaries, with increasing the growth temperature. The effect of these particles
on the device performance will be discussed later.

Figure 2 shows the X-ray diffraction patterns of the three CIGS’s. The (220)/(112) peak
ratio abruptly increased for the CIGS layer grown at 570◦C. The other two CIGS’s grown
at the relatively low temperature seems to maintain (112) texture. From the measured
full width at half maximum (FWHM) values of (112)CIGS, (220)CIGS, and (110)Mo
reflections, the x-ray coherence lengths were calculated by applying Scherrer’s formula
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Figure 1. SEM images of the CIGS absorber layers: (a) 530◦C, (b) 550◦C, and (c) 570◦C.

D
ow

nl
oa

de
d 

by
 [

C
ho

ng
qi

ng
 U

ni
ve

rs
ity

] 
at

 0
4:

50
 1

5 
Fe

br
ua

ry
 2

01
4 



Effect of Substrate Temperature [467]/117

Figure 2. X-ray diffractions patterns of the CIGS absorber layers grown at different temperature.

[8]. and summarized in Table 1. The coherence length doesn’t mean the actual grain size
of CIGS crystallite because the wavelength of X-ray is by far shorter than the average
grain size of co-evaporated CIGS, however, it can be safely assumed to be proportional
to the grain size. Referring to the nearly identical values for (110)Mo suggests that the
crystalline perfection or simply the grain size increases with increasing the 2nd stage
growth temperature. The CIGS absorber film with (220) preferred orientation is known to
be beneficial for high efficiency solar cell [9–11]. Contrary to the expectation, however,
the CIGS grown at 570◦C resulted in the worst photovoltaic performance among the three
CIGS’s and this will be discussed in the following section.

Figure 3 shows the J-V curve of the solar cells having CIGS’s grown at different
temperature of 530, 550 and 570◦C in the second stage. The solar cell grown at the 530◦C
showed the best performance, which has a conversion efficiency of 14.85% with short-
circuit current density (Jsc) = 34.59 mA/cm2, Voc = 0.586 V and FF = 73.24% in the total
area of 0.49 cm2. The performance parameters are summarized in Table 2. The (220/204)
oriented films was reported to have lower bandgap energy than the (112) oriented films,
[11]. and the higher conversion efficiencies achieved with the (220/204) oriented absorbers
were mainly due to increased fill factors and lower sheet resistances, whereas the Jsc and
VOC were in most cases only moderately higher. However, the devices in this study behave
in the complete opposite way to the expectation, that is, all the parameters including Voc,
Jsc, the reverse saturation current (Jo), and the fill factor were deteriorated with increasing

Table 1. Domain size variation of CIGS films grown at different 2nd stage temperature.

530◦C 550◦C 570◦C

(112) CIGS (nm) 42.55 42.55 53.20
(220) CIGS (nm) 27.97 37.28 44.74
(110) Mo (nm) 36.43 36.75 36.74
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Figure 3. Illuminated J-V curves of the CIGS solar cells.

the 2nd stage temperature despite of outstanding (220) texture. In order to investigate the
reason for the loss of Voc and Jsc, the external quantum efficiency was measured. It is
clearly observed in Figure 4 that the minimum band gap energy, which corresponds to the
cut-off value at long wavelength, shifted to higher energy from 1.07 eV to 1.20 eV with
increasing substrate temperature. This may be responsible for the modest loss of Jsc due
to the reduced spectral range but doesn’t fit with the loss of Voc at all. The variation of
the minimum bandgap energy was found to be well consistent with the actual band profile
determined from the Ga depth profile in the secondary ion mass spectroscopy (SIMS) as
shown in Figure 5. The average Ga ratios across film thickness were found to be varying
from 0.29 for CIGS grown at 530◦C to 0.31 for 570◦C, which were also confirmed by
inductively coupled plasma atomic emission spectroscopy (ICP-AES) analysis, however,
such a small variation doesn’t account for the device performance variation. In fact, the
open circuit voltage for the CIGS with higher Ga was found to be lower in this study.
Obviously, the initial double-graded band profile was heavily weaken with increasing the
2nd stage temperature and eventually disappeared at 570◦C. It is interesting to note that

Table 2. The photovoltaic parameters of the CIGS solar cells

530◦C 550◦C 570◦C

Jsc (mA/cm2) 34.59 33.78 33.28
Voc (V) 0.586 0.558 0.556
FF (%) 73.24 69.77 65.56
Efficiency (%) 14.85 13.16 12.13
Rsh (ohm cm2) 9046 3049 3602
Rs (ohm cm2) 0.51 0.42 1.43
Jo (mA/cm2) 7.0e − 6 2.4e − 5 3.4e − 4
Ideality factor 1.54 1.59 2.11

D
ow

nl
oa

de
d 

by
 [

C
ho

ng
qi

ng
 U

ni
ve

rs
ity

] 
at

 0
4:

50
 1

5 
Fe

br
ua

ry
 2

01
4 



Effect of Substrate Temperature [469]/119

Figure 4. External quantum efficiency of the CIGS solar cells.

surface bandgap energy is nearly identical for the three absorbers. The flattening of the
band profile is definitely originated from the enhanced diffusion of Ga at higher growth
temperature, however, it cannot reduce the Voc unless the bandgap energy in the space
charge region (SCR) decreases [12]. One thing that might be relevant to the loss of Voc and
FF, could be found in the surface morphology in Figure 1. The density of the tiny crystallites
on the CIGS surface increases with increasing the growth temperature. Assuming they are
Cu2−xSe, the enhanced surface recombination would decrease Voc and FF [13,14]. In fact,
Jo values are substantially higher for the devices made of CIGS’s grown at the higher

Figure 5. SIMS depth profiles of Ga and the calculated bandgap energy.
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temperatures, and especially the device for 570◦C was found to have an ideality factor
greater than 2, which means the interface recombination limits the device performance. It is
not clear yet why the Cu2−xSe phases are formed more heavily at higher growth temperature
and even whether they are Cu2−xSe phases or not. Nevertheless, it is suggested that the
(220) preferred orientation doesn’t guarantee the high efficiency device and an excessive
growth temperature may destroy the double-graded bandgap profile.

Conclusions

The CIGS thin film absorbers were deposited using the 3-stage co-evaporation process by
varying the 2nd stage growth temperature and their solar cell performances were evaluated.
Although the higher growth temperature yielded (220) preferred orientation of CIGS, the
solar cell performance was deteriorated mainly due to lower Voc and FF. The flattened
Ga profile and emerge of unknown phases, presumably Cu2−xSe, are suggested to be
responsible for the poor efficiency.
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