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Influence of various Cu contents on the microstructure
of Cu(In,Ga) Se, thin films
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Abstract: The influence of different Cu contents (Cu/( Ga + In) =0. 748 ~0.982) on the microstructure of Cu
(In,Ga) Se, (CIGS) thin films was reported. The CIGS thin films were grown via a two-step process including DC
sputtering deposition of metallic precursor and following selenization. Presence of a series of chalcopyrite diffrac-
tion peaks in the X-Ray diffraction (XRD) patterns confirms the existence of chalcopyrite CIGS ( CH-CIGS) phase
in these CIGS films. The Raman spectra indicate that as the Cu content increases from low to high, the CIGS film
sequentially goes through three phase regimes; coexistence of OVC and CH-CIGS phase, single CH-CIGS phase
and coexistence of Cu _Se and CH-CIGS phase. Moreover, the full width at half maximum of CIGS Raman peaks
changes with Cu/(Ga +In) and reaches its minimum near Cu/(Ga +In) =0.9 due to better crystallinity and less
disorder. Some empirical FWHM-Cu/ ( Ga + In) relationships were also observed. These results show that Raman
spectroscopy is more sensitive to the microstructure of CIGS film than XRD, and can be used for preliminary esti-
mation of the crystal phases and Cu content of CIGS film in a fast and non-destructive way.
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Introduction

Chalcopyrite ( CH) polycrystalline semiconductors
such as CulnSe, (CIS) and Cu(In,Ga) Se, ( CIGS) are
promising absorber materials for high efficiency and low
cost thin film solar cells. The recorded efficiency of
22.3% has been achieved at laboratory''?’. The optical
and electrical properties of CIGS film are strongly related
to chemical composition and crystal phase composition
41 Deviations from stoichiometry can lead to intrinsic
defects, such as vacancies and antisites, which dominate
the electrical properties of CIGS. The Secondary phases,
like Cu,Se, ordered vacancy compound ( OVC) and
CuAu-ordered CIGS, form in CIGS films with varying
composition. CIGS films with Cu-poor composition are u-
sually used to avoid the formation of highly conductive
Cu,Se phase which is harmful to the efficiency of de-

vice'*’. On the other hand, the presence of Cu-poor

OVC in the surface region of CIGS films is assumed to be
beneficial for device performance "*'.

X-Ray diffraction and Raman spectroscopy are both
important methods to characterize the microstructure and
crystallinity of thin film. The XRD presents the overall
information of crystalline phase, but is not sensitive to
the secondary phases like OVC and CuAu-ordered CIGS
due to the overlap of diffraction peaks'™®'. Meanwhile,
Raman spectroscopy is a nondestructive measurement
method and very sensitive to near-surface microstructure
and crystal quality. Since the Cu content of high-per-
formance CIGS solar cells is in a range of 0.8 < Cu/(Ga
+In) <0.95"° | we performed XRD and Raman anal-
ysis of the microstructure evolution of CIGS thin films
with Cu/(Ga + In) ratios ranging from 0. 748 to 0. 982
in this work. Our results have the potential to be used for
non-destructive estimation of the crystal phases and Cu

content of CIGS film.

1 Experiments

CIGS films of this work were grown on Mo-coated
soda-lime glass (SLG) slides by two-step process consis-
ting of sputtering of metallic precursor and subsequent se-
lenization. The Mo-layer was deposited by DC magnetron
sputtering and about 0. 8 pm thick. The Cu-In-Ga
(CIG) precursors were deposited in a sandwich structure
of CuGa/In/CuGa at 200 centigrade. CuGa target ( a-
tomic ratio of Cu/Ga =75/25) and In target were used
in turn, and the thickness of precursor is approximate
0.8 pm. The CIG precursors were then selenized with a
2-step reaction temperature profile in a graphite box con-
taining Se powder. Firstly, the precursors were heated to
270 centigrade and kept for 10min to form copper sele-
nide and indium selenide compounds. Secondly, the pre-
cursors were heated to 500 centigrade and kept for 30min
to form Cu(In,Ga) Se, chalcopyrite phase. The composi-
tion and thickness of CIGS films were determined by X-
ray fluorescence (XRF) analysis with SHIMADZU EDX
- 7000 which generates the X-ray radiation with a Rh
tube. Scanning electron microscopy ( SEM) of PHILIPS
X130 was used to examine the morphology of CIGS
films. The crystal phases of CIGS films were investigated

at room temperature by Bruker D§ ADVANCE X-ray dif-
fractometer with Cu K radiation in mode. All diffraction
peaks were identified by comparing with JCPDS data.
Raman measurements were performed at room tempera-
ture using TII Nanofinder 30 micro-Raman system in
backscattering configuration. The wavelength of excita-
tion laser is 532 nm and the diameter of laser spot is less
than 1 wm (100X objective of the microscope). The ex-
citation power of laser beam used in our experiment was
kept at ImW to prevent damage to the samples and ther-
mal effects in the spectra. The penetration depth of this
laser in CIGS films is around 100 nm.

2 Results and Discussion

Table 1 Composition of CIGS films on Mo-coated soda-lime
glass measured by XRF. All composition ratios are
atomic ratios

#1 HXRF NEHK CIGS HIEAM LG, R EHAMB LB A

FRFEE. CIGS BIEEKEYE Mo 5B IR E

Cu/(Ga+In) Ga/(Ga+1In) Se/(Cu+Ga+1In)
0.748 0.166 1.006
0.806 0.179 0.998
0.824 0.180 1.004
0.843 0.191 1.004
0.858 0.190 1.008
0.883 0.196 0.992
0.928 0.208 0.993
0.934 0.211 0.997
0.982 0.216 0.991

The detailed overall compositions of all samples
measured by XRF are listed in Table 1. The Ga/( Ga +
In) ratios (all composition ratios in this paper are atomic
ratios) are within the range of 0. 16 ~0. 22 which does
not bring meaningful influence to the optoelectronic prop-
erties of CIGS films' ">/, In order to eliminate the influ-
ence of different Se contents, we hold the Se/metal ratios
of the samples around 1 within the range of 0. 01. The
thicknesses of the CIGS films in this work are about
2pm, which is also determined by XRF.

The SEM images in Fig. 1 show the surface morphol-
ogy of four samples selected from low Cu content to high
Cu content in Table 1. It is widely accepted that Cu con-
tent has a great influence in shaping the morphology and
microstructure of CIGS film™*®'. The grain boundaries
are blurry in (a) and (d) but unambiguous in (b) and
(¢). However, the change of grain size over Cu content
is not visible in Fig. 1, and it is hard to estimate the
crystallinity based on the SEM images. The XRD pat-
terns of these four samples, shown in Fig. 2, clearly ex-
hibit a series of diffraction peaks from chalcopyrite CIGS
(CH-CIGS) phase ( PDF#35-1102-CulnGaSe) including
three major peaks such as (112), (220/204) and
(116/312) as well as other minor peaks such as (101) ,
(103), (211) and (213). These diffraction peaks con-
firm the presence of CH-CIGS phase in our CIGS films.
Apart from these CH-CIGS based peaks and Mo (110)
peak, no other peaks form secondary phase like OVC
phase or Cu Se phase can be observed. All CH-CIGS
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Fig.1 Surface SEM images of CIGS thin films. From (a) to
(d), the Cu/(Ga +In) ratios of CIGS thin films are 0. 748, 0.
858, 0.928 and 0.982, respectively
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based peaks, from the bottom to the top in Fig. 2, shift
about to higher as a consequence of the increase of Ga
content'® in our samples (shown in Table 1). However,
the changes of full width at half maximum (FWHM) and
relative intensity with varying Cu content are not noticea-

ble.
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Fig. 2 XRD patterns of CIGS thin films grown on Mo/
SLG as a function of Cu/( Ga + In) ratio. All samples
show a series of XRD peaks from CH-CIGS phase ( PDF#
35-1102-CulnGaSe)
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W CIGS AAT 514 ( PDF#35-1102-CulnGaSe )

We conducted Raman spectra measurements of a se-
ries CIGS films with different Cu contents to investigate
the relationship between Cu content and crystal phase
composition of CIGS film as shown in Fig.3. All spectra
were measured at room temperature, and normalized to
the dominant vibration mode at 174 em™. Since the poly-
crystalline CIGS films were examined by a micro-Raman
system, each spectrum in Fig. 3 was obtained by scan-
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i {1 CuxSe
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Fig.3 Raman spectra of CIGS thin films with different Cu/( Ga
+1In) ratios measured at room temperature. All spectra are nor-
malized to the CIGS A, peak. The sample with Cu/(Ga +1In) =
0.748 shows a broad shoulder from OVC phase at around 154
cm™, and the sample with Cu/(Ga + In) = 0. 982 exhibits a
peak at around 258 cm™ corresponding to Cu, Se phase

K3 ZiE AR Cu/(Ga+In) HLBi) CIGS #RE Y7 2t
%, A OGS HRE S CIGS 19 A, WE#E1TH—4k. Cu/(Ga +In)
FLBIA 0. 748 [RE S FE 154 om™ ib 7 ok BT OVC MY
I, Cu/ (Ga +In) Fuil ok 0. 982 AYEESHFE 258 em™ 4b R 3k
H T Cu,Se #HYI4

ning ten positions in line with 10pum step and then avera-
ging the raw data from these ten positions. For the CIGS
films with Cu/(Ga +In) around 0.9, the Raman peak at

174 em™, corresponding to A, mode of CH-CIGS
phase' ™! | dominates the Raman spectra in Fig. 3. Sever-
al weaker peaks from CH-CIGS phase are also clearly
shown in Fig. 3 : the peaks at 64 em™ and 72 ecm™ are
assigned to mode and mode' "' ; the peaks at 214 ¢m

and 231 c¢m” are identified with E mode and E/ B,

mode'*"*. These vibration modes clearly confirm the

pure CH-CIGS phase in these CIGS films. As the Cu/
(Ga + In) increases to nearly 1, the Cu_,Se phase,
which is an indispensable intermediate phase during the
selenization, begins to precipitate and turn the CIGS film
into double phase including Cu,Se and CH-CIGS phase.
The Cu-richest sample (Cu/(Ga +1In) =0.982) exhib-
its a Raman peak at 258 cm™ which is known as A, mode
of Cu,Se compounds like CuSe or Cu,Se "', The
Cu,Se phase deteriorates the performance of final devices
because it has high p-type conductivity and produces
shunt paths which lowers the open circuit voltage of solar
cells'™). On the other hand, when the Cu/(Ga + In)
decreases to below 0. 8, complex defects consisting of Cu
vacancies and In.u antisites (2V.u + In.u® +) are
randomly introduced into the lattice and form the OVC
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phases like Cu(In,Ga),Ses or Cu, (In, Ga),Se, which
have similar structure of chalcopyrite-type. For the Cu-
poorest sample (Cu/(Ga + In) =0.748), a broad
shoulder appears around 154 ¢m™ which is known as the
main vibration mode from OVC phase'”'") (the details
are shown in Fig.4).

Cu/(Ga+n)=0.748
T
174,A,

Intensity (arb.units)

Intensity (arb.units)

130 140 150 160 170 180 190
Raman Shift/cm’!

214,E

| 154,0vVC J 23LEB,

1 1 1 1 1 1
125 150 175 200 225 250 275 300
Raman Shift/cm’!

Fig. 4 The Raman spectrum of Cu-poorest sample with
Cu/(Ga +1In) =0.748. The spectrum was fitted with four
Lorentzian functions. The green curves are the Lorentzian
fitted peaks for four Raman peaks. The red curve, coinci-
ding well with the Raman spectrum, is the summation of the
four Lorentzian fitted peaks. The inset is the zoomed view
of the broad shoulder of OVC phase

Kl 4 FLHIRE L2 6T BY Lorentzian pREILA, #E 5 BY
Cu/(Ga +1In) M 0. 748. & il £k /2 U 4> 4k 37 1
Lorentzian A%, 21 {6 il 2% & U~ Lorentzian p&EUAH N 5
MA . I AT LU 20 @005 it 4R 0%
FFEHRAF. 4B OVC A7 [ 1Y R I Y BOR s

The OVC induced broad shoulder of Raman spectrum
with Cu/(Ga +1In) =0.748 is not very clear in Fig. 3, so
that we fitted this spectrum with four Lorentzian functions
in Fig. 4. The spectral line shape of Raman spectra is
Lorentzian function which can be represented as

1
I_1+(a)—w0)2/(w/2)2 > (D)

where [ is the normalized intensity, w is the Raman
shift, w, is the position of Raman peak and w is the
FWHM. The four Lorentzian fitted peaks ( the green
curves in Fig. 4) correspond to the four Raman modes,
three of which (174, 214, 231 ¢cm™) are assigned to CH
phase' ™™ | and the remaining one (154 cm™) is as-
signed to OVC phase' """, This fitted result corroborates
the coexistence of CH phase and OVC phase in the Cu-
poor CIGS film. The complex defects (2V . u™ + In.u’")
in the OVC phase are stable, electrically neutral and
have little effect on the electrical properties of
CIGS'™?" . The OVC phase in the surface region of the
CIGS absorbers is assumed to improve the performance of
the solar cells. This is because the OVC has a higher
band gap than CIGS, which leads to a better band align-
ment at the buffer/absorber interface ' and the forma-
tion of an isomeric junction between p-CIGS absorber and

n-OVC, replacing the heterojunction at the CdS/CIGS

interface’”’. The above analysis of Raman spectra indi-
cates the evolution of crystal phase composition with var-
ying Cu content. As the Cu content increases from low to
high, the CIGS film sequentially goes through three
phase regimes; coexistence of OVC and CH-CIGS phase,
single CH-CIGS phase and coexistence of Cu_ Se and CH-
CIGS phase. Therefore, we can approximately estimate
the Cu content range of CIGS film from the shape of Ra-
man spectra.

We also use Lorentzian function to fit Raman spectra
of all samples to get the positions and FWHMs of Raman
peaks. The positions of CIGS Raman peaks do not shift
obviously, possibly because Ga accumulates at the back-
side of CIGS film'®) which leads to a slight Ga content
variation at the near-surface region where Raman meas-
urements investigate. Otherwise, FWHMs of CIGS Ra-
man peaks exhibit some interesting changes. Figure 5
shows the dependency of the FWHM of Raman peaks on
the copper content. The FWHM is inversely proportional
to the lifetime of elementary excitation (e. g. phonon)
and is a measure of the crystallinity'® . The FWHM of
A, peak with different Cu contents is below 5 ¢cm™ ( Fig.
5a) which is relatively small compared with the literature
reports ~*' and suggests a high crystal quality of our
CIGS films. The A, peak is broadened for Cu-poor and
Cu-rich films and reaches its FWHM minimum near Cu/
(Ga+1In) =0.9 (Fig. 5a), which is the optimal range
of best devices reported >, This is because the second-
ary phases, like OVC phase in Cu-poor film and Cu, Se
phase in Cu-rich film, introduce defects and reduced
crystallinity into the CIGS films"’. Similar trend of the
relationship between the FWHM and the Cu content can
be seen for peak at 72 ¢cm” in Fig. 5b and peak at 64
em” in Fig. 5¢. We fitted the FWHM data in Fig. 5 with
quadratic polynomials to derive the empirical formulas of
the three peaks as follows:

FWHM,,, =34.1 - 67.7x +38.2x" (2)
FWHM,, = 58.9 - 135x + 80. 9« (3)
FWHM,, = 176 — 421x + 258%° (4)
where x is the Cu/(Ga + In) ratio. The smaller error of
FWHM of A, peak makes Eq. (2) more confident than
Eq. (3) and Eq. (4). It is useful to evaluate the CIGS
absorber soon after its deposition during the fabrication
process of solar cell. Raman spectroscopy is more sensi-
tive to crystal phase and crystal quality than SEM and
XRD. Although the Raman spectroscopy only provides
near-surface information, the depth distribution of chemi-
cal and crystalline composition does not change obviously
in the different samples which are deposited by the same
process. Besides, there is not apparent variation of the
depth distribution of Cu content in the CIGS film'*',
Therefore, the above Raman spectra analysis and the em-
pirical FWHM-Cu/ ( Ga +In) relationships are hopeful to
be used for preliminary estimation of the crystal phases
and Cu content of CIGS film in a fast and non-destructive
way.

3 Conclusion

In summary, CIGS films with different Cu/( Ga +
In) ratios (from 0.748 to 0.982) were studied by care-
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Fig.5 The relationships between the FWHM of Raman peaks
and the Cu/(Ga +In) ratio. The red curves are fitted results. The
figures are: (a) A, peak at 174 cm™, (b) peak at 72 cm™ | (c)

peak at 64 cm’™
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ful Raman spectra and XRD analysis in this paper.
These films were deposited by two-step process consisting
of sputtering of metallic precursor and subsequent seleni-
zation. The XRD patterns confirm the chalcopyrite CIGS
phase in films, while the Raman spectra exhibit the for-

mation of chalcopyrite phase as well as some secondary
phases like OVC phase in Cu-poor film and Cu, Se phase

in Cu-rich film. Some empirical relationships between
the FWHM of Raman peaks and Cu/(Ga + In) are de-
rived from the Raman spectra. It can be concluded that
Raman spectroscopy is more sensitive to the crystal phase
and quality of CIGS film than XRD. Our results could be
used to approximately estimate the crystal phases and Cu
content of CIGS film without destruction.
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4 Conclusion

Based on the coupled wave theory and the mode-
matching method, a waveguide system to generate HE,,
mode was designed and analyzed in this paper. The cal-
culations and simulations showed that the system per-
formed well in transforming from TE,, to HE,, mode. The
cold tests to the waveguide system confirmed that the sys-
tem we designed has great performance in mode conver-
sion.
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