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Optical isolators, the photonic analogs of electronic diodes, are essential for ensuring the unidirectional flow of light in
optical systems, thereby mitigating the destabilizing effects of back reflections. Thin-film lithium niobate (TFLN), hailed
as “the silicon of photonics,” has emerged as a pivotal material in the realm of chip-scale nonlinear optics, propelling
the demand for compact optical isolators. We report a breakthrough in the development of a fully passive, integrated
optical isolator on the TFLN platform, leveraging the Kerr effect to achieve an impressive 10.3 dB of isolation with a
minimal insertion loss of 1.87 dB. Further theoretical simulations have demonstrated that our design, when applied to a
microring resonator with a Q factor of 5x 10°, can achieve 20 dB of isolation with an input power of merely 8 mW. This
advancement underscores the immense potential of lithium niobate-based Kerr-effect isolators in propelling the integration
and application of high-performance on-chip lasers, heralding a new era in integrated photonics.
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1. Introduction

Advanced nanofabrication technology has enabled dra-
matic advances in integrated photonics platforms. The advan-
tages of compact size, light weight, and low power consump-
tion of integrated photonics platforms have greatly facilitated
the development of optical communications,!? microwave

(4351 optical atomic clocks,®! quan-

photonics, ! computing,
tum information processing,!’”="! optical ranging,['-1?! and
sensing.!!3-13] Through heterogeneous integration technology,
on-chip lasers/'® have been able to be efficiently integrated
with ultra-low-loss passive optical chips. Light emission, non-
linearity, and detection on a single chip have become possible.
However, there is an urgent need for a high-performance and
reliable integrated optical isolator for narrow linewidth semi-
conductor lasers combined with functional photonic modules.

Optical isolators serve as non-reciprocal devices that fa-
cilitate the unidirectional transmission of light, playing a
pivotal role in optical systems by preventing back-reflected
light from interfering with the laser source, thereby reduc-
ing noise and stabilizing laser power. The realization of on-
chip optical isolators can be achieved through various mech-
anisms, including magneto—optical effects,!!’2!! electro—
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[30-32] and

optical effects,?>~>°1 acousto—optical interactions,
nonlinear optical phenomena.?*3%1 The Faraday effect capi-
talizes on the non-reciprocal transmission of light in magneto—
optical crystals subjected to an external magnetic field, lever-
aging the polarization rotation induced by the Faraday effect.
Magneto—optical crystals, long utilized in traditional optical
fibers and bulk optics as isolators, have been successfully
integrated into waveguides. Nonetheless, the integration of
magneto—optical crystals in optical chips necessitates exter-
nal magnetic fields for isolation, demanding stringent control
over these magnetic fields to avert interference from extrane-
ous magnetic influences.[*”! Furthermore, the fabrication of
magneto—optical crystals is not compatible with complemen-
tary metal-oxide—semiconductor (CMOS) processes, a limita-
tion that hinders the broader development of this technology.
The quest for alternative approaches has led to signifi-
cant strides in the development of active magnet-free isolators
leveraging electro—optic and acousto—optic effects. These iso-
lators achieve unidirectional light propagation through differ-
ential phase modulation of forward and backward light, offer-
ing the benefits of high isolation ratios and expansive tuning
bandwidths. However, the reliance on external drivers for ac-
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tive magnet-free isolators introduces additional complexities.
The integration of structures such as electrodes on-chip ele-
vates the fabrication intricacy. The necessity for an external
power supply to energize these drivers escalates power con-
sumption. Moreover, the complex electromagnetic fields en-
gendered by high-power radio-frequency (RF) drives can per-
turb on-chip photodetection and other precision devices, in-
troducing potential sources of noise and interference. These
multifaceted challenges underscore the need for innovative so-
lutions in the evolution of photonic chips. The ideal isolator
for integrated photonics must embody a completely passive
and magnet-free design, devoid of the need for external drivers
or power sources. Such a device would not only mitigate the
complexity of fabrication but also minimize power consump-
tion and the risk of electromagnetic interference, thereby fa-
cilitating the seamless integration with other photonic compo-
nents and the advancement of high-performance, reliable, and
scalable photonic systems.

Nonlinearity stands as an intrinsic attribute of a spectrum
of material platforms that underpin the field of integrated pho-
tonics. This property is notably present in silicon,?8! sili-
con nitride,*! silicon carbide,*’! and gallium phosphide, *!]
enabling a myriad of applications across nonlinear optics.
The successful demonstration of optical isolators that har-
ness nonlinear effects, as seen in silicon nitride microring

K B4 has illumi-

resonators!*3 and silica microrod resonators,
nated the virtues of passive operation and structural simplicity.
In recent years, thin-film lithium niobate (TFLN) has emerged
as a compelling integrated photonics platform. TFLN’s expan-
sive transparency window, coupled with its substantial second-
order nonlinearities and significant piezoelectric coefficients,
positions it as an attractive candidate for the development of
future coherent optical systems. Its third-order nonlinear co-
efficient of 1.6x1072! m?/V2[#2l is on par with that of sili-
con nitride, a material widely favored for third-order nonlin-
ear applications. Given these attributes, the TFLN platform
is particularly well-suited for the creation of a new genera-
tion of photonic devices that can perform sophisticated ma-
nipulations of light, such as frequency conversion and opti-
cal parametric processes. Besides, TFLN is regarded as the
most promising platform for achieving high-performance in-
tegrated electro—optic modulators due to its excellent electro—

[43] These advantages are propelling the

optic characteristics.
integration of lasers with the TFLN platform. To achieve this
goal, a crucial prerequisite is the availability of a stable and
reliable passive optical isolator to prevent spurious reflections
from entering the laser cavity. Such an isolator would not only
significantly enhance the performance of systems based on
TFLN but also meet the need for devices that can operate with-
out dependence on external power sources or magnetic fields.

Here, we unveil a groundbreaking and elegantly simple

design for integrated continuous-wave optical isolators, cap-
italizing on the Kerr effect exhibited in microring resonators
fabricated from TFLN. The Kerr effect orchestrates a spon-
taneous symmetry-breaking phenomenon for the circulating
modes within the microring, distinguishing between clockwise
and counterclockwise propagation and thereby enabling non-
reciprocal light transmission.!?*! Our optical isolator design
eschews the need for complex external drivers, relying instead
on the inherent properties of the microring resonator alone.
This results in an optical isolator with an impressive isolation
of up to 10.3 dB, coupled with a minimal insertion loss of
merely 1.87 dB. The device is replete with advantages such
as a streamlined structure, inherent passivity, and a remark-
ably low power footprint. The demonstration of this isolator
not only simplifies the integration process but also addresses
the persistent challenge of power consumption in conventional
designs. The high level of isolation achieved, without the re-
liance on external magnetic fields or electrical driving, is a
testament to the potential of TFLN as a material platform for
creating passive and efficient photonic devices.

2. Basic theory

The Kerr effect encapsulates the phenomenon where the
refractive index of a material undergoes a change in response
to an applied electric field, a manifestation of nonlinear optics.
When subjected to the influence of two electric fields, the non-
linear polarization that arises from this interaction is expressed
by the equation PC) (1) = gyx ) (E e 7@ + Eye 192 4c.c.)3,
where & is the vacuum permittivity, ¥) is the third-order
nonlinear susceptibility, and Ej, are the amplitudes of the
electric fields at frequencies m; and @,, respectively. Upon
expansion of this polynomial and retention of only the terms
that are resonant with the frequencies of interest, we can iden-
tify the specific contributions to the nonlinear polarization that
are relevant to our analysis.

PO (o) =3eox P (|Ei [ +2|E|)Ere 1o,
PO (@) =360y 2|E1[* + |E2)Ere . (1)

From Eq. (1), we can see that light intensity linearly affects the
refractive index of the material itself. The two electric fields
have different effects on their own refractive index and other
refractive index, and these two effects are self-phase modula-
tion (SPM) and cross-phase modulation (XPM). SPM is a non-
linear phase modulation under the action of its own intensity,
while XPM is the nonlinear phase modulation under the action
of the other light’s intensity. In third-order nonlinear materi-
als, the refractive index change induced by SPM and XPM for

two counter-propagating light waves can be expressed as/*!
P, + 2R
Ana:7n2( a—"_ b)7
Aetf
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Any, = np (Pb + 2Pa) )
Actt

with subscripts a and b indicating the two counter-propagating
light waves with powers P,p. n2 is the nonlinear refractive
index and A is the effective mode cross-section. We can
clearly see that the refractive index change caused by XPM is
twice that of SPM. For two counter-propagating waves with
a significant difference in power (P, > B,), the high-power
forward-transmitting light will only receive the phase change
caused by SPM, and the phase change caused by XPM is negli-
gible. The weak-power backward-transmitting light is mainly
receiving the phase change caused by XPM.

Forward (a) (b)
—

Isolation

Backward
—_

—

Fig. 1. (a) Non-reciprocal principle for micro-ring resonators. The forward
light passes through the ring and exits from the drop port, while the back-
ward light exits from the through port due to splitting of the resonant modes.
(b) Mode splitting due to the Kerr effect, where red indicates the mode of
forward transmission and blue the mode of backward transmission.

—

We harness this principle to craft an optical isolator within
a TFLN add-drop microring resonator, as depicted in Fig. 1(a).
The microring resonators possess degenerate clockwise (CW)
and counterclockwise (CCW) modes. Upon the introduction
of a high-power pump light into the microring resonator, the
resonance frequencies of the CW and CCW modes experi-
ence a splitting attributed to SPM and XPM, as illustrated in
Fig. 1(b). The resonance shift instigated by XPM is observed
to be twice that caused by SPM. With the presence of a strong
forward pump and a weak backward signal propagating along
the ring, the existing resonant modes facilitate near-perfect
transmission in the forward direction while significantly at-
tenuating the transmission at the equivalent frequency in the
backward direction. We denote the isolation arising from this
phenomenon in Fig. 1(b). Adhering to the methodology out-
lined in Ref. [33], we derive the anticipated level of isolation

1
= oV @
1+ 20—
( ¢ o )
and the shift Aw is given by
NN 3
Ao = oy, “4)

where Q is the loaded quality factor of the microring resonator,
n is the linear refractive index, 7 is the coupling efficiency of
the pump to the ring, P, is the on-chip power of the pump and
V is the mode volume of the microring resonator.

The instantiation of optical isolation within microring res-
onators is entirely predicated on the non-reciprocal nature of
the Kerr effect, thereby obviating the necessity for any sup-
plementary driving input. This design solely relies on a cer-
tain intensity of forward incident light, originating from the
laser, and does not require any external electric or magnetic
fields, making it a passive isolator. This optical isolator, which
is predicated solely on the microring resonator, is congruent
with the majority of ultra-low-loss thin-film lithium niobate
fabrication processes. The insertion loss of this system hinges
exclusively on the coupling coefficient that mediates the inter-
action between the ring and the waveguides. By meticulously
adjusting the separation between them, it is feasible to attain
a minimal insertion loss. However, it is imperative to rec-
ognize that the optimization of the microring resonators’ in-
sertion loss, while enhancing transmission, may inadvertently
diminish the quality factor (Q). This reduction in Q can, in
turn, lead to a decrement in isolation, thereby establishing a
trade-off between the system’s insertion loss and its isolation
capability.

3. Results

Based on Egs. (3) and (4), the attainment of high isola-
tion in integrated photonics necessitates a platform that ex-
hibits low loss, high power tolerance, pronounced third-order
nonlinearity, and a compact mode volume. Lithium niobate, a
material renowned for its exceptional properties, satisfies these
criteria, making it an ideal candidate for the development of
high-quality passive optical isolators. There is an exigent de-
mand for such isolators in the field of integrated photonics. In
this work, we present a passive optical isolator harnessing the
properties of thin-film lithium niobate, showcasing its effec-
tiveness in enabling non-reciprocal light transmission without
the need for external driving forces.

Our device fabrication initiates with an X-cut LN-on-
insulator wafer procured from NANOLN, featuring a 600-
nm-thick lithium niobate (LN) thin film atop a 3-micron-thick
buried oxide layer, seated on a silicon substrate. Employing
electron beam lithography, we meticulously defined the pat-
tern, which was subsequently transferred to the lithium nio-
bate film through argon ion physical etching. The etch depth
into the LN is precisely 300 nm, preserving a 300-nm slab
across the chip. The waveguide’s top width is designed to be
1200 nm, with the sidewall angle optimized at 75°. A com-
prehensive view of the entire device is presented in Fig. 2(a),
where we employ a fiber array to channel light into the chip
via grating couplers, incurring a coupling loss of 8 dB. Within
Fig. 2(a), we have designated the four grating couplers as 1, 2,
3, and 4. A robust forward pump light is directed through grat-
ing coupler 3 and subsequently retrieved from grating coupler
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1, with the associated transmittance indicated as 773. Con-
versely, a weaker backward signal is introduced via grating
coupler 4 and extracted from grating coupler 2, with the corre-
sponding transmittance denoted as 7>4. Additionally, a direc-
tional coupler is integrated into the chip, designed to achieve a
power ratio of direct pass to cross pass of 10:1. The radius of
the microring resonator is 100 pm and we tested the transmis-
sion at the drop port with the loaded quality factor of 5x 103
as shown in Fig. 2(b).

Figure 2(c) illustrates the experimental configuration em-
ployed for the characterization of the isolator integrated within
lithium niobate thin films. A tunable laser source emitting at
1550 nm is directed into a 50:50 power beam splitter, thereby
distributing the light into two distinct pathways. The pump
light, which is of higher intensity relative to the signal light,
is introduced directly into the chip via an erbium-doped fiber
amplifier (EDFA) and propagates in the clockwise (CW) di-
rection. Given the weaker nature of the signal light, it is mod-
ulated using an electro—optical modulator to precisely ascer-
tain the signal light’s intensity. Subsequently, the signal light,
with an on-chip power of 5-mW post-amplification through
the EDFA, is fed into the chip. The output signal light is then

.é 1.0 : : : : —

m
> (@) 30 mW
S 0.8t 50 mW
& — 70 mW
=] — 90 mW
5 0.6} — 110 mW 1
g — 130 mW
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conveyed through a photodetector and its power is measured
using a lock-in amplifier, ensuring accurate detection of the
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Fig. 2. (a) Image of a lithium niobate device. DC: directional coupler;
scale bar: 200 um; (b) transmission at the drop port; (c) the experimen-
tal setup for the characterization of an isolator in lithium niobate thin
films. EDFA: erbium-doped fibre amplifier; PD: photodetector; EOM:
electro—optical modulator; LO: 50-kHz electronic generator; Lock-in
Amp: lock-in amplifier; PM: powermeter.

12

(b)
10}

Isolation (dB)
=

—— Theory
Experiment

/

/

v
/ 1 1 1

0 20 40 60 80 100 120 140 160
Input power (mW)

3.0———————————————
(d)

2.0 1

1.5f

Insertion loss (dB)

0.5 1

0 0 20 40 60 80 100 120 140 160
Input power (mW)

Fig. 3. (a) Backward light transmission under different forward light powers. (b) Theoretical and experimental device isolations. (c) Forward
light transmission under different powers. (d) Insertion loss under different powers.

Figure 3(a) presents our methodology for scanning the
transmission T4 of backward light at varying forward light
powers, achieved by modulating the laser wavelength and the
gain of the erbium-doped fiber amplifier (EDFA). During this
scanning process, we discern that the resonance peak deviates

from a Lorentzian profile at elevated power levels. This devi-
ation arises from the thermal effect of the pump light, which
induces a shift in the resonance of the microring resonator. As
the laser frequency near the ring’s resonance, an increasing
amount of optical power is coupled into the resonant mode.
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The linear absorption inherent in lithium niobate leads to the
heating of the ring, causing the resonance to detune from the
laser frequency. This results in a red-shift of the resonance
frequency until the laser frequency aligns with the resonant
frequency, at which point the coupling to the ring is maxi-
mized. Beyond this point of maximum coupling, as the laser
detuning increases, the power within the ring diminishes, en-
abling the ring to cool and revert to its original resonant state.
In Fig. 3(b), we illustrate the behavior of the backward light
power transmitted through the ring, observing a gradual de-
crease as the forward light power increases. At a forward light
power of 50 mW, the backward light power exhibits a 3-dB re-
duction. Upon further increasing the optical power to 150 mW,
the attenuation of the backward light power can reach up to
10.3 dB. The demonstrated isolation of the signal under vary-
ing pump powers is found to be in excellent agreement with
our theoretical predictions, thereby validating the effectiveness
of our passive optical isolator design.

A pivotal parameter defining the performance of on-chip
optical isolators is the insertion loss, which in the case of add-
drop microring resonators, is predominantly governed by the
coupling efficiency between the light and the ring. In our
experiments, we scanned the transmission 773 of the pump
light at varying power levels, with the outcomes delineated
in Figs. 3(c) and 3(d). Our observations reveal that the in-
sertion loss escalates incrementally with the augmentation of
pump power. At a pump power of 0.1 mW, the insertion loss
of the microring resonator is measured to be 0.91 dB, and this
value rises to 1.87 dB at a pump power of 150 mW. The test
outcomes indicate that while high-power forward light indeed
leads to an elevation in insertion loss, this increase is nominal
when juxtaposed with the substantial enhancement in isola-
tion.

40 T T T T

35F 1
30t 1
25t 1
201 Q=1x10° ]

15F — Q=3x106 -

— Q =5X%10¢
10 Q b

Isolation (dB)

0 1 1 1 1
0 10 20 30 40 50

Input power (mW)

Fig. 4. Simulation results of isolation versus input power for different
Q values. The simulation parameters for our device are as follows: an
X-cut, 600-nm-thick TFLN with an etch depth of 350 nm and an angle
of 60°. The top width of waveguide is 2.4 um and is covered with a
1.5-pum-thick layer of SiO;, serving as the upper cladding. The micror-
ing resonator, has a radius of 80 um, and its coupling state is designed
to achieve critical coupling.

4. Conclusion

We introduce a ground breaking, fully passive optical iso-
lator fabricated from lithium niobate thin films. This device
capitalizes on the modal splitting induced by the Kerr effect,
which disrupts the reciprocity of the microring resonator and
facilitates non-reciprocal light transmission. Our experimen-
tal demonstrations have achieved an isolation level exceeding
10 dB, with an insertion loss of merely 1.87 dB. The isola-
tion performance of our device can be further optimized by
elevating Q factor. State-of-the-art TFLN photonic chips can
achieve Q factor more than 10°, and in some instances, up to
103.144-461 T Fig. 4, we present simulated results illustrating
the variation of isolation with input power at different Q fac-
tors. The results demonstrate that at a Q factor of 5x 100, an
isolation of 20 dB is attainable with merely 8 mW of input
power. This not only substantiates the feasibility of our design
but also underscores the potential for significant enhancement
in isolation efficiency through Q factor optimizations. Fur-
thermore, the cascading of microring resonators presents an
additional strategy for reducing the forward power required
for effective isolation. [33]

The distinct advantage of our device lies in its complete
passivity and lack of magnetic components, rendering it free
from the need for external drivers. Moreover, this optical isola-
tor eschews the need for complex fabrication processes, being
realizable with the most rudimentary waveguide techniques.
This simplicity substantially reduces the cost and integration
complexity associated with optical isolators. The implications
of such an isolator are profound, heralding a new era in the
application of lithium niobate integrated photonic platforms.
In addition, a high-quality factor microring resonator can per-
form self-injection locking on semiconductor laser chips while
also providing isolation.*® A device that integrates these dual
functionalities is exceptionally well-suited for integration in
chip-based applications. It is poised to significantly acceler-
ate the development of on-chip integrated lasers, offering a
robust solution for the next generation of photonic integrated
circuits. The integration of this optical isolator within lithium
niobate photonic circuits not only streamlines the construction
of complex photonic devices but also enhances their perfor-
mance by providing a reliable means of non-reciprocal light
propagation. This innovation stands as a testament to the po-
tential of lithium niobate as a material platform for the future
of integrated photonics, paving the way for more sophisticated
and versatile photonic systems.
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