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Dark-conductivity and photoconductivity properties of thermally evaporated Ga—In—Se (GIS) thin films were
investigated in the temperature range of 80-430 K. All measurements were performed on as-grown and annealed
GIS thin films at 300 and 400 °C to get information about the effect of the annealing temperature on the conduc-
tivity properties. Room temperature conductivity was obtained as 1.8 x107® Q™' cm™* for as-grown films and
increased to 3.6 x10™% Q7! cm™! for annealed films at 400°C. Analysis of the dark-conductivity data of as-grown
films revealed nearly intrinsic type of conductivity with 1.70 eV band gap energy. Temperature dependent dark
conductivity curves exhibited two regions in the 260-360 and 370-430 K for both of annealed GIS films. Conduc-
tivity activation energies were found as 0.05, 0.16 and 0.05, 0.56 eV for films annealed at temperatures of 300 and
400 °C, respectively. The dependence of photoconductivity on illumination intensity was also studied in the range

from 17 to 113 mW /cm?.
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1. Introduction

GaSe and InSe compounds belonging to III-VI group
semiconducting materials have been attractive especially
in optoelectronic and photovoltaic applications [1-4].
Layered GaSe and InSe crystals are characterized by a
highly anisotropic bonding forces. The reason of this
high anisotropy is that the bonding within the layers
is rather stronger than bonding perpendicular to lay-
ers. In GaSe and InSe, forces corresponding to inter-
layer interaction are predominantly of van der Waals
type [5]. On the other hand, covalent bonding forces
are effective within the layers. GaSe and InSe crystal
structures consist of four monoatomic sheets in the or-
der Se-Ga—Ga—Se and Se-In-In—Se, respectively [6-8].
GaSe has hexagonal structure with lattice parameters
a = 0.375 and b = 1.595 nm (Joint Committee on Pow-
der Diffraction Standard (JCPDS), Card no. 37-0931)
and band gap energy of ~ 2.0 €V [9]. The indirect
transitions for thermally evaporated amorphous GaSe
thin films were revealed as 1.8 ¢V [10] and 1.93 €V [11].
InSe crystals have indirect and direct band gap ener-
gies of ~ 1.30 and 1.25 €V, respectively, at room tem-
perature [12]. The optical characterization of thermally
evaporated InSe thin films showed that room tempera-
ture direct band gap energies changes in the range of
1.21-1.38 €V depending on the substrate and annealing
temperatures [6]. InSe crystals have hexagonal structure
with lattice parameters of a = 0.401 and b = 1.664 nm
(JCPDS, Card no. 34-1431). Researches indicated that
GaSe have attractive properties to be used especially
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in nonlinear optical applications [2] whereas InSe is a
promising material for photovoltaic conversions [13, 14].

GagIn;_,Se mixed compounds are formed from the re-
stricted combination of GaSe and InSe materials. Taking
into consideration the role of constituent compounds in
the technological applications, the mixed crystals can be
thought as potential candidate to be used in photovoltaic,
far-infrared conversion and nonlinear optical applica-
tions. Previous studies are restricted on the characteri-
zation of the bulk crystal forms of these mixed crystals.
The optical characterization analysis on Ga,In;_,Se in-
dicated that band gap energy increases from 1.2 eV
(x = 0, InSe) to 2.0 eV (x = 1, GaSe) [15]. Our re-
search group reported studies on the characterization of
Gag.75Ing.255¢ (x = 0.75) crystals by means of optical
absorption [16], ellipsometry [17], and dark electrical re-
sistivity [18]. Moreover, in our previous work, we have
reported optical properties of the thermally evaporated
as-grown and annealed GIS thin films [19]. Analysis of
transmission experiments performed in the 320-1100 nm
wavelength range resulted in band gap energies between
1.52 and 1.65 €V depending on the annealing tempera-
ture. The aim of the present paper is to expand studies
on Ga-In-Se films by investigating their dark conduc-
tivity and photoconductivity properties. The effect of
annealing temperature on the conductivity properties of
the films was also presented.

2. Experimental details

GIS films were grown onto ultrasonically cleaned soda-
lime glass substrates by thermal evaporation of powdered
Gag.75Ing 255¢ single crystals. The fine-grained GIS pow-
der source was placed into an alumina coated tungsten
boat. The thicknesses of the films grown at a evapo-
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ration rate of about 1.0 A/s were measured electrome-
chanically around 1 pum by Dektak 6M thickness pro-
filometer. GIS films were annealed at 300 and 400 °C for
30 min under nitrogen atmosphere. The chemical com-
positions of the deposited as-grown and annealed thin
films were found using JSM-6400 scanning electron mi-
croscope. The atomic weight ratios of the constituent
elements, Ga : In : Se, in all deposited films do not
show significant changes and were around =~ 34 : 16 : 50.
X-ray diffraction (XRD) measurements were performed
using Rigaku Miniflex diffractometer with Cu K, radia-
tion (A = 0.154049 nm) at a scanning speed of 0.02°/s.
Four contacts were made on the film surface through
suitable masks by thermal evaporation of pure indium
(99.99%). Copper wires were connected to these contacts
by silver paste. The contacts showed ohmic behavior ver-
ified from linearity of the current—voltage characteristics.
The temperature-dependent conductivity measurements
on the films grown in the van der Pauw geometry were
accomplished in a closed cycle cryostat (Janis Liquid Ni-
trogen VPF series) in the temperature range of 80-430 K.
Lakeshore 331 temperature controller was used to adjust
and monitor the temperature of the samples. The photo-
conductivity measurements were carried out using halo-
gen lamp illuminating the samples at different intensities
in the range from 17 to 113 mW /cm?.

3. Results and discussion

XRD technique was used to obtain structural param-
eters of the sample. X-ray diffractogram of as-grown
(A0) and annealed GIS films at 300°C (A1) and 400°C
(A2) present peaks at the same diffraction angle. How-
ever, peak intensities increase with annealing tempera-
ture. This is an indication of decrease of structural dis-
order and increase of crystallinity with increase of anneal-
ing temperature. Since the diffractograms are similar, we
have only presented that of A2-film having most intensive
peaks (see Fig. 1). The crystal system, the Miller indices
of the diffraction peaks and lattice parameters were ob-
tained using a least-squares computer program “DICVOL
04”. Results revealed the crystal structure as tetragonal
with lattice parameters of a = 0.2873 and ¢ = 1.6082 nm.
The Miller indices and diffraction angles of A2-films and
constituent compounds, GaSe and InSe, are given in Ta-
ble I. Diffraction angles of GIS thin film were recorded
between those of GaSe and InSe. Most of the Miller
indices of GIS films coincide with those of constituent
compounds. Moreover, diffraction angles of thin films
are closer to those of GaSe. This closeness can be at-
tributed to the existence of higher composition of Ga
atoms compared to In atoms in the thin film.

Figure 2 shows the temperature dependence of dark
conductivity of deposited GIS films. It is seen
that conductivity increases significantly for the A2-
films compared to Al-films. The room temperature
conductivities (0room) of the films increase from 1.8
x107% Q! ecm™! to 3.6 x107* Q=1 cm~! (Table II).
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Fig. 1. X-ray powder diffraction pattern of A2-GIS
thin films.

TABLE I

Comparison of the Miller indices and 26 values of GIS
thin film, GaSe, and InSe single crystals.

GIS thin film GaSe? InSe®

h ok L 20 |h kK I 20 |h k 1 20
0 0 2 11.00[/0 0 2 11.10|/0 0 2 10.60
0 0 4 2210/0 0 4 2230|0 0 4 21.30
1 0 2 3305/0 0 6 338[0 0 6 3225
0 0 8 4505|0 0 8 4550|0 0 8 43.50
0 0 10 57.25|0 0 10 57.80|0 0 10 55.20
11 9 7010/0 0 12 70900 0 12 67.50
0 0 14 8420|0 0 14 8540|0 0 14 80.90
2JCPDS, Card no. 37-0931, *JCPDS, Card no. 34-1431

The conductivity of the A2-films shows good agreement
with the 4.5 x10™% Q7! cm™! conductivity value of the
Gag.75Ing.255¢e crystal which is the source material of the
evaporation [19]. This consistency and higher conduc-
tivity can be attributed to the better crystallinity of the
A2-films as observed from XRD pattern.

The dark conductivity data was analyzed to get infor-
mation about the conductivity activation energies. Anal-
ysis showed that the data above 370 K for A0-films fol-
lowed the relationship [20]:

E
7= ovexp (gt ). )

where o is the pre-exponential factor and E, is band
gap energy. FE, value was found from the linear fit of

TABLE II

Room temperature conductivity (croom), band gap en-
ergy (E,) and activation energies (AE) for as-grown and
annealed GIS thin films.

Sample|room [Q7" em™||E, [eV]|AE; [eV]| AE: [éV]
A0 1.75 x10~8 1.70 - -
Al 1.20 x1077 - 0.56 0.05
A2 3.56 x10~* - 0.16 0.05
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Fig. 2. Temperature dependence of conductivity of as-

grown and annealed GIS thin films.

the In ¢ — 1000/T graph as 1.70 eV (see Fig. 3a). This
value is in good agreement with 1.65 eV band gap energy
obtained from the analysis of optical absorption measure-
ments [19]. From this consistency, it can be thought that
electrons excite from valence band to conduction band
(intrinsic conductivity) above 370 K for AO-films. The
energy of 1.70 eV for GIS film is between reported gap
energies 1.80 and 1.3 eV of GaSe and InSe thin films, re-
spectively [6, 12]. Moreover, gap energy of GIS thin film
is closer to that of GaSe. This is an expected result since
Ga composition is higher than In composition in the GIS
thin films (Ga : 35.9%, In : 15.2%).

Temperature dependent conductivities of the annealed
films were best analyzed under the light of extrinsic type
of conduction expressed by the relation [20]:

E,
0 = 0gexp <I<:T> , (2)

where F, is the conductivity activation energy. Figure 3b
and c¢ show the relevant plots and linear fits for A1l- and
A2-films, respectively, to find the E, energies. Both plots
represent two different temperature regions of 260-370 K
and 380-430 K. The E, values related with these regions
were obtained from the slopes as 0.05 and 0.56 meV for
Al-films, 0.05 and 0.16 meV for A2-films. These val-
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Fig. 3. Variation of In(¢)-T~" for (a) A0-films, (b) Al-

films and (c) A2-films. Solid lines represent the linear
fits in the related temperature ranges.

ues are significantly smaller than half of the band gap
energy. This is a powerful indication of extrinsic type
of conduction in annealed GIS thin films. These acti-
vation energies can be associated with different energy
levels which may exist due to structural defects such as
Ga, In and/or Se vacancies, interstitials and/or impuri-
ties arising through the growth process. As can be seen,
the activation energy obtained for the 380-430 K region
decreases as the annealing temperature increases. Since
more free carriers are generated at any temperature in
samples having higher conductivity, this decrease can be
closely associated with the increase of conductivity with
annealing temperature. Moreover, this decrease can also
be attributed to an increase of crystallinity as consid-
ered in the results of XRD analysis. In the 260-370 K
region, both annealed films give same activation energy
which may possibly assigned to the same level and type
of defect center.

Figure 4a—c shows the temperature dependent photo-
conductivities of films under different illumination inten-
sities. As it is seen, conductivities of all films increase
with light intensity. This increase is especially signifi-
cant for Al-films whereas conductivity slightly increases
for other films. Temperature dependence of conductivity
in as-grown film shows two distinct temperature regions
above and below 290 K. In the low temperature range of
80-290 K, conductivity at all light intensities are nearly
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Fig. 4. Temperature dependence of photoconductivities of (a) A0-films, (b) Al-films, and (c¢) A2-films under different

illumination intensities. Inset of (b): variation of photoconductivity with illumination intensity.

temperature independent whereas a sharp exponential in-
crease with temperature was observed above 290 K. In(o)
versus 1/7T graphs for annealed films show similar tem-
perature dependent regions as observed in temperature
dependence of dark conductivity. Analysis of these re-
gions under the light of Eq. (2) showed that conductivity
activation energy decreases from 0.05 to 0.03 and 0.56 to
0.36 €V as light intensity increases for Al-films. The de-
crease of activation energy was also observed for A2-films
in the high temperature region. Conductivity activation
energy in the 380-430 K region decreased to 0.11 eV as
light intensity increased to 113 mW cm~2. However, E,
value in the low temperature region did not show a vari-
ation with illumination intensity.

The relation between photocurrent (I,) and illumi-
nation intensity (F') was investigated to get information
about the nature of defect centers. Since conductivities
of A0 and A2-films do not show remarkable dependence
on illumination intensity, our interest focused on Al-
films. Inset of Fig. 4b shows the variation of photocur-
rent with illumination intensity for some chosen temper-
atures. Ip, and F' are related by I, oc F™, where the
power exponent (n) gives information about the behav-
ior of recombination mechanism. n values were calcu-
lated from the slopes of the linear fits (solid lines in inset
of Fig. 4b) between 0.3 and 0.7. Material behaves as
sublinear for n < 1 case meaning that lifetime of the
free carrier increases and recombination at the surface
becomes stronger with increase of the amount of conduc-
tive filler [21].

4. Conclusion

The conductivity properties of GIS films grown by
thermal evaporation technique were investigated under

dark and light with intensities in the range from 17 to
113 mW/cm?. Measurements were carried out in the
temperature range of 80—430 K on as-grown and annealed
GIS films. The increase of the conductivity with anneal-
ing temperature and light intensity was observed in the
present work. As-grown films introduced intrinsic con-
ductivity with band gap energy of 1.70 eV in the temper-
ature region above 370 K. Annealed GIS thin films exhib-
ited two regions in the 260-360 and 370-430 K ranges in
the temperature dependent dark conductivity measure-
ments. Analysis of these regions resulted in 0.05-0.16 and
0.05-0.56 meV conductivity activation energies for films
annealed at temperatures of 300 and 400 °C, respectively.
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