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ABSTRACT

We report the observation of bandgaps for low loss exciton–polaritons propagating outside the light cone in GaAs-based planar waveguides
patterned into two-dimensional photonic crystals. By etching square lattice arrays of shallow holes into the uppermost layer of our structure,
we open gaps on the order of 10meV in the photonic mode dispersion, whose size and light–matter composition can be tuned by proximity
to the strongly coupled exciton resonance. We demonstrate gaps ranging from almost fully photonic to highly excitonic. Opening a gap in
the exciton-dominated part of the polariton spectrum is a promising first step toward the realization of quantum-Hall-like states arising
from topologically nontrivial hybridization of excitons and photons.

VC 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0071248

The hybridization of photons and quantum well excitons leads
to the formation of exciton-polaritons, quasiparticles combining
high-speed propagation with large nonlinearity and susceptibility to
magnetic fields. These favorable properties arising from their mixed
light–matter nature have made polaritons highly attractive candidates
for novel semiconductor-based optical devices incorporating nonline-
arity1 and robustness against disorder induced by topology.2 In order
to direct and manipulate the flow of polaritons accordingly, appropri-
ate tailoring of the potential landscape is required.3 In Bragg microcav-
ities, the most mature platform for polariton research to date,
lithographic patterning has been used to strongly modify the photonic
mode dispersion resulting in gapped polariton band structures
enabling coherent devices4–7 and topological lasers.8,9

An alternative geometry to conventional microcavities for the
study of polaritons is slab waveguides (WGs) in which a guided elec-
tromagnetic mode confined by total internal reflection strongly cou-
ples to quantum well excitons.10 This configuration has not only
relative ease of fabrication but also far greater suitability for integration
into on-chip circuits owing to the large in-plane propagation velocities.
Coherent11,12 and continuum13,14 light sources have already been
demonstrated using this “horizontal” geometry, and the thin layer

structure facilitates enhancement of nonlinearities using dipolar
polaritons.15,16

Similar to microcavities, the potential landscape can be engi-
neered to emulate novel physical systems, but WGs can achieve this
without the need to etch several micrometers of material.17 A full
quantum theory of strong light–matter coupling in photonic crystal
(PhC) slabs with embedded quantum wells was given by Gerace and
Andreani over a decade ago.18 Experimentally, PhCs and bound states
in the continuum have been demonstrated using monolayer semicon-
ductors (MSs) placed on top of periodically patterned dielectric
WGs.19–21 PhCs were also made using pillars of hybrid organic–
inorganic perovskites embedded in a homogeneous dielectric.22 In the
area of topologically non-trivial polaritons, propagating edge states
protected by breaking of a pseudo-time-reversal symmetry were dem-
onstrated using MS on a PhC WG.23 Of particular interest is the
potential to realize topological polariton states protected by true time-
reversal symmetry breaking24 by combining polarization splitting,
photonic crystal bandgap, and exciton Zeeman splitting due to an
external magnetic field. So far similar states have only been demon-
strated in microcavities in the lasing regime owing to a very small
bandgap of 0.1meV.9
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While modulated band structure is one key ingredient for future
applications, it is equally important to achieve long polariton lifetimes
and propagation distances. In MS and organics, the lifetimes are short,
which may occur due to inhomogeneous broadening of the exciton
linewidth up to�10meV. The longest reported polariton lifetimes are
achieved in GaAs-based structures25 where, owing to the high quality
quantum wells, polariton linewidths can be 10–100 times smaller.
Furthermore, a crucial feature of previous works is that the studied
states are near zero in-plane momentum where coupling to freely
propagating waves in the surroundings inevitably leads to high pho-
tonic losses. For example, in Dang et al.22 even the simulated linewidth
for passive materials is of order 16meV suggesting only a 40 fs photon
lifetime. To achieve long polariton lifetime, it is critical that states are
produced at high wavenumbers where total internal reflection (TIR)
prevents radiative loss. For GaAs-based WGs, lifetimes (propagation
lengths) on the order of 10 ps (500lm) can be expected.10,13 Until
now, however, strong band structure modulation was not demon-
strated in GaAs-based polariton WGs, and polariton PhC states pro-
tected by TIR have not so far been demonstrated in any material
system. Achieving the former is challenging since it relies on etching
through a significant fraction of the core. However, etching through or
too near the quantum wells leads to high losses associated with surface
recombination effects. While previous works17 have demonstrated the
persistence of strong coupling in patterned GaAs-based WGs, the
modulated region was spatially separated from the WG core leading to
only a weak perturbation and no opening of a gap.

In this work, we implement two-dimensional square lattice PhCs
in GaAs-based WGs in the strong coupling regime. We achieve PhC
bandgaps near the Brillouin zone (BZ) edge where the states are pro-
tected by TIR and show low loss propagation over the �50lm wide
PhC for states outside the gap. The bandgap, with a width of
�10meV (roughly an order of magnitude larger than in microcavity
lattices2,3) is the signature of the polariton band structure being
strongly modulated by the periodic lattice. Finally, we demonstrate
one of the useful features of polariton-based platforms by exploiting
the excitonic content of the states to tune the gap width using an exter-
nal magnetic field.

The sample, illustrated in Fig. 1(a), is a planar WG into which
holes are etched to form a square lattice PhC. The GaAs WG core
layer has a total thickness of 295 nm and contains three 10 nm wide
In0.06Ga0.94As quantum wells (QWs) separated by 10nm GaAs bar-
riers and placed at the peak of the transverse-electric (TE) polarized
field in order to maximize the Rabi coupling. The upper quantum well
is 137 nm below the surface, which allows etch depths up to 87nm
(�30% of the core thickness) while still leaving 50nm GaAs cap to
protect the wells. The core is separated from the GaAs substrate by a
750nm thick AlGaAs cladding layer with 90% average Al composi-
tion. An extended discussion of the design of the layer structure is
given in the supplementary material.

The samples were grown by MBE and then patterned with a soft
mask using electron beam lithography to form PhCs with a square lat-
tice geometry, as shown in Figs. 1(a) and 1(b). The patterns were
etched down into the planar structure using inductively coupled
plasma etching with a chlorine/argon chemistry. Several samples were
fabricated, with lattice constants a between 120 and 130nm, hole etch
depths h between 55 and 64nm and hole diameters d between 47 and
66 nm. The ranges for fabrication were selected by calculating the PhC

band structure using Lumerical
VR

FDTD solutions finite difference
time domain software (see the supplementary material for further
details). Figure 1(c) shows an example of the simulated band structure
for photons (without coupling to the exciton) across the whole
Brillouin zone (BZ). The polarization of states in slab photonic crystals
may be classified as TE-like or TM-like, with an electric field mostly in
or out of the WG plane, respectively.26 Only the TE-like modes couple
strongly to the excitons in our QWs. The bands for both polarizations
are shown in Fig. 1(c). No narrow linewidth states could be identified
above the light cone (in the shaded region) or above the GaAs
bandgap (1.519 eV) since such states are either not guided or strongly

FIG. 1. (a) Schematic of the photonic crystal (PhC) structure in a slab waveguide.
(b) Scanning electron microscope (SEM) image of holes etched into the surface of
the waveguide showing the center-to-center distance a. (c) Bandstructure of the
photon modes of a PhC with a¼ 126 nm, d¼ 47 nm, h¼ 64 nm. The horizontal
axis follows the triangular path C-X-M-C indicated on the inset schematic of the first
BZ (top left). Vertical lines indicate the X and M points. Horizontal line indicates the
GaAs bandgap. Central inset is a zoom of the region around the X point. (d)
Calculated polariton dispersion relation in the vicinity of the X point
(kz=ð2p=aÞ ¼ �0:5) for the PhC in (c). The thick lines correspond to the states,
which are visible in Fig. 2. (e) Optical microscope image of a PhC with grating cou-
plers allowing light to be coupled in and out along the z direction and with etched
trenches. The inset shows an angled SEM image of a cleaved etched grating.
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absorbed, respectively. In Fig. 1(c), the modes get broader with
increasing energy above the bandgap and we choose to plot the disper-
sion of the modes, which have linewidth< 100meV. There is a
�10meV gap in the TE-like states around the X point, which we will
examine in more detail momentarily. From X toward M, the bands
increase in frequency so that the bandgap does not span all momen-
tum states but exists only for modes propagating near X. A larger gap
could be engineered by using a different lattice geometry, such as hon-
eycomb,24 but even this small gap serves to illustrate that polariton
band structure can be modulated by many times the linewidth and
could support edge states where the bulk 2D lattice provides other
desirable properties, such as topological protection.24

The band structure was calculated for a range of a, d, and h, and
close-to-optimal values were selected for fabrication such that the gap
in the TE-like modes at the X point is near the exciton energy and so
that the gap width was maximized without etching too close to the
QWs. In experiment, we will observe polariton rather than pure pho-
ton bands. Figure 1(d) shows an example of the calculated polariton
dispersion resulting from strong coupling between the TE-like mode
and QW excitons, focusing on the region around the X point. The
polariton bandgap can be seen clearly. To enable us to experimentally
study gap formation within the PhCs, grating couplers were fabricated
on either side of the PhC in the z direction [Fig. 1(c)]. These fold the
waveguide modes into the radiative region allowing light to be coupled
in and out. On the other two sides of the PhC, trenches were etched
(through the active region) for prospective studies of edge states,
although we note that this is an entirely optional design feature. The
side length of the PhCs corresponds to�400 periods.

For optical measurements, the sample was held at low tempera-
tures (<8K) and excited by a cw laser at 637 nm focused to a �3lm
spot on the PhC surface. This nonresonant excitation incoherently
populates the polariton modes of the PhC WGs (which lie below the
light cone) by multiple relaxation processes. The polaritons may then
propagate out of the PhC to the grating where they are scattered out
and recorded using a spectrometer. Spatial filtering optics were used to
collect the emission from selected regions on the sample.

In Fig. 2(a), we show typical examples of the emission collected
from gratings adjacent to the PhCs, measured for a single set of devices
and corresponding to a cut through the X point, along the C-X-C
direction in momentum space. The heavy attenuation of PL intensity
within particular energy windows directly results from the presence of
bandgaps in the PhC slabs. Polaritons at energies in the gaps cannot
propagate out of the PhC to be detected at the grating. We stress that
these gaps arise from the periodic potential created by the PhCs and
are qualitatively very different to the resonances induced by backre-
flection of guided modes between pairs of gratings in Ref. 12. We see
that as the PhC period a is made successively smaller, the gap (shown
by the double-sided vertical arrow) moves upward in energy, becom-
ing smaller as it approaches the exciton resonance (dashed white line).
The reduction in the gap size arises from reduction in the photonic
fraction as the gap approaches the exciton resonance, confirming that
the strong coupling is retained in the PhC region. This can also be
seen from the anticrossing behavior of the bandgap edges in Fig. 2(b),
which also includes results from devices with different hole profiles.
This is in contrast to our simulations of the purely photonic structure
(without strong coupling to an exciton) in which the gap size varies lit-
tle across this range of periods. Since the normal mode (Rabi) splitting
between the photonic and excitonic resonances is known, we can cal-
culate the exciton fraction of each gap using

jXj2 ¼
1

2
1þ

E
ph
G � EX

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðE
ph
G � EXÞ

2
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2

4

3

5; (1)

where E
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G is the central gap energy of the bare photonic gap, calculated

using E
ph
G ¼ X

2=4ðEX � E
pol
G Þ þ E

pol
G , where E

pol
G is the central gap

energy of the lower polariton branch. In the data shown in Fig. 2, the
gap passes from almost fully photonic (jXj2 ¼ 1%) to predominantly
excitonic (jXj2 ¼ 61%), as can be seen from Fig. 2(c). In other devices,
we have measured gaps with exciton fractions as high as 73%. We
note that emission from states within�1.5meV below the exciton line
is heavily attenuated due to absorption, which, along with the

FIG. 2. (a) Angle-resolved photoluminescence spectra corresponding to PhCs with different periodicities. The devices have holes with diameter d¼ 47 nm and etch depth
h¼ 64 nm. (b) Measured and calculated positions of gaps (upper and lower band edges) against PhC period for devices with different hole profiles (different diameters d and
etch depths h). The calculated positions are given by taking the gaps from photonic simulations and assuming a Rabi splitting of 9 meV with the exciton resonance. The error
bars on the measured data points represent the standard deviation from measurements of different devices with the same hole profiles. (c) Exciton fraction at the center of the
gap vs periodicity for hole profiles corresponding to the solid curves in panel (b).
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broadened polariton linewidths, places an upper bound on the exciton
fraction of gaps, which can be observed in our current samples. This
may be improved somewhat by reducing the exciton inhomogeneous
linewidth and/or increasing the Rabi splitting to increase jXj2 for
polariton states further from the highly absorbing part of the exciton
tail. We also note that within the gaps some weak emission is visible,
implying that the reflectivity is below unity, which arises from the
finite extent of the PhCs. As we show in Fig. 3, the extinction within
the gap depends strongly on the length of photonic crystal (i.e., num-
ber of lattice periods) between the excitation spot and the edge of the
PhC. Increasing the number of periods strongly increases the attenua-
tion for energies in the gap. This is clear evidence that the observed
gaps are due to reflection of propagating polaritons from the periodic
PhC structure. We further note that outside the bandgap, there is little
observable dependence on excitation spot distance. This demonstrates
that the decay length of freely propagating polaritons in the photonic
crystal (but outside the gap) is much larger than the 35lm length over
which the spot was moved. This is consistent with the �500lm
lengths in unpatterned polariton waveguides.10,13

In contrast to our system, the primary gaps studied in periodic
potentials in Bragg microcavities are typically formed in the photonic
part of the spectrum and, thus, have far smaller exciton fractions,
which severely limits the ability to tune the gap position using external
fields. If the exciton content is large, however, one may employ diverse
methods to tune the energy of the gap, including temperature, optical
excitation, and electric and magnetic fields.27 In order to demonstrate
the feasibility of tuning gaps in our devices, and also to show unambig-
uously that they are polaritonic in nature, we placed our sample in a
magnetic field in Faraday geometry. The results are summarized in
Fig. 4. The predominant effect is the diamagnetic (blue)shift of the
exciton resonance, which reduces the exciton fraction of the gaps and,
hence, increases their size. For the PhC with a¼ 125nm, the gap size
can be increased from 4.0meV at B¼ 0 T to 5.4meV at B¼þ9T
[Figs. 4(a)–4(c)]. In the case of the PhC with a¼ 124nm, the full gap
is not visible at B¼ 0 T, since the upper gap energy lies in the heavily
attenuated region below the exciton resonance. At higher magnetic

fields, however, the gap becomes visible, reaching a size of 2.4meV at
B¼þ9T [Figs. 4(d)–4(f)]. We, thus, demonstrate that the polariton
band structure can be tuned by varying the exciton content using a
magnetic field. It should be noted that to obtain the larger gap sizes
requires reducing the exciton content [see Fig. 2(c)], which will also
reduce the polariton nonlinear interaction strength. The tuning can be
used as a lever to strike an optimal balance between these properties.

For finite magnetic fields, there is also a Zeeman splitting of the
exciton, which reaches values exceeding 0.5meV at the highest fields.
Thus, the basic ingredients we have presented, namely, gaps in the
excitonic part of the spectrum and an exciton Zeeman splitting are
those described in Ref. 24 as the criteria for quantum Hall type (chiral)
edge states at the boundaries of the system. However, for true topologi-
cal protection, one needs the Zeeman splitting to exceed the size of the
gap; this will require an enhancement of the exciton g factor, which in
our system could be achieved by varying the In composition or width
of the quantum wells.28 Alternatively one may think about employing
semimagnetic quantum wells in a Te-based system29 or using transi-
tion metal dichalcogenides where spin-dependent strong coupling to a
photonic mode can create a giant effective Zeeman splitting exceeding
10meV.30 We note that even without a global bandgap, the system
may support topological edge states with well-defined momentum
close to the X point. Losses due to scattering into bulk modes can be
minimized by maximizing the gap size using other lattice geometries,
such as hexagonal.24

In summary, we have presented a platform to study strongly
modulated exciton-polariton band structures using patterned slab
waveguides in the strong coupling regime. We observe low loss propa-
gating states outside the light cone and bandgaps of order 10meV.

FIG. 3. Measured angle-resolved PL spectra when the excitation spot (Exc.) is at
the near (a) and far (b) edges of the PhC (a¼ 126 nm) with respect to the grating
from which light is collected (Col.). (c) PL spectra measured for different excitation
positions (i.e., number of PhC periods between the excitation and detection spots).

FIG. 4. (a)–(c) Magnetic field dependence of spectra for PhC with a¼ 125 nm. The
angle-resolved spectra measured at 0 and 9 T are shown in (a) and (c), respec-
tively, and contour plots of the angle-integrated spectrum are shown in (b). (d)–(f)
Same as (a)–(c) for PhC with a¼ 124 nm. The color scale is the same as that of
Fig. 3.

Applied Physics Letters ARTICLE scitation.org/journal/apl

Appl. Phys. Lett. 119, 181101 (2021); doi: 10.1063/5.0071248 119, 181101-4

VC Author(s) 2021



We have demonstrated that the gaps can be controlled both through
the photonic component (varying the period of the crystal) or the exci-
tonic component (external magnetic field). For future studies, we
envisage the patterning of photonic crystals with different lattice
geometries featuring exotic dispersion relations,31,32 as well as interfac-
ing waveguides with other excitonic materials, such as atomically thin
semiconductors21 and organic polymers.33 Our system could, thus,
offer a flexible and promising alternative to microcavity-based polari-
ton lattices for the study of topological states and implementation of
optoelectronic devices.

See the supplementary material for further details of the PhC
structure and simulations used in the design process.
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Lemâıtre, M. Patrini, and L. C. Andreani, “Exciton polaritons in two-

dimensional photonic crystals,” Phys. Rev. B 80, 201308 (2009).
18D. Gerace and L. C. Andreani, “Quantum theory of exciton-photon coupling in

photonic crystal slabs with embedded quantum wells,” Phys. Rev. B 75, 235325

(2007).
19L. Zhang, R. Gogna, W. Burg, E. Tutuc, and H. Deng, “Photonic-crystal

exciton-polaritons in monolayer semiconductors,” Nat. Commun. 9, 713

(2018).
20Y. Chen, S. Miao, T. Wang, D. Zhong, A. Saxena, C. Chow, J. Whitehead, D.

Gerace, X. Xu, S.-F. Shi, and A. Majumdar, “Metasurface integrated monolayer

exciton polariton,” Nano Lett. 20, 5292–5300 (2020).
21V. Kravtsov, E. Khestanova, F. A. Benimetskiy, T. Ivanova, A. K. Samusev, I. S.

Sinev, D. Pidgayko, A. M. Mozharov, I. S. Mukhin, M. S. Lozhkin, Y. V.

Kapitonov, A. S. Brichkin, V. D. Kulakovskii, I. A. Shelykh, A. I. Tartakovskii,

P. M. Walker, M. S. Skolnick, D. N. Krizhanovskii, and I. V. Iorsh, “Nonlinear

polaritons in a monolayer semiconductor coupled to optical bound states in the

continuum,” Light: Sci. Appl. 9, 56 (2020).
22N. H. M. Dang, D. Gerace, E. Drouard, G. Tripp�e-Allard, F. L�ed�ee, R.

Mazurczyk, E. Deleporte, C. Seassal, and H. S. Nguyen, “Tailoring dispersion

of room-temperature exciton-polaritons with perovskite-based subwavelength

metasurfaces,” Nano Lett. 20, 2113–2119 (2020).
23W. Liu, Z. Ji, Y. Wang, G. Modi, M. Hwang, B. Zheng, V. J. Sorger, A. Pan, and

R. Agarwal, “Generation of helical topological exciton-polaritons,” Science 370,

600–604 (2020).
24T. Karzig, C.-E. Bardyn, N. H. Lindner, and G. Refael, “Topological polaritons,”

Phys. Rev. X 5, 031001 (2015).
25Y. Sun, P. Wen, Y. Yoon, G. Liu, M. Steger, L. N. Pfeiffer, K. West, D. W.

Snoke, and K. A. Nelson, “Bose-Einstein condensation of long-lifetime polari-

tons in thermal equilibrium,” Phys. Rev. Lett. 118, 016602 (2017).
26J. D. Joannopoulos, S. G. Johnson, J. N. Winn, and R. D. Meade, Photonic

Crystals: Molding the Flow of Light, 2nd ed. (Princeton University Press,

Princeton, NJ, 2008).
27A. Rahimi-Iman, “Polaritons in external fields,” in Polariton Physics: From

Dynamic Bose–Einstein Condensates in Strongly–Coupled Light–Matter Systems

to Polariton Lasers (Springer International Publishing, Cham, 2020), pp.

241–262.
28N. J. Traynor, R. T. Harley, and R. J. Warburton, “Zeeman splitting and g fac-

tor of heavy-hole excitons in InxGa1�xAs/GaAs quantum wells,” Phys. Rev. B

51, 7361–7364 (1995).
29R. Mirek, M. Kr�ol, K. Lekenta, J.-G. Rousset, M. Nawrocki, M. Kulczykowski,

M. Matuszewski, J. Szczytko, W. Pacuski, and B. Piȩtka, “Angular dependence
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