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Abstract

Thin films of neodymium (Nd) doped zinc oxide (NZO) were coated onto glass substrates at 400 °C by nebulized spray
pyrolysis using different doping weight percentage (wt%) of Nd. The prepared films were exhibited in hexagonal structure
of polycrystalline nature along with (002) preferential orientation. Morphological properties and elemental compositions
were performed by scanning electron microscopy and energy dispersive by X-ray, respectively. Tauc’s plot discovered the
optical energy band gap of 3.17 eV for 5 wt% Nd doped NZO film. PL profiles depicted a solid green emission peak at
around 680 nm at room temperature. Optical constants such as refractive indices, dielectric constants, carrier concentration
and plasma frequency were evaluated for NZO through optical approximation route. Hall mobility and carrier concentra-
tions were enhanced with rise of Nd doping wt%. A drastic change in the resistivity was observed due to incorporation of

Nd dopant and it has evidently demonstrated in detail.

1 Introduction

In the recent decades, transparent conducting oxides (TCO)
such as tin dioxide cadmium oxide and zinc oxide are highly
attracted materials because of their potentials for various
uses. Among them, zinc oxide (ZnO) is a hopeful TCO
material due to their flared feasibility to use as gas sensing,
photo-electrochemical, catalytic, piezoelectric, and optoelec-
tronic applications [1]. ZnO is a group of II-VI functional
semiconductor material and has a noteworthy attention
because of its eco-friendly behavior, large exciton bind-
ing energy, wide band gap and high chemical stability [2,
3]. Recently, nanostructures of ZnO with dopant elements

< Dhanasekaran Vikraman
v.j.dhanasekaran @ gmail.com

> Hyun-Seok Kim

hyunseokk @dongguk.edu

Department of Physics, Jayaraj Annapackiam College
for Women, Periyakulam, Theni 625601, India

PG and Research Department of Physics, Arul Anandar
College, Karumathur, Madurai 625514, India

Chemistry Department, College of Science, King Khalid
University, P.O. Box 9004, Abha 61413, Saudi Arabia

Division of Electronics and Electrical Engineering, Dongguk
University-Seoul, Seoul 04620, Republic of Korea

Published online: 07 March 2019

were used to perceive the better optical and electrical behav-
iors [4—6]. The various fabrication routes were used to coat
undoped and doped ZnO films by RF sputtering [7], succes-
sive ionic layer adsorption and reaction (SILAR) [6, 8], ther-
mal evaporation [9], sol-gel [10], spray pyrolysis technique
[11], and chemical vapor deposition (CVD) [12]. In earlier,
the different metals such as aluminum, indium and gallium
doped ZnO were investigated plausibly [13—-15].

In recent times, ZnO doped with rare earth metals (Pr,
Eu, Nd, Sm, Gd, and Yi) are an fascinating materials owing
to their capability by doping metal to alter the electrical and
optical properties as a potential candidate for optoelectronic
applications [16, 17]. Theoretical simulations was revealed
the n-type behavior of neodymium (Nd) doped ZnO (NZO)
due to its donor state observation nearer with the conduc-
tion band [18, 19]. Also, NZO film can be achieved the good
electrical conductivity by downshifting/conversion lay-
ers within the host lattice structure through the Nd doping
[20]. Also, the NZO films are very promising for the photo
induced Pockels effects which is extended the interest of this
work [20]. Liu et al. [21] revealed from the deep investiga-
tion of NZO electrical and optical properties that Nd** ions
played asa carrier donors and the energy transfer from host
to Nd>* significantly improved to use as an efficient material
for optoelectronic devices.
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NZO films were successfully coated by different routes
including spray pyrolysis [22], sol-gel [23], pulsed-laser
deposition [24], and pulsed electron beam deposition [25].
Among them, the spray pyrolysis method offers a low-cost
and large area growth of NZO thin films. Furthermore, the
deposition of film is simply adjusted by the coating parame-
ters such as substrate to nozzle distance, spray rate, substrate
temperature and dopant concentration. In the present work,
thin films of rare earth metal doped NZO were coated by
nebulized spray pyrolysis method on glass substrates. The
doping element weight percentage (wt%) role of NZO thin
films on the electrical and structural properties are deeply
examined. Compared with available literatures, the detailed
investigation provided based on optical properties and
their constants in terms of doping concentration for NZO
thin films. Moreover, for the first time to the best of our
knowledge, a simplified spray technique using nebulizer is
employed for the fabrication of NZO films for optoelectronic
devices.

2 Experimental procedure

Nebulized spray pyrolysis method was employed to deposit
the thin films of NZO on glass substrates as illustrated
in the Fig. 1. Firstly, (0.1 M) zinc acetate dehydrate [Zn
(CH5CO00), 2H,0] was dissolved in de-ionized water and
methanol (1:3 ratio). For the doping of Nd, neodymium
acetate hexahydrate [Nd (CH;COO),-6H,0] was mixed

[ Nehulizer \
N

ebulizer
unit /

with the above solution mixture using weight percentage
(wt%) of 1, 3 and 5. Then, the solution mixtures were sub-
jected to constant stirring for 15 min at room temperature
to produce a homogeneous and clear solution and it was
used as a source for nebulized spray technique. A 10 ml
solution was used in the solution container of nebulizer
unit to spray. The compressed air was allowed to pass
through the nebulizer unit with the constant pressure of
1.5 Kg/cm?. The ultrasonically cleansed glass substrates
were placed on the hot plate and substrate temperature
was maintained at 400 °C using temperature controller.
The mist of precursor solution sprayed through nozzle
of the gun on the substrate. The space between the spray
nozzle and substrate was maintained as 50 mm. Then the
deposited film was endorsed to cool gradually to room
temperature.

Mitutoyo SJ-301 stylus profilometer used to validate the
film thickness of NZO thin films. SEIFERT-FPM XRD7 dif-
fractometer was employed to perform the structural analysis
using Cu-K_ radiation. Nova Nano SEM microscope was
used to analyze the morphology of NZO films. The elemen-
tal composition of NZO thin films were observed by energy
dispersive analysis by X-ray (EDAX). UV-Vis—NIR spectra
were recorded using Varian Cary 100 scan spectrometer.
Photoluminescence (PL) spectra were observed using a
He-Cd laser (325 nm) source with the excitation wavelength
of 325 nm at room temperature. Carrier concentration, resis-
tivity and mobility were estimated at room temperature with
the support of ECOPIA Hall effect system.
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’—) Spray gun

Air tube

Air compressor

Fig. 1 Schematic diagram of nebulized spray pyrolysis technique
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3 Results and discussions

The different Nd doping weight percentage (wt%), such as
1, 3 and 5%, using prepared NZO thin films were coated
by nebulized spray pyrolysis method on glass substrates.
Figure 2a displays X-ray diffraction (XRD) patterns of 1,
3 and 5 wt% of Nd using prepared NZO films. For all the
wt% using prepared NZO films, XRD diffraction patterns
are observed (100), (002), (101), (102) and (103) lattice
orientations. The perceived peaks are confirmed the poly-
crystalline nature with wurtzite structure. The predomi-
nant peak is exposed at (002) lattice plane for all the NZO
films. It is obvious that all the films are composed of ZnO
wurtzite phase and are in agreement with JCPDS standard
data (79-2205). Also, no other new phases or impurities
based peaks are observed which represented the eventually
incorporation of Nd atoms in to ZnO matrix. The crystal-
lite size was estimated using the full width at half maxi-
mum (FWHM) values of predominant (002) plane with the
support of Debye Scherer relation [6, 26]. The crystallite
size is reduced with the doping wt% which corresponds to
increase of FWHM value. The alteration of crystallite size
and FWHM with respect to doping percentage is shown
in Fig. 2b, c, respectively. The calculated crystallite size

is reduced from 48 to 39 nm for 1 to 5 wt% of Nd doping
concentration, respectively. This variation is good agree-
ment with previous reported result by Zheng et al. [27].
FWHM value is linearly decreased with increase of Nd
doping wt%. This variation is occurred due to the ZnO
internal structure modulation by Nd incorporation which
stimulates the reduction of crystallite size.

Thickness is the crucial thin film factor to control the
micro structural properties. The thickness (t) of the NZO
is calculated using the weight gain method. The following
relation is used to estimate the thickness of NZO films [28],

m
iy (1)

where ‘t’ is the thickness of the film, ‘p’ is the density of
the film; ‘A’ is the area of coated film and ‘m’ is the weight.
The calculated thicknesses are at 192, 246 and 275 nm for
NZO films which prepared using at 1, 3 and 5 wt% of Nd
doping, respectively. Moreover, the thickness results were
validated using stylus-profilometer. The estimated thickness
values were at 183, 252 and 286 nm for 1, 3 and 5 wt% of
Nd doped NZO thin films, respectively. The calculated thick-
ness values are consisted with weight-gain method observed
results. The reduction of crystallite size with enhancement of
film thickness is due to quantum confinement effect. Texture
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Fig.2 a XRD patterns of different Nd wt% using prepared NZO thin films; b, ¢ the variations of b crystallite size and ¢ FWHM variation for

NZO thin films

@ Springer



Journal of Materials Science: Materials in Electronics

coefficient TC (hkl) was derived for the preferred orientation
using the relation (2) [29],

1 (hkl)/ 1,(hkl
TC (hil) = (kD 1ok @)
N=' Y1 (hkl) [ Iy(hk)

where N is the reflection number, Iy is the standard
intensity and Iy, is the measured intensity. The lattice con-
stants of ‘a’ and ‘c’ were estimated for NZO thin films using
the following Eq. (3),

1 _ 41’ +hk+ K I
zzg{a—z}+{z} )

The micro strain and dislocation density were calculated
for NZO thin films as described in the earlier report [30, 31].
The assessed values of lattice constants, micro strain, dis-
location density, and texture coefficient for NZO thin films
are tabulated in Table 1. The micro strain and dislocation
density values are observed in the range of 2.2-2.6 x 107>
and 4.53-6.32x 10" lines/m? for 1-5 wt% of Nd doped
NZO thin films, respectively. From the observed results,
lattice imperfection is increased with doping wt% due to
the higher ionic radius of Nd** (0.99 A) than Zn?* (0.60 A).
The extracted results of texture coefficient (TC) values are
provided in Table 1. The increment of Nd content in the
NZO film is resulting to decrease TC value for (002) plane.
The lattice constants of ‘a’ and ‘c’ are slightly enhanced with
Nd wt% as given in Table 1.

Furthermore, to derive the linear relation between crystal-
lite size and strian values, ‘Williamson—Hall’ (W-H) analy-
sis was used [32].

A(20) cost = % + 4¢e sinf )

where A(20) is peak different. Figure 3a shows the plot
of A(20) cos@ versus sind. The crystallite size and micro
strain values are to be extracted by the intersection of y axis
and slope, respectively using Fig. 3a. The estimated crystal-
lite sizes by W—H method are exhibited at 45.7, 42.8 and
38.2 nm for 1, 3 and 5 wt% of Nd using prepared NZO,
respectively (Fig. 3b). The observed values are consisted

Table 1 Structural and optical parameters of NZO thin films

with the conventional route derived results as presented in
Table 1. Similarly, the micro strain values are also slightly
varied as given in Fig. 3¢ compared with its experimental
values (Table 1). The observed relation clearly depicts the
nano-sized crystallites in the nebulized spray pyrolysis pre-
pared NZO films.

Scanning electron microscopy (SEM) images were used
to investigate the morphology of NZO thin films. Fig-
ure 4a—c shows the SEM images of NZO thin films which
prepared using 1, 3 and 5 wt%, respectively. It is clearly
seen that the films having mixed shape of spherical and
agglomerated cone like particles on the film surface. From
the Fig. 4a, NZO film surface is clearly visualized with a
smooth and homogeneous morphology which prepared
using 1 wt% Nd. The agglomerated grains are observed with
inhomogeneous nature for 3 and 5 wt% using prepared NZO
thin films as shown in Fig. 4b, c. From the comparison of
SEM micrographs, the lower doping concentration (1 wt%)
is yielded a spherically shaped uniform grains without any
hillocks for NZO thin film. This may be due to low lattice
imperfection at 1 wt% Nd doping which is consistent with
our microstructure results. The composition variations of
different wt% doped NZO thin films are shown in Fig. 5a.
From the EDAX profiles, Nd composition is enhanced with
increase of doping wt% whereas Zn and O ions composition
is linearly decreased with increase of doping wt%. Figure 5b
showed the EDAX spectrum of NZO thin film which pre-
pared using 5 wt% Nd. It is found that Zn, O and Nd are
exhibited at 42.3%, 53.1% and 4.6%, respectively in NZO
thin film. The EDAX result is demonstrated that the Nd ions
are successfully incorporated with ZnO matrix.

PL spectroscopy is an inevitable route to analyze the
luminescence behavior of NZO thin film which depends
on the chemical structure, crystallite size and morphology
[33]. Figure 5c¢ describes the room temperature observed
PL spectra of NZO thin films with an excitation wave-
length of 325 nm. A robust emission peak is perceived
at around 686 nm in PL spectra for NZO thin films. The
observed emission band is due to the recombination of hole
and electron from the valance band and conduction band.
The observation of green emission behavior in Nd doped
ZnO lattice can be associated to present of Nd atoms in the

Nd doping  Structural parameters

Optical parameters

(wi%) Lattice constants  Dislocation density ~ Strain (X 1073 Texture coef- Static dielectric ~ Plasma fre- Carrier concen-
(A) (% 10'%) lines/m™2 ficient (T() constant () quency (10") tration (10'%)
R s em3
a c
3247  5.198  4.53 2.2 3.14 7.1 1.63 0.822

3 3.251 5.201 5.17 2.6 2.88 12.1 1.83 1.77
3.253 5206 6.32 2.9 2.67 17.6 1.88 2.71
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Fig.4 SEM micrographs of a 1, b 3 and ¢ 5 wt% of Nd using prepared NZO thin films
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nescence spectra of NZO thin films with different wt% doped Nd

place of oxygen vacancies [34]. Recently, Rani et al. [35]
have observed high intense PL peak around at ~680 nm.
The emission peak intensity is also increased slightly when
increase of Nd doping wt% for NZO thin films, which attrib-
uted to the surface defect.

Figure 6a displays the optical transmission profiles in the
range of 350-1100 nm for different Nd doping wt% using
prepared NZO thin films. The percentage of transmittance
is differed from 90 to 80% for NZO thin films in the visible
region and it is found to decline with increase of doping
wt%, which is attributed to enhancement of thickness of
film. All the NZO films are showing a sharp edge of absorp-
tion in the UV region around 375 nm due to the onset fun-
damental absorption. The observation of sharp absorption
band for NZO film is inferred the good crystallinity with
low defects, which is suitable for opto-electronic applica-
tions [36]. Also, transmittance can be reduced by increase
of optical scattering which caused by the grain boundaries.
NZO thin film, deposited using 1 wt% Nd, shows a high
optical transmittance of about 90% in the visible region. This
property can be defined by a less light scattering of NZO
film (@1 wt%) due to its smooth surface and relatively a
better crystallinity. The obvious grain boundary is exhibited
for NZO (@1 wt% Nd) whereas 3 and 5 wt% Nd using pre-
pared NZO films are not having obvious grains boundaries

@ Springer

which evidently demonstrated by SEM (Fig. 4). The higher
transmittance reveals the lesser defect density of NZO film
because absorption of light in the longer wavelength region
(> 600 nm) affected by crystalline defects. Figure 6b shows
the absorbance spectra of NZO films. NZO film is shown
high percentage of absorbance in the UV region for 1 wt%
Nd doping, whereas lower absorbance is observed in the
visible region. The percentage of absorbance is gradually
increased when the doping concentration is increased for
NZO films.

Optical band gap by direct transition for NZO thin films
were derived using the relation between incident photon
energy (hv) and absorption coefficient (o) as follow [37]

ahv = B(hv — E,)" )

where E, and B are optical band gap and constant, respec-
tively. Figure 6¢ shows the Tauc’s plots of different wt%
using prepared NZO films and their band gap values were
estimated by extrapolating to zero ‘x’ axis. Optical band gap
value is lying between 3.17 and 3.22 eV [13]. The band gap
reduction is directly related to the shift of absorption band
edge and surface modification. The similar behavior of band
gap decrement in terms of doping percentage is observed in
the earlier reports for other metal dopant with ZnO [38, 39].
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For optoelectronic devices, refractive indexes are major
factor to determine their properties. Figure 7a shows the
refractive index (n) variation in terms of wavelength for dif-
ferent Nd wt% using prepared NZO thin films. Refractive
index were calculated using transmittance values by the
revised algorithm of Swanepoel envelope method [40, 41].
From the Fig. 7a, refractive index values are deteriorated as
a function of wavelength for NZO thin films. In addition,
refractive index values are increased with increase of dop-
ing wt% for NZO which is due to increase of film thickness.
Refractive index values are exhibited in the range between
2 and 4 for the visible range of wavelength for NZO. The
extinction coefficient (k) of NZO thin films were determined
by the reported procedure [30]. Figure 7b describes the alter-
ation of extinction coefficient in terms of wavelength for
NZO thin films. The extinction coefficient is increased as
increase of Nd doping wt% for NZO thin films which attrib-
uted to enhance of absorption coefficient [41]. The observed
results suggested that the NZO films are showed normal dis-
persions behavior in the UV-Vis—NIR region. The complex
dielectric constant variations for different doping wt% using

prepared NZO thin films are shown in Fig. 7c, d. The real
and imaginary part of dielectric constant values are directly
related to the energy states density of forbidden gap for the
examined oxides [42]. The observed real and imaginary
part of dielectric constant values are decreased against
wavelength for all the NZO film due to the observed pattern
of refractive index results. The complex dielectric constant
values are increased with rise of doping wt% which is attrib-
uted to the increment of refractive indices. In addition, the
observation of higher dielectric values are corresponded to
the increase of atomic lattice imperfection [26].

Optical conductivity describes materials’ photons transport
and it is an influential tool to calibrate the electronic states of
semiconductors [43]. The refractive index and absorption coef-
ficient values were used to estimate the optical conductivity for
different doping wt% using prepared NZO thin films as pre-
sented in the Fig. 8a. The optical conductivity is produced by
the inter band transition which is initiated by phonon—electron
interactions [43, 44]. The plasma frequency and static dielec-
tric constant have been calculated from the plot of dielectric

@ Springer



Journal of Materials Science: Materials in Electronics

1.0
— 1 Wt% (b)
P — —3wt.%
= X 08— 5wt%
-
x
8 I3
c O 0.6
o =
[}
> S
© 0.4
® c
& S
(] B
(12 g 02
=
x
w
0 T T T T T T T oo T T T T T I“;
400 500 600 700 800 900 1000 1100 400 500 600 700 800 900 1000 1100
100 Wavelength (nm) - Wavelength (nm)
—1wt% () — 1w (d)
—3wt% =0 WL./0
S % ——5wt.% . 81 —5wt%
W W
£ 604 t 6
©
g | g
S 40- E 4
x =
(=]
©
20 g 24
0 T T T T T T T 0 T T T T T T T
400 500 600 700 800 900 1000 1100 400 500 600 700 800 900 1000 1100
Wavelength (nm) Wavelength (nm)

Fig.7 The variation of refractive indices a refractive index and b extinction coefficient; Dielectric constants for ¢ real and d imaginary part as a
function of wave length for NZO thin films

1.0x10" \ e 20 e
_— .70 P - /0

% (a) | (b) —3wt%
8, ——5wWt.%

8.0x10" 164
'é‘ \
2
b —
S 6.0x10" = 12
2 £
o 14 g.
O 4.0x10"- — 8-
| ©
© 1)
g o
8. 2.0x10" 4]

0'0 T T T T T T T
400 500 600 700 800 900 1000 1100

0 T T T T
5.0x10** 1.0x10™' 1.5x10°' 2.0x10*' 2.5x10™' 3.0x10™*'
Wavelength (nm)

1/’
Fig.8 a Optical conductivity versus wavelength and b €, versus (1/w?)spectra for NZO thin films
constant versus (1/0?) shown in Fig. 8b which expressions are 2 2
. & P g =g, — [e /mz](N/m*)h 7
given in (6, 7) [26, 45]

£, = £ — (6@)) /0 (©)

@ Springer



Journal of Materials Science: Materials in Electronics

where € is static dielectric, c is velocity of light, e is
charge of electron, N is carrier concentration, m* is mass
and A is wavelength. The estimated static dielectric constant,
plasma frequency and carrier concentrations values are pre-
sented in Table 1 with respect to doping wt%. The static
dielectric constant (e) value is 7.1 for 1 wt% Nd using
prepared NZO film, which is increased with increase of Nd
wt% for NZO. The higher value of plasma frequency value
is estimated at 1.88x 10" s~! for NZO film prepared using
5 wt% Nd. The maximum value of carrier concentration is
observed at 2.71 x 10! cm™ for NZO thin film prepared
using 5 wt% Nd.

Hall measurements were performed in four-probe van-
der Pauw configuration at room temperature. The varia-
tion of electrical properties of NZO films as a function of
different doping concentration is shown in Fig. 9a. These
results suggest n-type semiconductor properties of NZO
films due to the occurrence of interstitial oxygen vacancies

Fig.9 a The electrical resis-

-
o

and Zn atoms. The resistivity values are decreased with
increase of doping concentration as shown in Fig. 9a.
From the variation of carrier concentration, the incor-
poration of Nd ions are stimulated to provide more free
electrons hence that carrier concentration is rapidly
increased with Nd doping wt%. The observed electrical
carrier concentration values are consistent with our optical
approximation route estimated values. Moreover, carrier
mobility is also increased with incorporation of Nd ele-
ment in ZnO matrix. Accordingly, there are two reasons
for enhancement of carrier concentration for NZO system;
(i) substitution of Nd** into Zn* position and (ii) Nd**
is incorporated into the ZnO matrix. The possible mecha-
nisms of high electrical properties for NZO matrix system
is illustrated in Fig. 9b. The low value of electrical resis-
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nature can be lead to enrich the carrier concentration and
mobility in terms of film thickness.

In general, TCO materials are needed to produce high
transmittance values in the visible range and low electrical
resistivity for better optoelectronic devices [47]. In our case,
the obtained low resistivity and high optical transmittance
for 5 wt% Nd doping are enabled to confirm the suitability
of NZO thin film for optoelectronic device.

4 Conclusions

Thin films of NZO were efficaciously deposited by nebulized
spray pyrolysis method using different Nd doping wt% on
glass substrates. The electrical, optical and structural prop-
erties were elaborately discussed with doping concentration
for NZO thin films. XRD patterns confirmed polycrystallin-
ity of wurtzite structured NZO films. Different Nd doping
wt% using prepared NZO thin films showed (002) preferen-
tial orientation. NZO film, coated using 1 wt% of Nd doping,
has lower value of strain and higher value of crystallite size
which compared to other Nd doping wt%. EDAX profile
endorsed the existence of Zn, O and Nd in the NZO film.
Band gap values were found to be 3.21 eV to 3.17 eV for
different Nd doping wt% using prepared NZO films. Optical
parameters of dielectric constants (e), refractive indices (n &
k), carrier concentration (N) and plasma frequency (w,) were
evaluated for NZO through optical approximation route. The
carrier concentration and Hall mobility values were found
to be increased with increase of Nd doping wt%. From the
observed optical and electrical results of NZO thin films,
it would be suitable candidate for various opto-electronic
applications.
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