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Abstract: We have demonstrated that the bandgap of Cu(In; 1Ga,)Se,(CIGS) absorber layers
was readily controlled by using a one-step sputtering process. CIGS thin-film sample libraries
with different Ga/(In + Ga) ratios were synthesized on soda-lime glass at 550°C using a
combinatorial magnetron sputtering system employing CulnSe,(CIS) and CuGaSe,(CGS)
targets. Energy-dispersive X-ray fluorescence spectrometry (EDS-XRF) confirmed that the
CIGS films had different Ga/(In + Ga) ratios, which were varied by the sample configuration
on the substrate and ranged from 0.2 to 0.9. X-ray diffraction and Raman spectroscopy
revealed that the CIGS films had a pure chalcopyrite phase without any secondary phase such
as Cu-Se or ordered vacancy compound (OVC), respectively. Furthermore, we found that the
optical bandgap energies of the CIGS films determined by transmittance measurements
ranged from 1.07 eV to 1.53 eV as the Ga/(In + Ga) ratio increased from 0.2 to 0.9,
demonstrating that the one-step sputtering process using CIS and CGS targets is another
simple route to control the bandgap energy of the CIGS absorber layer.

©2016 Optical Society of America

OCIS codes: (350.6050) Solar energy; (040.5350) Photovoltaic; (160.4760) Optical properties.
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1.

Introduction

Cu(In; 1Gay)Se,(CIGS) chalcopyrite compounds have been studied extensively for thin-film
solar cells due to their high absorption coefficient (1x10° ¢cm™) and controllable bandgap
energy (1.04~1.67 eV) [1, 2, 32-34]. CIGS solar cells made by co-evaporation have shown
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record cell efficiencies exceeding ~20% in the laboratory scale [3—7]. To get such higher cell
efficiency, the characteristics of CIGS absorber layers—including the structural, electrical,
and optical properties—should be carefully optimized. Above all, bandgap engineering of
CIGS absorber layers is very effective in improving cell performance, because the useful solar
spectrum is determined by the absorption edge of the absorber layer. In addition, the
technique of bandgap engineering can make bandgap grading in an absorber layer, which is
necessary to get a higher efficiency by reducing the recombination losses and amplifying the
carrier collection in the cell [8]. Indeed, co-evaporation is one of the preferred methods to
control the bandgap of the CIGS absorber layer, demonstrating why the record efficiency was
achieved using this method [9,10].

On the other hand, although the sputtering process has several advantages such as large-
area deposition and high deposition rates, the precise control of the Ga/(In + Ga) ratio to
engineer the bandgap of the CIGS absorber layer is relatively difficult [11-16]. In particular,
bandgap engineering of CIGS absorber layers by the conventional sputtering process, which
employs a post-selenization process, requires great sophistication to optimize the entire
process [17,18]. Because bandgap engineering of the CIGS absorber layer is necessary for
high conversion efficiency, a simpler and cost-effective process should be developed to adjust
the Ga/(In + Ga) ratio to control the bandgap.

In this study, we suggest a one-step sputtering process in which CulnSe, (CIS) and
CuGaSe, (CGS) targets are used to fabricate CIGS films with an adjusted bandgap. By using
the one-step sputtering process, we can systematically and easily control the bandgap of the
CIGS absorber layer, showing the method to be a relatively simple technique to create
bandgap grading.

2. Experiment

The CIGS absorber layers were deposited on soda-lime glass (SLG) substrates using a
combinatorial magnetron sputtering system employing CIS and CGS targets with a 1:1:2
stoichiometry, respectively. The targets employed had a 4-inch diameter and were purchased
from High Purity Chemical Co. Japan. Deposition of CIGS absorber layers using one-step
sputtering, in which CIGS absorber layers can be directly synthesized from compound
chalcopyrite targets without an additional selenization process, has been well established as
reported elsewhere [19-22]. In our case, CIGS absorber layers having a continuous gradient
in Ga/(In + Ga) ratios have been deposited during a single batch. Using this technique, we
made CIGS sample libraries having different Ga/(In + Ga) ratios on the SLG substrate, as
shown in Fig. 1. The Ga/(In + Ga) ratio in the CIGS absorber layers were varied depending on
the location on the substrate. In this study, bare SLG substrates instead of Mo-coated SLG
were used for characterizing the bandgap directly from transmittance measurements. The
deposition conditions previously optimized were as follows: substrate temperature, 550°C;
ambient gas, Ar; gas flow rate, 30 sccm; process pressure, 0.43 Pa; RF power, 300 W; and
distance from target to substrate, 150 mm. Five kinds of CIGS film samples with a size of 12
x 12 mm’ have been deposited on the substrates with a size of 180 x 50 mm” using a patterned
shadow mask.

The crystalline structures of CIGS absorber layers were examined by an X-ray
diffractometer (XRD, Panalytical X’pert MPD). Surface morphology and cross-section
images were analyzed by using a field-emission scanning electron microscope (FE-SEM,
Quanta 200). Chemical compositions were determined by energy-dispersive X-ray
fluorescence spectrometry (EDX-XRF, SHIMADZU). The phase analysis was performed by
Raman spectroscopy having a He-Ne laser with 632-nm wavelength (JOVIN YVON SAS).
Optical properties of films were measured using a UV-VIS-IR spectrometer (Varian Cary
5000).
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Fig. 1. Schematic diagram of a combinatorial magnetron sputtering system for growing CIGS
thin films using CIS and CGS targets.

3. Results and discussion
3.1 Compositions

Table 1 shows the chemical composition of the CIGS samples determined by EDS-XRF,
indicating that each sample has a significantly different Ga/(In + Ga) ratio while maintaining
Cu/(In + Ga) and Se/(Cu + In + Ga) ratios. The Ga/(In + Ga) ratios of the samples are
changed from 0.2~0.9 as a function of the location on the substrate. These results can be
explained by the fact that the flux of sputtered particles from the each target have an angular
dependence. Therefore, the CIGS sample libraries deposited on the SLG substrate have a
continuous gradient in Ga/(In + Ga) ratios depending on the lateral distance from the target
normal. These gradient in Ga/(In + Ga) ratios have been formed spontaneously under the
configuration of the combinatorial sputtering system. Additionally, we have checked the
ununiformity of the Ga/(In + Ga) ratios in each samples themselves by repeated
measurements, however, the deviations of Ga/(In + Ga) ratios in each samples themselves
were negligible.

Table 1. Chemical compositions of CIGS films determined by EDS-XRF.

Sample Cu In Ga Se Ga/(In+ Cu/(In+ Se/(Cu+1In+

@t%) | @t%) | @t%) | (at.%) Ga) Ga) Ga)
A 27 3 20 50 0.9 1.2 1.0
B 27 5 17 52 0.8 1.2 1.1
C 27 7 14 52 0.7 1.3 1.1
D 27 10 11 52 0.5 1.3 1.1
E 25 19 5 51 0.2 1.1 1.0

3.2 SEM images

Figure 2(a) shows that the thickness of CIGS thin films range from 0.8 to 1.0 pm, which
appear to be dense and have excellent adhesion to the SLG substrate for all samples.
However, the surface morphology is remarkably different as a function of Ga/(In + Ga) ratio
even though all the CIGS samples are deposited at the constant substrate temperature of
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550°C. Previously, we checked the surface morphologies of ternary thin films, which have the
same growth conditions as the co-sputtered CIGS thin films, as shown in Fig. 2(b). The CGS
thin films showed the densely packed grains without any void;but had small grains in the
surface morphology. On the contrary, the CIS thin films showed the considerable
improvement in grain sizes above 1um scale. Despite the big differences in the morphological
properties, no structural and optical changes was found in each film. The CIGS samples (A-
D) co-deposited by using CIS and CGS targets, which have a Ga-rich characteristic, show a
smoother surface and compact microstructure, whereas the CIGS sample (E) with Ga/(In +
Ga) ratio of 0.2 exhibits irregular and facet-shaped structure. In regard to effects on Ga
contents, it was reported that the CIGS thin films has smaller grains at the higher Ga content
compared to the films grown at the low Ga content [23, 30]. This shows that the CIGS
morphologies varied with Ga content in the CIGS thin films, showing that the CIGS samples
(A-D) with high Ga content has the similar morphology like a CGS thin film.

()

>

Cross section

Surface

(b)

CGS film |

Fig. 2. (a). Cross-section and surface SEM images of CIGS thin films with different Ga/(In +
Ga) ratios of (A) 0.9, (B) 0.8, (C) 0.7, (D) 0.5, and (E) 0.2, respectively, (b) surface images of
CIS and CGS ternary thin films.

3.3 XRD patterns

The Fig. 3(a) shows the XRD patterns of CIGS thin films as a function of Ga/(In + Ga) ratio
deposited at a substrate temperature of 550°C. All the CIGS thin films reveal dominant (112)
peaks, including chalcopyrite characteristic peaks of (220), (204), and (312). Also, no
secondary peaks indicating Cu-Se or OVC (ordered vacancy compound) phases are observed
in the CIGS thin films despite using two different kinds of sputtering targets (CIS and CGS)
at the same time. The slight peak split of CGS film is confirmed to be the distortion of lattice
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constant in the tetragonal CIGS structure due to high Ga content in CIGS thin films but not
secondary phases [24]. In addition, the dominant (112) peaks are almost linearly shifted to
high diffraction angle with increasing Ga/(In + Ga) ratio, as shown in Fig. 3(b). This is
attributed to the decrease of the lattice parameter in the chalcopyrite CIGS structure by
substituting In atoms with smaller Ga atoms. According to Scherrer equation (t = K\/Bcos0),
the crystallite size can be calculated by full-width at half-maximum (FWHM) values. The
crystallite size of the CIGS thin films for (112) plane is ranged from 12 to 23nm and is
slightly decreased at the Ga contents of 0.5 (sample D) and 0.7(sample C). This slight
deviation can be explained by the fact that fluxes of particles are reduced at the center of
substrate region. In other words, the main plasmas are located near the sputtering target
normal, as mentioned in Fig. 1. The sample C and D were located at the place where fluxes of
particles sputtered from both targets were the lowest due to the angular dependence of
sputtering fluxes. For that reason, it is considered that the grain growth is slightly affected by
the sputtered particles with low fluxes at the center of substrate region.
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Fig. 3. XRD patterns (a) and crystallite size (b) of CIGS thin films as a function of Ga/(In +
Ga) ratio.

3.4 Raman spectra

Raman spectroscopy was also used to check whether or not the CIGS thin films with different
composition ratios of Ga/(In + Ga) are only chalcopyrite single phase. Generally, the
frequency of the A1 mode in Cu(In,,Gay)Se, films shifts linearly from 173 cm™ to 186 ecm™!
with varying x from 0 to 1. According to the report of Roy et al. [25], the Raman shift caused
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by Ga content in CIGS thin films can be estimated by F = 173 + 12.92x, where F is the Raman
shift value of Al mode and x is the composition ratio of Ga/(In + Ga). This formula means
that Raman frequency increases by substituting In sites with Ga atoms which have a lower
mass than In atoms, resulting in a larger bond length formed in the lattice site [26]. In our
case, we confirmed that the A1 mode frequency of CIGS films shifts from 173.4 cm™ to
186.1 cm™ with increasing Ga/(In + Ga) ratio from 0 to 1, as shown in Fig. 4(a), respectively.
To confirm this relationship, composition ratio and Al scattering peaks are depicted in Table
2. Raman shift values of A1 mode peaks are generally well matched with Ga/(In + Ga) ratios,
but show a small deviation in sample B and C. Regarding the compositional behavior in
physical property, accurate composition values should be accompanied but the Ga/(In + Ga)
ratios determined by EDS-XRF measurements are not perfectly adjusted with above equation
due to uncertainty of composition analysis, leading similar scattering peak positions in spite
of different sample positions. However, it is clearly confirmed that A1 mode peak positions
are systematically distributed as a function of Ga/(In + Ga) ratio, which is not fully consistent
with composition ratio. In addition, the Fig, 4(b) shows that the FWHM values of all the
CIGS thin films range from 9.2 to 12.5 cm™', demonstrating the high quality of CIGS thin
films. Furthermore, B2 and E1 modes of the CIGS thin films are also observed, which
correspond to the vibration mode of all CIGS atoms. Consequently, one-step sputtered CIGS
thin films show only chalcopyrite characteristic peaks (Al, B2, E1 modes) regardless of
Ga/(In + Ga) ratio in the CIGS films without any secondary phase.
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Fig. 4. Raman spectra of CIGS thin films (a) and those Al scattering peaks and FWHM values
(b) as a function of Ga/(In + Ga) ratio.
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Table 2. Raman shift values of CIGS thin films as a function of Ga/(In + Ga) ratio.

Composition ratio A1l mode peaks (cm™)
Sample
Ga/(In + Ga) measured calculated
CGS 1.0 186.1 185.9
A 0.9 183.1 184.6
B 0.8 181.7 183.3
C 0.7 178.4 182.0
D 0.5 178.4 179.5
E 0.2 176.3 175.6
CIS 0 173.4 173.0
3.5 Optical bandgaps

The optical bandgap energy (Eg) is studied by using transmittance, reflectance spectra from
the CIGS absorber layer on a SLG substrate. The optical coefficient (o) can be deduced from

the following equation [27]:
1-R)' +4T°R* (1-R)
1, 1Na=R L0=R)
d 2T 2T

where d is the film thickness, T is the transmittance, and R is the reflectance. The CIGS
compounds are direct transition semiconductors and the parabolic band diagram is given by
the following equation [28]:

ahv = A(hv— Eg)"?

where A is a constant that depends on the transition nature such as the effective mass and the
refractive index, and v is the radiation frequency. By using the above equation, the optical
bandgap can be determined by extrapolating the linear portion of (a/v)* versus photon energy
(hv). Figure 5 indicates the plot of (ahv)* versus hv for CIGS thin films, and the inset shows
the optical bandgap energies with different Ga/(In + Ga) ratios. Generally, the CIS and CGS
thin films having stoichiometric composition exhibit the bandgap energy of 1.02 and 1.62 eV,
respectively [29]. In our case, CIS and CGS films deposited at the substrate temperature of
550°C show the bandgaps of 0.98 and 1.62 eV, respectively. By using these stoichiometric
single targets, we confirmed that the CIGS thin films exhibit the optical bandgaps of 1.07,
1.24, 1.35, 1.47, and 1.53 for the Ga content of 0.2, 0.5, 0.7, 0.8, and 0.9, respectively. In the
previous study, it was reported that the bandgaps of (Culn;.Ga,Se,) thin films grown by co-
evaporation technique are followed by the relationship between x (Ga content) and Ey(x) =
0.998 + 0.291x + 0.43x* eV [31]. Figure 5(b) shows the variation of bandgaps as a function of
Ga content in the reference (red circle) and co-sputtered CIGS thin films (black square),
respectively. The optical bandgaps of co-sputtered CIGS thin films increase with the Ga
content and have a good agreement with the expected bandgaps at each the Ga content.
Nevertheless, a slight deviation in the bandgaps was observed as the Ga content exceeding
0.7, which can be caused by the inaccuracy in the determination of compositions between the
two studies. However, it should be noted that the bandgaps correspond approximately with the
Ga content in the CIGS thin films, which have sharp absorption edges with fewer defects and
good crystallinity for all the samples.
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Fig. 5. (a) Plots of (hv)2 versus hv for co-sputtered CIGS thin films as a function of Ga content
and (b) variation in the bandgaps with different Ga contents (black square : co-sputtered CIGS
thin films, red circle : Ref. [31]).

4. Conclusion

In summary, we have introduced a systematic approach to obtain CIGS films with different
(In,Ga) ratios by one-step sputtering without a selenization process using a combinatorial
magnetron sputtering system from a CIS/CGS stoichiometric single target. The CIGS thin
films show that the composition ratio of Ga/(In + Ga) consistently changed from 0.2 to 0.9
depending on the distance from the substrate to each sputtering target (CIS and CGS). XRD
patterns reveal that diffraction peak positions are linearly shifted to high angle for both (112)
and (220) planes with increasing Ga/(In + Ga) ratio. Raman spectra also exhibit similar
properties to the XRD patterns, demonstrating high-quality CIGS thin films with A1 mode
scattering peak in each composition ratio. Moreover, the optical property shows that bandgap
energies are also consistent with the composition ratio of Ga/(In + Ga), while maintaining the
standard bandgap energy.
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