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Optical nonlinearity plays a pivotal role in quantum information processing using photons, from heralded single-
photon sources and coherent wavelength conversion to long-sought quantum repeaters. Despite the availability of
strong dipole coupling to quantum emitters, achieving strong bulk optical nonlinearity is highly desirable. Here, we
realize quantum nanophotonic integrated circuits in thin-film InGaP with, to our knowledge, a record-high ratio
of 1.5% between the single-photon nonlinear coupling rate (g/2m =11.2 MHz) and cavity-photon loss rate. We
demonstrate second-harmonic generation with an efficiency of 71200 & 10300% /W in the InGaP photonic circuit and
photon-pair generation via degenerate spontaneous parametric downconversion with an ultrahigh rate exceeding 27.5
MHz/wW—an order of magnitude improvement of the state of the art—and a large coincidence-to-accidental ratio up
to 1.4 x 10%. Our work shows InGaP as a potentially transcending platform for quantum nonlinear optics and quantum

information applications.
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1. INTRODUCTION

Optical nonlinearity is indispensable for a number of quantum
information protocols using photons. A figure of merit charac-
terizing nonlinear quantum systems is the ratio of single-photon
nonlinear coupling rate (¢) and photon loss rate («), which roughly
measures how fast quantum information can be manipulated
before it is lost. Deterministic quantum logic gates can be realized
in the strong coupling regime (i.e., g/ > 1), for example, via
cavity—quantum electrodynamics systems. Surprisingly, weak
optical nonlinearity marked by ¢/« < 1, which is typical for sys-
tems with bulk nonlinear susceptibilities, might enable alternative
protocols for quantum communication and computation, besides
its wide use for (heralded) single-photon generation. For example,
when accompanied with ancillary coherent states, weak optical
nonlinearity might enable quantum non-demolition measure-
ment of flying photons, which is useful for relaying quantum
information [1-3]. Moreover, continuous-variable cluster states
synthesized from the squeezed vacuum have been proposed to
implement fault-tolerant quantum computing when the squeezing
exceeds certain thresholds [4-6]. These protocols, while avoid-
ing the strong coupling regime, nevertheless might still need a
nonlinearity-to-loss ratio g /k beyond those typically achievable
with bulk nonlinear optical structures.

One method to enhance photon—photon interaction via bulk
nonlinear susceptibilities is to make optical micro-cavities and
circuits such that the photons confined in wavelength-scale struc-
tures interact accumulatively throughout their lifetimes. The

2334-2536/22/020258-06 Journal © 2022 Optica Publishing Group

key to this approach is a thin-film material platform that yields,
simultaneously, a large nonlinear mode coupling and low optical
losses, thus large ¢/k. In particular, photonic integrated circuits
have been developed in a growing number of thin-film materials
with substantial second-order nonlinear susceptibility (x ?), such
as gallium arsenide (GaAs) [7,8] and aluminum GaAs [9,10].
However, these I1I-V materials are associated with intrinsic optical
losses due to, for example, two-photon or sub-bandgap absorp-
tion at near-infrared and telecom wavelengths [11]. Recently,
wide bandgap materials, including aluminum nitride [12,13]
and lithium niobate [14-17], are emerging among the leading
nonlinear photonic platforms. With microcavities of ultrahigh
quality factors realized, these material systems have yielded second-
harmonic generation (SHG) with an unprecedented efficiency
[16] and ultra-bright heralded single-photon sources [17].

Here, we explore another III-V material, indium gallium
phosphide (InGaP), and demonstrate its unique strength for
quantum nonlinear optics and quantum information applica-
tions. InGaP has a large second-order nonlinear susceptibility
(x® A~ 220 pm/V [18]) comparable to GaAs and a sizable
bandgap of about 1.9 eV that helps suppress two-photon absorp-
tion at telecom wavelengths. Previous studies of InGaP nonlinear
photonics focused on using its Kerr nonlinearity in waveguides
and photonic crystal cavities for frequency combs and optical
parametric oscillators [19,20]. We explore its substantial second-
order nonlinearity and develop an insulator-on-top fabrication
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process to realize high-Q quasi-phase-matched microring res-
onators with strongly coupled 1550 nm and 775 nm wavelength
modes in thin-film InGaP. We observed a nonlinear coupling
rate of g/2m =112 MHz and a nonlinearity-to-loss ratio
¢/k =1.5% in InGaP microring resonators, both of which are
the highest among all demonstrated nonlinear photonic platforms
[7,13,16,17,21]. Further, we show photon-pair generation via
degenerate spontaneous parametric downconversion (SPDC)
with an ultrahigh rate exceeding 27.5 MHz/uW, which is an
order of magnitude higher than the previously reported record in
periodically poled lithium niobate microrings [17], and a large
coincidence-to-accidental ratio (CAR) up to 1.4 x 10%.

2. DEVICE DESIGN AND SIMULATION

The devices deployed in this study are waveguide-coupled doubly-
resonant microring resonators. The microring resonator supports
fundamental 1550 nm and second-harmonic 775 nm reso-
nances coupled via second-order optical nonlinearity. The
interaction between the two resonances can be described by
the Hamiltonian H = h(gﬁz!; + g*[zzl;f), where 2(2") and
;(2T) are the annihilation (creation) operators for the fundamental
and second-harmonic resonance, respectively, and g is the single-
photon mode coupling coefficient. For the disordered InGaP used
in this study with a zinc blende crystal structure, its second-order
nonlinear optical susceptibility has only the component )()gyzz) ,
leading to a mode coupling coefficient given by [22]
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where w, ;) is the angular frequency of resonance 2 (), E, ;) is the
modal electric field, € is the vacuum permittivity, and is the rela-
tive permittivity at 1550 nm (775 nm). The z direction is defined

to be perpendicular to the device plane.
To optimize g, and thus the device-level nonlinearity, modes
a and b need to be phase-matched and have a substantial field
overlap defined by the inter-modal integral in Eq. (1). We choose
the fundamental transverse-electric mode (TEqy) and fundamen-
tal transverse-magnetic mode (TMyp) for the 1550 nm and 775
nm resonances [Fig. 1(a)], respectively, taking advantage of their
dominantin-plane (for TE) and out-of-plane (for TMy) electric
field components. The ng) nonlinear susceptibility imposes the

energy conservation and quasi-phase-matching condition [23]
between the two traveling-wave resonances for maximal coupling
(Supplement 1), i.e.,

20, = wy, |2m, —my| =2, (2

where 71, (s) is the azimuthal number of resonance ().

Because of the strong dispersion of InGaP with a refractive
index of 7 =3.12 at 1550 nm and » = 3.41 at 775 nm [24], the
quasi-phase-matching condition can be satisfied only in thin
InGaP microrings with high-aspect-ratio cross sections. Figure
1(b) shows the dispersion of the TEgy mode with m, =36 and
TMyo modes with 7, = 2m, % 2 for the 115 nm thick microring
with a center radius of R =5 pm. The crossing points of the
dispersion curves thus yield the ring width, around 945 nm and
1360 nm, respectively, satisfying Eq. (2). A thin layer (50 nm)
of silicon dioxide on top of the suspended InGaP microring is
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Fig. 1.  (a) Schematic plot of a x® microring resonator. Inset shows

the electric field of the 1550 nm TEq resonance (£, component) and
775 nm TMyy resonance (£, component) at the cross section of the
microring. (b) Dispersion curve of the fundamental mode with azimuthal
number 72, = 36 and second-harmonic modes with azimuthal number
my = 2m, % 2. The microring has a thickness of 115 nmand R =5 pm.
(c) Width of the microring satisfying the phase-matching condition
my = 2m, + 2 between the 1550 nm and 775 nm resonances.

included in the simulated structure, in accordance with the fab-
ricated device (see Section 3). Using xgz) =220 pm/V [18], we
numerically find a coupling coefficient g /27r = 10.90(5.96) MHz
between the 1550 nm TEg and 775 nm TMjyq resonances of the
5 um microring satisfying the quasi-phase-matching condition
my =2m, +2(my =2m, — 2). It is worth noting that g scales
approximately as R, and thus smaller microring resonators will
yield a larger nonlinear coupling, though photon lifetimes might
be sacrificed due to excess scattering and bending losses. Figure
1(c) reveals that the quasi-phase-matching condition is sensitive to
the thickness of InGaP films, requiring uniform InGaP films for
optimized devices.

3. DEVICE FABRICATION

The devices are fabricated from 115 nm thick (measured by scan-
ning electron microscopy) disordered InGaP films grown on
GaAs substrate (2 deg off-cut toward [110]) by metal-organic
chemical vapor deposition (T = 545 C, V/III = 48, precursors:
trimethylindium, trimethylgallium, and PH3). The photolu-
minescence and x-ray measurements reveal a composition of
disordered Ing 45Gag s, P with a 1.92 eV bandgap. The root-mean-
square surface roughness of the InGaP thin film is about 0.32 nm
measured by atomic-force microscopy (AFM) [Fig. 2(a)]. The
device pattern is defined using 150 keV electron beam lithog-
raphy and 150 nm negative tone resist hydrogensilsesquioxane
(HSQ). A 20 nm thick layer of silicon dioxide is deposited on
InGaP via plasma-enhanced chemical vapor deposition (PECVD)
to enhance the adhesion of HSQ. The pattern is transferred to
InGaP via inductively coupled plasma reactive-ion etch (ICP-RIE)
using Cl,/CHy4/Ar gas mixture with a selectivity of InGaP: HSQ:
PECVD SiO, = 240:90: 80. After a short buffered oxide etch
to remove the residual oxide (both HSQ and PECVD oxide), a
layer of 50 nm thick silicon dioxide is deposited on the chip via
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(a) Surface morphology of the 115 nm thick InGaP-on-GaAs filmina2 pum X 2 pm region measured by AFM. The root mean square (RMS)

of the surface roughness is 0.32 nm. (b), (c) Scanning electron microscopy images of the fabricated device and schematic of the measurement setup. Second-
harmonic generation and photon-pair generation are measured via solid and dashed paths, respectively. IR, infrared; FPC, fiber polarization controller; PD,

photodetector; SNSPD, superconducting nanowire single-photon detector.

atomic layer deposition. A second electron beam lithography
and subsequent ICP-RIE using CHF3 gas are applied to pattern
etch-through holes in the silicon dioxide layer for undercut of
the InGaP device. Finally, the InGaP device is released from the
GaAs substrate using citric-acid-based selective etching [25]. The
suspended InGaP device is mechanically anchored to the silicon
dioxide membrane (see Supplement 1 for additional information
and a schematic of the fabrication process).

Figures 2(b) and 2(c) show scanning electron microscopy
images of the fabricated device. The microring resonator is coupled
to two bus waveguides for transmitting the 1550 nm and 775 nm
wavelength light. The 1550 nm wavelength straight waveguide is
800 nm wide and separated from the ring by 400 nm. It decouples
from the 775 nm TMg microring resonance because of the tight
field confinement of the latter and the large ring-waveguide gap.
On the other hand, the 775 nm wavelength pulley waveguide is
280 nm wide with a wrap angle of 6 deg and a ring-waveguide gap
of 250 nm. It decouples from the 1550 nm TEyy microring reso-
nance because of the significantly different mode index of the 1550
nm TEgy mode in the narrow waveguide and the wide microring.
In this way, we are able to separately transmit 1550 nm and 775
nm wavelength light in the two waveguides without cross talk and
independently control the external quality factors of the 1550
nm and 775 nm microring resonances. The bus waveguides are
connected to adiabatically tapered couplers for transmitting TE- or
TM-polarized light between the photonic integrated circuits and
single-mode optical fibers (Supplement 1).

4. DEVICE CHARACTERIZATION

The transmission spectrum of the microring resonator is measured
using two tapered fibers evanescently coupled to the waveguide
couplers. The measured coupling efficiency is about 60% and 33%
for the 1550 nm TE-polarized and 775 nm TM-polarized light,
respectively (Supplement 1). Figure 3(a) shows the transmission
spectrum of a 5 pum radius microring, where the 1550 nm band
TEgo and 775 nm band TMo,10,20,30 tesonances are observed and
identified by their free spectral ranges. The quality factor of the
resonance is obtained by fitting the transmission spectrum using
the input—output formula (Supplement 1). We also measured
the quality factor of the 1550 nm band TEg resonance of 20 um
and 80 pm radius microrings, which is shown in Fig. 3(b). The
similarity of the intrinsic quality factor of microrings of different
sizes indicates that the dominant optical loss is likely due to the
surface roughness of InGaP films and/or etched sidewalls instead
of waveguide bending for the ring radius down to 5 pm. The qual-
ity factor is probably not limited by material absorption because
both wavelengths (1550 nm and 775 nm) are below the bandgap
of InGaP, and we do not observe power-dependent loss for the
power the device is operated at due to nonlinear absorption, such as
two-photon absorption. However, we abstain from making smaller
resonators because the gain of mode coupling will be marginal,
while the waveguide bending loss and the scattering loss due to
sidewall roughness might become excessive.

The nonlinear mode coupling is characterized via SHG in
quasi-phase-matched 5 pm radius microring resonators. By
sweeping the pump laser wavelength across the 1550 nm band
in a group of devices with varying ring widths and measuring the
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Fig.3. (a) Transmission spectrum of a 5 um radius microring in the 1550 nm TE and 775 nm TM bands. (b) Intrinsic quality factor of 1550 nm TEq,
resonances of microrings with different radii. The error bar represents the standard deviation of the quality factor. Eight resonances are measured for each
size of the ring resonator. (c) Normalized transmission spectrum of a pair of phase-matched fundamental and second-harmonic resonances (highlighted by
the dashed line), corresponding to the boxed resonances in (a). (d) SHG signal for various pump powers (color-coded with the corresponding peak powers
given in (e). (¢) Peak SHG power (subtracted with the background) versus pump power. The line fitted to the colored data points illustrates the quadratic
relationship between the SHG and pump power.

SHG signal power, we are able to identify quasi-phase-matched Qu(b).i = Wavy/Kathy.i = 2.63 x 10°(9.58 x 10%) and
rings and resonances thereof. Finally, the slight frequency mis- Quth).e = Wathy/Ka(py.e = 912 x 10°(2.12 x 10°), where k,()..
match between the fundamental and second-harmonic resonances and k() ; are the external and intrinsic photon (energy) loss rate of
could be eliminated by temperature tuning, utilizing their dif- the resonances, respectively, we extract the mode coupling coeffi-

ferent thermo-optic responses, which are roughly 40 pm/K and cientg /2w =11.18 £ 0.81 MHz (Supplement 1), which is close
17 pm/K for the 1550 nm TEqg and 775 nm TMgq resonances, to the theoretical value for the device satisfying m;, = 2m, + 2.
respectively. The measured ring width of the quasi-phase-matched

device is about 1130 nm. The discrepancy from the simulation
result (945 nm) might be due to the difference of refractive index

We use a figure of merit, g/k, ;, to benchmark the strength
of optical nonlinearity relative to the intrinsic photon loss of the

e A il £ he val - the simula doubly-resonant x@ cavity. The InGaP microring resonator of
of the actual InGaP film from the value used in the simulation this work yields g/k,; =1.52£0.11%, which is the highest

or the imprecision of InGaP thickness measurement [see Fig.

1(c)]. Figure 3(c) shows the spectra of a pair of frequency-matched . . :

1550 nm and 775 nm resonances satisfying the frequency- and 100 DT% Dy *InGaP ©GaP
phase-matching conditions. Due to the surface-roughness- ) Thiswork | ® GaAs @ PPLN
induced backscattering, these are standing-wave resonances Q\*-'/f ESICo RS
resulted from the hybridization of the degenerate clockwise and

counterclockwise traveling-wave resonances. Using this pair of = 10°¢ 2 e °
frequency-matched resonances, we measured the SHG signal é {__/,\Q el 1710@(8l )
with a continuous-wave pump for various powers [Figs. 3(d) & 8" ®[29] °

and 3(e)]. The side peak in Fig. 3(d) is from the other split fun- k) 100 F [21] (71

damental resonance that is frequency-detuned from the same S [s)e

second-harmonic resonance. The deviation from the quadratic q\{..’{ ,/\Q'k //\@ ,/\Qb
relationship for more intense pumps is due to thermo-optic shift o N o

of the resonances instead of pump depletion as seen from Fig. 3(d). 1 0701 ] 62 163 ] 64 10°
However, power handling of the released device can be improved /21 (MH2)

with thicker oxide cladding for better thermal conduction. The ) . . . o
on-chip SHG efficiency is 71200 = 10300%,/W after normalizing Fig. 4. Nonlinear mode coupling coefficient (g) and intrinsic photon
out the fiber-optic coupler efficiency (Supplement 1), where the loss rate of the fundamental mode («;) of microring resonators made from

. .. . i @ ials, including InGaP (this work; D1 and D2 are the
various x materials, 1nclu g 5
error is the standard deviation of the measured SHG efficiency devices used for SHG and SPDC experiments, respectively), GaAs (238

among different pump powers. We note that the SHG efficiency pm/V [27]) [7,8], Al,Ga;_,As (<238 pm/V decreasing with x [28]) [9],
of our device is significantly higher than a recent demonstration GaP (70 pm/V [27]) [21], periodically poled lithium niobate (PPLN) (54
in thick InGaP waveguides [26]. Together with the measured pm/V) [16,17,29], and AIN (1-6 pm/V) [13]. The value of the dominant
intrinsic and external quality factors of the two resonances, i.e., %@ component of each material at 1.5 um is indicated in parentheses.
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Table 1. Scaling of the Figure of Merit of Some x @
Nonlinear Processes’

x ? Nonlinear Process Scaling

SHG efficiency g% /K2, [30]
SPDC photon-pair rate g% /kaky [12]
OPO pump threshold K2k /g* [31]
Squeezed light pump K2k, /g* [31]

Two-photon transport amplitude gZ/KﬂKb [32,33]

“OPO, optical parametric oscillation. Pump for squeezed light is assumed for
optimal quadrature noise squeezing (i.e., k, ; /k,). Two-photon transport is the
process of two z-mode photons interacting via a waveguide-coupled x @ cavity
without any parametric pump, in contrast to the other four nonlinear processes.

among all demonstrated nonlinear photonic platforms (see Fig.
4). We also calculated g?/(k, ;ks.;). For the InGaP SHG device,
itis 4.2 x 107°. In comparison, the LiINbOj device in [16] yields
1.9 x 1073. We choose «; instead of the total loss rate in calcu-
lating the figure of merit because x, might be chosen differently
depending on the specific application without altering «; sub-
stantially. A majority of nonlinear optical processes, especially
those relevant to quantum information applications, possess fig-
ures of merit that scale with (g/k)* (Table 1). For example, the
quantum non-demolition measurement of photons [1,3] relies on
the two-photon transport amplitude via a x @ medium, which is
proportional to (g/k)? [32,33]. The InGaP nonlinear photonic
platform is expected to significantly enhance these nonlinear
optical processes for quantum information applications.

5. PHOTON-PAIR GENERATION

Here, we utilize the InGaP microring resonator with a sizable
g/k to demonstrate highly efficient photon-pair gener-
ation via degenerate SPDC. For this purpose, we use a 5
pum radius microring that is near critical coupling to both
775 nm and 1550 nm light waveguides, which is achieved
by adjusting the ring-waveguide gap and waveguide wrap
angle. The quality factors of a pair of phase- and frequency-
matched resonances are Q) = 1.75 x 10°(6.18 x 10%) and
Qupy.e =2.77 x 10°(1.13 x 10°), respectively. We pump the
775 nm resonance and characterize the SPDC photons from the
1550 nm resonance using two superconducting nanowire single-
photon detectors (SNSPDs) (Quantum Opus, 85% efficiency,
100 Hz dark count rate) in the Hanbury Brown—Twiss setup [Fig.
2(b)]. The SPDCsignal is passed through two wavelength-division
filters, each with a 40 dB extinction ratio, for filtering out the leak-
through pump photons before sending to SNSPDs. The measured

second-order correlation function of the SPDC photon pair shows
a clear bunching effect [Fig. 5(a)]. The pair-generation rate (PGR)
and CAR corresponding to various pump powers are shown in
Fig. 5(b) (see Supplement 1 for detailed analysis). Here, CAR is
measured as C/A — 1, where C is the coincident counts at the
coincidence peak, and A is the accidental counts estimated by aver-
aging the background counts away from the peak. The coincidence
window is chosen to be 50 ps, which is close to 1/k, =87 ps.
Because the device is operated in the weak driving limit, i.e.,
g/, K k4, where 7, is the cavity pump-photon number, the
PGR scales linearly with the pump power with a per-power rate
of 27.5 MHz/uW, which is close to the theoretical value of 41.8
MHz/uW. The discrepancy is possibly due to the slight frequency
mismatch of the two resonances and pump detuning. From the
photon-PGR, we are able to obtain ¢ /«,, ; = 0.81% for this device.
The InGaP photon-pair source also shows an excellent CAR up to
1.4 x 10%. Compared to other cavity-based SPDC photon-pair
sources [Fig. 5(c)], the photon-pair generation efficiency, i.e.,
PGR at 1 pW pump power, of our InGaP microring resonator
is an order of magnitude larger than the best reported value in
integrated photonic platforms [17], while the noise figure is on
par with typical x® sources. The photon-pair spectral efficiency,
i.e., the per-power per-bandwidth rate, of the InGaP device is
1.5 x 104 w1 compared to 1.4 X 103 W~! of [17]. Note that in
principle, CAR inversely scales with PGR, and CAR of degenerate
SPDC is half that of non-degenerate SPDC, which explains the
factor of two difference between the CAR of our device and that of
Refs. [17,37].

6. DISCUSSION

In summary, we have developed quantum nanophotonic inte-
grated circuits in InGaP thin films with a record-breaking
nonlinearity-to-loss ratio, leading to an order-of-magnitude
enhancement of photon-PGR compared to other nonlinear pho-
tonic platforms. The InGaP platform is expected to enhance and
enable other nonlinear optical effects on chips and even observa-
tion of single-photon interactions. The oxide-on-top, suspended
device architecture allows us to fabricate integrated photonic
circuits in index-matched material systems without complicated
wafer bonding and transfer. We point out that the suspended
device architecture is not fundamentally limited in terms of power
handling, which can be enhanced by increasing the thickness of
the oxide top cladding. It is promising to further improve the
nonlinearity-to-loss ratio of the InGaP platform by reducing the
roughness-induced photon scattering loss through, for example,

350 2
(a) (b) A (c) 10 u x? This work ®
300 110 ©) .
250 e %— 100 *X (7]
= 200 e B [35]
c 150 P~ heg Fro * anz
[e)]
B : oo
100 % 104
(=
50 1102 -
0 107 100 (36] =
2 -15-1 050 05 1 15 2 10% 10° 10° 107 10" 10° 10’
T(ns) P, (W) PGR (MHz) at CAR=500
Fig. 5. (a) Second-order correlation function of the SPDC photons for 0.28 wW on-chip pump power. (b) PGR and CAR versus pump power. The

straight line is the linear fit to the PGR data with a slope of 27.5 MHz/uW. Error bar is estimated using shot noise. (c) Comparison of SPDC photon-pair
sources [12,17,34-37] in terms of PGR for 1 uW pump power (i.., efficiency) and PGR with CAR = 500 (i.e., noise figure).


https://doi.org/10.6084/m9.figshare.19053206

Research Article

tuning the III-V material growth condition [38] and optimiz-
ing the etching process. Further, the InGaP platform is uniquely
positioned, with the possibility to integrate with other III-V mate-
rials [39,40], for realizing quantum photonic microchips with
integrated lasers, photodetectors, and linear and nonlinear device
components.
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