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Broadband Asymmetric Light Transport in Compact Lithium

Niobate Waveguides

Shengjie Wu, Wange Song,* Jiacheng Sun, Zhiyuan Lin, Haoran Xin, Shining Zhu,

and Tao Li*

Asymmetric on-chip light transport is important but always challenging for
photonic integrations. Although it has been recently implemented by
adiabatically encircling the exceptional points in a non-Hermitian system,
these approaches are fundamentally restricted to the adiabatic condition that
brings disadvantages of low transmission efficiency and large device
footprint. Here, it is proposed to realize a broadband asymmetric light
transport in compact non-Hermitian coupled waveguides on the lithium
niobate-on-insulator (LNOI) platform. The asymmetric function is fulfilled by
a particular mode selection in a loss-controlled LNOI waveguide triplet, where
a lossless zero mode plays a crucial role. Moreover, the shortcut to

and compact asymmetric integrated de-
vices, such as the Hamiltonian hopping
protocol for fast EP encirclement,['7-1]
while it is still challenging to improve
their comprehensive performance to
meet the requirement for compact
photonic integrations.

As a new integrated-photonics plat-
form, lithium  niobate-on-insulator
(LNOI) enables promising function-
alities due to its excellent optical
properties.l?0-26 Although EP encircling

adiabaticity is applied to speed up the light evolution and shorten the device
length. The approach works out a new strategy to establish an asymmetric
light transport in a compact form, indicating further new on-chip light

manipulations in this promising LNOI photonic platform.

1. Introduction

Non-Hermitian (NH) photonics with tailored gain and loss
promises intriguing light behaviors and functional devices. In a
non-Hermitian system with parity-time symmetry, two or more
eigenvalues and eigenstates degenerate simultaneously at the ex-
ceptional point (EP), which is the origin of exotic phenomena
that have no Hermitian counterparts.l'8] By adiabatically encir-
cling an EP in non-Hermitian arrangements of waveguides, chi-
ral asymmetric light transmission has been realized,l*'®! and
functional devices have been developed, such as asymmetric
mode converter!>1%1319] and chiral polarizer.['>!8] Benefited from
the adiabatic process, reported devices show robust and broad-
band properties. However, the fundamental adiabatic condition
in such protocol requires slow encirclement in the lossy system
and inevitably leads to large device size and low transmission
efficiency.[*1213] Great efforts have been made to achieve efficient
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strategy to access the on-chip asymmetric
light behaviors has been demonstrated
in integrated silicon platform,['21+-19] it
is never successfully employed in the
LNOI platform. A major obstacle would
attribute to the lower field confinement
of LN waveguides that will lead to ex-
tremely long light propagations in the EP
encircling process and make the whole device unacceptably large
for integration. Besides, the non-Hermitian loss modulation on
LNOI is rarely explored before and the device performance may
be further degraded due to the lower refractive index contrast in
LNOI, thus making it difficult to directly transplant the existing
schemes of asymmetric light manipulation into the LNOI plat-
form. Therefore, it is necessary to develop a new strategy to work
for the LNOI chip.

Fortunately, the shortcut to adiabaticity (STA) technique is
proposed in quantum physics to speed up the quantum state
transfer.[2’*% In the STA-designed system, the diabatic transi-
tion in the fast evolution process is suppressed and the system
evolves exactly following the adiabatic reference, thus produc-
ing the same final state as the adiabatic process in a shorter
time/length. The STA protocol can also be introduced to pho-
tonic systems, 317331 where the light evolution can be significantly
speeded up through a nonadiabatic route, making it promising
for efficient and compact light manipulation.

In this paper, we theoretically propose and experimentally
demonstrate a broadband asymmetric light transport in a com-
pact LNOI platform with STA-designed non-Hermitian coupled
waveguides (NHCW). The non-Hermitian modulation is created
by depositing the loss element (i.e., chromium strip) on top of the
LN waveguide, which gives rise to asymmetric light behavior by
a selective mode dissipation. For the forward transport, the light
field bypasses the loss element through a lossless zero mode,
which gives rise to full light transport with mode conversion. For
the backward, the interplay of eigenmodes and loss modulation
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Figure 1. Design of the NHCW for asymmetric light propagation. a) Schematics of the waveguide system for asymmetric light transport on the X-cut
LNOI platform, consisting of the NHCW (I, Il, and IIl) and a multimode waveguide (IV) connected by a Y-branch. The gray strip on top of the central
waveguide corresponds to the chromium (Cr) to create the non-Hermitian potential. b) Cross-section of the coupled waveguides I-Ill. The parameters of
each ridge waveguide are w = 600 nm, h; = 300 nm, and h, = 300 nm. c,d) Real and imaginary parts of the band structures. The cyan and blue branch
correspond to split modes [¥, > and |¥_>, and the red one is the zero mode |¥y>. The mode evolution paths associated with forward and backward
passage are indicated by solid and dashed arrows, respectively. €) Asymmetric light transport and associated eigenstate mode profile. In the forward
case (bottom), TEy, input from Port-A evolves along |¥,>, which bypasses the loss element and converts to TE;, at Port-B. In the backward case (top),
TEqg input from Port-B excites lossy |¥, > and |¥_>. No signal comes out from Port-A due to high dissipation.

completely forbids the transmission. Our experiments show a
high contrast ratio for the forward and backward light transporta-
tions with robust and broadband properties, agreeing well with
the theoretical expectation. Different from previous works with
inevitable lossy mode engaged in the EP encircling,%-121417-19]
our NHCW supports lossless and symmetry-protected super-
mode that indeed accounts for high-efficiency transmission. Im-
portantly, our STA design in NHCW significantly reduces the size
of the functional device, which would enable more integration in
the LNOI platform efficiently.
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2. Results

2.1. Asymmetric Light Transfer with Non-Hermitian LNOI
Waveguide Triplet

The scheme of the asymmetric light transport device on the LNOI
platform is shown in Figure 1a,b, which consists of three coupled
single-mode waveguides (I, II, and III) and a multimode waveg-
uide (IV). The waveguide-IV is connected to waveguide -I and
-IIT through a Y-branch. The waveguide-II is straight and has a
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chromium (Cr) strip on the top, creating the non-Hermitian po-
tential, and waveguide-I and -III follow arbitrary trajectories that
modulate the coupling between waveguides. The NHCW system
can be described by the following Hamiltonian according to the
coupled mode theory (CMT)[®7]

B a2 O
Hy(2) =|ci(2) B+ir c(2) (1)
0 6 (2) B

where z is the propagation direction, # is the propagation con-
stant, and y donates the loss. ¢, (z) and ¢, (2) are the z-dependent
coupling coefficients between adjacent waveguides.

The band structure of the NHCW with respect to coupling
coefficients ¢, and ¢, can be calculated by CMT, which consists
of two split modes |¥,> and |¥_> (cyan and blue branches in
Figure 1c,d) with

_pil e
po=P+il+

NI»—n

4(C% + cg) -y (2)

and one zero mode |¥,> (red branch) with g, = g. There is a
continuous closed trajectory [following 4(c,*+c,%) = y?] on the
c;-C, plane, at which the real and imaginary parts of the eigen-
values f_ are identical. This circled trajectory is an exceptional
ring.>*%>] Both split modes (|¥, > and |¥_>) are dissipative with
nonzero imaginary part in all ¢,-c, region (see Figure 1d, cyan
and blue branches). In contrast, the zero mode is always pinned
at zero energy regardless of the ¢, and ¢, (see the red flat plane in
Figure 1c), indicating the robustness of this mode, which is pro-
tected by the chiral symmetry.[3¢37] More importantly, attributed
to the antisymmetric mode profile on side waveguides and no en-
ergy on the central one (see mode-e in Figure le; and Equations
S1-S3 in the Supporting Information), the zero mode is lossless
regardless of the loss y implemented on the central waveguide
(see Figure 1d, red plane).

Similar to the chiral mode switching via encircling EP,
asymmetric light transport can be realized in our structure by
a non-Hermitian mode selection. Here, waveguides-III and -IV
are extended as input/output (Port-A and Port-B), respectively.
The corresponding mode evolution in the triplet for the forward
and backward propagations are indicated by arrows (solid arrow
for the forward case, and dashed arrow for the backward case)
and the associated eigenstates at Port-A (marked by a, b, and ¢)
and Port-B (marked by d, e, and f) are shown in Figure le. In
the forward case, fundamental TE,, mode is input from Port-
A and excites the zero mode |¥;,> (mode-b) due to large field
overlap, which evolves to the profile of mode-e along the zero
mode, as shown in Figure le. The corresponding evolution tra-
jectory in the band structure is also marked (see solid arrow in
Figure 1c,d). This antisymmetric mode profile of mode-e could
excite the TE,, mode in the multimode waveguide IV (Figure le
bottom right). Since the lossy central waveguide does not imple-
ment any dissipation on the zero mode, efficient and low-loss
passage is obtained in the forward case. In contrast, when the
fundamental TEj, mode is input from Port-B in the backward
case (Figure 1e top), the symmetric TE,, mode in waveguide IV
cannot excite the antisymmetric zero mode in the NHCW (I-III).
Instead, split modes |¥,> and |¥_> are excited (mode-d and -

[9-19]
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f), which have symmetric mode profiles on waveguide-I and -
II1. Both split modes adiabatically evolve along the trajectories
indicated by dashed arrows (|¥,> from mode-d to a, and |¥_>
from mode-f to ¢). It is clearly shown in Figure 1d that these two
evolution paths experience significant loss (the imaginary part is
nonzero), thus the backward signal cannot pass this device due to
energy dissipation. In short, by utilizing the lossless zero mode
in the forward passage and two lossy split modes in the backward
passage, the asymmetric light transport effect can be realized.

2.2. Shortcut to Adiabaticity Strategy

The aforementioned process usually requires adiabatic condi-
tions, i.e., the structure parameters should evolve slowly to avoid
mode crosstalk, which inevitably enlarges the device footprint.
To realize the mode transfer in a more compact device, we ap-
ply the shortcut to adiabaticity (STA) to accelerate the mode evo-
lution. First proposed by M. Berry,[?’] the transitionless driving
is a kind of STA method that can suppress the instantaneous
eigenmode coupling induced by fast parameter manipulation
via adding counterdiabatic driving terms.[?-3133] The transition-
less driving method has been adopted in quantum systems to
speed up the state evolution,[?>3°] but it requires complex cou-
pling modulation (i.e., both real and imaginary coupling) and in-
duces long-range couplings,??! which are difficult to be imple-
mented in LNOI-coupled waveguides. Here, we circumvent the
difficulty by the following steps: First, we have noticed that the
original Hamiltonian H,(z) satisfies the so-called one-photon res-
onance condition (i.e., the mode constants of waveguides I-III are
equal), which allows one to map the three-level system H(z) to
a@/2 a2

G@)/2 ()2 o 28
32]). Then, the counterdiabatic driving term H,g cp,(2) for H.g(2)
is designed by following Berry’s protocoll?’]

Z))(m
He cplz —122

n m#n )

an effective two-level one H g (z) = |

eﬂ |11(Z)> <1’l |
E.(2)

()z

Here, H ¢ ¢p(2) suppresses the diabatic eigenmode transfer of
fast varying H_g(2), and the STA Hamiltonian Hg g1, (2) is ob-
tained by adding H 4(z) and H.g ¢p(2). Finally, the STA version
of the coupled waveguides I-III Hgp, (2) is obtained by mapping
H_g g1 (2) back to a three-level system, which is described by

B 4lr 0
Hsnp(2) = [C(2) B 5(2) 4
0 Gz B

This new Hamiltonian can be implemented in LNOI waveg-
uide systems by varying the waveguide gaps along the propaga-
tion direction (z direction in our case), as the scheme shown in
Figure la,e. The waveguide width holds constant, and gap, and
gap, are designed so that the coupling strength ¢, (z) and ¢, (z) ful-
fill the STA Hamiltonian Hgy, (see the Supporting Information
for design details).

Figure 2a shows the scheme of state evolution in an adiabatic
system (left), a fast-modulated nonadiabatic system (middle) and
an STA system (right). In the adiabatic system with a long length
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Figure 2. Optical field evolution in the STA-designed NHCW. a) Schematics of the light evolution trajectory in the adiabatic system with long length L,
(left), nonadiabatic system by directly shortening the adiabatic system to a shorter length L (middle) and STA designed system with the same shorter
length L (right). The red disk and red pentagrams correspond to the zero mode at Port-A (|¥, (0)>) and Port-B (|¥(L)>), respectively. The green and blue
triangles correspond to two split modes (¥, (L)> and |¥.(L)>) at Port-B. b) CMT calculated evolution of light intensity with light input from waveguide
I11. Light field comes out from side waveguides with equal intensity. c) Projection of the light field onto instantaneous eigenstates. The zero mode |¥,>
overwhelms the split modes [, > and [¥_>_, all along the propagation. d) Simulated optical field evolution (E, component) in the forward propagation

and the output field in the structure.

L, (usually several hundred micrometers!'?)), the adiabatic con-
dition is satisfied and the input mode always stays exactly on its
own eigenmode. In the nonadiabatic system, a simple reduction
in the device length would break the adiabatic condition and re-
sult in significant eigenmode crosstalk between initially excited
zero mode |¥,> and two split modes |¥_>. In the STA case,
the counterdiabatic driving terms effectively suppress the un-
wanted mode coupling and pin the light field on the evolution
trajectory of the zero mode |¥,(z)> even in a fast-varying system.
The CMT calculated field evolution in the STA-designed structure
with light injected into waveguide III is depicted in Figure 2b,c.
The zero mode is significantly excited due to the large overlap be-
tween its mode field and input light field. The light field comes
out from the waveguide I and III with equal intensity, as shown
in Figure 2b. Attributed to the counterdiabatic driving, coupling
among instantaneous eigenmodes is suppressed, thus the domi-
nant eigenmode is the zero mode all along the propagation. This
can be seen from the projection of the light field to instantaneous
eigenstates shown in Figure 2c.

Furthermore, we carried out full-wave simulations on this
STA-designed non-Hermitian LN structure. The width w and
height h, of the LN waveguides are 600 and 300 nm, respectively,
in which only one fundamental TE, mode is supported with
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propagation constant g, = 1.87k, at A = 1550 nm. The waveg-
uide bending profile is carefully designed to make the coupling
coefficients fulfill the corresponding STA Hamiltonian. We in-
troduce non-Hermitian loss modulation with a field attenuation
coefficient of y = 0.008 k, to the central waveguide. The length of
NHCW is 66 um. Figure 2d shows the simulated electric field (E,)
evolution in the coupled waveguides and the inset depicts the E,
field at the output facet of the NHCW I-III, which clearly shows
the output field equally distributes on waveguide -I and -III with
a r phase difference-a signature of the zero mode.

2.3. Experimental Results

We fabricate the experimental samples on the X-cut LNOI plat-
form according to the simulation parameters. The multimode
waveguide-IV has a width of 1200 nm and supports two modes, a
fundamental TE,, mode (8y, = 1.96 ky) and a high-order TE,,
mode (f,, = 1.86 k,). Two grating couplers for couple-in/-out
light are connected to waveguides -IIT and -IV, marked by Port-A
and -B, respectively (Figure 3a). The non-Hermitian LNOI sam-
ples are fabricated using the method of electron beam lithogra-
phy (EBL) and the dry etching process. A 300 nm wide and 20 nm
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Figure 3. Broadband asymmetric light transport in the STA-designed non-Hermitian LNOI system. a) Optical microscope photograph of the sample.
b) Enlarged SEM pictures of the NHCW with Cr strip (top), and the Y-branch connecting waveguides |, I1l, and multimode waveguide IV (bottom). c)
Experimentally recorded asymmetric light output signal in forward (top) and backward transportation (bottom). d) Simulated field evolutions of input
TEgo mode for forward and backward. e) Charge—coupled device (CCD) captured images of Port-B in the forward case and Port-A in the backward case
with different wavelengths. f) Experimentally measured contrast ratios from 1450 to 1600 nm.

thick Cr strip is deposited by a second-step E-beam lithography
with the alignment and lift-off process (see the Experimental Sec-
tion for details). The optical microscope image of the sample and
scanning electron microscopy (SEM) images of enlarged struc-
tures are shown in Figure 3a,b, where the deposited Cr stripe is
distinguishable.

The experimental results and the corresponding simulated
light field evolutions are shown in Figure 3c,d, respectively. In
the forward case, Port-A couples the focused laser to TE,, mode
in waveguide III. The lossless zero mode in the NHCW is excited
and finally evolves to the TE,, mode at Port-B, which is verified
by the two bright spots from Port-B in the experimental result
(Figure 3c, top) and light field evolution in the numerical simu-
lation (Figure 3d, top). The simulated crosstalk between the out-
put TE,, and TE,, modes, defined as 20lg,,(Io,/1;0), is —41.36 dB,
corresponding to £99.15% coupling efficiency from TE, to TE,,
modes, where [, and I, correspond to the output intensity of
TE,, and TE,, mode from Port-B, respectively. In the backward
case, TE, mode in waveguide IV is excited by the input laser,

Laser Photonics Rev. 2023, 2300306
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which evolves along the two lossy split modes in NHCW. As a
result, the light is dissipated and no output signal from Port-A is
detected in the experiment (Figure 3c bottom), which agrees well
with the simulation result (Figure 3d bottom). The device works
as a TE-TE,, mode converter in the forward case and prohibits
the signal in the backward case, indicating a significant asym-
metric response. To quantify the performance of the asymmet-
ric light transport, the contrast ratio CR = 201g(Ix ward/ Ibackward)
is defined, where It ..q (Iacward) 1S OUtput intensity from Port-
B (Port-A) in the forward (backward) case. The CR is measured
to be ~18.5 dB at 1550 nm in experiments. Benefiting from
the symmetry-protected zero mode, the asymmetric response ex-
ists in a broadband. As shown in Figure 3e, the experimentally
captured output signals from Port-A and -B for different wave-
lengths (1450, 1500, 1530, 1550, 1580, and 1600 nm) all demon-
strate good asymmetric transports. The measured CR is larger
than 16 dB in a wide bandwidth (from 1450 to 1600 nm), in-
dicating good potential in broadband photonic integrations (see
Figure 3f).
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Figure 4. Comparison between adiabatic and STA-designed devices. a,b) CMT calculated output intensity (solid lines) and the projection of output filed
to the zero mode (dashed lines) of different device lengths for a) STIRAP- and b) STA-designed structures. c) Optical microscope photograph of the
samples. d) Experimental results of the output signals from waveguide -l and -III. Left: L = 66 um (nonadiabatic, blue triangle). Middle: L = 200 um

(adiabatic, red circle). Right: L = 66 um (STA, orange pentagram).

3. Discussion and Conclusion

To demonstrate the advantage of the STA strategy, we compare
the conventional adiabatic process [e.g., stimulated Raman adia-
batic passage (STIRAP)**] and our STA-designed structures.
Figure 4a,b shows the output intensity of waveguides I-III (solid
lines) and the projection of the output field to zero mode |¥,>
(dashed line) in forward propagations with respect to device
lengths for STIRAP and STA structure, respectively. For the STI-
RAP structure, the zero mode slowly overwhelms other modes
as the length increases, thus it can only split light equally on
waveguide-I and -III for a long length ~ 200 um, red circle),
and the performance significantly degrades within nonadiabatic
short length (e.g., 66 pm, blue triangle). In contrast, the STA de-
sign gives rise to equal output intensity on side waveguides for
the same short length (266 um, orange pentagram in Figure 4b),
since the zero mode can quickly dominate for a short length. In
experiments, we fabricated three types of samples (see Figure 4c),
corresponding to the cases marked by the blue triangle (nona-
diabatic), red circle (adiabatic), and orange pentagram (STA) in
Figure 4a,b. The observed outcomes align well with the theoreti-
cal predictions that the STA sample can fulfill the function within
a short device size (Figure 4d, right), while the STIRAP sample
can only work for a long length (Figure 4d, middle) and totally
breaks down for a short length (Figure 4d, left). Furthermore,
we also compare the STA-designed structure with reported asym-
metric devices via EP encircling (see Table S1 in the Supporting
Information), which clearly shows the potential of the STA strat-
egy in realizing compact on-chip photonic devices.

In conclusion, we have demonstrated a compact and broad-
band asymmetric light propagation on a non-Hermitian LNOI
platform. This interesting asymmetric propagation is imple-
mented through the selective mode conversion and mode dis-
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sipation. Specifically, the TE,, mode is converted to TE,, mode
via a lossless zero mode in the forward, while the TE,, is totally
blocked in the backward due to the large mode dissipation. We
further apply a STA strategy to speed-up the “slow” mode evolu-
tions thus giving rise to much reduced device size. The asymmet-
ric light behavior with high contrast ratio in a broad bandwidth is
verified by both simulations and experiments. Comparisons be-
tween STA-designed and other schemes clearly indicate the po-
tential of the STA protocol in compact integration. This work de-
velops a new strategy for on-chip asymmetric transport, based
on which efficient nonreciprocal devices and tunable integrated
devices may be explored by harnessing the nonlinear and electro-
optic effect of LN material.[**~*] Our non-Hermitian LNOI plat-
form also provides new degrees of freedom in integrated pho-
tonic designs, which paves the way for non-Hermitian light ma-
nipulation and suggests new functional devices on the promising
LNOI chips.

4. Experimental Section

Sample Fabrication: The experimental samples were fabricated using
the method of electron beam lithography (EBL) and the dry etching pro-
cess, which is followed by a second-step E-beam lithography with the align-
ment and lift-off process to deposit the Cr stripes. The substrate used here
is a 500 um Si substrate with 600 nm Lithium Niobate deposition. The sub-
strates were cleaned in an ultrasound bath in acetone, isopropyl alcohol
(IPA), and DI water for 15 min, respectively, and dried under clean nitrogen
flow. The alignment marks were then patterned by EBL (Elionix, ELS-F125),
deposition of chromium/gold (5 nm/55 nm) layers, and photoresist liftoff.
After that, the waveguide arrays and grating nanostructures were exposed
to EBL. The samples were then used to dry etch the Lithium Niobate layer
in a 16:1 mixture of Ar and CHF3 plasma and the residual photoresist was
stripped off by an oxygen plasma stripper. Next, the chromium structures
were fabricated by an alignment E-beam lithography and liftoff process.

© 2023 Wiley-VCH GmbH
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The photoresist film was spin coated onto the substrate. After exposing
the structure, 20 nm chromium film is deposited using thermal evapora-
tion, then removing the photoresist by soaking in N-methyl-2-pyrrolidone.

Optical Measurement: A telecom-band laser (Fianium-1550-SF) was
used to characterize the fabricated sample. The laser beam with its polar-
ization being controlled by a polarizer was focused on the grating coupler
A(B) from the substrate side by the Mitutoyo near-infrared (NIR) long-
working distance object OF (100X, NA = 0.70, f = 200 mm). The trans-
mitted signal was coupled into free space from the air side via the grating
coupler B(A) in the forward (backward) case. The output signal was col-
lected by a NIR imaging object Ol (50x, NA = 0.42, f = 200 mm) and
imaged on a near-infrared charge-coupled device (CCD) camera (Xenics
Xeva-1.7-320).
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