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ABSTRACT: We report UV emission from a ZnO nanorod (NR)
highly enhanced by coupling of excitons to cavity-enhanced second
harmonic generation (SHG). A Ag cavity concentrates the exciting
field into the center of the NR, producing an enhanced second
harmonic (SH) response through the nonlinearity of ZnO, that
spatially overlaps with an ensemble of excitons. Strong coupling to
the excitons at room temperature is achieved when the SH response
is spectrally tuned to the exciton transition through the NR
diameter, yielding total SHG enhancements of 2 orders of
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magnitude. Our approach highlights a unique and simple platform
for enhancing coherent, nonlinear light—matter interactions in a size regime that is challenging for plasmonic architectures, yet

important for optoelectronics.
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metal—semiconductor hybrids
S trategies for raising the optical nonlinearities of materials

are an active research theme with rich and broad
implications in integrated plasmonics,1 subwavelength bio-
logical imaging,” information storage, and optical computing. In
particular, nanoscale integration schemes with metallic
architectures have proven popular for enhancing both linear°
and nonlinear’ ™ optical properties through heightened light—
matter interactions and have been demonstrated in multiple
configurations,” including metallic nanoparticles (NP) or
cavities coupled to nanowires (NWs) or nanorods (NRs).
Often times the plasmonic near-field is exploited to enhance
the photoluminescence (PL),'"” Raman,'" and photocurrents'>
of small-diameter NWs (<160 nm), where the strong plasmonic
near-field extends into the bulk of the NW. One challenge that
arises from such systems is the emergence of surface
contributions to the overall response. In order to avoid surface
effects, larger NWs or NRs (>200 nm) can be used for larger
bulk contributions, but a different strategy is necessary for the
photons to access the NW center because the plasmonic near-
field is evanescent. Such sizes also constitute a practical regime
for optoelectronics,"” furthering their importance. One solution
is to enhance the fundamental Mie resonance with a metallic
shell using light polarized parallel to the NW axis. In this case,
the field can be concentrated deep into the center of the NW,
enabling large spatial overlap between photons and bulk states
that are spatially removed from the metallic interface.

An important prerequisite for realizing strong light—matter
interactions in the nonlinear regime is establishing spectral
overlap between the nonlinear light and optical transitions. To
address this issue, we enhanced the Mie resonance of a ZnO
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NR in the fundamental harmonic (FH) through a Ag-cavity,
and tuned its SH response to coincide spectrally and spatially
with the free excitons (FX) of ZnO. Several studies of enhanced
SHG in nanostructures,”'* including a recent one with a similar
structure,'® have demonstrated enhancements originating from
increased fundamental fields, but have not addressed enhance-
ments from coupling of SHG to bulk transitions. Our approach
provides the unique opportunity to investigate nonlinear light—
matter interactions in the form of SHG and ensures that
coherence is maintained by satisfying the phase-matching
condition. We chose individual ZnO NRs as the platform for
our investigations due to their easy accessibility via various
fabrication methodologies,'*™" strong SH nonlinear suscept-
ibility,zo large exciton-binding energy,21 and confined mode
volume.”” Studies on the nonlinear characteristics of ZnO
excitons have been limited, yet recently, Lafrentz et al
demonstrated that ZnO excitons subjected to a magnetic field
can act as a source of SHG through the Magneto-stark effect.”

Our NR platforms are schematically illustrated in Figure la.
The left schematic illustrates a bare ZnO NR drop-casted onto
an annealed Ag film of 30 + S nm thickness supported by a
quartz substrate. In between the quartz and Ag lies a 1 nm thick
Ge wetting layer that helps improve the smoothness of the
Ag.>**® The hybrid NR, shown on the right, is constructed by
evaporating an additional 30 & S nm thick layer of Ag onto the
bare NR. We focus our studies to incident light polarized
parallel (TM-polarized) to the NR axis for two purposes. One
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Figure 1. (a) Schematic of a bare (left) and Ag-coated (right) ZnO NR on Ag film. (b) Calculated average intensity within the ZnO NR as a
function of wavelength and diameter for a bare (left) and Ag-coated NR (right) on Ag film, generated by TM-polarized light. Insets: Spatial cross
sections of the intensity, calculated for diameters of 164 nm (left) and 254 nm (right), each producing maximum intensity at an excitation

wavelength of 780 nm.

is to maximize the nonlinear response in line with our original
motivation. Of the two susceptibility tensor elements, y,,, and
X-xv the component subject to field polarized parallel to the NR
axis, y,.., is at least twice as large as the component subject to
the transverse field, y,...”” The second purpose is to create a
resonance whose field profile provides good spatial overlap with
the bulk states.

We illustrate in Figure 1b the average intensity (lEavg(ﬂ,d)lz)
within the NR as a function of diameter and wavelength. The
average intensity is calculated in 2D through a finite difference
time domain (FDTD) simulation package (Lumerical, Inc.),
where the intensity integrated over the NR core is normalized
by the cross-sectional area of the NR core. The average
intensity map for the bare NR on Ag film (left panel) reveals
resonances apparent as weak bands that are a strong function of
diameter and wavelength. These represent Mie solutions*®
occurring below the bandgap, in the regime of negligible but
finite loss, also known in the context of nanowires as leaky-
mode resonances.'”” When coated with a 30 nm thick Ag
coating, the bands display a modified dispersion while
exhibiting dramatically increased peaks and narrowed widths
(Figure 1b, right panel). We observe that the Ag cavity is able
to enhance the resonant mode by concentrating light into the
center of the NR several times more efficiently than with a bare
NR, as shown in the spatial profiles of the lowest order Mie
resonances in the insets of Figure 1b. The strong spatial overlap
between field and center of NR facilitates spatial coupling of
frequency-doubled light to the bulk excitons. This behavior
contrasts with that of plasmonically generated fields that are
bound to the metal interface. We present in Figure S1 the
mode area normalized by the simulated area for the bare and
coated NRs at their respective lowest order Mie resonances as a
function of diameter. It is apparent that a hybrid NR of a
diameter larger than ~80 nm results in stronger light—matter
interactions than that produced by a bare NR of the same size,
as can be observed from the smaller mode area exhibited by the
hybrid NR. From the diameter-wavelength dispersion of the
lowest order resonant mode (herein, referred to as just cavity
resonance), we identified the range of NR diameters required
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to generate a cavity enhanced SH (FH) signal between 360
(720) and 400 (800) nm, which includes the ZnO exciton
wavelength, to be between 220 and 260 nm.

Ultrahigh purity ZnO NRs of wurtzite crystal structure were
prepared by using metal—organic vapor-phase epitaxy'®
(MOVPE), with nominal diameters in our target range enabled
by controlling the growth duration. Verified by room-
temperature PL measurements, the ZnO NRs displayed
negligible defects in the visible and near infrared (NIR) due
to the absence of metal catalyst particles during growth (see
Figure S2).”” Such characteristics enable an ideally clean system
for SHG studies in our wavelength range of interest. From the
same measurements, the exciton wavelength was determined to
be 379 nm. We note that most NRs displayed some degree of
tapering along their length due to the extended growth
duration, wherein excessive tapering can lead to decreased
intensities and broadened cavity resonance widths. Since the
region of least tapering contributes the most to the cavity
resonance, the nominal diameter of the NR was defined by this
region.

Four NRs with diameters of 219, 236, 243, and 252 + 9 nm,
shown in Figure 2a from top to bottom, respectively, were
selected to demonstrate the enhancement and diameter-
dependence of the cavity resonances when coated with Ag.
We employed a transmission setup described in the Supporting
Information and Figure S5, where each hybrid NR was locally
excited by a supercontinuum white light laser (Fianium)
focused by a 0.4 NA objective lens. Contrary to intuition, we
observed a transmission peak instead of a valley at wavelengths
corresponding to enhanced absorption, as shown in Figure 2b,
where the absorption is due to the finite loss components in the
ZnO and can be used to indirectly monitor the field intensity in
the NR. An analogous observation of transmission and
absorption both exhibiting peaks at similar wavelengths was
made in absorbent-filled metallic holes™ and explained as an
absorption-induced reduction in evanescent waves in the
holes.”” In our case, an equivalent interpretation based on
cancellation of dipolar scattering in the NR interior by the Ag
exterior can be applied,” resulting in transparency localized
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Figure 2. Verifying the tunability of the FH cavity resonances with the hybrid NRs. (a) SEM images of NRs before Ag coating. Nominal diameters
from top to bottom are 219, 236, 243, and 252 + 9 nm, respectively. Scale bar is 400 nm. (b) Transmission through the respective NRs shown in (a)
after coated with Ag, normalized by transmission through the neighboring bare region (T/T,). (c) Calculated T/T, (red line) and absorption (black
line) for hybrid NRs with diameters of 222, 238, 248, and 258, and a Ag cavity shell thickness of 28 nm.

around the NR. The tunability of the localized transparency was
further demonstrated in a separate report on nanoscale visible
filters.”’ Figure 2c numerically verifies that the absorption
spectrally tracks the normalized transmission, defined as the
ratio of transmission through the hybrid NR to that through the
Ag background (i.e., T/T,). This near-equivalence between the
transmission and absorption lineshapes allows us to extract the
center wavelength, A, and line width of the cavity resonance
from the normalized transmission using the relation: I ~
(T(w)/ To(@)/ [@Im(e(w))])-

The best calculated fit to the experimental transmission was
obtained for a Ag layer thickness of 28 nm on NRs with
diameters of 222, 238, 248, and 258 nm, respectively, staying
well within the error range of the experimental parameters. The
quality factors of the resonances measured from each hybrid
NR ranged from 11 to 17 compared to the theoretical quality
factors of 18 to 21. We note that the normalized transmission
peaks from the measurement are 4—S5-fold lower than those
from the numerical calculations. This discrepancy can be
attributed to experimental factors such as the larger beam spot
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size compared to the Abbe diffraction limit used in the
calculations, contributions from tapered regions, and surface
roughness of the Ag.

Once the enhancement and tunability of the cavity resonance
in the FH were verified, we frequency-doubled the resonances.
A tunable Ti:sapphire femtosecond laser (Coherent Inc.) was
employed as the pump source in a setup similar to the
transmission measurement described above (see Supporting
Information and Figure 3a). The excitation was focused with a
0.4 NA objective lens, while the transmission was collected by a
0.5 NA UV objective lens and analyzed by a CCD spectrometer
after removing the excitation beam with a short-pass filter. The
SHG was monitored from 360 to 400 nm by scanning the
pump wavelength of the femtosecond laser from 720 to 800
nm, while power for each wavelength was maintained at 300
UW. No SHG was observed in the bare Ag background or
underlying quartz. Since the NR diameters of interest were less
than the coherence length of ZnO (>600 nm in the wavelength
range from 700 to 900 nm), we assumed complete phase-
matching within the plane normal to the NR axis.
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Figure 3. (a) Schematic for measuring SHG in individual NRs. (b) Measured SHG from the hybrid NRs shown in Figure 2, before (purple line) and
after (blue line) Ag coating. The black arrow marks the center of the frequency-doubled cavity resonance. The red arrow marks the exciton
wavelength. (c) Calculated amplitude from a system of classical harmonic oscillators involving coupling between frequency-doubled cavity resonance
and exciton ensemble. The black arrow marks the center of the frequency-doubled cavity resonance. The red arrow marks the exciton wavelength.
(d) Second harmonic intensities as a function of power before (purple line) and after (blue line) Ag coating on a NR, measured at wavelengths near

(left panel) and away from (right panel) the exciton wavelength.

Mapping the SH intensities from each of the four hybrid NRs
over the scan range of interest reveals lineshapes in Figure 3b
(blue line) that differ distinctly from the Lorentzian-shaped
profiles shown in Figure 2b. For each hybrid NR, we denote the
exciton wavelength with a red arrow labeled FX and the center
of the cavity resonance shown at its SH wavelength (1./2) with
a black arrow labeled cavity. One noticeable difference
compared to the response in the FH is that the center of
cavity resonance does not coincide, in general, with wavelength
producing maximum SH intensity. In fact, when the black
arrow is below the red arrow fixed at 379 nm (see top two
panels of Figure 3b), the SH response is split into two peaks,
with a pronounced dip fixed near 370 nm. Furthermore, when
the black arrow is above the red arrow (see bottom two panels
in Figure 3b), the maximum SH response is significantly blue-
shifted from the center of cavity resonance while displaying
highly asymmetric lineshapes. We attribute these findings to
clear signatures of coherent coupling between a collection of
free excitons excited by the second harmonic process and
frequency-doubled cavity resonance using the following model.

A classical coupled oscillator system (see Supporting
Information) was employed to model the coupled response
of our hybrid NR. Coupled oscillators have served as a versatile
and intuitive model for describing strongly interacting quantum
systems,32
metamaterials,” and electromagnetically induced transparency
(EIT).*” Our model makes a few simplifications to our system
to help distill the essential physical process. Since the interplay

the excitonic response of carbon nanotubes on
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between the two resonances occurs within the same harmonic
order, we treat the cavity and exciton resonances as a linearly
coupled system. Due to the large spatial extension of the
concentrated field generated by the cavity, as seen in the right
inset of Figure 1b, an ensemble of excitons is predicted to be
coherently excited. This picture is captured in our model by
coupling a large number of exciton oscillators with identical
properties to a single cavity resonator (see Figure S7a). For
each hybrid NR, the SH process was phenomenologically
treated by determining the line width of the frequency-doubled
cavity resonator, y,, from a Lorentzian fit to the square of the
intensity peak, found from Figure 2c, projected to its SH
wavelength since I(2w) ~ P(w) (see Figure S7b). Employing
this method, we determined y, for the four hybrid NRs to be
0.14, 0.13, 0.15, and 0.14 eV from top to bottom panels,
respectively. The line width characterizing the excitonic
resonance, 7,, also created by the SH process, was extracted
from a Lorentzian fit to the experimentally determined two
photon luminescence (TPL) peak, generated by pumping
above half the bandgap (see Figure S7c). From this method, the
excitonic line width was determined to be 0.0S eV.

Despite its simplicity, the model reproduces the general
features of the measured profiles in Figure 3b as the center of
the frequency-doubled cavity resonance (black arrow) is
scanned across the exciton wavelength (red arrow), as shown
in Figure 3c. When the frequency-doubled cavity resonator is
tuned above the exciton oscillator wavelength and driven near
the exciton oscillator wavelength, the normal modes of the

DOI: 10.1021/acsphotonics.5b00268
ACS Photonics 2015, 2, 1314—1319


http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.5b00268/suppl_file/ph5b00268_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.5b00268/suppl_file/ph5b00268_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.5b00268/suppl_file/ph5b00268_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.5b00268/suppl_file/ph5b00268_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.5b00268/suppl_file/ph5b00268_si_001.pdf
http://dx.doi.org/10.1021/acsphotonics.5b00268

ACS Photonics

a
SH Cavity Resonance (nm)
340 360 380 400 420
T T T T T
250+
e o o
o 200
£ .
g 150}
©
€
& 100 1 *
5 st
50| # $
t 4 o
oH—* ; —
200 220 240 260

Diameter (nm)

Wavelength (nm)

) ]
] 5
S S

o
g
juswaoueyuy OHS [ejoL

220

240 260
Diameter (nm)

280

Figure 4. (a) Total SHG enhancement from Ag-coated ZnO NRs on Ag film relative to the case before Ag coating. (b) Predicted total enhancement
in SHG due to the enhanced FH field from the Ag cavity and exciton—cavity coupling in the SH as a function of wavelength and diameter.

system undergo constructive interference. When the frequency-
doubled cavity resonator is tuned below the exciton oscillator
wavelength and driven near 373 nm, below the exciton
oscillator wavelength, the normal modes experience destructive
interference. This is experimentally observed as the dip near
370 nm. The ~40 meV discrepancy between model and
measurement in absolute position of spectral features may
originate from our exclusion of the interaction between
excitons or the absence of optical phonons in the model.**
We remove the possibility of nonlinear coupling between the
cavity resonator and excitons because no change in line shape
or shift in features was observed in our measurements for
increasing pump powers up to 800 uW.

We confirmed that the second harmonic process is
maintained, even with the excitonic coupling, by measuring
the SH intensity as a function of power and extracting the slope
from its log—log plot (see Figure 3d) in a hybrid NR whose
frequency-doubled cavity resonance falls near the exciton
wavelength. The SHG-power dependence was measured at
wavelengths near and away from the exciton wavelength, each
before and after Ag coating. For SH wavelengths near the
exciton wavelength, pump wavelengths of 755 and 760 nm
were used for the hybrid and bare NR, respectively, while for
SH wavelengths away from the exciton wavelength, pump
wavelengths of 780 and 800 nm were used, respectively. Figure
3d shows that the slope from the log—log plot is consistently
~2 for SH wavelengths that are both close and distant to the
excitonic transition before and after the Ag coating. This
indicates that, although the exciton coupling enhances the
SHG, it does not fundamentally alter the SH process.

In order to quantify the enhancement in UV brightness due
to the combined effects of enhanced FH resonance and
exciton—cavity coupling in the SH, we measured the SHG
enhancements of Ag-coated NRs relative to the case before the
Ag-coating. Displayed as purple curves in Figure 3b, the SH
response from each bare NR was obtained from the same
hybrid NR prior to the Ag-coating. As expected from the weak
intensity bands shown in the left panel of Figure 1b, the SH
responses do not show any pronounced features. Figure 4a
presents the experimentally obtained SHG enhancements.
Maximum SHG enhancements near 200-fold were achieved
in 230—240 nm diameter NRs, corresponding to frequency-
doubled cavity resonances close to the exciton wavelength.

Total SHG enhancements can be predicted from the
product, (Lyybia(20)/ Tyare(20)) - (Texnypria (20) /Igpria (20)),
where Ihybrid(Za)) and IFX_hybrid(Za)) represent the SH intensity
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from a hybrid NR, excluding and including excitonic coupling,
respectively, while I,.(2w) represents the SHG from a bare
NR. The first factor provides the SHG enhancement due to the
Ag-cavity induced FH field enhancement, while the second
expresses that due to coupling between enhanced field and free
excitons both excited in the SH. Since Igyg(2w) ~ (1.
E,(w)*)?* we calculate the first enhancement factor as |
Epyira(@)1*/|By(@)I* using the FH fields extracted from
FDTD simulations, yielding enhancements near the exciton
wavelength close to 80-fold (see Figure S9a). The second factor
is obtained from our oscillator model by finding the ratio
between the field amplitude with and without excitonic
coupling. When the frequency-doubled cavity resonance is
close to the exciton wavelength, enhancement is maximized by
3-fold (see Figure S9b). We note that higher enhancements are
achievable using smaller exciton resonance line widths, which
can be experimentally realized by improving the material
quality. The product of the two enhancement factors results in
a maximum enhancement near 250-fold for NR diameters
producing frequency-doubled cavity resonances close to the
exciton wavelength as shown in Figure 4b, consistent with our
experimental observations.

In summary, we have enhanced the SHG from a ZnO NR by
first increasing it with a Ag-cavity via enhanced field in the FH
and then by modifying the frequency-doubled field through
coherent coupling to an ensemble of free excitons in the SH.
While the lowest-order Mie resonance enabled good spatial
overlap, spectral overlap was achieved by tuning the frequency-
doubled resonance toward the exciton wavelength through the
NR diameter, resulting in large and coherent light—matter
interaction. The accessibility of the hybrid structure can be
appreciated from the fact that the Ag cavity, critical in
generating the observed phenomena, can be constructed by
two sequential blanket coatings of Ag before and after the
placement of the NR. In a size regime that represents an elusive
frontier for plasmonic enhancements, the aforementioned
aspects highlight a general and simple avenue for effectively
increasing the nonlinear responses of noncentrosymmetric
systems orders of magnitude beyond their intrinsic limits.
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