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Abstract

Thin films of the chalcopyrite semiconductor CulnSe; were grown by an ionized cluster beam (ICB) deposition technique at a low
substrate temperature of 300°C. We studied the effect of nozzle diameter (a perforation on the top lid of the crucibles) of the cluster-source
crucibles on the thin films. The diameters were 1.7, 2.0, or 3.0 mm. The deposited films obtained were characterized using scanning
electron microscopy (SEM), X-ray diffraction (XRD), electron probe microanalysis (EPMA), scanning ion mass spectroscopy (SIMS), and
Raman spectroscopy. Change in the nozzle diameter significantly affected both the intensity of the Raman peaks at 183 and 260 cm™ and
the crystallinity of the CulnSe; films. The maximum diameter for obtaining good crystallinity of CulnSe; films is between 2.0 and 3.0 mm.
Itis found that the energy of Cu clusters plays a very important role in the crystal growth of CulnSe,. © 1998 Elsevier Science S.A. All

rights reserved
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1. Introduction

The chalcopyrite semiconductor CulnSe;, is a promising
material for polycrystalline thin film solar cells because of
its large absorption coefficient [1] and good radiation resis-
tance [2,3]. Various fabrication methods, such as seleniza-
tion method and co-evaporation, successfully achieve high
conversion efficiency [4,5].

For low-cost thin film solar cells, we have been using
ionized cluster beam (ICB) deposition to obtain CulnSe,
and CuGasSe; films at low temperature. Although the effect
of acceleration voltage [6-9], ionization current [10,1 1]and
ionization of the Se source on the quality of the films [9)
have been studied, no studies have been done on the effect
of the nozzle diameter for cluster beams.

In the present study, we prepared CulnSe, thin films at
low substrate temperature (300°C) using ICB with various
nozzle diameters of the Cu source crucible (1.7, 2.0, and
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3.0 mm). We then characterized these films using X-ray
diffraction (XRD), scanning electron microscope (SEM),
electron prove microanalysis (EPMA), secondary ion mass
spectroscopy (SIMS), and Raman spectroscopy. In this
paper, we report the results of this characterization and dis-
cuss the effect of ionized cluster beam on the crystallinity of
CulnSe,.

2. Experimental

An ICB technique was used to grow CulnSe, thin films on
soda-lime glass substrates using the apparatus illustrated in
Fig. 1. In this system, vapors of the individual source mate-
rials are ejected through the nozzle (a perforation on the top
lid) of the crucible, subjected to adiabatic cooling, and then
loosely united to form cluster beams. The clusters are then
positively ionized by the bombardment of electrons emitted
from the tungsten filament and extracted by a positive
potential applied to the grid. The ionization current is
defined as the current flowing between the filament and
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Fig. 1. Schematic of an iomzed cluster beam deposition.

the grid. The ionized cluster beams are accelerated by a
negative potential applied to an acceleration electrode set
a few millimeters above the ionization system. In our
experiments, both the Cu and In cluster beams were indivi-
dually ionized and then accelerated. For the Cu source cru-
cible (Fig. 2), the nozzle length L was 1 mm, and the nozzle
diameter D was either 1.7, 2.0, or 3.0 mm. For the In and Se
source crucibles, L = 1 mm and D = 1.5 mm. These dimen-
sions for L and D satisfy the condition L/D < 1 determined
by Yamada et al. [12] for the formation of clusters. Yamada
et al. also reported that for successful cluster formation, the
ratio of the pressure inside the crucible to the pressure out-
side the crucible must be larger than 10°. During film
deposition, the pressure of the vacuum chamber was main-
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Fig. 2. Schematic of a crucible.

Fig. 3. SEM micrographs of the as-deposited and the KCN-treated films.

tained at less than 1 x 107 Torr, The temperatures of the
crucibles for Cu, In, and Se were about 1420, 920, and
310°C, respectively. Because the vapor pressure of the Cu
crucible exceeded 107" Torr, the above requirement was
satisfied. The acceleration voltage for Cu and In was set at
1.5 KV and the ionization currents of Cu and In were 150
and 50 mA, respectively. The deposition rates of Cu, In, and
Se were 0.1, 0.2, and 0.4 nm/s, respectively, and were mon-
itored individually by crystal oscillators. The substrate tem-
perature was kept at 300°C. The typical thickness of the
prepared films was about 2 pm. Cyanide treatment is com-
monly used to remove binary phase of Cu—Se that generally
exists on the surface of CulnSe; film that are Cu-rich, which
is necessary to grow large grain CulnSe, We therefore
etched the films using 10% KCN solution for 60 s and
then rinsed them in deionized water. In the characterization
of the films, XRD with Cu K, was used for structural ana-
lysis, SEM for surface observation, EPMA for composi-
tional determination, SIMS for depth profile of the
components and Raman spectroscopy for structural analy-
sis. In particular, to know the surface structure, Raman
scattering experiments were done using a back-scattering
configuration. The incident light of the Ar” laser (514.5
nm, 30 mW) was focused to about | mm diameter on a
surface and the scattered beam was dispersed by a triple
monochromator combined with a CCD photon counting
apparatus. The polarized Raman spectra of horizontal-hor-
izontal (HH) and horizontal—vertical (HV) configurations
were done using a N2 plate and a polarizer. All measure-
ments were taken at room lemperature in air.
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3. Results and discussion

SEM micrographs of as-deposited and KCN-treated
CulnSe; films (Fig. 3) revealed that surface morphology
and grain size strongly depended on D. There was a distinct
difference in crystal size and surface morphology (Fig. 3)
between the films of D =3.0 and 2.0 mm. Among the
D = 3.0, 2.0 and 1.7 mm, the size of the crystal grains of
D = 3.0 mm was the smallest. The as-deposited Cu/In ratios
measured by EPMA for all samples were in the 1.40-1.45
range. The XRD pattern for the as-deposited film of D = 3.0
(Fig. 4 is a typical pattern) show that the films contained
Cu;Se, (JCPDS: 190402) phase. All three films had similar
XRD patterns, regardless of D. To obtain more information
about the surface structures, we measured Raman spectra.
The Raman spectrum for each film (Fig. 5) shows five
peaks: 173, 183, 210, 230, and 260 cm™. The peak at 173
cm™' is associated with the A, mode of CulnSe,, 210 cm™,
with either the E or B, mode, and 230 cm™' with the E or B,
mode [13,14]. The intensity of the peaks at 260 and 183
cm™ decreased as D as decreased. The change in Raman
spectrum was particularly drastic between the film of
D =20 and 3.0 mm.

The XRD patterns for the KCN-treated films were those
of the single-phase chalcopyrite structure without any traces
of the Cu;Se, phase. Fig. 6 shows Raman spectra in the
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Fig. 4. XRD pattern of the as-deposited film.
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Fig. 5. Raman spectra of the as-deposited films.

KCN-treated films. For all of the films, regardless of D,
the intensity of the peak at 260 cm™' was drastically
decreased after the KCN-treatment, while peaks at
173,183, 210, and 230 cm™' remained relatively unchanged.
The Cw/lIn ratio decreased to the 0.89-0.92 range after
KCN-treatment. We therefore attribute the 260 cm™ peak
to the Cu—-Se phase. On the other hand, the peak intensity of
the 183 cm™' shoulder decrcased as D was decreased,
whereas it remained unchanged after the KCN-treatment.
Gonzdlez et al. [15] and Taguchi et al. [16] reported that
the A, mode peak shifts to higher frequency as the pressure
or compressive stress is increased. However, our results did
not show these peak shift, but instead showed the peak at
183 em™ in addition to the A, mode at 173 cm™, suggesting
that the peak at 183 cm™' does not originate from compres-
sive stress. On the other hand, Neumman [13] and Tanino
[14] reported that there is an E mode peak around 180 em ™.
To identify the peaks, we therefore did the polarization
measurements of HH and HV configurations. (Fig. 7), and
found that the relative intensity of the peaks at 210, and 230
cm™' were different between these two configurations. This
confirmed that these two peaks belong to non totally sym-
metric E or B, modes. On the other hand, the relative inten-
sities of the peaks at 173, and 183 cm™' were almost the
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Fig. 6. Raman spectra of the KCN-treated films.
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same for both the HH and HV configurations. These results
suggest that the peak of 183 em™' is classified as totally
symmetric mode. Fig. 8 shows the depth profile of Cu. In,
and Se measured using SIMS for KCN-treated films of
D = 3.0 and 2.0 mm. The Cu content for the D = 3.0 mm
film was smaller than that for 2.0 mm and decreased near the
surface region after the KCN treatment. Tuttle et al. [17]
reported that when the substrate temperature is less than
400°C. the conversion process of Cu,Se phase into CulnSe,
is retarded due to limited Cu mobility, resulting in a very Cu
poor surface layer (Culn,Se,). However, we did not detect
distinct XRD peaks of Culn;Ses nor In;Se;, suggesting that
the origin of the 183 cm™' Raman peak seems to be the
localized Cu-poor CulnSe, phases that might show Raman
mode with a symmetry similar to the A, mode of CulnSe;.
Yamanaka et al. [18] reported a similar phenomenon in their
selenization process of Cu/In alloy, in which the peak inten-
sity at 185 cm”' decreased as the annealing temperature was
decreased. Levoska et al. [19] also reported that in laser
ablation the peak at 172 cm™ became narrower with
increasing substrate temperature. These results suggest
that the 183 cm™ Raman peak appear beside the A mode
of CulnSe; when the reaction temperature is not enough to
grow stoichiometric CulnSe,. These results also demon-

strate that the nozzle diameter of the Cu crucible has an
effect equivalent to those of temperature. Yamada et al.
[12] reported that the energy of the cluster depends on the
nozzle diameter and demonstrated that there is an optimum
nozzle diameter. They showed that a crucible with a nozzle
diameter larger than the critical size does not produces
any high-energy clusters, because the pressure difference
between the inside and outside of the crucibles is not very
large. It is known that ionized clusters and neutral clusters
enhance migration of adatoms and increase density of the
nuclei [12]. The difference in nozzle diameter in the Cu
crucible may affect the energy of the Cu cluster beam and
therefore affect the crystal growth of CulnSe, by changes in
the migration and nucleation. Our results show that the
maximum nozzle diameter for obtaining good crystalline
CulnSe; films was between 3.0 and 2.0 mm. The formation
energy of Cu-Se compounds are lower than that of CulnSe;
[18,20]. When the energy of the Cu cluster beam is low, as
in the large nozzle diameter (D = 3.0 mm), the migration
effect is negligible; therefore, reactions among Cu, In, and
Se elements do not proceed rapidly, resulting in formation
of Cu-Se binary phases at the surface and localized Cu-poor
CulnSe, phase below the surface. The film of D = 3.0 mm
showed the strong Raman peaks at 183 and 260 em™. In
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Fig. 7. Raman spectra of HH and HV configurations for the KCN-treated
film deposited with D = 3.0 mm.
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Fig. 8. SIMS depth profile of Cu.In and Se for the KCN-treated films
deposited with D = 3.0 and 2.0 mm.

contrast to the energy level for D = 3.0 mm, when the
energy of the Cu cluster beam was high (for D = 2.0 and
1.7 mm), most of the Cu, In, and Se reacted with each other,
because of sufficient Cu cluster beam energy to form good
crystalline CulnSe,. This may be the reason why the Raman
peaks at 183 and 260 cm™' are weak in films prepared with a
small nozzle diameter.

Our results show that the energy of Cu atoms plays a very
important role in the formation process of CulnSe;. These
results also demonstrate that the nozzle diameter of the
crucible can govern thin-film growth by affecting the energy
of the cluster beam of individual elements, equivalent to the
effect of substrate temperature.

4. Conclusion

CulnSe; films were grown by ICB and characterized by
XRD, SEM, EPMA, SIMS, and Raman spectroscopy. The
intensity of the Raman peaks at 183 and 260 cm™ showed
clear dependence on the nozzle diameter of the Cu source
crucibles. The intensity of these two peaks decreased as the
energy of the Cu cluster beam was increased. The grain size

of the film and the Raman spectra showed that there is a
critical nozzle diameter between 2.0 and 3.0 mm for obtain-
ing good crystalline CulnSe, films. These results demon-
strate that the energy of Cu atoms strongly affects crystal
growth of CulnSe,, and that the Raman peak at 183 cm™
relates to localized Cu-poor CulnSe,.
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