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ABSTRACT: Precise control over photonic states can be achieved in
pre-engineered materials, like photonic crystals and meta-structures.
However, high fabrication precisions are required due to the sensitivity
of such states to diﬀerent perturbation channels. Hence photonic states
that immune to disorder in the system is in high demand. In this work,
we propose a hybrid platform that integrates tunable transparent
conducting oxides (TCOs) and a standard silicon-on-insulator waveguide technology, to achieve ultrafast all-optical control of the topology
of photonic states. Particularly, we demonstrate that ultrafast control of coupling between ring resonators with integrated TCO
modulators enables a synthetic gauge magnetic ﬁeld and therefore provides ultrafast control of topology protection. The
approach can be used for the realization of topological phase transitions, an essential component of several emerging photonic
applications, including topologically protected optical modulators and switches.
KEYWORDS: tunable photonic topological insulators, ultrafast topology control, gauge magnetic ﬁeld control,
transparent conducting oxides

S

insulators can be used for lasing,27−30 diﬀerent quantum
applications,31,32 and unidirectional guiding.31
The development and advancements of new material
platforms oﬀer new avenues of light−matter interaction
control. Recent investigations of optically and electrically
tunable transparent conducting oxides (TCOs), for example,
indium−tin oxide (ITO) and aluminum-doped zinc oxide
(AZO), combined with the progress in the materials’
fabrication techniques, make TCOs a promising platform for
on-chip photonics.33,34 TCO’s optical properties can be
tailored/adjusted via various means, for example, either by
altering the stoichiometry, deposition conditions, or through
annealing.35,36 Hence, a lightly doped TCO enables dielectric
optical response in the near-infrared wavelength range with a
refractive index close to that of glass, while a highly doped
TCO can be used as a plasmonic material.37 Most importantly,
TCOs extreme dynamic modulation of their optical properties
can be obtained via either electrical or optical excitation.38,38−43
Within this work, we show that integrating TCOs with
silicon-on-insulator (SOI) technology provides ultrafast
optical/electrical tunning of the synthetic gauge magnetic
ﬁeld and enables dynamic topology control of photonic
systems.

ymmetry is a fundamental concept that deﬁnes physical
eﬀects in many areas. Diﬀerent types of symmetry breaking
lead to the realization of various exotic phenomena, such as the
formation of topologically protected states in Fermionic
systems.1,2 Recently it has been demonstrated that the concept
of topological protection can be extended to bosonic systems
as well, which opened a way for the realization of a
conceptually new class of photonic platforms, photonic
topological insulators.3−6 The ﬁeld of topological photonics
attracted signiﬁcant interest in the community due to its
importance for both understanding fundamental light−matter
interaction and the realization of advanced photonic
applications.7,8 Photonic devices utilizing topological protection could substantially increase the robustness of the photonic
modes for diﬀerent perturbations. Such protection has been
theoretically predicted and experimentally demonstrated within diverse photonic platforms in the broadband spectral
range.9−13 Photonic topological insulators have been realized
based on a diﬀerent variation of meta-structures, such as
metamaterials with a strong gyrotropic response and alldielectric 3D metamaterials.14−16 Diﬀerent types of photonic
crystals with pre-engineered band-structure have been used for
the realization of photonic topological insulators.17,18 Along
with the aforementioned approaches, topologically protected
states for photons are realized in the system of coupled ring
resonators. It has been demonstrated that speciﬁc arrangement
of the coupling between resonators in the system leads to the
generation of a synthetic magnetic ﬁeld for photons in the
system and realization of robust edge photonic states.19−26
Recently it has been demonstrated that photonic topological
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Figure 1. (a) Schematics of the AZO-controlled integrated array of coupled SOI ring resonators (a unit cell and the corresponding spin-up (blue)
and spin-down (green) traces are shown in the inset). (b) Hofstadter butterﬂy spectrum for a 7 × 7 resonator system. The boundary between
topologically trivial and topologically protected edge state bands of interest is outlined by the dashed curve. The horizontal dashed line corresponds
1
to αM = 2 . (c, d) Mode distributions, which correspond to a topologically trivial bulk state (outlined on (b) as (1)) and topologically protected
edge state (outlined on (b) as (2)), respectively. Topologically protected edge states (d) are locked to the edge of the device and are insensitive to
geometric perturbation of the system and protected against scattering from defects. In contrast, topologically trivial bulk states (c) are sensitive to
all perturbation channels mentioned above.

■

TIGHT-BINDING MODEL
One way to realize topologically protected states in a photonic
system proposed in refs 21, 44, and 45 is to use an array of
coupled ring resonators (Figure 1a). Inset in Figure 1a shows a
unit cell of the structure, which consists of four “site”
resonators and four “link” couplers. The “link” waveguides
have a slightly diﬀerent length in comparison with “site”
resonators, which makes them detuned from resonant
condition to ensure energy conﬁnement in the “site”
resonators. The “site” rings are coupled only to their
neighboring “link” waveguides. Following the notation
introduced in ref 21, the clockwise propagating modes inside
the unit cell are denoted as spin-up states, while anticlockwise
propagating modes with spin-down states (see Figure 1a, inset,
where spin-ups are highlighted in blue and spin-downs are
shown in green). To enable degeneracy of the two spin states,
two diﬀerent propagation phases should be accumulated for
the modes hoping in the forward and backward directions.
Such phase diﬀerence is achieved with shifting one of the “link”
waveguides from its symmetry position in the unit cell by a
vertical oﬀset of ξ (inset in Figure 1a). The oﬀset leads to the
diﬀerence in the optical path for spin-up and spin-down states,
which in turn gives a desired accumulated phase ϕ = 2παM =
4πnmodξ/λ, where nmod is a modal index and λ is a wavelength
of light. The Hamiltonian of such system can be described by
the Harper-Hofstadter model:46
H0 =

ij

this case, the system has q allowed bands (populated with
nontopologically protected bulk states) and q − 1 band-gaps.
In the case of the ﬁnite-sized structure, band-gaps are ﬁlled
with topologically protected edge-states. The boundaries
between topologically nonprotected bulk and topologically
protected edge state bands of interest are outlined by the
dashed curve. However, there are several band-gaps populated
by the protected edge states not outlined here.46
Precise control of the synthetic gauge magnetic ﬁeld can be
realized by controlling the mode index of the “link”
waveguides. By choosing the working wavelength and proper
design of waveguide array, it is possible to realize a photonic
state that lays in the vicinity of the forbidden band gap, such
that change of “link” waveguide mode index will transfer
topologically nonprotected bulk to the topologically protectededge states and vice versa, that is, make transition between the
states (1) and (2) in Figure 1b. Figure 1c,d shows the mode
distributions, which correspond to bulk state (1) and
topologically protected edge state (2), respectively.

■

ULTRAFAST CONTROL OF SYNTHETIC MAGNETIC
FIELD WITH TCOS
To achieve ultrafast control of a gauge magnetic ﬁeld, we
propose to use a silicon resonator array on silicon dioxide
integrated with an AZO layer as a dynamically tunable
material. Previously it has been demonstrated that modulation
of the TCO’s optical response can be achieved via optical
pumping.47−49 The pump with an energy greater than the band
gap is used to move valence band electrons up into the
conduction band. The excited electrons, in turn, alter the
properties of the material until the electrons and holes
recombine. This method generates free carriers throughout
the bulk of the entire ﬁlm (≈100 nm) and is only limited by
the material absorption (≈10 fs) and recombination time. It
has also been shown that up to 500% relative changes in the
AZO linear refractive index can be achieved.47 In ref 48,
ultrafast and large intensity-dependent linear refractive index
responses in an ITO ﬁlm around the ENZ point, with an index
modulation of 170% and a recovery time of about 360 fs was
demonstrated.
Here we assume that AZO ﬁlms have a 3% dopant
concentration, which results in a crossover frequency of 0.55

∑ bx̂ ,ybx̂ ,y − J jjjjj∑ bx̂ + 1,ybx̂ ,ye−iyϕ + bx̂ ,ybx̂ + 1,yeiyϕ + bx̂ ,y + 1bx̂ ,y
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z
{
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j x ,y
k

†

†

†

(1)

b̂†x,y

where
(b̂x, y) is the creation (annihilation) operator at the
site (x, y) and J is the eﬀective tunneling rate between
resonators. Since the behavior of such a system is identical to
the dynamics of charged particles in a uniform external
magnetic ﬁeld, it supports quantum Hall eﬀect for photons.
Figure 1b shows the Hofstadter butterﬂy spectrum, eigenvalues
of the Hamiltonian plotted as a function of the applied
magnetic ﬁeld. The ratio αM = p/q determines the band
structure of the system; here, p and q are prime numbers. In
B
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Figure 2. (a) Real (solid) and imaginary (dashed) parts of the refractive index of the AZO ﬁlm at two regimes without pump (No Pump, red) and
with pump (Pump, blue). (b) Cross-section of the AZO integrated tunable “link” waveguide: on a silicon dioxide substrate. (c) Fundamental mode
distribution inside tunable link waveguide. (d) The unit cell used within transfer matrix formalism for strongly coupled microring resonators. Each
ring is divided into four sections; the junctions between sections are shown with the dashed yellow lines.

Figure 3. (a) Transmission spectrum of the 7 × 7 photonic lattice without pump: two highlighted regions correspond to short (blue) and long
(green) topologically protected edge state bands; (b, c) ﬁeld distributions for the topologically protected modes: long-edge (b) and short-edge (c)
modes. Corresponding wavelengths are marked in (a) by green and red circles at 1.2992 and 1.2998 μm, respectively.

eV (frequency at which 9 (ε(ω)) crosses zero) and a damping
coeﬃcient of 0.2 eV. Therefore, the refractive index of AZO
= 0.8506 + i0.034.34,36
ﬁlm at 1.3 μm is equal to nunpump
AZO
Additionally, we assume that optical pumping introduces 10%
change of the real part of the refractive index at 1.3 μm and
results in npump
AZO = 0.766 + i0.0567. The dispersion of AZO ﬁlm
is shown in Figure 2a. Dispersion dynamics is determined
based on the assumption of achievable 16% modulation of
crossover frequency by optical pumping of TCOs.34
To realize ultrafast control over the mode index of link
waveguides, we propose to partially cover tunable “link”
waveguides with a 50 nm thin AZO layer. Cross-section of
such a tunable link waveguide is shown in Figure 2b. Here we
assume that all resonators have 510 × 220 nm2 cross-section
that ensures single-mode propagation in the near-infrared
spectral range. Without loss of generality, we are focusing on
the 1.3 μm working wavelength; however, by modifying the
geometry of the resonators as well as AZO doping level, it is
possible to shift the working wavelength at the telecom
frequency band of 1.5 μm.
To determine mode indexes of the fundamental mode in the
tunable “link” waveguide in unpumped and pumped regimes,
we have performed mode analysis using Lumerical MODE
Solutions. Fundamental mode distribution inside tunable link
waveguide is shown in Figure 2c. In the unpumped regime, the
= 2.7030 +
mode index of the tunable link waveguide is nunpump
mod

i0.0019, while in pumped regime the mode index becomes
npump
mod = 2.7016 + i0.0022. We note that it is demonstrated that
more complex designs of TCO modulators38,50 could provide
an even stronger change of the mode index, hence, enabling
higher tunability of gauge magnetic ﬁeld, as well as a smaller
attenuation.

■

RESULTS
Here we use a transfer matrix method, adapted from ref 51.
The unit cell used within transfer matrix formalism for strongly
coupled microring resonators is shown on Figure 2d. Each ring
is divided into four sections; the junctions between sections are
shown with the dashed yellow lines. More details of the
transfer matrix approach are provided in the Supporting
Information. We considered an AZO-integrated tunable
photonic system, built on an array of 7 × 7 site microring
resonators (see Figure 1a). We have determined transmission
and coupling coeﬃcients of the system by using variational
ﬁnite-diﬀerence time domain analysis of an add/drop ﬁlter and
the system of two “site” resonators coupled via “link” coupler
(Lumerical MODE Solutions). The total length, LSR = 65 μm,
of the “site” resonators provides a resonant response around
1.3 μm, while the length of the “link” waveguide is detuned
from the resonant condition by η = 150 nm (LLR = 65.15 μm).
The 100 nm gaps between ring resonators and 12.8 μm
coupling length make the eﬀective coupling coeﬃcient κij =
C
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Figure 4. (a, d) Transmission spectra of the 7 × 7 photonic lattice without (blue) and with (red) pump (a) “Short-edge” topologically protected
bands without (blue highlight) and with (red highlight) pump. Modulation gap between topologically trivial and protected state bands is indicated
by dashed lines. (b, c) Field distribution inside the photonic lattice without (b) and with (c) pump at 1.3 μm. (d) “Long-edge” topologically
protected bands without (green highlight) and with (red highlight) pump. (e, f) Field distributions inside the photonic lattice without (e) and with
(f) pump for the “long-edge” band.

0.41, while a 120 nm gap with the input/output couplers
assures κin = 0.48. The AZO layer covers 30% of the link
couplers and does not overlap with the coupling regions to
achieve uniform coupling throughout the sample (see the inset
in Figure 1a).

the eﬀective mode index of the AZO covered part of the
to npump
tunable “link” waveguides is switched from nunpump
mod
mod ,
thus, blue-shifting the transmission spectrum in comparison
with the unpumped case. As a result, the mode corresponding
to 1.3 μm becomes topologically nonprotected under the
pump illumination.
Figure 4a shows the transmission spectra of light
propagating through the photonic system in the unpumped
(blue line) and pumped (red line) regimes. Dashed lines
indicate the available modulation gap between topologically
nonprotected and protected state bands. Figure 4b,c shows the
ﬁeld distribution inside the photonic lattice in the unpumped
(b) and pumped (c) regimes at a wavelength of 1.3 μm. Due to
the aforementioned transition of the system, transmission
through photonic lattice changes from 47% (topologically
protected) to 16% (topologically nonprotected). As seen from
these dependencies, the optical control of the AZO photonic
lattice changes the topological protection of a photonic state at
the desired wavelength range. It is possible to achieve a
transition between the long-edge protected and the topologically nonprotected states as well. Long-edge topologically
protected bands in the unpumped and pumped cases are
represented in Figure 4d by green and red shadowing,
respectively. Dashed lines indicate the modulation gap between
the topologically nonprotected and protected state bands.
Here, we note that the modulation of the AZO optical
properties leads to a “long-edge”−“bulk” state transition
around 1.299 μm. The mode distributions of the “long-edge”
state (unpumped) and bulk state (pump) are shown in Figure
4e,f. Because of such a transition, the transmission through the
photonic lattice becomes less than 1% for the topologically
trivial (pumped regime), while it is 9% for the “long-edge”

■

TUNABLE PROTECTION OF PHOTONIC STATES
Displacement of the tunable link waveguides by ζ = 90 nm
makes αM = 0.1883 and, in general, creates six topologically
protected bands around a 1.3 μm wavelength. For further
discussion, we focus on the outermost two bands in the
Hofstadter spectrum (shown in Figure 1). Figure 3a shows the
transmission spectrum of the 7 × 7 photonic system for the
unpumped regime when the eﬀective mode index of the AZOcovered tunable link waveguide becomes nunpump
mod . The two
highlighted regions (Figure 3a) correspond to short and long
topologically protected edge state bands. The boundaries
between topologically protected and trivial states are outlined
with dashed lines. Short-edge states correspond to spin-down
states (counterclockwise propagating modes), while long-edge
states are referred to as spin-up states (clockwise propagating
modes) based on the path length they travel through the lattice
from input to the output. Figure 3b shows the long-edge mode
distribution inside the lattice, which corresponds to the
wavelength marked by a green circle in Figure 3a.
Figure 3c shows the energy distribution of the topologically
protected short-edge mode (wavelength is marked in Figure 3a
by a red circle). Arrows indicate propagation directions of the
mode inside the lattice. Dimensions of the microring
resonators array are chosen such that the mode at a wavelength
of 1.3 μm lies on the edge of the topologically protected band
(short-edge) for the unpumped regime. In the pumped regime,
D

DOI: 10.1021/acsphotonics.8b01355
ACS Photonics XXXX, XXX, XXX−XXX

ACS Photonics

Article

Figure 5. (a) Transmission spectra of the 7 × 7 photonic lattice with a defect (missing resonator) along the edge for unpumped and pumped
regimes. (b) Field distribution of the topologically protected “short-edge” mode (unpumped regime) and bulk mode (pumped regime) at 1.3 μm in
the case of the photonic lattice with a single defect.

Figure 6. Transmission spectrum of a lattice in the presence of disorders for unpumped and pumped cases for two diﬀerent modulation levels of
the AZO junction: (a) 2.5% and (b) 5%. The solid curves correspond to mean values of the spectra, while the shaded regions correspond to the
standard deviation resulting from disorder. Averaging is performed over 100 diﬀerent realizations for each of the cases.

Here we would like to underline the eﬀect of photonic
losses.52 The above analysis indicates that the overall
transmission through topologically protected channels is
below 100%. The main reason for this is the propagation
losses in the tunable waveguide couplers introduced by the
AZO modulator junctions. A possible way of solving this issue
is to use either more advanced high-eﬃciency modulator
designs or to optimize TCO material composition that would
provide the same order of tunability at a lower attenuation
level. High-eﬃciency modulator designs can be obtained based
on conventional optimization techniques or by using inverse
design optimization methods, such as topology optimization53
and machine learning assisted inverse design optimization.54
The optical properties of TCOs can be eﬃciently adjusted via
doping and tuning the fabrication parameters,55,56 providing an
additional degree of freedom for designing highly eﬃcient, lowloss modulators. For example, AZO permittivity is strongly
dependent on oxygen pressures upon deposition. Tuning the
pressure level56 can be used to optimize optical properties at
the wavelength band of interest. Another tuning option is to
carefully adjust the dopant level of AZO, which could enable a
signiﬁcant reduction of ohmic losses in the band of interest.
More details are provided in the Supporting Information. To
sum up, a careful adjustment of material properties (material
composition and deposition condition), as well as overall

state. By choosing the right dimensions of the microring
resonator array, it is possible to achieve “long-edge” topology
modulation at the desired wavelength. Here, we optimized our
system to have the desired modulation for “short-edge” state at
1.3 μm.
To demonstrate the robustness of the topologically
protected states, the case of the photonic lattice with a missing
resonator along one of the sides of the sample is considered
(Figure 5b,c). Here, we chose short-edge topologically
protected state at 1.3 μm. We would expect that due to the
topological robustness the edge state (unpumped regime)
would bypass the impurity without scattering into bulk, while
the trivial bulk mode (pumped regime) would lead to the
reduction of the transmission due to scattering on such defect.
Transmission spectra of the 7 × 7 resonator system with the
defect for unpumped and pumped regimes are shown in Figure
5a. In the case of the topologically protected mode (unpumped
case) at 1.3 μm, the transmission is 19%, in comparison with
7% at the pumped case, topologically nonprotected mode.
Field distributions of the topologically protected and nonprotected, trivial modes are shown in Figure 5b and c,
respectively. As expected, the topologically protected edge
state bypasses the defect and does not acquire additional
scattering losses, while in the pumped regime, the mode is
topologically nonprotected and scatters into the bulk.
E
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Figure 7. (a) The number of topologically protected modes in the system under diﬀerent modulation levels. (b) Transmission spectra of the 5 × 5
photonic lattice for unpumped (blue) and 10% modulation level case (red). (c, d) Field distributions of the topologically protected mode (10%
modulation) and the topologically trivial mode (unpumped regime) at 1.3004 μm (shown with a dashed vertical line on (b)).

■

TOPOLOGICAL PHASE TRANSITION
The proposed approach can be extended to enable a phase
transition between diﬀerent states of a photonic topological
system. As outlined above, the state of a photonic topological
insulator is determined by an applied synthetic gauge magnetic
ﬁeld αM and can be mapped into Hofstadter butterﬂy via αM =
p/q, the ratio that deﬁnes the number of bands and forbidden
gaps. To realize a topological phase transition, one could utilize
the fact that the center-most bands are degenerate at the gauge
ﬁelds which correspond to even q values.46 This condition can
be satisﬁed by optimizing the proposed TCO microring
resonator array, thus, enabling a topological insulator with a
closed central band gap. The topological phase transition is
achieved by modulation of the synthetic magnetic ﬁeld, which
leads to the formation of new bands with diﬀerent Chern
numbers. One interesting case can be realized using αM = 1/2
the gauge ﬁeld conﬁguration (shown by the black dashed line
in Figure 1b), which corresponds to the case of the trivial state
of two bands connected via Dirac point.57 A perturbation of
the gauge ﬁeld might lead to reopening of the central gap,
hence transferring the system to a nontrivial topological state.
For example, by tuning the gauge ﬁeld from αM = 0.5 (p = 1, q
= 2) to αM = 0.4 (p = 2, q = 5), it is possible to transfer the
system from a trivial conﬁguration to a topologically nontrivial
state with ﬁve bands and to correspond four band-gaps ﬁlled
with topologically protected states for a ﬁnite-size lattice.
To demonstrate this eﬀect, we consider a photonic system
with AZO-integrated 5 × 5 microring resonators. Displacement of the tunable link waveguides by ζ = 715 nm makes αM
= 0.5 (p = 1, q = 2) and brings the system into the trivial state
with no topologically protected edge modes. The synthetic
gauge magnetic ﬁeld is tuned by pumping the tunable link
waveguides to achieve αM = 0.545 (p = 109, q = 200), which
brings the system into a nontrivial topological state. The
advanced band structure calculations can be used for detailed
analysis of such cases.57 Here, we assume that the AZO based
modulator covers 30% of tunable link waveguides and enables
up to 10% modulation of the modal index. To verify this, we
determined the number of topologically protected edge modes
in the system under diﬀerent modulation level: unpumped, 4%,

microring resonators array conﬁguration, should enable a
signiﬁcant reduction of the signal attenuation in the system.
Another important issue is the robustness of the approach
against fabrication imperfections. Due to limited fabrication
tolerance, device realization is associated with diﬀerent
perturbations of the key system parameters, such as mismatch
of the ring resonance frequencies, variations in the coupling
constant and the loss rate. Particularly, we consider the case
when the total length of each resonator (LSR) and each coupler
(LLR) has a ±10 nm random deviation from the standard
uniform distribution, while the coupling between the waveguides has a 4% random mismatch from the ideal value deﬁned
by κ̃ij = κij + 0.04κijδ, here κij is an ideal coupling coeﬃcient, δrandom number generated from the standard uniform
distribution.
We have considered a 7 × 7 photonic system where each
resonator and the coupling junction have a random
perturbation outlined above. Figure 6 shows the transmittance
spectrum of a lattice in the presence of disorders for
unpumped and pumped cases. The solid curves correspond
to mean values of the spectra, while the shaded region
corresponds to the standard deviation resulting from the
disorder. Averaging is performed over 100 diﬀerent realizations
for each of the cases. We have assumed 2.5% and 5%
modulation of the tunable AZO junctions. The ﬁgure indicates
that the edge state regions are signiﬁcantly less aﬀected by the
introduced perturbations, that is, their transmittance is least
aﬀected, while bulk-state regions are signiﬁcantly aﬀected by
the noise. This result is in total agreement with the
experimental veriﬁcation done in ref 45. By pumping the
system, it is possible to obtain the spectral modulation gaps
between the protected photon state and the bulk state.
However, due to disorder, not all of the realization produces
the desired switch between the states. The analysis of the ﬁeld
distribution inside the 7 × 7 resonator system at 1.3 μm
resonant wavelength reveals that 39 out of 100 realization leads
to the topologically protected edge and nonprotected bulkstates switch in the case of 2.5% modulation. In the case of 5%
modulation of the AZO junction, 61 realization leads to the
topologically protected edge state to nonprotected bulk state
transformation out of 100.
F
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8%, and 10% modulation of AZO coupled junctions of tunable
link waveguide (Figure 7a). As expected, topologically
protected states vanish in the unpumped regime which
corresponds to a photonic state with trivial topology, while
in the pumped case there are several detectable topologically
protected edge modes in the system. The number of
topologically protected states is increasing with the increasing
modulation level. This eﬀect can be explained by the fact that a
higher modulation level corresponds to a higher synthetic
magnetic ﬁeld and leads to wider band gaps. The transmission
spectra of trivial (unpumped) and nontrivial (10% modulation
of tunable link waveguides) states are shown in Figure 7b,
where a clear formation of the transmission plateau,
corresponding to a topologically protected band highlighted
by the red shadowing, is depicted. The dashed vertical line
indicates the frequency corresponding to the two ﬁeld
distributions inside the system for the nontrivial (Figure 7c)
and trivial (Figure 7d) cases. Thus, we demonstrate that the
proposed method enables the topology phase transformation
of the photonic states from trivial to nontrivial regimes.
One of the possible applications of the topological phase
transition is high-eﬃciency, backscattering-free optical modulators. Along with the high-order modulation of transmission
(see Figure 7b), the topological transformation ensures the
robustness of the device to the external perturbations and
makes a modulated signal immune to backscattering due to its
topological protection. A critical remaining question that
requires a more detailed analysis is related to the minimal
achievable footprint of the modulator built on the topological
phase transition. Since topological protection is a property of
the entire system, there should be a minimum for the number
of unit cells that could support such protection.
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A. Optimization of Al-Doped ZnO Films for Low Loss Plasmonic
Materials at Telecommunication Wavelengths. Appl. Phys. Lett. 2013,
102 (17), 171103.
(57) Harper, F.; Simon, S. H.; Roy, R. Perturbative Approach to Flat
Chern Bands in the Hofstadter Model. Phys. Rev. B: Condens. Matter
Mater. Phys. 2014, 90 (7), No. 075104.

I

DOI: 10.1021/acsphotonics.8b01355
ACS Photonics XXXX, XXX, XXX−XXX

