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Abstract

ZnO is a fundamental wide band gap semiconductor. Especially, doped elements change the optical properties of the ZnO
thin film, drastically. Doped ZnO semiconductor is a promising materials for the transparent conductive oxide layer. Espe-
cially, Zr doped ZnO is a potential material for the high performance TCO. In this paper, ZnO semiconductors were doped
with Zr element and microstructural, surface and optical properties of the Zr doped ZnO thin films were investigated. Zr
doped ZnO thin films were deposited thermionic vacuum arc (TVA) technique. TVA is a rapid and high vacuum deposition
method. A glass, polyethylene terephthalate and Si wafer (111) were used as a substrate material. Zr doped ZnO thin films
deposited by TVA technique and their substrate effect investigated. As a results, deposited thin films has a high transparency.
The crystal orientation of the films are in polycrystal formation. Especially, substrate crystal orientation strongly change
the crystal formation of the films. Substrate crystal structure can change the optical band gap, microstructural properties
and deposited layer formation. According to the atomic force microscopy and field emission scanning electron microscopy
measurements, all deposited layer shows homogeneous, compact and low roughness. The band values of the deposited thin
film were approximately found as to be 3.1-3.4 eV. According to the results, Zr elements created more optical defect and

shifted to the band gap value towards to blue region.

1 Introduction

ZnO thin film is one of the most investigated and promis-
ing material of the II-VI semiconductor compounds. ZnO is
composed in hexagonal wurtzite crystal structure. ZnO thin
films are used to in the field of optoelectronics, nanotechnol-
ogy, sensor, transparent conductive oxide (TCO), solar cell
windows, field-effect transistor, heat mirror and etc [1-5].
To obtain tunable properties of the ZnO semiconductor
should be doped with variously element. For the ZnO thin
film deposition, variously methods have been used such as
sol-gel [1], RF magnetron sputtering [2, 3], vapor liquid
solid catalytic [4], pulsed deposition [5], spray pyrolysis [3],
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and so on. ZnO material can be doped with various elements
such as Al, In, Cu, Fe, Sn [6, 7], Mg [8], B [9], Fe [10], Pb
[11], etc. Nunes et al. stated that the properties of the ZnO
thin films strongly depends on the presence of the oxygen
vacancies and interstitial zinc [3]. The optical properties of
the ZnO thin film can be changed with experimental condi-
tions [12] as well. In general, ZnO shows the different prop-
erties which related with the morphology of nanostructures
[13].

Zr doping element is promising materials for the ZnO
semiconductor, because Zr doped ZnO is a potential TCO
material [14-25]. TCO materials are key component for the
various applications and a novel TCO material is search-
ing instead of the indium tin oxide. It has not find a novel
TCO material, yet. When ZnO semiconductor thin film
was Zr doped, the carrier concentration of the ZnO thin
film decreases and the transparency of the film increased
[14-25]. The ionic number of the zirconium element (+4)
is higher than the zinc element (+2) [17]. The band gap of
the Zr doped ZnO semiconductor changes according to the
Zr element ratio [14, 17]. Approximately at 10% Zr in ZnO
semiconductor, band gap values are very close to 3.50 eV.
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For a small doping ratio or un-doped ZnO semiconductor,
the band gap value is obtain as to be 3.2 eV. Also, Zr cre-
ates some defects related with the Zr ratio in semiconductor
[19]. So, Zr element is a critical elements for the shift band
gap value towards to the blue region. Approximately varia-
tion for band gap of 300 meV in band gap of Zr doped ZnO
semiconductor can be measured.

In this paper, the microstructural, surface and optical
properties of the Zr doped ZnO thin films were investi-
gated. Thin films were deposited by Thermionic vacuum
arc (TVA) technique. These properties are key properties of
a semiconductor. X-ray diffractometer, atomic force micros-
copy, field emission scanning electron microscopy, UV-Vis
spectrophotometer, Interferometer and Photoluminescence
device were used to determine the microstructural, surface
and optical properties of the Zr doped ZnO semiconductors.
In this paper, the substrate effects were also investigated
for the Zr doped ZnO thin film. As a substrate, standard
microscope slide, polyethylene terephthalate and Si wafer
(111) were used.

2 Experimental

TVA is a plasma coating technology and it works under the
high vacuum condition. Metal and non-metal materials can
deposit easily. TVA is a fast deposition technology in plasma
conditions. Many materials can be coated by using TVA
technology. In this paper, ZnO material was doped with Zr
metal via TVA technology. Doped semiconductors can be
deposited rapidly and easily thanks to TVA. A TVA system
have a two electrode, which named as anode and cathode.
Anode was a Mo evaporation boat. ZnO and Zr metal were
placed inside of the anode [26—-29]. Cathode is an electron
gun, which works with high AC current of 21.3 A. When
AC current passing through overall the tungsten filament,
thermoelectrons creates onto surface of the filament. After
the electron production, these are focused onto materials via
Wehnelt cylinder. Accelerated voltage is a DC voltage and
its applied between the anode and cathode of the TVA elec-
trodes. All electrodes were placed inside a vacuum chamber.
Before thin film deposition, vacuum chamber was pumped
to base pressure approximately 5 x 107> torr. For a thin film
deposition, electron gun starts the electron emission. The
emitted electrons accelerated by a high DC voltage towards
to the anode materials (Zr and ZnO). The evaporation of
the materials started by the emitting electrons. At reach
the sufficiently vapor pressure, DC high voltage is applied
and a bright arc discharge is seen in the interelectrodic
region. After the plasma ignition, applied voltage drops to
the lower value and simultaneously bombardment current
reaches to the higher value. This is called as discharge cur-
rent. In a plasma condition, the deposition rate is very high

according to the other physical vapor deposition process and
chemical vapor deposition process. Compared the quality
of the films, the thin films deposited by TVA have some
advantages. Especially wall and precursor impurity plays
important role for the semiconductors quality [26-29]. The
TVA process, doesn’t require any precursor and buffer gas.
So, these impurity trace cannot detect in film composition.
Especially, NH; and water cannot find in the deposited film
composition [26-29]. The deposition parameter values are
given in Table 1.

All substrates were cleaned before the coating process.
Distilled water and ethyl alcohol were used for the cleaning
procedures in ultrasonic bath.

3 Experimental results

Zr doped ZnO thin films were deposited onto glass, PET
and Si substrate using TVA technique. The thickness of
the Zr doped ZnO thin films were approximately measured
as 70 nm. The thicknesses of the films were measured in
Cauchy model by a Filmetrics F20 thin film thickness meas-
urement system. Microstructural properties were investi-
gated by a X-ray diffractometer. Panalytical Empyrean X-ray
diffractometer was used for the analyses in the 2-theta range
from 20° to 80°. Obtained XRD patterns are seen in Fig. 1.
A Pixel 3d detector was used in Bragg—Brentano geome-
try. Compared the XRD patterns, crystalline structures for
the crystalline and semi crystalline substrate are different
from the amorphous substrate crystalline structure. Consid-
ering the XRD patterns of the Zr doped ZnO thin films,
Z1;0, ZrO, and ZnO phases were detected for all samples.
These films are in alloys form and they are contains mixed
phases of the metal oxides [14, 18, 30]. In XRD patterns,
any bi-metallic oxide reflection was not detected. This is a
important findings and show the very good adherence with
the published paper in literature [14, 18, 30]. But, Zhang
et al. show the bi-metallic oxide phases [19]. The calcu-
lated crystallite sizes and XRD data are shown in Table 2.
Crystallite sizes calculations were done by using Scherrer
equation [28, 29]. Calculated crystallite sizes are bigger than

Table1 The TVA deposition parameter and their values for the Zr
doped ZnO

Parameter (unit) Value
Filament current (A) 21.3
Filament voltage (V) 13
Discharge current (A) 0.5
Deposition pressure (torr) 1x107*
Accelerated voltage (V) 1300
Coating duration (s) 60
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Fig.1 XRD patterns of the Zr doped ZnO thin films deposited onto
(a) glass, (b) PET, and (c) Si wafer substrates

value published in Tsay and Fan [14]. Also, Intensities of the
obtained XRD pattern are bigger than the interested paper
[14] and smaller than the literature [20]. All obtained data
are in good agreement with JCPDS card. Used JCPDS card
numbers are 93-153-5865 for Zr;0, 96-101-0913, 96-900-
9052, 96-900-5835, 96-810-4265 for ZrO, and 96-900-4182
for ZnO.

According to the XRD patterns, microstructural proper-
ties of the deposited films were different from the each oth-
ers. Si wafer is in (111) direction. Polyethylene terephthalate
(PET) substrate is in semi-crystalline form.

Surface analysis of the Zr doped ZnO thin films were
done by Ambios Q-Scope AFM and FESEM analyses. Crys-
tallites and granules can be clearly seen in AFM images as
shown in Fig. 2a—c. The smallest granules were imaged in
Fig. 2c. AFM images were taken non contact mode at room
temperature. Scanning frequency of the AFM was adjusted
to 6 Hz. FESEM images of the Zr doped ZnO thin films are
illustrated in Fig. 2d—f.

All images are taken by Zeiss Supra 40 VP field emis-
sion scanning electron microscopy device. Nano particles
can be clearly seen in the FESEM images. According to
obtained results from Fig. 1, the images grains and crys-
tallites are different from the each other. Especially, grains
onto glass substrate are closely related to the ZrO, phases.
ZrO, crystallites show the colon structure. This results are
obtained from the AFM image (Fig. 2a) as well. Moreover,
some ZnO crystallites formation can be seen in Fig. 2d. In
the same time, influence of the substrate crystal properties
are illustrated in AFM and FESEM images.

The crystallite sizes were measured by the AFM. Mean
crystallite sizes were found as to be 50 nm, 25 nm, and
10 nm for the Zr doped ZnO thin films deposited onto glass,
PET, and Si substrate, respectively. The crystallite sizes were
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illustrated in Fig. 3. The roughness of the films were meas-
ured 20 nm, 5 nm, and 1.5 nm for the glass, PET, and Si
substrate, respectively. These findings are related with the
AFM and FESEM images.

Optical properties are important for the two-dimensions
structures. Two dimensions structures should be a trans-
parent in optical region. Transmittance, absorbance and
refractive index graphs are illustrated in Fig. 4. Transmit-
tance and absorbance graphs of the Zr doped ZnO were
obtained from the UV—Vis spectrophotometer data in the
range of 200—1100 nm. Refractive indices measurements of
the deposited films were taken by Filmetrics F20 Thin Film
Measurements System in the range of 400—1000 nm. Cauchy
model was used for the refractive index and thickness meas-
urement analysis. Optical analysis were done for the glass
and PET substrates. The coated PET samples are transparent
and coated glass substrate is semi-transparent. The transpar-
ency values of the coated films are approximately 40% and
80% for the glass and PET substrate, respectively. Refrac-
tive index (n) values are changed in the range of 1.55-2.00.
For the deposited films on glass substrate, refractive indices
value increased with the increasing wavelength (nm). The
n value of the refractive indices for the deposited film on Si
substrate was decreased by increasing photon wavelength
(nm). For the Zr doped ZnO coated PET, n value is slightly
decreasing in optical region.

The bang gap graphs of the Zr doped ZnO thin films are
shown in Fig. 5a. Bang gap value was estimated the follow-
ing equation;

ahv:B(hv—Eg)m (D

a = 2303 %‘ @)

where o is an absorbance coefficient, 4 is Planck constant,
v is frequency of the incident photon, B is a constant, E, is
band gap, A is absorbance, measured from the UV-Vis spec-
trophotometer, and ¢ is the thickness of the deposited films,
measured by the Filmetrics F20 thin film measured system.
Integer m is a constant, m = 1/2 for direct allowed transition,
m =2 for indirect allowed transition, m =3 for direct forbid-
den transition and m=3/2 indirect forbidden transition of
a semiconductor. Band gap plots were obtained from the
absorbance values, measured by UV-Vis spectrophotometer.
The band gap values are approximately 3.3 eV and 3.45 eV
for glass and PET substrate, respectively. Perkin Elmer LS
55 Photoluminescence spectrophotometer (PL) was used to
measure the band gap of the deposited Zr doped ZnO thin
film onto glass, PET and Si, respectively. Obtained PL spec-
tra are illustrated in Fig. 5b. PL spectra were recorded in the
range of 2.6-3.8 eV. PL device gives the band structures of
the Zr doped ZnO thin films.
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Ta.ble 2 Calculated . 20 (°) Diffraction phase Miller indices Crystallite

microstructural properties for size, CS

the Zq doped ZnO thin films (nm)

deposited onto glass, PET and

Si substrate Onto glass substrate 29.3675 71,0 (104) 27
39.3400 Zr0, (210) 15
43.2279 Zr0, 121) 17
44.5409 Zr0, (112) 14
47.5263 Zn0O 012) 11
48.5764 710, (212) 16
60.9002 Zr0, (311) 26

Onto PET substrate 29.2144 Zr;0 (104) 27
30.7226 Zr0, ai1n 26
32.4013 ZnO (100) 31
35.8003 Zr0, (102) 26
39.2400 ZrO, (210) 21
42.9871 Zr0O, 121 27
44.5947 Zr0, (112) 20
47.3851 Zn0O 012) 21
48.3751 Zr0O, (212) 20
60.5903 ZrO, (311) 20
69.1642 Zr;,0 (223) 109
77.1497 Zr;0 (226) 57
Onto Si substrate 29.3291 Zr;0 (104) 27

30.8011 ZrO, (111) 31
32.4571 ZnO (100) 26
35.8611 ZrO, (102) 27
39.3571 Zr0, (210) 27
43.1291 Zr0, 121) 27
44.6011 Zr0, (112) 26
47.4531 ZnO 012) 17
48.4651 Zr0, (212) 17
60.7011 710, (311) 18
69.1651 Zr;0 (223) 109
77.1691 Zr;0 (226) 115

Moreover, PL device gives the defect in the electronic
transition and optical properties. In obtained PL spectra,
band structures are very board for the Zr doped ZnO thin
film deposition onto PET substrate and its’ value is near to
3.4 eV. For a Zr doped ZnO thin film deposited on the glass
substrate, the band gap value is smaller than the value of the
deposited film onto PET substrate. It was measured about
3.1 eV. For the film deposited onto Si substrate, band gap
value is approximately 3.2 eV. According to the PL spectra,
Zr doped ZnO thin films deposited onto various substrate
materials have different optical transition, but these transi-
tions are near the band gap value. Except for the Zr doped
ZnO thin film deposited onto PET substrate, other thin films’
band gap values were decreased.

The obtained band gap values are bigger than the related
literature [17]. Herodotou et al. states the band edge shift

according to Zr element ratio and they proved the results by
optical analysis of the doped semiconductor. In higher Zr
concentrations, the band gap values are bigger than the lower
concentration Zr in ZnO semiconductor. So, obtained band
gap values are very close to the literature values [14-25].
The differences in the band gap values were affect the
absorbance edge of the deposited thin film semiconductor
onto glass, PET and Si wafer.

4 Conclusion

In this study, the substrate effect was investigated for the
Zr doped ZnO semiconductor. Zr doped ZnO layers were
deposited onto glass, PET and Si wafer. In XRD patterns,
Zr0, and ZnO peaks were detected. Any bi-metallic oxide

@ Springer



18102

Journal of Materials Science: Materials in Electronics (2018) 29:18098-18104

Zﬁnm 2'0_0nm

(e) (f)

Fig.2 Surface images of the Zr doped ZnO thin films for deposited onto glass, PET, and Si substrate, respectively. AFM images are illustrated in

a—c. FESEM images of the films are illustrated in d—f

XRD reflection was not detected. According to the field
emission scanning electron microscopy results, oxide Zr
nano crystals can easily detected. Especially, nano crystals in
the FESEM images for deposited glass substrate are bigger
than the crystal deposit on the other substrate. Mean crystal-
lite sizes were found as to be 50 nm, 25 nm, and 10 nm for
the Zr doped ZnO thin films deposited onto glass, PET, and
Si substrate, respectively. The roughness’s of the films were
measured 20 nm, 5 nm, and 1.5 nm for the glass, PET, and

@ Springer

Si substrate, respectively. This findings are supported the
atomic force microscopy results Zr doped ZnO is a promis-
ing TCO semiconductor. It’s band gap can change depends
on Zr doping ratio. According to the literature, Zr ratio for
higher concentration about 10%, the band gap values nearly
equal to 3.5 eV. In obtained thin films, the band gap values
are close to 3.3 and 3.5 eV and values were changed by
substrate. The transparency of the deposited films onto glass
sample is very high.
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Fig.3 Height distribution function graphs of the Zr doped ZnO thin
films deposited onto (a) glass, (b) PET, and (c) Si substrate
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Fig.4 Transmittance, absorbance and refractive index graphs of the
Zr doped ZnO thin films deposited onto (a) glass, (b) PET, and (c) Si
substrate
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Fig.5 Band gap plot of the Zr doped ZnO thin films deposited onto a
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