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a b s t r a c t

The strain modulated defect green luminescence from ZnO nanostructures grown on silicon substrates
has been investigated in-depth. According to the Warren–Averbach Fourier analysis of the X-ray dif-
fraction profiles, both the internal strain and the average crystallite size of the well-ordered nano-size
ZnO nanostructures could be subtly modulated by careful adjustment of the aqueous solution of zinc
nitrate (Zn(NO3)2) and ammonium hydroxide (NH3OH) used in the hydrothermal treatment. Visible
defect-related and ultraviolet band-to-band emissions were characterized using temperature-dependent
photoluminescence measurements over a broad temperature range from 20 to 300 K. It was found that
the thermal-related tensile strain led to the blueshift of the green emission with increasing temperature,
while the violet and ultraviolet emissions were thermally insensitive. These spectral observations were
substantially corroborated by the deformation potential theory.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

Due to its unique properties, including high piezoelectricity,
direct wide bandgap, large exciton binding energy, and high
electron mobility, zinc oxide (ZnO) nanostructures are considered
to be a candidate of priority for optoelectronic and nanowave
device applications. Although the efforts for the fabrication of
well-defined nanostructures are far reaching, it is surmised that
the development of techniques for the preparation of novel nano-
ZnO structures would be the most promising in the near future.
Significantly, with respect to stoichiometric ZnO, it is worth noting
that the potential role of crystalline imperfections that form in
ZnO merits attention not only in fundamental defect science but
also in defect engineering [1]. By virtue of the fact that the defect
luminescence has importance in applications like the develop-
ment of visible light sources [2], gas sensing [3], catalysis [4], cell-
labeling [5], and high efficiency green phosphor [6], there has been
a burgeoning of interest in the last decade in growth studies for
the characterization of the green luminescence (GL) associated to
oxygen vacancies in nanocrystalline ZnO [1,7,8].
; fax: þ886 3 2118507.
.

Nano-ZnO has been synthesized by different methods, includ-
ing metal–organic chemical vapor deposition (MOCVD) [9,10],
physical vapor phase deposition [11–13], and the low temperature
hydrothermal method [14–16]. The hydrothermal method, which
involves heterogeneous nucleation in supersaturated solutions for
the growth of nanostructures on the surface, has many advantages,
being an easy procedure to implement requiring low temperature
and pressure. From a practical point of view, this method is very
simple, cost effective, nanoelectronic compatible, and suitable for
large area substrates and results in the growth of ZnO films. As far
as the defect radiations observed in ordered ZnO nanoarrays are
concerned, many different techniques have been developed for the
modulation of the defect-related transitions. The optical features
of the deep-level states can be controlled by changing the radio-
frequency (RF) magnetron sputtering conditions, including
deposition time and RF power [17,18]. Furthermore, it has also
been reported that the intrinsic defect emission intensity increases
with an increase in the post-annealing temperature and increase
of oxygen partial pressure [19]. Vertical self-aligned ZnO nanorods
and nanotubes have a large surface coverage area and thus, the
large amount of oxygen vacancies formed by atomic layer
deposition with different cycle numbers exhibit strong photo-
luminescence (PL) [20]. These reports have shown that the growth
or annealing conditions play major roles in the intrinsic char-
acteristics of the nanocrystallines [8,16]. The optical properties of
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deep level emissions in nanometer sized ZnO can be tailored
through surface modification, impurity incorporation, annealing
temperature and annealing atmosphere as well [21,22]. Due to the
chemical reactions for the ZnO nanolattice fabricated by a hydro-
thermal process, it is expected to effectively modulate the micro-
morphology of the nanostructures by adjusting the reaction
parameters, as precursor concentration, pH, and forming time and
temperature [14,15]. Generally, ammonium hydroxide (NH4OH)
introduced into the reaction system can deplete Zn ions at
hydrothermal solutions, leading significantly to a great effect on
suppression of the homogeneous ZnO nucleation [23]. Based on
the principles of material thermodynamics, the formation energy
determined the defect on the synthesis solutions. More recently,
formalisms have been developed to use the total energy of the
defect to calculate its concentration, under the assumption of
thermodynamic equilibrium [24,25]. The formation energy of a
point defect depends on the growth or annealing conditions in
thermodynamic equilibrium and the concentration of an impurity,
defect, or complex [26,27]. A formalism based on formation
energies allows calculation of defect and impurity equilibrium
structures and concentrations.

Many researchers have investigated the intense visible lumi-
nescences in ZnO arising from different defects, including oxygen
vacancies (Vo), zinc vacancies (VZn), interstitials (Zni, Oi), and
antisites (ZnO, OZn) [8,11–13,16]. However, the origins of different
defect emissions still lacked full understanding and more recent
papers suggested that Vo in nonstoichiometric ZnO can have pro-
nounced effects on the GL transition energy and intensity. Accu-
rate knowledge of these equilibrium properties is of course
essential not only for device engineering, but also from a physical
point of view. Results from cathodoluminescence spectra as well
as bimolecular recombination equations have revealed the char-
acteristics of Vo in this GL [8]. Further studies are required to
clarify the effects of the temperature, stress, electrical field, and
magnetic field on the green emissions of ZnO [21,22,28]. Investi-
gation of the two major possible mechanisms involved in the
visible recombination processes, i.e., trap-state emissions and
surface state emissions, has concentrated more on the spectral
intensity. Mainly attributed to the thermal lattice dilation and
electron–lattice interaction, the interband emission photon energy
intrinsically followed the well-known Varshni formula [1]. Several
studies have reported that the redshift with rising temperature for
the UV emissions originally resulted from the bandgap shrinkage.
However, anomalous temperature-dependent properties of the
visible bands significantly differed from the bandgaps mono-
tonically decreasing with increasing temperature. The blueshift
with increasing temperature has been considered to be associated
with the unique characteristics of the defect-related levels in the
ZnO nanostructures. Essentially, since defect states that are dif-
ferent from the excitonic Bloch states are the localized ones; the
defect luminescent energies originally emerged from the results of
interactions of the surroundings on the orbital energy levels of a
defect have been formulated by crystal field theory (CFT) [29]. The
spectral observations associated with the nano-size effects on the
strain were substantially assessed by the deformation potential
theory. Furthermore, due to the profoundly complex nature of
crystal field formulism, we believe that it is worthy to make
considerable efforts to treat the defect transition energies in ZnO
crystallines as model systems for quantum mechanical calcula-
tions. In fact, it has been shown that in single crystals the ultimate
tensile strength and the yield strength scale with external sample
size in a power law fashion, sometimes attaining a significant
fraction of material's theoretical strength, and exhibiting the now-
commonly-known phenomenon smaller are stronger thermal
expanded coefficients.
Previously, we had reported that there were two paths for ZnO
vacancy emissions resulting in strengthened peak energy when the
measurement temperature increases [30,31]. Moreover, the surface
plasmon resonance of aluminum cylindrical nanopillars formed on
well-ordered ZnO has demonstrated an enhancement of the surface-
defect related luminescence [1,7]. In the present work, ZnO nanos-
tructures with engineered defects were synthesized on silicon sub-
strates by the hydrothermal method with careful adjustment of the
aqueous solution of zinc nitrate (Zn(NO3)2) and ammonia. The
nanostructural properties of the samples were investigated, and the
X-ray diffraction spectra were examined using Warren–Averbach
Fourier analysis. Temperature-dependent photoluminescence mea-
surements over a broad temperature range from 20 to 300 K provide
insight into the roles of the thermally-induced strain in defect-rela-
ted and ultraviolet (UV) band-to-band emissions. A good correlation
was found between strain distribution and the luminescent spectra
of the ZnO nanostructures.
2. Experimental procedure

The defects were investigated by examining the luminescence
which was modulated by the strain in the ZnO nanostructures
fabricated on a silicon substrate. A thin film of zinc acetate
(Zn(CH3COO)2) (comprised of a solution containing zinc acetate
dihydrate (Zn(O2CCH3)2(H2O)2)) was spin coated onto the sub-
strate and annealed at 300 °C in air for 20 min. The hydrothermal
method was used to grow ZnO nanostructures on a Si substrate
using an aqueous solution of zinc nitrate (Zn(NO3)2) and ammo-
nium hydroxide (NH3OH).

The samples were denoted as sample 1 (S1), sample 2 (S2), and
sample 3 (S3), from smaller strain to larger strain. It was well-known
that high pH environments inhibit the growth of nano-ZnO. The
diameters of the nanowire-like ZnO were subsequently decreased.
The crystallization of ZnO during the hydrothermal process is
expected to play an instrumental role for the defect characteristics.
The strain properties of ZnO nanostructures in response to the
change in these nanostructures were investigated through high-
resolution X-ray diffraction (HRXRD) and temperature-dependent PL
spectra. Measurements were performed to examine the structural
and optical properties of the ZnO nanostructures.

For the temperature-dependent PL measurements, samples were
mounted in a closed-cycle He cryostat, then excited by a continuous-
wave He–Cd laser, covering a wide temperature range from 20 to
300 K. The yellow–orange emission was attributed to the excess
oxygen vacancies in the ZnO nanostructures. The temperature
dependence of the PL peak energy was shown to fit a Gaussian
distribution. The surface morphology was also examined by the
scanning electron nanoscopy (SEM). Images were taken with a JSM-
7500F instrument, as shown in our previous report [30,31].
3. Results and discussion

The X-ray diffraction (XRD) peak profiles of the samples
investigated are shown in Fig. 1(a). The diffraction peaks from the
nanocrystallite responses have a wurtzite hexagonal ZnO structure
with a (0 0 2) preferred orientation and the narrow broadenings
indicate good crystallinity of the as-synthesized products. The
distinct diffraction of the hexagonal wurtzite ZnO with lattice
constants of a¼b¼0.3249 nm and c¼0.5206 nm can be indexed
as corresponding to the crystal planes of ZnO (1 0 0), ZnO (1 0 1),
ZnO (1 0 2), and ZnO (1 0 3), respectively, while the diffraction
peak located at 29.6 corresponds to Si (1 1 1). Moreover, as shown
in Fig. 1(b), lattice parameters of 2.858, 2.857, and 2.855 were
obtained for S1, S2, and S3 respectively by extrapolating the



Fig. 1. (a) X-ray diffraction pattern and (b) lattice parameters of the ZnO nanostructures grown on Si substrates.

Fig. 2. (a) The size distribution and root-mean-square of the average strain as a function of column length for the ZnO nanostructure; (b) average lattice strain of the ZnO
nanostructure derived from statistical approach.
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straight lines of the parameter verse the 48.6 extrapolation function
of the diffraction angle to the value corresponding to zero [32]. These
results can be attributed to disordering and incoherence in the nano-
ZnO arrangements associated with multiple reflections in the high
angle region of the diffraction spectra [33]. The insubstantial differ-
ence of the lattice parameters among the three samples was ines-
capable, indicating that the variation of nanolattice strain originating
from atomic bond strength changes during the hydrothermal reac-
tions [32–34]. To determine more intrinsic features of the nanos-
tructures, including the nanocrystallite size distribution and the strain
profile functions, the XRD spectra were analyzed by using the War-
ren–Averbach method in Fourier space. Fig. 2(a) indicates the dis-
tribution of nanocrystallite sizes and the mean-square strains for the
ZnO nanostructures [35–37]. The size distributions are essentially
given by the so-called chord-length distribution function, attributed
to random crystallization [38]. Examination of the lattice parameters
for the three samples presented in Fig. 1(b) shows a clear correlation,
with the increase in crystallite size associated with a reduction in the
lattice parameters and vice versa, which is consistent with the SEM
observations. There have been many reports of the extension of the
lattice with decreasing particle size [39–41]. Inset of Fig. 1(b) shows
the SEM images of the ZnO nanostructures grown on the Si substrate.
The SEM images of ZnO nanostructures from sample 1 to sample
3 reveal decreases in the size of nanostructures. The growth para-
meters control the diameters and length of the nanostructures such
as NH4OH concentration. The morphology of crystals must be a result
of synergism between the internal structure and the experimental
conditions. Lattice strainwas observed to decrease with an increase in
the particle size. Different surface to volume ratios of nanostructures
with different diameters may affect the intensities of the defect
emissions. It has also been observed that the mean-square strain in all
samples decreases monotonically with increasing nano-ZnO sizes.
The results are shown in Fig. 2(a). It can be seen in Fig. 2(b) that the
average lattice strain obtained with the statistical approach was
0.917%, 0.964% and 1.348% for S1, S2, and S3, respectively, i.e.
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where aε is the average lattice strain, Astrain is the mean square strain,
Asize is the size distribution function, and L is the crystallite size.
Analysis of built-in strain and synthesized lattice nanostructure
characteristics revealed that the lattice strain was a function of both
the lattice parameter and of the particle size. According to the SEM
images, it was found that the strain stored in the crystalline increased
with a decrease in the nanoparticle size. The XRD analysis showed an
increase in the lattice strain and the concentration of NH4OH in ZnO
nanostructures as a function of the particle size. The increase in the
lattice parameter of ZnO nanostructures with decreasing particle size
was attributed to the lattice strain induced by the creation of defect
in the ZnO nanostructures [39–41]. According to the crystal field
theory, it is expected that defect luminescence can be engineered by
application of local strain through incoherent hetero-formation in
nanostructures [28]. Our results showed that samples with satisfac-
tory built-in strain were achieved using the hydrothermal method,
providing a methodological basis not only for optical characteriza-
tion, but also for analytical investigation.

In order to obtain further insight into the thermal-related strain
effect of defect luminescence, PL measurements were carried out.
Normalized PL spectra at 20 K for all three samples are shown in Fig. 3.
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There were three PL peaks around 2.0 eV, 3.1 eV, and 3.5 eV, respec-
tively, similar to the observations in nano-ZnO grown on Si, ITO, and
sapphire [13,16,42]. The considerably stronger deep level emission in
the green region was assigned to the oxygen vacancy-related transi-
tion. Accordingly, since high ammonia concentration facilitates the
oxygen vacancy defects formed in ZnO nanostructures, it has been
found that defect luminescence radiates from oxygen vacancy, as
expected. The purple and ultraviolet emissions were attributed to Zinc
interstitial (Zni), and near-band edge (NBE) excitons in interband
recombinations, respectively. Correspondingly, the size variation of the
structural imperfections formed in ZnO nanostructures exhibited a
broad full width at half-maximum (FWHM) of 69.0 meV, while the
FWHM for the excitons was 61.7 meV and 59.5 meV.

In Fig. 4, we calculated the correlation between PL spectrum
and strain in S1 to S3 according to the three-energy different
defects of PL spectrum for recombination processes. The dashed
line is the Wei et al. curve for the set of parameters given in the
report [43]. The S1 to S3 emissions were observed to exhibit dif-
ferent defects dependences as the strain was increased from S1 to
S3. The excitation-dependent shifts of the S1 to S3 emissions are
illustrated in deformation potential theory using a simple model
strain energy∝strain volume, where strain energy is the photon
energy of PL spectrum. Fig. 4 reveals that the photon energy of PL
spectrum shows a strong dependence on strain, while the different
defects of spectrum exhibit relationship with the strain.

The temperature dependences of the photon emissions arising
from the defects and excitons are illustrated in Fig. 5(a) and (b),
respectively. The expected changes of the defect luminescence
were evident at 37.24 meV, 48.24 meV, and 116.2 meV for S1, S2,
and S3, respectively, over a broad temperature range from 20 to
300 K, while the temperature-insensitive spectral energies of both
Zni and NBE emissions were observed. The marked difference in
optical characteristics was commonly believed to attribute to dif-
ferent transition processes [44]. Many controversial arguments on
Fig. 3. Low-temperature photoluminescence spectra of the ZnO nanostructures.

Fig. 4. The shift of photon energy versus strain*thickness curves.
the origins of the temperature-dependent shifts of these three
emissions have been proposed [45]. Generally, according to the
well-developed deformation potential theory and the Varshni
semiempirical relation, the redshifted exciton emission is attrib-
uted to temperature-induced bandgap shrinkage [1]. However, the
blueshift of the defect luminescence is a result of temperature-
related transitions between the band edge and the deep levels
[20]. Obviously, from the reports so far, the thermal-induced
nanolattice dilations play an inescapable role in the changes in
spectral behavior with temperature for nanostructured ZnO.
However, the realistic electronic structures are very delicate; it is
believed that the extension of the localized excitonic states due to
oxygen vacancies surrounded by positively charged ions has the
relatively immense dimensions in the range from 10�7 to 10�6 cm
[46]. Since the actual calculation of the energy levels is con-
siderably more complex for given defects, the temperature-
dependent characteristics must be assessed by the single-electron
Hamiltonian assuming that the transition energies of the deep
levels do not vary appreciably with the band edges [47–49].

Assuming that the potential well of the defects is thermally
distorted from a cube into a parallelepiped, the change in the
green band energy is governed by
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where a is the localized excitonic radius, m* is the effective mass, and
E T( ) is the energy of the green emission at the temperature of T [50].
As far as the thermal strain-induced spectral shifts are concerned, the
shifts in defect luminescent are modulated by the lattice nano-strain
of a T a T
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, where aSi and aZnO are the lattice con-

stants for Si and ZnO, respectively; and Siβ and ZnOβ are the coefficients
of thermal expansion (CTE) of Si and ZnO, respectively. As we know, in
relation to the size effect on the CTE, large crystallite sizes are asso-
ciated with low thermal expansion, small sizes with high expansion
[51,52]. Based on the observations in Figs. 1 and 2, the CTE values are
3.34�10�6, 3.29�10�6, and 2.9�10�6 for S1, S2, and S3, respec-
tively, as estimated to obtain the best fit of the experimental data
using Eq. (1), as shown by the dotted lines in Fig. 5(a). It was found
that the blueshifts in the emission peaks were modulated by the
tensile strain built in the nano-ZnO with increasing temperatures,
clearly reflecting the smaller lattice constant and the smaller CTE of
the deposited ZnO as compared with those of the Si substrates. Several
similar reports have revealed that the tensile strain is responsible for
changes in the optical properties in ZnO nanostructures [53]. The
analytical results were corroborated by a similar attempt to evaluate
the internal strain dependence of the interband transition energy
subject to tensile strain. Based on the effective-mass Hamiltonian
derived from the k.p method for wurtzite structures, band edge shifts
caused by the thermal-induced tensile strain can be described using
the deformation potential theory as

⎡
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where acz = 1.23 and acz¼ �0.68 are the lattice constants of ZnO in
the growth direction and the in-plane, respectively; C13¼105 and
C33¼211 are the stiffness constants of ZnO; D1¼�3.06, D2¼�2.46,
D3¼�0.47, and D4¼0.84 are the deformation potential coefficients of
ZnO; and xxε ¼0.670769 and yyε ¼0.671776 are the in-plane tensile
strains, as mentioned above [54]. The obtained numerical results are
plotted as the dashed line in Fig. 5(b). The redshift was close to zero as
the temperature increased from 20 K to 300 K, which is consistent
with the thermal insensitivity of band emissions compared to the
defect emission. The results are essential not only for defect engi-
neering, but also for strain engineering in semiconductor technology.



Fig. 5. Temperature dependence of the (a) green emission energy and (b) purple emission energy and UV emission energy for the ZnO nanostructures.
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4. Conclusions

The effects of strain on modulating defect-related green lumi-
nescence from ZnO nanostructures grown on Si substrates have
been investigated in-depth by careful adjustment of the aqueous
solution of Zn(NO3)2 and NH3OH used in the hydrothermal
method. Well-ordered nano-size ZnO with different amounts of
internal strain and average crystallite size distribution was subtly
realized from Warren–Averbach Fourier analysis of the X-ray dif-
fraction profiles. We report the controlled variation of lumines-
cence of ZnO nanostructures from intense ultraviolet to bright
visible light. Using temperature-dependent photoluminescence
measurements over a broad temperature range from 20 to 300 K
we discussed the oxygen vacancy-related and band-to-band
emissions characterization. The difference in the thermal expan-
sion between the ZnO crystallites and the Si substrate affected the
blueshift of the green emission with increasing temperature. The
violet and ultraviolet emissions were thermally insensitive that
attributed to the thermal-related tensile strain. The deformation
potential theory substantially corroborated the spectral observa-
tions indicating that modulation of the defect luminescence based
on tensile strain in nano-ZnO had been successfully achieved in
response to the difference in the thermal expansion between the
ZnO crystallites and the Si substrate.
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