Cooperative Enhancement of

Second-Harmonic Generation from a
Single CdS Nanobelt-Hybrid Plasmonic

Structure

Xinfeng Liu," Qing Zhang," Wee Kiang Chong," Jing Ngei Yip," Xinglin Wen," Zhenpeng Li," Fengxia Wei,*

Guannan Yu," Qihua Xiong,**§

and Tze Chien Sum

*,1,%

"Division of Physics and Applied Physics, School of Physical and Mathematical Sciences, Nanyang Technological University, Singapore 637371, *Energy Research
Institute@NTU (ERI@N), Nanyang Technological University, 50 Nanyang Drive, Singapore 637553, and SNOVITAS, Nanoelectronics Center of Excellence,
School of Electrical and Electronic Engineering, Nanyang Technological University, Singapore 639798

ABSTRACT Semiconductor nanostructures (e.g., nanowires and nanobelts)
hold great promise as subwavelength coherent light sources, nonlinear optical &
frequency converters, and all-optical signal processors for optoelectronic applica-
tions. However, at such small scales, optical second-harmonic generation (SHG) is
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generally inefficient. Herein, we report on a straightforward strategy using a thin
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Au layer to enhance the SHG from a single CdS nanobelt by 3 orders of magnitude. Through detailed experimental and theoretical analysis, we validate that

the augmented SHG originates from the mutual intensification of the local fields induced by the plasmonic nanocavity and by the reflections within the CdS

Fabry—Pérot resonant cavity in this hybrid semiconductor—metal system. Polarization-dependent SHG measurements can be employed to determine and

distinguish the contributions of SH signals from the CdS nanobelt and gold film, respectively. When the thickness of gold film becomes comparable to the

skin depth, SHG from the gold film can be clearly observed. Our work demonstrates a facile approach for tuning the nonlinear optical properties of

mesoscopic, nanostructured, and layered semiconductor materials.

KEYWORDS: nonlinear optics - second-harmonic generation - CdS nanobelt - plasmonic nanocavity - Fabry—Pérot resonance -

SHG enhancement - plasmons

onlinear optical properties play an

important role in photonics, materi-

als science, and bioimaging with
functionalities such as frequency mixing,
supercontinuum generation, and optical
solitons.™* Second-harmonic generation
(SHG) is the lowest order frequency mix-
ing nonlinear optical process where two
photons create a single photon with half
the incident wavelength.” This provides a
convenient and practical means to obtain
blue emission from a near-infrared laser and
has found applications as nonlinear optical
frequency converters, all-optical signal pro-
cessors, and biosensors.®™® Specifically,
achieving SHGs with nanowires/nanobelts
(e.g., in ZnO, GaN, GaP, and KNbOs) would
prove highly advantageous for nanoscale
coherent light sources and integrated opti-
cal circuits.®~'2 Furthermore, light-emitting
nanoscale probes have also been proposed
as an ideal platform for single-molecule
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fluorescence imaging, single-molecule en-
doscopy, and in vivo cell imaging.”>~'
However, SHG is generally inefficient at
such diminutive scales.'®”'® Many schemes
to enhance SHG in nanostructures (e.g.,
utilizing the Purcell effect,'® structure
tailoring,"” interface strain,?® and plasmonic
effects?') have previously been proposed to
overcome this severe limitation.?*> Among
them, utilizing plasmonic effects is particu-
larly compatible with the localization of
highly concentrated local fields at reso-
nance in the compact mode volumes of
these nanostructures.> 2%

Plasmonics, which involves the coupling
between electromagnetic radiation and col-
lective electronic oscillations (or surface
plasmons) in metals, is also relevant for the
manipulation of light at the nanoscale?”2°
Plasmonic structures enhance the nonlinear
effects in the following ways: (a) such nano-
structures provide field enhancement near
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the metal—dielectric interface, associated with the
excitation of either surface plasmon polaritons (SPPs)
or localized surface plasmons (LSPs), or (b) the non-
linear change of the refractive index in either material
can significantly modify plasmonic resonances and
associated reflection, transmission, or absorption of
light.? Presently, most works on enhancing nonlinear
effects are either focused on the metal nanostructures
(e.g., nanoaperture silver film,*® gold bowtie antenna,'
non-centrosymmetric gold nanocup,® gold gratings,
and tapered plasmonic silver waveguide®*) or focused
on enhancing the nonlinear properties of semicon-
ductors at the single nanoscale structure level (e.g.,
SHG from single core—shell quantum dots,** ZnO
nanowire,*® KNbO; nanowire,®” and KTiOPO,>%39).
Studies on enhancing the SHG from a single nano-
structure using plasmonic effects are rarely reported.
To the best of our knowledge, these studies include (a)
the demonstration of large enhancement of SHG in
BaTiOs/Au core—shell structures utilizing the entire
mode volume for an even-order nonlinear optical
process by Pu et al.?' (b) the detection of a second-
order optical response from a single sphere comprising
a centrosymmetric material coated with a nonlinear
material by Vidal et al.,*® (c) the generation of high-
efficiency second-harmonic responses from a single
hybrid ZnO nanowire/Au plasmonic nano-oligomer
by Gustavo et al.,*' (d) enhanced nonlinear response
of single GaAs nanowires by coupling to optical
nanoantennas,** and (e) enhanced optical signal in
the near-infrared spectral range by using a KNbO;—Au
core—shell structure.* More recently, enhanced
second-harmonic generation from metal-integrated
CdS semiconductor nanowires was reported by Agarwal
et al. through the highly confined whispering gallery
modes.** These related reports of SHG enhancements
are summarized in the Supporting Information, as
shown in Table S1. Some of the enhancement factors
evaluated in the listed works are not average values,
but the enhancement factor of the hot-spots. The
actual enhancement value would be lower. Several
works utilized electron beam methods to fabricate
metal structures with high resolution. This would incur
high costs or require some form of elaborate nano-
structure synthesis/preparation. Our hybrid nonlinear
media, low dielectric, and metal hybrid structures on
the other hand are attractive not only for industrial
applications for its low cost and facile preparation but
also for fundamental studies.

In this work, we report on a straightforward ap-
proach to enhance the SHG from a single CdS nanobelt
by 3 orders of magnitude using a simple yet versatile
hybrid plasmonic configuration. Using detailed experi-
mental studies and theoretical analysis, we validate
that the SHG enhancement arises from the collec-
tive augmentation of the local field and reflection
induced by both the plasmonic nanocavity and the
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Fabry—Pérot resonance effects with this hybrid semi-
conductor—plasmonic structure. Polarization-dependent
SHG measurements allow us to distinguish the respec-
tive contributions of SH signals from the CdS nanobelt
and the gold film. The SHG from the Au film can be
clearly observed when the thickness of the gold film
becomes comparable to its skin depth. Importantly,
our work demonstrates a facile approach to overcome
the limitations of generating efficient nonlinear opti-
cal effects in single mesoscopic, nanostructured, or
layered semiconductor materials.

RESULTS AND DISCUSSION

CdS has a wurtzite crystal structure and belongs to the
6 mm crystal class. Although it is a non-centrosymmetric
crystal and has a significant second-order nonlinear
susceptibility with nonzero components d;s = 44.0
pm V™", d3; =402 pm V™', and ds3 = 779 pm V' at
800 nm,* their nanostructures still suffer from the
limitations of efficient second-harmonic generation.
Our hybrid plasmonic nanocavity structure comprises
the single CdS nanobelt separated from the underlying
gold film by a thin layer of SiO, (see Figure 1a). Hence,
this forms a cavity that sustains the Fabry—Pérot
modes in both the vertical and horizontal directions.
As the cavity mode is confined in a subwavelength
volume, large fields are established in both the CdS
and SiO, layers under resonant excitation conditions.
Figure 1b shows the electric field distributions in the
semiconductor/dielectric/metal structure excited at
its resonant wavelength, simulated using the finite-
difference time domain (FDTD) method. Figure 1c is
the corresponding cross-sectional electric field inten-
sity profiles for the CdS nanobelt and SiO, layer. To
allow precise comparison, we prepared a single CdS
nanobelt to span across the two dissimilar substrates,
with part of the CdS on the SiO,/Au substrate and the
other on the bare SiO, substrate (see Figure 1a).
A mode-locked Ti:sapphire laser (wavelength 760—
840 nm) delivering 120 fs pulses at a repetition rate
of 76 MHz was used as the excitation laser source. The
fundamental beam was focused by a 100x objective
onto the semiconductor nanobelt with the spot size of
~1.0 um in diameter (see Supporting Information
Figure S1). The second-harmonic (SH) signal was col-
lected by the same objective and detected by a
spectrometer equipped with a thermoelectric-cooled
silicon charge-coupled device (CCD) camera. A set of
color filters was used to block the fundamental and
other unwanted light. Figure 1d is a typical scanning
electron microscope (SEM) image of a single CdS nano-
belt (several micrometers in length and ~1.2 um wide)
lying partially on the SiO,/Au and SiO, substrates.
This configuration provides us with a means to obtain
fair comparison of the SH signals from the same belt
but on different substrates. Corresponding atomic
force microscope (AFM) images were also obtained
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Figure 1. (a) Schematic of the SHG measurements on a single CdS nanobelt. To permit direct comparison of the SHG
enhancement, part of the belt was on the SiO, layer and part of the belt was on the SiO,/Au substrate. The red and blue dashed
circle lines are the focused laser spot. (b) Electric field distribution (x, y) in the semiconductor/dielectric/metal structure
excited with a focused laser spot. (c) Corresponding cross sectional intensity profiles of the structure shown in b indicated by
the green and pink dashed lines. (d) SEM image of the single CdS nanobelt straddling the SiO,/Au and SiO, regions, where the
scale bar is 1 um. (e) Corresponding AFM image of the nanobelt shown in d, where the scale bar is 1 um. (f) Cross sectional
profile showing the thickness of the CdS nanobelt (~65 nm) and Au film (~60 nm), extracted from the white line in e.

to determine the thickness of the CdS nanobelt and Au
film. From the cross sectional profile (see Figure 1e
and f), we determine the thicknesses of the CdS and
Au to be 65 and 60 nm, respectively. In all subse-
quent experiments, all the thicknesses of CdS nano-
belts were determined by the accompanying AFM
measurements.

Figure 2a compares the second-harmonic emission
spectra for the same single CdS nanobelt on the hybrid
plasmonic structure with the Au film and on bare SiO,
without the Au film. The fundamental excitation laser
wavelength is 800 nm with a fixed power of 5 mW. At
the frequency-doubled signal of the pump laser, a
strong SH signal at 400 nm is measured. The relatively
small peak located at 510 nm originates from the
much weaker two-photon-induced photolumines-
cence (TPL) process since the photon energy of the
pump laser (1.55 eV) is smaller than the band gap of
CdS (~2.4 eV).*** It is evident that the SH signal from
the hybrid plasmonic structure is around 400 times
larger than that from the bare SiO,. Figure 2a (inset)
shows the CCD images of the second-harmonic signal
for these two regions of the same single CdS nanobelt
on different substrates. The power-dependent SH sig-
nal exhibits quadratic input power dependence, con-
firming the second-order nature of the nonlinear
process (see Figure 2b). A simple estimate of the
efficiency of the measured SH generation light from
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the CdS nanobelt is ~2 x 107° % at a pumping power
of 5 mW, where a single layer MoS; was used as the
standard sample for calibration (see Supporting Infor-
mation Figure S2).

To investigate the effect of the CdS nanobelt thick-
ness on the SHG enhancement, we conducted a set of
measurements on CdS nanobelts with different thick-
nesses. The SHG enhancement is defined as Ig/lo,
where [g and I represent the integrated intensities of
the SHG from CdS on the hybrid plasmonic structure
and that on bare SiO,, respectively. Figure 3a shows the
enhancement of the SHG signal for a pump power of
5 mW at 800 nm from different CdS nanobelts with
thickness ranging from 38 to 110 nm (black dots).
When the thickness of the CdS nanobelts is around
70 nm, there exists a maximum enhancement of the
SHG from the CdS/SiO,/Au hybrid structure. On the
basis of previous reports, two predominant effects, the
plasmonic nanocavity effect and Fabry—Pérot cavity
resonance, are thus proposed to account for this
behavior.33%%4° As shown in Figure 1b, two strong
electric fields are observed when excited using the
800 nm pump laser; one is located within the CdS
nanobelt and the other is within the SiO, layer. Further-
more, a different reflection parameter at 400 nm
should also be considered due to different reflectivities
on Au/SiO, and on bare SiO, substrates. On the basis of
the above discussion, we simulate the electric field
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Figure 2. (a) Spectra of the second-harmonic (SH) signals from a single CdS nanobelt on SiO, (red circle in b, on SEM image)
and on SiO,/Au (blue circle in b, on SEM image). The excitation wavelength is 800 nm with a power of 5 mW, the peaks around
400 nm are the SH signal, and the peaks around 510 nm are two-photon emission of the CdS nanobelt. Note that the extremely
large SH signal from the CdS nanobelt at the SiO,/Au region has been scaled to be 100 times smaller. Inset shows the
corresponding CCD images for these two regions of a single CdS nanobelt. (b) Measured SH intensity versus fundamental laser
power on alog—log scale. The blue triangles represent the results for the CdS nanobelt on SiO,, while the red dots are for the
CdS nanobelt on SiO,/Au. The solid lines show a linear fit with a slope of approximately 2.
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Figure 3. (a) SHG enhancement as a function of the CdS nanobelt thickness. The black dots are the experimental data, and
the red line is the fitting curve. The fitting data points are calculated from the simulation results using FDTD. (b) SHG
enhancement as a function of the laser excitation wavelength. The enhancement is defined as the ratio between the
integrated SH signal from CdS on SiO,/Au and that from CdS on SiO,. The black dot is the experimental data, and the red line is
the fitting curve. The fitting data points are calculated from the simulation results using FDTD.

distribution inside these two systems (a CdS nanobelt the total SHG emission power is then calculated using
with and without plasmonic cavity) at 800 nm and the following equation: T'syg = Iav/lsio2 = [(Ecas/Eo)* +
utilize different reflection parameters at 400 nm using (Esioa/Eo)*1Re, where I, and [0, are the SHG intensity
the FDTD method (see Supporting Information Figure S3). from the plasmonic structure and bare SiO,, respec-
In our simulations, we calculated the near-field tively; Ecqs and Esiop are the electric field intensities
distribution of excitation light (1) E. and far-field inside the CdS and SiO, layer, respectively, with the
distribution of out-coupling SHG (1/2) Esug® using plasmonic structure; E, is the electric field without the
FDTD. Essentially, the collected SHG signal is pro- plasmonic structure inside the CdS/SiO, layer; and R is
portional to E.* and Esyc” Only by taking into the reflection enhancement with and without the Au
account both plasmonic and Fabry—Pérot effects can film at /2 wavelength. The electric field distributions
the experimental data be well explained, as shown with and without the plasmonic structure for a CdS
in Figure S4. The underlying physical mechanism for nanobelt of thickness 60 nm are shown in Figure S3a

near-field enhancement is the plasmonic effect, while and b. The reflection enhancement for different wave-
the thickness-dependent far-field intensity is due to lengths is shown in Figure S3c. The simulation data are
the Fabry—Pérot effect in the light propagation di- also plotted in Figure 3a (red line; see Supporting
rection induced by the refractive index variation at the Information Table S2 for more details), which are well
two surfaces of the CdS nanobelt. Given that it is well fitted with the experimental data. To further study the
known that the factor of enhancement on the total spectral dependence of the enhancement and gain

SHG power shows a fourth-order dependence on the deeper insight into the behavior of the hybrid plas-
electric fields,™° the enhancement factor (I'syc) of  monic structure, the fundamental laser wavelength is
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Figure 4. AFM images of relatively smooth (0.6 £ 0.1 nm) (a) and rough (1.9 £ 0.3 nm) (b) Au films with a scan area of 1 um x
1 um. The cross-sectional profiles below the images show the roughness of the measured Au film. (c) SHG enhancement for
CdS nanobelts with different thicknesses on flat (red dots) and rough (black dots) Au films. Similarly, the enhancement is also
defined as the ratio between the integrated SH signal from CdS on SiO,/Au versus that from CdS on SiO,.

tuned while keeping the laser beam on the same spot.
Wavelength-dependent measurements of the SH en-
hancement are shown in Figure 3b, where an enhance-
ment peak of SHG at around 390 nm is observed. The
simulation data fit the experimental results well (red
line in Figure 3b; see Supporting Information Table S3
for more details). From both the thickness- and wave-
length-dependent SHG enhancements, the good cor-
respondence between the experimental data and the
simulation results strongly supports our proposed co-
operative mechanisms (both plasmonic nanocavity
and Fabry—Pérot resonance effects) for the observed
phenomena. The plasmonic effect, which is based
on the collective oscillation of free electrons at the
metal—dielectric interface, provides a useful approach
to tailor the light—matter interactions at the nanoscale.
By confining the optical energy at the subwavelength
limit, the cross sections of various linear and nonlinear
optical processes can thus be enhanced. On the other
hand, the Fabry—Pérot cavity resonance, which is
related to the thickness of the CdS nanobelt, affects
the SHG emission by improving the in- and out-
coupling efficiency of the excitation light source and
the SH signal.

From previous literature, the plasmonic nanocavity
has been used to enhance the carrier densities*’*' and
various nonlinear optical phenomena.***? In our case,
as the cavity mode is predominantly confined within
the SiO, and CdS layers, large fields are established in
both the dielectric and semiconductor under resonant
excitations. Plamonic hybrid structures are designed to
enhance the nonlinear effects by providing field en-
hancement near the metal—dielectric interface in the
form of surface polariton plasmons. An increased
effective nonlinear optical response can be achieved
through plasmonic effects arising from coherent oscil-
lations of conduction electrons near the surface of
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noble-metal structures. In these processes, the sur-
face roughness of the Au film is expected to play an
important role toward establishing a strong electric
field in the SiO, layer. In the following experiments, Au
films with different roughness are fabricated to study
their dependence on the SHG enhancement. Figure 4a
and b show the surface roughness of two kinds of Au
films with root-mean-square (RMS) roughness of 0.6 +
0.1 nm and 1.9 &+ 0.3 nm, respectively. After that, one
layer of SiO, with a thickness of ~10 nm is deposited
onto the surface of the Au film. Using these two
substrates, we compare the SHG enhancement from
the CdS nanobelts. Batches of CdS nanobelts with
different thicknesses were measured, and the corre-
sponding enhancements are plotted in Figure 4c. From
the comparison, it is evident that the relatively rougher
Au films reduce the enhancement due to the plasmo-
nic losses and the weaker electric field within the
SiO, layer. This roughness-dependent behavior shows
that a high-quality gold film is paramount to generat-
ing strong electric fields in such metal/dielectric/
semiconductor plasmonic cavity structures. Our find-
ings concur with that of Lu et al.,, who had previously
demonstrated that smooth metallic films are crucial for
reducing the plasmonic loss and forming a strong
electric field inside the plasmonic cavity.>®

To gain deeper insights into the dependence of the
SHG on the crystal orientations of the CdS nanobelt,
polarization-dependent characteristics of the mea-
sured SHG signals from CdS on a SiO,/Au substrate
were also systematically studied. The configuration
of the polarization-dependent measurement is shown
in Figure 5a (for the detailed experimental setup,
see Supporting Information Figure S5). Here, e and €’
represent the laboratory and crystalline coordinates,
respectively. The pump laser polarization can be tuned
from 6 = 0° to 360°, where 0 is the angle between the
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Figure 5. (a) Configuration of the polarization-dependent SHG intensity. x and x’ represent the laboratory and crystalline
coordinates, respectively. The pump laser polarization is from 6 = 0° to 360°, where 0 is the angle between the laboratory and
crystalline coordinates. The parallel and perpendicular components of the SHG intensity are defined as I and Is. The scale is
1 um. (b and(c) SHG intensity of the Ip and Is components as a function of 6. The red solid line indicates the fitting curves using
egs 1and 2. (d) TEM image of a typical CdS nanobelt. Inset shows the corresponding electron diffraction pattern; the scale bar
is 1 um. (e) High-resolution TEM image from d. The crystal growth direction is along the [120] direction. The scale bar is 1 nm.
(f) Structural model for the CdS nanobelt. (x, y, z) represent the crystal coordinates, (e;, e,, e3) represent the laboratory

coordinates, and the red parallelogram is the CdS nanobelt.

laboratory and crystalline coordinates, which is con-
trolled using a A/2 waveplate polarizer. The system was
calibrated to remove any possible artifacts from the
substrate (see Supporting Information Figure S6). The
parallel and perpendicular components of the SHG
intensity, defined as Ip and /s, respectively, are distin-
guished by means of a polarizer in front of the mono-
chromator. Figure 5b and ¢ present the parallel (/p) and
perpendicular (Is) components (the black dots) of the
total SHG intensity from the CdS on SiO,/Au substrates,
as a function of the pump laser polarization angle (6).
To permit theoretical analysis of the polarization-
dependent SHG pattern, the crystal structure of the
CdS nanobelt and the configuration of the excitation/
collection optics need to be clearly defined. Figure 5d
shows a typical TEM image of a single CdS nanobelt,
and transmission electron diffraction (TED) patterns
confirm that the CdS nanobelts are single crystalline.
The corresponding high-resolution TEM image is given
in Figure 5e. A universal growth direction (along the
hexagonal [120] direction) is evidenced by the Fourier
transform (inset of Figure 5d) taken from the high-
resolution image (see Figure 5e). The structural model
for the CdS nanobelt is shown in Figure 5f, where
(%, y, z) represent the crystal coordinates, (e, e,, €s3)
represent the laboratory coordinates, and the red
parallelogram is the CdS nanobelt. The theoretical
calculation results based on the structural model is
further carried out to support our experimental data.
The intensities of the parallel and perpendicular SHG com-
ponents (lr and Is) can be written as the following two
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expressions (see Supporting Information and Figure S7
for the derivation):

Ip = 4kqe0?Ey*A%(sin® 26) M

5 2
ls = kyeo?Eo* (g Bsin%0 4+ C cosze) ()

where k, ky, A, B, and C are parameters related to the
materials.>*° The solid red lines in Figure 5b and c are
theoretical fittings using eqs 1 and 2, respectively,
indicating that the anisotropy of the SHG originates
from the intrinsic symmetry of the CdS crystal lattice.

Lastly, we extend these polarization-dependent
measurements to examine the contributions from
the Au surface to the SHG signal. Au films of different
thickness (but with comparable surface roughness
~0.6 nm) were used for comparison, and the polariza-
tion-dependent SHG signals (/s) are used to distinguish
this point (lp was not used here to distinguish the
contribution from the Au film and CdS nanobelt due to
the Au film and CdS nanobelt sharing the same
expression of Ip a sin® 26). It should be noted that,
for the SHG from the semiconductor and metal film,
the signal from the CdS nanobelt is overwhelmingly
stronger than that from the gold surface (we measured
almost no SHG signal from the bare Au film in our
reflection configuration).***® Therefore, thinner CdS
nanobelts (40 = 5 nm in thickness) were employed
here to elucidate the SHG signal from the gold surface.
It should also be noted that the thickness of the gold
NO.5 = 5018-5026 =
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Figure 6. SHG intensity of the /s component with different Au film thickness: (a) 60 nm, (b) 40 nm, and (c) 20 nm. The pump
laser wavelength is 800 nm with a pump power of 3 mW. The thickness of the CdS nanobelt used here was around 40 + 10 nm.
The red sold lines are fitting curves considering the contribution of SHG signals from both the CdS nanobelt and Au film.

film cannot be thinner than 20 nm because of the
formation of gold islands when thermally evaporating
gold on SiO,/Si. These gold islands will lift the momen-
tum conservation and result in nondirectional emis-
sion, yielding a totally different situation from our
discussion. Therefore, the Au films used in our experi-
ment ranged from around 20 to 60 nm. The perpendi-
cular SHG component for 60 nm thick Au presented in
Figure 6a shows similar patterns to those in Figure 5c.
This suggests that the SH signal from the CdS nanobelt
should still dominate the measured result. Theoreti-
cally, we can superpose the SH signal both from the
CdS nanobelt and the Au film to fit the experimental
data; Is components from the CdS nanobelt and Au film
can be expressed as (0.75 sin® 0 4 cos? 6)% and sin” 26,
respectively.>® From the fitting curve in Figure 6a, the
contributions of the SH signal from the Au surface and
CdS nanobelt were 6% and 94%, respectively. By
decreasing the thickness of the Au film from 60 nm
to 40 and 20 nm, as shown in Figure 6b and c, the
contribution to the SH signal from the Au surface
increases from 15% to 28%. This thickness-dependent
behavior can be understood in terms of the skin depth
of the Au film. When the Au thickness becomes
comparable to the skin depth of Au (ie., ~30 nm),>”
the evanescent field could also interact with the
bottom Au/SiO, interface. The enhanced fields (from
800 nm) in the Au film can be viewed as an interference
effect: the incident 800 nm pump will be reflected from
both the top SiO,/Au interface and the bottom Au/SiO,
interface. When both 800 nm pump waves are nearly
out of phase (dependent on the Au layer thickness),
less reflection from these interfaces occurs, leaving
behind more energy in the metal film for SHG genera-
tion. Hence an enhanced SHG is detected.

The interfaces and surfaces are always crucial in
determining the SH signals. In semiconductor CdS
nanobelts, the SHG originates from the surface (as
the symmetry is broken by the presence of interface)
and the bulk (due to the inherent non-centrosymmetry
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of CdS). However, based on our present excitation geo
metry, the surface contribution to the SHG is expected
to be small. This is validated by our polarization-
dependent SHG, which shows good agreement with
the SHG arising from the crystal structure (i.e., bulk
contributions). However, for the Au film, SHG is not
possible in centrosymmetric materials, but may be
observed at the surface where the symmetry is broken.

Although the lateral size of a nanobelt is also rela-
tively large, its modal confinement s not as high as that
of a nanowire. However, its large planar surface in
contact with the underlying metal allows for more
effective interaction and higher modal coupling effi-
ciency with the SPP modes. A larger interaction area
would strengthen the signal, thus resulting in a hybrid
plasmonic cavity with much higher quality factors. This
is similar to the approach used in realizing a room-
temperature low-loss plasmonic laser.>® Although
nanowires with hexagonal or triangular cross sections
would allow for larger interaction areas compared to
circular nanowires, their protruding nanowire cross
sections would still be unsuitable for integration with
planar layers. Nanobelts, on the hand, would be more
amenable for planar integration.

CONCLUSIONS

In summary, we report on a straightforward ap-
proach to enhance the SHG from a single CdS nanobelt
through a facile, yet versatile hybrid plasmonic struc-
ture. A maximum enhancement of SHG (>1000) is
observed, when the thickness of CdS nanobelts is
~70 nm at a wavelength of ~780 nm, as a result of
the cooperative enhancement of the local field and
reflection induced by both the plasmonic nano-
cavity and Fabry—Pérot resonance effects. We validate
these findings using detailed experimental studies and
theoretical analysis. Polarization-dependent SHG mea-
surements were employed to determine and distin-
guish the contributions from the CdS nanobelt and
gold film. When the thickness of the gold film becomes
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comparable to its skin depth, an interference effect
occurs and SHG from gold can be clearly observed.
Importantly, our findings present an efficient and

METHODS

The CdS nanobelts were synthesized in a home-built, vapor-
transport chemical vapor-deposition system. Synthesis and
characterization details have been published elsewhere. The
as-prepared CdS nanobelts were dispersed in ethanol by soni-
cation and then drop-casted onto the as-prepared substrates,
which have arrays of Au pads covered with different thicknesses
of SiO,. The arrays of Au pads were fabricated with electron
beam lithography solely for the purpose of permitting direct
comparison of the SHG enhancement with part of the belt on
the SiO, layer and part of the belt was on the SiO,/Au substrate.
After drying the sample in the air, individual CdS nanobelts
overlapping both the Au pads and bare SiO,/silicon parts could
be found by optical microscopy.

Second-harmonic generation measurements were per-
formed by using excitation pulses from a Coherent Mira 900 fs
laser system with an output wavelength from 760 to 840 nm
and a repetition rate of 76 MHz. The SH signal was dispersed by
a 300 mm monochromator with 150 g mm™' grating and
collected by a thermoelectrically cooled CCD. The polariza-
tion-dependent SHG measurement setup can be seen in Sup-
porting Information Figure S5. Full-field electromagnetic wave
calculations were performed using Lumerical, a commercial
finite-difference time-domain simulation software package.>*%°
Atwo-dimensional simulation scenario was used, as the CdS NW
direction can be treated to be infinitely long. An antisymmetric
boundary condition was set along the polarization of electro-
magnetic waves (x axis); perfectly matched layers were used
along the propagation of electromagnetic waves (y axis). Elec-
tric and magnetic fields are detected using frequency profile
monitors. Dielectric constants of CdS, SiO,, Si, and Au are
extracted from previous reports.?5’
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