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UV emission of ZnO nanorods is significantly enhanced after the
irradiation of low energy Ga* ion beam. We contribute this
enhancement to the elimination of the surface defects and the

compressive strain introduced by the ion beam.
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1 Introduction

Zn0O is promising to act as building blocks for short
wavelength excitonic devices due to its wide direct
band gap (3.37 eV) and large exciton binding energy

ABSTRACT

The applications of ZnO nanomaterials in optoelectronics are still limited due to
their insufficient photoluminescence efficiency. In order to optimize the
photoluminescence properties of ZnO nanorods, UV emission of vertically
aligned ZnO nanorods grown on Si substrate in correlation with Ga* ion
irradiation at different ion energies (0.5 keV - 16 keV) is investigated in the
present paper. We found that the UV intensity increases rapidly with the
increase of Ga* ion energy up to the maximum around 2 keV, approximately 50
times higher than the intensity produced from as-grown ZnO nanorods. The
gentle bombardment of low energy Ga* ions removes defects from ZnO
nanorod surfaces. The Ga* ions, on the other hand, implant into the nanorods
resulting in compressive strain. It is believed that the perfect arrangement of
crystal lattice upon removal of surface defects and the introduction of
compressive strain are two factors that contribute the significant enhancement
of UV light generation.

(60 meV) [1, 2]. In a typical photoluminescence (PL)
spectrum, the room temperature emission from ZnO
consists of a sharp ultraviolet (UV) emission and a
wide green to red band emission (broad deep level
emission, or DLE) [3]. The UV peak is the near
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band-gap emission (NBE) of ZnO, while the DLE is
attributed to the recombination of photo-generated
holes with singly ionized charge states at the defects,
usually large
surface-to-volume ratio and the corresponding
numerous surface states of ZnO nanomaterials [4-6].
The suppression of the DLE and the enhancement of

which are explained by the

the UV emission remain challenging for the
applications of ZnO nanomaterials due to their
insufficient photoluminescence efficiency. Numerous
methods have been proposed to achieve this target,
most of which are focused on surface passivation,
such as plasma treatment [7-9], argon ion (Ar*)
milling [10, 11], introducing of surface plasmon [12,
13], or covering with dielectric layer [14-16]. However,
the method that involves the facile procedure and
allows the significant enhancement of UV emission
has been hardly reported so far.

Lin et al. used hydrogen plasma successfully to
their PL
The implantation depth of this

implant ZnO nanorods to improve
performance [9].
method can be controlled by the bias voltage.
However, they found the implantation was not stable.
The PL spectra of ZnO nanorods were restored to
original state after annealing process. Chen et al.
used argon ion beam to mill ZnO nanorods and also
found the NBE intensity was increased by a ratio of
3.25, which was ascribed to the exciton localization
[11]. Since the coupling of surface plasmon resonance
enables the enhancement of the PL emission, many
researchers have made attempt to coat metal
nanoparticles, graphene, and other hybrid
nanostructures onto ZnO nanostructures [12, 13].
Dielectric materials, such as polymers and metal
oxides, were also decorated on the surface of ZnO
nanostructures to suppress the nonradiative process
[14, 15]. Liu et al. combined these two coating
methods by coating ZnO nanowires with ALOs
dielectric layer through atomic layer deposition
(ALD) followed by sputtering with metal
nanoparticles [16]. This method is rather complicated
and not reliable although they claimed the high
enhancement ratio (up to several hundred).

In the present paper, the as-grown ZnO nanorods

were irradiated by Ga* ion beam with different
energies and different times in a focused ion beam
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(FIB) system. Then PL spectra were acquired from
these ZnO nanorod samples. It was found that ZnO
nanorods irradiated by Ga* ion beam with energy
lower than 5 kV showed significantly enhanced PL
performance. The UV emission could be increased by
over 30 times when treated by ion beam with
appropriate energy. In contrast, if the energy of the
ion beam is larger than 5 kV, the UV emission
reduces. The intensity of the enhancement also
strongly depends on the irradiation time/dose. The
UV peak rises with the increasing irradiation time of
the low energy ion beam, until it reaches the highest
intensity. High resolution transmission electron
microscopy (HRTEM) images were collected from
the ZnO nanorods before and after the ion beam
milling. Before the irradiation, the ZnO nanorods
were found to be covered with a shell which consists
of numerous defects. This shell was removed as a
result of the irradiation. Besides, compressive strain
along the a-axis of the ZnO nanorods was found after
the ion beam irradiation, which was also considered
to the enhancement of UV emission. The subsequent
decay of the UV emission of the sample irradiated by
higher energy ion beam is caused by the damage and
amorphorization subject to the ion beam.

2 Results and Discussion

The investigation of morphological evolution of
ZnO nanorods subjected to Ga* ion periodical
irradiation was carried out in a scanning electron
microscope (SEM) with the equal ion dose (around
134 C/m?) but different energies starting from
as-grown nanorods (Fig. 1(a)). No significant changes
were observed after the irradiation at energy of 2 keV,
except that the nanorods are pared at the top,
especially those in well alignment with the ion beam
(Fig. 1(b)). The nanorods are further tapered at
higher energies (Fig. 1(c) produced by ion energy of 5
keV and Fig. 1(d) by 16 keV). All nanorods are
transformed into sharp nanoneedles after the ion
sputtering at the energy of 30 keV (Fig. 1(f)). The
process and the transformation of the morphology
against low and high energies are illustrated in Fig.

1(g)-

Figures 2(a) and (b) show the room temperature PL
spectra of the ZnO nanorods before and after the
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irradiation by Ga* ion beam with the same dose (134
C/m?) but different energies, where two peaks are
visible. One is NBE peak associated with the intrinsic
bandgap of ZnO shown in Fig. 2(a) and the other is
DLE peak generated from defects and located in the
visible region as seen in Fig. 2(b). The intensity of
NBE peak as a function of the energies of ion beam is
plotted in Fig. 2(c). It is found that the intensity
increases rapidly with the increase of Ga* ion energy
up to the maximum at 2 keV, approximately 50 times
higher than the intensity produced from as-grown
nanorods, and then drops down at a slow rate.
Meanwhile, the DLE peaks are also seen to be
suppressed across various ion energies as shown in
Fig. 2(b).

It is also interesting to mention that a slight red shift
of the NBE peaks occurs after ion irradiation, as
shown in Fig. 2(d), a plot of the central wavelength
corresponding to the NBE peak against ion energy.
The red shift of the NBE peak implies that quantum
confinement effect couldn’t be the reason of the
enhancement, since it causes blue shift instead [17].
Several mechanisms have been proposed to explain
similar red shift, such as heating effect [18], uniaxial
stress/strain [19], or the contributions of excitionic
emission and their phonon replicas [20]. In our
experiments, the reason of the red shift is probably
the ion implantation and the a-axis compressive
strain introduced during the irradiation. We will
discuss it in detail below.

It has become a general consensus that a lot of defects
are presented near the surface of ZnO nanostructures
with a large specific surface area, which gives rise to
strong green DLE and low intensity of UV emission
[21, 22]. Figure 3, a HRTEM image taken at a zone
axis of [0 0 1], shows an area near the side wall of an
as-grown ZnO nanorod. It is seen to be decorated by
a thin layer of strongly distorted ZnO lattice, with the
thickness of around 2.5 nm. As a result, a great
number of dislocations are generated inside this layer
and at the interface between this distorted lattice and
the inner perfect ZnO lattice. These defects would act
as the recombination centers in the ZnO nanorods
and attribute to the insufficient PL efficiency [23].
However, the significant increase of UV emission
occurs after the irradiation of ion beam at the energy

of 3 keV. As shown in Fig. 4(a), after the gentle
bombardment of Ga* ions, the distorted layer is
removed from ZnO nanorod surfaces, which are free
from defects. Therefore, the DLE is suppressed and
the NBE is enhanced accordingly.

The Ga* ions, on the other hand, implant into the
nanorods and introduce point defects in the ZnO.
These point defects are probably the reason of the
formation of compressive strain along a-axis, as
proved by the strain mapping result in Fig. 4(b). No
strain is detected along c-axis (Fig. 4(c)). This a-axis
compressive strain may also be one of the reasons
resulting in the UV enhancement, which is consistent
with the work of Yang et al. [24]. Besides, Li et al.
reported based on their calculation that the decrease
of bandgap of ZnO along uniaxial a-axis compressive
strain is attributed to the variation of hybridization of
atomic orbits [25]. Thus this compressive strain
observed after low energy irradiation is likely one of
reasons that causes the red shift of the UV emission,
as shown in Fig. 2(d).

Subsequently, the ZnO nanorods, subject to ion
irradiation at sufficiently high energy (i.e. 16 keV),
are found to produce the UV intensity as low as the
as-grown nanorods (Fig. 2(c)). This is due to Ga* ions
that sputter ZnO nanorods leading to a severe
damage of their surfaces. Figure 5(a) shows a
HRTEM image of the ZnO nanorods after ion
irradiation with the high energy of 16 keV, where the
edge appears very rough and is decorated by a thin
amorphous layer. In addition, the strains along both
c-axis and a-axis of the ZnO are close to zero, though
slight tensile strain is shown along c-axis (Fig. 5(b))
and little compressive along a-axis (Fig. 5(c)).

The ion implantation may also contribute to the red
shift of the UV peak after heavy doping. As we know
in heavily doped ZnO, the bandgap is determined by
two factors: (1) Burstein-Moss effect (B-M effect)
which increases the bandgap [26]; (2) Urbach tail
which decreases the bandgap [27]. The total bandgap
could be described by the following equation [28]:

Eg = Ego + AEgBM - AEgW (l)

In which Eg is the original bandgap without any
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implantation, AEs®™ and AEgW are the bandgap shift
from B-M effect and Urbach tail, respectively. Under
the condition of high concentration of the Ga* ions,
AEgM < AEgW. Therefore the bandgap decreases, and
a red shift of the UV emission occurs. This also
explains that the red shift is even larger although the
a-axis compressive strain no longer exists after high
energy irradiation.

Figure S1 in the Electronic Supplementary Material
(ESM) shows the TEM images of the ZnO nanorod
after irradiation by Ga* ion beam with energy as high
as 30 kV and dose of 134 C/m2 It is found that a
continuous and identical amorphous layer with the
thickness of around 1.2 nm is formed. This
amorphous layer is probably the result of the damage
introduced by the high energy ion beam. From the
indexed FFT pattern inset in Fig. S1(b), we can see a
new group of diffraction points, which can be
identified to be ZnGa20s with the zone axis of [2 1 6].
Although we are not able to see the new phase of
ZnGa:0s in the TEM image of Fig. S1(b), when the
doses of incident ion beam are sufficiently high,
numerous particles are observed and decorated over
the surface of the damaged ZnO nanorod, as shown
in Fig. S1(c). The HRTEM image and the inset FFT
pattern clearly prove that ZnGa:0: nanoparticles
with the diameter of around 10 nm are formed. This
finding is in agreement with the literature [29], which
reports that in Ga-doped ZnO system, a new phase of
ZnGa:0s will be formed when the atomic ratio of Ga
is over 7 %. Thus, the observation of these ZnGa204
nanoparticles suggests that Ga* ions are implanted
into ZnO nanorods under high energy irradiation.
The implantation depth of is dependent of the energy
of the incident ion beam.

It was found that extremely high UV emission of
ZnO nanorods can be achieved by supplying Ga* ion
dose at a constant energy below 5 keV. Figure 6(a)
shows PL spectra of the ZnO nanorods irradiated by
Ga* ion beam at 3 keV as a function of ion dose. The
curve of NBE peak intensity versus the ion beam
dose is plotted in Fig. 6(b). It is clear that the
intensity of the NBE peak increases around 30 times
more when the dose is high enough. The
enhancement seems to be saturated when the dose is
increased to over 268 C/m? as the PL spectra of 268

¥ UNIVERSITY PRESS

C/m? and 402 C/m? are almost the same, which can be
seen clearly in the inset of Fig. 6(a). The same ion
irradiation procedure with irradiation energies of 1
keV and 5 keV is repeated with the results presented
in Fig. S2 in the ESM, and similar phenomena are
observed.

3 Conclusions

We present a strategy for tailoring the optical
properties of ZnO nanorods through the study of the
photoluminescence and morphology of the ZnO
nanrods irradiated by the Ga* ion beam. It is found
that the intensity of the band edge luminescence
strongly depends on the ion beam energy and dose.
As a result of the Ga* ion beam irradiation with the
energy in the range of 1~5 kV and the dose of 134
C/m?, NBEs can be enhanced by over 30 times, while
the DLEs are suppressed. We contribute this
enhancement to the elimination of the surface defects
and the compressive strain introduced by the ion
beam. This dramatic enhancement of the NBEs and
the suppression of DLEs through Ga* ion beam
irradiation may have potential applications in
photovoltaic devices.

4 Experimental Section

4.1 Growth of ZnO nanorods

ZnO seed layer with the thickness of around 50 nm
was deposited onto the surface of Si wafer evenly
through a radio frequency (RF) magnetron sputtering
system (Kurt. J. Lesker, USA). The ZnO/Si substrate
was subsequently immersed into the mixed solution
of Zinc Nitrate Hexahydrate (Zn(NOs)2-6H20) (298%,
Sigma-Aldrich, USA) and Hexamethylenetetramine
(HMTA) (299.5%, Sigma-Aldrich, USA) facing
downward, and then heated at the temperature of
90°C for three hours. Finally the sample was retrieved,
rinsed in DI water and dried in air at room
temperature.

4.2 Irradiation with Ga* ion beam

ZnO/Si substrate with ZnO nanorods were subjected
to the Ga* ion beam in the FIB system perpendicular
to the substrates. For comparison, Ga* ion irradiation
was carried out on the surfaces of two samples with
one sample that was irradiated to a sequence of

@ﬁ TSINGHUA @ Springer | www.editorialmanager.com/nare/default.asp
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square patterns (20 um x 20 um) using different ion
voltages and the other where a series of identical
squares was
scanning times. The ion irradiation fluence rates
under different voltages are listed in Table S1 in the
ESM.

ion beam scanned with different

4.3 Characterization

SEM images were collected in the dual beam FIB
system (Nova Nanolab 600i, FEI, USA). TEM images
were captured on 2100F (JEOL, Japan) at the electron
energy of 200 keV to
microstructure of ZnO nanorods before and after Ga*

beam analyze the

ion beam treatment.

4.4 PL Measurement

PL measurements were performed at room
temperature with a home-made micro-PL system,
using a He-Cd laser (laser line 325 nm) as excitation
source. A 750 mm monochromator with suitable
filters was used to disperse the signal, which was
then detected by a photomultiplier through standard

lock-in amplifier technique.
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low energy

Figure 1 SEM images of ZnO nanorods irradiated by Gaion beam with different energies: (a) without ion beam irradiation; (b) 2 keV;
(c) 5 keV; (d) 8 keV; (e) 16 keV; (f) 30 keV; (g) schematic illustration of theion irradiation process under low and high engergies
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used); (b) emission of ZnO nanorods in the visible range; () Intensity of the NBE peaks of the ZnO nanorods after the irradiation; (d)
the position of the NBE peaks after the irradiation.
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Figure 3 HRTEM image of the edge of the ZnO nanorod without ion beam irradiation and the corresponding FFT pattern
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aaxis; (c) the strain mapping result along the c-axis. (Positive value indicates tensile strain; negative value indicates compressive strain)
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aaxis; (c) the strain mapping result along the c-axis.
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Figure 6 (&) PL results of ZnO nanorodsirradiated by 3 keV Gaion beam with different times; (b) the intensity of the NBE peaks of
ZnO nanorads irradiated by 3 keV Ga* ion beam with different times.
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Ga* ion irradiation fluence
The irradiation fluence rate is proportional to the ion beam current density. In the FIB system, the beam current
density is changed according to the alignment setting when the ion beam energy (the applied voltage) changes.
Calculated irradiation fluencies of the ion beam in detail are listed in the following Table S1:

Table S1 Irradiation fluencies at different voltages used in the article.

Voltage/kv Current/pA Scanned Current Irradiation
Area/um? | Density/pA/pm? | Fluence/105/pm?/s
0.5 110 400 0.275 1.72
0.7 80 400 0.2 1.25
1 36 400 0.09 0.56
15 27 400 0.0675 0.42
2 28 400 0.07 0.44
3 34 400 0.085 0.53
4 40 400 0.1 0.63
5 47 400 0.1175 0.73
8 62 400 0.155 0.97
16 130 400 0.325 2.03
30 280 400 0.7 4.38
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Figure S1 (a) TEM image of the edge of the ZnO nanorod irradiated by 30 kV Gaion beam; (b) TEM image
under high magnification and the corresponding FFT pattern; () TEM image of the ZnO nanrod after irradiation
of Ga' ion beam with energy of 30 kV and extremely large dose; (d) HRTEM image of the circled particle in Fig.

S1(c).
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Figure S2 (a) PL results of ZnO nanorods irradiated by 1 keV Ga* ion beam with different doses; (b) the intensity
of the UV pesks of ZnO nanorodsirradiated by 1 keV ion beam with different doses; (c) PL results of ZnO
nanorods irradiated by 5 keV ion beam with different doses; (d) the intensity of the UV peaks of ZnO nanorods

irradiated by 5 keV ion beam with different doses.
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