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ABSTRACT

Vanadium doped zinc telluride (ZnTe:V) thin films (containing 2.5 to 10wt% V) were deposited onto glass
substrates by e-beam evaporation technique in vacuum at a pressure of 8x10™ Pa. Thermoelectric power of these
films have been measured from room temperature up to 413 K with reference to pure copper material. The
deposition rate of the films was maintained at 2.05 nms™. The composition and temperature dependence
thermopower and its related parameters have been studied in detail for a particular thickness of 150 nm. The
Fermi levels were determined using a non-degenerate semiconducting model. The carrier scattering index,
activation energy and temperature coefficient of activation energy have all been obtained at different ranges of
compositions and temperatures. The results of thermopower of ZnTe:V thin films obey an activated conduction
mechanism and also suggest that the simultaneous bipolar conduction of both (n- and p-types) carriers (mixed
carriers) take place. All these samples are optically transparent and mixed crystalline in structure.

Keywords- Vanadium doped zinc telluride (ZnTe:V), e-beam evaporation, Thermopower, Scattering index,
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I. INRODUCTION

In recent years, there has been a growing
interest in the study of zinc telluride (ZnTe) thin
films, as it is a potentially low-cost semiconductor
and high absorption co-efficient for application to
photovoltaic and photoelectrochemical cells [1-4].
ZnTe has a direct band gap of 2.2 to 2.3 eV at room
temperature and usually a p-type semiconductor.
Literature [5] report indicates that ZnTe exhibits
improved photorefractive response when it is doped
with vanadium. Vanadium is believed to be a deep
donor in ZnTe and it has attractive use in a variety of
applications, including optical power limiting,
optical computing and optical communication [6].

Thermoelectric power [TEP] is an effective
measurement  for  explaining the transport
mechanism in amorphous as well as crystalline
semiconductors. It is the most sensitive quantity to
any change or distortion of the Fermi-level in the
materials; a measurement of TEP would be a useful
option for investigation the electronic conduction in
such a sample. Although there have been a humber
of investigations on the electrical [7, 8], optical [9,
10], electrooptical properties of ZnTe [7, 9, 11] and
ZnTe:V [5, 6] films by a number of researchers [5-
11], no study is found in the literature on the
thermoelectric properties of vanadium doped zinc
telluride (ZnTe:V) thin films deposited by e-beam
technique. Hence, we have carried out systematic
investigation on temperature as well as composition
dependence thermopower and its related parameters
of ZnTe:V films. It shows that the simultaneous

bipolar conduction of both (n- and p-types) carriers
i.e. mixed carriers_type conduction take place with
temperature and doping of different concentrations
of vanadium.

1. EXPERIMENTAL DETAILS
2.1. Film Preparation

ZnTe:V thin films have been prepared onto
glass substrate by electron bombardment heating
technique in vacuum at a pressure of 8x10™ Pa, from
a mixture of ZnTe (99.999% pure) and vanadium
(99.999% pure), obtained from Aldrich Chemical
Company, USA. The ZnTe:V thin films (containing
2.5 to 10 wt% V) of a particular thickness of 150 nm
were deposited at a room temperature and their
deposition rate was maintained at 2.05 nms™. Each
material of the mixture was weighted by an electrical
balance (Mettler TOLEDO, AB 204) having a
resolution of + 0.0001 gm, according to percentage
composition to be used. The percentage composition
of starting materials in the evaporant mixture (source
material), was determined as [12]

v

W +W

where Wy, and Wz, are the weights of V and ZnTe
materials, respectively. Then the materials were
grinded together using a pestle & mortar and then
they are thoroughly mixed. A small quantity of
source material was loaded into clean cermet-hearth
based on the source turret. Cleaned glass substrate
was placed on the substrate-holder at about 0.09 m

Weight %V = x 100 % (1)
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from the source material. The two masks (one for
ZnTe:V films and another for reference copper
material) were placed on the mask-holder for the
film deposition by e-beam technique. A mechanical
shutter was operated from outside, isolated the
substrate from the evaporant. The chamber bell jar
was thoroughly cleaned with emery paper and cotton
wool by wetting acetone and then it was dried with a
dryer (model: HP4514) and then placed on the base
plate. After completing the steps of operation of the
vacuum system, when the chamber pressure reduced
to 8x10™ Pa, deposition was then started with e-
beam current of 40-50 mA by turning on the low-
tension control switch of electron beam power
supply (EBS) unit. Details of the film deposition
process were reported by author’s work [13]. For
TEP measurement pure thick copper and also
ZnTe:V film were deposited onto glass substrate at
room temperature, which is shown in Fig. 1. After
completing the deposition, taking them out from the
vacuum chamber, the film thickness was determined
by the Tolansky interference method [14] with an
accuracy of £5 nm.

ZnTe:V thin films are annealed by a specially
designed heater. A flat nichrome wire strip heater
covered with mica sheet has been used to heat the
film devices. In the heating cycle, the temperature of
the film is increased to 473 K, held there for a time
of 3 hours and then it is cooled in air. This annealing
procedure is maintained for all annealed films. The
temperature is measured by a digital thermometer
(model: Stk.610-067, England) with chromel-alumel
thermocouple placed on the middle of the substrate.
The heating and cooling rate is kept at about 10
K/min for each sample. The annealing was necessary
because the as-deposited samples were of high order
of resistivity.

Thermo e.m.f. <

Heater / |~
/

Heat
insulator

Ice-water bath

Fig.1. Schematic diagram of thermopower measuring
apparatus: AB- ZnTe:V film; AD and BC copper films;
S, glass substrate; E, heat insulating barrier and AT is
the temperature difference between hot and cold ends.

Measurement of TEP was carried out by the
integral method [15], in which junction A was
heated by a nichrome strip heater with regulated
power supply to keep it at different temperature. The

other junction B was immersed in an ice-water bath
of constant (273 K) temperature. The temperature of
the hot junction was measured by a chromel-alumel
thermocouple attached to the sample. The generated
thermo e.m.f. was recorded using a Keithley (Model:
614) digital electrometer. The hot and cold junctions
were kept thermally isolated by inserting an
insulated barrier between the junctions. The
immersed portion of the film was kept electrically
insulated to remove any leakage of e.m.f. between D
and C due to contact with the ice-water. The whole
apparatus was kept in suitable incloser to minimize
any air current disturbance. The temperature of the
hot junction was raised slowly from room
temperature, with a regular interval of 10 K. The
thermo e.m.f. was noted up to the highest
temperature of 413 K.

I1l. RESULTS AND DISCUSSION
3.1. Structural Study

The structure of as-deposited and annealed
ZnTe:V thin films of a particular thickness of 150
nm for different compositions of 2.5, 5.0, 7.5 and
10wt% V were examined by x-ray diffraction (XRD)
technique with the monochromatic Cu-Ko radiation
using an apparatus, RINT 2200, Rigaku, Japan. Peak
intensities were recorded corresponding to 20
values.
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Fig. 2. XRD spectra for a 150 nm thick (a) as-deposited
and (b) annealed ZnTe:V thin films of composition
2.5wt% V.
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Figs. 2(a) and (b) illustrate the XRD spectra of
a 150 nm thick as-deposited and annealed ZnTe:V
thin films of composition 2.5wt% V onto glass
substrate, respectively. In Fig. 2(a) of as-deposited
ZnTe:V films, three peaks of 34.16° 39.26° and
42.85° are observed at 20 values. These peaks
correspond to the phases with plane V¢Oy; (022), Zn
(100) and ZnTeO;3 (124), respectively. These phases
and planes are found from the JCPDS Cards [16, 17,
18], respectively. For annealed ZnTe:V film of Fig.
2(b), four peaks of 31.67°, 34.37°, 36.26° and 41.69°
are observed at 20 values, which correspond to V4Og
(410), V.05 (310), Zn (002) and ZnTe (220) phases
with plane, respectively. These phases and planes
are also found from the JCPDS Cards [19, 20, 17,
21], respectively.

In annealed condition, the XRD peaks show
up more prominently than that of as-deposited one.
This could be attributed to the more crystalline
nature of the annealed films. Moreover, the XRD
study shows a number of oxide phases present in the
author’s samples. This oxide phases are formed after
deposition by oxygen particles absorbed from the
environment replacing one or two of the host
elements in ZnTe:V. So, examination of both as-
deposited as well as annealed ZnTe:V thin films
exhibits the structure of the sample is a mixed
crystalline in nature.

3.2. Surface Morphology Study

The surface morphology of the as-deposited as
well as annealed ZnTe:V thin films for different
compositions of a particular thickness were observed
by scanning electron microscopy (SEM) using
Philips, Model: XL-30, operated at accelerating 10
KV potential.

Det WD F————— 100m
SE 11.9 MME BUET

: agn Dot WD F———#—— 100 um
10.0 kV 200x SE 11.3 MME [},"”:]

(b)
Fig. 3. SEM micrographs of 100 nm thick (a) as-deposited
and (b) annealed ZnTe:V thin films of composition
2.5Wt% V.
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Figs. 3(a) and (b) show the SEM micrographs
of surface morphology for a 100 nm thick as-
deposited and annealed ZnTe:V thin films of
composition 2.5wt% V, respectively. From both the
micrographs, it shows that the film surfaces are
dense and compact in nature. In the case of as-
deposited ZnTe:V thin film, a few numbers of small-
size-dots or pits were observed distributed randomly
over the whole sample. After annealing, the dots or
pits were removed and a very smooth surface
morphology was obtained. From the study of as-
deposited and annealed films, it is concluded that the
film surfaces of author’s samples are dense, smooth
and have a compact in nature. Due to the limitation
of available SEM system, it was not possible to
capture high magnification images of our samples.

3.3. Elemental Composition Study

The analysis of the chemical compositions for
the as-deposited as well as annealed ZnTe:V thin
films of thickness 100 nm were estimated by using
the method of energy dispersive analysis of x-ray
(EDAX). The results of elemental compositions are
shown in Table 1. It is seen from Table 1 that for a
100 nm thick as-deposited and annealed ZnTe:V
samples, the elemental composition of V and Zn do
increase in annealed case compared to that of as-
deposited one whereas, the Te composition is seen to
decrease in annealed case. So, the EDAX study
suggests that author’s ZnTe:V samples are non-
stoichiometric in nature.

Table 1. Estimated elemental compositions of V/, Zn and Te by
EDAX method for 100 nm thick films of 2.5 wt%V.

EDAX results Remarks

V (Wt%) Zn (Wt%) Te (Wt%)

02.63(x0.51) 41.98(x0.59) 55.39(x1.02) As-depo.
03.55(+0.41) 42.45(x0.43) 54.00(+1.07) Annealed

3.4. Thermopower and Its Related Parameters

Fig. 4 shows the variation of thermo e.m.f.
values at different temperatures for four samples of
compositions 2.5, 5.0, 75 and 10wt% V,
respectively. It is observed that thermo e.m.f.
changes in negative up to 343 K and it has then a
sharp rise in e.m.f. values till 353 K and above this
temperature it has again a linear positive increase
with respect to copper for all samples. The region of
transition temperature is 10 K and it is termed as
anomaly. It may cause due to the properties of
transition region formed between films and
thermocouple by diffusion or it may cause due to
phase deformation of the crystallinity of the studied
sample [22]. Fig. 5 shows the variation of
thermoelectric power, S with the temperature and it
is observed that carrier is to be neutral at about 348
K temperature for all the doped samples. From this
figure, it is also observed that thermopower
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decreases in negative up to 343 K, then sharply rises
up to 353 K and beyond this temperature
thermopower decreases linearly up to 413 K. This
figure suggests that n-type carriers and p-type
carriers dominate in lower and higher temperature
regions in all samples, respectively. All investigated
doped samples show the (n- and p-type) mixed-
carrier behavior and bipolar in nature.
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Fig. 4. Thermo e.m.f. vs. temperature curves for ZnTe:V
films of different compositions.
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Fig. 5. Thermoelectric power vs. temperature curves for
ZnTe:V films of different compositions.

It is separated into two; n-type from 303 to 343
K (termed as below anomaly) and p-type from 353
to 413 K (known as above anomaly) for the more
detail study. Figs. 6(a) and (b) show the variation of
thermoelectric power with inverse temperature 1/T
for below anomaly (n-type carrier) and above
anomaly (p-type carrier) temperature, respectively. It
is observed from these figures that thermoelectric
power decreases continuously with increasing
temperature and saturates at higher temperature
region.

The rate of change of S with temperature is
higher for films of higher compositions than that of
lower ones. The variation of thermopower S, with
film compositions of ZnTe:V films are shown in
Figs. 7(a) and (b) at a fixed temperature for below

anomaly and above anomaly regions, respectively.
In the both figures, it indicates that at lower
temperature,  thermopower has  compositions
dependence while it is almost compositions
independent in higher temperature.
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Fig. 6. The plots thermoelectric power vs. inverse
temperature curves for (a) below anomaly (b) above
anomaly for ZnTe:V films of various compositions.

Because of the very low conductivity in
author’s sample, it was not possible to measure the
Hall coefficient and consequently of their carrier
concentration either at room temperature or at any
other elevated temperature. So, the free-charge-
carrier concentrations have been obtained from
thermoelectric measurements.

The thermopower measurement of author’s
samples gives the value of free-charge-carrier
concentration of 2.28x10™ -1.72x10% m < and it is
of both n- and p-types. So, it is logical to employ a
nondegenerate  model [23] to analyze the
thermopower data. For a nondegenerate crystalline
as well as amorphous semiconductor with spherical
constant energy surface under thermal equilibrium,
the thermoelectric power is given by the literatures
[24-27].

S=+=
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And more generally
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PLIFLIIN (2b)
e | kT )
AESZ(EF_Ev) or (Ec_EF) (20)

where Eg is thermal energy, Ec is conduction band
energy, Ey is valance band energy, Er is Fermi-level
energy and A is a small constant depending on the
nature of scattering process of current carriers and its
magnitudes varied between 1 and 4 [25, 27]. Harry
et al. [28] have pointed out that A = (5/2 —r), where
r corresponds to the scattering index and is equal to
1.5 for polar scattering of optical phonons supported
as many other workers [29-31] and -1 for grain
boundary scattering [32]. Thus A = 1 for polar
scattering of optical phonons and 3.5 for grain
boundary scattering. From Eq. (2b) it is clear that A
correspond to a value of the thermopower at infinite
temperature limit.
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Fig. 7. The variation of thermopower of ZnTe:V films as
a function of composition at two different temperatures
for (a) below anomaly (303 & 343 K) and (b) above
anomaly (353 & 413 K) temperature, respectively.

From Figs. 6(a) and (b) the extrapolated
tangent curves at the higher temperature region give
a common intercept at the ordinate S = -0.301 mV/K
for below anomaly or n-type and 0.0862 mV/K for
above anomaly or p-type carrier, respectively.

WwWw.ijera.com

Putting the values of S in Eq. (2b) the values of A
have been obtained as 3.493 and 1.0003,
respectively. These values correspond to the
scattering index =~ -1 and =~ 1.5 are indication of
grain boundary and polar scattering of optical
phonons which are dominant in these ZnTe:V.
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Fig. 8. The plots Peltier coefficient vs. temperature
curves for (a) below anomaly (b) above anomaly
for ZnTe:V films of various compositions.

In all of the author’s samples it has been found
that (Ec — Ef) or (Er — Ey) varies with temperature,
T and it can be assumed that for a limited
temperature range [33]:

(Ec-Ee) Or (Er—Ev)=Eo— 7T (3)
where E, is the low-temperature limit of AEs and
corresponds to the activation energy equivalent to
the band gap, y is the temperature coefficient of
activation energy. Putting Eq. (3) into Eq. (2b)
lE, vy Ak 1
= (1A @
eT (e e )
Now, the Peltier coefficient 7 = ST, is given by
[ Ak
s B (1 )r (5)
{e (e e ) J

S=+=
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Equation (5) shows that a m versus T plot
should yield a straight line and the value of y can be
obtained from its slope. Figs. 8(a) and (b) show such
plots and it is observed that the slopes at room and at
high temperature (above 323 K) regions are different
for below anomaly and that of also found at lower
and higher temperature region for above anomaly,
respectively. Both slopes have been determined and
using A = 3.5 and 1 for n- and p-type respectively,
various values of y were calculated for the ZnTe:V
films of different compositions. These values of y
are plotted as a function composition and they are
shown respectively in Figs. 9(a) and (b). In both
figures, it shows that at higher temperature, y is
almost composition independent while in the
room/lower temperature limit; it shows strong
composition dependence.
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Fig. 9. The variation of temperature coefficient of
activation energy vy as a function of composition of
ZnTe:V films for (a) below anomaly: at room and at
higher temperature (above 323 K) (b) above anomaly:
at lower and at higher temperature (above 383 K),
respectively.

Using these values of y at room temperature,
the values of E, for the different compositions may
be calculated from Eq. (5) and the values of AEg
from Eq. (3) for both type carriers. The variations of

WwWw.ijera.com

E, and of (Ec — Ef) or (Er — Ey) as a function of
inverse compositions, 1/(wt%) at temperature for
below and above anomaly are shown in Figs. 10(a)
and (b), respectively.

In Figs. 10(a) and (b), it is observed that E, has
fair composition dependence and its trained shows
metallic nature corresponding to 1/(wt%) = 0, is
almost 0 eV in both graphs. This value does agree
well with the metallic properties [34]. In extrinsic
samples, the variation of E, with composition is
obvious. E, is calculated from Eqg. (3), is some type
of thermal activation energy and depends on the
detailed variations of the pattern of the conduction
with the structure of the film, including various
defects for compositions. This is not necessarily
vertical transition. But the optical band gap E,
corresponds to the optical absorption at some
frequency and involves mostly vertical transitions
between the bands. Thus, the variation of E; with
composition is not so straight forward as for E,, of
course, carrier concentration plays an important role
in this case.
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Fig. 10. The variation of (a) E, and - (Ec-Ef) for below
anomaly (b) Eq and (E-Ey) for above anomaly
temperature with inverse composition of ZnTe:V thin
films.
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In the high temperature region, the
thermopower saturates for all the samples (Figs. 6
and 7), it suggests that the Fermi-levels in these
films are pinned near the mid way at higher
temperature. These are now clearly shown in Figs.
11(a) and (b) where the pinning can be clearly
observed. All investigated samples for doping show
the mixed-carrier behavior and bipolar in nature as
in Fig. 5. This behavior means the Fermi level may
be formed midway between the conduction and
valance band, as discussed by Mott [33]. The
gradual decrease of thermopower with temperature
for individual n- and p-type which is behaves like a

Fermi-glass.
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Fig. 11. The plots of Fermi-level as a function of

temperature for (a) below anomaly (b) above anomaly
for ZnTe:V films of various compositions.

We obtain some idea about this variation by
differentiating Eq. (2b) with respect to temperature,
which yields,
ds ii’—d(AEs)i(AEstrﬂ—} ®)
(kT ) dT |

dT e | kTdT

From Figs. 11(a) and (b), it is observed that for
AEs = - (E¢ — Ef), whole term of third bracket of Eq.
(8) is positive [35] and for AEs = (Ef — Ey), whole

term of third bracket of Eq. (8) is negative [36] when
the change of A is ignored with any possible
temperature variation as it corresponds to the higher
temperature of thermopower. From the Eq. (8) it is
seen that for n-type and p-type concentrations dS/dT
is negative as literatures [35, 36], which suggests a
decrease of thermopower with temperature,
respectively. The minimum value of - (Ec — Ef) and
(Er — Ev) as obtained from Figs. 11(a) and (b) are
0.32 eV and 0.56 eV which are almost 12.18 and
21.7 times that of kT at room temperature. Thus our
previous consideration of non-degenerate model to
explain the thermopower data is justified.

IV. CONCLUSION

Thermopower in e-beam deposited non-
stoichiometric  ZnTe:V thin films shows a
composition as well as temperature dependence. The
Fermi-levels are found to show a pinning mid way
between the conduction and valence bands. An
annealed as well as the as-deposited vanadium
doped sample shows the both carriers (n-type and p-
type) thermopower, which supports with previous
reported data. In general the transport properties in
these samples are controlled by the polar scattering
of optical phonons and grain boundary scattering
process which corresponding to the scattering index
1.5 and -1, obtained from thermopower data,
respectively. Dopant compositions also have a
remarkable effect on the activation energy, E, and
on the temperature coefficient of activation energy,
vy. In lower temperature region, y has strong
composition dependence while it is almost
composition independent in the high temperature
region.
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