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In this study, the photocurrent (PC) spectroscopy of undoped p-type CI S layer s has been investigated at temper atures ranging
from 10 to 293 K. Three peaks, A, B, and C, corresponded to the intrinsic transition from the valence band states of I'7(A),
I's(B), and I'7(C) to the conduction band state of I's, respectively. Crystal field splitting and spin orbit splitting were found at
0.0059 and 0.2301 eV, respectively, and the temperature dependence of the optical band gap could be expressed using the
empirical equation Ey(T)=E4(0)-(8.57x10*)T%(T+129). But the behavior of the PC was different from that generally observed
in other semiconductors: the PC intensities decreased with decreasing temperature. From the relation of log J,, vs /T, where
Jpn is the PC density, the dominant level was observed at the higher temperatures. We suggest that in undoped p-type CIS
layers, the trapping center limits the PC signal due to native defects and impurities with decreasing temperature.

Key words. copper indium disdenide, photocurrent spectroscopy, crysal field splitting, spin orbit splitting, optical band gap,
trapping center.

Introduction In this paper, undoped p-type CIS layers grown using
a hot wall epitaxy (HWE) technique were investigated
Copper indium diselenide (CulnSe;,, CIS) has received by measuring their PC spectra at different temperatures.

considerable attention in recent years because of its From the PC measurements, the valence band splitting
applications in photovoltaic devices [1-3]. Moreover, it on undoped p-type CIS are discussed aong with the
is one of the most environmentally-friendly materials temperature dependencies of the band-gap energy and

for Cd-free buffer layers because of its high absorbance the PC intengity.
in solar cells in the UV visible range [4]. Structurally,

the chalcopyrite CIS is analogous to the structure of the Experimental Procedure

uppermost valence bands of the ZnSe binary compound.

These valence bands are split according to the symmetry Prior to the layer growth, a CIS polycrystalline was
of the crystal. The energy states of the split vaence formed. The starting materials were 6 N purity shot-
band have a certain symmetry. The transitions between types of Cu, In, and Se. After the materials were
these states are polarized because of the effects of the weighed in the mole fraction of each element, they
crystal field, A, and the spin orbit splitting, As,. It can were seded in a quartz tube to maintain a vacuum
be seen that the degeneracy of both p and d orbitas is atmosphere. The sedled ampoule was placed in the
partially lifted. These states participate in the photo- synthesis furnace. In order to avoid the explosion of the
conduction process, extending the photoresponse to the ampoule, the temperature of the ampoule was increased

higher energy side. Therefore, photoresponse measure- gradually to 1050°C and maintained for 48 h. To grow
ments, including photovoltage and photoconductivity, the CIS layers, an ingot of CIS polycrystalline was used

provide valuable information about physical properties as a HWE source. The CIS layers were grown on semi-
of materials and offers applications in photodetection insulating GaAs (100) by a HWE method. The optimum
and radiation measurements, even if it is a complex temperatures of the substrate and the source turned out
process involving thermal and hot carrier relaxation to be 410 and 620°C, respectively. The grown CIS
processes, charge carrier statistics, effects of electrodes, layers, which were labeled as samples R06-1 and R06-
and several mechanisms of recombination [5]. Despite 2, were found to be p-type by measuring the Hal
the abundance of information obtained from photo- effect. Also the carrier densities of these samples were
current (PC) measurements, PC studies on CIS have 9.62x10% and 4.85x10% cm™ at 293 K, respectively.
been limited with a few exceptions [6, 7]. The detailled growth procedures have been published
elsewhere [8]. In order to record the PC measurements,

*%r_rﬁgﬁgziﬁz@lsgl%g% two Au electrodes with a coplanar geometry on the CIS
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voltage measurement. After the electrodes were con-
nected to awire, the sample was mounted on the holder
of alow-temperature cryostat. The PC spectral measure-
ments were taken while monochromatic light emitted
from a halogen lamp passed through a chopper to
illuminate the sample. The measurement temperature
varied from 10 to 293 K. The photoluminescence (PL)
was measured at 10 K. The surface of the CIS layer
was illuminated by 632.8 nm light emitted from a He-
Ne laser (Nippon, 50 mW) and the light coming from
the sample was dispersed with a monochromator. The
dispersed light was detected with a photomultiplier
tube (RCA, C3-1034) and then converted into a current.
This current was recorded on an x-y recorder after it
was amplified by a lock-in amplifier (EG& G 5210). To
find the optical band gap of the CIS layer, an optica
absorption experiment was performed with a UV-VIS-
NIR spectrophotometer in the range of 1040 to 1240
nm with the temperature varying from 10 to 293 K.

Results and Discussion

Photocurrent spectra

Figure 1 shows the PC spectra measured from the
undoped p-type CIS layer of RO6-1 at temperatures
ranging from 10 to 293 K. Three pesks appeared in
each PC spectrum for a given temperature, as shown in
Fig. 1. These peak positions at 293 K were located at
1224.9 (1.0121 eV), 1217.8 (1.0180 eV), and 993.4 nm
(1.2481 eV). These PC peaks represent intrinsic transi-
tions caused by the band-to-band transitions [9, 10].
The electrons excited from the valence band to the con-
duction band by the absorbed photons flow immediate-
ly through the electrodes. Then, only the PC pesks
corresponding to the band gap are detected. Therefore,
the peak at 1.0121 eV, peak “A”, is ascribed to the
electronic transition from the I';/(A) vaence band to the
I's conduction band. The peak at 1.0180 eV, peak “B”,
is associated with the electronic transition from the
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Fig. 1. PC spectra measured from undoped p-type CIS layer of
R06-1 at temperatures ranging from 10 to 293 K.
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I's(B) valence band to the T's conduction band, and the
peak at 1.2481 eV, peak “C", is ascribed to the elec-
tronic transition from the I'/(C) valence band to the I's
conduction band. In spite of the decrease of the mea
surement temperature, these three peaks were continu-
oudy observed until the lowest temperature. At 10 K, it
is suggested that three peaks at 1047.2 (1.1839 eV),
1041.4 (1.1898 eV), and 873.2 nm (1.4199 eV) corre-
spond to the peaks A, B, and C, respectively.

Valence band splitting

Figure 2 shows the energy band structure of the chal-
copyrite CIS layer at the T" point due to the selection
rule [1]. This figure shows that the conduction band of
the s-like state has a I's symmetry, and that the valence
band of the p-like state is split into three double
degenerate states at T7(A), T's(B), and T'#(C). The T7(A)
is the uppermost valence band. The effective mass in
the T'-(A) depends significantly on the direction of k.
The Tg(B) is the middle band and the T7(C) is the
lowest valence band. Generaly, the crystal field of the
ternary compound has been investigated by reflectance
and photoconductivity measurement [11, 12], butin this
study, the valence band splitting of CIS was observed
using the PC measurements. The A, is the energy dif-
ference between T'7(A) and I's(B). The energy obtained
of Ay is 0.0059 eV. The value is the energy difference
between the peak A, 1.1839 eV, and the peak B, 1.1898
eV, a 10 K. Thisvaueis amost an order of magnitude
smdler than those of 11-VI analogues [13]. The Ay is
the energy difference between I's(B) and I'/(C). This
value is 0.2301 eV due to the energy difference between
the B peak, 1.1898 €V, and the C peak, 1.4199 eV, at
10 K. The A, and Ay, values between the three peaks at
several temperatures are coincident to the vaues of
0.0059 and 0.2301 eV, respectively. Basicaly, the
splitting and the symmetry properties of the valence
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Fig. 2. Energy band structure of the chacopyrite CIS layer a T’
point according to the selection rule.
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bands at the Brillouin-zone center can be satisfactorily
explained by the Hopfield quasicubic model [13]:

Ei=(1/2)(Axot+Aa)—
(U AH A A{2AwAe] (1)

where E; and E, are the difference of Ec*—EZ* and
EcC—Ec®, respectively. Also, Eg”, Ec®, and Ec® mean
the energy band gaps to the conduction band at each
state of the valence band. By extraction from Eq. (1),
the Ay and Ag, were reported at 0.006 and 0.230 eV,
respectively [1]. Consequently, the Ay and Ay, directly
obtained from the PC experiment are equivaent in the
reported values. We have not found a published value
for the valence band splitting of CIS observed by a PC
measurement yet, except for the values obtained from a
the reflectivity experiment [14, 15].

Temperature dependence of peak position and inten-
Sty

Figure 3 shows the optical absorption spectra of R06-
1 obtained in the temperature range from10 K to 293
K. To identify the band-gap energy for the CIS layer,
we carefully examined the relation between the optica
absorption coefficient (o) and the incident photon
energy (hv) from the optical absorption measurements
in Fig. 3. The relation for adirect band gap between hn
and o is given by

(ahv)*~(hv-Ey). e

According to Eqg. (2), (ehn)? linearly depends upon the
photon energy. From the plots of (athn)? versus photon
energy for different temperatures, the band gaps were
determined by extrapolating the linear portions of the
respective curves to (ahn)>=0. Figure 4 displays the
variation of the energy band gap as a function of
temperature on the CIS layer obtained from PC and
absorption measurements. We have found that the PC
peak positions are consistent with the absorption cal cu-
lated using Eq. (2) at the same temperature. Therefore,
this figure shows that the variation of the energy band
gap as a function of temperature on the CIS layer
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Fig. 3. Optical absorption spectra of R06-1 obtained in the
temperature range from 10 K to 293 K.
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Fig. 4. Variation of the energy band gap as a function of
temperature on the CIS layer obtained from PC and absorption
measurements.

obtained from PC and absorption measurements is in
good agreement. This fact shows that this PC measure-
ment is one of the useful methods for the band-gap
determination of the CIS layer. In fact, the absorption
experiment has been known to be inaccurate for obtain-
ing the energy band gap because of the difficulty in
defining the position of the absorption edge, but the PC
measurement can directly give the energy correspond-
ing to the band gap by measuring the PC peak position.
The temperature dependence of the optical band-gap
energy in our experiment is well fitted numerically by
the following formula [16, 17]:

Ey(T)=Eq(0)—aT*/(T+b), ©)

where aiis a constant and b is approximately the Debye
temperature. Also, Ey(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 8.57x10* eV/K and 129 K, respectively,
the curve plotted by Eqg. (3) closely fits the experi-
mental values.

To understand the PC generation on the temperature
dependence, we consider the total current density in a
p-type semiconductor [18]. The current density of a p-
type semiconductor in the dark is given by J=epu,E
=cE since the electron contribution can generaly be
neglected. Here, p and L, are the hole carriers and the
hole mobility, respectively. Also, E and ¢ are the
electric field and the conductivity, respectively. There-
fore, the PC density, J,, is described by

Jon=€GU ;TpE=GE, 4

where 1, and G are the lifetime of holes and the gene-
ration rate, respectively, and oy, is the photoconduc-
tivity induced by the photon energy. Figure 5 presents a
plot of log Jy, vs T for the PC response of the A
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Fig. 5. A plot of log J,, vs /T for the PC response of the A pesks
related to the two samples of R06-1 and R06-2 as a function of
temperature.

peaks related to the two samples of R06-1 and R06-2
as a function of temperature. As shown in Fig. 5, the
PC intensities of undoped p-type CIS layers decrease
with decreasing temperature. Also the dope on these
samples shows the same tendencies as the temperature
varies. However, the T, of Eq. (4) is generdly known
to have a tendency to increase with decreasing temper-
ature. Therefore, Eqg. (4) does not explain our result.
This situation is similar to the result obtained from the
PC experiment on CdTe grown by the gradient freezing
Bridgman method including many trapping centers in
the band gap [19]. For the explanation of this phen-
omenon, Simmons and Taylor proposed a theory for
the temperature dependence of J,, for p-type amorph-
ous chacogenide semiconductors [20]. They divided
the temperature range into three different photoexci-
tations as follows: (i) In the high-temperature region
where photoexcitation is |ow (Gpn < Ogak: dark conduc-
tivity), op, increases and reaches a peak value with
decreasing temperature. (i) In the moderate-temper-
ature region (Gp, > Ggak), Opn decreases with decreasing
temperature. (iii) Finaly, in the low-temperature region
(Oph > Ogak), Opn IS independent of temperature. As
shown in Fig. 5, our results obtained from the PC
measurements are similar to temperature region (ii). In
the high-temperature region, the dominant level should
be observed, but it does not show any temperature
dependence at the low-temperature region. From the
hypothesis of Simmons and Taylor, o, for the region
(i) is expressed by

Spn=etd o[ GNo/ (0o N)] ?exp[~(E-E.)/2KT], (®)

where ¢ is the thermal velocity of holes, 6, the capture
cross section of E, and k the Boltzmann constant. Here,
N. and N,, which means the effective density of states
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Fig. 6. A typica PL spectrum of RO6-1 measured at 10 K.

of the conduction and the valence bands, respectively,
are assumed to be equa to N,. N; is the density of E.
Thus, E is atrap level energy in the forbidden gap of a
photoconductor. Therefore, Eq. (4) and (5) can be con-
cisely expressed as

Jonoc Aexp(—AEu/2KT), (6)

where AE,, is the activation energy and A is substituted
for eu[GNy/(voiN)] 2. As Fig. 5 shows, the PC inten-
sities rapidly decrease at high-temperature between 293
and 50 K. Also, at low-temperature between 50 and 10
K, the PC intensities show a zero sope. Thus, AE;,
obtained from the plots of log J;, vs U/T is estimated to
be 7.3 meV. Therefore, to find the role of the activation
energy, we compare the PC results with those of the PL
experiment. Figure 6 shows a typical PL spectrum of
R06-1 measured at 10 K. The two peaks on the shoulder
appear at 1098.7 (1.1284 eV) and 1100 nm (1.1247 &V)
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 strong peak of the neutral acceptor bound exciton
(A° X) appears at 1104.5 nm (1.1225 eV) as shown in
Fig. 6. This belongs to the typical p-type configuration
of the PL spectrum observed in the CIS layer. This
exciton has been known to be related to the recombi-
nation from free exciton to neutral acceptor. The bind-
ing energy, E,°, for the (A%, X) emission is

Ep’=E(E,)-E(A°, X) or E(D®, X). 7

Here E,° was calculated to be 59 meV (=1.1284—
1.1225). By comparing the PC results with those of the
PL experiment, we find that the activation energy of
7.3 meV is close to the binding energy, 5.9 meV, of the
(A°, X) emission. This fact indicates that the activation
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energy is the dissociation energy of the neutral acceptor
bound exciton. We suggest that trapping centers, due to
native defects and impurities, limit the PC signa with
decreasing temperature. However, the PC signal in the
low-temperature region below 50 K remains constant
with varying temperature. This situation implies that
trapping centers are saturated at low-temperatures.

Conclusons

The PC response on undoped p-type CIS layers grown
using an HWE method was performed at temperatures
ranging from 10 to 293 K. In the PC experiment, three
peaks due to band-to-band transitions were observed
over the total temperature range. From that, the A, B,
and C peaks obtained were associated with the intrinsic
transitions from the valence band state of T7(A), T's(B),
and T'+(C) to the conduction band state of T, respec-
tively. The Ay and Ay, of CIS obtained from the PC
experiments were 0.0059 and 0.2301 €V, respectively.
The temperature dependence of the optical band gap
could be well expressed using Varshni's formula: Eq(T)
=E4(0)-aT%/(b+T), where a and b were 8.57x10™* eV/K
and 129 K, respectively. Also, contrary to our expec-
tation, the PC intensities decreased with decreasing
temperature. In the log Jy, vs LT plot, the dominant
level was observed in the high-temperature region. This
level corresponding to 7.3 meV was associated with
the binding energy of the neutral acceptor bound ex-
citon. The trapping centers, due to native defects and
impurities in CIS, are suggested to be the causes of the
decrease in the PC signal with decreasing temperature.
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