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Abstract We exhibit the first nano-crystalline Ge-ZnO
thin films deposited on glass and PET substrates by a
thermionic vacuum arc technique. The effect of Ge dop-
ing on the structural, morphological and optical properties
of ZnO:Ge films were investigated. An X-ray diffraction
(XRD), atomic force microscopy, field emission scanning
electron microscopy (FESEM) and UV-Vis spectropho-
tometer were used for the analysis. XRD patterns show
the polycrystalline structure of the films in the range of
20°-80°. The roughness value for the ZnO:Ge on PET sub-
strate was increased due to agglomeration of the grains.
The results are in a good agreement with the FESEM
images. Using Filmetrics F20 tool, the thickness values of
the deposited thin films were obtained as 60 and 80 nm on
glass and PET substrates, respectively. The optical proper-
ties of the films such as transmittance, absorbance, refrac-
tive index, and reflectance were determined. The band gap
values were obtained as to be 3.43 and 3.38 eV glass and
PET substrates, respectively. It was found that band gap
variation of ZnO is very small with Ge doping.

1 Introduction
ZnO materials are very popular for their technological

applications due to its excellent properties. The ZnO mate-
rial is a wide band gap (~3.3 eV) material of the II-VI
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semiconductor group. ZnO material crystallizes in hexago-
nal wurtzite and cubic zincblende structure. Doped mate-
rial changes the physical properties of the ZnO material.
The doped ZnO material used in the numerous applica-
tion fields in the technological world. These products are
used in varistors, transparent high power electronics, opti-
cal waveguides, solar cells, UV light emitting apparatus,
piezoelectric devices, laser diodes, thin film transistors,
flat display panel and photoconductors fields and etc [1-4].
ZnO has unique and remarkable properties such as high
electrochemical consistency, lack of toxicity, high transpar-
ency between in the range of the 400-700 nm. The material
has a direct band of about 3.37 eV at room temperature as
well as the high binding energy of 60 meV [5]. For dop-
ing of the ZnO material, carbon, gallium, boron, vanadium,
aluminum and other have been represented in the literature
[6-8].

ZnO and doped ZnO materials have been deposited by
different type of synthesis methods such as radio frequency
sputtering [9], molecular beam epitaxy [10], pulsed laser
deposition [11], atomic layer deposition [12], direct current
magnetron sputtering [13], sol-gel method [14], chemical
spray pyrolysis [15], chemical vapor deposition [16], reac-
tive evaporation, spin coating [17], metal organic chemical
vapor deposition [18], electron beam evaporation, thermal
oxidation [19] and etc.

According to the literature, Ge atom replacements the
Zn sites in the ZnO crystal network. This replacement con-
centration can give rise to decrease in the semiconductor
resistance sources by creating of two electrons [20]. On the
other hand, small ionic radius value of the Ge ion (0.53 A)
according to the Zn ion (0.74 A) is another advantage of
easy replacement in the ZnO films. Thus, Ge-doped in the
ZnO structure paved the way of employing of this material
in the industrial applications until easily and prosperous
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substitution of the elements instead of Zn sites [21]. Ge ele-
ment possesses an indirect band gap and its value is equal
to 0.12 eV [22]. In the present research, the germanium
doped ZnO (ZnO:Ge) thin films deposited using a thermi-
onic vacuum arc (TVA) technique on glass and PET sub-
strates. This is the first report on the ZnO:Ge films depos-
ited by TVA method. Then, some physical properties such
as the structural, morphological, surface and optical of
films systematically were studied for the high-resolution
analysis devices. The TVA technique has been made differ-
ent advantages, such as fast deposition process, high purity,
and high surface homogeneity of the deposited films.

2 Experimental details

In TVA technique, the pure arc plasma creates using anode
and cathode. An electron gun as a cathode is used to evapo-
ration of the material. As an anode, tungsten evaporation
boat was used. Ge and ZnO particle were placed into evap-
oration boat. After the reach proper vapor pressure of the
material, material plasma is created by high voltage. In the
coating process, the vacuum chamber was pumped down to
base pressure (5 X 107 Torr). The distance between anode
and cathode was kept constant as to be 3—4 mm. This tech-
nique can work without any buffer or a noble gas. The dep-
osition process and thickness of the films were monitored
using the in-situ thin film thickness measurement appara-
tus. The main deposition procedure of TVA technique was
reported in previous papers [6, 23, 24]. The parameters for
the deposition procedure were listed in Table 1.

3 Results and discussion

Atomic force microscopy (AFM) measurements were done
to evaluate the morphological and surface characteris-
tics of the ZnO:Ge thin films on glass and PET substrates.
Obtained two-dimension and three-dimension AFM images
of the deposited films were exhibited in Fig. 1a—d. The AFM
measurements (Ambios Q-scope) were done in the non
contact mode. The surface parameters such as roughness,

Table 1 Deposition parameters of TVA technique

Samples Zn0:Ge/Glass
ZnO:Ge/PET

Discharge current (A) 0.5

Deposition time (s) 10

Working pressure (Torr) 7x1073

Applied voltage (V) 800

Filament current (A) 18.5
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Fig. 1 Two dimensions AFM images of ZnO:Ge thin films deposited»
on a glass and b PET substrates, three dimensions AFM images of
the films on ¢ glass and d PET substrates, height distribution func-
tion of the films on e glass and f PET substrates, and FESEM images
(50kx magnification) of the films coated on g glass and h PET sub-
strate, respectively

peak—valley variation, skewness, kurtosis were also obtained
by AFM device. All tests were performed in the room tem-
perature situation. It is evident that surface properties such as
roughness value play a crucial effect on the charge transfer
capacity [25]. In addition, the height distribution histogram of
the samples coated on glass and PET substrates were shown
in Fig. le and 1f, respectively. The root mean square (RMS)
roughness of the films evaluated by the below relation [26]:

n

Y (H—H)/N (1)

1=1

R(RMS) =

where, H; and N represented a height of each point and
number of observed surface points, respectively. H, is the
mean of points present on the surface of the investigated
films. As can be seen from Table 2, RMS values of the
samples are different from each other’s. A Supra 40VP field
emission scanning electron microscopy (FESEM) was used
for the surface imaging. Obtained images are shown in
Fig. 1g, h. As can be seen in Fig. 1d, grains of dimensions
are very small. These results are in a good agreement with
the AFM images. According to EDX analyses results, Ge/
Zn mol ratio for coated surfaces are 2.9 or 2.7 for coated
glass or PET substrates, respectively.

X-ray diffraction (XRD) measurements were realized
by Pan Analytical Empryan device for the investigation of
the microstructural properties of deposited ZnO:Ge films
on glass and PET substrates. XRD patterns are shown the
polycrystalline structure of the deposited films in the range
of 20°-80°. Figure 2 exhibits the obtained indexed XRD pat-
tern. ZnO (100), ZnO (101), ZnO (102), ZnO (110) and ZnO
(103) peaks were detected in XRD patterns. It was found that
the peak positions of the crystal planes were shifted. Ge-O
and Ge crystalline phases were detected in the XRD patterns.
This results show that Ge atom substitute for Zn atoms in the
ZnO crystal structure. These results are consistent with the
present literature [27, 28].

The following relation used for calculation of the aver-
age crystallite size of the deposited samples. This equation is
know as Debye—Scherrer equation [29]:

kA
" BcosB @)

where k is the shape factor (0.94), A is X-ray wavelength
(1.5406 A) and f is the expansion in the full width at half
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Table 2 Surface characteristics of ZnO:Ge films on glass and PET
substrates

Samples RMS (nm) Skewness (Ssk) Kurtosis (Skr)
ZnO:Ge/glass 7 0.27 1.14
Zn0O:Ge/PET 30 2.70 9.00

maximum (FWHM) in which calculated as radians, respec-
tively. Moreover, 0 is defined as the Bragg diffraction angle.
Using the estimated average crystallite size values, the dis-
location density (&) and microstrain (g) of the deposited
thin films also evaluated with the Williamson and Small-
man’s relations;

1
b=—5 3)
e ﬁc:sf) @

and, in the same manner, the correlation between the lattice
strain and FWHM of the films is given by:

_ B
€=
4tan @

®

The dislocation density has been distinguished as dis-
location lines in the volume of the films. The parameter
was inferred as the crystal defect of deposited films. Fur-
thermore, mismatch of the lattice at one end compared to
another part of the samples strongly related to dislocation
density value. It is concluded that obtained microstrain
values of the films originate from dislocations, point
defects such as site disorder, vacancies as well as other
imperfections, which exist within the crystal structure. It
is clearly that the value attributed to the growing condi-
tions as well.

In addition, the number of crystallite per unit area (N)
in terms of the thickness of films also expressed from the
relation:

t

NZE

(6)
where, ¢ stands for the thickness of the deposited samples.
The calculated microstructural parameters of the deposited
films are summarized in Table 3.
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Fig. 2 XRD patterns of the ZnO: Ge deposited on (a) glass and (b) PET substrates. (Color figure online)
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Table 3 Calculated XRD

; 20 (") Reflection Phase D (nm) &(m™2)x10"” & x 107 €x107> NC (m™?)

parameters for deposited plane %1013
Ge-doped ZnO samples on glass

and PET substrate ZnO:Ge 29.70 (100) Zn0 22 1.92 1.55 6.20 5.04

films 3571 (101) Zn0 29 1.12 1.18 3.90 2.24

;{‘ms 39.07 (111) GeO, 18 2.85 1.88 5.60 9.11

wb. 4285 (200) GeO, 18 2.99 1.93 5.30 9.81

strate 4726 (102) ZnO 18 2.89 1.90 4.70 9.33

4831 (112) GeO, 22 2.03 1.59 3.90 5.49

57.24 (110) Zn0 23 1.88 153 3.20 4.88

61.71 (103) ZnO 10 8.60 3.28 650  47.8

ZnO:Ge 22.80 (100) GeO, 11 8.14 3.19 16.1 58.8

films 2980 (100) ZnO 25 1.54 1.39 5.50 485

g‘éT 3246 (002) Zno 22 1.93 1.55 5.60 6.80

awb. 3582 (101) Zn0 24 1.63 1.43 4.60 5.29

strate  39.28 (111) GeO, 23 1.75 1.48 4.40 5.85

42.96 (200) GeO, 22 2.01 1.58 430 7.21

4747 (102) ZnO 18 3.03 1.94 480 133

4842 (112) GeO, 22 1.97 1.57 3.80 6.99

56.50 (110) ZnO  22.09  2.05 1.60 3.40 7.42

5734 (211) GeO, 2281  1.92 1.55 3.20 6.74

6133 (103) ZnO 830 145 426 840 140

65.64 (200) ZnO 22.08  2.05 1.60 3.00 7.43

69.10 (201) ZnO 1566  4.08 2.26 400 208

72.88  (004) Zn0 2258  1.96 1.57 2.60 6.95

Absorbance and transmittance graphs of the deposited
films were measurement by Unico UV-Vis spectrophotom-
eter in the range of 300—1000 nm. These graphs are seen in
Fig. 3a, b.

The average transmittance values of the films were
obtained as 90 and 80% on glass and PET substrates,
respectively. The values demonstrate the higher trans-
parency. The optical measurements for all samples were
executed in the room temperature condition. Refractive
indices and reflection graphs were determined by the Fil-
metrics F20 interferometer. These graphs are illustrated
in Fig. 3c, d. These measurements are shown in the range
of 400-1000 nm. The average refractive indices of the
Zn0:Ge films were found as 1.85 and 1.81 for glass and
PET substrates, respectively. In the same way, the reflec-
tance values of the films reduce from 0.1 to 0.07 for glass
and PET substrates, alternately. It can be seen from the
refractive index, n, that the values decrease in terms of
increasing wavelength for all samples [30].

The optical band gap of ZnO:Ge thin films deposited on
glass and PET substrate can be determined by following
equation;

ohv = A(hv-E,)" @)

where A is a constant, & is the incident photon energy. o
is the optical absorption coefficient and E, represented as
optical band gap of the deposited films. In the equation, 7,
refers the electronic transitions of the materials. The n can
attain four different values, that is, 1/2, 2, 3/2 or 3. In this
case, n is equal to 2 because of the indirect transition of the
deposited thin films. The optical absorption coefficient of
the samples calculated the following relation:

o= é in (1/7) @®)

herein, d and T are the thickness and transmittance in terms
of the wavelength of the films, respectively. In the band
gap plot, the optical band gap values can be determined
by extrapolating the related direct lines downwards to the
x-axis [31]. In the same way for all samples, the intersec-
tion of the direct lines can be specified the optical band
values. The band gap values of the samples were founded
as 3.43 and 3.38 eV for ZnO:Ge thin films coated on glass
and PET substrates, respectively. The obtained values are
consistent with values that reported by E.D. Gaspera and
et al. [32]. The band gap graphs of the deposited films were
shown in the Fig. 4. It is clear that there is a reverse relation
between the thickness and band gap values in our results
[33].
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Fig. 3 a Absorbance, b transmittance, ¢ refractive index and d reflectance graphs of the ZnO:Ge thin films deposited on glass and PET sub-

strate, respectively. (Color figure online)
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Fig. 4 Band gap graphs of the ZnO:Ge thin films deposited on glass
and PET substrate, respectively. (Color figure online)
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4 Conclusion

In this paper, the Ge-doped ZnO thin films successfully
grown on glass and PET substrates using thermionic vac-
uum arc technique, for the first time. Some physical prop-
erties of films such as microstructural, morphological and
optical properties were studied. Deposited films are in the
polycrystalline structure according to the XRD patterns.
The calculated average crystallite size of the films have
been obtained between 10.79 and 29.92 nm for ZnO:Ge/
glass and ZnO:Ge/PET samples, respectively. The thick-
ness of the films recorded as 60 and 80 nm for the deposited
films on glass and PET substrates, respectively. RMS val-
ues increase for films coated on PET substrates. According
to the optical results, average transmittance values of the
films defined as 90 and 80% on glass and PET substrates
in the visible region, respectively. The optical band gaps of
the samples were found as 3.43 and 3.38 eV for ZnO:Ge
films coated on glass and PET substrates, respectively.
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