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Production of zinc oxide thin films and crystals in different
deposition times and investigation of their structural, optical
and electronic properties
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An aqueous colloidal solution was prepared at 80 °C and pH = 9 from suitable chemical compounds to produce zinc
oxide (ZnO) crystals and thin films. The ZnO crystals were grown in the colloidal solution under special conditions. Their
micrographs showed ZnO rods with hexagonal structure. The number of the rods, increased over time. The ZnO thin films
were produced on glass substrates in the same colloidal solution using the chemical bath deposition (CBD) method in different
deposition times. The produced films were post-annealed for about one hour at 400 °C. Crystalline structure, phase transitions
and nanostructure of the films were investigated by X-ray diffraction (XRD), scanning electron microscopy (SEM) and atomic
force microscopy (AFM). ZnO wurtzite structure was dominant, and by increasing the deposition time, the films became
more crystalline. Nanostructure of the films changed from rod to wire and transformed into pyramid-like structures. Also,
morphology of the films changed and re-nucleation ocurred. Optical reflectance was measured in the wavelength of 300 nm
to 800 nm with a spectrophotometer. Other optical properties and optical band gaps were calculated using Kramers-Kronig
relation on reflectivity curves. Second harmonic generation was calculated by Z-scan technique. Nonlinear refraction and real
part of susceptibilities were obtained. Both positive and negative nonlinear refractions appeared in the ZnO films. It is important
for the use in optoelectronic devices. Electronic properties were assessed by the full potential linearized augmented plane wave
(FP-LAPW) method, within density functional theory (DFT). In this approach, the generalized gradient approximation (GGA)
was used for the exchange-correlation potential calculation. The band gap structure and density of states were calculated.
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1. Introduction properties [2], such as piezoelectricity [3], optical
absorption [4], photoluminescence [5], and sen-
sitivity to gases [6] and chemical agents. Also,

its nanostructures are desirable for the use in

Zinc oxide (ZnO) is a wide-band gap II-VI
semiconductor with a hexagonal wurtzite struc-

ture [1]. Among various semiconductors, ZnO has
gained considerable attention due to its unique
properties and applications. ZnO nanostructures
(NSs) are of intense interest since they can be
grown with different morphologies by a variety
of methods. ZnO naturally exhibits n-type semi-
conductor polarity due to native defects such as
oxygen vacancies and zinc interstitials. P-type
doping of ZnO is still a challenging problem,
hindering the possibility of manufacturing ZnO
p-n homojunction devices. ZnO is an important
wide-band gap semiconductor with many useful
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microelectronic devices, as well as in many appli-
cations, including, chemical sensing [7], biological
diagnosis, energy conversion [8], energy storage,
light emitting, and optical storages. These are
factors which further contribute to the resurgent
attention in ZnO. From a technological point of
view, ZnO may be prepared in a form of films by
different deposition techniques such as sol-gel [9],
chemical vapor deposition (CVD) [10], physical
vapor deposition (PVD) [11], sputtering [12], elec-
trodeposition [13] and ink-jet printing [14]. Optical
(both linear and nonlinear) properties are generally
influenced by a specific growth technique and by
deposition parameters. The second order optical
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response expected in bulk ZnO non-
centrosymmetric crystals is not worth being
shown in ZnO films grown by laser deposition,
reactive sputtering and spray pyrolysis. The hy-
drothermal growth technique is promising due
to its low cost and for scaling up the synthesis
of nanostructures. The chemical bath deposition
(CBD) method is an example of the hydrothermal
methods. By studying the reflectance spectra of
films deposited on solid surfaces, optical constants
for the films (real and imaginary part of refractive
index n and k) can be determined [15]. There are
many different methods for determining the optical
constants of a material. One of the most common
techniques is Kramers-Kronig analysis which has
been used to determine the optical constants over
the whole measurement range [16]. Development
in linear methods for solving the band structure
problem during the last two decades has totally
resolved the limitations that were present in other
contemporary band structure techniques. Linear
methods are used to calculate a wide range of
electronic properties. Recent studies have revealed
that ZnO thin films have a strong nonlinear second-
order susceptibility x(® and hence, can be used
for efficient second harmonic generation [18, 19].
The full potential linearized augmented plane
wave (FP-LAPW) [17] is a powerful theoretical
method to determine the electronic properties of
investigated compounds.

In this study, we have used a colloidal aque-
ous solution for development of ZnO crystals. The
CBD method was also used for synthesis of ZnO
thin films in the same colloidal solution, with sim-
ilar deposition parameters such as growth temper-
ature, pH value and material concentration, but in
different chemical deposition times. According to
the author’s knowledge, there is no report about si-
multaneous comparison of structural, optical and
electronic properties of ZnO thin films prepared by
CBD method. The properties of the ZnO thin films
were systematically investigated as a function of
deposition time. The objective of this research in-
cludes detailed nanostructural characterization of
the coated films. The films have been character-
ized by different techniques such as X-ray diffrac-
tion (XRD), scanning electron microscopy (SEM),

atomic force microscopy (AFM), spectrophotome-
try, Kramers-Kronig relation and Z-scan technique.
Also, the FP-LAPW method was used to calcu-
late band structure and density of states of the ZnO
films.

2. Experimental

Prior to chemical deposition, substrate clean-
ing is a necessary step. Standard 1 mm thick
glass slides were used as substrates. Acetone, iso-
propanol and deionized (DI) water were sepa-
rately used in ultrasonic bath to clean the sub-
strates. 0.5 mM of zinc acetate (Zn(CH3COO),)
solution, ammonia solution (NH4OH) and thiourea
(CS(NH;),) were separately prepared as aqueous
solution in several flasks. The formed mixtures
were thoroughly stirred for one minute in order to
dissolve all ingredients and get them homogeneous.
Immediately, colloidal aqueous solutions appeared.
The chemical formula to produce the ZnO thin
films and nanostructures is as follows:

2NH;3+ H,0 <> 2NH, +20H ™~
Zn(CH3;COO), +4NH,| + Zn(NH;);+
+2CH;COOH +2H*

H>0 <> OH™ +H"Zn(NH;);" +20H "~

— ZnO+ H,O+4NH; (D)

All the flasks were heated at 80 °C. For syn-
thesis of the ZnO crystals, the reaction flasks were
kept at 80 °C without stirring for about one hour.
Immediately, the reaction flasks were fixed un-
der special conditions (atmospheric pressure and
near 0 °C temperature) in a stable position. The
ZnO crystals were also grown in these conditions.
To produce the ZnO thin films, the flasks were
continuously stirred. The cleaned substrates were
maintained vertically in the reaction flasks for one,
two and three-hour deposition times. The produced
ZnO thin films were post-annealed at 400 °C for
about one hour. Micrograph pictures of the ZnO
crystals were obtained by using BX43-OLYMPUS
optical microscope. Crystal and phase structure of
the deposited ZnO films were identified using an
X-ray X’Pert MPD diffractometer (CuK« radia-
tion, A = 0.15406 nm) with a step size of 0.03 and
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count time of 1 s per step. Nanostructures were in-
vestigated by SEM (S-3400, Hitachi, Japan). Sur-
face physical morphology was obtained by means
of AFM (Dual Scope™DS, 95-2%). Reflectance of
the films was determined with UV-Vis spectropho-
tometer (Hitachi, U-3310). Kramers-Kronig rela-
tions were derived to calculate optical properties
such as n, k, 0y, —0, and optical band gap energy.
Z-scan technique developed by Bahae et al. is a sin-
gle beam method for measuring the sign and mag-
nitude of a nonlinear refractive index n, [20, 21]. A
Q-switched Nd:YAG laser (Spectra Physics LAB-
1760.532 nm, 7 ns, 10 Hz) was used as the light
source. The FP-LAPW method from Wien2k pack-
age was used to calculate the band structure and
density of states.

3. Result and discussion

3.1. Crystal growth in colloidal aqueous
solution

Fig. 1. The micrograph pictures of ZnO crystals ob-
tained in colloidal aqueous solution (a) 2 days,
(b) 4 days and (c) 7 days after experiment.

Fig. 1 depicts the ZnO crystals after two, four
and seven days of growth, respectively. In all the
micrograph photos, the ZnO rod structures are vis-
ible, and by increasing the time of growth, number
of rods increases and becomes denser. The results
are in agreement with structural analysis that will
be presented.

3.2. Structural properties of ZnO thin
films

3.2.1. X-ray diffraction analysis

Fig. 2 shows the XRD patterns of ZnO thin
films produced in this work. ZnO has two differ-
ent crystal structures: cubic and wurtzite (hexago-
nal) lattices. In this study, the wurtzite (hexagonal)
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Fig. 2. XRD patterns of ZnO thin films produced by

CBD method: (a) 1 hour, (b) 2 hours and (c)
3 hours.

structure was the prominent structure, although for
the one-hour-deposited film, small peaks related to
the cubic structure appeared. As we know, deposi-
tion methods and annealing temperatures highly af-
fect crystalline orientations. By increasing the time
of deposition, phase transition takes place and films
become more crystalline.

Table 1 shows XRD diffraction peaks accord-
ing to JCPDS Card No. 36.1451, corresponding to
(4 00) and (4 4 0) reticular planes which are sim-
ilar to the ones reported by Goncalves et al. [22].
According to the Scherrer formula, the increase in
grain size in a film leads to decrease in FWHM of
XRD spectra [6]. Similarly, for the film produced
in this work, by increasing the chemical deposi-
tion time, hence the size of grains, XRD peaks be-
came narrower (FWHM decrease). The noisy back-
ground and a wide peak at 20° to 30° come from
the amorphous SiO; substrate. The interplanar dis-
tances for wurtzite phases of ZnO thin films were
assessed by the position of Ko component of all the
most intensive lines registered in the XRD patterns.
The crystallite size was estimated from the FWHM
of these peaks using the Scherrer formula [23]:

D— kA
~ BcosO

2

where D is the crystallite size, k is a constant taken
to be 0.94, (3 is the full width at half maximum
(FWHM) and A is the wave length of the X-ray.
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Table 1. XRD diffraction peaks of ZnO films.

2 (hk1 Sign Sample Crystal structure
32 (100) # L II, 11 wurtzite
34.5 002) * L II, 1T wurtzite
36.4 101 + L II, 11 wurtzite
4784 (102) ° I, IL, 111 cubic
wurfzite
56.72 (110) A L 1L, 101 cubic
wurtzite
62.8 (103) [ | 1L, 11T wurtzite
68.33 112) ¢ II, TII wurtzite

Strain in the films was calculated from FWHM of
the prominent peaks using the relation:

_ BcosH
£y

The values of strain and grain sizes are shown
in Table 2.

3)

3.2.2. Scanning electron microscopy analysis

The nanostructures of the ZnO films were in-
vestigated by using SEM which is an important
technique to study structures at nanoscale. The
SEM images of the ZnO thin films grown at dif-
ferent chemical deposition times are demonstrated
in Fig. 3.

It is seen that, the ZnO grains covering the sub-
strate grew perpendicular, parallel and oblique to
the substrate. After one hour deposition, the ZnO
NRs with well identified hexagonal facets were ob-
tained and shown in Fig. 3a. The ZnO grains with
37 nm size are hexagonal in cross-section, densely
packed, and most vertically-aligned. This growth
habit is commonly observed for ZnO nanorods
grown via CBD method. Fig. 3b shows the SEM
image of the ZnO nanostructures produced in two-
hour chemical deposition time. The ZnO nanos-
tructures are composed of nanowires with a grain
size of 68 nm. The nanorods grown in the depo-
sition time of one hour (Fig. 3(a)) are shorter in
length and wider than those grown in two hours
(Fig. 3b). Fig. 3c displays the ZnO thin film ob-
tained after three hours of drposition. The tips
of the produced nanostructures at the inlet are
highly tapered and form pyramid-like structures
with 75 nm grain sizes. The changes in growth

Fig. 3. Scanning electron microscopy images of ZnO

thin films produced by CBD method for: (a)
1 hour, (b) 2 hours and (c¢) 3 hours.

habit from a rod to a wire and to pyramid-like
structures are caused by changing the growth time
and growth velocities of the ZnO crystal faces.
The SEM images are completely in agreement with
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Table 2. General characteristics of ZnO films.

Sample Deposition time Cluster size [um] S[t(r;in Grain size [nm]
0
I 1h 0.5 1.01 37
1I 2h 1 0.43 68
111 3h 1.6 0.29 75

the XRD diffraction patterns, and different nanos-
tructure shapes result from different chemical de-
position times.

3.2.3. Atomic force microscopy analysis

Fig. 4. AFM images of ZnO films produced by CBD
method for: (a) 1 hour, (b) 2 hours and (c)
3 hours.

Fig. 4 shows atomic force microscopy images
of the ZnO films produced by the CBD method. In
Fig. 4a, conical ZnO grains along with voids be-
tween them cover the surface of the substrate. By
increasing chemical deposition time to two hours,
morphology of the film completely changed and
hill-like clusters along with re-nucleation process

(bright spots) appeared. Due to supersaturation
process that happens most of all in CBD method,
fraction of voids increased. The grains have des-
orbed to the colloidal aqueous solution. The time
for desorption of the grains in this method depends
on the kind of deposited material. Fig. 4c shows
the AFM image of the ZnO film after three-hour
chemical deposition time. As can be seen, the film
became more complete and denser, re-nucleation
process was more distinct and the fraction of voids
decreased. The grains became bigger and cluster
sizes increased with increasing chemical deposi-
tion time. The cluster sizes were measured by AFM
software and are shown in Table 2.

3.3. Optical properties

3.3.1.
tions

In this work, Kramers-Kronig relation was used
to calculate the phase angle O(E) as was extensively
explained in our earlier works [15, 16]:

Linear optics, Kramers- Kronig rela-

dE

Ey
o(E) _% / InR(E) — InR(Ey)
0

E?—E?

1 R(E E,+E

+—1In (E) In 2
2n R(EQ) ‘Ez—E‘
1

y {4(52)2"H] (2n+1)

+— “)

T n=0

where E is the photon energy, E, the asymptotic
limitation of free-electron energy and R(E) is the
reflectance. Hence, the 8(E) function can be cal-
culated. Then, the real and imaginary parts of the
refractive index were calculated, from which other
parameters were obtained. The results for optical
properties are as follows:

Fig. 5 shows the reflectance curves of the ZnO
films produced in this work. As can be seen,
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Fig. 5. Reflectance curves of ZnO films obtained at dif-
ferent chemical deposition times.

the ZnO film produced in three hours has the high-
est reflectance, whereas the one produced in two
hours shows the lowest reflectance. The results are
similar to those reported in the work by Wen et
al. [24], and are consistent with structural analy-
sis. We can observe a decreased fraction of voids
and completely configured film for three-hour de-
position time and also, supersaturation for adsorp-
tion of the grains to the colloidal aqueous solution
and increased fraction of voids for two-hour de-
position time. In Fig. 6a, the real part of the re-
fractive index n is depicted. All the curves have
the same trend. By increasing the time of chemi-
cal deposition in the first step (Sample II), diluted
film was produced, so n decreased while in the sec-
ond step (Sample III), dense and complete film was
achieved, therefore n increased. Fig. 6b displays the
imaginary part of the refractive index. In general,
the film produced in 3 hours, and the film produced
in 2 hours had the highest and the lowest, extinc-
tion efficiency. From 1.4 eV up to 2.9 eV, peculiar-
ities correlate with each other, due to the compe-
tition between desorption and adsorption of grains
by increasing the deposition time. Fig. 7a shows
the real part of conductivity 0. In general, the
three-hour deposited film and two-hour deposited
film show the highest and the lowest conductivity,

gl )

2.8

2].3
E [eV]

Fig. 6. The real part (a) and imaginary part (b) of re-
fractive index of ZnO films obtained at different
chemical deposition times.

respectively. The same competition can be ob-
served in o, curves. The imaginary part of conduc-
tivity oy is shown in Fig. 7b. The —o; curves show
the same trend as that of the o curves.

Fig. 8 displays the experimental band gap en-
ergy. The wurtzite structure ZnO has a direct band
gap, so the optical band gap Eg of the films can be
calculated by following equation [25]:

(ahv)* = (hv —Eg) (5)
where hv is the photon energy and « is the experi-
mental absorption coefficient given as:

_2E

*= e

k(E) (6)



96

H. KANGARLOU, P. ESMAILI

E [eV]

Fig. 7. Real part (a) and imaginary part (b) of conduc-
tivity of ZnO films obtained at different chemi-
cal deposition times.

Table 3. Band gap energy values of ZnO films.

Sample Band gap energy [eV]
I 3.11
I 3.21
11 3.08
DFT method 2

where c is the velocity of light and k(E) is the imag-
inary part of the refractive index.

Table 3 shows the values of band energy for
the films produced in this work. In agreement with
conductivity, Sample III has the lowest band gap
value, whereas Sample II has the highest band gap

3.8

Fig. 8. The band gap curves of ZnO films different
chemical obtained at deposition times.

value. According to chemical stochiometric for-
mula (ZnO) and the results of conductivity and
band gap, Sample II contain the highest number
of negative ions O™, while Sample III contain the
highest number of positive ions Zn™.

3.3.2. Nonlinear optics, Z-scan technique
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Fig. 9. Normalized transmittance curves of ZnO films
obtained at different chemical deposition times.

Fig. 9 displays normalized transmittance ob-
tained in this study by Z-scan A = 532 nm
analysis. As can be seen, both the positive
and negative nonlinear refractions have appeared.
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For Samples I and II, nonlinear refraction is posi-
tive, which means that self-focusing occurs and the
films can be used as convex lens. Sample III acts as
concave lens, which is caused by the negative value
of nonlinear refraction.

Difference between the normalized transmit-
tance at the peak and valley can be calculated from
equation 7 [26]:

AT, ~0.406(1 —5)**" Az (7)
where AZ is the peak nonlinear phase change, and
s is the transmittance of aperture in the absence of a
sample. The nonlinear refractive index is obtained
from:

27

AT = —nmly (L)Leff

1 ®)

where A is the laser wavelength, L. is the effec-
tive length given by, Leg = (172[&), « is the linear
absorption coefficient that has been calculated in
linear optics by the Kramers-Kronig method and L
is the sample length.

The real part of the nonlinear susceptibility
Rex ) is given by the following equation:

3 _ o2

Re= 3z ©

where ng = 2.008 is the general linear refractive
index of the ZnO semiconductor.

Table 4 shows the value of linear and nonlin-
ear refractive indices and nonlinear susceptibility
at A = 532 nm wavelength for the films produced
in this work. Binary NLO results of this work are
related to the CBD method and type of chemical
bonds and energies between atoms. Therefore, we
can use the produced films in optoelectronic de-
vices.

3.4. Electronic properties

Density-functional theory (DFT) calculations
have been performed using the FP-LAPW method.
We have used generalized gradient approxima-
tion (GGA) [27] in the form of the PBEsol func-
tional [28], implemented in the WIEN2K pack-
age [29]. The muffin tin radius for Zn and O has
been set to 1.99 and 1.71 a.u., respectively. We
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Fig. 10. Calculated electronic band structure of zinc ox-
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Fig. 11. Calculated DOS of zinc oxide.

have set Rgmax = 7.5, optimized the ZnO lattice
parameters for a k-point grid of (24 x 24 x 24)
and obtained equilibrium values of a = 2.239 A
and ¢ = 5.228 A, comparable with experimental
values of a = 3.25 A and ¢ = 5.207 A [30]. The
band structures are shown in Fig. 10, and den-
sity of states calculated by GGA-PBEsol method
is presented in Fig. 11. Direct transition from I' —
I' is clear. The value of the band gap has been
calculated as 2 eV.
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Table 4. Linear and nonlinear refractive index and nonlinear susceptibility values.

Sample ng |n2|(mV2) Rzl(mVZ)
I 3.4 2.54 x 10714 5.41x 107
I 2.4 2.02x 1074 432 %1073
I 3.9 2.79 x 10714 594 x 107>

4. Conclusions

ZnO crystals and thin films were produced from
suitable aqueous colloidal solutions. The ZnO crys-
tals were grown at atmospheric pressure and near
zero temperature conditions. The films were de-
posited from the same colloidal solution using
CBD method, in different deposition times (1 h,
2 h and 3 h). The produced thin films were post-
annealed at 400 °C for about one hour. Micro-
graphs of the ZnO crystals, depict ZnO rods with
hexagonal structure that increase in number with
time. Crystallographic directions of the ZnO films
and grain size were investigated by XRD anal-
ysis. The wurtzite structure was dominant, and
with increasing the deposition time, number of
wurtzite peaks increased and they became sharper.
Nanostructure of the ZnO films was investigated
by SEM analysis. The SEM images showed that
the nanorods (in Sample I), nanowires (in Sam-
ple II) and pyramid-like structures (in Sample III)
have grown in the films. The morphology of pro-
duced films was studied by AFM, and it was chang-
ing with the deposition time. Due to supersatura-
tion process, the hemispherical grains (in Sample I)
were converted into hill-like grains and as a re-
sult fraction of the voids increased (Sample II). Re-
nucleation process and decreasing fraction of the
voids led to more complete film for Sample III.
Optical properties of the produced films were cal-
culated by Kramers-Kronig relation on reflectivity
curves in visible light wavelength range. Supersat-
uration process, desorption of grains and increased
fraction of voids in Sample II on the one hand, and
preparation of complete film, re-nucleation and de-
creased fraction of voids in Sample III on the other
hand, resulted in increasing trend for n, k, o and
— 07 in Sample III and decreasing one in Sample
II. At some energies, the curves crossed each other,

which resulted from the competition between the
desorbing and adsorbing grains in the films. Exper-
imental band gap decreased for sample II, meaning
that the film in Sample II was more dielectric than
that in Sample I and Sample III. By increasing de-
position time, the ratio of positive ions Zn™ was
increased, but conversely, the ratio of negative ions
O~ was decreased which was in agreement with the
conductivity curves and band gap values. The non-
linear behavior of the films was confirmed by the
Z-scan analysis. A rare event occurred in the pro-
duced films. Sample I and Sample II had positive
nonlinear refraction, while for Sample III, n, was
negative. It means that we can use these films in
optoelectronic devices. The value of nonlinear re-
fraction and real part of susceptibility were calcu-
lated and compared with the linear refraction index.
Electronic properties were calculated by the FP-
LAPW method within the DFT. In this approach,
the GGA was used for the exchange-correlation
potential calculations. The band gap structure and
density of states were plotted.
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