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This work presents a novel method to form polycrystalline Cu(In;_,Ga,)Se; (CIGS) thin film by co-sputtering of
In—Se and Cu—Ga alloy targets without an additional selenization process. An attempt was also made to thoroughly
elucidate the surface morphology, crystalline phases, physical properties, and chemical properties of the CIGS films
by using material analysis methods. Experimental results indicate that CIGS thin films featured densely packed
grains and chalcopyrite phase peaks of (112), (220), (204), (312), and (116). Raman spectroscopy analysis revealed
chalcopyrite CIGS phase with Raman shift at 175 cm™!, while no signal at 258 cm™! indicated the exclusion of
Cuy_,Se phase. Hall effect measurements confirmed the polycrystalline Cu(In, Ga)Se, thin film to be of p type
semiconductor with a film resistivity and mobility of 2.19 x 10> Q cm and 88 cm?/V's, respectively. © 2012 Optical

Society of America
OCIS codes: 350.0350, 350.6050.

Polycrystalline Cu(In, Ga)Se, (CIGS)-based solar cell has
emerged as one of the most promising absorber materials
for inexpensive, high-efficiency solar cell applications,
because of its tunable bandgap (1.04 ~ 1.68 eV), high-
absorption coefficient (o > 10° cm™!), high-tolerance to
defects and impurities, as well as the highest conversion
efficiencies of approximately 20% efficiency in the la-
boratory [1]. Among the various CIGS manufacturing
processes include co-evaporation [2], selenization [3],
sputtering [4] and electrode position [5]. However, the
co-evaporation process, by which the record efficiency
cell was achieved, is generally considered to be insuffi-
cient for mass production, because of its procedural
complexity and difficulties in scaling up for a large
manufacturing system. However, a two-step process, in
which the postselenization step follows the sputtering
step of the metallic precursors, is easier to scale up
and appears to be the most feasible approach for indus-
trial production. Metallic precursors have been selenized
using many postselenization approaches [6,7].
Selenization of metal layers using H,Se gas or Se-vapor
from a solid source allows the CIGS-based solar cell with
a sunlight to electricity to achieve a conversion efficiency
of 16.2% and 10.2%, respectively [8,9]. However, most of
these two-stage metallic precursors have certain limita-
tions, including the use of highly toxic HySe, and poor
adhesion to the interface between Mo and CIS due to
large volume expansion stresses originating from the
selenization process [10]. Developing a nonselenization
process is thereby important, especially when consider-
ing environmental protection and promoting film
adhesion. Magnetron co-sputtering is a conventional de-
position process to form CIGS films because it is a simple
and mature approach, capable of providing excellent uni-
formity over large areas with a high deposition rate.This
work develops a chalcopyrite CIGS thin film without an
additional selenization process by using magnetron
co-sputtering from the targets of Cu—Ga and In—
Se alloys. Capable of eliminating a complex postseleniza-
tion process with various chemical precursors, the
proposed CIGS film is simple, inexpensive and promising
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for use in large-area production technology for solar cell
applications. Finally, the optimum film characteristics
are investigated based on the structural, compositional,
electrical, and optical properties of films.

A CIGS film with an area of 5 cm x 5 cmwas deposited
using an inline sputtering system, consisting of a two-gun
sputtering chamber and a heating chamber connected by
a loadlock chamber. DC/RF powers were supplied by
DC/RF generators from Advanced Energy. Additionally,
a base pressure of 5 x 107 Torr in the sputtering cham-
ber and 2 x 10-% Torr in annealing chamber was pumped
down by a cryogenic pump and diffusion pump, respec-
tively. Sputtering parameters for the deposition of CIGS
films were as follows: room temperature, working Ar gas
pressure of 0.75-0.93 Pa, RF sputtering power of 80—
150 W, DC sputtering power of 20 W, and argon gas flow
rate of 30-70 SCCM. The Cu(In, Ga)Se, films were depos-
ited on soda-lime glass substrates via co-sputtering of
Cu—Ga alloy, In—Se alloy targets. The annealed tem-
perature is divided into two steps. In the first step, the
furnace temperature was maintained at 350 °C for
15 min to form the chalcopyrite phase. Second, the fur-
nace temperature was increased to 580 °C for 10 min to
achieve recrystallization and grain growth.

Figures 1(a)-1(c) show the surface morphologies of
the as-deposited CIGS films at different working pres-
sures. The working pressures ranged from 8 to 12 mTorr.
Also, the morphology of CIGS films was smooth and
dense. According to these figures, crystallinity of the
films improved when decreasing the working pressures;
and the film became compact. Additionally, the surface
roughness increased as the grain size enlarged with an

Fig. 1. SEM images of the CIGS films as-deposited with differ-
ent working pressures: (a) 8 mTorr, (b) 10 mTorr; (¢) 12 mTorr.
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Table 1. Sputtering Parameters and Hall Measurement
Results of the Annealed CIGS Films Prepared with
Different Working Pressures

Pressure  Thickness Concentration  Mobility

Sample [mTorr] [nm] [em™] [em?/Vs]
1 8 1539 3.24 x 1016 88
2 10 1537 6.47 x 1014 43
3 12 1534 9.07 x 1014 30

Resistivity [(Q-cm] Adhesion [fail/pass]

2.19 x 102 Pass
2.21 x 102 Pass
2.24 x 102 Pass

increasing working pressure. The kinetic energy of CIGS
ions decreased due to increased particle scattering, while
the working pressure increased. Consequently, the film
became less dense with a significant amount of region
boundaries. Also, the film could not crystallize well
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Fig. 2. Energy dispersive spectrometer (EDS) composition
analysis of annealed CIGS films with different working pres-
sures: (a) 8 mTorr, (b) 10 mTorr; (c) 12 mTorr.
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Fig. 3. (Color online) XRD patterns of the annealed CulnGaSe
precursor films deposited at various working pressure
(@) 8 mTorr, (b) 10 mTorr; (c) 12 mTorr.

resulting in a slight increase of the film resistivity. Adhe-
sion tests were also performed using a Kapton tape for
the CIGS films listed in Table 1, indicating that the CIGS
films have good adhesion.

Figures 2(a)-2(c) show the energy dispersive X-ray
spectroscopy analyses of the CulnGaSe, films. Contents
of the selenium element were sufficiently observed in
all CulnGaSe, films without additional selenization
treatment. The high content of Se incorporation is neces-
sary to ensure CIGS films exhibiting strong p type
semiconductors Additionally, the Cu:(In+ Ga):Se
atomic ratios of 1:1:2 were observed in all CIGS thin
films. The stoichiometry ratios of the CIGS film were
Cu/(In+ Ga) = 0.85 and Ga/(In + Ga) = 0.23, which
approached to the device-quality stoichiometry ratio
(Cu/(In + Ga) < 0.90, and Ga/(In + Ga) < 0.3).

Figures 3(a)-3(c) show the x-ray diffraction (XRD) of
the thermally annealed CulnGaSe films, prepared at dif-
ferent working pressures. All CIGS thin films show the
peaks corresponding to the chalcopyrite-type CIGS
structure.

XRD spectra contained several obvious peaks appear-
ing near the locations of the signal peaks (112), (220),
(204), (312) and (116), respectively. All CIGS films have
the properties of chalcopyrite crystal compounds with
narrow crystalline peaks. Our results further confirmed
a large crystal structure with a similar XRD pattern and
the sharpest diffraction peak (112). Additionally, a single-
phase Cu;Ing ;Gaj 3Se; was only detected. Above observa-
tions reveal that CIGS films with (112/220/204)-oriented
densely packed grains can reduce carrier recombination
and the leakage current having originated from the struc-
tural defects in the thin film. This reduction can improve
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Fig. 4. (Color online) Raman scans of two-stage annealed
CIGS thin films for working pressures of 8 mTorr.
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Fig. 5. (Color online) Photocurrent voltage (I-V) characteris-
tic of the fabricated CIGS solar cell.

the electrical features of the CIGS solar cell, such as an
open circuit voltage (V) and short circuit current density
(Jse) [11]. Furthermore, intensity of the main (112) peak
decreased with an increasing working pressure, and its
FWHM widened as well. This finding suggests that the
crystallinity of CIGS film degrades with an increasing
working pressure because the free radicals of reactants
have a higher kinetic energy under a lower working pres-
sure. Thus, the CIGS polycrystalline can be rebuilt layer by
layer on the substrate.

Figure 4 shows the micro-Raman spectrum of annealed
CIGS absorber films. The major peak appearing at
175 cm™! denotes the CIGS phase. The peak appearing
at 258 cm™! is commonly attributed to binary copper se-
lenides compound (Cuy_,Se) [12]; in addition, the peak ap-
pearing at 226 cm™! exhibits the presence of InSe [13]. A
Raman shift at 175 cm™! (Fig. 4) was attributed to the
formation of quaternary chalcopyrite (CH) CIGS phase,
while no Raman signal at 258 cm™! referred to the exclu-
sion of second order Cuy_,Se phase [14]. Similar results
were obtained in Samples 1 and 2. This finding suggests
that thermal annealing reduces the defects amounts and
extra binary phases. This reduction can lead to homoge-
neous optoelectronic properties and a low density
of recombination centers, further improving solar cell
efficiency [15].

This work also examined the quality of the nonselenized
CIGS layers for CIGS solar cell applications, glass/Mo/
CIGS/CdS/intrinsic-ZnO/Zn0O:Al/Al grids, were also fabri-
cated. An approximately 50 nm thick CdS buffer layer
was deposited by chemical bath deposition (CBD) using
CdSOy (0.15 M)—ammonia (7.4 M)—thiourea (0.5 M) aqu-
eous solutions at 85 °C. A layer of 50 nm thick intrinsic
ZnO and 500 nm thick ZnO:Al (2wt% Al;Os-doped ZnO)
thin films was then deposited at room temperature by
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Fig. 6. External quantum efficiency of the CIGS solar cell.

RF sputtering. Figure 5 shows the photocurrent voltage
(I-V) curve of the fabricated CIGS cell. Efficiencies as
high as 8-9% were achieved for the manufactured CIGS
solar cells without additional selenization. Figure 6 shows
86% external quantum efficiency (EQE) for the CIGS solar
cell. This figure reveals that the MO/CIGS/CdS device ex-
hibited excellent quantum efficiency for the incident solar
light with wavelengths ranging from 500 to 800 nm.

In summary, this work achieved growth of CIGS thin
films by using a simple co-sputtering process. A sufficient
content of Se can be incorporated into the Cu(In, Ga)Se,
films without the need for additional selenium source in
vacuum. Additionally, the annealed CIGS films have large
grain sizes, smooth surfaces, and shortage of Cu—Se
second-phase. According to XRD analysis results, the
single-phase chalcopyrite structure with preferential
orientation of (112) direction is indicative of adequate
elemental mixing. Moreover, Hall measurements con-
firmed that the annealed thin film has p type semiconduc-
tor characteristics, and the carrier concentration, dark
resistivity, and Hall mobility are 3.24 x 101 em=3, 2.19 x
10> Q cm and 88 cm?/V s, respectively. Furthermore, the
CIGS solar cells exhibited an efficiency as high as 8-9%.
Our results demonstrate that the proposed thin film
co-sputtering method can produce high quality
Cu(In, Ga)Se, films for photovoltaic applications.

This work was partially performed at Laboratory for
Roll to Roll Plasma Coating Technology in Institute of
Nuclear Energy Research under grant NSC1002001I-
NERO038, Taiwan.
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