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ABSTRACT

We demonstrate a low power thermally induced optical bistability at telecom wavelengths and room temperature using a nanobeam
photonic crystal cavity embedded with an ensemble of quantum dots. The nanobeam photonic crystal cavity is transfer-printed onto the
edge of a carrier chip for thermal isolation of the cavity with an efficient optical coupling between the nanobeam waveguide and optical setup.
Reflectivity measurements performed with a tunable laser reveal the thermo-optic nature of the nonlinearity. A bistability power threshold as
low as 23 uW and an on/off response contrast of 6.02 dB are achieved from a cavity with a moderately low quality factor of 2830. Our device
provides optical bistability at power levels an order of magnitude lower than previous quantum-dot-based devices.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0098003

Optical bistability is a widely studied nonlinear phenomenon
characterized by hysteresis in output light intensity from incident light
on a photonic medium." It has been proposed for use in various appli-
cations such as optical switches,” memories,” and differential ampli-
fiers* that utilize two stable electromagnetic states in the hysteresis of
output light intensity. Large-scale integration of such applications
requires optical nonlinearity at low power levels, sufficient modulation
speeds, and photonic designs with small footprints that can be inte-
grated with silicon photonic circuits.” To achieve some of these
requirements, different photonic platforms have been used to demon-
strate low power optical bistability, including slab waveguide gratings,”
photonic crystal cavities,” micropillars,8 and microring resonators’
using various nonlinear media such as saturable absorbers,'’ Kerr
nonlinearities, ' and thermo-optic materials.”” "* Among them,
thermo-optic devices rely on thermally induced refractive index
change, which results from heating in the medium due to optical
absorption. This requires materials with high absorption coefficients
and strong thermo-optic effects to realize low power optical bistability.
It has been shown that the power threshold for thermally induced
optical bistability can be reduced by incorporating an absorptive
medium to nanophotonic architectures that have strong light and heat
confinement in a small mode-volume.' ™"’

Semiconductor quantum dots are promising candidates as an
absorptive medium for generating thermally induced optical bistabil-
ity. They exhibit high absorption coefficients that can efficiently con-
vert light to heat.””’ They are grown embedded in a dielectric
substrate, which can be lithographically patterned into nanophotonic
designs that can enhance optical nonlinearities from quantum
dots.”'*”"** They have strong free carrier confinement with a small
diffusion length,23 which can increase the rate of thermal escape of car-
riers inside the small mode-volume of nanocavities. The previous real-
izations of optical bistability using quantum dots have been
demonstrated in micropillar cavities’ and 2D photonic crystal cavi-
ties.'” However, these realizations failed to enhance the thermo-optical
properties of quantum dots by either suppressing the thermal effects
in cryogenic cooling” or relying on poor thermal isolation in 2D pho-
tonic crystal cavities,'” which resulted in much higher power thresh-
olds for optical bistability compared to other materials."” On the other
hand, 1D photonic crystal nanocavities were used to demonstrate ther-
mally induced optical bistability in silicon at power levels as low as a
few microwatts due to efficient confinement of light and heat in a
small mode-volume.'® A better light and heat confinement can sub-
stantially improve thermo-optical nonlinearities from nanocavities
with quantum dots.
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In this work, we experimentally demonstrate a quantum-dot-
based, thermally induced optical bistability with a power threshold as
low as 23 uW. We achieve the low-power optical bistability by embed-
ding quantum dots in an air-suspended nanobeam photonic crystal
cavity, which enables both optical and thermal confinement in a small
region. We verify the thermal nature of the optical bistability through
the reflectivity measurements at different incident powers. Our device
works at room-temperature and operates at telecom wavelengths,
making it an ideal candidate for a compact and efficient optical non-
linear platform with the potential for hybrid integration with silicon
photonics.

Figure 1 illustrates the design for nanobeam photonic crystal cav-
ity. The device consists of a one-dimensional air-cladded GaAs nano-
beam photonic crystal cavity with an adiabatic waveguide taper in one
side for outcoupling to an objective lens [Fig. 1(a)]. The cavity is real-
ized by tapering and shifting inner 12 holes between two outer pho-
tonic crystal mirrors using finite-difference time-domain (FDTD)
simulations. The number of mirror holes on the right mirror segment,
N, is reduced up to 4 to enable light to couple into the cavity from
one-side. The number of mirror holes on the left mirror segment, Ny,
is kept at 9 to be fully reflective toward the tapered side of the nano-
beam waveguide. For Ni = 4, simulated quality factor for the cavity
resonance at 1280 nm is 229 250. Figure 1(b) shows the fundamental
mode profile of the cavity and the Gaussian far field mode profile
from the nanobeam taper. Fundamental mode profile shows that
mode volume is confined in a small region of ~0.6 x (ﬁ)3 The adia-
batic taper at the end of nanobeam waveguide is designed to have a
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Gaussian mode profile in far field simulation for efficient coupling to
an objective lens. Far field mode profile has a coupling efficiency over
90% to the objective lens with a numerical aperture (NA) of 0.7
depicted as white dashed lines in Fig. 4(b).

To realize the proposed device, we used a hybrid fabrication
approach. First, we fabricated arrays of nanobeam cavities on a sus-
pended GaAs membrane embedded with InAs quantum dots. This
process starts with an InAs/GaAs quantum dot wafer that is grown by
molecular beam epitaxy. The wafer consists of three layers of InAs
quantum dots embedded in a 200 nm thick GaAs membrane on top of
a 1 um thick AlGaAs sacrificial layer. Each layer of quantum dots has
a density of 1 x 10*cm ™2, and room temperature photoluminescence
of quantum dots is centered around 1280 nm with a 60 nm inhomoge-
neous broadening. We used electron beam lithography to pattern
arrays of nanobeam cavities attached to large square pads from one
side and have free tapered ends from the other side. Hydrofluoric acid
solution is then used to remove the AlGaAs sacrificial layer to create a
suspended structure, as demonstrated by the scanning electron
microscopy (SEM) image shown in Fig. 2(a). The structure consists of
three nanobeam cavities attached to a 30 x 30 um?* pad region.

In the second part of the fabrication process, we used a 30 x 30
x 40 um? polydimethylsiloxane (PDMS) stamp to pick-and-place the
nanobeam arrays via the square pad.”* *° After removing the nano-
beam arrays from the GaAs substrate, we transfer-printed them onto
the edge of a silicon carrier chip. Figure 2(b) shows an SEM image
of the finalized device with arrays of nanobeam cavities suspended
from the edge of the carrier chip. This method enables nanobeam

Mirror Segment

Fundamental Mode Profile

RLiilE

FIG. 1. (a) The tapered nanobeam photonic crystal cavity design with lattice parameter a = 365 nm, hole radius r=0.29 a, and ry g = 0.29 a 5. The number of holes in the
mirror segments on the right and left sides is N = 4 and N, = 9, respectively. The cavity region is realized by tapering and shifting 12 holes located between two mirror seg-
ments. The width of the nanobeam waveguide is w =480 nm, and the width of taper end is b = 150 nm. Nanobeam width is adiabatically reduced from 480 to 150 nm at the
end of the 8 um-long taper. Thickness of the nanobeam is 200 nm. (b) The far field mode profile from the nanobeam taper and fundamental mode profile of the cavity are
shown here. White dashed line in far field profile corresponds to numerical aperture of 0.7 of the objective lens.
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FIG. 2. (a) SEM image of a nanobeam array, attached to a pad that is suspended with support bridges. (b) SEM image of the transferred nanobeam array, suspended at the
edge of a silicon carrier chip. (c) A schematic of the measurement setup for the transferred nanobeam array.

waveguides to be efficiently edge-coupled to the objective lens from
the tapered side. It also provides our device an easy way for rapid inte-
gration with other photonic circuits.

Figure 2(c) shows the experimental setup for the suspended
nanobeam photonic crystal cavities. We used a linearly polarized tun-
able continuous wave (CW) laser and couple it into the tapered side of
the suspended nanobeams using an objective lens with an NA of 0.7.
Reflected light is collected back with a 9:1 beam splitter (BS) and then
detected in a monochromator with a InGaAs detector. Using this
setup, we first characterized nanobeam cavities and selected one with
fundamental mode at 1284.5nm with a quality factor of 2830, as
shown in the supplementary material, Fig. S1. After carefully aligning
optical coupling into the nanobeam cavity, we injected the CW laser
off-resonantly to the nanobeam cavities to derive the coupling effi-
ciency. Reflected light from off-resonant laser is measured before the
monochromator. After taking into account for efficiency of each optic
on the optical path before the nanobeam taper, the coupling efficiency
is calculated from ratio of total reflected and injected optical power
between nanobeam cavity and the objective lens, where off-resonant
reflectance from nanobeam cavity is taken to be unity from FDTD
simulations.”” From these calculations, the coupling efficiency into the
nanobeam waveguide from the objective lens was found to be 30%.

We attribute the difference between the measured and simulated cou-
pling efficiency (>90%) to the angular alignment of the transferred
nanobeams relative to optical axis of the objective lens, and in addi-
tion, the scattering losses from the outcoupling nanobeam tapers.
Figure 3 shows the cavity reflectivity spectrum when incident
light is scanned from shorter wavelengths to longer wavelengths at
various excitation powers using the continuous wave laser. For the
scan at a power of 6 uW, we see a symmetric dip of the cavity reso-
nance at 1284.5 nm, consistent with the photoluminescence spectrum
of the cavity shown in Fig. S1 in the supplementary material. When
we increase the power of the incident laser to 15 W, we observed that
the cavity resonance red shifts and the reflected light spectrum
becomes asymmetric. The shift increases with increasing laser power,
which is a strong indication of a thermo-optic red shift due to absorp-
tion inside the cavity."” '*** *’ The asymmetry in the cavity reflectiv-
ity is explained by the fact that when we scan the wavelength of the
incident laser from the shorter wavelengths toward the cavity reso-
nance, the cavity starts to absorb more light. This increased absorption
causes a red shift of cavity resonance away from the laser wavelength
due to thermo-optic effect. The red shift of the cavity resonance pro-
duces a long tail toward shorter wavelengths in the reflectivity spec-
trum until the wavelength of the laser scan becomes resonant with the
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FIG. 3. The reflected intensity from the cavity as the wavelength of the incident CW
laser is scanned across the cavity resonance at different power levels.

cavity, and absorption reaches its maximum value. At this point, when
the laser is tuned further red, the resonance with the cavity is lost, and
the absorption from the laser sharply decreases. As the wavelength of
incident light moves away from the cavity, the cavity resonance starts
to blue shift back toward the initial cavity resonance due to rapidly
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decreasing absorption inside the cavity. At high power levels, this sud-
den loss of resonance and absorption is strong enough to sharply
retune the cavity back to the initial resonance and cause strong asym-
metry in the reflectivity spectrum.

To investigate the bistable hysteresis response of reflected light
from the cavity, we set the laser wavelength at a fixed detuning of ¢
from the cavity resonance, as shown in Fig. 4, and sweep the laser
power. Figure 4(a) shows the cavity reflectivity as we sweep incident
laser power with = 0 from low to high power (red curve) and high to
low power (blue curve). In the resonant (6 =0) case, incident laser
and cavity mode are fully overlapped, and reflected light is at the low-
est reflectivity value from the cavity spectrum. As we increase the
power, the cavity starts to thermo-optically red shifts away from the
laser wavelength and the reflectivity increases slowly. When we
decrease the laser power, the reflectivity follows back the same path to
the initial position. We do not observe any difference in optical
response for increasing and decreasing laser power.

Figures 4(b)-4(f) show the same measurement when incident
laser is further red detuned from the cavity resonance. When the ¢ is
below 0.4nm, we observed a strong nonlinear response without
any significant difference in increasing and decreasing laser power.
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FIG. 4. The cavity reflectivity for input power with different detuning é of wavelength of CW laser from wavelength of the cavity resonance. 6 = 4, — 4., where /; is the wave-
length of incident light and Z; is the wavelength of the cavity resonance. The red and blue data points represent increasing and decreasing incident power, respectively. (a)
6 =0nm. CW laser is resonant with the cavity. (b)—(f) & is 0.1-0.8 nm, respectively. CW laser is red detuned from the cavity resonance. Input power is measured before the
objective lens and adjusted according to coupling efficiency into the nanobeam waveguide.
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At 0.4 nm of J, we start to observe a clear discontinuity and hysteresis
that corresponds to optical bistability. Theoretically, the amount
of wavelength shift (A1) required from the cavity resonance to
reach bistable threshold has been shown to be A/ = ‘/75 'LQE.IS For this
cavity, A/ is around 0.39 nm, which explains why hysteresis appears
after 0.4nm of 6. Power threshold for reaching the bistable region is
23 uW with 6.02 dB response contrast between upper and lower states
in the middle of hysteresis. Further increasing detuning of incident
light to 0.6 and 0.8 nm results in a broadened hysteresis and requires a
higher power threshold of 45 yW and 107 uW to reach the bistable
region, respectively. Increasing power beyond the bistable region fur-
ther red shifts the cavity away from the laser. However, with less over-
lap between the cavity mode and the laser mode, the change in the
reflectivity slows down at higher power levels.

To determine whether the bistability is provided by the quantum
dot absorption, we also performed similar measurements on an identi-
cal device that did not contain quantum dots, as shown in the supple-
mentary material, Fig. S2. In this case, we did not observe an optical
bistability and obtained a completely linear relation between the inci-
dent and reflected power. This measurement strongly indicates that
the cause of optical absorption and the thermo-optic effect is due to
quantum dots rather than other mechanisms such as two photon
absorption in the GaAs waveguide.

In conclusion, we have demonstrated room-temperature, ther-
mally induced optical bistability at telecom wavelengths using quan-
tum dots embedded in a nanobeam photonic crystal cavity. We can
achieve bistable thresholds as low as 23 uW, which is more than an
order of magnitude lower than previous quantum-dot-based devi-
ces™'” while having a large operation bandwidth due to the moderate
quality factor of the cavity. Nanobeam photonic crystal cavity designs
with high transmissions and moderate quality factors have also been
demonstrated before.””” These designs could be incorporated with
our approach to realize air-suspended cavities that are adiabatically
coupled into silicon photonic circuits using transfer-printing meth-
ods.”*” Moreover, the thermo-optical nature of the bistability in our
device can be used to realize low-power thermal memories'*”” and
nonlinear optical activation functions.”* Our device is promising for
many photonic applications that require hybrid-integrated low-power
optical nonlinearities at telecom wavelengths.

See the supplementary material for further characterization mea-
surements for the nanobeam photonic crystal cavity and input-output
measurements for nanobeam photonic crystal cavities without quan-
tum dots.
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