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ABSTRACT

Exciton-polaritons have become an emerging platform for implementing non-Hermitian physics. The implementation commonly requires
control of both the real and imaginary parts of the eigenmodes of the system. We present an experimental method to achieve this purpose
using microcavities with sub-wavelength gratings as reflectors. The reflectivity and reflection phase of the grating can be changed by its
geometric parameters, and they determine the energy and linewidth of the polariton modes. We demonstrate that this method allows a wide
range of possible polariton energy and linewidth, suitable for implementing non-Hermitian polariton systems with coupled modes.
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Non-Hermitian physics' has been recently studied in many opti-
cal systems, which naturally involve gain and loss.”’ Novel phenom-
ena are expected near exceptional points, which are singularities of the
spectrum in the parameter space spanned by the complex energies of
different modes within the system and the coupling between the
modes. Experimental observations range from unidirectional propaga-
tion™” to orbital angular momentum beam emission” and enhanced
sensing.”

A particularly interesting system for non-Hermitian physics is
the exciton—polariton system, which allows the study of the interplay
of non-Hermitian physics with nonlinearity-induced features such as
superfluidity.” '’ Exciton-polaritons are formed by strong-coupling
between a photonic cavity mode and an exciton mode, each subject to
gain and loss. Compared to typical optical systems, the exciton compo-
nent introduces a much stronger nonlinearity. In a uniform polariton
system, spontaneous condensation into different modes has been pre-
dicted depending on the phase space trajectory around the exceptional
points,'' and adiabatic flipping between the photonic and excitonic
modes was envisioned near the exception points.'” These studies
provide new insight to unique features of non-equilibrium phase tran-
sitions. Coupling multiple laterally localized polariton modes provides

further freedom to engineer the non-Hermitian system and to access
novel phenomena such as the non-Hermitian skin effect due to effec-
tive non-reciprocal hopping'*™"* and synchronization among a large
array via supersymmetry selection.'”

Exploring these phenomena often requires precise tuning of the
system parameters, including the real and imaginary parts of energies
of the individual modes and the coupling strength between them. Such
tuning is difficult with conventional cavities made of distributed Bragg
reflectors (DBRs). While the cavity energy is readily tunable by a
tapered cavity thickness, other parameters, such as the cavity decay
rate, exciton energy and decay rate, and exciton-photon coupling, are
generally not tunable in the same sample. Creating a polariton lattice,
by etched micropillars or patterned metal layer deposited on top of the
cavity," introduces a variable coupling among the localized polariton
modes, yet it is challenging to decouple the energy and linewidth of
the modes. Alternatively, spatially structured non-resonant optical
pumps have also been used to introduce a potential landscape and
provide polariton gain, leading to observations such as topological
Berry phase,'” chiral state emission,”” condensation in topological
defect state,”” and optical switching of condensates.”’ However, the
pump introduces non-uniform and nonlinear modulations of multiple
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parameters of the system simultaneously. Understanding of the system
properties often requires comparison between experiments and simu-
lation for each device and pump configuration, making it difficult for
a priori predictions as well as extensions to more complicated or large-
scale lattices.

Here, we demonstrate a method to independently control both the
energy and linewidth of the photonic cavity mode and consequently the
polariton mode. It is based on a hybrid microcavity with a sub-
wavelength grating and a DBR as the two reflectors.”” The reflectivity
and reflection phase of the grating, which affect the cavity decay rate and
resonant energy, respectively, can be tuned via the geometric parameters
of the grating. The complex eigenenergy of the polariton is determined
in a completely passive way during the fabrication of the device, which
allows the device to be compatible with simple spatially uniform optical
pumping or even electrical pumping. The gratings also define the in-
plane spatial extent of the polariton mode, therefore allowing the crea-
tion of multiple localized modes with controllable coupling strengths
that could be potentially extended to large scale devices, as demonstrated
in Refs. 23 and 24. The polariton mode will be linearly polarized for the
gratings we are using, and the polarization is determined by the orienta-
tion of the grating. We demonstrate devices with a tuning range on the
order of a few meV for the eigenenergy and from sub-meV to a few
meV for the linewidth, appropriate for models that require the energy,
linewidth, and coupling strength to be comparable." ">

High-contrast sub-wavelength gratings have been used as broad-
band high reflectivity mirrors in cavities of both vertically emitting
lasers and exciton polaritons.””*° Particularly, for a square binary grat-
ing, whose cross-sectional profile is shown in Fig. 1(a), the mechanism
of the high reflectivity can be understood as the cancelation of the
zeroth-order Fourier component of two waveguide-array-like resonant
modes of the grating structure at the output (transmission) interface.””
The resonant frequency and field amplitude distribution of each of the
modes are sensitive to the geometry of the grating bars with different
dependencies. Therefore, a change in the period or duty cycle of the
grating results in an overall change of the amplitude and phase of the
reflected field. This allows us to tune the energy and linewidth of
the cavity resonance locally.

To evaluate the accessible range of tuning, we first perform
numerical simulations”® with the Rigorous Coupled-Wave Analysis
(RCWA) method™ for a realistic grating mirror structure. The mirror
consists of an Aly,Gag gAs grating on top of an Al gsGag 15As layer,
followed by a 1.5-pair DBR, with the DBR side facing an AlAs cavity.
Figures 1(b) and 1(c) show an example of the zeroth-order reflectivity
and reflection phase near a high-reflectivity region. The reflection is
computed for 800 nm light with the electric field polarized perpendicu-
larly to the grating bars and normal incidence from the AlAs side. For
the one-dimensional gratings, the reflection properties can typically
only be optimized for one of the orthogonal linear polarizations but
not both simultaneously. In this example, for the polarization parallel
to the grating bars, the reflectivity in this parameter range is only about
0.5. The grating has a thickness of 242 nm and is optimized for high
reflectivity at 800 nm. The period A and duty cycle 7 are the geometric
tuning parameters, and the highest reflectivity is obtained at
(Ao, n9) = (351 nm, 0.54). The thickness of the Alj ¢ g5Gag 15As layer
is chosen, so that the reflection phase is 7 at the highest reflectivity.

As (A,n) are tuned away from (Ay,7,) in the two-variable
parameter space, the reflectivity decreases [Fig. 1(b)], while the
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FIG. 1. (a) A schematic of the cross-sectional profile of the microcavity. Simulated
zeroth-order reflectivity (b) and reflection phase (c) of a grating-based mirror as a
function of the period and duty cycle of the grating, with 800 nm light polarized per-
pendicularly to the grating bars and normal incidence from the AlAs side.

reflection phase [Fig. 1(c)] changes monotonously in the vicinity.
Therefore, by selecting certain combinations of period and duty cycle,
it is possible to attain reflectivity and phase separately. The available
ranges of the reflectivity and phase are not independent. With
Figs. 1(b) and 1(c) as an example, given a fixed reflectivity, the corre-
sponding (A, #7) can only move on a contour line, corresponding to a
limited range of phase. However, as we will show later, the ranges are
often adequate.

In experiment, the thickness of the layers of the wafer as well as
the parameters of the grating may differ from the design, which can be
calibrated through iterations between simulation and measurement of
the energy and linewidth.

We fabricate the grating-based cavity devices on GaAs-based
epitaxial wafers. These wafers have 12 GaAs/AlAs quantum wells,
each of thickness 12 nm, distributed at three center anti-nodes of the
resonant mode of an AlAs 31/2-cavity. The lower mirror of the cavity
is a Aly15Gag gsAs/AlAs or Aly,GagsAs/AlAs DBR with a total of
36 pairs of layers. The upper mirror is the aforementioned assembly of
the Alp,Gay sAs grating layer, an Al gsGag 15As spacer layer, and 1.5
pairs of DBR. Each grating device is in a 25 x 25 ym? or 30 x 30 ym®
square region, and many devices are made with different periods and
duty cycles near the reflectivity maximum. The pattern is first written
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with e-beam lithography on a spin-coated ZEP520A e-beam resist
layer of about 300 nm thickness and then transferred to the grating
layer with BCl; reactive ion etching.

Figure 2 shows photoluminescence (PL) spectra of typical devices
in Fourier space, with a polarizer perpendicular to the grating bars.
The devices are pumped with a non-resonant continuous-wave laser
focused to a 2 um spot in the center of the grating. Strong-coupling is
evidenced by the emission from lower polariton and upper polariton
branches for both devices in display. There is emission from near the
exciton energy, due to the inhomogeneous broadening of the exciton™’
or emission from excitons with large wave vectors through first order
diffraction of the grating. For the orthogonal polarization, the excitons
remain in the weak-coupling regime.

These two devices provide an example of local linewidth control by
the grating parameters. Their design parameters are A = 324nm,
= 0.763 [Fig. 2(a)] and A = 348 nm, n = 0.763 [Fig. 2(b)]. The result-
ing lower polariton modes have nearly the same energy at zero wave vec-
tor at 1549.98 = 0.02 and 1549.99 = 0.01 meV, but the linewidths are
vastly different at 1.67 £ 0.07 and 0.67 = 0.0l meV [Fig. 2(c)]. The
Rabi splitting is iQr ~ 10 meV at zero wave vector, computed from the
exciton energy measured in the unetched area near the device and both
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FIG. 2. Fourier space PL spectra of typical devices showing equal lower polariton
energy but different linewidth. (a) Grating with designed period 324nm and duty
cycle 0.763. (b) Grating with designed period 348 nm and duty cycle 0.763. In (a)
and (b), the horizontal axes are the wave vector parallel to the grating bars (k). The
spectra are collected with a polarizer perpendicular to the grating bars. The dashed
lines are the polariton dispersions of a conventional DBR-DBR microcavity for com-
parison, calculated with a coupled oscillator model, assuming a quadratic cavity res-
onance dispersion. The parameters in the calculation are chosen to obtain the same
exciton and polariton energies at zero wave vector as the measured devices, and
the uncoupled exciton and cavity energies are marked with the dotted lines. (c) Line
spectra near the lower polariton energy corresponding to (a) and (b), integrated
within k, < 0.1 um~" and normalized to the maximum value in the energy range.
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the upper and lower polariton energies. The dispersions of the cavity,
and thus of the polaritons, have a small deviation from that of a conven-
tional DBR-DBR microcavity with quadratic cavity resonance dispersion
because the grating reflection phase also depends on the wave vector.
The polariton dispersions of a conventional DBR-DBR microcavity are
calculated with a coupled oscillator model and overlaid on the spectra
for comparison, with parameters that result in the same exciton and
polariton energies at zero wave vector as the measured devices and
assuming a quadratic cavity resonance dispersion.

To evaluate experimentally viable step sizes of the individual
parameters, we fabricate arrays of gratings with a range of different
periods A and duty cycles n; we then compare the design parameter
values with values measured through scanning electron microscope
(SEM) and compare the polariton energy and linewidth of these devi-
ces in RCWA simulated reflection spectra with measured values in PL
(Fig. 3). Al RCWA simulations are performed with 41 basis functions,
and numerical convergence is verified.

The period A of the fabricated devices follows the design very
well apart from a 2.8 = 0.4% offset above the designed values. This is
consistent among devices with different parameters and is likely from
an overall error in the calibration of the magnification of either the
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FIG. 3. Measured and simulated lower polariton energy and linewidth at zero wave
vector, for two series of gratings shown in (a) and (b), respectively. (a) Gratings
designed to have the same period and varying duty cycles, while (b) shows varying
period and same duty cycle. The upper horizontal axis labels the designed parame-
ters, while the lower horizontal axis labels the parameters used in simulation. The
experimental energy (blue square markers) and linewidth (orange diamond markers)
values are obtained by curve fitting of the PL spectra with Lorentzian peaks, and the
error bars represent the uncertainty of the corresponding fitting parameters calcu-
lated from the diagonal elements of the covariance matrix of the parameters. The
simulated energy (dashed lines) and linewidth (dotted lines) values are obtained by
curve fitting of the simulated reflection spectra with Fano line shape.

Appl. Phys. Lett. 121, 081106 (2022); doi: 10.1063/5.0116286
Published under an exclusive license by AIP Publishing

121, 081106-3


https://scitation.org/journal/apl

Applied Physics Letters

lithography or the measurement. The measured duty cycle 1 some-
times has a larger deviation from the design, due to the limitation of
beam positioning accuracy of the e-beam lithography and due to
insufficient anisotropy of the etching process. For example, when the
duty cycle is kept the same in the design and only the period is
changed (near 340 nm), the duty cycle can still vary by 0.07 (about
24 nm). If the duty cycle is also varied in design, the discrepancy can
be even larger, though the measurement uncertainty of the duty cycle
is limited by the SEM to about 20 nm.

To calibrate the actual duty cycle more accurately, we compare
the measured energy and linewidth of the devices with RCWA simula-
tions where we fix the period at the designed value and allow duty
cycle to be scaled linearly. As shown in Fig. 3, the measured linewidth
follows qualitatively the simulated results but are generally larger than
the simulated linewidth. This is expected as the linewidth of the device
is susceptible to imperfections in fabrication, such as sidewall rough-
ness and surface scattering. The finite size of the gratings can also con-
tribute to the broadening although it is not expected to be dominant
here because the size of the devices is larger than 50 periods of grat-
ing.””"> On the other hand, the polariton energies show excellent
agreement between simulation and measurements.

From this result, we estimate a step size of 6 nm for the period
and 0.08 (26 nm) for the duty cycle. For our devices, these step sizes
translate to polariton energy resolution of about 1 meV and linewidth
resolution down to 0.5 meV. By mixing changes in both parameters, it
is possible to obtain finer steps of polariton energy or linewidth. We
also expect that the duty cycle step size can be further reduced to
=<6 nm with improvements to the fabrication process.

To evaluate how broadly we can separately tune the energy and line-
width, we fabricate arrays of gratings of varying A and # on 5 x 5mm?
pieces of wafers. Figures 4(a) and 4(b) show the measured PL energy and
linewidth of lower polariton modes at zero wave vector from the gratings
on two examples pieces, respectively.

In general, the ranges of energy and linewidth are limited by the
choice of the other value. To obtain a certain detuning, for example,
will require the parameters to stay on a curve in the parameter space
that gives the grating mirror the correct reflection phase for that cavity
energy, and the reflectivity can only take values on that curve, limiting
the linewidth. On the other hand, the reflectivity needs to be main-
tained at high enough values for strong-coupling and, hence, limits the
range of detuning. For the piece shown in Fig. 4(a), the energy range
spans more than 10 meV. For energies below 1550 meV, the linewidth
range spans over 1.5meV. For energies above 1550 meV, the linewidth
is narrower and ranges between 0.24 and 0.92 meV. The reduced line-
width range is due to more positive detuning and smaller photonic
fraction at these energies, as the linewidth variation comes from the
photonic mode. Results from a similar wafer piece are shown in Fig.
4(b), where high-reflectivity is found in the parameter region near
A ~550nm and 5 ~ 0.5. In this piece, for more than 5meV of
energy range, the linewidth can be tuned by more than 2 meV.

With these records as a calibration, a practical procedure can be
followed to design and fabricate new devices that require local modes
with different complex eigenenergies: first determine the target energy
and linewidth and then select the corresponding parameters that
achieve those values from the present result.

Finally, with the tuning capabilities demonstrated, we consider
the possibility of realizing a simple design of the non-Hermitian device
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FIG. 4. A collection of measured PL energy and linewidth of lower polariton modes
at zero wave vector of gratings with various parameters on two different sample
pieces. (a) The gratings have designed periods around 336 nm and duty cycles
around 0.72. (b) The gratings have designed periods around 550 nm and duty
cycles around 0.50. Gray vertical lines mark 0.5meV energy spacing. The experi-
mental energy and linewidth values are obtained by curve fitting of the spectra with
Lorentzian peaks, and the error bars represent the uncertainty of the corresponding
fitting parameters calculated from the diagonal elements of the covariance matrix of
the parameters.

that consists of two coupled local polariton modes. For such devices, it
is often required that the coupling strength and the difference between
the imaginary part of energies are comparable. It has been shown that
sub-wavelength grating-based cavities can confine polariton modes in-
plane to smaller than 10 sm, and that these modes can be coupled to
form dimer-like modes or one-dimensional chains.”**’ The coupling
strength between neighboring modes is on the order of 0.5meV,”
comparable to the tuning range of linewidth in the present case. In
Fig. 4, vertical lines with 0.5 meV spacing are added in the background
to show the available choices of linewidth within 0.5 meV energy bins.

In summary, we have demonstrated that grating-based microcav-
ities can be used to create polariton modes with controllable energy
and linewidth. The polariton energy can be tuned over a range compa-
rable to that of the normal mode splitting, while the linewidth can be
independently tuned from a fraction of a meV to a few meV. The tun-
ing resolution of 0.5-1 meV is mainly limited by the e-beam lithogra-
phy resolution of 24 nm. Improvements in the fabrication accuracy,
especially in the e-beam lithography, will enable finer tuning resolu-
tion. The demonstrated system is scalable to large lattices. The ability
to accurately and independently tune the energy, loss, and gain of the
system may facilitate the study a wide range of non-Hermitian phe-
nomena on the polariton platform'"'**>** and may also enable
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development of single photon or entangled photon sources based on
coupled, driven polariton systems.”* *°
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