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INFLUENCE OF ANNEALING AND OPTICAL AGING ON
OPTICAL AND STRUCTURAL PROPERTIES OF ZnO THIN FILMS
OBTAINED BY SILAR METHOD
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In this study, zinc oxide (ZnO) thin films are deposited on fluorine doped tin oxide (FTO) substrates by using
a successive ionic layer adsorption and reaction (SILAR) method. One of the samples is not annealed and others are
annealed at 200,400 and 600 °C, and all the samples are aged under ultraviolet (UV) light for 19 h.

These samples are used to investigate the effect of annealing and aging on the properties of ZnO. Structural
properties of the ZnO thin films are examined with scanning electron microscopy (SEM) and X-ray diffraction
(XRD). Photoluminescence, transmittance and absorption measurements are used to observe the optical proper-
ties of the films. In the literature, there is no study investigating the effect of aging on ZnO thin films deposited with
the SILAR method, hence this study fills the gap in the literature.
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1. Introduction

ZnO 1is a direct band gap semiconductor with
a band gap energy of circa 3.4 eV. It is transparent
over all visible wavelengths and its conductivity
can be changed from a semi-insulator to a semi-
metal depending on its thickness and doping lev-
el. Also ZnO thin films show very high piezoelec-
tric and relatively high thermoelectric properties.
Applications of ZnO technology include develop-
ment of solar cells, light emitting diodes, displays
and sensors [EI].

ZnO can be deposited on various substrates as
a thin film. The synthesis methods are basically
classified as vapour phase and solution based tech-
niques. The solution based synthesis has such ad-
vantages as lower cost, lower temperature require-
ments, scalability and easier handling compared
to those of the vapour phase synthesis. Organic

and inorganic substrates can be used in the solu-
tion based methods, and deposition occurs in both
aqueous and organic solutions or in a mixture of
them [H]. There are several methods used for ZnO
thin film deposition in the literature including
the SILAR method, sol-gel method, chemical bath
deposition, spray pyrolysis, pulsed laser deposi-
tion, atomic layer deposition and electron beam
evaporation technique. SILAR is a simple and eco-
nomic solution based method in which ZnO thin
films are formed from an aqueous solution. Fac-
tors affecting the deposition process are the quality
of precursor solutions, their concentrations, pH
values, complexing agents and individual rinsing
and immersion time periods [H]. Although crystal
structures of ZnO thin films are highly dependent
on the method used and the process parameters,
in general, they form a hexagonal wurtzite crystal
structure with high densities [H].
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In the literature, there are several studies avail-
able about the effects of aging on optical, structural
and electrical properties of ZnO and other thin
films, however, to the best of our knowledge, there
is no study investigating the aging process of ZnO
thin films deposited using the SILAR method. Op-
tical measurements of aged ZnO thin films show
that UV transmittance and green band emission
decrease and near band edge UV emission increas-
es. Also their absorption edges shift to higher ener-
gies [. Effects of aging on thin films obtained
via the SILAR method for other materials have been
explored in the literature. In one of these studies, it
is shown that the current-voltage characteristic of
Cd/CdS/n-Si prepared via the SILAR method is en-
hanced by aging while other electrical characteris-
tics are only slightly changed []. In another study,
it is demonstrated that the electrical parameters of
Cu/CuS/n-GaAs obtained with the SILAR method
do not change significantly with aging []. Also, it
is observed that a ZnS layer improves electron life-
time and charge recombination, and thus the ZnS
layer enhances the aging behaviour of CdSe/CdS/
Zn,SnO, solar cells prepared via chemical bath
deposition and SILAR methods [B].

There are also various studies investigating an-
nealing-induced variations in the structural, mor-
phological, electrical and optical properties of ZnO
thin films. According to the results of these stud-
ies, after annealing, the crystal structures of ZnO
thin films are enhanced [E] and the (002) orienta-
tion becomes weaker, while the (001) orientation
becomes more prominent [14, 15]. Furthermore,
the results of XRD measurements show that the in-
tensities of the diffraction peaks of ZnO films rise,
and they shift to higher diffraction angles with an-
nealing [16]. It is also reported that the grain sizes
of ZnO structures increase [E, @, E, ], while
the surface roughness of ZnO films decreases [@].
The results of the study using different precur-
sors to obtain ZnO thin films show that the crys-
tal quality of ZnO thin films annealed at 350 °C is
enhanced, and the intensities of diffraction peaks
of XRD measurements are significantly increased;
however, it is also noted that vacuum annealing
does not change the preferential orientation of
ZnO thin films []. We also note that increasing
the annealing temperature beyond a certain value
disturbs the crystal structure [], and those new
defects appear with post-annealing [, ].

Annealing enhances the transmittances of ZnO
thin films [@], and their values increase with the
increase of the the annealing temperature [14]. On
the other hand, there are also studies reporting de-
creases in the transmittances at visible wavelengths
after annealing [ﬁ, ]. With annealing, the emis-
sions of ZnO films increase at UV wavelengths and
decrease at blue-green wavelengths [E, E]. In addi-
tion, after annealing, the absorption edge energies of
ZnO films show a red shift [ﬁ]. There are different
results about the effect of annealing on the band gap
energy (Eg). After annealing in oxygen ambient and
open air, the E_values of the ZnO thin films grown
with the SILAR method decrease [@, @]. Converse-
ly, the E_ values of the ZnO thin films grown with
the SILAR method increase after vacuum annealing
with higher E_values with the increase of the anneal-
&
ing temperature [E, , @]. Similar results are also
obtained for the ZnO thin films grown with pulsed
laser deposition and spray pyrolysis methods [%, B].
In this study, ZnO nanorods (NRs) are deposited
on FTO substrates by using the SILAR method, and
the effects of annealing and aging on the structural
and optical properties of ZnO films are investigated.
The ZnO thin films are placed under UV light for
19 h for aging. In the literature, there is no study in-
vestigating the effect of the aging process on ZnO
thin films deposited with the SILAR method, hence
this study fills the gap in the literature.

2. Deposition of ZnO thin films

In the study, the SILAR method is used to deposit
ZnO nanorods (NRs) on fluorine doped tin oxide
(FTO). FTO substrates are cleaned in an ultrasonic
bath with trichloroethylene, acetone and metha-
nol for 300 s, respectively. Cationic solutions are
prepared with 0.1 M ZnNO, and the pH value of
the solution is set to 10 by adding 29% ammonia
solution (NH,OH). After stirred for a few minutes
at room temperature, the solution becomes ready.
A cycle of the deposition process is as follows:

1) FTO substrates are immersed in the cationic
solution for 30 s at room temperature;

2) FTO substrates are rinsed in 90 °C deionized
water for 20 s;

3) FTO substrates are dried in open air for 10 s.

The ZnO NRs are deposited with 50 cycles. Pos-
sible reactions occurring during the deposition of
ZnO NRs are, respectively, as in Egs. (1) to (5) [@]:
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Zn(NO,), + 2NH,0H — Zn(OH)(s)

+2NH,"+2NO,, (1
Zn(OH),(s) +4NH," > [Zn(NH,) J** + 2H O + 2H", (2)
[Zn(NH,),]* + H,0 > Zn* + NH*+ OH", (3)
Zn**+20H - Zn(OH),, (4)
Zn(OH),(s) > ZnO (NR)(s) + H,0. (5)

The prepared samples are annealed at 200, 400
and 600 °C to investigate the annealing effects on
the structural and optical properties of ZnO NRs.
The annealing processes are applied in atmos-
pheric conditions in an ash furnace for one hour.
Also, optical aging is applied to the ZnO NRs by
keeping them under strong UV light for 19 h and
the variations of structural and optical properties

of the samples are observed. The samples are aged
in the Esco Class II safety cabinet, using a 30 W
UV fluorescent lamp emitting at 253.7 nm as
a light source. The samples are placed as close as
possible to the UV light source for the best aging
condition. Irradiance of the source is calculated as
381.23 W/m*.

The aim of these observations is to obtain use-
ful information about the behaviour of ZnO thin
films against aging to be able to produce ZnO thin
film based long-lasting photonic devices.

3. Results and discussion

Surface morphologies and crystal structures of
the samples are investigated by using SEM imag-
ing and XRD measurements. The SEM photos of
the samples are shown in Fig. E] From these photos,
the formation and homogeny distribution of ZnO
NRs on the FTO substrates are observed. But there

Fig. 1. SEM photos of as-deposited and annealed ZnO NRs with 16000x (a), 60000x (b) and

120000x (c) magnification ratios.
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are no significant changes in the grain sizes observed
in the SEM images.

The obtained results of XRD measurements be-
fore and after aging of the samples are shown in
Fig. E All the films are polycrystalline with a hex-
agonal wurtzite structure of ZnO according to
the JCPDS Card No. 36-1451. Other peaks seen
from the XRD measurements belong to the FTO
substrate according to the JCPDS Card No. 46-
1088. (100), (002) and (101) oriented ZnO peaks
are dominant in the results. Especially the (002)
peak of ZnO is higher than the other ZnO peaks
on all graphs. Also, the results show that generally
the peak intensities increase with annealing and so
annealing enhances the crystal structure. The dom-
inant (002) peak decreases at the annealing tem-
perature of 400 °C and then slightly increases at
600 °C. Peak intensities may decrease at 400 and
600 °C because of new defects in the structures due
to high annealing temperatures.

(a)

(b)

Fig. 2. XRD measurement results of the samples be-
fore (a) and after (b) aging.

After aging, the (002) peak intensities remain
the same at the annealing temperature of 200 °C
and increase at other annealing temperatures
while the (100) peak intensities decrease. Also,
the (101) peak intensities increase with aging,
solely the (101) peak intensities of the samples
annealed at 200 °C decrease. In general, the full
width at the half maximum (FWHM) values of
the XRD peaks decrease after aging. Decreas-
ing of the FWHM values show improvements in
the crystal structures with aging.

Photoluminescence (PL), transmittance and ab-
sorbance measurements are performed to examine
optical properties of the samples and their varia-
tions induced by annealing and aging. Band ga
values of the samples are also calculated. In Fig. é),
the PL results of as-deposited and annealed sam-
ples are shown before and after aging.

(a)

(b)

Fig. 3. PL measurement results of the samples be-
fore (a) and after (b) aging.

Two emission peaks around 395 and 464 nm are
obtained from the PL results. Unlike the results pre-
sented in the literature, the values of both emission
peaks are decreased with the increase of the anneal-
ing temperature. Especially, the edge emission peak
emerging around 395 nm shifts and significantly
decreases in intensity at 400 and 600 °C annealing
temperatures while the deep level emission peak re-
sulting from structural defects decreases only slight-
ly (compared to the one at 395 nm). Increasing of
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the number of oxygen vacancies induced by anneal-
ing can cause decreasing of near band edge emission
intensity. After aging, the intensities of PL emissions
decrease. The biggest drop is seen from the sample
annealed at 200 °C. Besides, after aging, the inten-
sity of the PL emission around 530 nm increases
for the as-deposited sample. This may be caused by
formation of new defect levels in the as-deposited
sample during aging. The transmittance results of as-
deposited and annealed samples are shown in Fig. @
before and after aging.

(a)

(b)

Fig. 4. Transmittance measurements of the samples
before (a) and after (b) aging (coloured online).

Annealing causes decrease in the transmit-
tance measurements of the samples. The transmit-
tance of the sample annealed at 200 °C is most
affected by this decrease. The optical transmit-
tance increases in the case of thin films showing
a highly preferred orientation along the c-axis.
Upon light irradiation of the non-oriented film
structure in which growth occurs along the (100),
(002), and (101) directions, the dispersion at
the opaque-grain boundaries causes a decrease of
the transmittances []. Only the transmittance
of the sample annealed at 400 °C decreases and
other transmittances increase with aging. Espe-
cially, the transmittance of the sample annealed at
600 °C increases substantially after aging. In Fig. E,
the absorbance plots of as-deposited and annealed
samples are shown before and after aging.

(a)

(b)

Fig. 5. Absorbance measurements of the samples be-
fore (a) and after (b) aging (coloured online).

The absorption edges of the annealed samples
show a red shift, and after aging, the absorption
edges show slight variations. The variation of
the (ahv)* values of as-deposited and annealed
samples before and after aging are shown in Fig. H
The band gap energies calculated from Fig. § are
tabulated in Table 1.

(a

(ahv)? (107eV2em2) ~—

(b

(axhv)? (107eV2em2) ~—~

Fig. 6. (ahv)? versus the photon energy plots of sam-
ples before (a) and after (b) aging (coloured online).
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Table 1. Band gap energies of the samples before and after aging.

Annealing temperature

Band gap energy (before aging) |

Band gap energy (after aging)

As-deposited 3.16 eV 3.29eV
200 °C 3.14eV 3.25eV
400 °C 3.00 eV 3.04eV
600 °C 2.98 eV 3.00 eV

After annealing, the band gap energies of
the samples decrease. It may be due to the pres-
ence of zinc hydroxide forms such as Zn(OH),. As
the annealing temperature increases, the band gap
energies decrease due to the removal of zinc hy-
droxide and the decrease of defect levels which is
a more common phenomena in chemically depos-
ited thin films. With annealing, the stacking faults
of the samples are also decreased and orientations
of the individual crystallites enhance, so defect
free grain boundaries occur. In addition, the de-
crease in the band gap energies can be attributed
to the increase in grain sizes. Annealing-induced
shifts of the absorption edge energies to lower en-
ergies may occur due to the localization of charges
in individual nanocrystals and may be attributed
to the grain size-dependent properties of the band
gap energy. Similar red shifts in band gap energy
values for the films with smaller thickness and/
or grain sizes have been reported for chemically
deposited thin films []. Also, after aging, slight
increases are observed at the band gap energies of
the samples.

4. Summary

Surface morphologies, crystal structures and opti-
cal properties of ZnO thin films, and variations in
these properties induced by annealing and optical
aging are examined. One of the ZnO thin films pre-
pared with the SILAR method is not annealed and
the others are annealed at 200, 400 and 600 °C in
open air. The examination of these samples shows
the annealing effect on the properties of ZnO thin
films. Also, the samples are optically aged under
UV light for 19 h.

SEM photos and XRD measurements are used
to investigate the structural properties of ZnO thin
films, meanwhile photoluminescence, transmit-
tance and absorbance measurements are used to
investigate the optical properties. The results show
that annealing enhances the crystal structures and

surface morphologies of thin films and the aging
effect on the properties of thin films is related to
the annealing temperature. The ZnO thin films an-
nealed at 200 °C show better aging responses than
the others.
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