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STRUCTURAL AND OPTICAL PROPERTIES OF CdS/Cu(In,Ga)Se, .
HETEROSTRUCTURES IRRADIATED BY HIGH-ENERGY ELECTRONS

A. V. Karotki,”™ A. V. Mudryi,* M. V. Yakushev," UDC 535.37;539.216.2
F. Luckert,b and R. Martin"

Thin films of Cu(In, Ga)Se, (CIGS) with a Ga/(Ga + In) ratio of ~0.27 corresponding to the standard ele-
mental composition for solar-energy transducers were grown on Mo-coated glass substrates by the Cu, In,
Ga, and Se co-evaporation technique from different sources. Transmission (T), photoluminescence (PL), and
photoluminescence excitation (PLE) spectra at 4.2 K were used to analyze electronic properties in the as-
grown and electron-irradiated CIGS films. The band-gap energy (E,) of the CIGS films measured using both
transmission and PLE methods was found to be about 1.28 eV at 4.2 K. Two deep bands in the PL spectra
of the irradiated CIGS films, P; at ~0.91 eV and P, at ~0.77 eV, have been detected. These bands are ten-
tatively associated with copper atoms substituting indium (Cuy,) and indium vacancies Vy, respectively, as the
simplest radiation-induced defects.
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Introduction. Fabrication of highly efficient solar cells based on Cu(In,Ga)Se, (CIGS) semiconducting films
is a critical and simultaneously complicated scientific and technical problem of modern semiconducting solar energy
[1, 2]. The development and improvement of the technology for preparing solar cells using CIGS compounds with the
chalcopyrite structure has recently enabled efficiency records (~19.9%) to be set for all known thin-film semicon-
ducting materials [1]. The stable operation of solar cells based on CIGS compounds that are used under ordinary ter-
restrial conditions and, especially, that are exposed to penetrating radiation (high-energy electrons, protons, etc.) in
near-earth space orbits to an even greater extent stimulate further scientific and technological developments of semi-
conducting solar photovoltaics based on these materials [1-5]. Such promising developments prompt investigations that
determine the criteria for radiation resistance of CIGS semiconducting compounds and solar cells based on them to the
action of high-energy particles and that establish the nature of the radiation-induced defects at the atomic level [3-6].
New knowledge about the radiation physics of defects in CIGS material will indubitably assist a deeper understanding
of the geometric and electronic structure of not only radiation defects but also growth defects formed during formation
of CIGS thin films that determine the perfection of the material crystal structure. Herein we describe experiments that
establish the nature of the radiation defects in CdS/Cu(In,Ga)Se,/Mo (CdS/CIGS/Mo) heterostructures, on which solar
cells with efficiency ~12-14% are based [4, 7, 8].

Experimental. The studied CIGS films were sputtered onto glass substrates coated with a thin film of Mo with
simultaneous co-evaporation of Cu, In, Ga, and Se using well-known technology [4, 7-9]. Layers of CdS (~50 nm
thick) were deposited by the standard chemical method in the corresponding solutions. The studied CdS/CIGS/Mo/glass
structures consisted of a CdS buffer layer (~50 nm), CIGS films (~1.5 pum thick), a contact layer of Mo (~0.8 um
thick), and the glass substrate (2 mm thick). The elemental composition of the films was determined by local energy-
dispersive x-ray analysis (XA) and scanning Auger-electron spectroscopy (SAES) with layer-wise surface removal. The
standards for measuring the optical transmission were CIGS films grown directly on glass substrates. The film struc-
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TABLE 1. Elemental Composition (at %) of CIGS Thin Films from SAES and XA

Sample | Analytical method | Substrate type Cu In Ga Se Ga/(Ga + In) ratio
1 SAES Mo/glass 25.1 18.6 6.8 49.5 0.268
1 XA Mo/glass 24.1 18.8 7.2 49.5 0.277
2 SAES glass 23.0 19.9 7.1 50.0 0.263
2 XA glass 23.0 19.9 7.4 50.0 0.271

tures and their phase compositions were determined by x-ray diffraction analysis using CuK,-radiation (A = 1.5409
Zx). Scanning electron microscopy (SEM) was used to analyze the surface morphology. CIGS films were irradiated
with electrons of energy 5 MeV at doses of 10'°-2:10" cm™ with electron-beam flux 10'* cm™s™ at temperatures
50°C. Optical transmission and reflectance spectra were recorded in the spectral range 200-3000 nm at 300 and 4.2 K
using a Cary 500 UV-Vis-NIR dual-beam spectrophotometer or an MDR 23U monochromator with an objective mirror
of focal distance f ~ 60 cm and a diffraction grating with 600 lines/mm. Photoluminescence (PL) was measured at 4.2
K using an Ar laser at A ~ 488 nm and power <200 mW. The optical signal detectors were InGaAs p-i-n-photodiodes
or PbS photoresist cooled to liquid-nitrogen temperature (Hamamatsu, Japan). Luminescence excitation spectra were re-
corded using an MDR-12 monochromator with an objective mirror of focal length f ~ 30 cm and a tungsten-halogen
lamp (400 W). Additional features of the method have been published [10].

Discussion. Table 1 presents the average concentrations of Cu, In, Ga, and Se in CIGS thin films grown di-
rectly on glass substrates (glass) or glass substrates coated beforehand with a deposited layer of Mo (Mo/glass) that
were measured by SAES and XA. Results for XA were averaged over three measurements at different sites on the
sample surface; SAES, concentration measurements at each stage of layered removal of films (20 values). Figure 1
shows an example of element distribution profiles along the CIGS film thickness (sample 1) measured using SAES. It
can be seen that Cu and Se are distributed practically the same with thickness and that their concentrations decrease
sharply near the boundary with the Mo layer. The Ga concentration increases slightly whereas that of In decreases as
the boundary with the Mo layer is approached. The same practically uniform distribution of the elements over thickness
is typical also of CIGS films on glass (sample 2). Figure 2 shows the surface morphology and a chip cross-section of
the CdS/CIGS/Mo/glass heterostructure from SEM data. It can be seen that the crystallite size is ~0.3—1.2 um and is
in certain instances comparable with the thickness of the CIGS layer (Fig. 2b). The SEM images demonstrate that large
grains are densely packed with little porosity and that the CIGS layer adheres firmly to the Mo layer or the glass.

The x-ray diffraction studies showed that CIGS films formed on glass or the Mo layer had a single-phase
chalcopyrite structure. Figure 3 shows an example of x-ray diffraction patterns of the CdS/CIGS/Mo/glass heterostruc-
ture (sample 1). It is noteworthy that reflections from the crystal lattice of the CdS layer were not observed because
it was very thin (~50 nm). The principal diffraction lines were (112), (204)/(220), and (116)/(312) from the CulnSe,
chalcopyrite phase. The preferred orientation for sample 1 that was estimated from the intensity ratio of the
In o/Inggy 200 reflections was ~3.1, which indicated that the grains were primarily oriented along the (112) direction.
Reflections near angles 20 ~ 41° and 26 ~ 74° were due to reflection from the Mo film on the glass substrate.

Optical characteristics of standard CIGS films on glass were determined from measurements of the transmis-
sion (7) and reflection coefficient (R). The transmission spectra (Fig. 4a) showed that sample 2 had a relatively high
transmittance (~70%) in the near-IR region and a clearly defined interference structure that was characteristic of high-
quality CIGS films. The relatively sharp fundamental absorption edge of CIGS film was clearly visible in the square
of the absorption coefficient as a function of the photon-energy spectrum (Fig. 4b). These experimental results con-
firmed that CIGS films grown on glass had a relatively high quality. The reflection coefficient of polycrystalline CIGS
films measured in the spectral range ~0.8-1.4 eV was ~0.18 for sample 2. The film absorption coefficient was calcu-
lated using the following expression [11]:

V1 =R*+4T°R2 + (1 -R)’

2T ’

_1
o= (1)
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Fig. 2. Surface morphology (a) and a portion of chip cross-section (b) for
CdS/CIGS/Mo/glass heterostructure.

where d is the film thickness. The absorption coefficient for resolved direct transitions as a function of the spectrum
was determined from the equation [12]:

a(hv)=A (v -E)"”, )

where A is a constant; E,, the band-gap width. The band-gap width for CIGS films was determined by extrapolating
the linear part of the curve o = Sfthv) to the photon-energy axis at 300 and 4.2 K and gave E, = 1.22 and 1.28 eV
(Fig. 4b). These E, values agreed satisfactorily with experimental results from other research groups for CIGS films
with a similar chemical composition [13, 14]. Because the Mo contact layer was opaque so that the transmittance of
the CdS/CIGS/Mo/glass structures could not be measured, the band-gap width E, was determined by measuring pho-
toluminescence excitation (PLE) spectra. Figure 5a shows photoluminescence (PL) and PLE spectra measured at 4.2 K
for CdS/CIGS/Mo/glass heterostructures (sample 1) before irradiation (spectrum 1) and after irradiation with electrons
at a dose of 510" cm™ (spectra 2—4). Similar spectra were recorded for sample 2, which was formed directly on the
glass substrate. The position of maxima in the PLE spectra corresponded to energies ~1.26—1.30 eV, which is close to
the E, value found from absorption data for sample 2 with practically the same chemical composition as sample 1
(Table 1). We note that PLE spectra were recorded with detection near the maxima of the three principal lumines-
cence bands (E..): a band due to donor—acceptor-type (D—A) optical transitions at ~1.052 eV and bands P;, ~0.91 eV,
and P,, ~0.77 eV, due to recombination of non-equilibrium charge carriers through deep energy levels of radiation de-
fects. Figures 5 and 6 show that PL spectra of unirradiated CIGS films at 4.2 K contained a single band at 1.052 eV
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Fig. 3. X-ray diffraction pattern of CdS/CIGS/Mo/glass heterostructure.
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Fig. 4. Transmission (a) and absorption (b) spectra of sample 2 at 4.2 (1) and
300 K (2).

with half-width ~55 meV. This band shifted to higher energies by 12 meV and the intensity changed by an order of
magnitude (j-shift) as the excitation level increased from 0.006 to 2 W/cm?®. The spectral shape of the D-A band prac-
tically did not change during this (Fig. 6). The relatively large spectral shift of the band at 1.052 eV from the band-
gap width E, ~ 1.28 €V, a total of ~0.23 eV, and the high-energy shift of this band as a function of the excitation
level were consistent with D—A recombination with a strong influence of potential fluctuations [15]. Practically sym-
metric D-A bands of analogous spectral shape near 1.00 and 1.04 eV with half-width ~76 and 85 meV, respectively,
were observed at 2 K in PL spectra of CIGS films with a Ga/(Ga+In) concentration ratio ~0.25 [16]. Symmetric D-A
bands, the maxima of which were located at 1.03—1.05 eV and the half-width of which changed in the range 50—
80 meV with electron-beam surface scanning of separate crystallites, were observed at 15 K in cathodoluminescence
spectra of polycrystalline CIGS films [17]. It is important to note that the spectral shape of broad D—A bands was
practically constant at relatively low excitation levels changing over two orders of magnitude. Almost symmetric D-A
bands were observed in other work also [18, 19]. In our opinion, the D-A bands in PL spectra of CIGS films were
not asymmetric because the probability of interaction of electrons with LO-phonons (~28 meV) during D-A optical
transitions was significantly reduced owing to the presence of significant potential fluctuations in the crystal matrix.
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Fig. 5. Photoluminescence (1-4) and photoluminescence excitation (1’—4") spec-
tra at 4.2 K of CdS/CIGS/Mo/glass structures before (1) and after (2-4) irra-
diation; Ee. ~ 1.06 (1, 2), 0.91 (3"), and 0.78 eV (4").

0.7 0.9 1.1 E, eV

Fig. 6. Photoluminescence spectra of CdS/CIGS/Mo/glass structures at 4.2 K
as a function of excitation level (W/cmz): 0.006 (1), 0.028 (2), 0.26 (3), 0.78
4), 2.0 (5); solid lines, after irradiation; dashed lines, before irradiation.

Thus, the probability of phonon-less transitions did not change. The D-A recombination band was assumed to be re-
lated to recombination at Cu vacancies (V¢,) as acceptors and Se vacancies (Vg.) or In atoms replacing Cu (Inc,) as
deep donors according to a theoretical calculation of the position of the energy levels of these defects in the band gap
and experimental results obtained from CulnSe, using various physical methods [20, 21]. A D-A band with a maxi-
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mum at ~1.05 eV was also assigned to these types of growth point defects (donors and acceptors) in previous studies
[16, 17].

Experiments on irradiation of CIGS films with high-energy electrons (~5 MeV) showed that the short-wave-
length shift of the 1.052-eV band as a function of excitation level decreased up to 8 meV for an order of magnitude
change of the excitation intensity at an irradiation dose of ~5-10"" cm™ (Fig. 6). In our opinion, the decrease in the
shift from 12 to 8 meV was due to a reduction in the amplitude of potential fluctuations in the crystal lattice of irra-
diated chalcopyrite CIGS films [15]. This reduction may have been related to effective interaction of radiation-induced
defects with growth defects. As a result, certain growth defects were apparently "cured" by point defects formed dur-
ing electron irradiation, i.e., the total concentration of defects and the compensation level of donors and acceptors both
in separate grains and at interfaces between them in the polycrystalline CIGS layer were reduced [15]. It is important
to note that the parameters of solar elements based on CIGS films were found to improve after irradiation with 1-
MeV electrons at doses >10'® cm™ [22]. Our results also demonstrated a positive effect of electron irradiation at doses
<5-10"7 cm™ that was evident in an ordering of the crystal structure of CIGS films owing to curing of growth defects.
Furthermore, the integrated intensity of the D—A band at ~1.052 eV increased by 2—4 times upon increasing the elec-
tron-irradiation dose from 10'® to 10'7 cm™. This was due to an increase in the lifetime of non-equilibrium charge
carriers due to curing by radiation defects of radiationless recombination channels, i.e., growth defects. It is important
to note that similar effects in optical luminescence spectra were observed upon irradiation of CIGS films by deuterons
and protons [15, 23, 24].

In addition to this, irradiation of CIGS films produced two additional deep bands P; at ~0.91 eV and P, at
~0.77 eV in the PL spectra (Figs. 5 and 6). High irradiation doses (25-1017 cm_z) decreased the intensity of the prin-
cipal D-A band whereas those of the P; and P, bands, which were due to radiation-induced defects, continued to in-
crease. These bands did not shift as a function of excitation level and corresponded to optical transitions into energy
levels of deep defects at ~0.37 and 0.51 eV in the CIGS band gap. In our opinion, defects induced by electron irra-
diation are the simplest point defects, Cu atoms replacing In Cuy, (P, band) and In vacancies Vi, (P, band) [20].

Conclusion. The band-gap energy of thin films of semiconducting CIGS compounds with a Ga/(Ga + In)
ratio ~ 0.27 was determined as E, ~ 1.28 eV at 4.2 K based on optical properties (transmission, reflectance, PL, and
PLE spectra). It was found that irradiation of CIGS thin films by high-energy (~5 MeV) electrons at doses 10-'°-
2:10"® em™ produced radiation defects that were effective channels for radiationless recombination with deep energy
levels ~0.37 and 0.51 eV in the band gap of the material. It was hypothesized that Cu atoms replacing In Cuy, and
In vacancies Vj, were responsible for the appearance of the levels at 0.37 and 0.51 eV. A curing of growth defects
by radiation-induced defects that led to decreased potential fluctuations in CIGS films was observed. This was evident
in a decreased shift of the D-A recombination band at ~1.052 eV by 1.5 times (from 12 to 8 meV) as the excitation
level changed by an order of magnitude. Also, the integrated intensity of this band increased at irradiation doses <10"
cm . The observed effects improved the structure and quality of the CIGS films. This suggests that electron irradia-
tion at low doses (5-1017 cm72) will also improve the parameters of solar cells formed from CIGS compounds with the
chalcopyrite structure.
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