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ABSTRACT

In recent years, ZnO films are among the preferred transparent conductive
oxides because of their advantageous properties such as being nontoxic, low
cost and abundant in nature. In this study, undoped and Nd doped ZnO films
were produced on microscope glass substrates with the spray pyrolysis tech-
nique, which is an economical and easily applicable method, at a substrate
temperature of 380 °C. From the X-ray diffraction patterns, the crystal structures
of all films have a preferential orientation (002). It is observed from the XRD
peak intensities that the ZnO film with a 3% Nd doping has a (100) preferential
orientation. The increase in Nd dopant concentration is the reason for changing
the preferred direction of the grains completely. The average particle sizes of the
films were calculated using Scherrer and Williamson-Hall method. It was
determined that the film with 2% Nd doped crystallized better than other films
and the largest particle size belongs to this film. The transmittance spectra of Nd
doped ZnO films were taken using a UV-Vis spectrophotometer. The optical
transmittance spectrum of the films shows that in the visible region, all films
have a value of over 90%. Optical band gap values were calculated using these
spectra. According to the results obtained, it was determined that the optical
band value of the ZnO film decreased first with the Nd contribution, and started
to increase when the amount of dopant increased. The surface morphology of
the films was analyzed by optical profilometer and surface roughness values
were determined. It indicates that the films grown on the glass substrate, as
observed in the XRD analysis of the films, consist of nanoscale particles. It has
been observed that the surface roughness of the films varies with the increasing
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amount of Nd. To investigate the surface conditions of the films, the scanned
electron microscopy (SEM) images of the obtained films were taken. From the
SEM images, it was observed that the surfaces of the films were similar to each
other, were nonporous and homogeneous. With this study, the effect of Nd
doping on structural, optical and superficial properties of ZnO films was
investigated and it was determined that Nd doping of ZnO films were suit-
able materials for optoelectronic applications.

1 Introduction

Semiconductor materials form the basis of electron-
ics. The developing and changing world has caused
different needs to emerge every day. Especially in
recent years, studies on semiconductor technology
have gained speed [1]. Zinc oxide (ZnO), one of the
most used nanostructured materials in semiconduc-
tor technology, has a wide optical conductivity and
high electrical conductivity at room temperature of
about 3.37 eV. Besides, this semiconductor has high
transmittance in the visible region [2]. It is of great
importance for nano-devices in terms of morpholog-
ical, mechanical, electronic, optical, and structural
features. Especially Al doped ZnO nanorods can be
used as a leg of a nanogenerator for thermoelectric
energy harvesting [3]. ZnO semiconductor thin films
are an important material used in many scientific
types of researches because of their low cost, non-
toxic, environmentally friendly and can be easily
doped with different elements [4]. They are used in
the structure of many electronic circuit elements such
as thin film transistors, high power electronic circuits,
light emitting diodes (LED), field effect transistors
(FET), sensors, solar cells [5-10]. Since the crystal
structure of ZnO is hexagonal wurtzite, its electrical,
morphological, and optical properties can be changed
by heat treatments or various dopants. Because of
these important properties, zinc oxide thin films are
generally preferred.

ZnO thin films are obtained with a wide range of
deposition techniques; such as, chemical vapor
deposition (CVD), pulsed laser deposition (PLD), sol-
gel spin coating, hydrothermal synthesis, magnetron
sputtering and electrodeposition [11-16]. Compared
with these methods, the spray coating method is the
easiest and cheapest method of obtaining a thin film.
The advantages of the spraying method are also
enormous. Among them, it is quite simple, it is more
economical in terms of necessary equipment, it is

@ Springer

suitable for intervention in the production process,
there is no need for vacuum media for thin film
production and the production process can be fol-
lowed step by step [17]. This method allows for
n-type and p-type dopants. The quality of the film
may vary with some parameters; such as substrate
temperature, spraying ratio and film thickness.
Experimental parameters such as the spray nozzle
diameter, the nozzle lower base distance, and the
pure water ratio are also important in obtaining a
good film. The droplet size of the sprayed solution
plays a big role in the quality of the film [18]. It is
possible to come across produced ZnO thin films
using the spray technique in the literature. The gen-
eral purpose of these studies is to investigate the
physical properties of the obtained ZnO thin films
[19-23].

When studies conducted in recent years are
examined, ZnO films are doped with many elements
and their physical properties are investigated. Hav-
ing a wide range of optical bands, ZnO becomes a
suitable material for optoelectronic devices if it is
doped with elements called rare earth (RE) elements.
When ZnO is doped with rare earth ions, it not only
allows the absorption of high energy photons gap,
but also allows a more efficient energy transfer to rare
earth ions [24]. ZnO doped with rare earth metals (Pr,
Eu, Sm and La) with spray technique are impressive
materials due to their ability to change some physical
properties [25-28]. RE elements placed in ZnO films
can modulate the surface structure and induce the
change of optical properties such as band gap and
transmittance. Also, RE elements are suitable as
doping materials owing to their electronic transitions
and high conductivity occurring in 4f energy shells
[29]. Particularly, films containing Nd ions are a good
candidate for optoelectronic devices because of the
playing carrier donors and energy transfer [30]. Nd>*
has an ionic radius of 0.108 nm which is slightly more
than the host Zn>* radius of 0.083 nm. Nd doped
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ZnO leads to a band gap narrowing although the
dopant is in + 3 states [31].

When compared with some physical properties of
Nd-doped ZnO thin films obtained in vacuum-re-
quiring environments, which are summarized in
Table 1, obtaining similar results by using a simple,
cheap, useful method that does not require a vacuum
environment reveals the importance of this study.

In this study, undoped and Nd doped ZnO thin
films have been deposited on glass substrates with
the spray pyrolysis technique. We aim to produce
films that can be used in some optoelectronic devices
and especially semiconductor thin film solar cells by
using the spray pyrolysis technique and to examine
the effect of Nd contribution to the optical, surface,
and structural properties of films.

2 Experimental
2.1 Substrate cleaning

In order for the film to be obtained to be homoge-
neous and good physical properties, the substrates
must be clean. Therefore, one of the most important
steps in film production is the cleaning of the sub-
strate to be used. In this study, microscope glass
substrates were cut to ~ 1 cm x 1 cm with the help
of a diamond cutter. Firstly, glass substrates were
washed with deionized (DI) water for 20 min at 60 °C
with an ultrasonic mixer to remove impurities on the
substrates. Substrates extracted from DI water were
immersed in methanol and acetone and washed at
60 °C for 20 min with an ultrasonic mixer. The glas-
ses rinsed with DI water were finally dried in an oven
at 100 °C for 1 h. Thus, the glasses are ready for use
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for experiments. The production of the film on the
cleaned plaster was made immediately without
waiting.

2.2 Preparation of the solutions

As-deposited and Nd doped ZnO films (% wt 1, 2, 3)
were produced on microscope glass substrates at
380 °C temperature using the spray pyrolysis tech-
nique. [Zinc acetate Zn (CH;COO),2H,0] (Merck)
chemical salt was used as the source of Zn and O.
Starting solution was prepared at a concentration of
0.3 M. As the Nd source, the neodymium (III) nitrate
hexahydrate [Nd (CH;COO),-6H,0] (Sigma Aldrich)
with 99.99% purity was used. Five different solutions
were prepared depending on the Nd dopant. Then,
the solution mixtures were subjected to constant
stirring for 15 min at room temperature to produce a
homogeneous and clear solution and it was used as a
source for spray technique.

2.3 Obtaining thin films

The prepared substrates and solutions were placed in
the chemical spray system. The distance between the
tip of the ultrasonic atomizer and the samples was
adjusted to be 30 cm. The controller was pro-
grammed to cool to 25 °C after going up to 380 °C for
60 min and waiting for 60 min for 380 °C. When the
temperature of the substrate was 380 °C, the sample
holder started to be rotated at a constant speed to
obtain homogeneous samples. The power supply of
the ultrasonic atomizer was operated at a frequency
of 100 MHz and the atomizer was also pressed into
70 bar of dry air.

Table 1 Comparison of some parameters obtained vacuum-deposited Nd-doped ZnO thin films to our work

Deposition technique  Crystallite size Optical band gap Average optical transmittance ~ References
(nm) V) (%)

Nd doped Pulsed electron beam  12-13 3.27-3.30 - Nistor et al.
ZnO [32]

Nd doped RF magnetron 11-26 - - Huang et al.
ZnO sputtering [33]

Nd doped Pulsed laser - 3.26-3.47 90 (visible) Nistor et al.
ZnO [34]

Nd doped Spray pyrolysis 1840 3.28-3.32 90-95 (transparent) In this work
ZnO
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2.4 Characterization

The surface morphologies of the undoped and Nd
doped ZnO films were studied using the Quanta FEG
250 scanning electron microscope (SEM). SEM images
were taken under 1.00 or 2.00 kV voltage to prevent
damage to the film surfaces. X-ray diffraction (XRD)
spectra of the films were taken using the EXPLORER
XRD device at 20 = 20°-80° in 0.02° steps, at 15 rpm
sample holder rotation speed. XRD measurements
were performed with monochromatic CuKa
(/. = 154059 A) beam. In addition to supporting SEM
images, optical profilometer analyzes (Contour GT,
Bruker) were also obtained to get more detailed
information about the surface morphology of the
studied samples. Optical properties were evaluated
by UV-Vis spectrophotometer (Shimadzu UV-3600
Plus) in the wavelength range of 200-1000 nm. All
characterization measurement were taken at Erzu-
rum Technical University High Technology Research
and Application Center (ETU-YUTAM).

3 Results and discussions
3.1 XRD investigations

In the XRD method, X-ray analysis is carried out
through the substance. The intensities and widths of
the peaks are examined from the X-ray diffraction
patterns to determine whether the films crystallize
well or poorly. High-density sharp peaks in the XRD
spectrum of a sample indicate low FWHM values
indicating high crystallinity, while the opposite
indicates low crystallization. For Nd doped and pure
ZnO thin films, X-ray diffraction patterns were
measured in the EXPLORER X-ray diffractometer
using a CuKo beam with a wavelength of
4 =0.154 nm. In Fig. 1, the X-ray diffraction pattern
of pure, 1%, 2% and 3% Nd added ZnO films are
given. In the diffraction patterns, six peaks generally
originating from the planes (100), (002), (101), (102),
(103) and (112) were observed. This shows that the
films have a poly-crystal structure.

Since the doping level is very low, no peaks of
Nd,O; and Nd(OH); phases related to Nd dopant are
observed. The highest peak is seen in pure ZnO thin
film. Besides, the preferred orientation for pure, 1%
and 2% Nd doped ZnO films is the plane with the
highest peak intensity (002). The pure ZnO thin film
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Fig. 1 XRD diffraction pattern of pure and Nd doped ZnO thin
films

has a high preferential orientation along the (002)
plane. This shows that the pure ZnO thin film exhi-
bits a strong c-axis orientation perpendicular to the
substrate [35]. The preferred orientation for the ZnO
thin film with 3% Nd doping is the plane (100). This
shows that some grains grow in other orientations
besides the c-axis orientation [36]. Also, observing the
peaks of (100), (002), (101), (102), (103) and (112) at
different intensities indicates that growth is aniso-
tropic for all films.

In the diffraction pattern of the 3% Nd-doped ZnO
thin film, the increase in the intensity of the peaks of
the (100) and (110) planes, and the decrease in the
intensity of the diffraction peak of the (002) plane can
be seen as an important result. This result points out
that the thin film grains grow parallel to the substrate
surface. Nd doping causes a decrease in the crys-
tallinity of ZnO thin films [37].

By using the equation of 20 values of plane peaks
in the X-ray diffraction pattern of pure and doped
ZnO films, the distance between the planes of the
hexagonal wurtzite structure (dj) was calculated
following formula [38]:

ni = ZdhleiHO. (1)

To get detailed information about the crystal
structure, the crystal dimensions D of all planes were
determined using the modified plot based on the
following formula [39]:

0.92 1
lnﬁ—1n7+lnﬁ, (2)
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where “D” is the estimated crystal size, “4” is the
wavelength (1.5418 A) of the incoming X-ray, f is the
full width half maximum (FWHM) value in radians
and the 0 is the Bragg angle of the diffraction peaks. If
we draw the results of In § according to In (1cos 0), a
straight line with an approximate slope and an
intersection of In 0.9/D should be obtained. There-
fore, a single value of D in the nanometer scale can be
calculated. According to the calculated average
crystal size values of the samples determined from
the intercept of the plot given in Fig. 2, it was con-
cluded that the crystal size varied with increasing Nd
amount. Calculated average crystal sizes of the pure
and 1%, 2% and 3% Nd doped ZnO films were found
as 24.57 nm, 18.85 nm, 40.07 nm and 29.29 nm,
respectively. Since the ionic radius of Nd (0.136 nm)
is very close to the ionic radius of oxygen (0.132 nm),
it can be said that Nd in the ZnO crystal structure
tends to be replaced by oxygen. Therefore, we can say
that we observed such a difference in the size of the
crystal with the Nd content [40, 41].
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Using the Williamson-Hall method, crystal size
and lattice tension can be calculated for each sample
and their changes can be examined depending on the
rate of contribution. Williamson-Hall method is a
method developed considering that particle size and
micro strain effects are the two biggest factors
affecting the peak width [42]. Crystalline size, lattice
errors, and instrumental peak width determine the
total peak width measured. Strain-induced broaden-
ing due to crystal imperfections and deformity are
dependent on the tan 0 in W-H analysis Strain-in-
duced peak expansions fall under the category of
errors in the crystal and strain can be calculated fol-
lowing formula [43]:

__b
*T Lwan0’ ®)
where f; is the FWHM of the strain broadening.

Scherrer equation and the equation given above cre-
ate the following equations:

2 2
instrumental >

(4)

2
ﬁD = ﬁmeasured
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Fig. 2 Modified Scherrer plots of pure and Nd doped ZnO thin films
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KA Ki (1
D= 0 — 5
ﬁDCOSH—wos D <BD>’ ®)
where fip is the FWHM of the peak broadening, K is
the shape factor, D is the crystallite size and 4 is the
wavelength of the CuK, radiation. Taking above
equations into consideration:

Bia = Bs — Bp: (6)
kA

B = (m) + (4etan 0), (7)

P cos 0 = (%) + (4esin 0). (8)

Accordingly, the sum of these two factors is asso-
ciated with peak expansion, and a new equation is
created. Given equations are known as the Wil-
liamson-Hall equations [44]. According to these
equations, strains are assumed to be equal in all
crystallographic directions. When the values in the
drawn plot are fit, the curve of the line plot that
crosses the y-axis of the plot gives the crystalline size
[45]. Their variations and the values of D, ¢ are
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calculated using the modified Scherrer method and
W-H analysis for pure and Nd doped ZnO films and
given in Table 2. Furthermore, the values of (hkl), 20
and fj used for the modified Scherrer method and
W-H method are also summarized in Table 2.

As seen in Fig. 3, the plotted graph indicates that
pure and Nd-doped ZnO samples exhibit a positive
gradient which represents the positive strain in the
samples. Calculated average crystal sizes of the pure
and 1%, 2% and 3% Nd doped ZnO films were found
as 46.69 nm, 20.21 nm, 61.64 nm and 65.41 nm,
respectively. Considering the XRD measurements, it
can be said that the film quality varies with the
addition of Nd as the strain value appears at different
values in the ZnO structure.

3.2 Optical investigations

Reflection, transmittance and absorption spectra of
thin films are obtained with UV-Vis spectroscopy.
UV-Vis spectroscopy is important because it pro-
vides the electronic properties of thin film and the
development of films used in application areas. It is
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Fig. 3 Williamson-Hall (W-H) plots of pure and Nd doped ZnO thin films

@ Springer



] Mater Sci: Mater Electron (2021) 32:1379-1391

1385

Table 2 Comparison of some structural parameters of ZnO:Nd thin
films (dy: interplanar distance, FWHM full width half maximum,
Dgsg.ort crystal size from modified Scherrer plot, D g crystal size

from W-H plot, &sg microstrain from modified Scherrer plot, ew_
microstrain from W-H plot

(kD) dg (RA)  20() FWHM ()  Dson (M) Dy yon (m)  esr (x 10°) oy (x 10°)
ZnO:Nd %0 (100) 3.057723 29.19 0.3485 24.57 46.69 1.834 3.080
(002) 2.615937 34.26 0.3803
(101) 2.488045 36.08 0.4237
(102) 1.918823 47.35 0.5208
(103) 1.482251 62.64 0.6110
ZnO:Nd %1 (100) 3.056698 29.20 0.3562 18.85 20.21 1.885 0.482
(002) 2.621132 34.19 0.3571
(101) 2.494060 35.99 0.5511
(102) 1.921501 47.28 0.6514
(103) 1.482464 62.63 0.4147
ZnO:Nd %2 (100) 3.056698 29.20 0.3562 40.07 61.64 1.245 1.920
(002) 2.617419 34.24 0.3571
(101) 2.488712 36.07 0.5511
(102) 1915773 47.43 0.6514
(103) 1.484168 62.55 0.4147
ZnO:Nd %3 (100) 3.0485285 29.28 0.2849 29.29 65.41 1.612 3.050
(002) 2.6218763 34.18 0.3282
(101) 2.4940602 35.99 0.4413
(102) 1.9218838 47.27 0.3597
(103) 1.4822514 62.64 0.5956

also one of the methods often used to determine the
optical energy band gap of a semiconductor.

Optical transmittance was measured in the wave-
length range of 200-1000 nm to get information about 804
the effect of the neodymium dopant amount on the
optical properties of ZnO films. At large wavelengths
(4 >400) all films are transparent and there is no
scattering or absorption of light. Short wavelengths
(A < 400) are known as absorption zone due to the
presence of absorption. In the transparent region, the 201
average % transmittance was found to be 94.49, 90.83, .
92.24 and 95.49 for ZnO films with 0%, 1%, 2% and oL, . : ) . : ; : : :
3% Nd dopants, respectively. All Nd doped ZnO - - 500) 0 - = -
films show a sharp absorption edge around 355 nm ‘

100 +

60

40

Transmittance ( %)

— 70

e NZO1
—NZO2
e NZO3

in the UV region due to the initial basic absorption.
The observation of the sharp absorption band for the
film NZO means that films are favorable for photo-
voltaic applications [46]. Additionally, sharp
absorption edges relating to the electron’s excitation
from the conductance band to the valence band are
visible in the spectra as given in Fig. 4.

Compared with the pure ZnO film, the probable
reason for increasing optical transmittance in ZnO
film starting with a 2% Nd dopant can be shown to be

Fig. 4 Optical transmittance spectra of the ZnO films with various
Nd content

occupied by Nd in the spaces found in ZnO. This
reduces the scattering of light in the structure and
causes increased transmittance. All the above-men-
tioned results are compatible with the structural and
morphological features of the films presented in this
study. To look into the Nd impurities in the structure
and the optical band gap changes, the optical band
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gap of the films was calculated by the following
equation:

(ehv)® = C(hv — E).

Here, “o” is the absorption coefficient, C is a con-
stant value and the hv is the energy of a photon. The
direct band gap of the films is obtained with the fit
applied on the energy axis of the linear part of the
(hv) graphic against (¢hv)*. Calculated E, values are
in the range of 3.28-3.32 eV as given in Fig. 5. Deepa
Rani and co-workers have found that the bandgap
values are diverse between 3.20 and 3.22 eV with the
increase in Nd doping from 0 to 0.25% [47].

Based on the obtained results, it is procured that
the E; values show the rising inclination with
increasing Nd content as well as some undulations
are seen in Fig. 5. Resembling results have been
found by the literature for La doped ZnO films which
can be explained as a possible result of the Burstein—
Moss effect [48]. The states of the current energy in
the optical band gap of ZnO films with Nd doping
affect the structure of the manner of the optical
transition and optical band gap.

3.3 Optical profilometer investigations

An optical profilometer is a technique of connecting
light from multiple sources in an optical device to
make diverse exact measurements. This method has
been carried out to characterize surface roughness,
surface profile, and surface topography. Images and
surface roughness of all samples were obtained using
an optical profilometer (Contour GT, Bruker), which
can analyze on a relatively large surface area and

2,80E-022 m Z0 Eg= 3.29 eV ‘
-
v NZO1 Eg=3.28 eV ) |
-
2,10E-022 + ® NZO2 Eg=3.30eV
s
—.; ¢ NZO3 Eg=3.32eV
& 140E-022
=
K=
2

7,00E-023 —

0,00E+000 T T T
28 29 3,0 31 3,2 33 34 3.5 3,6
E (eV)

Fig. 5 Variation of optical band gap of ZnO films with Nd content
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provide the fast and contactless mapping of the sur-
face in three dimensions. Figure 6 shows the 2D and
3D morphological profiles of the pure and Nd doped
ZnO samples fulfilled by optical profilometry
including the average roughness values taken from
regions across each sample.

When the images are analyzed, red regions are
seen in some areas of the film, which are formed as a
result of the accumulation and clustering of grains of
different widths and heights, and which become
more apparent with the increasing amount of Nd.
However, it is observed that the effect of the blue
regions which indicates that the accumulation is less
on the surface and is also the symptom of the pure
ZnO film also continues with the increasing amount
of Nd.

It is seen that all the synthesized films have a
polycrystalline structure with a homogeneous distri-
bution of the particles. Also, it indicates that the films
grown on the glass substrate, as observed in the XRD
analysis of the films, consist of nanoscale particles. It
has been monitoring that the surface roughness of the
films varies with the increasing amount of Nd. The
average surface roughnesses (R,) for ZnO films with
0%, 1%, 2% and 3% Nd dopants were found as 54.86,
55.08, 53.18 and 46.61 nm, respectively. Similarly,
root mean square roughness (Ry) for ZnO films with
0%, 1%, 2% and 3% Nd dopants was found as 86.28,
82.55, 74.77, and 77.26 nm, respectively. It is con-
cluded that the obtained values are very close to each
other. Taking into account the growth manner of the
films, it can be concluded that the diffusion of the
crystal surface-bound atoms between adjacent crystal
particles varies slightly with the amount of neody-
mium, thereby producing films with close surface
roughness. Prasada Rao et al. have examined the
AFM images of pure and Nd doped ZnO films using
the spray technique. They reported the average sur-
face roughness values of pure and Nd doped ZnO
films as 28.1 nm and 46.3 nm, respectively. It is seen
that these values are smaller than those of the values
in our study [49].

3.4 SEM investigations

Scanning electron microscopy (SEM) was used to
obtain high-resolution surface topography of the
samples. The surface morphologies of the films were
studied using the Quanta FEG 250 scanning electron
microscope (SEM). From SEM images, it can be
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Fig. 6 2D and 3D optical %0 Nd-ZnO

profilometer images of pure
and Nd doped ZnO thin films

%1 Nd-ZnO

%2 Nd-ZnO

%3 Nd-ZnO

concluded that all films consist of uniform and dense
ZnO particles. When the SEM images of the films
obtained are examined (Fig. 7), it is seen that the film
surfaces are formed in a smooth and homogeneous
continuous structure without cracks, spaces and
pores, and the glass substrates are well coated. The
particles were formed as a mixture of columnar and
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granular microstructures, coherent with AFM results.
From SEM images, changes in crystal size with Nd
doping were observed. It can be inferred that the
surface morphology of the films sorely is contingent
on the dopant concentration [50].
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%0 Nd-ZnO

%2 Nd-ZnO

Fig. 7 SEM images of pure and Nd doped ZnO thin films
4 Conclusion

Transparent conductive oxide semiconductor films
have been studied intensively in recent years due to
their appropriate physical properties and have
attracted a lot of attention. ZnO and ZnO:Nd (1%, 2%,
3%, and 4%) are synthesized using the spray pyrol-
ysis technique. In this study, the contribution of the
Nd element in different ratios was chosen as the test
parameter and it was seen that this production
parameter had a significant impact on the formation
of films and some physical properties. The structural,
optical, morphological and superficial properties of
films were searched with XRD, UV-Vis, SEM and
Optical profilometer methods. From XRD patterns it
is seen that the orientation of ZnO film is changed
from (002) to (100) plane and the crystalline size
varied with Nd doping. The grain sizes of films
obtained from the modified Scherrer Method were
smaller than the grain sizes obtained from W-H
Analysis. This difference is proportional to the strain
value and indicates that the strain plays an important

@ Springer
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%1 Nd-ZnO

%3 Nd-ZnO

role. Therefore instrument broadening must be taken
into account for calculating the grain size. It was
observed from the optical spectroscopy measure-
ments, the average % transmittance was found to be
94.49, 90.83, 92.24, and 95.49 for ZnO films with 0%,
1%, 2% and 3% Nd dopants, respectively in the
transparent region. Although the optical band gaps
calculated using the transmittance spectra are almost
the same, it is determined that ZnO film with 3% Nd
dopant has the widest band gap compared to other
films. It was observed from the optical profilometer
images to determine the superficial properties of
ZnO:Nd films that different grains with different
widths and heights were formed on the surfaces of all
films. In addition, it was determined that ZnO films
with 3% Nd dopants have the lowest roughness
values among all films. From the SEM images, it is
seen that the ZnO structure is homogeneously coated
on the substrate, there are no agglomerate formations
and there are no gaps on the surface, so that the
grains are held together better and Nd structures
appear to be occasionally located on the surface with
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the increasing amount of dopants. The neodymium-
doped ZnO film produced by the spray pyrolysis
technique can be used for optoelectronic applications.
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