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Copper indium diselenide (CulnSe,, CIS) layers were grown on GaAs(100) substrates using a hot wall epitaxy (HWE) method.
The optimum temperatures of the substrate and the source for the growth turned out to be 410 and 620 °C, respectively. The
CIS layers were epitaxially grown along the <112> direction and kept the initial mole fraction during the layer growth. Based
on an absorption measurement, the band-gap variation of CIS was well interpreted by Varshni’s equation. However, the
energy difference, 180 meV, of the band gap between liquid helium and room temperatures was a very large value, unlike that
reported for CIS. Also, from the low-temperature photoluminescence measurement, the acceptor impurities in the CIS layers
were confirmed to be native defects of V¢, and/or Se;,, which were deeply located at 73.8 meV above the edge of the valence
band.
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Introduction purity ZnSe epitaxial layer at low temperatures [14], is
one of the better methods for CIS growth. Thus, HWE
Copper indium diselenide (CulnSe,, CIS), which cry- has been especially designed to grow epilayers under
stallizes to the chalcopyrite structure, has received the condition of near thermodynamic equilibrium [15,
considerable attention in recent years because of its 16]. But, CIS growth by HWE method has rarely been
application in photovoltaic devices [1-3]. Moreover, it reported before now.
is one of the most environmental-friendly materials for In this paper, we proceed to grow high-quality CIS
Cd-free buffer layers because of its high absorbance in epitaxial layers using HWE. The optimum conditions
the UV visible range [4]. Currently, CIS-based solar of the grown CIS layers was investigated by means of
cells have been reported to achieve a high conversion the photoluminescence (PL) technique. Also, the com-
efficiency of 18.8% [5]. Thus, CIS for solar cells is: (1) position ratio of each element of the grown epitaxial
capable of high efficiency in spite of a thin thickness of layers was checked by an energy dispersive X-ray
1-2 pm, (2) a cheap material in comparison to crystal- spectrometer (EDS). From these results, we discuss the
line Si sharing about 90% of the Si solar-cell market, structural and optical properties of the grown CIS
(3) and a material having better electro-optical stability epitaxial layers.
over a long time. However, the electro-optical proper-
ties of CIS strongly depend on native defects due to Experimental
deviation of the stoichiometry. Therefore, reduction of
the stoichiometry deviation during crystal growth is Prior to the layer growth, CIS polycrystalline was
required. As such, CIS layers have been grown by many formed as follows. The starting materials were 6 N
different techniques such as metalorganic chemical purity shot-types of Cu, In, and Se. A quartz tube was
vapor deposition (MOCVD), metalorganic vapor phase sequentially cleaned with trichlorethylene, acetone,
epitaxy (MOVPE), and molecular beam epitaxy (MBE), methanol, and deionized water. After the materials
chemical bath deposition (CBD), electrodeposition (ED), were weighed in the mole fraction of each element,
RF sputtering, chemical spray pyrolysis (CSP), and they were sealed in a quartz tube to maintain a vacuum
electron beam evaporation [6-13]. In fact, hot wall atmosphere. The sealed ampoule was placed in the
epitaxy (HWE), which has been used to grow a high- synthesis furnace and was continually rotated at a rate

of 1 revolution per minute. In order to avoid explosion
*Corresponding author: f’f the ampoule, the temperature of the ampoule was
Tel : +82-62-230-6637 increased gradually to 1050 °C, which was then main-
Fax: +82-62-234-4326 tained for 48 h. To grow the CIS epitaxial layers, the
E-mail: kjhong@chosun.ac.kr ingot of CIS polycrystalline was used as a HWE
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Fig. 1. Schematic diagram of the HWE apparatus used for the CIS
growth.

source. The CIS layers were grown on semi-insulating
GaAs (100) by the HWE method. Figure 1 shows
HWE apparatus used for the CIS growth. The GaAs
substrate was cleaned ultrasonically for 1 minute in
successive baths of trichloroethylene, acetone, methanol
and 2-propanol and etched for 1 minute in a solution of
H,S0O4:H,0,:H,0 (5:1:1). The substrate was degreased
in organic solvents, and rinsed with deionized water.
After the substrate was dried off, the substrate was
immediately loaded onto the substrate holder in Fig. 1
and was annealed at 580°C for 20 minute to remove
the residual oxide on the surface of the substrate. After
the growth was finished, the grown CIS layers were
subjected to PL measurements to find the optimum
growth conditions. The PL experiment was performed
at 10 K in a low temperature cryostat during the excite-
ment of the He-Cd laser. The thickness of the CIS was
measured by an a-step profilometer (Tenco, a-step 200).
Also, X-ray diffraction (XRD) and energy dispersive
X-ray spectrometer (EDS) experiments were used to
confirm the orientation and the composition of the CIS
layers, respectively. An optical absorption experiment
to measure the band-gap energy was performed with a
UV-VIS-NIR spectrophotometer for a range of 1040 to
1240 nm with the temperature varying from 10 to 293 K.

Results and Discussion

Epitaxial layer growth and structural characteri-
zation

After the heat treatment of the substrate surface, the
CIS layers were grown at one of the substrate temper-
atures of 390, 410 and 430 °C, while the source temper-
ature was fixed at 620°C. At this time, the crystal
quality of the grown CIS layers was evaluated by mea-
suring the PL spectra at 10 K. The exciton emissions
were used to predict the crystal-quality criterion of the
grown layer because the exciton could only be observ-
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Fig. 2. PL spectra according to the variation of the substrate
temperature.

ed in a less defective crystal at a low temperature.
Here, a neutral acceptor bound exciton of (A, X) and
self-activated (SA) emissions were used for the optimum
growth conditions. The grown layers are considered to
have good crystal quality when the measured PL
spectra shows that the intensity of (A, X) tends to
increase and the intensity of the SA is inclined to
decrease. Thus, the full width half maximum (FWHM)
value of the PL spectrum was considered together.
Figure 2 shows the PL spectra of the CIS layers grown
with a variation of the substrate temperature when the
source temperature was fixed at 620°C. From the PL
spectra, the grown CIS layers showed the shape of p-
type crystallites. As shown in Fig. 2, the (A, X) peak in
the layer, which was grown while the substrate temper-
ature was kept at 410 °C, had the highest intensity of all
the samples. The narrowest FWHM, which indicates
high crystal quality, was observed in the CIS layer
grown at 410°C as well. By contrast, the intensities of
the SA peaks are comparatively low at all growth
temperatures. With a source temperature of 620°C
obtained by experimental repetition, the most suitable
substrate temperature for the growth turned out to be
410°C. Thus, the grown CIS layers were obtained to a
thickness of 2.7 um and a growth rate of 0.9 pum/h.
Figure 3 shows the surface morphology of a scanning
electron microscope image (SEM) on a CIS layer
grown at 410°C. As shown in Fig. 3, the morphology
revealed a very smooth surface, and it consisted of
nano-size crystallites having a size of 40-70 nm. Figure
4 presents the XRD curves of the CIS layers grown
with a variation of the substrate temperature. As shown
in Fig. 4, the optimized condition was confirmed to be
the CIS layer grown at 410 °C like the PL result. Thus,
the patterns obtained correspond to the diffraction
peaks of the CIS (112) and GaAs (004). The intensity
of the CIS (112) peak located at two theta of 26.623° is



Growth and photoluminescience properties for CulnSe, epilayers made by a hot wall epitaxy method 27

- x
10.0kV 6.9mm x100k SE(U)

Fig. 3. Surface morphology of a SEM image on CIS layer.
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Fig. 4. XRD curves of the CIS layers grown with the variation of
the substrate temperature.

very sharp and dominant. This means that the orien-
tation of the layer grown on the GaAs (100) substrate is
converted to the (112) plane. This phenomenon was
also observed in the CdTe epilayer grown on a GaAs
(100). Faurie et al. [17] reported that the orientation of
the CdTe epilayer was related to the pre-annealing pro-
cess used to remove the residual oxide on the surface
of the substrate. They concluded that the growth of the
CdTe (100) or (111) planes on the GaAs (100) was
possible by controlling the different annealing temper-
atures and times of the substrate. On the other hand, the
observation of only one peak of the CIS (112) indicates
that the CIS layer was grown epitaxially along the
<112> direction onto the GaAs (100) substrate. This
orientation is suggested to be beneficial for a CIS layer
to be fabricated for solar energy conversion [18]. Also,
one theta value of the FWHM on (112) peak is 0.15°.
Introducing the Scherrer formula [19] in order to
evaluate the mean crystallite size of the film:

Table 1. Composition ratios of each element on the synthesized
polycrystalline and the CIS layer analyzed by the EDS

measurement. (units: atomic %)
Synthesized polycrystalline Layer
Elements Before After Before After
synthesis synthesis growth growth
Cu 18.896 19.121 19.121 19.084
In 34.144 34.243 34.243 34.256
Se 46.960 46.636 46.636 46.660
D=0.94A/(Bcosb), (1)

where A, 0, and B are the X-ray wavelength (0.15405
nm), the Bragg diffraction angle, and the FWHM value
on (112) peak in radians, respectively. The mean
crystallite size obtained from Eq. (1) was estimated to
be about 55 nm. Therefore, the crystalline size evaluat-
ed by XRD was consistent with the SEM result.

Table 1 presents the compositions of each element
during the growth process of the CIS layer, analyzed
by EDS measurements. As shown in Table 1, the com-
positions of the initial mole fractions were continuous-
ly maintained during the layer growth. Consequently, it
is suggested that the grown CIS layer was formed
stoichiometrically bond.

Optical properties

Figure 5 shows the optical absorption spectra obtain-
ed in the temperature range of 10 K to 293 K. To
identify the band-gap energy for the CIS layer, we
carefully examined the relation between the optical
absorption coefficient (o) and the incident photon
energy (hv) from the optical absorption measurements
in Fig. 5. The relation for a direct band gap between hn
and o is given by:

(athv)? ~ (hv-Ey). ()

According to Eq. (2), (athv)? linearly depends upon the
photon energy. From the plots of (athv)® versus photon
energy for different temperatures, the band gaps are
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Fig. 5. Optical absorption spectra according to the variation of the
measurment temperature.
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Fig. 6. Band-gap variation of the CIS layer as a function of
temperature.

determined by extrapolating the linear portions of the
respective curves to (ohv)?= 0. Figure 6 displays the
band-gap variation of the CIS layer as a function of
temperature. The temperature dependence of the band-
gap energy in our experiment is well fitted numerically
by the following formula [20-22]:

E(T)=E4(0)—aT*(T+b), 3)

where a is a constant and b is approximately the Debye
temperature. Also, E,(0) is the band-gap energy at 0 K,
which is estimated to be 1.187 eV. When a and b are
taken to be 8.57x107* eV/K and 129 K, respectively,
the curve plotted by Eq. (3) closely fits the experi-
mental values. But, as shown in Fig. 6, the energy
difference of the band gap between liquid helium and
room temperatures is about 180 meV and this value is
very large in comparison with 33 meV of a CIS grown
by MBE [23]. This is caused by the absence of a
considerable concentration of defects and lattice strain
at the low temperatures. Therefore, it suggests that the
increase of E, is due to the activation of high photon-
energy transitions as a result of the high quality crystal-
linity in the layer. Indeed, it means that the crystalline
quality of the grown CIS layer is better than that of CIS
grown by MBE or other methods.

Figure 7 shows a typical PL spectrum of the CIS
layer measured at 10 K. The two peaks on the shoulder
appear at 1098.7 (1.1284 eV) and 1100 nm (1.1247 eV)
toward the shorter-wavelength region. These peaks are
associated with the free exciton (E,) and the neutral
donor bound exciton (D° X) caused by the recombi-
nation from free exciton to neutral donor, respectively.
The binding energy, E,°, of E, is given by:

E,"=Ey(10)-E,, “)
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Fig. 7. PL spectrum of the CIS layer measured at 10 K.

where E,(10) is the band-gap energy at 10 K. The
value of E,(10) was calculated to be 1.1863 eV using
Eq. (3) and the E,° is obtained to be 57.9 meV. This
value is larger than the reported one [24] and is close to
the E,* of ZnO having 60 meV. On the other hand, the
strong peak of (A, X) appears at 1104.5 nm (1.1225
eV) as shown in Fig. 7. This belongs to the typical p-
type configuration of the PL spectrum observed in the
CIS layer. This bound exciton has been known to be
related to the recombination from free exciton to
neutral acceptor. The origin of (A, X) emission can be
ascribed to the deep acceptor level originatins from the
copper vacancy (V¢,) due to a stoichiometric deviation.
Also, the binding energy (E,) of the acceptor impurity
is obtained by:

E(A°, X)=E,—0.08E,, )

where E, is calculated to be 73.8 meV. The optical
transitions of E, may be associated with a deep level of
sulfur interstitial (S;,) or V¢, point defects. There is a
possibility of the acceptor state of the V¢, and/or Seyy,
which is deeply located at 73.8 meV upper the edge of
the valence band. The weak peak of 1137.6 nm (1.0899
eV) appeared at the shoulder of the (A, X) peak toward
the longer-wavelength region. This peak is associated
with the free to bound emission (e, A) due to the
recombination of a free electron to the neutral acceptor.
In addition, donor-acceptor pairs (DAP) emission at
1161.2 nm (1.0677 eV) was observed. The DAP emission
occurred due to the interaction between the donor and
the acceptor states in the band-gap energy. The relatively
low and broad peak caused by the SA emission was
observed at 1282.1 nm (0.9670 eV) in the longer-
wavelength region. This emission relates closely to the
native defects formed in the CIS layer.
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Conclusions

The CIS layers were successfully grown on GaAs(100)
substrates by the HWE method. The optimum temper-
atures for the growth turned out to be 410°C for sub-
strate and 620°C for source. Under optimized condi-
tion, the CIS layer was confirmed to the epitaxially
grown layer along the <112> direction onto the GaAs
(100) substrate. Thus, from the EDS measurement, the
grown CIS layers were consistent with a stoichiometric
composition maintaining the initial mole fraction dur-
ing the layer growth. The band-gap variation of CIS
attracted by the absorption measurement was well
fitted by E4(T)=E4(0)—aT?*/(T+b). The a and b were
taken to be 8.57x107* eV/K and 129 K, respectively.
But, the energy difference of the band gap between
liquid helium and room temperatures was about 180
meV. This value is nearly larger three times than that
reported of the conventional CIS. This fact indicates
that the crystalline quality of the grown CIS layer is
better than that of CIS grown by MBE or other methods.
Also, from the low-temperature PL. measurements, the
E,’ of the E, and the E, of the acceptor impurity on the
CIS layers turned out to be 57.9 and 73.8 meV, respec-
tively. Therefore, the acceptor impurity in the CIS layer
is suggested to be native defects of the V¢, and/or Sey,
which are deeply located at 73.8 meV upper the edge
of the valence band.
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