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Optical mode converters are essential for enhancing the capacity of optical communication systems. However, fabrica-
tion errors restrict the further improvement of conventional mode converters. To address this challenge, we have designed an
on-chip TEg—-TE| mode converter based on topologically protected waveguide arrays. The simulation results demonstrate
that the converter exhibits a mode coupling efficiency of 93.5% near 1550 nm and can tolerate a relative fabrication error
of 30%. Our design approach can be extended to enhance the robustness for other integrated photonic devices, beneficial

for future development of optical network systems.

Keywords: on-chip integrated photonic devices, topological photonics, mode converter, robustness

PACS: 03.65.Vf, 42.82.Et, 85.60.—q

1. Introduction

In recent years, on-chip integrated photonic devices
have gradually attracted research interest due to their ad-
vantages, such as low loss, high integration, and high con-
trollability. On-chip integrated photonic devices represented
by on-chip optical waveguides,!! couplers,>*! splitters,!
resonators, [ s, 111131
optical modulators,'*!>1 and photo-detectors''®! have ma-
tured in terms of design principles and manufacturing pro-
cesses over decades. However, current integrated photonic de-
vices are constrained by design principles, intrinsic material
properties, and fabrication errors. For example, the sensitivity
of directional couplers to gap distances,!!”] material dispersion
effects,!'8] and errors in splicing and etching during fabrica-
tion can degrade device performance,!'®! leading to functional
failure for practical applications. In addition, the mainstream
fabrication processes, including photolithography and electron
beam lithography (EBL), are limited by the diffraction-limit
resolution, ?° making it difficult to further improve fabrica-
tion accuracy. Moreover, micro/nano fabrication inevitably re-
sults in local defects on the device surface or interior, ! which
also limits the integration level of photonic chips, thereby con-
straining further performance improvement. Controlling the
adverse effects of the aforementioned limiting factors has been
challenging in the development of integrated photonics.

On-chip integrated photonic devices based on the princi-
ples of topological photonics have been widely studied due
to their robustness to fabrication errors. Topological pho-
tonics is an interdisciplinary field that applies principles of
topology to the field of optics.[>?-2%] In recent years, research
in topological photonics has revealed many unique physical
phenomena not previously observed in traditional optical sys-
tems. These include phenomena such as one-way transport

I mode converter,[7-10] gratings,[“] laser
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of photonic topological edge states (TESs),?’! deformation-
(28] and edge-to-edge
topological light transport.[>°! These findings provide valuable
insights for overcoming the bottleneck issues in on-chip opti-
cal isolators,*°! high-performance on-chip lasers,*!! on-chip
optical quantum computing units,*>33! and other devices. In
particular, researches on photonic TESs have shown their ex-
tremely high tolerance to structural errors, emerging as a hot
topic in the field of topological photonics. Currently, there
have been a great deal of development in robust on-chip direc-
tional couplers/splitters,3*! fishbone waveguides, > and op-
tical resonant cavities*®! based on photonic TESs. The de-
velopment of on-chip integrated photonic devices that support
photonic TESs holds the promise for overcoming performance
bottlenecks caused by various limiting factors and even for de-
veloping entirely novel functional devices. This has the poten-
tial to significantly expand the possibilities for further devel-
opment of future optical communication and optical network
systems.

In this paper, we propose an on-chip silicon-based optical
waveguide arrays that support TESs. We have designed an on-
chip TEy—TE; mode converter that utilizes the mode coupling
between TESs. This converter is capable of tolerating errors
that may arise during the EBL fabrication process. Firstly,
we have designed on-chip waveguide arrays based on the Su—
Schrieffer—Heeger (SSH) model and analyzed the topological
phase of the system through calculating the winding num-
ber. We have successfully proved the existence of TESs un-
der the non-trivial topological phase. Subsequently, we have
designed directional couplers between two boundary waveg-
uides based on the coupling between two TESs. Additionally,
we found that using waveguides of specific widths can achieve
mode conversion between TEy and TE; modes between the

insensitive localized resonance effects,
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two boundary waveguides of the arrays. This process is ro-
bust to the errors of the waveguide gap distances. We have
conducted finite-difference time-domain (FDTD) simulations,
which show that the converter exhibits a coupling efficiency
of 93.5% near 1550 nm and can withstand up to 30% relative
EBL fabrication errors.

2. Theoretical analysis

2.1. Topologically protected on-chip silicon-based waveg-
uide arrays

Firstly, we have constructed on-chip silicon waveguide ar-
rays with height 4 =220 nm on a 2-pm silica substructure with
an infinite number of unit-cells based on the SSH model, as
shown in Fig. 1(a). The working wavelength of the waveguide
arrays is 1550 nm. Here, w; = w, = 400 nm are the widths
of the two silicon waveguides in a unit-cell, which are related
to the propagation coefficients k| and k; of the fundamental
modes in an individual waveguide. Additionally, g;» =220 nm
and g»; = 185 nm are the inter-cell and intra-cell gap distances
between the two waveguides, respectively, which govern the
hopping strength in the SSH model, i.e., the coupling coef-
ficients c17 and ¢y between the waveguides [Fig. 1(a)]. We
combine the previous research results and use FDTD simula-
tion to calculate the variation of the fundamental mode propa-
gation coefficient, k, with the waveguide width w3°]

k = ko + otyw+ opw?. (1)

Here, ky = 3.61 um’l, o = 17.1 um’z, and ap =
—10.3 um~3. It should be noted that equation (1) is applicable
to the waveguide width ranging from 300 nm to 900 nm. Con-
sequently, we can obtain the propagation constants of the fun-
damental mode in the waveguide, k| =k, = 8.8292 um~'. As
far as we know, the coupling coefficients between the waveg-
uides generally follow the relationship as

c=coePe, )

where g is the gap distance between two waveguides, § and
co are undetermined coefficients that are determined by the
material of waveguides, the width of waveguides and work-
ing wavelength.3”) We have conducted FDTD simulation to
study the coupling process of light between the two waveg-
uides under the two gap distances g, associated with two cou-
pling coefficients c. Here, the gap distance g is an arbitrary
width ranging from 100 nm to 300 nm. The coupling dis-
tance L. is referred to as the minimum distance as the opti-
cal field is completely transported from one waveguide to an-
other. The corresponding coupling coefficient ¢ can then be
retrieved by ¢ = @/(2L.). By incorporating the two groups of
¢ and g into Eq. (2), we are able to determine ¢ and 3, with
co=0.874 um~! and B = 5.42 um~'. Afterwards, by incor-
porating the initial waveguide gap distances gj» = 220 nm and
g21 = 185 nm into Eq. (2), we can obtain the coupling coeffi-

cients as c1p = 0.265 um’l and c¢p; = 0.321 um’l.

The real-space Hamiltonian can be expressed as>®!

k c12
cr2 ko
H— 1 ke 3)

cn ko
o1 ko oc
C12 k

It is worth noting that, the waveguide arrays we have set are of
infinite size, which means that the dimension of the Hamilto-
nian tends to infinity. Notably, this does not facilitate the com-
putation and analysis of eigenvalues and eigenvectors. There-
fore, we have transformed it into the Hamiltonian in momen-

tum space through Fourier transformation 38!
k —iky
H(k) = b CRTene @
clp+crret™ k

where k, is the wave vector in the first Brillouin zone. The
Hamiltonian in momentum space can be further expressed as
a linear combination of Pauli matrices (0o, Oy, 0y, 0;):

H (k) =koy+ (C12 “+ 21 COSkx) Oy + 21 SinkxO'y. 5)

It can be observed that the coefficients (c12+ cajcosky)
and ¢y sink, form a circle in the parameter space 0,00y
with a center at (cj,0) and a radius of ¢p;. As the pa-
rameter k, sweeps through the interval [0,27], the vector
(c12 + 21 cosky, cay sinky) will trace out a circular trajectory
as described above. Based on the definition of the winding
number

1 /” 8log(clz+czle’ikX)dk
X

T 2mi ) ok,

[38] the circle does not enclose

the origin point when c12 > ¢y, resulting in V = 0, indicating

in one-dimensional SSH model,

that the system is in a topologically trivial phase [blue circle
in Fig. 1(b). Conversely, when c2 < c¢31, the circle encloses
the origin point, leading to V = 1, suggesting that the system
is topologically protected [red circle in Fig. 1(b)]. Therefore,
under open boundary conditions, our model support two TESs,
which is determined by the bulk—edge correspondence. (38!

(a) (b) 19

mm Topological
mm Trivial

C12 C12 C12

©6 6 ©®

C21 €21

Fig. 1. Optical silicon waveguide arrays with topological protection. (a) The
geometry model and tight-binding model of the waveguide arrays, where w
and w, represent the waveguide widths governing the waveguide propaga-
tion constants k; and k», respectively, g1 and g»; are the gap sizes between
waveguides, determining coupling coefficient ¢j, and ¢y, respectively. (b)
The winding number of the waveguide arrays with different c;, and ¢;;.
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2.2. Topological edge states

The theoretical analysis in Subsection 2.1 has predicted
the existence of TESs in the topological waveguide arrays
Next, we will use an on-
chip waveguide arrays with 3 unit-cells to verify the existence
of TESs. Because our waveguide arrays consist of 6 waveg-
uides, we have used a 6 x 6 Hamiltonian to characterize the
tight-binding model of our system. The system therefore sup-
ports 6 eigenmodes. According to bulk—boundary correspon-
dence, the TESs always appear in the middle of the energy
band (eigen-spectrum). As a result, the TESs are the 3rd and
4th eigenmodes. Through mode analysis using FDTD simula-
tion, we have successfully observed the TESs localized at the
edge of the waveguide arrays. As shown in [Figs. 2(a) and
2(b)], the 3rd and 4th eigenmodes of the waveguide arrays are
TESs. It is worth noting that, mode 3 and mode 4 exhibit op-
posite phase distributions [Figs. 2(c) and 2(d)].

0.2 (=)

0 [ ®) @

—0.2
—2

with finite number of unit-cells.
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Fig. 2. The coupling effect between TESs. (a)-(b) The field intensity distri-
bution of TESI and TES2, |E \2, in the waveguide arrays in Subsection 2.3.
(c)—(d) The phase distribution of TES1 and TES2 in the waveguide arrays
in Subsection 2.3. (e) The directional coupling between the two TESs in
the waveguide arrays in Subsection 2.3. (f)—(g) The intensity distribution of
TESI and TES2, |E |2, in the waveguide arrays in Subsection 2.4. (h)—(i) The
phase distribution of TES1 and TES2 in waveguide arrays in Subsection 2.4.

(j) The mode converting between the two TESs in the waveguide arrays in
Subsection 2.4.

2.3. Coupling between topological edge states

Based on the mode analysis results obtained in Sub-
section 2.2, it can be observed that, the spatial distribution
of the field intensity |E|* of the two TESs are symmetric
[Figs. 2(a) and 2(b)].
fect weakens the topological protection, resulting in band de-
generacy breaking and the coupling between the TESs.[*"]
Considering the opposite phase distributions between the two
TESs [Figs. 2(c) and 2(d)], the coupling between TESs will
result in directional coupling between the two edge waveg-
As shown in Fig. 2(e), when the light is localized

This is because, the finite size ef-

uides.

at the left boundary of the waveguide arrays, it can be ap-
proximately regarded as the direct superposition of two TESs,
i.e., TES1 4 TES2. Since the mode propagation constants of
the two TESs are non-degenerate, an optical path difference,
AB = (Bres1 — PBres2)Le, will arise between the two TESs af-
ter the two TESs propagate over a distance L.. When A = 7,
i.e., L. = 37.16 um, the linear superposition of the two TESs is
transformed into the form of TES1-TES2, rendering the light
localization is transferred from the left boundary to the right
boundary, thereby achieving directional coupling between the
TESs.¥ Tt is worth noticing that, the eigenvalues of the two
TESs are degenerate when the number of the unit-cell in our
structure is quite large, i.e., approximately infinite. As a result,
the coupling length L. becomes infinite because the value of
Bres1 — PBresz is zero. Thus, the two TESs are uncoupled.

2.4. TE)-TE; mode converter based on topological edge
states

Based on the aforementioned theoretical foundation, we
have designed a topological mode converter that can con-
vert the fundamental mode TEj into the higher-order mode
TE;. Since the higher-order mode TE; in the waveguide has a
smaller effective refractive index than the fundamental mode
TEj, the fundamental mode TE( in the narrow waveguide and
the higher-order mode TE; in the wide waveguide can share
the same effective refractive index through the judicious con-
trol of waveguide widths. We found that when the waveg-
uide widths in Fig. 1(a) are w; = 400 nm and w, = 830 nm,
the aforementioned condition can be satisfied. We then set
the intra-cell waveguide gap distances gj» = 140 nm and the
inter-cell waveguide gap distances g>1 = 120 nm [Fig. 1(a)],
the waveguide arrays will be topologically protected, accord-
ing to the analysis discussed in Subsection 2.1. Consequently,
it can support two TESs with opposite phase distributions. Us-
ing the method described in Subsection 2.1, we have retrieved
the variables in the corresponding real-space Hamiltonian for
the waveguide arrays: ¢y = 0.959 um~!, B = 11.3 um~',
cip = 0.197 um_l, and c¢p; = 0.247 um_l. Through mod-
eling and simulation analysis by FDTD simulation, we have
successfully observed the two TESs by analyzing the field
intensity and phase distribution of each eigenmode electric
field [Figs. 2(f)-2(i)]. It is worth noticing that the field in-
tensity distributions of TESs are asymmetric because the cou-
pling strengths between the waveguides in topological mode
converter are weaker than those in topological directional
coupler, 138391

As described in Subsection 2.3, the optical field that is
localized at a single boundary of the waveguide arrays can be
regarded as a linear superposition of the two TESs. However,
unlike the design of the topological directional coupler men-
tioned in Subsection 2.3, the waveguides in the current waveg-
uide arrays with larger widths support the TE; mode. There-
fore, the proposed waveguide arrays can not only couple light
from one boundary to another, but also achieve the conversion

060306-3
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between the TEy and TE; modes [Fig. 2(j)]. Using the prin-
ciple of directional coupling, we have calculated the coupling
length Ly, of the topological mode converter, Ly, = 27.25 pm.

3. Simulated demonstration

We use FDTD simulation to conduct a series of model-
ing and simulation to validate the performance of light propa-
gation in the topological directional couplers and topological
mode converters, and to verify the robustness of topologically
protected devices.

3.1. Ordinary directional couplers and topological direc-
tional couplers

Based on the geometrical parameters provided in Subsec-
tion 2.1, we have studied the ordinary directional couplers and
topological directional couplers on a silica substrate.

We set a mode source having the mode distributions of
TE( mode at the input port of the devices, labeled by the red
arrows in Fig. 3. We have simulated the transmission opti-
cal fields of the ordinary directional couplers and topological
directional couplers. Figure 3(a) illustrates the transmission

(a) e=0% (b)

|
=}
©

o

y (um)

0
z (pm)
e=0%

e=10%

of light in the ordinary directional coupler. To quantitatively
evaluate the directional coupling performance of the device,
we have defined the coupling efficiency

|Eo|?
|2

T= x 100%

|Ei

as the ratio of the desired mode to the input mode, where |E; \2
is the input light intensity and |E,|? is the light intensity of the
desired mode. Both |E;j|* and |E,|* can be extracted from the
detector set in the FDTD simulation. The coupling efficiency 7
of the ordinary directional coupler as designed is 98.7%. Next,
we have evaluated the robustness of the topological directional
coupler by modifying the waveguide gap distances. We define
the relative error of the waveguide gap distances as € = Ag/g.
We have added relative errors of € = 10% [Fig. 3(b)] and
€ = 20% [Fig. 3(c)] to the ordinary directional coupler and
have simulated the optical field propagation. The coupling ef-
ficiency 7 of the ordinary directional coupler suffers a signifi-
cant decay from 7 =98.7% [Fig. 3(a)] to T = 83.5% [Fig. 3(b)]
and T = 57.9% [Fig. 3(c)].

(c) e=20%

0
 (pm)

z (pm)
e=20%

==}

g 100

s

=

2

g

O

& 50

i

o0

g m Ordinary
) m Topological
1<
6} 0

0

15

30

Relative error € (%)
Fig. 3. Simulation on light propagation in ordinary directional coupler and the topological directional coupler. The red and blue arrows label the input and
out ports of the device, respectively. (a) The ordinary directional coupler without relative errors. (b)—(d) The topological directional couplers with relative
errors € = 0% (b), € = 10% (c), and € = 20% (d). The upper panels of these figures show the directional couplings from upper boundary to lower boundary of
waveguide arrays, while the lower panels refer to the opposite processes. (g) The coupling efficiency 7 of ordinary (the blue line) and topological (the red line)

directional couplers as a function of different relative errors €.
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We have also simulated the propagation of light in the
topological directional coupler based on the same geometry
parameters. As shown in Fig. 3(d), under the condition of no
relative error, the coupling efficiency 7 of the topological di-
rectional coupler reaches T = 85.2%. We have added relative
errors of € = 10% [Fig. 3(e)] and € = 20% [Fig. 3(f)] to the
topological directional coupler and simulates the optical field
propagation as well. The coupling efficiency 7 of the topolog-
ical directional coupler remains at T = 80.6% and 7 = 81.4%.
In order to exhibit the robustness of topological directional
coupler, we have stimulated more groups of ordinary and topo-
logical directional coupler with relative errors € ranging from
0% to 30% and calculated the coupling efficiency 7. The effect
of relative error € on the coupling efficiency 7 of ordinary and
topological directional coupler is shown in Fig. 3(g). When the
relative error is gradually increasing, the coupling efficiency 7

of ordinary directional coupler decreases rapidly. When the

(a) e=0% (b)

y (um)

-3.5

0
@ (um)

y (pm)

e=10% (c)

z (um)
e=10% (f)

0
z (pm)

relative error is € = 0% the coupling efficiency 7 = 95.1%.
While the relative error is € = 30%, the coupling efficiency
is reduced significantly to be T = 35.7%, while the topolog-
ical coupler is kept at a high level of coupling efficiency. In
summary, the topological design can significantly improve the
robustness of the directional coupler, while maintaining high
coupling efficiency.

3.2. Ordinary mode converter and topological mode con-

verter

The ordinary and topological mode converter uses the
same geometrical parameters in Subsection 2.4. We also set
a mode source at the input port of the devices [labeled by the
red arrows in Fig. 4]. The mode source we choose is TEq and
TE| mode, associated with waveguide width w; = 400 nm and
wy = 830 nm, respectively. We have simulated the transmis-
sion optical fields of the ordinary mode converter and topolog-
ical mode converter.

e=20%

x (pm)

e=20%

y (§m)

0
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X 100

=

>
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B 50

()
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Fig. 4. Simulation on light propagation in ordinary mode converter and the topological mode converter. The red and blue arrows label the input and out ports of
the device, respectively. Panels (a)—(c) correspond to the ordinary mode converter with relative errors € = 0% (a), € = 10% (b), and € =20% (c). Panels (d)—(f)
refer to the topological mode converter with relative errors € = 0% (d), € = 10% (e), and € = 20% (f). The upper panels of these figures exhibit the mode
conversions from TE to TE;. The lower panels of these figures show the mode conversions from TE; to TEy. (g) The coupling efficiency 7 of ordinary (the
blue line) and topological (the red line) mode converters as a function of different relative errors €.
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Figure 4(a) shows the simulation result of the ordinary op-
tical mode converter without the relative error, associated with
the coupling efficiency 7 = 95.1%. The coupling efficiency T
reduces sharply, when the relative error is added. When the
relative error reaches to the value of € = 10%, the coupling ef-
ficiency 7 of the ordinary mode converter drops to T = 87.7%
[as shown in Fig. 4(b)]. When the relative error is € = 20%,
the coupling efficiency has changed significantly to the value
of T=72.3%.

Next, we have performed simulations on the topological
optical mode converter. The results are shown in Figs. 4(d)-
4(f). The simulation results show that the coupling efficiency
of the entire topological mode converter under the error-free
condition is T = 93.5% [as shown in Fig. 4(d)]. When the rel-
ative errors € are 10% [shown in Fig. 4(e)], and 20% [shown
in Fig. 4(f)], respectively, the coupling efficiency of the topo-
logical mode converter is T = 82.7% and T = 79.4%. We have
also analyzed the effect of the relative error € on the coupling
efficiency 7 of the ordinary and topological mode converters
in Fig. 4(g). It is obvious that the coupling efficiency of the or-
dinary mode converter decays faster than the topological mode
converter when the relative error increases. The simulation re-
sults have proven that the topological mode converter obtains
obviously higher tolerance to relative errors, as opposed to the
ordinary mode converter.

4. Conclusion

We have validated the existence of TESs in the SSH
model using on-chip silicon waveguide arrays, and have nu-
merically demonstrated on-chip directional couplers and mode
Through
unique topological protection design, the topological direc-

converters based on the coupling between TESs.

tional coupler and mode converter can tolerate a certain de-
gree of fabrication errors, while achieving high-efficiency op-
eration, as has been verified in numerical simulations. We can
also design the mode convertor that is capable of transform-
ing TEy mode to higher order mode through employing higher
or wider waveguides. By extending our design approach to
other on-chip functional devices, we can potentially realize a
series of robust on-chip functional devices, such as splitters,
adiabatic couplers, and multiplexers/demultiplexers. From the
perspective of practical application, these topologically pro-
tected basic units can be used to construct on-chip optical sys-
tems with top-level functionality, such as optical interconnect
networks, optical routing networks, and optical information
processors. This can reduce the overall dependence of these
systems on fabrication accuracy, potentially lowering the dif-

ficulty of fabricating on-chip integrated photonics devices and

providing a novel approach for designing low-cost, highly in-
tegrated on-chip optical systems.
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