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ABSTRACT

Optical and material properties of nickel-doped zinc oxide (ZnO-Ni) grown by metalorganic chemical vapor deposition with varying Ni
source flow rates are investigated. ZnO-Ni showed a good crystal quality with (002) orientation but deteriorated at high Ni source flow rates.
Photoluminescence responses show a reduction in the bandgap of ZnO-Ni with an increase in the Ni source flow and also with an increase
in the temperature. Ni-doping can enhance luminescences at low concentrations (<25 SCCM and ∼2%) and suppress at high concentrations.
Ni-related defects occur more toward the surface than bulk of the thin films. Longitudinal optical phonon replicas named 1LO and 2LO red-
shifts at low Ni source flow rates ≤100 SCCM with an increase in the temperature from 14 to 300 K, but exhibits an “S-shaped” red-blue-red
shift with a dip at 50 K at higher Ni source flow rates (150 SCCM). Ni-doping also induces asymmetric crystal vibrations and rougher surfaces
with the Ni incorporation. This study enhances the understanding of Ni-doped ZnO that is needed to apply transition-metal doped ZnO for
various optoelectronic applications.

Published under license by AVS. https://doi.org/10.1116/6.0000816

I. INTRODUCTION

Transition metal doping of semiconductor materials has
attracted extensive attention in recent years to expand their optical,
structural, magnetic, and thermal functionalities applicable in the
fields of spintronics, thermoelectrics, and photovoltaics.1–3 Zinc
oxide (ZnO), as a wide bandgap (3.37 eV at room temperature)
semiconductor material with advantages of abundant source of raw
materials, high operating temperature,4 and high exciton binding
energy (60 meV), has been the focus in recent research studies.5,6

Various metal doped ZnO have also been extensively studied.7–15

Nickel (in an Ni2+ state or similar) could be an effective transition
metal dopant and could introduce energy states in the band struc-
ture of ZnO and induce magnetic properties conducive for room
temperature (RT) spintronics.16–18 A considerable amount of
research has been driven toward the understanding of magnetic,
luminescent, catalytic, and electrical properties of Ni-doped
ZnO.19–21 Abinaya et al. reported that as per cyclic voltammetry
characteristics of both pure ZnO and Ni-doped ZnO synthesized
by both facile co-precipitation (CPM) and hydro-thermal (HTM)

ARTICLE avs.scitation.org/journal/jva

J. Vac. Sci. Technol. A 39(2) Mar/Apr 2021; doi: 10.1116/6.0000816 39, 023408-1

Published under license by AVS.

https://doi.org/10.1116/6.0000816
https://doi.org/10.1116/6.0000816
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1116/6.0000816
http://crossmark.crossref.org/dialog/?doi=10.1116/6.0000816&domain=pdf&date_stamp=2021-02-05
mailto:zcfeng@ntu.edu.tw
mailto:fengzhechuan@gmail.com
mailto:lyw2017@gxu.edu.cn
https://doi.org/10.1116/6.0000816
https://avs.scitation.org/journal/jva


methods, and the capacitive current of Ni/ZnO (HTM) reaches
12 times of pure ZnO (CPM and HTM).22 Xu et al. observed that,
with increasing Ni composition, Ni-doped ZnO exhibits diamagnetic-
ferromagnetic-paramagnetic transition.23 Senapati et al. investigated
catalytic performance of dilute magnetic ZnO.24 Chithira and
Theresa studied the Ni2+ doping for defect control and lumines-
cence.25 These works are significant for understanding the effect of

Ni doping on the electrical, magnetic, and optical properties of ZnO.
However, regulating the concentration, morphology, and position of
Ni doped in the ZnO lattice is still challenging.26–28 The optimal
growth and performance control of nickel doping in zinc oxide still
require a further penetrative investigation.

In this work, a series of ZnO films were grown at varying
flow rates of the Ni source by the metal organic chemical
vapor deposition (MOCVD) growth method. Crystal structures,
optical properties, and phonon modes of the samples are
systematically studied by means of high-resolution x-ray diffrac-
tion (HRXRD), two different wavelengths and temperature-
dependent photoluminescence (TD-PL), Raman scattering,
atomic force microscope (AFM), and x-ray photoelectron spec-
troscopy (XPS).

II. EXPERIMENT

Zinc nickel oxide (ZnO-Ni) thin films with an average thick-
ness of 125 nm were grown on sapphire c-plane (0001) substrates
by MOCVD. Diethylzinc (DEZn), oxygen(O2), and bis (cyclopen-
tadienyl) nickel (Cp2Ni) were the sources for Zn, O, and Ni,
respectively. Nitrogen (N2) was used as a carrier gas. Bubbler tem-
peratures of DEZn and Cp2Ni were maintained at 5 and 90 °C,
respectively, to adequately vaporize the sources into the reaction
chamber. The films were deposited at a growth temperature of
550 °C and a chamber pressure of 2 kPa. Flow rates of DEZn and
O2 were maintained at 75 and 500 SCCM, respectively, and only
the flow rate of Cp2Ni was varied at 25, 50, 100, and 150 SCCM.
The samples are named as Ni25, Ni50, Ni100, and Ni150 corre-
sponding to the Cp2Ni flow rates.

HRXRD (Bruker D8 Discover) was used to study the
crystal structures and quality of samples. Using the Cukα
radiation (λ = 1.5406 Å), typical ω−2θ patterns were acquired at

FIG. 1. (a) HRXRD 2θ–ω patterns of ZnO-Ni (peaks are identified based on
host materials as Ni is doped in dilute amounts in ZnO); inset (b) is the
enlarged view of the diffraction peak of the Ni phase.

FIG. 2. (a)–(d) Williamson–Hall plots of (a) Ni25, (b) Ni50, (c) Ni100, (d) Ni(150), and (e) variations of grain size and strain estimates for all ZnO-Ni samples.
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2θ = 30°–80° with a step size of 0.05°. The (006) peak of the sub-
strate and peaks of the epitaxially grown ZnO-Ni films are
usually expected in this range. RT photoluminescence (RT-PL)
spectra were obtained. Two sets of RT-PL measurement were

conducted, one with an excitation with of 325 nm (He-Cd laser,
IK3083R-D) and another with 266 nm (FQCW266-50). These
two laser sources would have different penetration depths in the
thin films. TD-PL spectra were excited by a 266 nm laser
(MPL-N-266) from 14 to 300 K. The temperature interval below
100 K was 10 K, between 100 and 200 K was 30 K, and above
200 K was 50 K. 325 nm laser-excited Raman spectra (Finder One
laser confocal micro-Raman system) of ZnO-Ni were measured at
RT. By an AFM (Dimension Icon), the surface roughness of the
ZnO-Ni samples in the tapping mode was characterized. The Ni
content was determined by an XPS (ESALAB 250XI+) system at
vacuum conditions (<5 × 10−10 Mbar). The excitation source used
was Al Kα (1500 eV) radiation with an energy step size of
0.05 eV. All binding energies were calibrated by the C1 s peak at
284.6 eV.

TABLE I. Structural parameters of ZnO-Ni by the Williamson–Hall method. The
error estimates were obtained by 95% confidence level.

Samples
D

grain size (nm)
ε ×10−4

strain

Ni25 34. 15 ± 0.51 7.03 ± 0.11
Ni50 32.17 ± 2.25 7.75 ± 0.54
Ni100 28.52 ± 1.43 8.63 ± 0.43
Ni150 28.35 ± 1.71 9.05 ± 0.52

FIG. 3. PL spectra of ZnO and ZnO-Ni samples, (a) excited by 266 nm wavelength laser and (b) excited by 325 nm wavelength laser; (c) bandgap enlarged view of
Figs. 3(a)–3(d). Bandgap enlarged view of Fig. 3(b); insets c0and d0 show the PL bandgap changes excited by 266 nm and 325 nm wavelength laser, respectively.
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FIG. 4. Gaussian fittings of PL spectra for ZnO-Ni samples, (a) excited by 266 nm wavelength laser and (b) excited by 325 nm wavelength laser.
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III. RESULTS AND DISCUSSION

A. Structural characterization of ZnO-Ni

X-ray diffraction measurement is an effective way to study the
crystal structure and quality, and to identify secondary phases in
the MOCVD-grown ZnO-Ni samples. Figure 1 shows the HRXRD
patterns of samples grown at varying nickel source flow rates.
Sap (006) is the diffraction peak of the c-plane sapphire substrate.
(002) is the primary diffraction peak from ZnO-Ni with the highest
diffraction intensity, which defines the wurtzite crystal structure
and preferred crystal orientation in ZnO-Ni. Other ZnO (101),
(103), (004), (202) secondary crystal planes were also observed
(JCPDS No. 01-080-0075).21 ZnO-Ni shows a good crystal quality
but degrades with an increase in the Ni source flow rate over
∼100 SCCM. As shown in the inset of Fig. 1, samples with an Ni
source flow rate above 25 SCCM contained a secondary nickel
(111) phase (JCPDS No. 04-0850),24 while sample with a low
nickel source flow rate of 25 SCCM exhibited only ZnO-like crystal
structures. Ni-related phases are formed in ZnO-Ni as the nickel
source flow rate exceeds ∼50 SCCM.

In XRD patterns, the half-widths of diffraction peaks are
usually determined in three parts, that is, grain size, lattice distor-
tion (defect), and instrument broadening. In order to accurately
calculate the relevant parameters of the sample from the half-peak
width, instrument broadening was calibrated with a standard Si
sample (a function of scattering angle). Full width at half maxima
[FWHM (2θ) or β] after calibration is given by the following
formula:29

β ¼ (β2m � β2i )
1
2, (1)

where βm is the measured half peak width and βi is the instrument
broadening calibrated by Si.

After calibrating the effects of the instrument on the half-peak
width, Williamson–Hall plots were used to estimate the sample
grain size and strain.30,31 In this process, diffraction peak broaden-
ing is calculated by

β ¼ βs þ βg ¼ 4ε tan θ þ kλ
D cosθ

, (2)

where βs is the strain-induced broadening, βg is the grain size
induced broadening, ϵ is the strain, D is the grain size (diameter),
K is a fixed parameter (film = 0.9), λ is the diffraction wavelength
(Cukα= 0.154 06 nm), and θ is the diffraction angle. Multiplying
throughout by cos θ gives Eq. (3),

β cos θ ¼ 4ε sin θþ kλ
D

: (3)

According to the above formulas, FWHM-related data of dif-
fraction peaks in the (002) orientation were extracted. In plots with
4sin θ as the x axis and β cos θ as the y axis, linearity fits were
made as shown in Figs. 2(a)–2(d). y-intercept y = kλ/D is the grain
size D, while slope ϵ of the linear fit is an estimated strain.

The linear fitting yields a negative slope due to the compres-
sive stress of the crystal lattice.31 This implies that the Ni element
exists between the crystal lattices and squeezes the ZnO crystal
lattice. Grain size of un-doped ZnO has a wide range from a few to
hundreds of nanometers. This would depend on the growth param-
eters and sources used for the material’s growth. In this work,
the focus has been on investigating the effects of nickel doping.
With Ni incorporation, the grain size is estimated to increase at
least until dilute amounts of Ni. In very dilute amounts, Ni could
potentially passivate intrinsic defects of ZnO and increase the grain
size.16,32 As the Ni source flow rate increases, the grain size reduces
and lattice strain increases as shown in Fig. 2(e). This shows the

FIG. 5. Energy difference (red line) and energy value (blue line) diagrams with excitations of (a) 266 nm wavelength laser and (b) 325 nm wavelength laser, respectively.
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incorporation of Ni2+ as substitutional sites (at least) in ZnO-Ni.
Ni2+ is smaller than Zn2+ which could result in a reduced grain size
of ZnO-Ni with Ni-doping.33,34 The grain size and strain are listed
in Table I.

B. Optical characterization of ZnO-Ni

1. Room temperature PL

RT-PL spectra of MOCVD-grown ZnO-Ni samples are
presented in Figs. 3(a) and 3(b). Two excitation wavelengths
conditions of 266 nm and 325 nm lasers were used separately,
and signals at different penetration depths were acquired.
Figures 3(a) and 3(b) show spectra excited by 266 nm and 325 nm
lasers, respectively, and scanned from 2.1 to 3.6 eV. Two lumines-
cence bands with peaks at 3.3 and 2.6 eV are observed. With both
the lasers’ excitation wavelengths, the sample grown at a low Ni
source flow rate (25 SCCM) shows the strongest luminescences,
while the sample grown with the highest flow rate of 150 SCCM
shows the weakest luminescences. The peak intensity of the
near-band-edge emission at 3.3 eV of Ni25 is even higher than
that of undoped ZnO and reduces as the Ni source flow rate is
increased. Ni could form a nonradiative recombination center in
ZnO, thereby reducing the luminescence intensities.35 This is in
accordance with the HRXRD results that the crystal quality of
ZnO-Ni is better in samples with a lower Ni source flow rate. The
proportion of the peak intensity at 2.6 eV relative to the near
band-edge peak at 3.3 eV increases with Ni doping. No lumines-
cence at 2.6 eV is observed in undoped ZnO. The broad peaks
around 2.6 eV could be a result of defect states induced by Ni in
the band structure of the host ZnO material. Ni doping with a
high flow rate (≥50 SCCM) also introduces a secondary phase in
the growth, suppresses interband transitions, and intensifies
defects-related emission.24,35,36,37

Figures 3(c) and 3(d) show enlarged views of the peaks
after normalized intensity around 3.3 eV in Figs. 3(a) and 3(b).
When processing the PL spectrum, the energy corresponding to
the center of the Gauss emission peak at the near band edge
(energy corresponding to the highest position of the peak) is
usually considered as the bandgap.38–40 As seen in Fig. 3(c)
(266 nm laser excitation), nickel doping systematically reduces the
bandgap of ZnO from 3.289 to 3.255 eV. The variation of the
bandgap with the doping flow rate in Fig. 3(d) (325 nm laser
excitation) overall seems to follow a reducing trend from undoped
to Ni-doped ZnO, but the trend with the Ni source flow rate is
not as systematic as 266 nm laser excitation. The incorporation of
Ni affects the structure of the material (grain size, strain) and reg-
ulates the energy band (emission peak) of the film. It forms
shallow energy states and causes the bandgap to red-shift. The
concentration of defect centers could vary with laser penetration
depths which is reflected in Figs. 3(c) and 3(d).41 The penetration
depth (Dp) can be estimated by the following formula:42

Dp ¼ λ

4πk
, (4)

where λ is the laser wavelength and k is extinction coefficient
corresponding to the laser wavelength (266 nm: ∼0.3, 325 nm: ∼0.25).42

For the samples been discussed in this work, the thickness
would range from 100 to 150 nm depending on the Ni flow rates
with an average of 125 nm. 266 nm laser has a penetration depth of
about 70 nanometers in ZnO, while 325 nm laser’s penetration

FIG. 6. (a)–(d) 266 nm wavelength laser excited temperature-dependent PL
spectra of four ZnO-Ni samples.
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depth is around 100 nm. Thus, the PL spectra show that the film
has different luminescent properties in shallow (70 nm) and deep
layers (100 nm). The bandgap overall reduced in Ni-doped ZnO as
compared to un-doped ZnO in both the cases of laser excitation

wavelengths. These properties imply that Ni-induced defect states
could be different at different penetration depths. The defect
centers might not be very clearly identified as compared to the
bulk, which could result in differences in the bandgap variation

FIG. 7. (a) 1LO and 2LO peak position evolution from 14 to 300 K of four ZnO-Ni samples and (b) LO peak positions vs temperature and Varshni fits of LO peak positions
for all ZnO-Ni samples.
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with the Ni source flow rate with different excitation wavelengths.
The distribution of Ni-induced defect states in the ZnO-Ni films is
uneven along the growth direction. This is due to more defect
centers, secondary phases, and agglomeration toward the surface.
The Gaussian fitting of the band edge peak was performed for PL
spectra excited by 266 and 325 nm laser as seen in Figs. 4(a) and 4(b).
The band edge peak can be divided into two subpeaks, which can be
signed as two different longitudinal optical (LO) phonon replicas from
free excitons, named 1LO and 2LO. These two phonon peaks are very
close in undoped ZnO, with an energy difference of about ∼30meV.35

Ni doping separates these two phonon replica peaks up to ∼120meV
as seen in the case of sample with the Ni source flow rate of
150 SCCM.

Figure 5 exhibits the energy difference and energy diagrams
corresponding to the positions of the two phonon replica peaks,
under two excitation of (a) 266 nm and (b) 325 nm, respectively.
Overall trend looks similar under the two lasers’ excitations.
The peak position of two phonon replica modes is redshifted with
an increase in nickel source flow rate, and the energy difference
between the two phonon replica peaks increases. The trend is more
defined in measurement with a lower penetration depth, as also
seen in Fig. 3, due to a higher influence of Ni-doping toward the
surface than the bulk.

2. Temperature-dependent photoluminescence
(TD-PL)

Figures 6(a)–6(d) are 266 nm laser-excited TD-PL spectra of
ZnO-Ni samples, with a temperature variation from 14 to 300 K
and a spectral range from 1.5 to 3.8 eV. Three luminescence peaks
are observed in the samples, at 3.26 eV (violet light), 2.5 eV (green
light), and 1.63 eV (red light). As the temperature is lowered, a
reduction in the scattering of photons by lattice vibrations increases
PL emissions. The peak at 3.26 eV is the luminescence peak of the
ZnO-Ni band edge, which blue-shifts with a decrease in tempera-
ture. The luminescence peak at 1.63 eV is a second-order peak of
band edge emission (3.26 eV) and follows the same trend with tem-
perature. The green emission peak at 2.5 eV is generally caused by
defect-related luminescence, and does not shift with temperature.
However, it could still be inter-related with the incorporation of Ni
in ZnO-Ni. An increase in the 2.5 eV peak intensity with the
increase of Ni source flow rate could partially be caused due to the
increase in defect states introduced by Ni.

3. Bandgap-temperature properties

Figure 7 illustrates the peak splitting processes of PL band
edge peaks, excited by 266 nm laser, with (a) for spectral variation
versus temperature (T) and (b) for 1LO/2LO peak positions versus
T and Varshni fits. Each band edge peak can be divided into two
LO phonon replica peaks, 1LO and 2LO. Positions of these phonon
replica peaks are red-shifted with an increase in the temperature
as shown in Fig. 7(a). The red-shift is mainly caused by the
electron-phonon interactions and the thermal expansion and con-
traction of crystal lattices.43 The peak positions of two phonon
replica peaks are plotted and fitted with the Varshni equation.44–46

As seen in Fig. 7(b), the bandgap shows a systematic blue shift with
increasing temperature, which can be even better fitted after

considering the carrier’s localization.47 A band-tail model48 is
applied to describe the localization states. In an inhomogeneous
alloy system, the long-range order and periodicity of the crystal
structure is broken, forming the band tail state. The band tail pro-
vides the energy levels to localize the carriers. As the temperature
rises, carriers at these energy levels are thermally activated and
migrate to shallow energy levels, which could increase the recombi-
nation energy. As the energy increase caused by such carrier migra-
tion exceeds the bandgap decrease caused by temperature rise, a
blue-shift occurs in the spectrum.47 The following fitting formula is
applied for ZnO-Ni to understand the bandgap with respect to
temperature:47

Eg(k) ¼ Eg(0 K)� α*T2

T þ β
� σ2

k*T
, (5)

where Eg(K) is the bandgap dependent on the temperature, Eg(0 K)
is the bandgap at 0 K, k is the Boltzmann constant, T is the temper-
ature, α, β are the Varshni parameters, σ is a factor to characterize

TABLE II. Fitting parameters of the Varshni equation.

Sample
σ

(meV)

α
(1LO)
(meV)

α
(2LO)
(meV)

β
(K)

Eg(0 K)
(1LO)
(eV)

Eg(0 K)
(2LO)
(eV)

Ni25 0.6 2.21 2.50 2238 3.384 3.305
Ni50 1.7 3.01 3.79 2211 3.386 3.269
Ni100 2.5 2.89 2.82 2157 3.389 3.225
Ni150 12.3 3.08 2.60 2084 3.377 3.245

FIG. 8. Raman spectra of ZnO-Ni excited by 325 nm wavelength laser.
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the inhomogeneity effect, value of this factor indicates the size of
the inhomogeneity effect in the band-tail model.48

Various parameters obtained by fitting are shown in Table II.
α of 1LO ranges from 2.21 to 3.01 meV, the α value of 2LO is
2.50–3.79 meV, and the β value is around 2200 K. This β is close to
the melting point of ZnO and decreases as the doping flow rate is
increased. The Eg(0 K)(1LO) value was almost consistent with
varying Ni source flow rates; value of Ni150 was slightly lesser than
the other three samples. The value of Eg(0 K)(2LO) agrees well with
the trend of the fitting result of the 2LO peak excited by 266 nm
laser at normal temperature as shown in Fig. 5. Inhomogeneity
factors from Ni25 to Ni150 range from 0.6 to 12.3 meV. When
σ = 12.3 meV, a redshift-blueshift-redshift trend of peak position
can be seen in Fig. 6(d). The dip in the blue shift trend at a temper-
ature of about 50 K is due to anomalies that are caused when

phonons absorb energy to escape from inhomogeneity-related bar-
riers to shallow energy levels.49,50

C. Raman analysis

Figure 8 shows 325 nm laser-excited Raman spectra of the
ZnO-Ni samples. Four peaks are seen at 584, 1168, 1752, and
2336 cm−1, which are four frequency-multiplications of the LO
phonon mode E1(LO),

27,43 called E1(1LO), E1(2LO), E1(3LO), and
E1(4LO), respectively. These are typical resonant Raman peaks in
ZnO based materials. Broad PL bands are observed in the high fre-
quency region. 380 nm in PL corresponds to around 4400 cm−1,
and the FWHM of PL peak is observed as a background in Raman
spectra starting at 1500 cm−1, which complicates the data analysis
in the high frequency region. The 1LO peak at the 584 cm−1

Raman shift is selected for data analysis, and this is the most defin-
ing peak for ZnO-Ni in general. Generally, the asymmetry of the
Raman peak is due to a break in crystalline materials’ translational
symmetry at grain boundaries. This causes vibrational contribu-
tions from surfaces and interfaces, and formation of new phases
that have spectral contributions.51 As also seen in HRXRD analysis,
Ni-related phases were formed in ZnO-Ni along with a reduction
in crystal grains’ size and increase in grain boundaries, which could
result in asymmetry in the Raman spectra.

Spectral asymmetry to the FWHM of Raman peaks is simpli-
fied for intuitive research, to understand the effect of nickel doping
on the samples.52,53 This is related to the asymmetry (also related
to doping) observed in the PL peaks at RT. As the accuracy of the
Raman spectroscopy equipment is 0.2 cm−1, asymmetry of the

FIG. 9. Asymmetry of the Raman E1(1LO) peak.
FIG. 10. Comparison based on the PL band-edge peak and Raman E1(1LO)
peak.
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Raman 1LO peak is represented by half of the FWHM as shown in
Fig. 9. Variations in the two halves of asymmetric Raman peaks
with Ni source flow rate are similar to the width of PL peaks
excited by 325 nm laser, as seen in Fig. 10 (in which ωa represents
the low wavenumber part of FWHM of 1LO peaks in the Raman
spectrum; ωb represents the high wavenumber part of FWHM of
1LO peaks in the Raman spectrum, Fa represents FWHM of the
2LO peak of the PL fitted in Fig. 4, and Fb represents FWHM of
the 1LO peak of the PL fitted in Fig. 4). Combining Raman and PL
phonon replica modes and coupling effects, the LO modes of
Raman and PL are proportionally related by constant associated
with the data acquisition instrument.

D. Surface characterization of ZnO-Ni

1. Surface morphology characterization

AFM measurement was conducted to study the ZnO-Ni
films surface morphology. 2 × 2 μm micromorphology diagrams

FIG. 11. 2 × 2 μm AFM diagrams of four ZnO-Ni samples, (a) Ni25, (b) Ni50, (c) Ni100, and (d) Ni150.

TABLE III. Roughness of samples surfaces obtained by AFM.

Sample Ni25 Ni50 Ni100 Ni150

Roughness (nm) 2.0 3.1 5.8 5.4
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FIG. 12. (a) XPS wide-scan and (b) Ni3s fine scan of four ZnO-Ni samples.
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of the four samples surfaces are shown in Fig. 11. It can be seen
that there are many granular fluctuations on the high Ni source
flow rate sample surfaces (Ni100 and Ni150), which may be Ni
particles deposited on the films. And, the surfaces of the samples
doped with low source flow rates are relatively smooth. As shown
in Table III, the surface roughness of the sample rises with Ni
incorporation.

2. Chemical composition analysis

XPS spectra provide an important reference for the Ni
content of the sample, which are indeed conducive to a more
intuitive understanding of the effect of the Ni source flow rate
on the Ni incorporation in the material. Wide-scan XPS
spectra of four samples with different Ni source flow rates were
obtained to study the surface elemental composition as shown in
Fig. 12(a). Characteristic peaks including Zn (3d, 3p, 3s,
LMMa&b, 2p3/2, 2p1/2, 2s), O1s, OKLL (Auger peak), C1s, and
Ni3s were detected. Besides Zn, O, and Ni that from deposition
sources, C was also detected, and the carbon peak may be caused
by air or carbon-containing impurities adsorbed on the surface
of samples.54 The appearance of Ni3s peak indicates that the
surface of the samples contains Ni element.55 Fig. 12(b) shows
the fine scans of Ni3s, the software XPSPEAK 4.1 was used to
fit the XPS data. After using the Shirley iterative method to
deal with the background, every XPS scan was fitted by a
Gaussian-Lorentzian (20%–80%) function.54 A peak of metallic
Ni with binding energy of 110.3–110.6 eV was obtained, as
shown in Table IV. Through the ratio of the peak areas of
the fine scan spectra, we calculated the atomic ratio of the
samples surface, and the results are listed in Table V. We
obtained the atomic ratio of Ni component on the surface of
four samples, 1.5%(Ni25), 2.2%(Ni50), 4.9%(Ni100), 7.7%
(Ni150), respectively.

IV. SUMMARY AND CONCLUSIONS

In summary, the material and optical properties of a series of
ZnO-Ni films grown at varying Ni source flow rates by MOCVD
are systematically studied. Crystal orientation in the (002) direction
with a good crystal quality was observed in most ZnO-Ni samples.
High Ni source flow rate results in secondary phases, deteriorates
the crystal quality, and increases strain and dislocations. The
bandgap of ZnO-Ni reduces with an increase in Ni source flow as
per photoluminescence measurement. Also, a decrease in bandgap
is seen with an increase in temperature. Ni incorporation results in
a broad photoluminescence peak at 2.6 eV. This could be due to
Ni-induced energy states possibly coupled with intrinsic O/Zn
vacancies, interstitials, or antisites. ZnO-Ni samples with low Ni
injection (25 sccm) exhibit enhanced luminescence as compared to
undoped ZnO. However, higher Ni injection results in suppressed
luminescence and more inhomogeneous defects-related lumines-
cent centers. This increase in inhomogeneity with Ni-doping also
results in asymmetries in crystal vibrations. This work demonstrates
the effects of Ni doping on the structural and optical properties of
ZnO grown by MOCVD and would contribute to the growth of
ZnO-Ni films with high performances. This would help toward
further investigation of ZnO-based materials for spintronic and
optoelectronic applications.
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