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and four wave mixing (FWM) arising from 1 to 7 nm AL O; layers
sandwiched between a gold film and silver nanorectangles. We
demonstrate that the relative strength of the three, simultaneous nonlinear optical processes can be precisely controlled by either the
ratio between the powers of the two excitations or the thickness of the Al,O, layer. Furthermore, enhancements up to 10°-fold for
THG and FWM are observed along with 10*-fold enhancements for SFG response when the resonance of the transverse and
longitudinal mode of the cavity are matched to the two pump excitations. The ability to obtain and control multiple, nonlinear
optical processes simultaneously open new capabilities for advanced on-chip manipulation and processing of optical signals on the
deep nanoscale.
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lasmonic structures have attracted great interest as a processes has not been elucidated, which is critical to enable
means to investigate and enhance nonlinear optical dynamic tuning and precise control of the relative strength of
processes because of their subwavelength scale and ability the processes. This would facilitate the precise manipulation of

to strongly localize and enhance electromagnetic fields. In
particular, studies have focused on second harmonic
generation (SHG)”™’ and sum frequency generation
(SFG),”” which are second order nonlinear processes, as
well as third harmonic generation (THG)'’™" and four wave
mixing (FWM),'°"?° which are third order nonlinear
processes. In contrast to bulk crystals, the relaxation of phase

nonlinear responses at the nanoscale and is promising for on-
chip functional nonlinear devices. Furthermore, plasmonic
structures with dual spatially overlapped fundamental reso-
nances to enhance nonlinear optical processes such as SFG and
FWM, that require two distinct excitation wavelengths, have
not been experimentally demonstrated.

matching conditions in plasmonic structures allows for the Here, we employ a film-coupled nanorectangle plasmonic
simultaneous observation of even and odd order nonlinear structure to observe THG, SFG, and FWM simultaneously.
processes due to subwavelength dimensions.' Such observa- The relative strength of the three nonlinear processes can be
tions have typically been achieved with a preferred controlled; either actively by manipulating the relative intensity
combination of SHG and THG,”' ™ with limited inves- of the two pump excitations or passively by varying the

tigations of other2c70mbinations such as SHG and FVVM;Z;% thickness of the dielectric AL, O; layer. Additionally, the
THG and FWM.”" Additionally, studies of 2D materials™

and chemical imaging’>’" report observations of up to three
different nonlinear signals from a single sample; however, the
different nonlinear processes are not observed simultaneously.
A recent demonstration of an all-dielectric frequency mixer”” is
promising to obtain a variety of nonlinear responses across a
broad spectral range, which relies on the large nonlinearities of
constituent dielectric materials; however, questions still remain
regarding the interplay between these nonlinear processes. To
date, the interplay between multiple, simultaneous nonlinear

nonlinear responses are dramatically enhanced due to the
high electromagnetic field intensities at both pump wave-
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lengths due to the transverse and longitudinal modes of the
nanogap plasmonic structure.

The plasmonic structures consist of an atomic layer
deposited (ALD) Al,O, film with a thickness of either 1, 3,
S, or 7 nm sandwiched between a 75 nm gold film and silver
nanorectangles fabricated by electron-beam lithography (EBL),
as shown in Figure la. The widths and lengths of the
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Figure 1. (a) Schematic of sample structure that consist of a 1 to 7
nm dielectric AL,O; film sandwiched between 30 nm tall silver
rectangles and a 75 nm gold film. (b) Measured reflection spectra
from a sample with a 1 nm Al,O; film embedded in the plasmonic
nanogap structure. 500—1000 nm was measured for the transverse
magnetic (TM) polarization, when the polarization of incident light is
along rectangle width, and 1000—1700 nm was measured with the
transverse electric (TE) polarization, when the polarization of
incident light is along the rectangle length. (c) Simulated electric
field enhancement distribution at 840 nm, where the resonance
wavelength corresponds to the rectangle width. (d) Simulated electric
field enhancement distribution at 1500 nm, where the resonance
wavelength corresponds to the rectangle length.

nanorectangles were designed such that the resonance
wavelengths from the transverse and longitudinal modes
overlapped with the two excitation wavelengths 4,y = 840
(1500) nm, respectively. Reflectivity measurements were
performed with white light, as shown in Figure 1b, where
the two dips centered at the two excitation wavelengths
represent the corresponding plasmon resonances from the
nanorectangle. The 500—1000 nm spectral range was
measured by a charge-coupled device (CCD) camera with
the incident polarization parallel to the rectangle width and the
1000—1700 nm spectral range was measured by an InGaAs
camera with the incident polarization parallel to the rectangle
length. The electric field distribution is modified by the
presence of the nanorectangle structures, §iving rise to strongly
localized and enhanced optical fields,>> >’ as seen in the
simulations shown in Figure 1¢,d performed by a finite-element
method (COMSOL Multiphysics). The resonance wave-
lengths correspond to the width and length of the nano-
rectangles for TM and TE incident polarization, respectively.

Below, we briefly describe the main features associated with
the three nonlinear processes explored in the experiment using
two pumping frequencies @, and @,. These processes include
(i) surface SFG, which upconverts two photons at the
pumping frequencies ®; and ®, to the summed frequency
®g = @, + w,, (ii) THG, leading to an output photon at wy =
3w,, and (iii) degenerate FWM, leading to an output photon at
®g = 20, — @,. Our experimental observations, detailed below,
show that the three nonlinear processes are significantly
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amplified due to resonant enhancement at the two pump
frequencies. To qualitatively understand such processes, we
applied coupled mode theory analysis in the nondepleted
region,38 detailed in the Supporting Information, to illustrate
the scaling of the nonlinear power output with respect to the
pumping power Pj(,y and the pumping frequency detuning
Aw) ;) from the respective resonant frequencies:
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where we have assumed that there is a predominant mode
around the resonance frequency @ (,). Here y,; denotes the
total (radiative) decay rate of the mode at w; Notably, the
spectral function of the output power with respect to Aw,)
can exhibit a high-order Lorentzian response.

Experimentally, the nonlinear signals were generated by two
~200 fs laser pulses with wavelengths at 840 and 1500 nm.
Both excitation pulses were passed through the same objective
and spatially overlapped on the sample. A delay stage was used
to control the relative time difference between the two pulses,
resulting in the emergence of three nonlinear signals near zero
time delay as shown in Figure 2a. The signal centered at 500
nm is from THG and generated from the 1500 nm excitation.
As the THG process does not involve the 840 nm excitation,
the THG intensity remains constant as the time delay between
the two pulses is varied. On the other hand, the remaining two
nonlinear signals, which are from SFG and FWM, display a
strong dependence on the time delay, reaching a maximum
intensity at exactly the zero delay position. The red shift of the
wavelength of the FWM response seen in Figure 2a is
attributed to the approximately 10 nm spectral line width of
the two excitations, resulting in the overlap of different peak
wavelengths of the two excitation pulses at different time
delays, also referred to as frequency chirping. A characteristic
spectrum at zero time delay is shown in Figure 2b, which
exhibits one peak arising from each of the nonlinear optical
processes. To verify that the three peaks are indeed from the
THG, SFG, and FWM processes described by eq 1, we
performed power dependence measurements. Specifically, we
measured the dependence of the nonlinear signals on the
power of both excitation wavelengths by first varying one
excitation power, and then the other, while keeping one
excitation power constant. Figure 2c,d shows the intensities of
the nonlinear signals as a function of the two excitation powers.
Polynomial function fits by the power law exhibit good
agreement with the experimental data, confirming the observed
signals are indeed from the expected nonlinear optical
processes in the undepleted region. Specifically, the THG
response has a cubic power relation on the 1500 nm excitation
power and remains constant with varying 840 nm excitation
power. The SFG response increases linearly with increased 840
and 1500 nm excitation powers. The FWM response possesses
a square power relation on the 840 nm excitation power and a
linear relation on the 1500 nm excitation power.
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Figure 2. (a) Measured nonlinear response as a function of time delay
between the two excitation pulses at 840 and 1500 nm. (b) Spectrum
at zero time-delay, where three distinct peaks are observed
simultaneously that arise from THG, SFG, and FWM. (c) Measured
nonlinear signal as a function of 840 nm excitation power for the three
nonlinear processes, as indicated in the figures. (d) Measured
nonlinear signal as a function of 1500 nm excitation power for the
three nonlinear processes, as indicated in the figures.

To take advantage of the enhanced electric field confined
within the Al,Oj; layer, the polarization of the two excitations
are manipulated such that the 840 nm excitation is linearly
polarized along the width of the nanorectangle and the 1500
nm excitation is linearly polarized along the length as shown in
the schematic in Figure 3a. Additionally, excitation wavelength
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Figure 3. (a) Illustration of the experimental geometry, where the
blue arrow represents 840 nm excitation with TM polarization
(excitation polarization along rectangle width) and the red arrow
represents 1500 nm excitation with TE polarization (excitation
polarization along rectangle length). (b) THG (blue), SFG (green),
and FWM (orange) intensity as the excitation wavelength is varied
from 820 to 860 nm for a 1 nm ALO; film embedded in the
plasmonic nanogap structure. (c) THG (blue), SFG (green), and
FWM (orange) intensity as the excitation wavelength is varied from
1470 to 1530 nm for a 1 nm Al,O; film embedded in the plasmonic
nanogap structure. Data points are experimental results and curves are
Lorentzian function fits to the data.
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dependence measurements were performed to verify the
importance of spectrally matching the plasmon resonance
with the excitation wavelength. Figure 3b,c shows the
characteristic results from a 1 nm ALO; dielectric layer
embedded between a gold ground plane and silver nano-
rectangles, with the shorter wavelength excitation at 80 yW
and the longer wavelength excitation at 160 yW. The width
and length of the nanorectangle are selected such that the
resonances from the transverse and longitudinal modes are
centered at 840 and 1500 nm, respectively (Figure 1b). When
one excitation is detuned from the resonance at 840 nm, while
the other excitation remains constant at 1500 nm, the SFG and
FWM intensities decrease dramatically because of the reduced
electric field intensity in the nonlinear media, as the plasmonic
structure is off-resonance with the excitation. There is no
variation in the THG intensities since this process only relies
on the 1500 nm excitation. Similarly, when the other excitation
wavelength is detuned from the resonance at 1500 nm, while
the 840 nm excitation remains constant, the THG, SFG, and
FWM intensities decrease dramatically. However, the rate of
the decrease in the nonlinear signal with detuning of the
excitation wavelengths varies for the different nonlinear
processes, as seen in Figure 3b,c. This variation can be
explained by the different-order Lorentzian line shapes, as
described by eq 1, which means that different nonlinear
processes have different behaviors in terms of their full width at
half-maximum (fwhm) as the excitation wavelengths are
detuned from the resonance.

Next, we investigate the effect of the thickness of the Al,O4
layer on the enhancement of the nonlinear response and the
fwhm of the excitation wavelength dependence. To this end,
four different thicknesses (1, 3, 5, and 7 nm) were fabricated
by ALD. The enhancement of the nonlinear response is
defined as the nonlinear response from the Al,O; embedded
between the silver nanorectangles and the gold film divided by
the nonlinear response from the control sample consisting of
ALO; layer on the gold film (without the silver nano-
rectangles) under the same excitation conditions. The ALO,
layer on the gold film is selected as the control sample since
the nonlinear intensity from a sub-7 nm Al,Oj; layer itself is too
weak to detect. The intensity of the nonlinear response from
the AlL,O; layer on gold remains constant for different Al,O;
layer thicknesses, with the exception of the SFG intensity,
which increases slightly for thicker layers (detailed spectra in
Supporting Information). However, the SFG intensity remains
within the same order of magnitude for all ALO; layer
thicknesses which makes it reasonable to calculate the
enhancement factor using these reference intensities. It should
be noted that different excitation powers were employed for
the control sample and plasmonic nanogap structures in order
to prevent damage of the silver nanorectangles from the
strongly enhanced electric fields in the nanogaps. Therefore,
the power laws shown in Figure 2¢,d were used to extrapolate
the nonlinear intensities taken at different excitation powers to
the same condition. As summarized in Figure 4a, the nonlinear
optical processes experience dramatic enhancements in the
presence of the plasmonic nanogap structures as compared to
only the gold film. In particular, a greater enhancement in the
nonlinear signals are observed for thinner Al,O; layers due to
the higher electric field intensities in the gap region for smaller
nanogap structures. This indicates that the effect of the
enhanced electric field induced by the plasmonic structure
dominates the enhancement as opposed to the total thickness
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Figure 4. (a, b) Enhancement of the nonlinear signal for the three different nonlinear optical processes and for four different AL, O, thicknesses
ranging from 1 to 7 nm. The enhancement factor is defined as the nonlinear signal of the Al,O; film embedded in the plasmonic nanogap structure
divided by the nonlinear signal from an Al,O; film of the same thickness on gold and under the same excitation conditions: (a) experiment; (b)
simulation. The enhancement factor at 1 nm is normalized to the experimental value for easier comparison. (¢, d) Fwhm of the excitation
wavelength dependence, where the two excitation wavelengths are varied independently: (c) 840 nm excitation is varied; (d) 1500 nm excitation is
varied. Data points with error bars are from five experimental measurements taken at different areas on each sample. Lines serve as a guide to the
eye. (e, f) Normalized nonlinear intensity as a function of excitation wavelength from which the fwhm shown in (c) and (d) are obtained. The
arrows represent the corresponding nonlinear optical process and gap thickness. (g, h) Biquadratic electric field enhancement distribution |E/E,l*,
when the structure is on and off resonance with the excitation: (g) 1 nm Al,O5 gap; (h) 7 nm AL O; gap.

of nonlinear media in the gap region. From Figure 4a, it is also
observed that the enhancement factors of THG and FWM
processes are very similar and on the same order of magnitude
for all four studied thicknesses and between 10X and 76X
larger than the enhancement observed for SFG depending on
the AL, O; thickness. This difference in enhancement arises as
THG and FWM are third order nonlinear processes, resulting
in the generation of a nonlinear signal with a cubic power
dependence on the excitation electric field intensity, while SFG
is a second order nonlinear process with a square power law
relation. Thus, a larger enhancement is expected for higher-
order nonlinear processes, which is also observed experimen-
tally here. This is further highlighted by the observation that
the square of the enhancement factors of the THG and FWM
responses are approximately the same as the cube of the
enhancement factor of the SFG response, which are close to
10" for the 1 nm gap as an example. The maximum efficiencies
for these nonlinear processes are extracted using a calibrated
light source and estimated to be 7.44 X 107%%, 8.55 X 107%%,
and 1.28 X 107°% for THG, SFG, and FWM, respectively,
from the 1 nm Al,O; layer embedded in the plasmonic
structures. We also numerically investigate the impact of the
Al,O; thickness on the resulting nonlinear generation, which is
detailed in the Supporting Information and summarized in
Figure 4b. The simulated enhancement factor is normalized to
the experimental value at 1 nm for easier comparison of the
dependence on gap thickness. For both FWM and THG
processes, qualitative agreement between the numerical and
the experimental results can be observed for thicknesses
smaller than 7 nm. As for the SFG process, the numerical
results suggest a more pronounced thickness dependence,
which may be attributed to nonlocal optical responses such as
the anomalous skin effect in metals.>” Thus, the actual effective
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material loss on the surface, particularly relevant in SFG
processes, might be strongly underestimated in our simulation
which relies on a local material response model.

In addition to the enhancement factor, the thickness of the
Al Oj; gap layer also affects the fwhm of the nonlinear intensity
as a function of excitation wavelength in cases where the
plasmonic structure is off-resonance with the excitation
wavelength. The fwhm of the excitation wavelength depend-
ence is depicted in Figure 4c and d for different thicknesses of
the AL, O; layer and for the various nonlinear optical processes.
The error bars indicate the standard deviation from five
independent measurements on different areas of the same
sample and are much smaller than variations between samples
with different thicknesses of the Al,O; layer. Figure 4e,f shows
the representative excitation wavelength dependence spectra
from which the data in Figure 4c,d are extracted. From these
spectra, it is observed that the fwhm exhibits a clear
dependence on the thickness of the Al,O; layer and the
particular nonlinear optical process being generated. First, it is
observed experimentally that the fwhm of the excitation
wavelength dependence increases for larger Al,O; thicknesses.
This can be qualitatively understood based on the decrease in
the electric field amplitude between on and off resonant
excitation for 1 and 7 nm gaps, which as seen in Figure 4gh is
more dramatic for the smaller gap size. Second, it is observed
that the fwhm of the excitation wavelength dependence varies
with different nonlinear optical processes, as shown in Figure
4c,d. This is expected from eq 1, which illustrates that the
spectral response as a function of excitation frequency exhibits
a higher-order Lorentzian line shape and, consequently, a
narrower fwhm, for higher-order power relations of the
nonlinear intensity versus excitation power. Thus, for higher
order power dependence, the amplitude of the nonlinear
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polarization decreases more rapidly with decreased electric
field intensity as the excitation moves away from the resonance
wavelength of the plasmonic structures, resulting in smaller
fwhm. Specifically, the fwhm of THG response when varying
the 1500 nm excitation is smaller than SFG and FWM due to
its cubic dependence (third-order Lorentzian line shape) on
the excitation power compared with the linear dependence of
SFG and FWM (simple Lorentzian line shape).

Finally, we investigate control of the relative strength of the
three, simultaneously occurring nonlinear processes: first,
passively by varying the thickness of the ALO; layer and,
next, actively by varying the excitation power ratio between the
840 and 1500 nm excitations. To demonstrate passive control,
the same excitation conditions (840 nm excitation: 140 uW,
1500 nm excitation: 280 yW) were employed on four samples
with different Al,O; layer thicknesses embedded in the
nanogap structures. The fraction of one nonlinear intensity is
defined as its intensity divided by the sum of all three nonlinear
intensities. It is observed in Figure Sa that the fraction of THG
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Figure S. (a) Tunability of the relative strength of the three
simultaneously occurring nonlinear processes for different thicknesses
of the Al,O; film. For these measurements, the 840 nm excitation
power is 140 yW and the 1500 nm excitation power is 280 uW. (b)
Active tuning of the relative strength of the three nonlinear processes
by varying the power ratio between the 840 and 1500 nm excitation
measured from the 1 nm sample. For these measurements, the 1500
nm excitation power is 160 yW and the 840 nm excitation power is
varied from 40 to 280 yW with the corresponding power ratio shown
in the figure.

intensity remains constant with increasing thickness, while the
fraction of SFG intensity increases and the fraction of FWM
intensity decreases. It should be noted that the fractions of
nonlinear intensities as a function of dielectric thickness may
be different for different excitation power conditions, which
provides active tuning in addition to passive tuning from the
variation of gap thickness. Next, to demonstrate active control,
experimental results are shown in Figure 5b, where the 1500
nm excitation power is constant at 160 W, while the 840 nm
excitation power varies, giving a power ratio in the range of
0.25 to 1.75. With a larger excitation power ratio, the THG
intensity remains constant since it only depends on the
excitation power at 1500 nm. On the other hand, the SFG and
FWM intensities increase since they are linearly and squarely
proportional to the 840 nm excitation power, respectively. It is
observed that the FWM intensity increases more rapidly than
the SFG intensity, which is due to the second order power
relation for FWM compared to the linear power relation for
SFG. As a result, the fraction of THG intensity decreases for
higher excitation power ratios as the other two nonlinear
intensities increase dramatically.

In conclusion, enhancement factors approaching 10°-fold for
THG and FWM and 10*fold for SFG were observed
experimentally from plasmonic nanogap cavities. Three
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nonlinear optical processes, THG, FWM, and SFG, were
generated simultaneously and their relative strength was
controlled actively by varying the ratio of the power between
the two excitations and passively by varying the thickness of
the AL,O; gap layer. The capability to precisely control the
interplay between these simultaneous nonlinear signals may
facilitate applications such as on-chip nonlinear devices as well
as provide new insights into nonlinear generation at the deep
nanoscale. Nanorectangle structures were fabricated such that
both the transverse and the longitudinal mode contribute to
the enhanced electric field intensities confined within the
nanogap structure at two distinct wavelengths, thus signifi-
cantly increasing the generated nonlinear signal. The enhance-
ment of the relative strength of these nonlinear signals is
important for future applications where a local weak pump is
more important than overall conversion efficiency such as for
local generation of extreme ultraviolet (EUV) light or four
photon luminescence for near-field lithography. The fwhm of
the generated nonlinear signals were measured as a function of
the excitation wavelength for different Al,O; thicknesses,
which indicates that the observed enhancement of the
nonlinear signal is mainly due to the strongly enhanced
electric field confined within the dielectric Al,O; layer itself
and not the surrounding plasmonic structure. It is observed
that the generated nonlinear signal increase with thinner Al,O;
gap layers, which is consistent with numerical simulations and
offers design principles to utilize ultrathin dielectric materials
for future efficient nanoscale nonlinear devices. Additionally,
the nonlinear coefficient of the Al,O; used in these studies is
very small compared with other common nonlinear materi-
als,” providing a pathway to further increase the generated
nonlinear signal by employing other dielectric materials with
larger nonlinear coefficients. The ability to observe different
orders of nonlinear optical processes and tune their relative
strength provides a pathway to utilize multiple, simultaneous
nonlinear optical processes and may find applications in, for
example, optical frequency mixers and quantum information.
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