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Abstract ; Culn, _ Ga _Se, (CIGS) is a promising direct band-gap semiconductor material for developing a new generation of
high-efficiency and low-cost thin film solar cells due to its variable band-gap structure and high absorption coefficient in vis-
ible range. In this paper, a series of CIGS thin films were fabricated by combination of DC sputtering and selenizing proces-
ses. The effects of the sputtering power for deposition of Culn,_ Ga ( CIG) metal precursors and substrates on the micro-
structures and optical properties of the CIGS films were investigated. It was found that the film, deposited at SOW sputtering
power onto Mo-coated soda lime glass (SLG) substrate and then selenized at 550°C for 40minutes, exhibited a single chal-
copyrite phase, uniform and dense morphology, and columnar grains. It is also found that the optical band gaps of the films
are in the range of 1.21 ~1.24€V.
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its tunable band-gap (1.0 ~1.7eV), high absorption

Introduction
coefficient (‘over 10°cm ™' ), and high stability. So

As one of the most promising semiconductor mate-
rials for developing high-efficiency, low-cost thin film
solar cells, quaternary chalcopyrite compound Culn, __

Ga,Se, (CIGS) has received extensive attention due to
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far, power conversion efficiency as high as 19.9% has
been achieved for CIGS thin film solar cells in laborato-
ry'''. A variety of methods have been used to prepare

CIGS thin films for optical absorption layer, including
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) magnetron sputtering’', pulsed la-

, electro—depositionm , selenization of

co-evaporation
ser deposition"*’
metallic precursors'®’ | and so on. Among these meth-
ods, selenization of metallic precursors is the best
choice for large scale applications. However, this ap-
proach requires highly toxic H,Se gas generally, mak-
ing it undesirable.

In the present work, a two-step process was used to
prepare CIGS thin films. The metallic precursor Culn, _
Ga,(CIG) was first deposited on substrates by a DC
sputtering method, and then was selenized under Se
vapor instead of toxic H,Se gas. The dependence of the
microstructures, morphologies, and optical properties of
the CIGS films on the sputtering power of CIG metal
precursors was explored. To the best of our knowledge,
there are few reports on the influence of sputtering pow-

ers of precursors and substrates on the CIGS films.
1 Experiment

All the films for this study were deposited on Mo-
coated soda lime glass, SLG and SiO, substrates. The
Mo-back-contact was fabricated by DC sputtering and
the thickness was about 1pum. CIGS films were prepared
by a two-step process. Firstly, the metallic precursors
were deposited by DC sputtering using a ternary Cus, s
Ing, (Ga; 3 ( =99.9wt% ) target at room temperature.
The background pressure of the sputtering was 5 x 10 ~°
mbar and the working gas was high purity ( >99.9% )
of Ar gas. During the deposition process, the working
pressure and the deposition time were fixed to be 1Pa
and 10 minutes, respectively. The stoichiometric ratio
of metallic precursors was adjusted by changing the
sputtering power. Secondly, the as-deposited metallic
precursors were selenized in a quartz tube furnace with a
vacuum level of 10 mtorr, and the precursor samples
were put in a graphite box. The selenization process was
carried out in two stages. In the first stage, the metallic
precursor was treated at 250°C for 30min to assure the
sufficient reaction between the precursors and the Se. In
the second stage, the specimens were heated to 550°C
and kept for 40min to ensure that the metallic precursor
has been fully converted into the CIGS.

The crystal structures of the films were determined

by X-ray diffraction ( XRD) using BrukerD8 diffrac-

tometer with CuK_ radiation. The surface morphology
was measured by a PhilipsS360 scanning electron mi-
croscope ( SEM). The optical properties were charac-
terized by a Perklin Elmer-Lambda 2s in the wave-
length range of 300 ~ 1100 nm. The thicknesses of the
samples were obtained using a DEKTAK profilometer.

2 Results and discussion

Figure 1 shows the XRD patterns for the CIGS
films fabricated at 50 W, 60W, and 70W sputtering
powers, respectively. The inset is an enlarged view for
those peaks marked by (312/116). As shown in Fig. 1,
the peaks locating at 26 = 40.50° and 73. 68° belong to
the Mo phase, and the three sharply main peaks, loca-
ting at 20 =26.69°, 44.29° and 52.51°, correspond to
(112), (220/204) and (312/116) orientation of
Culn, ,Ga, ;Se, , respectively. The experimental results
indicate that all the CIGS films have a single chalcopy-
rite phase. From the inset in Fig. 1, it can be seen that
the positions of the main Braggs peaks of films shift
slightly to the larger angles with increasing sputtering
power, similar to those reported in literatures'”*'. M.
Venkatachalam et al. suggested that the peaks shift to
the higher diffraction angle is due to an increase of gal-

lium concentration in film"".

So we deduce that the
gallium content decreases with decreasing the sputtering
power. The atomic radius of Ga is less than In atom.
Smaller Ga atoms substituting indium in the cell causes
a shrinkage of the lattice, which decreases the lattice
constant d and results in a larger value of 20. From the
analysis of the EDS composition of the films which shown
in Table 1, we can see that the gallium concentration in-
creases with the increase of the sputtering power, which
is in agreement with the result of XRD. All samples are
nearly stoichiometric and slightly Cu-deficient, which

may be suitable as optical absorber for a solar cell”’.

Table 1 Composition of the prepared CIGS thin films by
EDS
%1 EDS JI{5H CIGS #ERHE S
Sample Cu In Ga Se Cu/ Ga/
(at%) (at%) (at%) (at%) (In+Ga) (In+Ga)
60W 23.41 19.22 7.78 49.59 0.87 0.29
S50W 23.02 18. 14 6.98 51.86 0.92 0.28
70W 24.95 20.79 9.38 44.88 0.83 0.31
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Fig.2 FWHM of (112) diffraction peaks and peak intensity
ratios of the (112)/(220/204) planes for CIGS films fabricated

at different sputtering power
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The full width of half maximum ( FWHM) values
of (112) diffraction peaks and the peak intensity ratios
of the (112)/(220/204) planes for CIGS films fabri-
cated at different sputtering power are depicted in Fig.
2. As we can see that the FWHM values increase with
the increase of the sputtering power. Based on Scher-
rer’ s formula the average crystallite size decreases with
increasing the power, and the sample of 5S0W may have
the biggest grain size. Also from the result of peak in-
tensity ratio of the (112)/(220/204) planes we can see
the preferred (112) orientation in the sample of 50W is
the strongest, which indicates better crystallinity.

The XRD diagrams and FWHM of (112) diffrac-
tion peaks and peak intensity ratios of the (112)/
(220,204 ) planes for CIGS films deposited onto differ-
ent substrates are presented in Fig. 3 and Fig. 4. The
substrater of samplel ,2 and 3 are SLG/Mo, SLG and
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Fig.4 FWHM of (112) diffraction peaks and peak intensity ra-
tios of the (112)/(220/204) planes for CIGS films fabricated on
different substrates
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Si0, as shown in Fig. 3, all films have three sharply
main peaks corresponding to (112), (220/204) and
(312/116) orientation of Culn, ,Ga, ;Se,, which indi-
cates that all the CIGS films have a single chalcopyrite
phase and no other phases. The film grown onto the
SL.G/Mo substrate presents stronger intensity in ( 103)
and (332/316) planes comparing with films grown on-
to SLG and SiO, substrates, indicating higher crystal-
linity. Also from the analysis of FWHM of (112) dif-
fraction peaks and peak intensity ratios of the (112)/
(220/204) planes shown in Fig. 4, we conclude that
the CIGS films deposited onto the Mo/SLG substrates
have bigger grain size and higher crystallinity than
films deposited onto SLG and SiO, substrates.

The surface SEM micrographs for CIGS thin films
fabricated at various sputtering power and different sub-

strates are shown in Fig. 5. As displayed in Fig. 5, the
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Fig.5 SEM micrographs for CIGS films (a)50W, SLG/Mo/CIGS (b)60W, SLG/Mo/CIGS (¢)70W, SLG/Mo/CIGS
(d)60W, SLG/ CIGS (e)60W, SiO,/CIGS
K5 CIGS HifiEp) M SEM & (a)50W, SLG/Mo/CIGS (b)60W, SLG/Mo/CIGS (c¢)70W, SLG/Mo/CIGS (d)60W
SLG/ CIGS (e)60W, Si0,/CIGS

CIGS film sputtered at S0W onto the SLG/Mo substrate
has a relative uniform and dense morphology, and the
grain shape is more regular and the distribution of grain
sizes is narrower in film, whereas, the CIGS film at
60W or 70W onto the SLG/Mo substrates possesses
some of pinholes and microcracks in the surface of the
film. The films grown onto the SLG and SiO,substrates
have smaller grains and no regular grains. To achieve a
high power conversion efficiency, it is desirable that
the absorber layer not only is dense but also has large
size and columnar grains in a polycrystalline thin film
solar cell. The columnar microstructure facilitates the
current transport and reduces the recombination of the
photon-generated carriers, and the dense bulk film is
beneficial to suppress dark current in a solar cell.
Since the morphology of the Culn,_ Ga Se, thin
film is dependent on the CIG alloy precursor, a smooth
surface of precursor is essential to fabricate a high-

1 P!, With the increasing of sputtering

quality solar cel
power of CIG precursors, the atomic kinetic energy and
the migration increase, giving rise to the formation of a
rough surface precursor films, and further to the forma-
tion of pinholes and microcracks after the selenization
treatment for samples (b) and (c¢). The influence of
substrates on the films may be attributed to the incorpo-
ration of Na and the MoSe, interfacial layer formed at
the interface CIGS/Mo'""’.

Figure 6 presents the optical absorbance ( A)
spectra of three investigated CIGS films. The thicknes-
ses of the films are estimated to be within the range of
I ~1.6pum. We can evaluate the band gap energy E,
from Fig. 6 according to the method described by
Shankar et al. by extrapolating the tangent line of the

[12]

A-E curves to the x-axis' ~'. The calculated band gaps

Absorbance/a.u.
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Fig.6  Absorbance versus photon energy for CIGS films sput-
tered at various powers
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for samples (a), (b), and (c¢) are 1.21, 1.23 and
1.24 €V, respectively, which are well in accordance
with results reported by other researchers' ', Tt should
be noted that in the calculation of E, the optical loss
form, the reflection and the scattering aroused by rough
surface and grains were not considered, and the ob-
tained E, is an estimated value.

The band gap E, of CIGS films changes with the
variation of Ga/(In + Ga) ratio, x, in the form of

E (eV) =1.02 +0.67x + bx(x -1) , (1)
where b is the optical bowing coefficient between 0. 11
and 0.24'"'. Wei and Zhang et al. '™’ have observed
that with reducing x , the valence band maximum of
CIGS increases slightly and the conduction band mini-
mum decreases significantly. Thus, we suggest that the
addition of Ga affects the lattice parameters and crystal
structure. The difference between the electronegativity
of I’ and Ga’" ions causes the change of the band
gap when In in the CIS film is substituted partially
by Ga'"'.
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3 Conclusion

CIGS thin films have been successfully prepared
by a two-step process with solid Se powder instead of
toxic H,Se gas onto Mo-coated soda lime glass, SLG
and SiO, substrates. It has been found that the sputte-
ring power and substrates have a significant effect on
the microstructure, surface morphology, composition,
and optical performance of CIGS films. The XRD and
EDS data indicate that each film has a single chalcopy-
rite structure, and the gallium concentration in the film
increases with the increased sputtering power of precur-
sors. The SEM pictures show that the film sputtered at
50W onto the SLG/Mo substrate exhibits a more uni-
form and dense surface and larger size columnar
grains. The band gaps for samples obtained at the sput-
tering power of SOW, 60W and 70W were estimated to
be 1.21, 1.23 and 1.24 eV, respectively. The fabri-
cated CIGS films may be suitable for the application in

the environmental friendly thin film solar cell.
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