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In this study, the effects of annealing temperature and thickness on zinc oxide formation in ZnO/glass thin
film systems were investigated. For this purpose, ZnO thin films with thicknesses of 150-300 nm were obtained
by thermal evaporation and then annealed in a range of 200-400°C in air. The structural, optical, and electrical
characterizations of ZnO/glass films were obtained. According to structural investigations, the deposited films
contain Zn rich phases due to low oxygen content. By increasing the annealing temperature, the X-ray diffraction
intensity of the Zn peaks that belongs to Zn rich phases is decreased and the ZnO phases were starting to form by
oxidation at 300°C. After 300 °C, polycrystalline ZnO phases are formed in all samples and at 400 °C, ZnO films
become completely transparent. Scanning electron microscopy and atomic force microscopy analysis show that
nanorods are formed on the surface of the ZnO films. It appears that these nanorods exhibit a random distribution
and after annealing, columnar ZnO nanostructure growths occur more regularly. The electrical sheet resistances
and resistivity analyses indicate that there is a transition from conductive Zn rich phases to semiconductor ZnO
phases. This dramatic resistance increase is due to the transition from dark brown Zn rich phases to transparent
ZnO phases. Moreover, the optical transmittance increases to up to 85% after annealing. Optical band gap values

are calculated as 3.11-3.41 eV from UV-vis transmistance analysis.

DOI: 10.12693/APhysPolA.136.432

PACS/topics: ZnO thin film, thermal evaporation, annealing, ZnO nanorod, XRD, SEM, AFM techniques

1. Introduction

Metal oxides and especially ZnO material have an im-
portant place in electronic and optoelectronic device ap-
plications [1-3]. Adjusting the electrical, optical, and
structural properties of ZnO material makes this mate-
rial very advantageous for the desired applications and
makes it important for material science. ZnO at room
temperature has 3.37 eV band gap and 60 meV exciton
binding energy [4-10]. Because of its superior electri-
cal/optical properties, ZnO can be used in many ap-
plications such as LEDs, laser diodes, gas sensors, and
photodetectors [11-16].

Many methods are used to produce ZnO thin films
such as sputtering, spray pyrolysis, sol-gel, and thermal
evaporation [17-24]. In this study, ZnO thin films were
obtained by thermal evaporation method on glass sub-
strates. This technique is advantageous over other meth-
ods since it has a low cost, simple, and easily control-
lable parameter [18]. In most of these methods Zn thin
films are first deposited and annealed in air environment
to form ZnO thin film [17, 18]. However, in this study,
ZnO films were deposited on glass substrates by evapora-
tion of ZnO particles and then ZnO films were obtained
by annealing in air environment. In addition, differ-
ent thicknesses of ZnO/glass film systems were obtained
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and annealed at different temperatures. According to the
literature, ZnO particles are decomposing to Zn and O
atoms during evaporation.

The presence of atomic oxygen in the deposition cham-
ber is effective during film formation and thus Zn-rich
phases occur [21]. As-deposited ZnO films with low
oxygen content cause complete oxidation at low an-
nealing temperature relative to films obtained from Zn.
For this reason, in this study, it is aimed to obtain Zn
rich films with low oxygen content during evaporation of
ZnO particles and then to produce ZnO films by anneal-
ing. Furthermore, in thin film systems the morphology
of the films strongly depends on thickness and tempera-
ture [4-22]. Therefore, the structural, electrical, and op-
tical properties of the ZnO/glass thin film systems ob-
tained in this study were investigated in depth. The ob-
tained results were compared with the film growth con-
ditions and parameters to produce ZnO thin films with
optimum properties for different applications.

2. Experimental details

In this study, ZnO thin films were deposited firstly on
the glass substrate of ZnO pellets with 99.99% purity and
1-3 mm diameters by thermal evaporation using the Ed-
ward high vacuum system with a base pressure of about
1 x 107 Torr. The glass substrates were cut into small
pieces of 10 mmx10 mm for resistivity measurements.
The substrates were then cleaned using standard chemi-
cal cleaning. Prior to film deposition, ZnO particles were
subjected to a glow discharge under high vacuum so that
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the film was well attached to the substrate. ZnO films
with a thickness of 150-300 nm were deposited on this
substrate by thermal evaporation. The thickness of the
obtained ZnO thin film systems (with low oxygen con-
tent) was determined by the quartz crystal oscillator dur-
ing film deposition with a sensitivity of £0.1 nm.

Secondly, ZnO thin film systems were annealed for 2 h
at temperatures: 200°C, 300°C and 400°C. The thick-
ness values of the films are 150 nm, 250 nm and 300 nm.
Structural analyses of all these films were made by
using X-ray diffraction, scanning electron microscopy,
and atomic force microscopy. Philips X’Pert Pro X-ray
diffractometer with Cu K, line was used to determine for
structural crystallographic phases. The SEM measure-
ments were performed using the Philips XL-30S FEG
Scanning Electron Microscope and the AFM measure-
ments were taken with Ambient AFM Nanomagnetics
Instruments.

In addition to structural analysis, electrical and
optical analyses of all these films have been made. The
sheet resistances of ZnO films were measured at room
temperature using the classic van der Pauw technique.
Optical transmittance measurements were performed
with spectrophotometer in the wavelength range of
200-900 nm. Optical band gap values were obtained
from the absorption spectra using the relation [21]:

aht = A (W9 — E,)'/?. (1)

3. Results and discussion

8.1. XRD measurements

XRD spectra of the ZnO thin film systems annealed
at different temperatures (200 °C to 400°C) are shown in
Figs. 1-3 as a function of the selected films of 150, 250,
300 nm thickness. As seen from Figs. 1-3 as-deposited
samples show only Zn peaks observed at 20 = 37°,
20 = 39° and 20 = 43° which are Zn (002), Zn (100), Zn
(101), respectively. This result shows that as-deposited
samples have low oxygen content and Zn rich phases oc-
cur. On the other hand, annealed samples show oxida-
tion behavior by increase of the temperature. Oxidation
mechanism is quite important during ZnO formation and
depends on the composition and structure of the film.
When we increase the annealing temperature from 200 °C
to 400°C, the Zn phases decrease in intensity first, and
then the ZnO phases begin to form. After annealing at
200°C, some Zn phases reduction is occur. At 300°C, Zn
phases disappear and ZnO phases become visible because
of the oxidation. This indicates that the Zn phases are re-
placed by ZnO. At 400°C, ZnO phase intensities increase
and sharp ZnO phases are formed. These results and ox-
idation mechanism of ZnO are quite similar to Bouhssira
et al. They have observed that the lowest temperature
of complete oxidation is 300°C for ZnO formation [21].
Furthermore, XRD analyzes of our film set of 250 nm and
300 nm obtained in this study showed similar behaviors

to the 150 nm film set given above. Although, as the film
thickness increases from 150 nm to 300 nm, intensities of
the ZnO phases decrease. The ZnO structure exhibit non
preferential orientation, because many ZnO peaks such
as (100), (101), (002), (102), (110) are present. Besides,
unlabeled peaks correspond to some impurity phases in
Figs. 1-3. Depending on the growth mechanisms in
ZnO formation, different directions may occur in every
method. For example most of thin films have Zn (002)
preferential orientation which is observed for sputtering,
pulse laser deposition, or spray pyrolysis. We have used
thermal evaporation method and obtained ZnO thin films
which have polycrystalline hexagonal wurtzite structure
in this study.

ZnO (101)

150 nm

ZnO (100)
~.ZnO (002)

-ZnO (110)

intensity

20 30 40 50 60 70 80
20 (degree)

Fig. 1. XRD spectra of the ZnO thin films of
150 nm thicknesses with different annealing tempera-
tures: (a) as-deposited, (b) at 200°C, (c) at 300°C,
(d) at 400°C.
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Fig. 3. As in Fig. 1, but for films of 300 nm thick-
nesses.

3.2. SEM and AFM measurements

The SEM images obtained from ZnO films annealed
at different temperatures (200°C to 400°C) are shown
in Figs. 4-6 for the films of 150, 250, 300 nm thickness.
SEM studies reveal that nanorods are formed on the sur-
face of all ZnO films. It has been observed that these
nanorods on the surface have a random distribution after
annealing. As the annealing temperature increases from
200°C to 400 °C, these nanorods grow in a columnar way
and completely cover the surface. In addition, clusters
have formed on the surfaces of these columnar nanorods.
These regions appear white in SEM images. Consider-
ing the XRD studies, it is thought that these structures,
which show transition from zinc (Zn) rich phases to zinc-
oxide (ZnO) phases, are due to the increased oxygen con-
tent. Our SEM measurements also show that as the same
behavior is observed in our other 250 nm and 300 nm
glass-carrier ZnO film sets.

AFM images of the ZnO films shown in Figs. 7-8
clearly reveal that the nanorods grow in a columnar way
and come together to bring the nanorod clusters along the
surface. AFM analysis shows that nanorod cluster sizes
firstly decrease to 200-300 nm with temperature increas-
ing to 300°C, then increase to 700-1000 nm for 400 °C.
For this reason boundary density due to the agglomera-
tion of nanorods is firstly increasing and then decreasing.
After annealing, Zn phases are replaced by ZnO phases
and at 300°C, which is transition temperature in this
study, Zn completely transform to ZnO phases. Mini-
mum ZnO nanorod cluster sizes have been obtained at
300°C in all our ZnO film sets. At 400°C, ZnO phases
with higher intensity occur. These changes in the struc-
ture are also manifested by the average roughness val-
ues in AFM analyzer. The mean roughness values corre-
sponding to the nanorod agglomeration (cluster), shown
in Fig. 8 and Table I, display us the same behaviour due
to the phase transformation from Zn rich phases to ZnO.

Fig. 4. The SEM images obtained from ZnO films an-
nealed at different temperatures (200 °C to 400 °C) for
the films of 150 nm thicknesses. (a) As-deposited,
(b) at 200°C, (c) at 300°C, (d) at 400°C.

Fig. 5. As in Fig. 4, but for films of 250 nm.

(a)

Fig. 6. As in Fig. 4, but for films of 300 nm.
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Fig. 7. AFM images of the selected ZnO film of 150 nm
thickness with different annealing temperatures: (a) As-
deposited, (b) at 200°C, (c) at 300°C, (d) at 400°C.

The mean roughness values of the as deposited Zn rich
films are quite high because of the higher deposition rate
(4-5 nm/s) of our thermal evaporation. According to the
literature, if the film is deposited with higher rates, it has
higher surface roughness and higher grain size [25, 26].
After annealing of these films to 300 °C, mean roughness
values are decreased 2—3 times and phases transform to
ZnO structure because of the oxidation.
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Fig. 8. 3D AFM images and mean roughness values of
the selected ZnO films of 150 nm thickness with different
annealing temperatures (a) As deposited, (b) at 200 °C
(c) at 300°C, (d) at 400°C.

TABLE I

Mean cluster size and roughness values of the ZnO films which is obtained from AFM analysis

As-deposited Annealed at 200°C Annealed at 300°C Annealed at 400°C
ZnO /glass samples Cluster | Roughness | Cluster | Roughness | Cluster | Roughness | Cluster | Roughness
size [nm| | value [nm| | size [nm] | value [nm] | size [nm| | value [nm]| | size [nm| | value [nm)|
SET 1 thickness 150 nm 465 190 585 116.9 272 53.9 666 77.6
SET 2 thickness 250 nm 652 230 658 82 282 89 1030 160
SET 3 thickness 300 nm 765 78.7 643 108.6 413 46.1 674 100
3.8. Optical pro )
D properties @) )
The optical transmittance spectra of the ZnO film with / /
thickness of 150 nm are presented in Fig. 9. Optical * S y
.. . . g os / e
transmission increases with temperature from 200°C to 2 7
400°C. The transmittance value for the deposited film H — ? /'/
with thickness 150 nm is between 0.1-0.5% in visible " /"/ /
range. As-deposited samples appear dark brown as the 1
light transmission is very low. This is due to the fact %0 P o % o w0 o %
that we obtain Zn-rich phases before annealing. o) “1(d)
After annealing, oxidation occurs and ZnO phases be- © ///H{_ o e
gin to form. If the annealing temperature increases to 3w / Y /
400°C, the value of the transmittance is increased to 85% £ / /
in our films. The Zn phases are replaced by ZnO phases 8 N ﬂ “ /
after annealing, and the films show a transparent appear- » / ©
ance which is shown in Fig. 10 clearly. If the annealing of /,J
temperature increases, defect number of the film is de- % P % % “mo P A %

creased because of the improvement of the stoichiometry.
When the light loss due to the scattering of defects is de-
creased, the light transmittance is increased. Figure 9
shows that in our 150 nm ZnO thick films annealed at
300°C has the light transmittance between 60% and 85%

‘Wavelength(nm) ‘Wavelength(nm)

Fig. 9. The optical transmittance spectra of the ZnO
film with thickness of 150 nm with different annealing
temperatures: (a) as-deposited, (b) at 200°C, (c) at
300°C, (d) at 400°C.
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in visible area. As the film thickness increases from
150 nm to 300 nm, light transmittance decreases be-
tween 30% to 75% in visible range for annealed samples
at 300°C. In all our film sets (150-300 nm), the most
prominent examples in which the transition to the zinc-
oxide (ZnO) phases are observed are those annealed at
300°C for 2 h.

©)) (b)

Fig. 10. Color change images of the ZnO thin films of
150 nm thicknesses with different annealing tempera-
tures: (a) as-deposited, (b) at 200°C, (c) at 300°C, (d)
at 400 °C.

The band gap of the ZnO films corresponding to an-
nealing temperature for 300-400°C was calculated by
plotting (ahr)? versus photon energy using the relation
(ahv)? = B(hv — E,) [21]. The energy band gap value
E, is calculated by extrapolation of the straight line of
the plot are shown in Figs. 11-13. The energy band gap
values changes slightly with annealing temperature. It
varies from 3.41 eV to 3.31 eV for 300°C to 400°C for
the films of 150 nm ZnO, respectively. As the film thick-
ness increases to 250 nm, band gap values changes be-
tween 3.24 eV and 3.11 eV for 300°C to 400°C. For the
300 nm ZnO sample these values become 3.13 eV and
3.23 eV. As a result, optical band gap values are found
in 3.11-3.41 eV range for all ZnO films.

8.4. FElectrical characterization

The electrical resistivity measurements of the ZnO
films obtained in this study were made using the classical
van der Pauw technique. The results obtained are given
in Tables II-IV. Table II gives the resistivity values of the
150 nm ZnO film set. As deposited sample with thickness
of 150 nm has a sheet resistance of 34.92 /00 at room
temperature which contains rich Zn. After annealing
(200°C—-400°C) Zn phases shifts to the ZnO phases by
entering of oxygen. This change shows itself increasingly
in the sheet resistances of our film samples. Especially
at 300°C, where the transition from Zn to ZnO takes
place, a sudden rise occurs in the resistance of the sample

~
Q
~

Eg = 3.41+0.01 eV

(onhv)2

16 20 24 28 32 36

(b) (

(ochv)2

Eg = 3.31+0.01 eVJ
| S Rl e Rt iage] el oual] e La

12 16 20 24 28 32 3.6
hv (eV)

Fig. 11. The plot of (ahv)? versus photon energy (hv)
for ZnO thin films of 150 nm annealed at various tem-
peratures: (a) at 300°C, (b) at 400 °C.
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Fig. 12. Asin Fig. 11, but for films of 250 nm.
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Fig. 13. As in Fig. 11, but for films of 300 nm.

TABLE II

The electrical sheet resistance and resistivity measure-
ments (at room temp. = 300 K) of the ZnO film set of

150 nm thickness

700 film set of 150 nm Sheet resistance| Resistivity
(/0] [€2 cm]
as-deposited sample 34.92 5.2 x 1074
annealed at 200°C for 2 h 941 1.4x 107
annealed at 300°C for 2 h| 3.7 x 10° 55.5
annealed at 400°C for 2 h| 8.52 x 10° 127.8
TABLE IIT

The electrical sheet resistance and resistivity measure-
ments (at room temp. = 300 K) of the ZnO film set of

250 nm thickness

700 film set of 250 nm Sheet resistance| Resistivity
[2/0] [2 cm]
as-deposited sample 19.98 5x 1074
annealed at 200°C for 2 h 433.5 1.1 x 1072
annealed at 300°C for 2 h| 8.3 x 10° 207.5
annealed at 400°C for 2 h| 14.2 x 10° 355
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TABLE IV

The electrical sheet resistance and resistivity measure-
ments (at room temp. & 300 K) of the ZnO film set of

300 nm thickness

700 film set of 300 nm Sheet resistance| Resistivity
/0] [€ cm)]
as-deposited sample 7.72 2.3x 1071
annealed at 200°C for 2 h 142.8 0.43 x 1072
annealed at 300°C for 2 h 7.4 x 108 222
annealed at 400°C for 2 h 13.6 x 10° 408

film (3.7 MQ/0O). When we increase the annealing tem-
perature to 400 °C, the resistance increases and the con-
ductivity decreases slightly. These changes in electrical
properties are in agreement with XRD studies. It can be
explained by the fact that the peaks of the Zn phases de-
crease first, and then these structures completely trans-
form to ZnO phases after annealing. Furthermore, de-
pending on the change of the zinc-oxide phases, the light
transmittance after annealing is also compatible with
the change in electrical measurements. Transparency in-
creases especially in the cases where transition from Zn-
rich phase to ZnO phase is observed.

4. Conclusions

In this study, ZnO/glass film systems were obtained
by thermal evaporation of highly pure ZnO particles fol-
lowed by annealing in air atmosphere. The effect of an-
nealing temperature and film thickness on ZnO formation
was investigated.

XRD analyses have revealed that ZnO structures were
not observed in as-deposited films. These films have
only Zn phases (with low oxygen content). After an-
nealing from 200°C to 400°C, these films show oxida-
tion behavior. At 200°C, some Zn phases reduction oc-
curs. At 300°C, which is important temperature in this
study, Zn phases disappear and ZnO phases become vis-
ible. This indicates that the Zn phases are replaced by
ZnO. In particular, (100), (002), (101), (110), (102), and
(103) orientations belonging to the ZnO phases have oc-
curred. Hence, polycrystal ZnO structures have been
formed which do not have a preferential crystallographic
orientation in our films obtained by thermal evaporation
followed by annealing. Furthermore, XRD analyzes of
our film set of 150, 250 nm, and 300 nm obtained in this
study showed similar behaviors given above. Although,
as the film thickness increases from 150 nm to 300 nm,
intensities of the ZnO phases and crystallinity decrease.

SEM and AFM studies show that all ZnO films are
formed as nanorods and completely cover the surface.
In addition, clusters have formed on the surfaces of
these columnar nanorods. FElectrical resistivity mea-
surements showed transition from highly conductive Zn
thin film to a lower conductive ZnO films. Further-
more, optical transmittance of the ZnO films increased
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to 85% after annealing. Band gap values of the ZnO
films almost decreases slightly with increasing tempera-
ture and thickness. The band gap value varies between
3.11 and 3.41 eV.

Finally, we can say that from the characterization re-
sults ZnO samples with 150 nm thicknesses which were
annealed at 300°C for 2 h have the best physical prop-
erties. These ZnO nanorod structures which have good
optical and electrical properties are preferred for opto-
electronics and sensor applications.
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