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ZnIn,Se, thin films were deposited on glass substrates by thermal evaporation technique. Some of
ZnIn,Se, films were annealed under vacuum at 623K for 2 h. Atomic force microscope (AFM) images
were analyzed for as-deposited and annealed films. The roughness degree of the film surface decreased
under the influence of annealing. DC Electrical conductivity studied as a function of temperature. Two ac-
tivation energies were determined that AE; =0.44eV and AE, =0.65 eV. Using thermo-electric measure-
ments, the thermoelectric power factor (P), carrier concentration (n) and mobility (@) were calculated.
Current density-voltage characteristics of Al/ZnIn,Se4/Al sandwich structure were examined. Different
mechanisms were obtained; ohmic conduction mechanism at lower voltages and space charge limited
conductivity (SCLC) mechanisms at higher voltages.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Zinc Indium Selenide (ZnIn,Se4) is a ternary chalcogenide semi-
conductor of type A" B,"X,V!, where A=Zn, Cd or Hg, B=Al, In or
Ga, and X=Se, S or Te [1,2]. Ternary semiconducting compounds
have been generally researched as a result of their potential ap-
plications in the electro-optic, optoelectronic, and nonlinear opti-
cal devices. [3]. These compounds are majority crystallized in a
tetragonal structure [4]. Consequently, there is much interest in
the preparation and characterization of chalcogenide thin films [5].
Thin films of Znln,Se4 have been grown using different techniques
such as spray pyrolysis technique [5], flash evaporation technique
[4], chemical bath deposition [6,7] and thermal evaporation [8].
Znln,Se,4 thin films have wide applications in solar cells and op-
toelectronic devices [5], as a memory switching device [9] and in
photo-detector device [10]. Likewise, it utilized as the novel buffer
layer in place of toxic CdS and demonstrates a cell efficiency of
15.3% in the fabrication of Cu(In,Ga)Se; based-solar cells [7,11]. The
interface between Znln,Se, and Cu(In,Ga)Se, produces a depletion
region which facilitates the formation of the p-n junction. How-
ever, the incorporation of Zn ions into Cu(In,Ga)Se, films is difficult
to control, and the excess dopants cause the formation of the im-
purities [12]. Some studies analyzed the dopant concentration in
heterostructure and found that increasing the difference between
diffusion coefficients of layers of heterostructure leads to increase
the homogeneity of impurities in doped region [13].
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The physical properties that underpin the operation of elec-
tronic devices depend on chemical bonding and crystalline nature
of the materials [14]. There are many characterization’s tools that
can provide a useful insight into the mechanisms of the charge
transport through films of materials. Analyses of electron transport
parameters are promising methods based on the measurements of
device [-V characteristics, I-V characteristic nonlinearity [15] and
electronic noise characteristics [16-20]. In the present work, thin
films of ZnIn,Se, were prepared by thermal evaporation method
and deposited onto glass substrates. A detailed experimental study
carried out on the structural and electrical transport properties of
Znln,Se,4 films as a function of temperature: in particular, Atomic
force microscope, electrical conductivity, thermoelectric power and
J-V characteristics.

2. Experimental technique

The ingots of Zinc Indium Selenide were prepared by fusion of
stoichiometric quantities of pure elements in vacuum sealed silica
tubes. They were left at 1323 K for 10 h and then cooled to room
temperature over 48 h. Thin films with different thicknesses were
prepared by the thermal evaporation technique under a vacuum
of about 10~% Pa using coating unit (Edwards type E306A, Eng-
land). The deposition rate was controlled at 2.5nms~!. The film
thickness was calculated using a quartz crystal thickness monitor
(FTM4, Edwards) and then it was checked by the Tolansky’s inter-
ferometric technique [21]. The film depositions were made at room
temperature. Some films were annealed under vacuum at 623K
for 2h. The 2D and 3D images of the morphology of film sur-
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face were examined utilizing atomic force microscopy technique,
model (Wet-SPM Shimadzu). The particles mean radius and surface
roughness of ZnIn,Se, thin films were calculated by using com-
puter programming. The DC electrical measurements were carried
out using two probe method for a planar sample. The ohmic elec-
trodes at the two ends of the thin films were made by thermal
evaporation of Al. The electrical resistivity of films was measured
by a high internal impedance electrometer (Keithely 617A). Then,
the DC conductivity (o pc) was calculated from the well-known re-
lation opc =L/RA, where L is the length of the film, R is electrical
resistance and A is the cross section area of the sample. For the
thermoelectric power measurements, Al electrodes were deposited
into the two ends of the planer ZnIn,Se, films. The thermoelec-
tric power (s) was detected by measuring the voltage for a tem-
perature gradient of 10K over the samples using a programmable
electrometer. The current density-voltage (J-V) characteristics for
a sandwich sample, that has Al/ZnIn,Se4/Al structure, were mea-
sured utilizing the high impedance electrometer (Keithley 617A) as
a current source and ammeter. The sample temperature measured
using a chromel-alumel thermocouple appended to a digital ther-
mometer.

3. Results and discussion
3.1. Structural topography

In our previous paper [8], we studied the structural properties
of ZnIn,Se, thin films using X-ray diffraction technique. The de-
posited films at room temperature showed nanocrystalline nature
with crystallite size of about a few nanometers.

The knowledge of the surface topography can be obtained using
atomic force microscopy (AFM) technique, which gives an excellent
tool to study morphology and texture of diverse surfaces [22]. In
the present work, the surface morphology for the as-deposited film
of ZnIn,Se, with thickness 473 nm and the annealed one under
vacuum at 623 K for 2 h were analyzed using atomic force micro-
scope (AFM) technique. Fig. 1(a, b) shows the 2D and 3D images of
AFM for as-deposited and annealed films, respectively. The average
roughness is found to decrease from 1.41 nm for the as-deposited
Znln,Se, film to 1.20 nm for the annealed ZnIn,Se,4 film. Thus, un-
der the influence of annealing the film provides a homogenous na-
ture. The mean radius of particles in ZnIn,Se, film decreased from
70 nm in the as-deposited film to 20 nm for the annealed one as
observed in Fig. 1.

3.2. Electrical conductivity

3.2.1. DC electrical conductivity

Fig. 2 shows the temperature dependence of DC electrical con-
ductivity (opc) of Znln,Se4 films with thickness 371 nm. It is clear
from that opc increases with increasing temperature. Thus, DC
conductivity obeys the Arrhenius relation indicating a semicon-
ducting transport behavior [23]. The curve of opc reveals two dis-
tinct linear regions. This result refers to the existence of two trans-
port mechanisms, which gives two activation energies AE; and
AE, for the conduction of free charge carriers. The activation en-
ergies are calculated using the following relation [24,25]:

Opc = Goe - (1)

where o, is the pre-exponential constant, k is the Boltzmann’s
constant, T is the absolute temperature and AE is the activation
energy for a certain region. At lower range of temperature (293-
312 K), the value of AE; is found to be 0.44eV. AE; is attributed
to the extrinsic conduction mechanism. At higher range of temper-
ature (~312-370K), the value of AE; is found to be 0.65eV. AE, is
ascribed to the intrinsic conduction mechanism. The value of AE,

is approximately about half the onset energy gap obtained from
optical measurements [8].

3.2.2. Thermoelectric power measurement

The Seebeck coefficient, S, for ZnIn,Se, film with thickness
371 nm is measured as a function of temperature from 303K to
350K. It determined using the following relation [26]:

- @
where AV is the thermo-emf produced across the sample due to
the temperature difference AT. The variation of Seebeck coeffi-
cient as a function of temperature is shown in Fig. 3. From the
figure, Seebeck coefficient is observed to be negative affirming to
the n-type polarity for Znln,Se,4 film. Thus, the most predominant
carriers are electrons. Also, Seebeck coefficient increases with in-
creasing temperature in the investigated range of temperature. In
the extrinsic region (T<312K), a sharp increase in Seebeck co-
efficient is owing to the increasing number of thermally excited
carriers [27]. Fig. 4 demonstrates the variation for both of S and
In o pc against the reciprocal of temperature in the intrinsic region
of conduction (T> 312K). In this region, the moderate increase in
Seebeck coefficient may be due to the generation of the electrons
from the valence band to the conduction band [28].

For assessing the potential of a thermoelectric material, it is of-
ten to use the thermoelectric power factor (P). It is evaluated from
the values of DC electrical conductivity and Seebeck coefficient as
[29-31]:

P = S%0pc (3)

The P value is about 0.14uW/mK? at 305 K. Also, the thermo
electric power measurement is used to evaluate the carrier mobil-
ity (n) and carrier concentration. The free carrier concentration, n,
is determined as a function of temperature according the following
equation [32,33]:

3/2
27 m*kT
n= 2< JTE; K ) e(2k—qS)/k (4)

S

where h is a Planck’s constant, m* is the effective mass that is
taken as 0.15m, [34], q is the electronic charge and k is in eV/K.
Using the values of S, the value of n is calculated. The value
of n increases with increasing temperature in the range of 1.1-
1.4 x 102> m~3 which corresponding to the temperature range of
300-360 K.

The mobility (u) of the charge carriers is determined from the
relations [25,35]:

Opc
n= g
where pio is the grain boundary limited mobility and AE, is the
mobility activation energy. Fig. 5 represents the temperature de-
pendence of the charge carriers mobility. As observed u values in-
crease with increasing temperature. The activation energy for the
mobility is determined by plotting In u against 1000/T as seen
in the inset of Fig. 5. The calculated values of w, and AE, are
2.91 x 10-3 m2v-1S-1 and 0.49 eV, respectively.

kT

1= proel ) (5)

3.2.3. Current density-voltage (J-V) characteristics

J-V characteristics are taken at constant temperature (293, 303,
308, 313 K) for Al/ZnIn,Se4/Al sandwich structure of a sample de-
posited on glass substrate. The configuration of the sample design
is shown in Fig. 6. Fig. 7 represents a typical logJ-log V characteris-
tics for Al/ZnIn,Se4/Al at different temperatures. The current den-
sity increases with the increase in the applied voltage and tem-
perature. The graphs for J-V characteristics reveal three distinct re-
gions with different slopes (m) for each temperature, where JaV™.
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Fig. 1. 2D and 3D images of AFM (a,b) for as-deposited and annealed films of ZnIn,Se,, respecteively.
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Fig. 2. Temperature dependence of DC electrical conductivity (o pc) of Znln,Sey4 thin
film.

From the analysis, the logarithmic slope (m) of these regions (i,
ii, iii) are 1, 2, > 2, respectively. Thus, there are three different
types of conduction mechanisms. Region i of J-V is corresponding
to ohmic region, where the conductivity is described by [36,37]:

_ NoquV
J= =4 (6)
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Fig. 3. Seebeck coefficient (S) of ZnIn,Se4 thin film as a function of temperature.

where n, the concentration of thermally- generated electrons in
the conduction band, V the applied voltage and d is the film thick-
ness (473 nm). The ohmic region is separated by a well-defined
cross-over voltage (Vy) from the second region ii, in which the log-
arithmic slope of J-V is 2. This voltage is at which the current-
voltage characteristics transits from ohm’s law to the trap-free
square law. The obtained values of Vy decreased with the in-
crease in temperature as seen in Table 1. In region ii of J-V (JaV?),
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Fig. 5. Temperature dependence of mobility (u) of ZnIn,Se, thin film.; inset Fig.:
Plot of In p against 1000/T.
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Fig. 6. The configuration of Al/ ZnIn,Se4/Al structure.
Table 1

The values of Vy, Vg, Vir, Ni and N. of ZnIn,Se, thin film at different tempera-
tures.

T(K)  Vi(volts)  Vyp(volts)  Vyg(volts)  Ni(102m=3)  Nc(10%°* m=3)
298 25 415 4.5 1.8 4.80
303 1.95 2.99 3.35 134 3.57
308 14 21 2.5 1.0 2.67
313 1 15 1.55 0.62 1.65

the current density follows a square-law voltage dependence. The
conduction mechanism in this region is referred to space charge
limited current (SCLC) mechanism controlled by a single discrete
trapping level and it is expressed by Mott-Gurney square law
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Fig. 7. J-V characteristics of Al/ ZnIn,Se4/Al at different temperatures.
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Fig. 8. Plot of In 6 against 1000/T.

[38,39] as:

9 V?

= —eub— 7

J= gent g (7)
where ¢ is the permittivity of the material (7.154 x 10~ Fm~1 [8])
and @ is the ratio of free-to-trapped electron concentration and is
given by [36]:

Ne -
0=—ew 8

N, (8)
where N¢ is the effective density of states in the conduction band,
g is the degeneracy factor for the traps, N; is the concentration of
traps situated at an energy E; below the conduction band edge. The
values of 0 are determined from the intercept of the straight lines
of log J - log V at different temperatures. Fig. 8 shows the rela-
tion between In 6 against 1000/T. From the slope of the linear line,
the value of E; is found to be 1.18 eV. The value of N; is calculated
depending on the trap-filled-limited voltage (Vir ) value using the
following equation:

_2eV
N; = @ 9)

At the trap-filled-limit (TFL) voltage or at Vg, the entire pop-
ulation of traps has been filled, and the current rises nearly ver-
tically. The value of N; is found to be of the order of 0.62-
1.80 x 1022 m~3 for the temperature range of 298-313K as seen
in Table 1. The effective density of states in the conduction band
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Fig. 9. Temperature dependence of current density J for Al/ ZnIn,Se4/Al at different
voltages.

(N¢) is determined by substituting the value of N; in the intercept
of the fitting line in Fig. 8 and g value is taken as 2 for electron
traps. Then, the value of N¢ is found to be in the range of 1.65-
4.80 x 10*® m~3 for the investigated range of temperature as also
shown in Table 1. Moreover, the transition voltage (Vqz) from re-
gion ii to region iii is obtained at different temperatures and listed
in Table 1. The transition voltage decreased with the increase in
temperature. Finally, region iii of slope m (~4.93) is related to
space charge limited current (SCLC) region mechanism with an
exponential distribution of traps. The SCLC mechanism and non-
ohmic behavior are explained in terms of trap controlled space
charge limited conduction [40]. The defects in the materials work
as trapping centers which become filled by the injected charge car-
riers from the electrode, happened to be charged and build up a
space charge which leads to the SCLC process [41-42].
The current density is described by [43,44]:

e )1 i+l (10)

1= 0N @

where N, is the trap density per unit energy range at the conduc-
tion band edge, and | (I= m—1) is the ratio T; /| T, where T is
the absolute temperature and T; is temperature parameter charac-
terizing trap distribution. Fig. 9 illustrates the temperature depen-
dence of current density in region iii at different voltages. Linear
lines are obtained and upon extrapolating the lines in the direc-
tion of ordinate axis, it interacts at a common point corresponding
to |1 / Tt | on the abscissa axis [43]. The obtained value of T; is
~1176 K, which is consistent with that obtained from the value of
[ (1171.63 K).

4. Conclusion

Zinc Indium Selenide (ZnIn;Se4) thin films were thermally pre-
pared onto glass substrates at room temperature. The surface mor-
phology studies by AFM technique demonstrated that the annealed
film of ZnIn,Se4 at 623K for 2 h under vacuum has a homogenous
nature with smaller roughness than the as-deposited film. DC elec-
trical conductivity of Znln,Se, film showed a semiconductor be-
havior with two types of conduction mechanisms; AE; =0.44 eV
and AE, =0.65eV. The thermoelectric measurements showed a
n-type polarity of ZnIn,Se, thin films. The Seebeck coefficient of

Znln,Se, film increased with the increase in temperature. The
value of thermoelectric power factor is about 0.14pW/mK? at
305K. The carrier concentration value is in order of 102> m=3. It
increases with the increase in temperature. The mobility activa-
tion energy was calculated to be 0.49 eV. The characteristics (J-
V) for Al/ZnIn,Se4/Al structure revealed three distinct regions. The
current transport mechanisms are varied from ohmic conduction
to space charge limited conduction with single trap level to space
charge limited conduction accompanied by an exponential distri-
bution of traps, respectively. The trap-filled-limited voltage (Vrf)
was found to decrease with increasing temperature. The tempera-
ture parameter that is characterized the exponential trap distribu-
tion (Ty) is ~1176 K.
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