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We present the surface plasmon polariton (SPP)-enhanced ultraviolet (UV) emissions of an Au@SiO,/ZnO hybrid
nanostructure. We achieved approximately 20- and 8-fold enhancements of the UV-emitting intensities from Au-SPP

coupled nanometre- and micrometre-scaled ZnO wires through an optimized 5 nm-thick SiO, spacer compared to that

obtained from bare ZnO on a Si substrate without SPP coupling. Cathodoluminescence measurements and simulations

demonstrated that the plasmonic hybrid nanostructure enables the strong localization of the SPP field, resulting in

significantly enhanced UV emissions. This plasmonic structure paves the way to nanoscale UV-optical lasers and sensors.

Introduction

ZnO is a strong ultraviolet (UV) luminescent material with a wide
bandgap energy of 3.37 eV and a large exciton binding energy of 60
meV."? ZnO nanowires and microwires are one of the most
promising integrated configurations for future nanolasers,
biosensors, nano-optoelectronic devices, and photocatalysts.s'6 The
cathodoluminescence (CL) spectra of ZnO exhibit a near-band
emission (NBE) in the UV range and visible emission in the green
range. However, surface defect states in ZnO, such as oxygen
vacancies, lower the light-emitting efficiency of photoelectric
devices. Previously reported techniques for improving the UV-
emissions of the ZnO structure include thermal annealing and the

L. . . . 7-14
applications of ceramic, metal and polymeric surface coatings.

In recent years, surface plasmon polariton (SPP)-coupled ZnO
nanostructures have been observed to enhance UV-light emissions
significantly.ls"23 SPPs are electromagnetic waves that propagate
along a metal-dielectric interface at visible to infrared
wavelengths.m‘25 The SPP field enhances the
properties of nanostructures and nanocomponents because of
strong coupling between photons and metal plasmons induced by
optical localization. The coupling efficiency can typically be reduced
by surface defects in ZnO nanostructures and ohmic losses in
metals.”*® A semiconductor-insulator-metal (SIM) hybrid structure
for SPP-coupling optical enhancement has been proposed, where a
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nanometre-scale low-refractive-index insulating spacer (e.g., MgF,,
Si0,, PMMA, LiF, or Al,O3) is placed between the metal and
semiconductor. Experiments and simulations have demonstrated
that the SIM nanostructure enables energy storage in the non-
metallic regions, resulting in enhanced SPP-field localization.”” " For
instance, Volker J. Sorger et al. reported a UV-enhancement up to
5-fold from Ag@PMMA/ZnO.30 Lawrie et al. demonstrated 1.45-fold
and 1.8-fold UV-light enhancements from Au@MgO/ZnO and
Ag@MgO/ZnO multilayer structures.’?> Yu-Hsun Chou et al.
demonstrated a 20-fold UV enhancement from Ag@SiO,/ZnO
multilayer structures. Several reports on SPP-coupling ZnO
systems for UV-light enhancement are summarized in Table 1. The
nature of enhanced UV emissions from the plasmonic-coupling MIS
nanostructure with ZnO nanowires as UV nanolasers must be
further explored.

In this work, we developed an enhanced
Au@SiO,/ZnO  hybrid  structure that Zn0
nanowires/microwires separated from a Au film by a nanoscale
dielectric SiO, spacer. We choose Au as the SPP metal due to its
good coupling with ZnO NWs and chemical stability. Furthermore,
Au is well known for its resistance to oxidation.** We achieved a
~20-fold enhancement in the UV-emission intensity from Au-SPP
coupled ZnO NWs through an optimized 5 nm-thick SiO, spacer
(Table 1). We explain the strong coupling geometry in the
plasmonic hybrid configuration by varying the thickness of SiO,
spacer and the size of ZnO NWs to enhance and modulate the UV
emissions. We also investigated the effects of incident electrons on
the UV enhancement of plasmonic nanostructure.

Au-plasmon
consists  of
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Table 1 Comparison of SPP-coupling ZnO systems with and without a dielectric spacer layer.

SPP-ZnO system SPP-material Dielectric spacer UV-enhancement References

Au@SiO,/Zn0O NW* Au film Si0, (h*****.: 5nm)  20-fold Present work

Au/ZnO NR* Au NPs** w/o 4-fold [10]

Au/ZnO NW* Au NPs** w/o 2-fold [11]

Graphene/ZnO nano film SG*** w/o 5-fold [12]

Graphene/ZnO nano film GO**** w/o 2.79-fold [13]

Au/graphene/ZnO MW* Au NP(s)** w/o 4-fold [14]

Ag/ZnO NR* Ag NPs** w/o 5-fold [16]

Pt/ZnO NR* Pt NPs** w/o 12-fold [18]

Au/ZnO NW* Au NPs** w/o 5-fold [19]

Au/Zn0 nano film Au NPs** w/o 15-fold [23]

Ag@PMMA/ZnO NW* Ag film PMMA (h:10 nm) 5-fold [30]

Au@MgO/ZnO Nano film Au film 1.45-fold

. ' MgO (h: 20 nm) [32] *%NPs:

*Ag@MgO/ZnO Nano film Ag film 1.8-fold nanop
N\E@Si0,/Zn0 NW* Ag film Sio, 20-fold [33] iiticslg..

w
: nanowire, NR: nanorod, MW: Microwire.
**%**G0: grapheme oxide.

Experimental section
Sample preparation

The undoped ZnO nanowires/microwires (NWs/MWs) with a
[0001]-orientation were fabricated by physical vapour deposition
without a catalyst. The diameter of the wires was from ~300 nm to
3 um. First, a 60 nm-thick Au film was deposited on a p-type Si (100)
substrate by magnetron sputtering. An amorphous SiO, layer was
then deposited on the Au film using the plasma enhanced chemical
vapour deposition (PECVD). The thickness of the SiO, layer (h) was
5, 10, 20, or 100 nm. In the cathodoluminescence (CL)
measurements for individual ZnO wires, the ZnO N&MWs were
randomly dripped on the SiO, layer and on the Si (100) substrate
without a SiO, layer and Au film for comparison.

Sample characterization

The measurement system was a spatially resolved CL spectroscope
(Gatan Mono 3 Plus) combined with a field-emission environmental

2 | J. Name., 2012, 00, 1-3

single graphene.
*xx*%%h: dielectric spacer thickness.

scanning electron microscope (FEI Quanta 600F ESEM). The ESEM-
CL system provided a technical advantage for the observation and
measurement of nanostructures with a high spatial resolution (1.2
nm) and a high spectral precision (0.66 nm). The experimental
conditions of the ESEM and CL spectrometer included an
accelerating voltage of 5-30 kV, a beam current of 10%-107° A, a
working distance of 12.6 mm, and a photo multiplier tube detector
(PMT) with a grating of 1,200 |/mm. The detection wavelength of
the PMT detector ranged between 200 and 930 nm (UV to IR
range).

To compare the influence of the thickness of the dielectric SiO,
spacer on the UV emissions of ZnO wires, we selected ZnO wires
with similar diameters from randomly dispersive wires on the SiO,
layer. For CL measurements, the permissible errors of the diameter
were = 10 nm and £ 0.05 pm for NWs and MWs, respectively. We
measured ZnO wires with diameters ranging from 300 nm to 1.6 um
and obtained CL results for 300 nm, 500 nm, and 1.6 um wires. To
reduce the influence of wire defects on the corresponding
comparisons of the NBE intensity, we obtained a panchromatic CL

This journal is © The Royal Society of Chemistry 20xx

Page 2 of 7



Page 3 of 7

Nanoscale

Journal Name ARTICLE

image, selected a homogeneously light-emitting area in an

individual wire, and then collected a CL spectrum from this area.

Results and discussion

Fig. 1a shows the secondary electron (SE) images of ZnO wires
randomly distributed on the SiO, layer of the Au@SiO,/ZnO hybrid
structure. The inset is a diagram of the plasmonic hybrid structure.
Fig. 1b shows a ~500 nm ZnO wire, which lies on the SiO, layer. The
SiO, layer is located beneath the ZnO and above the Au film and
functions as a low-permittivity dielectric material to store SPP
electromagnetic energy. We modulated the thickness of the SiO,
spacer (h), the diameter of the ZnO wire (d), and the energy of the
incident electrons (E,) to enhance the UV-emitting intensity of the
ZnO wires. For comparison, the ZnO wires on a Si substrate without
any SPP coupling were also analysed.

Fig. 1 SE images of the ZnO wires on the SiO, layer of the
Au@Si0,/Zn0 hybrid structure. (a) ZnO wires randomly distributed
on the SiO, layer. Inset is the diagram of the plasmonic hybrid
structure. (b) A ~500 nm ZnO wire on the SiO, layer.

Fig. 2 illustrated a series of NBE peaks from a Au@SiO,/ZnO
hybrid nanostructure, where ~300 nm ZnO wires and a SiO, spacer
with a thickness of h =5, 10, 20, and 100 nm were used. The E, was
10 keV. When h was decreased from 100 to 5 nm, the NBE peaks
were enhanced approximately 20-fold relative to those of bare ZnO
NWs without any SPP coupling. Here, we define an enhancement
factor (Ryge) for the NBE emission as R, . :[I@BE/];;‘;””, where
I»S/EEM and [?,EE are the NBE intensity from the hybrid structure
with ZnO wires and different dielectric layer thicknesses (h) and the
NBE intensity of the bare ZnO wires on a Si substrate without
plasmonic coupling, respectively. The Ryge Vvalues were
approximately 20-, 2.8- and 1.8-fold enhancements for h =5, 10 and
20 nm compared to that of the ~300 nm ZnO on a Si substrate. The
results suggest that the Au-SPP energy was effectively confined as
the dielectric thickness was decreased. In contrast, the UV-
enhancement of this plasmonic nanostructure was negligible when
h > 20 nm. Moreover, the UV peaks located at 387 nm did not move
when the thickness of the dielectric spacer was changed.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2. UV peaks from the Au@SiO,/Zn0O hybrid structure with ~300

nm ZnO wires, where the thickness of the SiO, spacer (h) was 5, 10,

20, and 100 nm. The electron energy (Ey) was 10 keV.

A series of UV peaks from the plasmonic structure with ~1.6 pm
ZnO wires are presented in Fig. 3 (h =5, 10, 20, and 100 nm; Ey= 10
keV). The trends of the UV enhancement were similar to those
observed for the plasmonic structure with ~300 nm ZnO wires (Fig.
2). However, the Ryge values significantly decreased, i.e., Ryge = 8.4,
8.5, 4.7 and 3.5 for h =5, 10, 20, and 100 nm, respectively. When h
> 100 nm, the UV peaks weakened considerably, which suggested
that SPP-coupling effect faded before reaching the ZnO/SiO,
interface. Moreover, the UV peaks showed a red shift, i.e., from 387
nm for ~300 nm ZnO to 392 nm for ~1.6 um ZnO. The bandgap
narrowed for the shrunken nanowires because of the quantum
confinement effect.
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Fig. 3. UV peaks from the Au@SiO,/Zn0 hybrid structure with ~1.6

pm ZnO wires (h =5, 10, 20, and 100 nm; £, = 10 keV).

Similarly, the SiO, spacer (h)-modulated UV-emitting intensity
from the plasmonic structure with ~500 nm ZnO wires is shown in
Fig. 4. Compared to the Ryge values of ~300 nm and ~1.6 um ZnO
wires, the Ryge values of the ~500 nm ZnO wires were intermediate,
i.e., Rnge = 10, 3.8, 1.8, and 1.02 for h = 5, 10, 20, and 100 nm,
respectively.

J. Name., 2013, 00, 1-3 | 3
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Fig. 4. UV peaks from the hybrid structure with ~500 nm ZnO

wires (h =5, 10, 20, and 100 nm; Ey = 10 keV).

T
360

To determine the NBE-emitting nature of Au plasmons coupled
with ZnO photons, we compared the enhancement factors (Ryge)
achieved with this plasmonic structures, as shown in Fig. 5. The Ryge
strongly increased when both the thickness of the dielectric layer
(h) and the size of the ZnO wires (d) were decreased. Maximal UV
enhancements of 20-fold (d = 300 nm) were achieved for h =5 nm,
whereas the enhancements achieved were 10-fold for d = 500 nm
and 8.4-fold for d = 1.6 um. The results demonstrate that the
shrunken geometric configuration of the hybrid structure led to a
strong coupling in the metal-dielectric interface and to an UV-
enhancement in the plasmonic nanostructure.

204

300nm
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Fig. 5. Enhancement factors (Ryge) achieved with Au@SiO,/ZnO
hybrid structures as a function of the thickness of the SiO, spacer
and the diameter of the ZnO wires (h = 5, 10, 20 and 100 nm; E;, =
10 keV).

Fig. 6 shows the panchromatic images of the ZnO wires. No
visible defects were present in the ~300 nm ZnO wire (Fig. 6a). In
contrast, more structural defects existed in the ~1.6 um ZnO, as
shown by an arrow (Fig. 6b). The crystal defects increased with
increasing diameters of the wires, resulting in a decrease in the UV-
emitting enhancement.

4| J. Name., 2012, 00, 1-3

Fig. 6. Panchromatic CL images of ZnO wires in the plasmonic
structures: (a) a ~300 nm ZnO wire and (b) a ~1.6 um ZnO wire.

Next, we considered the penetration depth of surface plasmons
fringing into the dielectric layer (Z), which can be expressed by Eq.
(1)'14

Z=21l 27[[(5'&.02 _g;m)/g;mz}vz (1)

where £5ip,and &'y, are the real parts of the dielectric constants of
SiO, and Au, respectively, and A is the wavelength of ZnO (4 = 390
nm). The Z was calculated to be ~100 nm, which supports the
results of our CL measurements, i.e., the SPP-coupled UV emissions
fade as the thickness of the dielectric spacer increases to 100 nm.
Furthermore, we used the finite-difference time-domain (FDTD)
simulations to evaluate the distribution of SPP field intensity
(|E(x,y)]) in the Au@SiO,/ZnO plasmonic nanostructure with
various thicknesses of the SiO, spacer. Fig. 7 shows that the SPP-
field intensity is dependent on both the thickness of the dielectric
SiO, layers (h) and the diameter of the ZnO NWs (d). The FDTD
simulations agree with the CL measurements. First, the strongest
SPP-field intensity was obtained when the SiO, spacer was h =5 nm.
The SPP-field intensity in the SiO, spacer became stronger with
decreases in the dielectric spacer h from 100 to 5 nm, whereas it
became weaker with decreases in h from 5 to 2 nm (Fig. 7a-e). The
enhanced SPP field with decreases in the dielectric spacer from 100
to 5 nm resulted in increases in the resonance energy localization
by coupling between excitons of the ZnO and plasmons of the Au.
As a result, the UV-emission was enhanced (Figs. 2-4). When the
dielectric spacer reduced further from 5 to 2 nm, the SiO, layer
formed an island-like discrete film. The decayed SPP-field was
mainly attributed to the hot electron transfer from ZnO to Au,
resulting in a decrease in the SPP-field intensityal. Second, the SPP-
field intensity became stronger with decreases in d from ~500 to
~300 nm when h =5 nm (Fig. 7b,f). This finding supports the notion
that the SPP electric energy can be effectively confined in the
thinner dielectric layer with shrunken nanowires. The results of the
simulations indicate that the strong localization of the SPP
electromagnetic energy originates from the nanometre-scaled
dielectric and semiconductor structures and enables effective
enhancements of the UV luminescence of ZnO nanowires.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 7. FDTD simulations of the distribution of SPP field intensity
(1E(x,y)]) in the Au plasmonic hybrid structure in the x-y plane. In
the maps, black circles represent the profiles of the ZnO wires, and
the two horizontal black lines represent the thickness of the SiO,
layer. The wavelength was 390 nm, and the thickness of the Au film
was 60 nm. (a-e) a ~300 nm ZnO wire with h = 2, 5, 10, 20 and 100
nm. (f) a ~500 nm ZnO wire with h =5 nm.
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Moreover, we consider a good fit of incident electron energy ()
for plasmonic-coupled NBE enhancement of the intensity. Here, we

designated  Rysz as the  Ejy-dependent  factor, e,
Rypp =15/ IE3ke” , where Ing and IﬁBE3kV are the NBE intensity

of ZnO wires at a given Ej value and at Ey = 3 keV, respectively. Fig. 8
shows the UV enhancement (Rygg) with the plasmonic structure (h =
5 nm) and the UV intensity (/yge) Without any plasmonic structure
for ZnO wires with Ey ranging from 3 to 30 keV.

Fig. 8a shows the Ryg; of the ~300 nm ZnO wires and ~1.6 um
ZnO wires. Notably, the maximum Ry values of both the ~300 nm
ZnO and ~1.6 pm ZnO wires were observed to occur at 10 keV,
corresponding to the maximum UV-emitting enhancements. For the
~300 nm ZnO wires, the Ryge values were approximately 20-fold
higher at 10 keV, whereas they were approximately 7- and 6-fold
enhancements at 5 and 15 keV, respectively, compared to that at 3
keV.

The phenomena should be further evaluated by the effect of the
penetration depth of incident electrons on the CL spectra. The
Monte Carle modulations indicated that the penetration depth of
the beam energy into the Au@SiO,/ZnO structure was
approximately 0.9, 1.9, 2.8, and 4.9 um for 5, 10, 15, and 20 keV,
respectively. The modulations conditions included a ~1.6 um ZnO
wire, beam energies of 5, 10, 15 and 20 keV, an incident electron

This journal is © The Royal Society of Chemistry 20xx

number of 32,000, and thicknesses of 100 and 60 nm for the SiO,
layer and Au film. The results suggested that the penetration depth
was equivalent to the total thickness of the ZnO/SiO,/Au multilayer
structure at 10 keV, whereas it was less than or higher than this
total thickness at 5 or 15 keV. Then, the corresponding Ryge values
displayed a notable difference.

Five-fold enhancements of RNBE could be obtained at 5 keV as
Monte Carlo modulations typically underestimate the beam energy
corresponding to the maximum CL intensity.35 For this reason, the
minority carrier diffusion and secondary luminescence in matter are
not accounted for in the simulations. As the CL could be generated
at the location of the e-h pair recombination, the CL probe could be
broadened and reach the bottom of the multilayer structure at 5
keV. In contrast, a notable decrease in RNBE with increasing beam
energy from 10 to 30 keV could be attributed to the reduction in
the proportion of the multilayer structure to the interaction volume
of the incident electrons. The most suitable beam energy for the
maximum NBE- enhancement in the plasmonic structure was EO =
10 keV.

Fig. 8b-c shows the maximum INBE of 300 nm wires and 1.6

m ZnO wires, respectively, on the Si substrate without a
plasmonic structure. The maximum INBE values of the 300 nm
ZnO wire and 1.6 m ZnO wire were located at 10 and 15 keV,
respectively. The maximum RNBE value occurred at 10 keV for the

300 nm ZnO wire, whereas the maximum INBE value occurred at
15 keV for the 1.6 m ZnO wire (Figs. 8a and 8c). These results
are related to the NBE emission mechanisms from the different
geometric configurations of the ZnO wire. The NBE enhancement of
the intensity (RNBE) is mainly attributed to the plasmonic geometric
configuration for SPP-excited coupling resonance between Au
plasmons and ZnO photons, related to the SiO2 spacer and Au/SiO2
interface. In contrast, the NBE intensity (INBE) is mainly attributed
to an electron-excited spontaneous recombination-luminescence
process, related to the interaction volume of incident electrons with
matter.

22
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Fig. 8. NBE enhancement factor (Ryge) and NBE intensity (/yge) vs.
incident electron energy (Ep): (a) Ryge Vs. Ep of ~300 nm ZnO wires
and ~1.6 um ZnO wires from the plasmonic structure; (b) and (c)

Inge Vs. Eg of ~300 nm and ~1.6 um ZnO wires from the Si substrate
(Eo=3,5, 10, 15, 20 and 30 keV, h =5 nm).

Conclusions

In summary, we achieved approximately 20-fold and 8-fold
enhancements in the UV-emitting intensity from ~300 nm ZnO
wires and ~1.6 um ZnO wires, respectively, in the Au@SiO,/ZnO
hybrid structure with a 5 nm-thick SiO, spacer compared to that
obtained from the bare ZnO wires on a Si substrate without SPP-
coupling. The suitable geometric configuration of the plasmonic
nanostructure includes a SiO, spacer thickness of 5-20 nm and a
ZnO nanowire diameter of several hundred nanometres. An
incident electron energy of 10 keV is the most suitable for
enhancing UV emissions in the plasmonic structure. The clear UV-
emitting enhancement is attributed to the strong localization of
coupling resonance between the Au plasmons and ZnO excitons.
FDTD simulations support the CL measurements, which
demonstrate that the plasmonic hybrid structures enable
enhancements in SPP-field localization and energy storage. The UV-
enhanced plasmonic nanostructure could be used to develop
nanoscale UV-optical lasers and sensors.
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