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In situ control of effective Kerr nonlinearity with
Pockels integrated photonics

Chaohan Cui, Liang Zhang and Linran Fan® &<

Nanophotonic cavities with Kerr nonlinearities are a versatile
platform both to explore fundamental physics and to develop
practical photonic technologies™. This is possible because
nanoscale structures allow precise dispersion control and pro-
vide significant field enhancement. To improve the functional-
ity and performance of photonic devices even further, direct
control of the Kerr nonlinearity would be desirable. Here,
we report the in situ control of integrated Kerr nonlinearity
through its interplay with the cascaded second-order nonlin-
ear process*°. We observe a Fano resonance in the nonlinear
spectrum rather than in the linear transmission'®, confirming
the quantum interference between competing optical nonlin-
ear pathways. The Kerr nonlinearity is tuned over a dynamic
range of 10 dB without modifying the photonic structure. We
also demonstrate the suppression of the intrinsic material
nonlinearity and we use the tunable nonlinearity to control
the spectral brightness and coincidence-to-accidental ratio of
single-photon generation.

The dynamic control of optical properties plays an indispensable
role in a great number of fields. The linear optical properties such
as refractive index and absorption can be modified in nanophotonic
circuits using a wide variety of phenomena including thermal’,
electrical'?", mechanical* and free-carrier effects'. This allows
the modulation of optical fields with broad applications ranging
from laser systems to optical communications. Recently, such lin-
ear control has also been used to demonstrate functions including
the reconfigurable generation of topological photonic states'®", the
photonic acceleration of machine learning algorithms'*** and the
realization of universal photonic quantum gates™*'.

Similarly, the control of optical nonlinear properties will lead
to significant scientific and technological advances. The enhance-
ment of nonlinearity can obviously benefit broad photonic tech-
nologies including all-optical information processing®-*, quantum
computing®-*, temporal-frequency conversion®-*' and so on. The
full coherent control of nonlinearity beyond simple enhance-
ment can further expand the scope of photonic technology. The
nonlinearity suppression is critical to fundamentally improve the
sensitivity of optical sensors™>* and the capacity of optical com-
munications**. The phase inversion of the nonlinear interaction
can enable the generation of unconventional soliton states’”.
Currently, nanophotonic nonlinear processes are only controlled
indirectly using intra-cavity photon number and dispersion.
Therefore, the achievable nonlinearity and functionality are lim-
ited to the intrinsic property of the material at specific wavelengths.
Cascaded second-order nonlinearity has been demonstrated as an
efficient method to increase the effective third-order strength®*-*.
The simultaneous implementation and coherent control of the
cascaded second-order and third-order nonlinearities can fur-
ther expand the capability of photonic devices’™. Such advanced

functions can only be realized by integrated photonic platforms
with second-order nonlinearity"”*.

In this Letter, we demonstrate a method to control the effective
Kerr nonlinearity in integrated photonic cavities without modifying
the photonic structure. By designing its interference with cascaded
Pockels processes, the complete amplitude and phase control of
effective Kerr nonlinearity can be realized in a nanophotonic cav-
ity. Besides the enhancement of Kerr nonlinearity, we also observe
effects including the nonlinearity suppression and Fano resonances
in the nonlinear regime. The effective Kerr nonlinearity is highly
tunable over 10dB dynamic range with fixed photonic structures.
We further validate the control of Kerr nonlinearity in both the
classical and quantum regimes through nonlinear frequency con-
version and single-photon generation.

In the degenerate configuration of Kerr nonlinear processes,
two pump photons are annihilated to generate one signal and one
idler photon, or vice versa (Fig. 1a). The nonlinearity is fixed by
the material property and photonic structure. To modify the Kerr
nonlinearity, we design a cascaded Pockels nonlinear process shown
in Fig. 1b. In this process, two pump photons first combine into
one photon through second-harmonic generation (SHG). Then the
second-harmonic photon drives the parametric down-conversion
(PDC) process in the same photonic cavity to generate one signal
and one idler photon. The effective interaction Hamiltonian for the
cascaded Pockels nonlinear process is

Hy = — 3 hge bbb + g B3blD)) (1)

with i)p, bs and b; the annihilation operators of the pump, signal
and idler modes respectively (Supplementary Section I). The effec-
tive cascaded Pockels nonlinear strength g. at single-photon level is
defined as

g
R R @)

with g, the Pockels nonlinear strength, A the frequency difference
between twice the pump frequency and the second-harmonic
mode, and y the decay rate of the second-harmonic mode. This
interaction Hamiltonian has the same form as intrinsic Kerr non-
linear processes. With highly efficient Pockels nonlinear processes,
the effective Kerr nonlinearity can be significantly enhanced.

To implement the cascaded Pockels nonlinear process, we use
a nanophotonic ring cavity made of aluminum nitride (Fig. 2a).
The phase-matching condition for the Pockels nonlinear pro-
cess is satisfied using a high-order transverse-magnetic (TM)
second-harmonic mode and a fundamental TM pump mode
(Supplementary Section II). Strong second-harmonic generation
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Fig. 1| Effective Kerr nonlinearity with cascaded Pockels process.

a, Intrinsic Kerr process. Two pump photons are annihilated to generate
one signal and one idler photon. b, Cascaded Pockels process. Two pump
photons are annihilated to generate one second-harmonic photon, which
drives the parametric down-conversion to generate one signal and one
idler photon. PDC, parametric down conversion; SHG, second-harmonic
generation. w,, o, and o, are the the pump, signal, and idler angular
frequency respectively.

is observed with a pump wavelength near 1,518 nm (Fig. 2b). The
second-harmonic generation efficiency is measured as 1 ~ 1, 800%
per Watt, leading to the estimated Pockels nonlinear strength
& ~ 2n x 81kHz (Supplementary Section II). With the small
decay rate of the second-harmonic mode (y ~ 2 x 4.5 GHz), we
can expect the enhanced Kerr nonlinearity around |g.| ~ 21 x 3Hz
at zero frequency detune, which is sixfold higher than the intrinsic
value (g3 ~ 21 x 0.5Hz).

The enhancement of the Kerr nonlinearity is first verified with
stimulated four-wave mixing (FWM) for frequency conversion in
the classical domain. With a strong pump (P,), we measure the
conversion from the idler input (P,) to the signal output (P,). We
use two sets of modes from the same nanophotonic cavity to mea-
sure the intrinsic and enhanced Kerr nonlinearity respectively. The
pump mode of the reference set is not phase-matched to the Pockels
nonlinear process. Therefore, only the intrinsic Kerr nonlinearity
contributes to the nonlinear frequency conversion. The pump mode
of the other set is phase-matched to the Pockels nonlinear process.
As aresult, the enhanced Kerr nonlinearity dominates the nonlinear
frequency conversion. The two sets of modes share similar quality
factors and coupling conditions. Consequently, the influence of dif-
ferent cavity-enhancement factors and extraction efficiencies can be
eliminated (Supplementary Section II). The generation of the signal
field is observed from the output optical spectrum with both mode
sets (Fig. 2c). Comparing the two mode sets, the signal output of the
phase-matched set is significantly higher than that of the reference
set, even though smaller pump and idler inputs are used. To cali-
brate the enhancement factor, we fix the input idler power (P,) and
vary the input pump power (P,). To achieve the same signal output
(P,), the cascaded Pockels nonlinear process uses 7.5dB less pump
power than the intrinsic Kerr nonlinearity (Fig. 2d). This agrees
well with the difference between the enhanced and intrinsic Kerr
nonlinearity (|gc/g3| =~ 6). The critical role of the Pockels nonlin-
ear process is further confirmed by the increased second-harmonic
generation with respect to the pump power (Fig. 2d). The same
conclusion is obtained from the measurement with different input
idler power (P,). With the same pump power, the cascaded Pockels
process can generate approximately 15dB stronger signal output.
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The second-harmonic generation remains constant during the pro-
cess, which confirms that the second-harmonic field is generated
from the pump.

The coherent interaction between multiple nonlinear processes
can be used to tune the overall nonlinear response. This enables the
complete control over the amplitude and phase of the effective Kerr
nonlinearity. Taking both the intrinsic Kerr strength g, and cas-
caded Pockels nonlinear rate g, into account (Fig. 3a), the effective
Kerr nonlinearity can be written as

_ el
geff—g3+gc—g3 IA—i—% (3)

The relative phase ¢ between the two nonlinear processes can be
controlled by the frequency detune A (Fig. 3b). Both constructive
and destructive interference can be realized, leading to the enhance-
ment and suppression of the effective Kerr nonlinearity, respectively
(Fig. 3¢). Here, we define

&= ol /gy (4)

so that 2£ is the relative strength between the two nonlinear pro-
cesses at zero frequency detune. The maximum and minimum

: 12
effective nonlinearity |gmax/min| = £3 (ﬁ‘iiizii) can be obtained
:F

at frequency detunes A = L(¢£F /1 + &*). Therefore, a larger
tuning dynamic range can be achieved with more efficient Pockels
nonlinear processes (Fig. 3d).

To verify the quantum interference between the cascaded
Pockels and the intrinsic Kerr nonlinear processes, we perform
single-photon generation with spontaneous FWM. The frequency
detune A is precisely controlled through the device temperature
(Supplementary Section II). The pump light is tuned in resonance
with the pump mode to ensure that the intra-cavity pump photon
number remains constant. The single-photon generation rate of
the signal channel (proportional to |g.g |*) is recorded to infer the
effective Kerr nonlinearity. We use two different Pockels nonlin-
ear strengths corresponding to & = 0.14 and & = 0.92 respectively
by selecting two different phase-matching modes (Supplementary
Section II). The single-photon count rate shows Fano lineshape in
both cases (Fig. 4a,c), indicating the coherent interaction between
two competing optical nonlinear processes. A larger tuning dynamic
range of the Kerr nonlinearity is achieved with the stronger Pockels
nonlinear strength (+0.6dB with £ = 0.14 versus +3.6dB with
£ = 0.92), which matches our theoretical model (Fig. 3¢). As a ref-
erence, we also measure the single-photon generation rate of the
same signal channel with parametric down-conversion by pump-
ing a visible laser into the cavity under different frequency detune
(Fig. 4b,d), which shows Lorentzian lineshape. This confirms the
quantum interference between the broad-band intrinsic Kerr pro-
cess and the narrow-band cascaded Pockels nonlinear process. It
is noteworthy that Fano resonances in our experiment can only be
observed with a nonlinear spectrum, as the interference happens
between nonlinear processes. This is in contrast to Fano resonances
introduced by linear coupling between resonators, where linear
transmission is sufficient to observe the asymmetric lineshape®.

Finally, we demonstrate the control of the coincidence-to-
accidental ratio (CAR) of the single-photon generation by
changing the effective Kerr nonlinearity. The CAR is a critical
parameter to characterize the quality of single photon sources.
In the low pump regime, background noise and a leaking pump
dominate the noise photon count. Therefore, the CAR can
be improved by increasing the pump power. In the high pump
regime, multi-photon generation becomes the major noise
source. As a result, the CAR drops with increased pump power.
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Fig. 2 | Enhancement of Kerr nonlinearity. a, Scanning electron microscope image of the fabricated aluminum nitride device with the ring cavity (blue),
the bus waveguide for second-harmonic field (purple) and the bus waveguide for pump, idler and signal fields (green). Scale bar, 20 pm. b, Pump
transmission (green) and second-harmonic (purple) spectrum. Two sets of modes for FWM, with (red) and without (grey) Pockels phase-matching, are
labelled. ¢, The output optical spectrum of the stimulated FWM. d, The output signal (red and grey) and second-harmonic power (purple) with different
pump power. & The pump efficiency (red and grey) and second-harmonic power (purple) with different idler input power. Results in ¢, d and e using the

reference mode set and the mode set with Pockels phase-matching are presented in red and grey, respectively. Experimental data (circles) are fitted with
the theoretical model (solid lines).

a c d
Cascaded pockels 5
4 10.0
[ SHG |—[ PDC }\ -
Sy § €.
o
2 5
FWM -7 1 04
0
Intrinsic kerr Intrinsic = 1 -4 -2 0 2 4 102 107" 10° 10!
Aly

Fig. 3 | Quantum interference between nonlinear processes. a, Schematic for the quantum interference between intrinsic Kerr and cascaded Pockels
processes. b, Vector diagram showing the coherent interaction between the intrinsic Kerr and cascaded Pockels processes. Phase ¢ can be controlled
by the frequency detune A. Intrinsic Kerr nonlinearity is normalized to 1 and the tuning range of the effective Kerr nonlinearity is bounded to the circle
with radius &. ¢, Calculated effective Kerr nonlinearity |gest/g3]| in logarithm scale from 0.1 (blue) to 10 (red). d, Calculated maximum and minimum

effective Kerr nonlinearity. The shaded area indicates the accessible range of the effective Kerr nonlinearity. PDC, parametric down conversion; SHG,

second-harmonic generation.

We first set the frequency detune A =2n x 1.5GHz with
£ = 0.92 to achieve the maximum nonlinearity suppression (blue
point in Fig. 4c). We measure the cross-correlation between sig-
nal and idler photons ( g(z)) to extract the dependence of the CAR
on the pump power (Fig. 4f,g). The maximum CAR of 9+1 is
achieved using 3dBm pump power. Next, we set the frequency
detune A = —2x x 0.7 GHz to realize the maximum nonlinear-
ity enhancement (red point in Fig. 4c). The maximum achievable
CAR is 47 +2 with —2dBm pump power, corresponding to more
than five-fold improvement. We also calibrated photon rates of
the background noise, pump-induced noise and parametric pho-
ton pairs (Fig. 4¢) to directly calculate the CAR, which agrees with
the result obtained from the coincidence measurement (Fig. 4f
and Supplementary Section III).
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We have demonstrated the quantum-level coherent interaction
between intrinsic Kerr and cascaded Pockels processes, leading to
the in situ control of effective Kerr nonlinearity. This scheme can
be readily implemented with other integrated photonic platforms
with second-order nonlinearity**-". In particular, the recent devel-
opment of thin-film lithium niobate photonic devices can signifi-
cantly increase the strength of the cascaded Pockels process. With
the large Pockels coefficient (30 pm V') and small visible cavity
loss (y < 21 x 40 MHz)*!, the effective Kerr nonlinearity can reach
megahertz level with similar device sizes. Given that lithium nio-
bate photonic cavities can reach linewidths below 10 MHz with
telecom wavelengths'**?, our scheme could lead to the demonstra-
tion of a single-photon strong coupling regime with Kerr non-
linearity, enabling deterministic quantum logic operations with
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Fig. 4 | Continuous tuning of Kerr nonlinear strength in the quantum regime. a,c, Single-photon generation rate from spontaneous FWM using effective
Kerr nonlinearity with £ = 0.14 and & = 0.92, respectively. The data are normalized to the count rate with the intrinsic Kerr nonlinearity (grey dashed

line), and the arbitrary unit (a.u.) is used. b,d, Single-photon generation rate from spontaneous parametric down-conversion with &£ = 0.14 and & = 0.92,
respectively. e, Single-photon generation rate (red circles) with different pump power. Calculated background dark count (black dashed line), pump-induced
noise (green dashed line), signal photon rate (red dashed line) and total photon rate (red solid line) are plotted. All photon counting data are measured
from the signal resonance. f, Signal-idler coincidence count with frequency detune A = —2x x 0.7 GHz (red point in ¢) and A = 2x x 1.5 GHz (blue

point in €). Pump power is TmW. The accidental coincidence outside the coherent window is normalized to 1. g, CARs under different pump powers with
frequency detune A = —271 x 0.7 GHz (red) and A = 2% x 1.5 GHz (blue). Points, measured CARs from signal-idler coincidence; lines, calculated CARs

from calibrated signal, idler and noise photon rates.

all-photonic systems”~**. While the enhancement of Kerr nonlin-
earity can directly find broad applications, it is also worth noting
that novel functions including the suppression and phase tuning of
Kerr nonlinearity could also open unique prospects for photonic
technologies, such as eliminating nonlinear noise and improving
the dynamic range of optical sensing and communication systems.
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Methods

Device fabrication. Devices were fabricated from 1-pm aluminium nitride grown
on sapphire substrates using metalorganic vapour-phase epitaxy (MOCVD).
FOx-16 resist was used for patterning photonic circuits with electron-beam
lithography. After development with tetramethylammonium hydroxide (TMAH),
plasma etching with ClL,/BCL/Ar was used to transfer the pattern to the aluminium
nitride layer. Finally, SiO, cladding was deposited by plasma-enhanced chemical
vapour deposition (PECVD).

CAR measurement. When calculating the CAR, the coincidence count was averaged
within the coincidence peak (+1 ns) at zero delay. The accidental count was estimated
by averaging the coincidence count with a large time delay outside the peak.

Data availability

Source data are provided with this paper. All other data that support the
plots within this paper and other findings of this study are available from the
corresponding author upon reasonable request.
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