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Abstract

Nano-resonators integrated with two-dimensional materials (e.g. transition metal dichalcogenides)
have recently emerged as a promising nano-optoelectronic platform. Here we demonstrate resonator-
enhanced second-harmonic generation (SHG) in tungsten diselenide using a silicon photonic crystal
cavity. By pumping the device with ultrafast laser pulses near the cavity mode at the telecommunica-
tion wavelength, we observe a near visible SHG with a narrow linewidth and near unity linear
polarization, originated from the coupling of the pump photon to the cavity mode. The observed SHG
is enhanced by factor of ~200 compared to a bare monolayer on silicon. Our results imply the efficacy
of cavity integrated monolayer materials for nonlinear optics and the potential of building a silicon-
compatible second-order nonlinear integrated photonic platform.

1. Introduction

Nonlinear integrated photonics plays a crucial role in
building all-optical information processors [1, 2] and
novel on-chip light-sources [3]. However, the weak
optical nonlinearity of existing material systems results
in large optical switching power, rendering optical
information processing unattractive. The key to lower
the required optical power is to incorporate nonlinear
materials onto a nano-scale high quality factor (Q)
resonator, where light can be stored in a small volume
(V;,) and for an extended period of time [4]. It can be
shown that for a nonlinear optical switch, the switch-
ing power scales as V,,/Q? for the third order and
V,,/Q? for the second order nonlinearity [5]. This
stronger dependence on cavity Q, along with a larger
value of second-order Y nonlinear coefficients
compared to x® coefficients, make y® nonlinear
processes more suitable to realize low-power non-
linear optical devices. Unfortunately, silicon lacks the
desired x® nonlinearity due to its centrosymmetric
crystal structure; thus devices based on x® processes
dominate current efforts in nonlinear integrated
photonics [3, 6, 7]. While materials with large

nonlinearities, such as III-V materials [8] are well-
studied, their incompatibility with current CMOS
foundries [9] hinders the scalability sought by the
integrated photonics community. This is further
exacerbated by the fact that deposition of high
refractive index ITI-V materials on silicon changes the
optical mode profile significantly, making the phase
matching condition more difficult to satisfy. Research-
ers have also studied aluminum nitride for nonlinear
optics [10] and have integrated it on silicon for electro-
optic signal processing [11]. However, nonlinear
optics with aluminum nitride integrated on a silicon-
compatible platform has not yet been reported. A
hybrid platform, where we can exploit the scalability
provided by silicon photonics as well as realize strong
x® nonlinearity, will be highly attractive for inte-
grated nonlinear nano-photonics with applications to
all-optical signal processing.

The recently discovered atomically thin 2D transi-
tional metal dichalcogenides (TMDCs with chemical
formula MX,) [12] offer extraordinarily large second-
order nonlinear coefficients [13, 14]. They can be
easily integrated onto silicon devices by simple van der
Waals bonding without the need of lattice matching

©2016 IOP Publishing Ltd
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Figure 1. The fabricated device: (a) Scanning electron micrograph of the fabricated silicon photonic crystal cavity with monolayer
WSe, on top, indicated by the orange outline. Visible stripes of holes inside the monolayer region are due to ripped monolayer during
exfoliation. Scale bar: 10 pm. (b) Schematic of the device operation: two infrared (IR) photons denoted by the red Gaussian profiles
with frequency w resonantly couple into the photonic crystal cavity. The cavity mode interacts with the WSe, (the transparent pink
sheet) which then generates the second harmonic photon at a frequency of 2w, denoted by the blue Gaussian profile.
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[15]. In spite of their atomically-thin thickness and
evanescent coupling with the light, the effective non-
linearity offered by TMDC-integrated nano-resonator
is comparable to that offered by a resonator com-
pletely made out of a x® nonlinear III-V material
[16]. Cavity-enhanced second-order nonlinear optics
with TMDCs has recently been observed in distributed
Bragg reflector cavities [17, 18] and plasmonic resona-
tors [19]. However, both of these cavity systems are
unsuitable for low power operation due to their large
mode volume and high loss (low Q), respectively. In
this paper, we report the enhanced second-harmonic
generation (SHG) of a tungsten diselenide (WSe,)
monolayer integrated on a planar silicon photonic
crystal linear defect cavity, under ~1550 nm laser exci-
tation. The choice of photonic crystal cavity (PCC) is
largely motivated by its both small mode volume and
high Q [20]. This is particularly important for using
exfoliated TMDC monolayers as the modal overlap
with the TMDC is further limited by the exfoliated
sample size. The choice of the WSe, is primarily moti-
vated by its high second-order nonlinearity near
1550 nm, the wavelength of interest for tele-
communication. We measured a cavity enhancement
of SHG by a factor of 200, which can be potentially fur-
ther enhanced by switching to a wide band-gap sub-
strate, such as silicon nitride, and using a resonator
with modes at both the fundamental and second-har-
monic frequency.

2. Methods

Preparation of the TMDC-cavity device largely fol-
lowed the standard cavity fabrication and 2D material
preparation processes [20-22]. A modified three-hole
linear defect (L3) photonic crystal cavity (PCC) [23] is
fabricated in a standard 220 nm thick silicon on

insulator (SOI) wafer with a lattice periodicity of
398 nm and a radius of 116 nm. We patterned a
250nm ZEP 520A mask using a 100kV JEOL
JBX6300FS electron beam lithography system. The
mask was then transferred onto the silicon by using a
chlorine ICP-RIE dry etching recipe followed by an
undercutting step using a 1:10 solution of buffered
oxide etchant. In parallel to the cavity fabrication, we
exfoliated a monolayer WSe, onto a 300 nm SiO, on Si
wafer. The monolayer was subsequently transferred
onto the cavity using a dry transfer method [24].
Figure 1(a) shows the scanning electron micrograph of
an integrated monolayer WSe, on silicon cavity
device.

The cavity modes were identified before and after
monolayer transfer using cross-polarized reflectivity
measurements (see supplement) [25]. We found sev-
eral cavity modes in the pristine cavity, including the
fundamental mode at 1557 nm with a Q factor of
~10 000 (see supplement). Unfortunately, this high Q
mode disappeared after the WSe, transfer. We have
observed severe degradation of high-Q modes in sev-
eral TMDC-PCC devices. Along with the fundamental
mode, we also found several higher-order modes for
both the pristine cavity and the 2D integrated cavity
(figure 2(a)). The asymmetry in the measured reso-
nance is primarily due to the Fano-type interference
that happens as the cross-polarization is not perfect.
Exact correspondence between these modes cannot be
established with certainty, as the effect of monolayer
transfer is not clear. However, the range of quality fac-
tor decreased from Q ~ 2000-3000 of the pristine
cavity to ~700-800 after WSe, integration. The degra-
dation of the cavity Q-factor is expected due to the
residual loss of 2D material even near 1550 nm. We
estimate the resulting Q should be in the range of
~1500-1800 (see supplement). The additional Q
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Figure 2. Characterization of cavity modes: (a) Cross-polarized reflectivity measurements of the higher order cavity modes before and
after monolayer WSe; transfer. Lorentzian fit is used to estimate the cavity quality factors: blue for the mode ‘e’ at ~1515 nm and red
for the mode ‘3 at ~1490 nm. (b) Overlay of the photoluminescence signal from WSe, generated via a HeNe laser (black), SHG
spectrum from mode « (blue), and SHG spectrum from mode 3 (red). We can clearly identify that the cavity-enhanced SHG peaks
occur at half the wavelength of the mode seen in reflectivity. The plots are vertically offset for clarity.
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degradation is attributed to the polymer residues from
monolayer transfer [22].

3. Results

After measuring the linear spectrum of the WSe, clad
cavity, we moved forward to measure the SHG signal
(setup is shown in the supplement). We resonantly
pumped the cavity using an optical parametric ampli-
fier (Coherent OPA 9800) to generate light near
1500 nm. The pump laser has a repetition frequency of
250 kHz and pulse width of ~200 fs. We conducted all
experiments at normal incidence through a 50X
Olympus near-IR objective. The incident light was
polarization resolved by passing it through a half- and
a quarter-wave Fresnel rhomb and remotely con-
trolled linear polarizer before entering the objective.
We detected light near the second-harmonic fre-
quency, where we observed background SHG along
with a well-defined cavity peak (figure 2(b)). The
wavelengths of cavity peaks observed in SHG signal
(~745nm and ~758 nm) correspond exactly to the
half of the cavity wavelength observed in reflectivity
(~1490 nm and ~1515 nm) (figure 2(a)). These modes
are hereby referred to as mode ‘o’ (at ~1515 nm) and
mode ‘3 (at ~1490 nm). We verified that the SHG
signal appears only when we pump an area with WSe,,
and no signal is observed when we pumped the SOI
sample without monolayer WSe,. This rules out any
possibility of SHG due to the surface nonlinearity at
the silicon-air interface [26]. The interface of silicon
and WSe, provides another interface nonlinearity,
however, similar nonlinearity has been measured
previously at MX,-SiO, interfaces and was found to be
negligible [14]. A more conclusive signature would

have been the characteristic six-fold pattern of polar-
ization-resolved second harmonic signal [27], but due
to the strong linear polarization of the cavities, such
polarization-resolved measurement could not be per-
formed. However, we pumped a piece of bilayer WSe,
on our silicon chip and found no SHG signal, which
suggests the nonlinearity was provided by the mono-
layer. Note that, the wavelength range, where we
observe SHG is similar to the range, where WSe, PL is
(figure 2(b)). Since PL can be generated from the third
harmonic of the laser created via silicon, extra care was
taken to ensure we indeed measured the cavity peak in
the SHG signal. Before measurements we ensured that
our observed signal was indeed SHG by tuning the
OPA and ensuring that the background signal shifted
in response, which could only be the case if the
background corresponded to SHG rather than PL.
This is the cause of the slight shift in background from
the top two SHG measurements in figure 2(b). The PL
should have a cubic dependence on the pump power,
whereas the measured signal follows a quadratic
dependence. Moreover, to observe a cavity signal in
PL, we needed to have cavity modes at ~745-758 nm,
which was impossible due to the lack of any photonic
bandgap in this wavelength range. We also did not
observe any such mode under reflectivity, simulation,
or PL created by helium-neon laser excitation.

In the rest of the paper, we analyze the mode ‘&
while the discussion of mode ‘@’ is in the supplemen-
tary materials. To extract the cavity contributions, we
fit a Lorentzian to the cavity enhanced SHG peak, a
Gaussian to the broad SHG spectrum, and a linear
polynomial to the non-SHG background (figure 3(a)).
The polarization-resolved SHG shows the cavity-
enhanced narrow peak is linearly polarized along the

3
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Figure 3. Characterization of the second-harmonic signal: (a) A typical SHG spectrum. The total fit is consisted of a Lorentzian for the
cavity, a Gaussian curve for the background SHG, and an offset and linear term for the background signal. The corresponding

Lorentzian and Gaussian curves are set in to further illustrate their relative contributions to the total fit. (b) Polarization-resolved SHG
showing the cavity peak is strongly linearly polarized as expected. (c) Power-dependent (c) SHG spectrum and (d) the cavity-enhanced
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SHG: each point corresponds to the integrated counts under the Lorentzian fit to the cavity signal. The red line is a quadratic fit.

cavity mode with near unity degree of polarization
(figure 3(b)), confirming its coupling to the cavity. We
then measured the SHG under different pump pow-
ers. Some representative SHG spectra are shown in
figure 3(c). All the spectra are also fit with the model
described in figure 3(a). A clear blue shift of the cavity
resonance was observed, along with a linewidth broad-
ening. We attribute these effects to the free carriers
generated by two-photon absorption in silicon [28].
These changes in the cavity parameters are analyzed in
detail in the supplementary materials. We plot the area
under the Lorentzian fit to the cavity as a function of
the input optical power (figure 3(d)). A clear quadratic
dependence is observed, validating that this signal is
due to SHG. At the lowest pump power (~18 uW),
with the least degradation of the cavity due to free car-
riers, we found a quality factor of ~630. Theoretically,
we expect the Q measured in this fashion to be the
same as the Q measured from the linear reflectivity
spectrum (~745). We attribute the slight deviation
from this estimate to the free carrier induced
broadening.

Based on our measurements, we estimated the
extent of the cavity enhancement by considering the
spectral window defined by the cavity full width half
maximum. This convention is chosen as the cavity
spectral range is much smaller than that of the back-
ground SHG signal. We estimated the relative magni-
tude of SHG from the measured spectrum by
integrating over the cavity spectral window for both
the Lorentzian (cavity) and Gaussian fits (the back-
ground SHG). Hence the nonlinear conversion effi-
ciency for the bare 2D material is given by the ratio of
the area under the Gaussian curve and the incident

power. For the cavity, the nonlinear conversion is
given by the ratio of the area under the Lorentzian
curve and the power coupled to the cavity, which is
estimated to be ~1% for our experiment (see supple-
mentary materials). The cavity enhancement is thus
given by the ratio of the two conversion efficiencies.
We found the enhancement to be ~200 at the lowest
pump power, which decreases as a function of the
pump power (see supplementary materials). We note
that previously reported enhancement with DBR cav-
ities are around a factor of 10, primarily due to the
lower quality factor (~100) [18].

4. Discussion

Our experiment demonstrated that integrating atom-
ically thin 2D materials onto a photonic crystal cavity
results in a two-fold increase in the second-harmonic
light in the spectral region of interest. More impor-
tantly, we explored a new way to enable second-order
non-linear optics in a silicon-compatible platform.
We note that the reported enhancement is significantly
lower than the theoretical maximum. Partially it is due
to that silicon absorbs a significant amount of second-
harmonic signal, and the two-photon absorption
further degrades the efficiency due to the cavity broad-
ening. In addition, we used a silicon photonic crystal
with a mode only at the fundamental frequency. We
expect that the SHG can be further enhanced by
engineering two cavity modes, one at the fundamental
frequency, and the other at the second-harmonic
frequency, with good modal overlap between them to
ensure phase matching [10, 29]. The theoretical
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efficiency of the SHG then depends on the quality
factors of both cavities Q7Q,, where Q;(Q,) is the
quality factor of the fundamental (second harmonic)
cavity mode. Finally, the slab thickness of the cavity
and the cavity material itself may play an important
role in the second-harmonic frequency, as recently
predicted and also experimentally demonstrated
[30, 31]. Especially in the photonic crystal structure, a
reduced thickness can increase the field on the cavity
surface, albeit at the expense of the quality factor. A
more rigorous electromagnetic modelling of 2D mat-
erial clad cavities is required to find the optimum
thickness, where the nonlinear conversion efficiency
will be maximized.

5. Conclusions

Future devices can substantially improve the overall
efficiency by using silicon nitride as the underlying
material platform. The addition of another cavity
mode at the second-harmonic frequency will also
provide a considerable performance enhancement.
Realizing multiply resonant cavities with good modal
overlap in silicon nitride will enable few-photon non-
linear optics under continuous wave operation, as we
recently theoretically reported [16]. In addition, sec-
ond-order nonlinear devices are important for realiz-
ing on-chip optical parametric oscillators [3, 32] and
optical bistability [1], as well as exploring fundamental
studies, including electromagnetically induced trans-
parency [33].
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