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Abstract

Structural, optical, and electrical properties ZnTe thin films grown by magnetron sputtering technique were studied by X-ray
diffraction, atomic force microscopy, Raman spectroscopy, and electrical conductivity measurements. Structural analyses
showed that ZnTe thin films grown on soda-lime glass substrates have a cubic crystalline structure. This crystalline nature
of the films was also discussed in terms of Raman active modes. From atomic force microscopy images, the smooth and
dense surface profile was observed. The conductivity of the film at room temperature was measured as 2.45x 10~ (Q cm) ™!
and the temperature dependency of conductivity showed Arrhenius behavior. The dark conductivity profile was modeled by
thermionic emission mechanism and activation energies were extracted. In addition, the conductivity values indicated an
increasing behavior with illumination intensity applied between 20 and 115 mW/cm?. The heterojunction diode was gen-
erated by sputtering ZnTe film on n-Si wafer substrate and the rectification behavior was evaluated to determine the main

diode parameters.

1 Introduction

In solid-state technology, group II-VI binary semiconduct-
ing thin films have been the point of interest due to their
attractive material properties [1, 2]. From this point of
view, CdS is one of the most popular chalcogenide material
belonging to this group and used in photovoltaic applica-
tions due to its intrinsic n-type semiconducting behavior
and direct band gap value of 2.42 eV [3]. Although there
are several attempts on the solar partner of CdS to achieve
low-cost and earth-abundant materials, CdTe is still popu-
lar in the solar market as a p-type absorber layer for thin
film photovoltaic devices with its optimal direct band gap
(1.45eV) [4, 5]. Members of this family, such as ZnS, ZnSe,
CdSe, and ZnTe, have attracted great attention in a wide
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range of electronic and optoelectronic applications as light-
emitting diodes, infrared detectors, electroluminescence
devices, lasers, photo-catalysis, and THz emitters [6-9].
Due to their electronic and optoelectronic features, there is
a continuing interest in their ternary and quaternary alloys
together with doping by different transition metals [10-12].
In materials science, the possibilities and potentials of these
structures have been research interests in both theoretical
and experimental works [10-21]. In order to provide variety
of new materials for optoelectronics, detailed analysis on
interatomic forces, phase transition, transport coefficients,
and electron—photon interactions have also been investigated
by several theoretical works [15-21]. Among them, ZnTe
is one of the most popular members of this family with its
semiconducting characteristics such as 2.26 eV direct band
gap value, p-type intrinsic semiconducting behavior, high
mobility, and low electron affinity of ~ 3.53 eV [22-25]. Itis
a well-known material especially for the fabrication of opto-
electronic and infrared detectors, and a major motivation to
study this type of semiconductor depends on its response to
the visible and infrared illumination and electrical charac-
teristics to be adaptable as intrinsic or doped binary (ZnTe),
and ternary (CdZnTe) compounds to these applications
[26-28]. In literature, it has attracted more attention in the
experimental works in the fields of semiconducting thin film
structures where the structural, optical, and electrical prop-
erties have been reported by various research groups [4-30].
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With various deposition methods and on different substrates,
ZnTe has been adapted to the applications in integrated elec-
tronic and optoelectronic devices. It is a promising mate-
rial in the fabrication of light-emitting diodes, photovoltaic
junctions and contact materials, X-ray imaging, and THZ
detectors [31-35]. In addition, there are also several works
on its nanostructures and monolayers for high-performance
photodetectors and solar cells [36, 37]. However, there are
very limited works on the temperature-dependent electrical
characteristics together with the illumination effect [24, 29].
In the present work, ZnTe thin-film samples were deposited
by magnetron sputtering system from the binary compound
target in order to prepare stoichiometric structures on glass
and Si wafer substrates. This technique was preferred with
its advantage on control of deposition rate and atomic con-
centration in the deposition of thin films at low substrate
temperatures for the possible large-scale applications. In
order to contribute to the literature and to present complete
understanding of the electrical properties of ZnTe film, tem-
perature-dependent electrical measurements were performed
on the samples deposited in van der Pauw geometry on the
glass substrate and the results were discussed under the aim
of possible optoelectronic applications. The dark activation
energies were calculated and the photo-response of the sam-
ples were analyzed under the effect of different illumination
conditions. In addition to the material characterization of
the thin film on deposited glass substrate, the Si-based diode
structure was fabricated in order to present the complete
results in material and device characteristics. Based on cur-
rent—voltage (I-V) measurements, device behavior and diode
parameters of the In-dot top contacted on p-ZnTe/n-Si diode
structure were investigated in dark and room temperature
conditions.

2 Experimental details

In this work, ZnTe thin-film layer was deposited on chemi-
cally cleaned glass substrates and n-Si wafer by single-
magnetron RF sputtering system. During the deposition,
3-inch diameter, high-purity (99.99%) ZnTe target was
sputtered onto the substrate surface where the substrate
temperature was kept constant at 200 °C. Before the depo-
sition, the system was stabilized under low vacuum about
1073 Pa, whereas to start the deposition process, the base
pressure was adjusted to 10~! Pa with a continuous pure Ar
flow in the rate of 6 sccm. The deposition was performed
by applying forward sputtering RF power of 75 W and
deposition conditions were adapted to obtain about 2 A/s
deposition rate. The thickness of the ZnTe thin films was
in-situ controlled by Inficon XTM/2 deposition/thickness
monitor and after deposition, it was measured using Dek-
tak 6M profilometer as about 500 nm. Energy dispersive

X-ray (EDS) works, which were carried out by Quanta 400
FEG model SEM equipped with EDAX facility, showed
that the deposited thin films were in stoichiometric com-
position having nearly the atomic percentage of 50.0 to
50.0 of the constituent elements. The crystalline properties
of the films were investigated by Rigaku Miniflex X-ray
diffraction (XRD) system equipped with Cu-Ka X-ray
source (4 = 1.54 A). Raman scattering spectrum recorded
in the frequency range of 100-500 cm™! with Horiba Yvon
RMS-550 Raman spectrometer was obtained by 532 nm
line of YAG:Nd3 + laser. Surface topography and rough-
ness characterizations were performed using Veeco Multi-
mode V atomic force microscopy (AFM) system in tapping
mode. The optical characteristics of the films were investi-
gated by using spectral transmission measurements in the
wavelength range of 300-1000 nm with by Perkin-Elmer
Lambda 45 spectrophotometer. In order to perform electri-
cal measurements, thin films were deposited on glass sub-
strates masked in van der Pauw geometry and after depo-
sition, 99.99% pure In elemental source were evaporated
on the ZnTe samples through suitable metal shadow mask
for front ohmic contact. Then, samples were annealed at
100 °C to improve the adhesion of the metal contacts on
the film surface. This process was also performed to obtain
front metal contact ZnTe/Si diode. On the other hand,
back contact of the diode was deposited on Si wafer by
thermal evaporation of Ag-metal. A detailed energy band
diagram of the diode is shown in Fig. 1. In this figure, the
electron affinity of ZnTe and n-Si layers are assumed to
be 3.53 and 4.05 eV, respectively [37-39]. In addition,
using these values, conduction band offset (AE,) is found
as 0.52 eV and valence band offset (AE}) is calculated
as 0.62 eV. The band gap energies are also presented as
2.26 and 1.12 Ev for ZnTe and n-Si, respectively [38, 40].
Temperature-dependent conductivity measurements were
accomplished under a vacuum of about 1073 Pa within
Janis liquid nitrogen cryostat in the interval of 100-340 K.
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Fig. 1 Energy band diagram of the ZnTe/Si diode structure

@ Springer



11392

Journal of Materials Science: Materials in Electronics (2020) 31:11390-11397

Temperature of the samples was monitored and controlled
using LakeShore 331 temperature controller. At each tem-
perature step, current—voltage measurements were carried
out by Keithley 2400 sourcemeter. During these measure-
ments, illumination was provided by a 12 W halogen lamp
at various illumination intensities between 20 and 115
mW/cm? controlled by Keithley 220 programmable cur-
rent source. In addition, the diode characteristics of ZnTe/
Si structure were analyzed by /-V measurements under
dark and room temperature conditions. It was carried out
in a bias voltage range of +2 V applied between In-metal
front contact on ZnTe layer and Ag-metal back contact on
Si wafer and corresponding current flow is measured with
Keithley 2401 sourcemeter using a computer-controlled
measurement setup.

3 Results and discussion

The structural characterization of sputtered ZnTe thin
films was accomplished by XRD and AFM measurements.
XRD diffraction of ZnTe thin films is presented in Fig. 2
in the diffraction angle range of 20-70°. Three sharp and
intensive peaks around 25.50, 42.00, 49.95° and one weak
peak around 67.10° were observed in the XRD pattern
[25, 41]. When these peaks were examined from the Joint
Committee on Powder Diffraction Standards (JCPDS)
card, it was seen that diffraction peaks are well consist-
ent with JCPDS No. 15-0746 introducing the crystalline
structure of the ZnTe as cubic with the lattice constant of
a=0.6103 nm. Miller indices associated with peaks are
also given in the figure. The peaks in the XRD plot are
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Fig.2 XRD pattern of ZnTe thin films
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utilized to get crystalline size (D) estimation taking into
account the Debye—Scherrer’s relation given as [42],

D =094/pcosb (1)

In Eq. 1, p and 6 correspond to full-width at half maxi-
mum and diffraction angle, respectively. The usage of
these parameters in Eq. 1 resulted in the crystalline size
of ~ 14 nm. Williamson—Hall analysis was also applied to
obtain strain (&) of ZnTe thin films. Uniform deformation
model is formulated as [43],

ﬂcos9z%+4esin9 2

According to Eq. (2), fcos 8 vs. 4sin @ plot gives a lin-
ear relation with a slope of € and y-intercept of fitted line
which corresponds to kA/D. The € and D values were esti-
mated 1.8 x 107> and 12 nm, respectively [22].

The surface properties of the ZnTe films were inves-
tigated using AFM measurements performed in tapping
mode. Three-dimensional AFM image of topography
for 1 pm X 1 pm area is given in Fig. 3a indicating the
presence of a dense and smooth surface profile [44]. The
roughness analysis on the two-dimensional AFM image
(Fig. 3b) showed that the root-mean-square (RMS) surface
roughness value was 1.08 nm. The phase image in Fig. 3¢
presents the resolution of the material phases and indicates
the uniformity of the sample surface composition without
any contamination and discontinuity.

Figure 4 shows Raman spectrum of sputtered thin films.
Four Raman peaks around 126, 175, 204, and 406 cm™!
were observed in the spectrum. The revealed mode fre-
quencies in the spectrum are well correlated with those
previously reported for ZnTe and Te in Refs. [45-47]. The
Raman peak located around 126 cm™ is associated with
A, mode of tellurium atom corresponding to chain expan-
sion mode in which each atom moves in the basal plane
[24]. The peaks around 175 and 204 cm™! were related
to the fundamental transverse and longitudinal optical
modes in ZnTe [45]. The weak Raman mode at 406 cm™!
was attributed to the first overtone of the frequency of
204 cm™!. The high-frequency dielectric constant (¢_) can
be calculated from longitudinal (w; ) and transverse (W)
frequencies using Lyddane—Sachs—Teller expression [48],

2

<@> =50 3)
Wro )

where g, symbolizes the static dielectric constant given as

10.4. The high-frequency dielectric constant of ZnTe thin

films was calculated using Eq. 3 as 7.6 which is in good
agreement with 7.3 reported in Ref. [46].
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Fig.3 a Three-dimensional AFM height, b two-dimensional AFM »

surface, and ¢ two-dimensional AFM phase images of ZnTe thin films

The optical properties of these films were investigated
by the room-temperature optical transmission measure-
ments in the wavelength interval of 300-1000 nm, as
shown in Fig. 5. In a general view of the presented spec-
trum, the active wavelength range can be presented as
500-1000 nm where the spectral transmittance depend-
ency below 500 nm has a linear behavior with negligible
value. As shown in this figure, the transmission spectrum
has a higher transmission value with a maximum of 80% at
higher wavelengths, on the other hand, there is a dominant
absorption effect below 750 nm. The absorption coeffi-
cient, a, of the film layer was calculated using transmis-
sion values as,

o= o)

where d is the film thickness and T is the normalized
transmittance with respect to the uncoated glass substrate
[49]. Using this relation, a values were calculated for each
wavelength step and they were found about 107™* cm™! in
the visible region. This average value can be related to the
high-absorption characteristics. Based on these experimental
results, band gap energy (E,)-photon energy (hv) depend-
ency was evaluated according to the direct optical transition
model proposed by Tauc [49] as

ahy = A(hv - Eg)l/2

®)
where A is a constant depending on optical transition prob-
ability. The obtained Tauc plot using Eq. 5 is presented as an
inset of Fig. 5 and the room temperature E, value of about
2.26 eV was obtained from the intersection point of linearly
fitted line on the energy axis. Depending on the stoichi-
ometry, it was found in a good agreement with previously
reported values with different deposition methods [32, 40,
50].

The electrical measurements were performed on ZnTe
thin films deposited in van der Pauw geometry and pre-
pared with In front metal contact evaporation. The electri-
cal properties were investigated by temperature-dependent
current—voltage experiments under 5 V bias voltage in the
100-340 K range. The measured current values under con-
stant bias were used to calculate conductivity (o) of the sam-
ple according to the standard technique of four-contact van
der Pauw method [51]. Room-temperature dark conductivity
was obtained as 2.45x 107 (Q cm)~! and in the interval
of 2.47-2.65x 107 (Q cm)~! with different illumination
intensities. The temperature dependencies of dark ¢ values
were plotted as given in Fig. 6. The experimental o values
were found in typical Arrhenius behavior. In the inset of this

1: Height
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Fig.5 Wavelength-dependent transmission values. (Inset shows the
corresponding Tauc plot of ZnTe thin films)

figure, o values were modeled according to the thermionic
emission over the grain boundary potential as,

E
VT = erxp<——“> ©)

where o, and E, are the parameters indicating pre-expo-
nential factor and activation energy, respectively [52, 53].
In this analysis, the polycrystalline nature of the deposited
ZnTe thin-film structure directs the analysis of electrical
grain boundary behavior. Then, the variation of 0'\/7‘ with
an inverse temperature is presented in Fig. 6 (inset) accord-
ing to Eq. 6. The activation energy values were estimated by
the relation of the In(c ﬁ ) with 1 /T and three linear regions
with E_ values of 43, 20, and 7 meV were obtained in the
temperature regions of 270-340, 170-260, and 100-160 K,
respectively. These energy values can be associated with
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Fig.6 The variation of conductivity with temperature and illumi-
nation intensity. Inset shows the analysis of activation energy using
Eq. 4)

possible shallow trap centers due to the grain boundaries
in the structure taking them into the conduction process
[52-54].

The photoconductivity measurements of the samples
placed about 0.5 cm below the lamp were carried out with
different illumination intensities generated by a halogen
lamp. As shown in Fig. 6, photoconductivity values were
measured higher than those under dark conditions because
of the contribution of excited carriers under illumination.
This effect is shown in Fig. 7 as a variation in conductivity
values with respect to the dark values (Ao = 650 = O gar)-
As seen conductivity at a certain temperature increases with
illumination intensity and contribution to the conductivity
at a certain illumination intensity increases with increas-
ing temperature. The photoconductivity contribution to the
intrinsic conductivity can be directly related to the genera-
tion (or recombination) rate. Photocurrent () and illumi-
nation intensity (&) can be associated with a power of an
integer (m) which depends on the nature of recombination
centers [55, 56]. Figure 8 presents the plots of ln(Ipc) vs.
In() at each temperature step, and it was found that the
relation between I, and J follows the expression, /,. « @"
with m between 1.28 and 1.48. This result can be associated



Journal of Materials Science: Materials in Electronics (2020) 31:11390-11397

T T T T T T T

e 115 mWiem’

a1k R L R Y

80 mWicm®

<><>'<>~<>——<>~<>~*<>~~<>~~<> ~~~~ -0
R 55 mWicm*
E 2p BANDNDP-D A A A

° L

5 %%O 35 mW/cm®
. 0000 0-0-0-0--00---0-----0. o
13k o

T T T T T T T
4 6 8 10

1000/T (K™)

20 mWicm?®
E\DDD 0oog. OO

Fig.7 The change in conductivity values (Ac) at various tempera-
tures and illumination intensities

T T T T T

0O 100K (m=1.28)
O 150K (m=1.41)
/A 200K (m=1.43)
> 250K (m=1.45)
> 300K (m=1.46)
Y 350K (m=1.48)

In(l, (A))

0 . .
30 36 5 ' 4.8
In(¢ (mW/cm?))

Fig.8 The relation between photocurrent and illumination intensity
at different temperatures

with the dominant effect of supralinear characteristics in
the two-center recombination model [49]. In addition, an
increase in photocurrent with temperature verifies the long
life-time of free carriers and stronger recombination pro-
cesses at the film surface.

In addition to the investigation of the material character-
istics of ZnTe thin-film layer on glass, the deposition was
performed on n-Si wafer substrate in order to evaluate its
electrical response in a diode. This sample is used to investi-
gate main diode parameters of the junction with well-known
Si. In order to observe diode behavior of this Si-based het-
erostructure, room-temperature -V measurement was car-
ried out in the bias voltage limit of 2 V. As shown in Fig. 9, a
rectifying behavior between these two semiconductor layers
is observed with a rectification of about five-order in mag-
nitude. From these data, zero-biased potential barrier (®,),
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Fig.9 [-V characteristics of ZnTe/Si diode structure (inset shows the
logarithmic plot of I-V relation)

ideality factor (n), and series and shunt resistance (R, and
Rg,) values are calculated as the electrical parameters for this
diode application. According to the exponential behavior
at positive bias region in Fig. 9, forward current (/) flow
through the diode is modeled according to thermionic emis-
sion (TE) theory given as,

_ qV — IR,
I=1,|exp 7 ) 1 @)

where the current values are measured with respect to the
applied bias voltage (V) and the constants in this equation
are g, k, n, and T as being an electronic charge, the Boltz-
mann constant, diode ideality factor, and the ambient tem-
perature [38]. On the other hand, [ is the reverse saturation
current in the relation with @, as,

I, = AA*T? [exp <— ql?;o ) ] 8)

where A is the active diode area limited in the diameter of
the dot-metal contact on ZnTe film layer (1 mm), A™ is the
Richardson constant used in the value of 120 A/(cm? K?)
for n-Si [38, 57]. Depending on possible non-ideal diode
behavior under electrical potential, n is used to discuss the
ideality of the fabricated diode where it can be derived from
the linear relation between In(/) and V as,

_ kT ((dlin(D)]
=) ®

Using Eq. 9, linear region in the In(/) and V shown in the
inset of Fig. 9 is modeled in a linear functional analysis by
taking into consideration of V > 3kT /¢ condition in order
to eliminate the possible effects of parasitic resistances [38].
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Therefore, from this linearity in the forward bias region, I,
and n values were found as 5.16 X 10™% A and 3.42 based
on the intercept and slope of the obtained straight-line func-
tion. Equation 8 gives the relation between [ and ®@,, where
the other parameters constant, and thus @, was calculated
as about 0.73 eV. These results are in good agreement with
the works reported for different deposition techniques. @,
and n values were reported as 0.68 eV and 2.63 for this
heterojunction fabricated by thermal evaporated film lay-
ers, respectively [39]. On the other hand, there is a weak
correlation between the results of this current work and the
ones presented for vacuum-deposited ZnTe/Si diode where
@, and n values were 1.93 and 0.28 eV [58] The obtained n
value is also higher than the value of electron-beam evapo-
rated ZnTe/Si diode where it was reported as about 1.86
[32]. According to these results, the observed non-ideal
behavior is a common result with literature, however, the
deviation from ideality in the ZnTe/Si junction is more than
these literature works and it can be attributed to the exist-
ence of unintended interfacial layer between the semicon-
ducting layers, high rate of recombination at the depletion
region and high parasitic resistances [39, 58]. Although the
leakage current is in the range of the results of the simi-
lar works, the deviation from ideality is greater than previ-
ously reported values [39, 50, 58]. This fact can be related
to the inhomogeneous barrier height formation with barrier
patches around the mean barrier [7, 39]. In addition to the
possible effects of parasitic resistance, interface between
these semiconducting layers can be found in an active role
to reconstruct the barrier to charge flow where it can be
attributed to the possible recombination of the carriers at the
interface trap [39, 59]. Together with these parameters, the
parasitic resistances are the possible factors in the current
flow through the diode. Their dominant effects are observed
in the high forward and reverse bias regions, as shown in
Fig. 9. These saturation characteristics in current values are
used to derive the series (R,) and shunt (R;,) resistances at
forward and reverse voltage regions, respectively. Accord-
ing to the Ohm’s law, in general, these parasitic resistances
can be defined as a ratio of current and voltage values in the
form of 0V /0l [38, 60]. In this model, the deviations of the
voltage AV depending on the parasitic resistance effects at a
certain current data can be evaluated by the inverse slope of
these voltage regions. As in the non-ideal diode characteris-
tics, IR term is mainly used to describe the parasitic voltage
drop due to the internal effects in Eq. 7 and also R;, indicates
the leakage current due the metal contacts and the surface
inhomogeneities [38, 60]. Their effects are in the dominant
role for the diode performance, and they are in comparable
values with the similar diode applications, from the forward
and reverse saturated regions, R, and R, values were found
as 780 and 4.7 x 10* Q, respectively [50]. Depending on
the deposition method and applied depositional parameters

@ Springer

together with material characteristics of the deposited ZnTe
thin film, these values are higher than the reported values,
where they are 300 and 1420 Q, for p-ZnTe/n-Si heterojunc-
tions deposited by vacuum evaporation [58].

4 Conclusion

Material characteristics of ZnTe thin-film layer deposited
by magnetron sputtering technique on glass substrate and its
device properties on Si wafer substrate were investigated in
the present study. Structural characterization methods showed
that sputtered films are in a cubic crystalline lattice. These
samples were found to be free from any pinholes and voids
as observed from the surface scan using AFM and having an
average surface roughness value around 1.08 nm. Furthermore,
Raman spectrum presented four vibrational modes around 126,
175, 204, and 406 cm™" and these results were well consistent
with vibrational characteristics of ZnTe and Te, these modes
verified the presence of the ZnTe phase in the film structure.
Optical transmission measurements around a strong absorption
below 750nm indicated its direct band gap characteristic. As a
result, from conventional Tauc plot, Eg value was obtained as
2.26 eV. The temperature-dependent dark and photoconductiv-
ity values showed an exponential increase with temperature.
According to the thermionic emission model, activation energy
values were calculated as 7.0, 20.0, and 43.0 meV from the
linear regions in the conductivity-temperature dependency. It
was deduced that the power dependence of photocurrent with
illumination intensity was related to the two-center recombina-
tion model and m values greater than unity indicate supralinear
photoconductivity in the structure. In the structure of ZnTe/n-
Si, a non-ideal diode behavior was observed with the value of
0.73 eV barrier height and the deviation from TE model was
evaluated with the ideality factor as 3.42. The deviation from
the ideality was associated with the possible surface inhomo-
geneity and trap states active in recombination. In addition,
diode performance was evaluated with the R, and R, values
determined as about 7.8 x 107 and 4.7 x 10* Q, respectively.
These results with polycrystalline structure, low surface rough-
ness, and high band gap characteristics, deposited ZnTe film
layer can be adopted to various device application. Reducing
R, of this heterostructure to a moderate level and improving
interface of ZnTe/Si would end up with more promising practi-
cal results in technology.
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