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Performance improvement of CdS/Cu(In,Ga)Se2 solar cells
after rapid thermal annealing∗
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In this paper, we investigated the effect of rapid thermal annealing (RTA) on solar cell performance. An opto-electric
conversion efficiency of 11.75% (Voc = 0.64 V, Jsc = 25.88 mA/cm2, FF=72.08%) was obtained under AM 1.5G when the
cell was annealed at 300 ◦C for 30 s. The annealed solar cell showed an average absolute efficiency 1.5% higher than that of
the as-deposited one. For the microstructure analysis and the physical phase confirmation, X-ray diffraction (XRD), Raman
spectra, front surface reflection (FSR), internal quantum efficiency (IQE), and X-ray photoelectron spectroscopy (XPS)
were respectively applied to distinguish the causes inducing the efficiency variation. All experimental results implied
that the RTA eliminated recombination centers at the p–n junction, reduced the surface optical losses, enhanced the blue
response of the CdS buffer layer, and improved the ohmic contact between Mo and Cu(In, Ga)Se2 (CIGS) layers. This
leaded to the improved performance of CIGS solar cell.
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1. Introduction
Polycrystalline Cu(In,Ga)Se2 (CIGS) is one of the most

promising materials for thin-film solar cells due to its low con-
sumption of materials, long term durability, stability, and high
conversion efficiency. The recorded efficiency is beyond 20%,
the highest for polycrystalline thin film devices.[1] During the
fabrication of solar cells, annealing is a very important step
because it can effectively eliminate the defect compounds in
the thin films, activate the doping impurities in the bulk, and
improve the ohmic contact at the interfacial region.[2,3] How-
ever, the conventional furnace heating has a high thermal bud-
get, long cycle time, and temperature non-uniformity for large-
diameter wafers, which can lead to the doping impurity diffu-
sion. Rapid thermal annealing (RTA) not only offsets the dis-
advantages of conventional furnace heating but also precisely
controls the annealing profile. Therefore, the RTA treatment
has become a very popular thermal processing method in re-
cent years.

Nowadays, the technique has been widely used for the
post-treatment processing of CIGS thin film in order to mini-
mize damage and eliminate defect compounds in the thin film.
Miyazaki et al. used the RTA treatment to remove the Cu2−xSe
compound on a CIGS thin film surface. The efficiency of

the cell had about 3.9% absolute improvement from 7.3% to
11.2% when the annealed thin film was fabricated into a solar
cell. The performance improvement was attributed to the re-
duction of recombination at the CdS/CIGS interface.[4] Chung
et al. found that the optical transmittance of CdS thin film had
a slight increase at short wavelength after annealing. The effi-
ciency of the cell had about 0.6% absolute improvement from
15.87% to 16.47% when the annealed CdS/CIGS thin film was
fabricated into a solar cell.[5] Meanwhile, the technique has
also been used for the post-treatment of solar cells. Wang et
al. studied the effects of defect density on the cell performance
by fitting the experimental data of RTA-treated CIGS cells us-
ing the AMPS-1D device simulation program.[6] Though it is
clear that the efficiency can be remarkably improved after an-
nealing, the physical mechanisms are still unclear and need to
be clarified.

In this paper, an efficiency improvement of CIGS solar
cells is reported by using the RTA treatment. Meanwhile, we
investigate the effect of RTA treatment on defect compounds
in the CIGS absorber layer, the square resistance, the surface
reflection of the windows layer, and the Mo/CIGS interfacial
ohmic contact respectively.
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2. Experiment
2.1. Fabrication procedures of solar cells

An Mo layer of about 1000 nm thickness was first de-
posited on SLG substrates as the back contact layer by direct-
current magnetron sputtering. Then, a CIGS absorber layer
with a thickness of 1200 nm was grown by two step-sputtering
techniques.[7] A CdS buffer layer with a thickness of 50 nm
was fabricated by chemical bath deposition (CBD) using
CdSO4 (0.0015 M), NH4OH (1.5 M), and thiourea (0.05 M)
aqueous solution at approximately 70 ◦C. After that, about
100 nm i-ZnO layer and 550 nm thick AZO windows layer
were prepared by magnetron sputtering respectively. Finally,
a patterned metal grid (Ni/Al) was deposited by vacuum evap-
oration.

2.2. Annealing process

After the front electrodes were fabricated, the cells were
moved into a rapid thermal processing (RTP) furnace and
heated by tungsten halogen lamp arrays. The process was per-
formed in ambient N2. In order to study the impact of RTA
on the CIGS device, the cells were orderly annealed at differ-
ent temperatures (100 ◦C, 150 ◦C, 300 ◦C, 400 ◦C, 500 ◦C)
for 30 s. After each annealing, the cells were examined using
a solar simulator (AM 1.5G, 100 mW/cm2). The annealing
temperature curves were divided into three parts, as shown in
Fig. 1. In the first part (I), the temperature was raised from
room temperature to a different annealing temperature, the rate
of heating-up was 50 ◦/s. In the second part (II), the temper-
ature was held at the annealing temperature for 30 s. In the
third part (III), the temperature was dropped to room tempera-
ture with natural cooling under a low vacuum of about 2.0 Pa.
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Fig. 1. (color online) Annealing temperature curves of CIGS solar cells.

3. Results and discussion
3.1. Results

Some important electrical parameters of CIGS solar cells
obtained after different annealings are shown in Table 1. As
can be seen, the short-circuit current densities (Jsc) and the

filled factors (FF) have remarkable improvements when the
annealing temperature is lower than 300 ◦C. The significant
improvements of Jsc and FF are mainly responsible for the in-
crease of the efficiency of solar cells, because Voc basically is
kept a constant. Unfortunately, Voc and FF both become worse
after annealing at 500 ◦C, indicting the microstructure of the
device has been destroyed. All J–V curves are shown in Fig. 2.

Table 1. The J–V characteristics of CIGS solar cells obtained after dif-
ferent annealings.

Annealing conditions Voc/V Jsc/mA·cm−2 FF/% Efficiency/%
without annealing 0.64 23.20 68.86 10.22

100 ◦C, 30 s, 0.63 23.17 69.87 10.20
150 ◦C , 30 s 0.63 23.71 71.58 10.69
300 ◦C , 30 s, 0.63 25.88 72.08 11.75
400 ◦C, 30 s 0.60 26.20 64.82 10.19
500 ◦C, 30 s, 0.36 26.64 36.91 3.54
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Fig. 2. (color online) The J–V curves of CIGS solar cells.

We extract the series resistance Rs and the parallel resis-
tance Rsh from the light current–voltage curves. When the an-
nealing temperature reaches 300 ◦C, Rs drops from 0.52 Ω to
0.35 Ω and Rsh raises from 130.89 Ω to 411.52 Ω. Meanwhile,
the FF also reaches the maximum value.

The above experiment results show that 300 ◦C is a per-
fect annealing temperature. So, we mainly focus on the change
between the samples without any treatment and annealed at
300 ◦C.

3.2. Discussion

Figure 3 presents two XRD spectra that correspond to
CIGS solar cells without annealing and annealed at 300 ◦C.
The peaks indeed indicate the three main phases of crystal
structure. The peaks denoted as (112), (220), and (204) can
be attributed to CIGS (PDF: 35-1102), the peak denoted as
(002) is attributed to ZnO (PDF: 36-1451), and the peak de-
noted as (110) comes from Mo (PDF: 42-1120). After anneal-
ing, the diffraction spectrum of the three main crystal struc-
tures remains unchanged. The spectral peak at approximately
2θ = 36.4◦ corresponds to the (104) diffraction of MoSe2
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(PDF: 20-0757). After annealing, the diffraction spectrum of
MoSe2 compound becomes slightly stronger, indicating the
(104) direction of polycrystalline MoSe2 grows well. Addi-
tionally, the small peak located at the shoulder of the CIGS
(112) peak is consistent with the (221) diffraction of Cu2−xSe
(PDF: 06-0680) in the pristine film. It is well known that cop-
per selenide (CuSe) formed by copper-rich CIGS is an excel-
lent medium for enhancing the growth of grains on CIGS ab-
sorbers. However, the copper selenide cannot be exhausted
during the grain growth of CIGS due to the imprecise control-
ling. The degradation caused by residual Cu2−xSe is a serious
problem, which is more obvious in sputtering during seleniza-
tion.
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Fig. 3. (color online) XRD patterns of CIGS solar cells (i) without an-
nealing and (ii) annealed at 300 ◦C.

The residual Cu2−xSe exists not only on the surface but
also at the grain boundary. The recombination at grain bound-
aries is deduced to be the main loss mechanism in CdS/CIGS
solar cells. The peak of Cu2−xSe will disappear when the cells
are annealed at 300 ◦C, indicating that the films have been
transformed from copper-poor to copper-rich films. On one
hand, the removal of Cu2−xSe existing on the surface of CIGS
eliminates recombination centers at the p–n junction. There-
fore, the electron–hole pairs generated in the CdS are collected
properly. This can lead to the advancing of short circuit cur-
rent density of the CIGS solar cell. On the other hand, resid-
ual Cu2−xSe is responsible for the reverse leakage, because it
produces serious pinhole defects. The removal of the residual
Cu2−xSe between grain boundaries would improve the shunt
resistance.[8] Therefore, the performance improvement of cells
is deduced to be due to the decrease of recombination centers
and the elimination of shunt paths.

Typical Raman spectra of CIGS thin film prepared at var-
ious annealing temperatures are shown in Fig. 4. The Ra-
man spectra shows A1 mode at approximately 173.8 cm−1,
which is generally observed in I–II–VI2 chalcopyrite com-
pounds. The as-deposited thin film has a poor structural qual-
ity. With the increase of annealing temperature the intensity
of 173.8 cm−1 peak becomes stronger. The intensity of the

Raman peak strongly depends on the phase composition in the
CIGS thin film.[9] So, it is found that the RTA can enhance the
crystallization of the CIGS thin film.
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Fig. 4. (color online) Raman spectra of CIGS absorbers.

Front surface reflection (FSR) mainly comes from the
air/AZO/ZnO/CdS/Cu(In,Ga)Se2 interfaces. Figure 5 shows a
plot of optical reflection versus wavelength for the TCO layer
without annealing and with 300 ◦C annealing. All of the films
exhibit low average reflection of 3–6% in the wavelength range
from 400 nm to 1000 nm. Typically, there is 1–5% absorp-
tion for the TCO layer through the visible wavelengths, which
increases in the near infrared region (> 900 nm) due to the
free carrier absorption and at short wavelengths (< 400 nm)
approaching the TCO band gap. Furthermore, the FSR in the
wavelength range from 450 nm to 850 nm has a sharp decrease
after annealing at 300 ◦C. Therefore, it is found that the RTA
can reduce the reflection and improve the transmission of the
TCO layer. That is to say, the RTA can reduce the optical loss
which primarily limits the generation of carriers, contributing
to improving Jsc of the solar cell. For high-efficiency devices,
this is often minimized with an anti-reflection layer.
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Fig. 5. (color online) Front surface reflection of CIGS solar cells.

Internal quantum efficiency (IQE) measurements are usu-
ally used to determine optical losses and optical enhance-
ments. The IQEs of CIGS solar cells without annealing and
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with 300 ◦C annealing are shown in Fig. 6, which can be di-
vided into three parts based on the band gap of different layers.
Parts I, II, and III correspond to ZnO, CdS, and CIGS absorber
spectra, respectively. The IQE of cells is slightly increased at
part II (390–520 nm) after annealing. Apparently, the RTA
treatment has a positive effect on the blue response of the CdS
buffer layer. For IQE, the effect of CdS becomes apprecia-
ble at wavelengths below ∼ 520 nm corresponding to the CdS
band gap of 2.42 eV.[10] The reduction of optical losses shown
in Fig. 6 and the removal of Cu2−xSe existing on the CIGS
surface affect the IQE.
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Fig. 6. (color online) Internal quantum efficiencies of CIGS solar cells.

For solar cells, some parasitic losses, such as series resis-
tance, primarily impact the fill factor. In order to study the
effect of RTA on the series resistance, the mapping of sur-
face sheet resistance is shown in Fig. 7. The result implies
that the sheet resistance of the surface layer does not remark-
ably change after annealing. It was reported that the resis-
tance of the AZO films increased, while both the mobility and
the carrier concentration decreased after 300 ◦C annealing for
30 min in air or nitrogen. The change of resistance of the
AZO films mainly originated from the changes in the concen-
tration of oxygen vacancies and adsorbed oxygen at the grain
boundaries.[11] However, we do not find such a phenomenon
in our study. One possible reason is that the short annealing
time does not affect the concentration of oxygen vacancies and
adsorbed oxygen at the grain boundaries.

23.49 W/ 23.59 W/(a) (b)

Fig. 7. (color online) Sheet resistances of CIGS solar cells (a) without
annealing and (b) annealed at 300 ◦C.

An XPS (X-ray photoelectron spectroscopy) depth profile
of Se and Mo is demonstrated in Fig. 8(a). The Se intensity

varies from around 44% atomic counts to background level. A
clear peak of Se is observed at the Mo/CIGS interface. The
maximum peak intensity exceeds 48% atomic counts, which
implies that Se-rich compounds may exist at the Mo/CIGS in-
terface.
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Fig. 8. (color online) XPS depth profiles of CIGS solar cells (a) without
annealing and (b) annealed at 300 ◦C.

For the CIGS solar cell, the Mo/CIGS interfacial con-
tact is very important. Usually, an MoSe2 interfacial layer
between Mo and CIGS layers is expected to reduce the interfa-
cial contact resistance. The Mo/CIGS contact with an MoSe2

layer is not of the Schottky type, but is a favorable ohmic-type
contact.[12] When CIGS is grown on Mo, an interfacial layer of
MoSe2 is automatically formed and helps in the ohmic trans-
port between CIGS and Mo layers. An MoSe2 layer with a
thickness of 150 nm was observed at the Mo/CIGS interface in
a three-stage high efficiency CIGS solar cell.[13] In our cells,
there exists a transitive layer between Mo and CIGS layers
(cross sectional SEM image not shown). About 140 nm thick-
ness transitive layer with columnar structures is manifested at
the Mo /CIGS interface.

Meanwhile, a large number of Mo atoms move into the
CIGS layer through the Mo/CIGS interface. With the help
of excess Se, Mo–Se compounds (MoSe2, Mo3Se4) of differ-
ent thicknesses can be formed.[13,14] Furthermore, the MoSe2

polycrystalline phase has been observed in XRD, hinting at the
existence of MoSe2 compound in the transitive layer.

As can be seen in Fig. 8, we also find that the interface
between Mo and CIGS layers for the sample after annealing is
narrower than that without annealing. The fact is that the se-
lenide diffuses into the CIGS layer from the back contact, con-
tributing to the swarm of MoSe2 compound. This is consistent
with the stronger MoSe2 peak in the XRD of the annealed sam-
ple. After annealing, the interface between Mo and CIGS lay-
ers becomes clear. A clear interfacial layer with MoSe2 com-
pound can not only reduce the series resistance of the CIGS
device but also improve the adhesion at the Mo/CIGS inter-
face.
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4. Conclusion

The effect of RTA on the binary compound in CIGS thin
film, the optical transmittance of buffer layer CdS, the con-
tact resistance at Mo/CIGS interface, and the cell performance
of CIGS solar cells have been systematically investigated. We
find that Jsc can mainly be attributed to the reduction of recom-
bination centers at the p–n junction, the improvement of irra-
diated light intensity, and optical absorber of the buffer layer
at short wavelengths in the range from 400 nm to 520 nm. The
reduced Rs mainly originates from the swarm of MoSe2 com-
pound at the Mo/CIGS interface. The removal of Cu2−xSe
compound is responsible for the advancing of Rsh. Corre-
spondingly, the FF can also be improved due to the changes
of Rs and Rsh.
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