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ABSTRACT: We present a comparative investigation of the
morphological, structural, and optical properties of vertically
aligned ZnO nanowires (NWs) before and after high energy
argon ion (Ar+) milling. It is found that the outer regions of
the as-grown sample change from crystalline to amorphous,
and ZnO core−shell NWs with ZnO nanocrystals embedded
are formed after Ar+ milling. Optical properties of the ZnO
NWs have been investigated systematically through power and
temperature dependent photoluminescence measurements,
and the phenomenon of exciton localization as well as the
relevant favorable photoluminescence characteristics is eluci-
dated. Interestingly, under high density optical pumping at
room temperature, coherent random lasing action is observed, which is ascribed to exciton localization and strong scattering. Our
results on the unique optical properties of localized exciton in ZnO core−shell nanostructures shed light on developing stable
and high-efficiency excitonic optoelectronic devices such as light-emitting diodes and lasers.
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In recent years, low-dimensional semiconductor structures
have attracted extensive research interest.1−4 Due to the

wide direct band gap and large exciton binding energy, ZnO
nanomaterials have been recognized as promising candidates to
realize short wavelength excitonic devices.5,6 However, due to
the large surface-to-volume ratio, surface states play very
important roles on the optical properties of ZnO nanowires
(NWs). Generally speaking, the room temperature emission
from ZnO NWs always demonstrates a weak near band edge
emission in the ultraviolet (UV) region and a broad deep level
emission (DLE) in the visible region.7 The unsatisfactory
luminescence efficiency prevents the high device performance.
To suppress DLE while enhancing the UV emission of ZnO
NWs, various surface modifications such as plasma immersion
ion implantation (PIII),8,9 low energy argon ion (Ar+)
milling,10 surface plasmon,11,12 surface passivation,13 and
polymer covering14,15 have been demonstrated.
Another powerful approach to improving the luminescence

efficiency in a semiconductor material is to make use of the
optical transitions in localized states, where the oscillator
strength is greatly enhanced.16,17 It has been shown that
localized excitons due to the composition fluctuation in InGaN

layers significantly improve the performance of optical
devices.18 Moreover, the localized excitons can prevent carrier
migration toward nonradiative defects and contribute to the
higher optical gain within laser structures because of the
enhanced optical efficiency.16 However, up until now, exciton
localization in ZnO nanostructures has rarely been reported,
especially for core−shell structure.
Very recently, low energy Ar+ milling has been adopted to

bend ZnO NWs, and it was shown that the sample after low
energy Ar+ treatment exhibits enhanced optical performance
due to surface modification. Moreover, the inelastic bending
introduces uniaxial tensile strain which enhances the exciton−
phonon coupling strength.10 In the study reported here, the as-
grown ZnO NWs were subjected to higher energy Ar+ beams. It
was found that such irradiation changes the morphology of the
outer regions of ZnO NWs significantly, from crystalline to
amorphous; thus core−shell ZnO NWs were created. The ZnO
NWs sample demonstrates very strong exciton localization,
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which was verified by systematic optical measurements. The
emission from localized excitons inside ZnO core−shell
structures is broad and insensitive to temperature compared
to the as-grown sample. Finally, coherent random lasing was
observed from the ZnO NWs sample under optical pumping at
room temperature, which is ascribed to the higher gain and
strong scattering induced by the ZnO nanocrystals emended in
amorphous core−shell structures.
The ZnO NWs used herein were fabricated on sapphire

substrate using the vapor−liquid−solid technique under
optimal growth conditions as reported previously.19,20 Ar+

milling of the sample was carried out in a high vacuum
chamber equipped with an ion source. During the 15 min
milling process, the ion beam energy was fixed at 1 keV with a
beam current of 90 mA. A JEOL JSM-7001F field emission
scanning electron microscope (FESEM) was used to character-
ize the morphology of the sample. The transmission electron
microscopy (TEM) measurement was performed at the Facility
for Analysis, Characterization, Testing and Simulation
(FACTS) in Nanyang Technological University, Singapore,
where a JEOL 2100F with a field emission gun source was used.
The photoluminescence (PL) measurements were performed
between 10 and 300 K within a helium closed-cycle cryostat. A
He−Cd laser with laser line of 325 nm was used as the
excitation source, and the signal was dispersed by a 750 mm
monochromator combined with suitable filters and detected by
a photomultiplier using the standard lock-in amplifier
technique. For high density excitation, the signal was collected
using the same system, but the excitation source was replaced
by a pulsed Nd:YAG fourth harmonic (266 nm) laser and
detected by a UV-enhanced charged coupled device (CCD).
The pulse width and repetition rate of the laser are about 1 ns
and 60 Hz, respectively.
Figure 1a schematically shows the formation of ZnO core−

shell structure by Ar+ milling. The as-grown vertically aligned
ZnO NWs were subjected to high energy Ar+ beams
perpendicular to the sample surface. As the time increases,
the ZnO NWs were pared, and an amorphous layer was created

at the outer region with plenty of ZnO nanocrystals embedded.
This is evident by the FESEM images, as shown in Figure 1b,c,
where the vertically aligned as-grown sample becomes much
shorter and transforms into a core−shell structure. The
structure of the samples was further analyzed by TEM, and
the typical low-magnification image of the sample after Ar+

milling was presented in Figure 1d. It is noted that the modified
NW shows different contrasts in some local regions. The high-
resolution TEM image at the edge of the NW is shown in
Figure 1e. Well-defined lattice fringes with an interplanar d-
spacing of 0.26 nm can be indexed as ZnO [0002] plane, with a
preferential orientation in the c-axis direction.21 The corre-
sponding selected area electron diffraction (SAED) pattern
shown in Figure 1f supports the wurtzite nature of ZnO.
However, it is interesting to observe a broad diffuse SAED
pattern at the outer layer of ZnO as shown in Figure 1g, which
implies that this layer is amorphous. It is also found that the
entire outer regions of the sample were covered by amorphous
ZnO layer and formed a core−shell structure. A closer look at
the structure reveals that there are numbers of nanocrystals
with size ∼5 nm embedded in the amorphous matrix, as
denoted by the arrows in Figure 1g. Compared to the as-grown
sample, the morphology change of ZnO from crystalline to
amorphous should be ascribed to the Ar+ milling due to the
high ion beam energy and long milling time.
Figure 2 plots the room temperature PL spectrum of the

ZnO NWs before and after Ar+ milling. Near band edge
emission and DLE can be observed from the as-grown NWs.
However, it is interesting to note that, after Ar+ milling, the UV
emission is enhanced by a factor of around 3.25, while the
visible DLE is totally suppressed. The reason of this will be
explained later. From the normalized UV region spectrum
shown in the inset of Figure 2, it can be seen that the near band
edge emission from the sample after Ar+ milling was located at
3.280 eV, with a redshift of 11 meV compared to the as-grown
ZnO NWs positioned at 3.291 eV. The redshift of the emission
peak implies that quantum confinement effect does not play
any role in our material system. At the same time, it is noted

Figure 1. (a) Schematic diagram of the Ar+ milling processes. (b and c) FESEM image of the ZnO NWs before and after Ar+ milling. (d) Low-
magnification TEM image of the sample after Ar+ milling. (e) The high-resolution TEM image of the areas at the edge of the sample, and (f) the
corresponding SAED pattern. (g) TEM image at the middle part of the sample, where the inset shows the SAED of the amorphous layer. The arrows
denote the ZnO nanocrystals.
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that the bandwidth of the emission increases after Ar+ milling.
Similar phenomena have been observed before and was
ascribed to various reasons such as the laser heating effect,22

the presence of uniaxial stress/strain,23,24 and the contributions
of excitonic emission and their phonon replicas.25,26 However,
as will be discussed later, all of the existing explanations cannot
account for our observation here.
The low-temperature (10 K) PL spectra of the ZnO NWs

before and after Ar+ milling are depicted in Figure 3a and b,
respectively. As can be seen in Figure 3a, the emission from the
as-grown ZnO NWs at 10 K is dominated by radiative
recombination from neutral donor-bound excitions (D0X)
located at 3.355 eV. At the higher energy region, two peaks at
3.359 and 3.363 eV may due to recombination of donor-like
surface excitons (SX).8,27,28 The peak at 3.374 eV comes from
the free exciton (FX) emission. It is also straightforward to
identify the longitudinal optical (LO) phonon replicas of D0X
and FX as shown in the figure.29 Moreover, at ∼3.267 eV, a
small peak can be observed, which may be related to the
recombination of donor−acceptor pair (DAP).30 Compared to
the as-grown sample, the modified ZnO NWs only shows a
broad emission located at 3.347 eV, with a full width at half-
maximum (fwhm) as large as 56.3 meV. There is no apparent
LO phonon replicas in the core−shell ZnO NWs, which points
out the weak exciton−phonon coupling strength. More
interestingly, the FX emission does not exist in the sample.
To better understand the origin of the emission from ZnO
NWs, we adjusted the excitation power by 2 orders of
magnitude, and the corresponding PL spectrum is plotted in
Figure 3c. It can be seen that, under different excitation
densities, the shape and position of the emission remain
unchanged. From Figure S1 as shown in the Supporting
Information, it is noted that the bandwidth of the emission
increases monotonically with excitation density. Such a “band
filling” effect suggests the PL feature of localized states as will
be clarified subsequently. The integrated PL intensity of
emission under different excitation densities is shown in Figure
3d. The integrated PL intensity (IPL) can be described by a
function related to the excitation laser power (IEX) as IPL ∝
IEX
α ,31 where α is the nonlinear component. It can be seen that
the integrated PL intensity of ZnO NWs increases approx-
imately linearly with the excitation density. By fitting the
experimental data, a value of 0.96 of the component α can be

obtained, which indicates that the transition in the modified
ZnO NWs is related to excitonic emission.
It is known that the optical properties of semiconductors are

strongly influenced by disorder due to interface roughness,
defects, and/or strain. As can be seen from Figure 1g, the whole
outer part of the NW is covered by amorphous layers after Ar+

milling. There are plenty of ZnO nanocrystals embedded in the
core−shell structure, which will introduce many localized states.
Therefore, instead of sharp conduction and valence band edges,
exponential tails may be left in the electronic density of states
(DOS). As can be seen in Figure 3b, the low temperature PL
spectrum is broad and asymmetric in the low energy side,
which verify the existence of localized states. It is worthwhile to
mention that the excitation wavelength used herein for PL
measurement is 325 nm, and the penetration depth is around
100 nm for ZnO.32 Therefore, even with the inhomogeneous
amorphous ZnO shell, part of the crystalline ZnO core can still
absorb photons under optical excitation. However, no FX
emission from the crystalline core can be observed; thus it is
reasonable to deduce that excitons generated in the core region
transfer their energy to the localized states and contribute to
the emission. This is supported by Figure 1g, where the ZnO
nanocrystals are located near the boundaries of the crystalline
ZnO core materials. Due to the lower energy level of the
localized states and the size inhomogeneity of ZnO nanocryst-
als, emission from the core−shell structure is red-shifted and
broadened compared to the as-grown one (as depicted in the
inset of Figure 2). For ZnO NWs with a large surface-to-
volume ratio, the general consensus for the ZnO green DLE is

Figure 2. Room temperature PL spectra of the ZnO NWs before and
after Ar+ milling. The inset shows the normalized close-up image of
the PL spectra in the UV region.

Figure 3. (a and b) Low temperature (10 K) PL spectrum of the ZnO
NWs before and after Ar+ milling. (c) The PL spectra of core−shell
ZnO NWs under different power densities. (d) The relationship
between the integrated PL intensity and the excitation power.
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from oxygen vacancies near the surface.9,33 In our experiment,
after high energy Ar+ milling, the ZnO NWs become shorter
and thinner; therefore the quenching of the DLE can be
ascribed to the passivation effect. Meanwhile, strong exciton
localization can improve the emission efficiency by preventing
migration of excitons toward nonradiative defects. This is the
reason why the optical property of the ZnO NWs is
significantly improved after the Ar+ milling.
Further evidence of exciton localization in core−shell ZnO

NWs is witnessed by temperature-dependent PL measurement
performed between 10 and 300 K. As shown in Figure 4a, the

emission intensity of D0X and SX decreases quickly on warming
and totally disappears at temperature ∼100 K. The emission
peak of FX demonstrates a gradual redshift with temperature,
and the room temperature emission is dominated by FX with
its phonon replicas. In comparison, the emission from core−
shell ZnO NWs shows single-peak emission up to room
temperature, as can be seen in Figure 4b. It is noted that the
fwhm of the emission increases with temperature, which can be
ascribed to the exciton diffusion between different localized
states at higher temperature. More information about the
comparison of PL spectra of the as-grown ZnO NWs, bent
ZnO NWs, and core−shell ZnO NWs at different temperatures
can be found in Figure S2 in the Supporting Information.
To better understand the temperature-dependent optical

property of the sample, emission peak position and intensity of
the ZnO NWs before and after Ar+ milling were presented in
Figure 5a and b, respectively. As shown in Figure 5a, the
photon energy of FX of the as-grown ZnO NWs decreases
monotonically as temperature increases, which can be well-
fitted by the empirical Varshni’s equation.34 The band gap
energy obtained from the fitting is 3.3745 eV, which is
consistent with the reported data of free exciton A.35

Comparatively, for the emission from core−shell ZnO NWs

sample as depicted in Figure 5a, the emitted photon energy is
always lower than the FX emission from the as-grown sample.
Moreover, it is noted that the peak energy difference between
two samples decreases as temperature increases. This suggests
that the PL from core−shell ZnO NWs is not dominated by the
FX emission but from localized excitons. At higher temper-
atures, the increased thermal energy may be sufficient to detrap
carriers from localized states and reveal more features of FX
recombination.36,37 However, it is needed to mention that the
degree of localization in core−shell ZnO NWs is so strong that
the excitons do not have enough thermal energy to dissociate
even at room temperature. Thanks to the strong exciton
localization, the emission intensity from the core−shell ZnO
NWs is not sensitive to temperature, as can be seen from Figure
5b. For the case of as-grown ZnO NWs, the PL intensity of the
FX emission decreases more than 2 orders of magnitudes for
temperature increasing from 10 to 300 K. However, it can be
seen that the emission intensity from core−shell ZnO NWs is
very stable, changing only about six times under the identical
temperature range. Therefore, we can conclude that the
amorphous ZnO covering and the strong localization in ZnO
nanocrystals greatly suppress the surface trapping and non-
radiative exciton recombination process, which enables broad
and temperature-insensitive excitonic emission from ZnO. Such
kinds of materials should be very useful for high-performance
optoelectronic device applications.
We also examined the emission of the sample under high

density optical pumping by a pulse laser. Figure 6a shows the
PL spectra of the sample after Ar+ milling under different
pumping densities at room temperature. It can be seen that the
sample displays a weak spontaneous emission under low
pumping density. When the pumping density exceeds a
threshold of ∼0.40 MW/cm2, sharp peaks emerge from the
low energy shoulder of the broad spontaneous emission. As the
pumping density further increases, multiple spikes ∼389 nm
can be detected, the intensity of which increases rapidly. A plot
of integrated PL intensity of these stimulated peaks with respect

Figure 4. Temperature-dependent PL spectra of the ZnO NWs before
and after Ar+ milling. The dashed lines denote the evolution of the
exciton emissions.

Figure 5. (a) The emission photon energy of the ZnO NWs before
and after Ar+ milling. The solid line is the fitting to the Varshni’s
equation, while the dashed line shifts down from the solid line by 28
meV. (b) The emission intensities of the samples change with
temperature.
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to pumping density is given in the inset of Figure 6a. Such a
nonlinear increase of the integrated intensity is a characteristic
of lasing. It is known that the lasing action requires proper
optical feedback. For the sample discussed herein, the optical
feedback should be realized by random scattering, because the
asymmetric shape of the sample (as shown in Figure 1c) is
difficult to support either Fabry-Peŕot1,38,39 or whispering
gallery mode cavity.40−42 To clarity the lasing mechanism,
angle-dependent PL measurements were carried, and the results
were plotted in Figure 6b. It is clearly seen that different
emission spectra can be recorded from different directions,
which is qualitatively consistent with the random lasing
behavior with coherent feedback.43−45 Therefore, it is
concluded that the lasing action can be classified to random
lasing.
Compared with the core−shell ZnO NWs, the as-grown

ZnO NWs only exhibit broad spontaneous emission under
identical conditions (data not shown here). It is well-known
that the DOS of the localized states is lower than that of the
extended band states, which means that it can be easier
occupied by the moderate pumping.16 If the optical gain
coming from the filled localized states exceeds the light
propagation loss, stimulated emission will happen. This
phenomenon has been observed in II−VI compound semi-
conductors.46,47 At the same time, the ZnO nanocrystals inside
the core−shell structure will serve as scattering centers and
introduce strong scattering. Therefore, the observation of
random lasing action is ascribed to the strong exciton
localization and scattering due to ZnO nanocrystals. Up till
now, various material growth approaches and post-treatments
are devoted to achieve strong FX emission in ZnO material.

Herein, we provided the proof-of-concept demonstration of the
unique optical properties of localized exciton in ZnO
nanomaterials. It can be seen that the strong exciton
localization in ZnO nanocrystals not only enables the broad,
temperature-insensitive excitonic emission, but also provides
higher gain for lasing, which should be useful for high
performance optoelectronic device applications or random
lasing even from single NW.
In summary, we have investigated the morphology and

optical property of ZnO NWs before and after high energy Ar+

milling. It was found that Ar+ milling effectively passivated the
DLE of ZnO and enhanced the UV emission simultaneously.
From systematic optical measurements, the observation was
ascribed to the existence of strong exciton localization induced
by Ar+ milling. The excitonic emission from the core−shell
ZnO NWs was more broad and stable compared to the as-
grown ZnO NWs, and the mechanism was discussed in detail.
Furthermore, random lasing action was observed from the
core−shell ZnO NWs under optical pumping at room
temperature, which was ascribed to exciton localization and
strong scattering. Our investigations demonstrate the unique
optical properties of localized exciton in ZnO hybrid
amorphous/crystalline nanomaterials, highlighting the impor-
tance of structure−property correlation and their potential
device applications.
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