OPTICAL PROPERTIES OF Cu(In, Ga)(S, Se); FILMS FOR SOLAR CELLS

M.S. Tivanov ”, E.P. Zaretskaya ™, V.F. Gremenok ”, V.A. Ivanov "™, A.V. Mudriy ",
A.V. Ivaniukovich ®, V.B. Zalesski °), S. Zykotinski d), K. Bente ¥

9 Belarusian State University, 4, Nezavisimosti av., 220050, Minsk, Belarus,
E-mail: michael tivanov@gmail.com
® Joint Institute of Solid State and Semiconductor Physics, National Academy of Sciences of
Belarus, 19, P. Brovka str., 220072, Minsk, Belarus, E-mail: ezaret@ifttp.bas-net.by
) Institute of Electronics, National Academy of Sciences of Belarus, 22, Logoiski trakt str.,
220090, Minsk, Belarus
Y Department of Electrical and Computer Engineering, University of Toronto,
10 King’s College Road, Toronto, Ontario, Canada
nstitut fiir Mineralogie, Kristallographie und Materialwissenschaft, Universitit Leipzig, 20,
Scharnhorststrafse, 04275, Leipzig, Germany
(Received 6 October 2006)

Abstract

In this paper, we present structural and optical properties of single-phase
Cu(In, Ga)(S, Se), alloys, which have been prepared using a novel selenization/sulfurization
growth process to react copper-indium-gallium alloy films. The grown scheme differs criti-
cally from standard two-step grown processes and was carried out without toxic H,S and
H,Se gases. The calculated band gap values for layers with varying sulfur content (i.e.
S/(S+Se) =0.16 and 0.19), determined from optical transmission and reflectance measure-
ments, were found to be 1.17 and 1.23 eV respectively. The low temperature PL measure-
ments also confirmed the shift in the band gap of the CIGSS absorber films with sulfur
incorporation.

In summary, this reaction process produced single-phase CIGSS thin films with con-
trolled sulfur amount suitable for photovoltaic application.

1. Introduction

[-11I-VI; chalcopyrites (I=Cu, I1I={In, Ga}, VI={S, Se}) with direct bandgap are excel-
lent materials for the development of second generation of high-efficient and low-cost thin
film solar cell devices. The combination of a high absorption coefficient [1], long term stabi-
lity, excellent radiation tolerance [1] and a band gap in the range 1.0 —2.4 eV [2 — 5] makes
this material suitable for this purpose. The band gap of multinary Cu(In, Ga)(S, Se), com-
pound semiconductor can be adjusted over a wide range: from 1.04 eV for pure CulnSe; to
about 2.4 eV for CuGaS,. Various research groups have demonstrated efficiencies of over
17% [6, 7] for small-scale laboratory devices. Chalcopyrite compounds Cu(In, Ga)(S, Se)
(CIGSS) have led to the highest laboratory efficiencies for thin film solar cells (>19 %) suc-
cessfully produced on an industrial scale [8]. Encapsulated Cu(In, Ga)(S, Se),-based thin-film
modules have been demonstrated to perpetuate their performance over many years under
various environmental conditions [9].

A critical problem related to the selenization growth processes is the formation of a
graded film structure with most of the Ga residing at the back of the film, due to the diffe-
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rence in the reaction rates between the binary selenides [10]. Thus, the Ga does not increase
the band gap of the active region of the solar cell. Until now, only co-evaporation of Cu, In,
Ga, Se and S has been identified as a technique of producing single-phase pentenary
Cu(In, Ga)(S, Se), alloys [11].

The aim of the work presented here is the preparation of CIGSS thin films with reduced
grading in the Ga/ln ratio through the depth of the film. In this paper, we present structural
and optical properties of single-phase Cu(In, Ga)(S, Se), alloys. The single-phase
Cu(In, Ga)(S, Se), films have been prepared using a novel selenization/sulfurization growth
process to react copper-indium-gallium alloy films. The grown scheme differs critically from
standard two-step grown processes and was carried out without H,S and H,Se gases. The
Cu-In-Ga precursors were obtained by sequential sputtering of precursor layers. The metallic
precursors are reacted to Se/S under N, flow at a defined temperature to produce uniform,
single-phase pentenary Cu(In, Ga)(S, Se), alloys. The method is simple and does not use toxic
gases.

2. Experimental

All precursor Cu-In-Ga films were deposited onto glass and Mo-coated glass substrates
by ion-beam plasma evaporation in vacuum 5-10°° Torr at substrate temperature Ts = 100 °C.
The precursor films were typically approximately 0.8-1 um thick. The reaction to solid state
sources of S and Se (with weight ratio S/Se = 0.1-0.4) was conducted in a horisontal tube re-
actor under N, flow. At the first stage of the annealing, the precursors were reacted to Se/S at
260 °C. Then the temperature was raised to 400+540 °C. Reaction time, temperature and S/Se
weight ratios were used to control the reaction kinetics. The details of this process will be pre-
sented in a future publication.

The bulk composition and surface morphology of the films were investigated by wave-
length dispersive X-ray (WDX) analysis using a CAMECA SX-100 and JEOL 6400 SEM
apparatus. The depth profiling was done by Auger electron spectroscopy (AES) using a
Perkin Elmer Physical Electronics model 590. An Ar ion beam was used for sputter etching.
The crystal structure of the materials was studied by X-ray diffraction (XRD) using a Siemens
D-5000 diffractometer with CuK,, (A = 1.5418 A) radiation. The observed phases were deter-
mined by comparing the d- spacing with the Joint Committee on Powder Diffraction Standard
(JCPDS) data files.

The optical properties of CIGSS thin films were evaluated by low temperature photo-
luminescence (PL) and optical absorption measurements.

3. Results and discussion

According to the XRD spectra of the samples obtained at T, ~ 400 °C, the CIGSS film
contains two phases of chalcopyrite (CH) structure. The peaks corresponding to the reflec-
tions by CulnSe, and CulnS, atomic planes (101), (112), (211), (220/204) (312/116)
(332/316) of the CH structure are identified by comparison with the JCPDF data cards
40-1487 and 89-6095.

On the other hand, XRD spectra of these samples did not indicate the presence of the
additional phases, which could be clearly identified. XRD measurements of the samples pre-
pared by reaction process in which temperature of high-stage was varied in limits
T, =500+540 °C revealed high intermixing of the material. Single-phase CIGSS thin films of
the CH structure with [112] preferred orientation were formed under these conditions. Fig. 1
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shows XRD patterns of CIGSS film grown at T, =540 °C. The characteristic reflections of
the CH, such as (110) and (103) peaks at 26 = 17.2° and at 20 = 27.88° respectively, are
clearly observed. The diffraction peaks of CIGSS solid solutions shift to higher angle with the
increasing of the content of sulfur and gallium. Pure CuGaSe, has its (112) peak value at
20 =27.62°. Since now peak is observed in the diffraction pattern, for any of the samples, it
means a high intermixing of gallium and indium in absorber layer. Careful analysis of (112)
peak at 20 = 26.82° revealed the splitting not exceeding AO = 0.15°, which can be attributed
to the homogeneous Ga distribution (Fig. 1 (b), (c)). It is noticed, the intensity of high angle
peak (of the phase close to CuGaSe,) decreases with T, increasing, indicating the enhanced
incorporation of Ga.
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Fig. 1. (a) XRD pattern of CIGSS film grown under 540 °C; (b, ¢) Gaussian fitting of (112)
peak of the CIGSS film grown under 400 °C and 540 °C, respectively

This fact was also confirmed by the AES depth profiles for these samples. In the CIGSS
films grown under low temperatures there is an almost constant Cu/In/Ga atomic ratio near
the surface, an intermediate region where In is gradually substituted by Ga and a maximum
close to the substrate. Increased recrystallization temperature causes a higher Ga concentra-
tion in the part of the absorber close to the surface and a more intermediate region.

The calculated band gap values for these layers with varying sulfur content (i.e.
S/(S+Se) =0.16 and 0.19), determined from optical transmission and reflectance measure-
ments, were found to be 1.17 and 1.23 eV respectively (Table 1).

As noted above, the gallium accumulation at a back contact (Fig. 2) resulted in certain
problems in the improvement of the solar cell performance. Indeed, the gallium accumulation
hampers the varying of band gap through the depth of film. On the other hand, the gallium
accumulation results in multiphase film (at a back contact fine-grained Ga-rich phase is
formed) (Fig. 3 (a)), that adversely affects electric properties of the device.

The AES depth profile was used to study the concentration of elements present in the
bulk of as grown CIGSS films. The measured AES compositions as a function of depth were
used to calculate the Ga/(In+Ga) atomic ratio profiles.

To reveal the influence of S-incorporaton on the Ga-distribution, typical Auger depth
profiles of elements in Cu(InGa)Se, (CIGS) films grown by the this process at 400 °C (in Se-
ambient) are presented in Fig. 2 (a,b). The Ga distribution is inhomogeneous in these layers,
with most of the Ga residing near the bottom.

The degree of Ga-inhomogeniety changes when annealing in S/Se-ambient even though
recrystallisation temperature was about 400 °C. Fig. 3(a) shows typical Auger depth profile of
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these layers with S/(S+Se) = 0.19 (sample 1). Comparing Fig. 2(b) and Fig. 4(b), it can be
clearly seen that S-incorporation resulted in a shift of the position of the maximum Ga con-
centration, from the bottom to the intermedium region.
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Fig. 2. (a,b) Typical Auger depth profiles Fig. 3. Typical SEM photographs of CIGS (a)
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Fig. 4. (a,b) Typical Auger depth profiles of Fig. 5. (a,b) Typical Auger depth profiles
elements in CIGSS film, annealed at 400 °C. of elements in CIGSS film, annealed at 540 °C.

In the CIGSS films grown under low temperatures there is an almost constant
Ga/(In+Ga) atomic ratio near the surface and a region where In is gradually substituted by Ga
with a maximum close to the substrate. It should be noted, that AES profiles of these samples
showed uniform distribution of sulfur and selenium through the entire depth of the film with
overall bulk concentration of (S+Se) near 50%. This indicates that the element interdiffusion
process is completed. However, these films were morphologically rough and non-uniform but
did not show distinct layers and significant difference in the grain size in the near-surface re-
gion and in the bottom.

Increased recrystallization temperature causes a higher Ga concentration in the near-
surface region and a smaller in the back region (Fig. 5). Moreover, higher temperature re-
sulted in a considerable improvement of microstructural properties of the films; they were
very dense and consisted of interconnected grains approximately 1-2 um in size.

The degree of gallium incorporation was strongly related to the chalcogen weight ratio
in the reaction system and consequently their partial pressure.
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Table 1. Composition of CIGSS absorber layers.
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Fig. 6. Photoluminescence spectra of (a) the CIGSS thin film (S/(Se+S) = 0.19) and (b) CIGS
film at 78 K and 300 K.

Photoluminescence (PL) measurements in the temperature range 4.2 — 300K, photolu-
minescence excitation (PLE) spectroscopy and absorption were used for studying defects and
determination of the band gap energy of CIGSS thin films. Absorption and PLE experiments
confirmed that the band gap energy is about of 1.1 - 1.24 eV and depends on chemical com-
position of CIGSS material. The PL spectra at 4.2 - 300 K showed only one broad intense
band with energy position, which depends on chemical composition (Fig. 6). This band may
be connected with band to tail optical transitions. The appearance in PL spectra of the bands
in the near-band edge spectral region and their energy shifts from temperature and excitation
power may be explained in a model for highly defective and compensated semiconductor.

4. Conclusion
The analysis showed that CIGSS films were polycrystalline and formed from CulnS,
and CulnSe, phases when annealing under low temperatures (of 400 °C). Complete intermix

of these phases was observed in the case of high-temperature process. A homogeneous Ga
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depth distribution has been achieved by modifying the process conditions. It was found that
the S/Se ratio remained virtually unchanged through the depth of all the samples. However,
the most important feature is remarkable constant Cu/In/Ga atomic ratio through the depth of
the films obtained at temperatures of 500 °C, which is a precondition to form single-phase
CIGSS material.

The calculated band gap values for layers with varying sulfur content (i.e.
S/(S+Se) =0.16 and 0.19), determined from optical transmission and reflectance measure-
ments, were found to be 1.17 and 1.23 eV respectively. The low temperature PL measure-
ments also confirmed the shift in the band gap of the CIGSS absorber films with sulfur
incorporation.

In summary, this reaction process produced single-phase CIGSS thin films with con-
trolled sulfur and gallium contents suitable for photovoltaic application.
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