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Interference and switching effect of topological interfacial modes with geometric phase
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We investigate interference between topological interfacial modes in a semiconductor photonic crystal plat-
form with Dirac frequency dispersions, which can be exploited for interferometry switch. It is demonstrated both
theoretically and experimentally that in a two-in/two-out structure with four topological waveguides, geometric
phases of the two-component spinor wave functions of topological photonic modes accumulate at turning points
of waveguides, which govern the interferences and split the electromagnetic energy into two output ports with
relative power ratio tunable by the relative phase of inputs. We show that this photonic phenomenon is intimately
related to the spin-momentum locking property of quantum spin Hall effect, and results from the symphonic
contributions of three phase variables: the spinor phase and geometric phase upon design, and the global phase
controlled from outside. The present findings open the door for manipulating topological interfacial modes, thus
exposing a facet of topological physics. The topology-driven interference can be incorporated into other devices
and is expected to have far-reaching impacts on advanced photonics, optomechanics, and phononics applications.
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I. INTRODUCTION

The information society flourishing nowadays is supported
largely by fast data processing based on electronics [1,2] and
high-velocity data transfer relying on optics [3]. As is well
known, both transport of electrons in integrated circuits (IC)
[2] and transformation of signal from electrons to light and
vice versa induce heating, which becomes more serious when
devices are downsizing and processing speed increases. Light
moves faster than electrons and meanwhile does not cause
heat, and thus processing information in terms of light is more
efficient in principle. Therefore, reducing the times of trans-
formation between optic and electric signals and increasing
the usage of light in the stream of information processing
are highly desirable. In the growing fields such as artificial
intelligence (AI) technology [4,5], the advantage of light data
processing is even more obvious [6,7]. The demand on re-
placing electron by light for information processing would be
tremendous in the coming years. However, to harness light
is far more difficult than to control electrons, and realizing
efficient optic splitter, switch, and isolator is highly desired
for advanced data processing based on optic IC.
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Photonics topology provides a completely new possibility
for controlling light propagation [8§-23]. By now topological
waveguide propagation robust against disorder, randomness,
and sharp corners has been displayed, which breaks the lim-
itation of conventional electromagnetic (EM) wave. As an
additional ingredient of topology of bosonic systems, topolog-
ical interfacial modes have been shown to sustain stable lasing
superior to conventional whispering-gallery modes [24-26].
Moreover, wave-function partition of one topological inter-
facial mode into two topological channels has also been
investigated and depends on the mutual angles and/or pseu-
dospin states [27-33]. On the other hand, interference of
topological interfacial/edge modes piloted by phases remains
largely unexplored so far for both fermionic and bosonic
systems.

Here, by studying propagation phenomena of the topologi-
cal interfacial states along open paths, we explore interference
between topological interfacial modes in a semiconductor
photonic crystal (PhC) platform. The photonics topology
emerges from Kekulé distortions respecting Cs, symmetry to
honeycomb structure with Dirac frequency dispersions, where
gapless helical interfacial modes protected by the mirror and
sublattice symmetries appear along the “molecule zigzag”
interface between topological PhC and trivial PhC [17,34]. We
demonstrate theoretically that in a two-in/two-out structure
with four topological waveguides, geometric phases of the
two-component spinor wave functions of topological photonic
modes accumulate along the designed waveguides, which split
the EM energy into two output ports with relative power ratio
tunable by the relative phase of inputs. This photonic phe-
nomenon is intimately related to the spin-momentum locking
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FIG. 1. Schematic of the topological interferometry switch.
(a) Photonic crystal (PhC) based on a semiconductor membrane with
triangular airholes constituted of two topological domains (upper left
and lower right) and two trivial domains (upper right and lower left).
The interfaces of the four domains are used as input (ports A and
B) and output (ports 1 and 2) ports. Two input waves with a phase
difference interfere right on the crossing point of the four topological
interfacial waveguides and modulate the ratio of output powers at
port 1 and port 2. (b), (c) Structures of unit cells for the trivial and
topological PhCs. The lattice constant ay and the side length of the
triangular airholes L are the same in both structures. R is the distance
measured from the center of unit cell to the centers of six airholes.
One has R < ay/3 (corresponding to M > 0) in a unit cell for the
trivial PhC and R > a(/3 (corresponding to M < 0) in a unit cell for
the topological PhC.

property of quantum spin Hall effect (QSHE), and results
from the symphonic contributions of three optic phases: the
two-component spinor phase, geometric phase, and global
phase, where the first two are upon design and the last one
is the handle controllable from outside. We have also per-
formed a proof-of-concept experiment in the communication
frequency band based on the Si photonics platform, which
is in full agreement with the theoretical analysis. This pho-
tonic property is realized due to a unique interplay between
the intrinsic bosonic feature of light and the emergent
fermionic property encoded in the spin-1/2 spinor wave func-
tion in the semiconductor topological waveguide system,
which on one hand enables an interferometry switch and on
the other hand exposes a facet of topology physics.

II. RESULTS
A. Theoretical analysis and simulations

The frequency dispersion of the honeycomb-type PhC with
Cev symmetric Kekulé distortions displayed in Fig. 1(a) is
described by the Dirac-type k - p Hamiltonian on the basis
{lp+). 1dy), Ip-), 1d-)} [13,35],

M  —ivky 0 0

A ivk_ M 0 0

H=\" 0 -M  —ivk_ |’ @)
0 0 ivky M

with M the Dirac mass, v > 0 the Dirac velocity, and ki =
k, & ik,, where k = (k,, k,) is measured from the I" point of
the Brillouin zone, and the basis wave functions referring to
the field H, in the hexagonal unit cell for the TE mode. As
revealed previously, linear dispersions of topological interface
modes persist throughout almost the whole band gap [17];

high-order terms O(k?) in the k - p theory can be neglected
as a sufficient approximation, which renders Hamiltonian (1)
block diagonalized into the pseudospin-up and -down sub-
spaces (see also Refs. [26,36]). It was shown that the Dirac
mass in Eq. (1) takes a positive (negative) value for the triv-
ial (topological) PhC structure with ap/R < 3 (ap/R > 3) as
shown in Fig. 1(b) [Fig. 1(c)], characterized by the p—d band
inversion [13].

In order to find the functioning principle of the topo-
logical interferometry switch, we begin with the topological
waveguide mode along a horizontal interface where the
topological/trivial PhC occupies the upper/lower half space,
respectively, as shown for the input port A in Fig. 1(a) and
schematically displayed in Fig. 2(a). For the pseudospin-up
sector, one has from Eq. (1)

N —M(y) —ivd
+_ y
= |:—iv8y M@y) |’ )
where k, = —id, is plugged in, which gives the following

solution associated with a zero eigenvalue, i.e., frequency at
the center of band gap:

V() = |}i|e}’M(y)/U’ 3)

where M(y)=m >0 for y<0 and M(y)=-m<0
for y > 0 (the Dirac mass is presumed to take the same ab-
solute value m in the two PhCs for simplicity). This is the
photonic realization of the Jackiw-Rebbi zero-energy soliton
solution originally proposed for fermion number 1/2 field
[37]. With the basis taken into account, the full real-space
solution of the zero-energy pseudospin-up state is

0, +) =T[lp+) Id+>][§]e}"”@>/“. )

Due to the interference between the |p.) mode and |d.)
mode carrying counterclockwise phase winding with vortic-
ity +1 and +2, respectively [see Figs. 2(b) and 2(c)], there
appears a net EM energy flow along the +x direction as dis-
played in Fig. 2(d), which is consistent with the group velocity
of pseudospin-up states [13].

As the time-reversal symmetry counterpart, there is a state
supported by the pseudospin-down basis which transports a
net EM energy flow along the —x direction. In the setup
shown in Fig. 2(a) where the EM signal is injected from
the left to the system [corresponding to the input port A in
Fig. 1(a)], only the pseudospin-up subspace is relevant due
to the spin-momentum locking in the present photonic analog
of QSHE. Keep in mind that in topological insulators spin-
down electrons go around the outer sample edge and cannot
be excluded from the whole interference process, in a sharp
contrast to the present photonic system [38—41].

Next, let us consider the EM wave function of the topo-
logical interfacial waveguide in the form of an arc between
two straight segments: one along the +x direction as discussed
above and the other takes an angle & measured from the x axis
[see Fig. 2(a)]. In this case, a polarlike coordinate (6, p) is
convenient at the arc segment with radius R as displayed in
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FIG. 2. Transportation of pseudospin-up interfacial modes. (a) Schematic of the polarlike coordinate for a topological interface bent with
a fixed radius R. (b), (c) Pseudospin-up eigenmodes |p. ) and |d, ) at I point as the eigen-wave functions in a bulk system, where the arrows
represent the local Poynting vectors and the colors of which stand for the phase of wave function. (d)—(g) Pseudospin-up Jackiw-Rebbi modes
|0, +) with6 = 0,60 =27 /3,0 = 7, and 0 = 47 /3, respectively, which are obtained by superposing the wave functions of |p,) and |d.) in

(b) and (c) with relative phase factors associated with the directions of

Fig. 2(a) (straight interfaces can be considered formally as the
limit R — o0). Here, one has

ki =k, £ ik, = e (kg % ik,), &)
with the momentum operators
(ko, kp) = (—idy /R, —i0,). (6)

We separate the pseudospin-up sector of Hamiltonian (1)
into two parts:

A —-M  —ivk A A
+_ +| g+ gt
with
v _ [ M ek, | _ -M —ive?d), @)
0 ve %k, M —ive 9, M
and
A+ — 0 —ive®ky | _ 1] 0 —ve' 3y
U7 | jve kg 0 T R|ve 3, 0 ’

C))

where I-?()* generates the zero-energy soliton state same as
Eq. (2), while A 1+ is responsible for the bending of the inter-
face waveguide which is to be treated as a perturbation [42].

Hamiltonian (8) is solved in the way same as Eq. (2), which
yields the zero-energy wave function

10, +) =I[lp+) Id+)][ie_ie]F(p), (10)

with F(p) a function taking maximum at the interface (p =
0) and decaying exponentially into the bulks in the way

topological interfacial waveguides.

shown in Eq. (4). It is obvious that Eq. (10) gives the wave
function of the topological interface mode along the straight
interface in direction of 6 [see Fig. 2(a)]. As can be seen
clearly in Figs. 2(e)-2(g) for 6 =27 /3, m, and 47 /3, re-
spectively, which are compatible with the PhC structure up to
the length scale of lattice constant ay, the phase factor in the
two-component spinor governs the interference between |p.)
mode and |d) mode within the unit cell, which yields the net
EM energy flow along the interface between the topological
and trivial PhCs in the same way as Eq. (4).

Now we treat A ;" in Eq. (9) by the first-order perturbation,
where |6, +) in Eq. (10) serves as the unperturbed wave
function. Because ¢ (—idp)e™" = —idy — 1, one has

]F(p)[ielie]

H =0, +IH0, +)

/ dpF(p)[l —iei"][iv

0,
e—lHkH

—ive’pku
0

v/d,oF(,o)2 }(k” + ePkye™)

" / dpF(p)? ][—iae + e (=idp)e ]

0 [ ooy li—ite — i — 1
_ifp(p) [—idg —idg — 1]

1
Fla)o (—iag — 5) ,

with hwy = (2v/fR)fd,oF(p)2, where the factor 1/2 in the
last result of Eq. (11) appears due to the commutation relation
and the Dirac Hamiltonian. Notice that here 7 is used merely

an
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for the purpose to remind the underlying Dirac physics of the
present system, where the dimension of %wy is the inversed
area as can be derived from the EM wave equation. One then
has the eigenvalue equation for "

hg(—idy — 5) ¥ (0) = hwy (0), 12)

where 7w is given by (27 f /c)* measured from the band-gap
center [13,35], and ¥ (@) is the coefficient of the unperturbed
wave function |6, +). For the topological interface waveguide
mode at w = 0 (i.e., the frequency at band-gap center), the
solution for Eq. (12) is

¥ (0) = ¥ (Oin) exp [i(0 — bin)/2], 13)

with 6;, the direction of the topological interface waveguide
where the arc segment starts.

Equation (13) indicates that as the Jackiw-Rebbi mode
|6, +) propagates along an arc segment in the topological
interface waveguide, it acquires a phase accumulation corre-
sponding to half of the angle of the arc while the amplitude
remains unchanged. Note that at w = 0, the arc radius R
becomes irrelevant in Eq. (12), which implies that Eq. (13) is
applicable to a sharp turn with R ~ ay (as will be confirmed
by numerical simulations below). It is straightforward to see
that Eq. (13) is also applicable to the topological interface
waveguide bending to the side of trivial PhC (see Supplemen-
tal Material, Note I [43]).

Now we consider the design displayed in Fig. 1(a), where
four domains of topological and trivial PhCs form four topo-
logical interface waveguides with a crossing point. Owing
to the pseudospin-momentum locking associated with the Z,
topology, the beam from input port A cannot get into the inter-
face channel between the crossing point and the input port B
since along this direction of EM flow a pseudospin-down state
is required where the topological/trivial PhCs are turned over
(namely, the topological/trivial PhCs occupy the lower/upper
half space). Therefore, the beam injected from port A is split
into the two output channels, port 1 and port 2, with the EM
energy equally divided as guaranteed by the device design
where the two output channels are mirror symmetric with
respect to the input channels [see Fig. 1(a) and Supplemental
Material, Fig. S2).

Similarly, the EM wave injected from the input port B
propagates along the topological interface waveguide with a
pseudospin-up state, which cannot go beyond the crossing
point into the interface channel toward input port A, and is
split equally in energy into the two output port 1 and port
2. Therefore, as a crucial feature of the present topological
interface waveguide system, the two input beams from port
A and port B do not form a standing wave in the horizontal
interfaces as guaranteed by the pseudospin-momentum lock-
ing originated from the Z, photonics topology, which is not
available in conventional optical waveguide systems.

It is easy to see that the wave function along the straight
interface from input port B is also given by Eq. (10) with
6 = m, and Eq. (13) is also available when the topological
interface waveguide is bent (see Supplemental Material, Note
1[43]). From Eq. (10) it is clear that the wave functions |0, +)
and |, +) are orthogonal to each other [see also Figs. 2(d)

and 2(f)], which corresponds to the pseudospin-momentum
locking effect in the above discussions.

In order to verify the above properties, we have checked
the branching of the EM beams injected from port A at the
crossing point in terms of numerical simulations based on
COMSOL [44] (see Appendix A and Supplemental Material,
Note II for details). It is seen clearly in Fig. 3(a), where the
wave function defined by the out-of-plane magnetic field H,
is displayed for the present TE mode, that the EM beam is
split into port 1 and port 2 with approximately equal weights
irrespectively of the global phase determined by the chiral
source, and it is prevented from propagating beyond the cross-
ing point into the channel toward input port B. Moreover, as
displayed in Figs. 3(c)-3(e), one can find that phases along
the straight interface segments remain almost constant, since
the frequency of chiral source is chosen at the band-gap center
which corresponds to a zero Bloch phase upon propagation, in
good agreement with theoretical description given in Eq. (10)
[see also Eq. (4)]. Noticeably, phase changes are accumu-
lated upon bending into output port 1 and port 2, which
take place within a couple of unit cells around the crossing
point. These simulation results confirm the theoretical result
of Eq. (13). Similarly, one can find the same physics happens
when the input port B is excited, as shown in Figs. 3(b)
and 3(1)-3(n).

We then proceed to analyze the interference of topological
interface modes along the two output channels in the design
displayed in Fig. 1(a) when EM waves are injected simul-
taneously from the input port A and port B. It is clear that
the output wave functions are the superpositions of the wave
functions contributed by input port A and port B individually.
Suppose that the wave functions injected from the two input
ports are ¢/?|0, +) at port A and |7, +) at port B, where ¢ is
the global phase difference between the two input ports which
can be controlled from outside, and the output port 1 (port 2)
is along the direction of 6, = 27 /3 (0, = 4w /3) as given in
Fig. 1(a). According to Egs. (10) and (13), the output wave
functions at the two output ports are given by

Dot = 114 + 11 = @2 [1 497D |0, +), (14)
and
2ot = 1204 + 1205 = @2 [1 497D 165, +), (15)

where the strengths of the two input EM waves are set the
same. The output powers at output port 1 and port 2 normal-
ized by the total input power are then evaluated as

_ (111 ora _ 1 .
P = = =(1 —sing),
(1|1>t0tal + <2|2>total 2
(212) otal

2 =

1
=51 +sing). (16
Mhom + 22— 2 Fsiné) - (16)

Equation (16) shows explicitly that by adjusting the phase
difference ¢ between the two input ports, one can continu-
ously manipulate powers at the two output ports, as shown
in Fig. 4(a). Especially at ¢ = —m /2, the output is directed
totally to port 1 and turned off at port 2, and vice versa at
¢ = /2. This is the functioning principle of the interferom-
etry switch based on the topological interfacial waveguides.
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FIG. 3. Splitting of topological interfacial mode obtained by simulations when one of the two input ports is activated. (a) Real part of the
simulated wave function H, (out-of-plane magnetic field), where only port A is activated. (b) Same as (a) except that only port B is activated.
(c)—(e) Zoom-in view of wave function inside a typical unit cell encompassed by color hexagon at port A, port 1, and port 2, respectively, in
(a). The corresponding unit cells in (a) and (c)—(e) are marked by hexagonal frames with the same colors. (f)—(h) Wave functions constructed
by superposing |p4) and |d.) using the expressions of |A), |1),, and |2), obtained theoretically according to Egs. (10) and (13) (see also
Supplemental Material, Note III [43]), which match well with those in (c)—(e). (i)—(n) Same as (c)—(h) except that only port B is activated.
Color looks different for the real parts of wave functions in (a) and (b) due to different phase accumulations while the whole intensity of EM

wave is the same.

One can also rewrite Eqgs. (14) and (15) into a scattering
matrix (S-matrix):

1| e 0 471
I ol | G

with Yoy = S¥in, where the input wave function is ¥, =
[e* 11" /+/2 on the basis {|0, +), |7, +)} and the output
wave function is on the basis {|0;, +), |62, +)}. Note that the
S-matrix (17) is unitary, which satisfies the energy conserva-
tion. In general, the S-matrix is 4 x 4 for a 2-in/2-out system.
Here, the S-matrix is reduced to 2 x 2 due to the suppression
of backscattering in the topological interfacial modes. With
a 2 x 2 unitary S-matrix one can derive a sinusoidal power
distribution with a phase shift, which depends on system
details and in many cases cannot be given explicitly. In the
present work, the phase given by Eq. (13) of a topological
interfacial mode upon bending uniquely determines elements
of the S-matrix and consequently the phase shift.

The switching effect can also be confirmed by numerical
simulations, where the input port A and port B are simultane-
ously stimulated and the relative phase between the two inputs

is tuned. Figure 4(a) clearly illustrates that powers at output
port 1 and port 2 exhibit a sinusoidal variation upon tuning
¢, which is in excellent agreement with Eq. (16) derived from
theoretical analysis. We display in Figs. 4(b)—4(f) the distri-
bution of intensity of the EM wave in terms of |H.|* at several
values of ¢ to visualize the switching process. At ¢ = —m /2,
the output is almost entirely directed to port 1. As ¢ increases
to ¢ = —m /4, there is a slight transfer of power to output port
2. At ¢ = 0, the two output ports exhibit nearly equal powers.
When ¢ = 7 /4, the output is primarily directed to port 2.
Finally, at ¢ = 7 /2, the output power at port 1 is suppressed
almost completely. The whole switching process occurs due to
the interference of the wave functions contributed by port A
and port B (see Supplemental Material, Note IV [43] for com-
prehensive simulation results), as indicated in the theoretical
discussions.

It is worth noticing that the nontrivial phase accumulation
encoded in the factor of 1/2 in Eq. (13) upon bending of the
topological interface waveguide along an arc is crucial for
the switching effect given in Eq. (16). As seen in Egs. (14)
and (15), the relative direction change of beams injected from
input port A and port B is of = for the EM wave function in
output port 1, and of —m for output port 2. The reason why
they can generate EM energy flows different in the two output
ports is that the phase accumulations induced by the direction
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0

FIG. 4. Interferometry switching phenomena when two input ports are activated simultaneously with finite phase difference. (a) Proportion
of the total output power at port 1 (yellow) and port 2 (blue) as function of the phase difference ¢ between input port B and port A. Circle
marks are for simulated results, whereas the solid lines are for the theoretical results given by Eq. (16). (b)—(f) Simulated distribution of the
field strength |H.|* for ¢ = —7/2, ¢ = —m/4,¢ =0, ¢ = m /4, and ¢ = /2, respectively.

changes yield phase factors ¢/ and e~"/? unequal to each

other in the last equality in Eqs. (14) and (15) (without the
factor 1/2, one would have ¢™ = ¢~7).

Although the discussions so far focus on frequency at the
band-gap center (namely w = 0), we notice that the switching
effect remains intact for w # 0 in the present design with
sharp bending in topological waveguides at the crossing point
which ensures |w|/wy < 1 for frequency in the band gap. As
a matter of fact, we show explicitly by COMSOL simulations
that using @ # 0 only slides the switching curve along the
axis of phase difference (see Supplemental Material, Note IX
[43]), which can be understood as the Bloch phases piled up
during propagation along the topological waveguides. This
observation indicates that in the present design the topological
interference and switching effect is available for frequency in
the whole bulk band gap, a topological protection.

In short, by both theory and COMSOL simulations, we show
that the phase of the topological interface mode with given
pseudospin changes at a bent interface, namely in a one-
in/one-out structure, by the amount equal to half of the angle
subtended by the arc. With a branching present, namely in the
one-in/two-out structure, the phase changes upon branching
are in accordance with that derived based on the one-in/one-
out structure, while the EM energy is split equally into two
output ports due to the mirror symmetric arrangement in
the present device. It is noticed that with only one input,
no dynamical switching effect can be expected. We then

demonstrate that using the two-in/two-out structure and tuning
the phase difference between the two inputs, one can achieve a
complete switching. The topological switching effect is avail-
able in the whole band gap.

B. Experimental demonstration of the switching effect

We perform a proof-of-concept experiment based on sili-
con photonics, which is considered as a significant platform
for optical applications due to its transparency in the optical
communication band and the fabricability via modern semi-
conductor manufacturing technologies [45].

First we fabricated the sample on a silicon-on-insulator
(SOI) wafer, with a c-Si/Si0,/Si layer structure from bottom
to top in the vertical direction. The thickness of the c-Si sub-
strate is 525 um, while the thicknesses of the SiO, BOX layer
and Si active layer above it are 1.5 um and 220 nm, respec-
tively. Using electron-beam (EB) lithography and dry-etching
techniques, we patterned the Si layer as design. Subsequently,
a l-um-thick SiO, layer was deposited on top of the sili-
con membrane using the plasma chemical vapor deposition
(PCVD) method (see Appendix B and Supplemental Material,
Note VI [43] for further details on the fabrication process).
Because the dielectric permittivity of silicon is much larger
than SiO,, the EM wave is well confined within the sili-
con membrane region, and thus the resultant structure of the
PhC can be considered as a silicon membrane cladded by
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FIG. 5. Fabricated sample. (a) Schematic plot of the Si0,/Si/SiO, cladding structure. The right panel is the simulated distribution of the
electric field intensity for TE modes. (b) Measured band structure of the fabricated sample. Left and right panels are for trivial and topological
PhCs, respectively. Dotted lines are 3D simulation results for the structure shown in the left panel of (a). (¢) SEM image for the central region
of the fabricated PhC. Color shadings and white dashed lines are added as visual guides for the trivial (blue) and topological (red) regions, as
well as their interfaces. (d) Overall look for the experimentally fabricated sample taken by the optical microscope.

SiO; layers, as illustrated schematically in Fig. 5(a). In order
to confirm the function of this structure, we performed a
three-dimensional finite-element simulation for the cladding
structure based on COMSOL. The intensity distribution of the
electric field along the vertical direction is plotted in the right
panel of Fig. 5(a), where the field intensity decays rapidly
in the SiO, layer and almost vanishes within a thickness of
500 nm. The simulated bulk band dispersion based on COM-
SoL agrees well with the measured band structure, as shown in
Fig. 5(b). The band-gap center is estimated to be . = 1521 nm
based on the wavelength of the band edge, and this value
is used as the wavelength of the input light source during
the measurement procedure. Figure 5(c) shows a scanning
electron microscope (SEM) image of the central part of the
fabricated PhC, with colors and white dashed lines indicating
topologically distinct regions and their interfaces, where in-
terference of topological interfacial modes and the switching
effect are expected to happen.

In addition to the PhC structure for the topological switch-
ing effect, we also fabricated silicon waveguides which couple
to the ports of the PhC. As shown in Fig. 5(d), the silicon
waveguides connected to the two input ports of the PhC are
split from a common silicon waveguide by a Y-splitter (see
the bottom part), and these two waveguides are designed
with equal length, which ensures an equal phase of the EM
wave at the two input ports of PhC before tuning. In order to

control the phase difference between the inputs for showing
the switching effect discussed theoretically, we fabricated an
electric heater on the top of one input waveguide using opti-
cal maskless lithography and EB evaporation (see Appendix
B and Supplemental Material, Note VI for details [43]), as
depicted in Fig. 5(d). When electric current flows through the
heater, the temperature of the waveguide beneath increases,
which results in the change of the refractive index of the
waveguide and a phase shift of the corresponding input EM
wave. In the present experiment, the ambient temperature
is set as room temperature, and the wavelength of the in-
put source is fixed at 1521 nm (the band-gap center of the
PhC). Under this condition, the refractive index of the silicon
waveguide is a linear function of temperature change [46],
which is proportional to the power provided by the electric
current. Because the length of the heater is fixed, the phase
shift induced by the heater should also be a linear function of
the electric power.

Therefore, the switching effect discussed theoretically can
be examined experimentally by checking the output powers
from PhC as a function of the electric power P applied to the
heater. In Fig. 6(a), the circles represent the measured power
ratio at the two output ports, while the dashed sinusoidal
curves indicate the switching curve expected from theory.
Overall, the experimental results are in full agreement with
the theoretical curve, and the maximum output power at one
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FIG. 6. Experimentally measured interferometry switching phenomena. (a) Proportion of the output power at port 1 (yellow) and port 2
(blue) as function of the electric power P applied to the heater displayed in Fig. 5(d). Circle marks are measured results, whereas the dashed
lines stand for the sinusoidal curve expected from the theoretical analysis. (b) Zoomed-in optical microscope image of the PhC. (c)—(e) Photos
taken by infrared camera for the region shown in b, with P = 0 mW, P = 13.0 mW, and P = 38.9 mW, respectively.

output port is 10 dB higher than the minimum power at the
other. Figures 6(c)—6(e) show the scattered light taken by an
infrared camera set above the sample at three typical values
of the electric power P. At P = 0 mW, with no current
flowing through the heater, the phases at the two input ports
are the same, resulting in identical field intensities at the two
output ports. As the voltage across the heater increases, at
P = 13.0mW and P = 38.9 mW, the switching effect oc-
curs, and the EM wave is directed almost exclusively to output
ports 1 and 2, respectively. In Fig. 6(a), data points are more
scattered at low electric powers than at high electric powers,
which can be understood as follows: in the present experi-
ment, phase difference is controlled by heating the waveguide
which is exposed to air; at low electric powers, the difference
between the waveguide temperature and room temperature
is small, making it more susceptible to fluctuations of room
temperature.

III. DISCUSSION

A. Geometric phase

The switching effect addressed above has a clear under-
lying physics of geometric phase [47,48] associated with
the Dirac Hamiltonian. Considering the basis wave function
10, +)=[1 ie=®]"/+/2 in Eq. (10), which adiabatically
evolves in the one-dimensional parametric space 6, the geo-
metric phase accumulated in the waveguide bent from 6, to 6
is evaluated as [47,48]

0

1 6
YO, 0)= [ dO(0, +idgl0, +) = 5/ do = (0 —6in)/2,

Hi“ Hin
(18)

which gives directly Eq. (13). While the above result is gauge
dependent since the path is not closed, it is clear that the
relation Eq. (13) for ¥ (0) is gauge independent since it refers
to the measurable physical quantity (see Supplemental Mate-
rial, Note VII). During the derivation of Eq. (13), we perceive
the interface bending as a perturbation, and require the wave
function to stay at zero energy under this perturbation. This
treatment corresponds to the above adiabatic evolution with-
out altering the energy level of the eigenstate. Therefore, the

explicit derivations based on the k - p theory reveal success-
fully an aspect of geometric phase, and these two viewpoints
together provide a comprehensive picture for the topological
interference and switching effect.

B. Spin-1/2 degree of freedom

The phenomena discussed above can also be captured
in terms of spin-1/2 degree of freedom of the topological
interface mode. The block-diagonalized Dirac Hamiltonian
(1) governs the two-component spinor on basis {|p), |d+)}
characterized by a fermionic field with s = 1/2 [37]. From
Eq. (10), one has {(o,) = sinf and (o,) = cos 6, and the EM
beam injected from input port A and port B corresponds to
state (o) =1 and (o,) = —1, respectively ({(ox) = 0 in both
cases). Upon conflowing into output port 1 (port 2) the spin
rotates by 60 = m (—m) and induces relative phase factor
€'%%0 = ¢i"/2 (¢=i7/2), which contributes to Eqgs. (14) and (15)
with opposite signs. On the other hand, the injection of EM
beams from the input port A and port B toward the cross-
ing point of topological interfacial waveguides is certainly
inherited from the Bose-Einstein statistics of photons, which
induces interferences along the output channels. Therefore,
the topological switching effect uncovered in the present work
is due to the unique interplay between the intrinsic bosonic
feature of light and the emergent fermionic property encoded
in the spin-1/2 spinor wave function in the semiconductor
topological waveguide system.

C. Zero-energy mode

In the present work, we adopt the design based on the
so-called “molecule zigzag” interface (see Supplemental Ma-
terial, Note II), where the existence of the zero-energy topo-
logical interfacial mode is guaranteed by the mirror symmetry
and chiral (i.e., sublattice) symmetry [34] (see also experi-
ments in Ref. [17]). We have also confirmed that all the results
presented here remain valid in a design based on the “arm-
chair” interface (see Supplemental Material, Note V), where
the tiny minigap in dispersions of topological interfacial
modes due to the weak crystalline symmetry breaking at in-
terfaces [13] is naturally smeared out by the finite system size
in simulations as well as in practical devices.
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D. Possible quick switching

Generally speaking, w/wy is not necessarily a small num-
ber as in systems with a large band gap and absence of sharp
bends in topological waveguides. It is easy to see that the
switching effect disappears when frequency matches the con-
dition |w|/wy = I + 1/2 with integer . Surprisingly, we find
that a complete switching requires only a small phase differ-
ence ¢ between the two inputs when frequency gets close to
this discrete set of normalized values (see Supplemental Ma-
terial, Note X [43]). This intriguing behavior originating from
Dirac physics hints that response time of optic switches (and
their sizes) may be reduced drastically, which is extremely
useful in photonics devices.

E. Previous designs for beam splitting and switching

Wave-function partition, or beam splitting, of topologi-
cal interfacial modes has been addressed in previous works
[27-33], which is shown to depend on the mutual angles be-
tween one input port and two output ports. In stark contrast, in
the present work we design the topological waveguide system
in such a way that the two output ports are symmetric with
respect to the input ports, which guarantees the equal energy
partition when only one input port is fed. The topological
switch effect toward two output ports is purely due to the
interference between the two topological input beams, which
is piloted by the relative phase difference of the two input
ports.

Recently, proposals on photonic switching associated with
topological effects have appeared. One approach is to apply
external magnetic field, which alters the bulk band structure
with the time-reversal symmetry breaking [49,50]. While the
topological modes are stable as protected by the Chern num-
ber, the switching process will be slow associated with the
onset of external magnetic field to the whole sample. Because
of the use of gyrotropic effect, the switching effect simply
fades away when frequency is lifted to telecommunication
frequency where the main photonics applications focus. The
other approaches use valley photonics or Floquet physics
[51,52], where the switching is achieved by manipulating the
polarization of input wave function, which is quite different
from the present work. In stark contrast, our system is fully
based on dielectrics without external magnetic field that can
be controlled in terms of silicon waveguides, and the switch-
ing effect is purely optic and linear.

F. Robustness to randomness

The results of the proof-of-concept experiment are in full
agreement with the theoretical analysis. In order to examine
the robustness of the topological switching effect we also
performed COMSOL simulations with random deformations in
PhCs, such as shifts in positions and changes in size of triangle
air holes in the dielectric slab, with the standard variations
larger than the roughness of modern fabrication technology
[19,53]. With the presence of such randomness, the sinusoidal
form of the topological interference curve remained intact.
This observation indicates another aspect of topological pro-
tection of the present switching effect.

G. Device applications

The key interferences of topological interfacial modes take
place around the crossing point within several unit cells,
with the length scale of ~3 um at the telecommunication
frequency, which sets the limiting device size of the present
topological switch [see simulation results in Figs. 4(a) and
4(b)]. This structure may also be incorporated into other
Mach-Zehnder—type devices [54].

The present topological switch can be easily implanted into
silicon nanophotonic systems, since it has been demonstrated
experimentally that the conventional silicon waveguides with
simple TE/TM modes can be smoothly converted into the
topological interfacial waveguides and vice versa [53], which
therefore can work as the low-loss input and output ports
for the present topological interferometry switch. The optical
switching effect addressed in the present study can work as
a building block for other key elements of light IC, such as
diode and transistors [1].

The interference and switching functions of the topo-
logical interfacial waveguide modes shown in the present
work are available for other wave systems with intrinsic
bosonic feature, including optomechanical, surface acoustic,
and phononic waves [22,55,56]. Applications of the basic
idea of the present approach to electronic systems, such as
exciton-polariton structures, are also anticipated [20]. All
these are expected to boost discontinuous leaps in exploit-
ing matter topology for new phenomena and innovative
technologies.
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APPENDIX A: NUMERICAL SIMULATIONS

All the numerical simulations presented in this study were
performed using the finite-element method implemented in
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COMSOL MULTIPHYSICS software [44]. The topological PhC
platform in the present work was considered as a dielectric
slab with hexagonal unit cells, each containing six airhole
and respecting Cg, symmetry (see Fig. 1 in the main text).
In order to reduce computation resource, we emulated the
topological waveguide switch device by considering physical
parameters and EM fields uniform in the z direction, which
transfers numerical calculations into purely 2D in the theo-
retical part. For a silicon slab with thickness ~200 nm, the
relative permittivity was taken as €, = 7. The lattice constant
of the PhC was ay = 800 nm, with each hexagonal unit cell
containing six triangular airholes, and the side length of each
airhole was L = 270 nm. In the case of the trivial PhC, the
distance from the center of unit cell to the center of airholes
was R =245 nm (<ap/3), while for the topological PhC,
this distance was R = 280 nm (>ay/3). The total topological
switch in the simulations (see Figs. 3 and 4) consisted of
47 unit cells along the longer side and 24 unit cells along
the shorter side, and was separated into four regions by the
interfaces between the topological and trivial domains (see
also Supplemental Material, Note II [43]). A chiral source was
placed at the center of a unit cell at the end of each input port,
formed by a cluster of six pointlike sources arranged in the
shape of a small hexagon with a 27 phase winding (a phase
difference of 7 /3 between neighboring point sources) in the
counterclockwise direction, which induced the pseudospin-up
topological interfacial modes in the system.

We also performed 3D simulations for the SiO,/Si/ SiO,
cladding structure presented in Figs. 5(a) and 5(b), where the
lattice constant and airhole size were kept the same as in the
2D simulations, while the thickness of the layers from bottom
to top was 1.5 um, 220 nm, and 1 um, respectively. The
relative permittivity of Si and SiO, was taken as €, = 11.7
and €, = 2.088, respectively. Since in the PCVD process SiO;
could not fill up the airholes in the Si layer, the permittivity of
the airholes was set as €, = 1. A perfectly matched layer was
adopted at the top and bottom surface.

APPENDIX B: SAMPLE FABRICATION

The SOI wafer used in this work was produced by SEIREN
KST Corp., with the thicknesses of the c-Si substrate, SiO,

BOX layer, and Si active layer being 525 um, 1.5 um, and
220 nm, respectively. The wafer was first cleaned using
the following sequence: acetone boiling (3 min), methanol
(2 min), acetone boiling (3 min), methanol (2 min), running
water (2 min), sulfuric acid (3 min), running water (2 min), 7%
buffered hydrofluoric acid (BHF) (30 s), and finally running
water (3 min).

EB lithography was performed (see also Supplemental Ma-
terial, Note VI [43]) to pattern the PhC (geometric size same
as the 2D numerical simulations) and the waveguide (width
of 700 nm) design on a positive resist ZEP-520A (maker:
ZEON Corp.) spin coated onto the wafer, with the thickness of
500 nm. Subsequently, the resist was developed in ZED-N50
(maker: ZEON Corp.) for 60 s, followed by cleaning with
isopropyl alcohol (30 s, twice) to remove the developing solu-
tion. The dry etching using CF,4/SF¢ mixture gas was applied
to transfer the designed pattern into the Si active layer (see
also Supplemental Material, Note VI). Dimethylacetamide
(DMACc) (60 °C, 24 h) was used to remove the rest of the
resist, followed by the cleaning process using acetone boiling
(3 min), methanol (2 min), and running water (3 min). Plasma
chemical vapor deposition (PCVD) was processed to deposit a
1-um-thick SiO, layer above the wafer (see also Supplemental
Material, Note VI).

In order to pattern the heater above the silicon waveguide,
hexamethyldisilizane (OAP) and two types of positive resist
(PMGI SF-9 and AZS5200NJ) were spin coated on top of
the SiO, layer (see also Supplemental Material, Note VI).
The heater region was then exposed to 375-nm ultraviolet
light using optical maskless lithography (model: DNK
MX-1205, exposure speed: 3.6 mm/s, LD intensity: 90%).
After development of the resist with AZ300MIF for 105 s, the
resist in the exposed region was removed. EB evaporation was
then conducted to deposit a 50-nm-thick titanium layer onto
the uncovered surface of SiO, as the electric heater, followed
by a 5-nm layer of gold to prevent oxidation of the titanium.
A lift-off processed by acetone boiling for 2 h was performed
to remove the remaining resist along with the metal deposited
on top of it, followed by cleaning up using methanol (3 min)
and running water (1 min). Subsequently, the electrode part
was fabricated using the same process as the heater, except
that the thickness of the gold layer was 500 nm.
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