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Growth, electrical and structural characterization
of β-GaSe thin films
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GaSe thin films were deposited onto the glass substrates kept at 200◦ and 300◦C by the
thermal evaporation of GaSe crystals under the pressure of 10−5 Torr. X-ray analysis of the
films revealed that films grown at 200◦C are amorphous in nature while the films grown at
300◦C are polycrystalline β-GaSe. The temperature dependent electrical conductivity
measurements in the region of 320–100 K for the films grown at 300◦C showed that the
transport mechanisms are the thermionic emission of charged carriers and the variable
range hopping above and below 180 K, respectively. Space charge limited current (SCLC)
studies have also been performed on these films through the current-voltage
measurements at different temperatures and a dominant hole trap at 0.233 eV from the top
of the valance band with a trap density of ∼1.6 × 1011 cm−3 is identified. C© 2003 Kluwer
Academic Publishers

1. Introduction
GaSe, layered semiconductor of III–VI group, has dis-
tinct structural, electrical and optical properties which
are not found in more traditional group IV (Si, Ge),
III–V (GaAs, AlAs, etc.) or II–VI (ZnSe, CdTe, etc.)
materials. A layer of GaSe consists of two Ga and two
Se sublayers in the sequence of Se Ga Ga Se, where
the Se Ga and Ga Ga bonds are covalent in the layers
and the Se Se bond between adjacent four atomic lay-
ers is due to van der Walls forces [1]. It is important that
the cleaved surface has no dangling bonds and no sur-
face states, in contrast with the surface of three dimen-
sional materials. Therefore, GaSe single crystals were
used for different device applications such as the base
material of the heterojuntions with the window layers
of SnO2, ITO, In2O3 or as the window material together
with the absorber layers such as InSe, CdTe, GaAs, Si
etc. [2]. MIS and Schottky barrier photovoltaic devices
[3, 4] and semiconductor detectors made with GaSe
[5–7] were also studied.

Growth [8], crystal structure [9], electrical [10–14]
and optical [15] properties of GaSe single crystals have
been investigated in detail. Eventhough for many de-
vice applications, thin film materials are desirable, to
our knowledge limited number of studies have been
reported on the GaSe thin films. Structural proper-
ties of vacuum deposited GaSe thin films and the in-
fluence of the substrate temperature and deposition
rate on the film structure were investigated [16]. The
electrical and structural properties of GaSe thin films

obtained by evaporation of Ga2Se3 and GaSe have been
reported elsewhere [17]. Ga2Se3 and GaSe thin films
grown on GaAs(100) and Si(111) substrates respec-
tively by molecular beam epitaxy have been studied
and found to be epitaxial [18, 19].

The properties of thin films strongly depend on the
deposition conditions as well as the technique used.
The detail investigation on the electrical and structural
properties of the deposited films is essential for pos-
sible device applications. In this paper, the results of
the structural and electrical characterization of the vac-
uum deposited GaSe thin films onto glass substrates at
different temperatures are reported.

2. Experimental details
Powdered GaSe single crystals were used as the ther-
mal evaporation source material. The stoichiometric
composition of the source material was around 48.16%
gallium and 51.84% selenium. The crystal powder
was placed in quartz ampoule which was wound with
molybdenum heating coil and heated up to 960◦C under
a pressure of 10−5 Torr. The films were evaporated onto
ultrasonically cleaned glass substrates in Hall-bar and
Van der Pauw shapes using appropriate masks for elec-
trical measurements. The substrates were maintained
at substrate temperatures of 200◦C and 300◦C for dif-
ferent evaporation cycles. The thickness of all the films
was kept around 1 µm.

Electrical contacts were obtained by the evaporation
of indium. The ohmic behavior of the contacts was
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Figure 1 The X-ray diffraction patterns for GaSe thin films grown at Ts = 200◦C and Ts = 300◦C.

confirmed by the linear variation of the current-voltage
(I–V) characteristics up to 10 V which was indepen-
dent of the reversal of the applied bias. The details
of the temperature dependent resistivity and mobility
measurements are described elsewhere [20, 21]. The
I–V measurements at different temperatures for SCLC
studies were done using the two evaporated In elec-
trodes onto the film surface with a spacing of 0.15 cm
and an area of ∼0.05 cm2. The X-ray diffractograms
were recorded using a Philips PW-1840 diffractometer
equipped with Cu Kα radiation of average wavelength
1.54178 ◦A at a scan speed of 0.02◦ 2θ /s. The peak
identification and the lattice parameters were obtained
by using a TREOR 92 computer software.

3. Results and discussion
3.1. Structural analysis
In this work, the XRD technique is used to determine
the structure, the phases present and the orientation of
the deposited GaSe thin films. Typical X-ray diffrac-
tion patterns for the films grown at Ts = 200◦C and
films grown at Ts = 300◦C are illustrated in Fig. 1. The
patterns obtained from the films grown at Ts = 200◦C
shows no peaks implying that these samples are amor-
phous in nature, whereas films grown at Ts = 300◦C
are all polycrystalline GaSe. Results of the analysis of
patterns using computer software with the (A.S.T.M.)
cards are given in Table I. The Table indicates the poly-
crystalline nature of a hexagonal structure. The calcu-
lated results are in good agreement with the measured
values and those reported in literature [16].

The most intensive diffraction peak of the polycrys-
talline films corresponds to the (0,0,2n) plane and these
types of reflections are considerably dominant in the

T ABL E I Analysis of the X-ray patterns for GaSe thin films grown at Ts = 300◦C

Measured d (◦A) Calculated d (◦A) A.S.T.M. d (◦A) A.S.T.M. I/I0 Measured I/I0 A.S.T.M. hkl Calculated hkl

7.963 7.960 7.964 62 4 002 002
4.004 3.980 3.990 100 100 004 004
1.877 1.875 1.874 17 10 110 110
1.597 1.591 1.591 21 8 202 202

samples suggesting a preferable orientation of crystal-
lites with c-axis parallel to the substrate [16]. The best
fit of the (0, 0, l) reflections gives the cell parameters of
a = 3.750 ◦A, c = 15.940 ◦A and c/a = 4.250 which
indicates that these films are β-GaSe with hexagonal
lattice and these results are consistent with the values
for GaSe given in A.S.T.M. cards and reported in liter-
ature [9, 16].

3.2. Electrical conductivity and Hall mobility
of GaSe thin films

Both the sign of Hall coefficient and hot probe tech-
niques indicate that GaSe thin films exhibited the
p-type conductivity. The room temperature conductiv-
ity of the films grown at Ts = 200◦C was found to be
around ∼10−9 (�-cm)−1 which makes electrical char-
acterizations of these films difficult due to instrumental
limitations-the used Keithley apparatus (Keithley 614
multi-meter and Keithley 220 current source) are not
capable of measuring resistances greater than 1012 �-.
The room temperature conductivity of GaSe thin films
grown at Ts = 300◦C was found to vary in between
8.4 × 10−5 and 4.8 × 10−4 (�cm)−1 for different films
prepared under the same conditions. Thus, the data re-
ported here is for a representative sample obtained at
Ts = 300◦C. The above reported values indicate that the
conductivity of the films increases with increasing sub-
strate temperature. This increase of the conductivity is
attributed to the formation of the polycrystalline films
as observed from the X-ray analysis. The room tem-
perature Hall mobility (µ) and carrier concentration
(p) of the films evaporated at Ts = 300◦C are found
in between 12–10 cm2 V−1 s−1 and 4.4 × 1013–3.0 ×
1014 cm−3, respectively.
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Figure 2 Variation of conductivity with reciprocal temperature for GaSe
thin films grown at Ts = 300◦.

To establish the dominant conduction mechanism,
the temperature dependence of conductivity was stud-
ied in the temperature range 320–100 K. For the
polycrystalline films, the conductivity decreases with
decreasing temperature as shown in Fig. 2. The vari-
ation of the conductivity with temperature becomes
weak below 180 K.

To investigate the transport mechanisms in the
deposited films, the conductivity-temperature depen-
dence is analyzed according to the following three pos-
sible conduction mechanisms;

i. Thermionic emission over the grain boundary po-
tential model proposed by Seto [22] in which the
conductivity is given by,

σ
√

T = σ0 exp

(
− Eσ

kT

)
(1)

where σ0 is the pre-exponential factor and Eσ is the
conductivity activation energy.

ii. Thermally assisted tunnelling [23] for which σ

varies as T 2 according to expression,

σ = σ1

(
1 + F2

6
T 2

)
(2)

where σ 1 and F are constants.
iii. Mott’s variable range hopping [24], the expression

for the conductivity at low temperatures is given by,

σ
√

T = σ2 exp

(
−

(
T0

T

)1/4
)

(3)

where, σ2 = e2a2νph N (EF ) (4)

and T0 = λγ 3

k N (EF )
. (5)

Here a is the hoping distance, νph is the phonon
frequency (∼1012, typically) obtained from the De-

Figure 3 Variation of Ln(σ T 1/2) − T −1 in the temperature region of
320–180 K.

bye temperature and λ is a dimensionless parameter
(∼18.1). Two other parameters R, W the hopping dis-
tance and the average hoping energy respectively, are
given elsewhere [25, 26].

As illustrated in Fig. 3, in the temperature range 180–
320 K the conductivity-temperature variations were
found to follow Equation 1 in accordance with the
thermionic emission theory. Two different activation
energy values, 500/87 meV are obtained above and
below 250 K from the slopes of linear Ln(σ

√
T )−T −1

variation, respectively. To check the validity of the tun-
nelling transport mechanisms σ − T 2 variations were
examined and found to be non-linear indicating that this
kind of transport mechanism is not adequate in the stud-
ied temperature range. In the low temperature region
(below 180 K), the temperature dependence of the con-
ductivity was explained with the Mott’s variable range
hopping mechanism since the linear Ln(σ

√
T ) − T −1/4

plots are obtained as illustrated in Fig. 4. Mott param-
eters have been calculated using Equations 3–5 and
listed in Table II and were found to satisfy Mott’s re-
quirements (γR > 1 and W > kT ) for variable range
hopping. Thus, below 180 K variable range hopping
conduction is likely the transport mechanism. The ratio
(T0/T ) which represents the degree of disorder in the
samples around a specific temperature is of the order

Figure 4 Variation of Ln(σ
√

T ) − T −1/4 below 180 K.
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T ABL E I I The calculated electrical and Mott’s parameters for GaSe
thin films grown at Ts = 300◦C

σRT (�−1 cm−1) × 10−5 8.4
pRT (cm−3) × 1013 4.4
Nt (cm−3) × 1011 1.6
µRT (cm2V −1 · s−1) 12
Eσ (meV) (T ≥ 250 K) 500
Et (meV) 233
T0 × 10 6 (K) 1.3
γ × 104 (cm−1) 2.2
R(150 K) × 10 −4 (cm) 1.6
W (150 K) (meV) 32
γ R 3.6
N (EF ) (cm−3 eV−1) 1.7 × 10 12

of 103 indicating that the samples are of polycrystalline
structure consistent with XRD results.

To our knowledge no work has been carried out to
study the transport properties of GaSe thin films for a
possible comparison of our results. The room temper-
ature conductivity and mobility values reported here
are in good agreement with the values of σ = 2.4 ×
10−6 (�-cm)−1 and µ = 10 cm2 V−1 s−1 reported by
Gurbulak et al. for p-type undoped GaSe single crys-
tals [10]. The values of the activation energy obtained
from the conductivity measurements agree well with
Eσ = 560 meV for Na-intercalated GaSe single crys-
tals above 300 K [14].

3.3. Space charge limited current studies
in GaSe thin films

The I–V characteristics of the GaSe thin films grown at
Ts = 300◦C was measured in the temperature region of
240–320 K at high voltages up to 400 V for the SCLC
studies. Fig. 5 shows the logarithmic current density-
voltage (J -V ) plots at different temperatures. At low
voltages, the J -V relation is linear, corresponding to
ohmic region. For the voltages greater than 100 V, J be-
comes proportional to V 2 indicating the onset of space
charge limited current.

Figure 5 The current density-voltage (J -V ) plots at different
temperatures.

Figure 6 J -V 2 plots at different temperatures in the trap filled region.

The space charge limited current as a function of
applied voltage for single carrier injection is given by
[27]

J = 9

8
θµε

V 2

L3
(6)

where µ is the mobility, ε the dielectric constant of the
material, L is the distance between the electrodes and
θ the ratio of the free to trapped hole density in the
material and given by,

θ = gNv

Nt
exp

(
− Et

kT

)
(7)

In this expression, Nv is the effective density of states
for the valance band, Nt the hole trap density, g is the
degeneracy factor and Et is the trap energy.

The J -V 2 plots in the SCLC region at different tem-
peratures are shown in Fig. 6. The figure clearly cor-
responds to a discrete trapping level, because of the
long quadratic region following the ohmic one. From
the slopes of linear J -V 2 variations and by substitut-
ing the value of the Hall mobility as µ = 12 cm2 V−1

s−1, the distance between the electrodes as 0.15 cm,
the dielectric constant value of 10.2, [12]. the θ val-
ues were calculated at each temperature. Ln(θ ) − T −1

plot illustrated in Fig. 7 was found to be linear, the
slope of which gives a trap located at a depth 233 meV
from the top of the valance band. Assuming the effec-
tive density of states in the valance band of GaSe as
Nv = 1.08 × 1019 cm−3 [12]; using the intercept value
obtained from Fig. 7 and Equation 7, the concentration
of the trap was obtained as Nt = 1.6 × 1011 cm−3.

Deep trapping levels were observed in GaSe sin-
gle crystals [14, 29, 30]. Manfredotti et al. [13] has
reported values of Et = 130–392 meV and Nt = 1.1–
0.3 × 1013 cm−3 for trap depth and concentration
respectively. The existence of the discrete deep trap lev-
els was attributed to the association of point-like native
defects due to stoichmetric deviations or to extended
defect regions like stacking faults or dislocations. The
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Figure 7 Ln(θ ) − T −1 variation.

values of Et = 153 meV and Nt = 4.5 × 1010 cm−3

were also reported for Na-intercalated GaSe sin-
gle crystal [14], the existence of these levels was
attributed to the Na defects in the crystal. The
trap level at Et = 233 meV with concentration
Nt = 1.6 × 1011 cm−3 obtained in this study could be
attributed to the point like native defects, due to the sto-
ichiometric deviations during the growth process [13].

The above reported several doping possibilities to
produce p-type GaSe thin films and proposed that the
Ga vacancies are the most likely to produce p-type con-
ductivities. Thus, the future work is to try to produce
GaSe thin films with excess Ga. The purpose of which
is to change the nature of the films.

4. Conclusion
In this study, the GaSe thin films were deposited onto
glass substrates by the thermal evaporation technique at
Ts = 200◦C and Ts = 300◦C using GaSe single crystals
as a source material. The XRD studies revealed that the
films grown at 200◦C are amorphous and whose de-
posited at 300◦C have polycrystalline nature with
hexagonal lattice structure. To deduce the domi-
nant conduction mechanisms, the temperature depen-
dent conductivity data were analysed by using the
thermionic emission theory, variable range hopping and
tunnelling. It is concluded that in between 180 K and
320 K the thermionic emission of charged carriers over
the grain boundaries and Mott’s variable range hopping
below 180 K are the dominant transport mechanisms
in these films. A hole trap energy with Et = 233 meV

and density Nt = 1.6 × 1011 cm−3 obtained from space
charge limited current measurements.
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