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ABSTRACT: Optical microcavities are widely used to confine
photons for exciton-polariton formation. However, their compact
design often imposes limitations on spatial freedom, particularly in
controlling the cavity length with the nanometer precision required
for effective coupling with excitons. Existing methods for tuning
resonances by integrating cavities with dynamic structures often
lack sufficient resolution or a complex operation. Here, we
introduce a multiresonant microcavity array that provides a full
spectral selection of cavity resonances with a sub-5 nm cavity
length variation. We employed this platform to investigate room-
temperature polariton formation using gradient core-crown
colloidal quantum wells that host highly stable excitons. The
strong coupling system exhibits longevity of Rabi oscillations with a quality factor of QR = 3.3 and a large Rabi splitting exceeding
twice the thermal losses. Notably, we achieved control of the polariton mixed properties across the cavity arrays on a single substrate.
This platform is promising for the development of on-chip polaritonic devices.
KEYWORDS: exciton-polaritons, tunable, colloidal quantum wells, on-chip devices

Optical microcavities provide a versatile platform for
strong coupling between excitons and photons, resulting

in the formation of hybrid states known as microcavity
polaritons. They were first observed experimentally by
Weisbuch et al. in 1992,1 using a Fabry-Peŕot (FP) cavity
composed of two distributed Bragg reflectors (DBRs) to trap
photons in between. To date, this configuration remains the
most widely used for polaritonic studies, enabling the
demonstrations of room-temperature Bose−Einstein conden-
sation,2,3 quantum fluids,4,5 and low-threshold polariton
lasing.6−8 A key advantage of such structures is their ease of
fabrication, currently using only thin-film deposition techni-
ques, which renders them well-suited for wafer-scale
production. However, a long-standing challenge persists in
precisely adjusting the cavity length to control the detuning
between cavity resonance and exciton energy. This precision
should fall within the narrow exciton transition line width,
which can be as small as 10 nm.9 The difficulty primarily arises
during the thin-film deposition process, which includes
techniques such as physical vapor deposition and chemical
vapor deposition of dielectric layers or spin coating of the
excitonic material. Inhomogeneous films or cavities with
thickness variations are frequently observed, especially when
colloidal materials are considered.10−12 In previous studies, the
identification of a suitable cavity mode was achieved by

scanning of a laser beam across the cavity surface, aided by
random variations across the sample.10,12,13 Furthermore, the
closed design of these microcavities presents a limitation in
tunability, which is a drawback compared to open-surface
cavities.

To enhance the flexibility of microcavities, mounting mirrors
on nanopositioners offers fine-tuning with nm precision but is
complex for chip-scale polaritonic applications.14,15 Liquid
crystal (LQ)-integrated microcavities also provide tunability
but are limited to the microscale by thick cavity lengths.16

Recently, ultralow-loss phase change materials (PCMs)-based
DBR has been employed for continuous tuning;17 however, the
tuning range is coarse, as it involves shifting the entire
photonic bandgap of the DBR. On the other hand, tunable
coupling can also be achieved by adjusting the excitonic
properties; for example, temperature variation is the common
approach.18 However, this method causes a change in exciton
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binding energy. Therefore, a long-standing challenge remains
to develop a microcavity platform that offers precise, on-
demand tunability for polariton applications that can be
integrated into on-chip devices and remains stable and
compatible with various excitonic materials.
Here, we introduce multiresonant microcavity arrays

fabricated using a binary lithography and reflow (BLR)
method to address the current limitations of compact cavity
structures with superior tunability, stability, and integration.
The most striking feature of this process is its ability to
integrate multiple microcavities on a single substrate with an
ultrasmall step cavity length variation of sub-5 nm, across a
controlled broad range, all with a single-step lithography
process. This approach allows for self-consistent measurements
from one cavity to another as the undesired influences from
other variables are eliminated. Unlike MEMS or piezoelectric-
based tuning,14,19 which have limited operational lifetimes, our
static tuning approach is inherently more stable and less
complex. Moreover, our BLR fabrication method allows
multiple resonant states to be integrated on the same substrate,
unlike open-cavity systems, which require sequential tuning.
These advantages make our platform highly scalable and ideal
for large-scale production.

We employed these microcavity arrays for room-temper-
ature strong coupling with gradient core-crown (C/C) CdSe/
CdSexS1−x colloidal quantum wells (CQWs). We reported
these CQWs recently and demonstrated their photophysical
and excitonic properties.20 Polaritons and lasing in CQWs have
previously been demonstrated using various cavity systems,
including plasmonic nanoholes,21 nanoparticle lattices,22

metallic films,23 and FP microcavities.24 However, these
studies have primarily focused on core-only CQWs that
often suffer from nonradiative exciton recombination due to
the inefficient passivation of surface trap states. In this work,
we used our gradient C/C CQWs as they offer better optical
stability while preserving high exciton binding energy, making
them more suitable for polariton studies.20 Using the
microcavity array, we achieved simultaneous energy detuning
between cavity photons and excitons over a broad range, up to
three times the exciton line width, while remaining within the
same cavity mode order. A complete anticrossing of polariton
emission with varying cavity resonance is observed, unambig-
uously confirming strong coupling. Additionally, by controlling
the detuning energy, we can modulate the exciton/photon
ratio, the Hopfield coefficients, in the normal direction across
the cavity array, thereby simultaneously adjusting the polariton
effective mass. These advancements hold significant promise

Figure 1. A multiresonant microcavity polariton device. (a) Schematic of the multiresonant Tamm-plasmon microcavity array consisting of
DBR/silver mirrors embedding a thin film of CQWs and dielectric spacers. The cavity length varies, resulting in variation of the exciton/photon
fraction of polariton emission across the array. (b) Schematic illustration of the gradient C/C CdSe/CdS CQWs, along with a TEM image. (c)
Absorbance-photoluminescence (PL) spectra of the CQWs thin film fitted with the particle-in-a-box quantum model (red line). Green filled curves
are the fitted absorbance of hh (heavy hole) and lh (light hole) excitons, respectively.
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for the development of on-chip polariton devices. It is worth
noting that the device and fabrication technique proposed here
can also be applied to other photonic systems using high-
quality factor FP cavities such as tunable vertical-cavity surface-
emitting lasers (VCSELs) or high-purity color filters.
A schematic illustration of the multiresonant microcavity

array is shown in Figure 1a. The array is designed to create
multiple distinct resonant cavities by controllably varying the
thickness of the bottom dielectric spacer while keeping the
thicknesses of the layers above constant. Each square pixelated
cavity has a lateral size of 50 μm with a 10 μm separation
between neighboring cavities. Afterward, a thin film of CQWs
is spin-coated onto the array, encapsulated by dielectric
spacers, and embedded within Tamm plasmon micro-
structures,12 composed of DBR and silver mirrors. This
approach allows for precise control of the cavity resonance
on a single substrate, requiring only a single lithographic step.
In CQWs, the conventional type-I core/crown hetero-

structure consists of a CdSe core and a CdS crown, where the
CdS crown passivates the periphery of the CdSe core,
enhancing the photoluminescence quantum yield
(PLQY).25,26 In this study, we choose gradient CdSe/
CdSexS1−x C/C CQWs as the emitter layer. The gradient
interface between core and crown layers was achieved through
the sequential growth of the CdSe core and CdSexS1−x crown
layers in a one-pot reaction,20 rather than the separate
synthesis of CdSe core and CdS crown growth as previously

reported.27 Detailed synthesis procedures are provided in the
Supporting Information. As a result of the alloyed interface, the
gradient C/C CQWs exhibited enhanced PLQY of 92%, while
the conventional C/C CQWs exhibited lower PLQY of 78%.20

Transmission electron microscopy (TEM) images of the
synthesized gradient C/C CdSe/CdSexS1−x CQWs are shown
in Figure 1b. TEM images show the quasi-rectangular shape of
the CQWs, with uniform lateral dimensions of approximately
13 × 22 nm and a thickness of 1.4 nm, equivalent to 4.5
monolayers (MLs) (Figure S2). Energy-dispersive X-ray
spectroscopy (EDS) line scans on individual CQWs20

demonstrated the compositional gradient and smooth
transition from the CdSe core to the CdS crown in our
previous study. Compared to conventional C/C heterostruc-
tures with sharp interfaces, the gradient C/C architecture
exhibits improved photostability (Figure S3) and thermal
stability (Figure S4) with enhanced PLQY. At the same time, it
maintains a high binding energy, making it suitable for exciton-
polariton strong coupling. To compare lasing stability, we
deposited both C/C and gradient C/C CQWs on glass
substrates with identical thicknesses and pumped them using a
femtosecond laser (Movie S1, Movie S2). Our results show
that, above a certain pump power threshold, amplified
spontaneous emission (ASE) peaks appeared in both samples.
However, while the ASE almost immediately disappeared in
the C/C CQWs, it persisted throughout the measurement
duration (up to several minutes) and remained stable in the

Figure 2. Fabrication process for microcavity arrays with cavity length variations. (a) Fabrication process flow. (b) Cross-sectional profile of
PMMA pixels at different reflow stages measured using a 3D optical profilometer. Top panel: 30% area fraction. Bottom panel: 60% area fraction.
Inset (b)-iii: zoomed-in surface profile of PMMA (scale bar: 20 nm) (c) Optical microscopy (OM) images of 15 pixels after PMMA reflow and
after pattern transfer via etching into SiO2, along with a plot showing the corresponding depth variation (D) measured for each pixel at each stage
using ellipsometry. ΔD̅ represents the average step depth.
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gradient C/C CQWs. This is direct proof demonstrating the
superior stability of the gradient C/C architecture.
Figure 1c shows the normalized absorption and PL spectra

of the CQW thin film. The absorption spectrum features a
heavy-hole (hh) exciton transition at 2.42 eV, with a broader
band at higher energies attributed to light-hole (lh) transitions
and alloying within the CQW crown.28 This type of particle
presents a quasi-type-I band alignment, leading to a
concentration of the excitons in the CdSe core. Thus, the
corresponding PL spectrum exhibits an emission at 2.4 eV with
a small Stokes shift of 20 meV corresponding to the band edge
emission in CdSe 4.5 MLs. To extract the exciton binding
energy, the absorption spectra were produced theoretically
with well-resolved excitonic bands, based on the particle-in-a-
box model for the quantum confinement of the excitons.29 For
simplification, only the hh and lh transitions have been
considered. The alloy contribution in the core-crown gradient
interface has been accounted using a Gaussian-like function to
average its influence on the absorption features. A value of 210
meV is found for this structure, which is lower than that for the
core and core-crown cases (Figure S5). This could be
explained by reduced Coulomb interactions between the two
charge carriers induced by the larger delocalization of both
holes and electrons inside the gradient C/C CQWs in
comparison to conventional C/C CQWs (Figure S6).
However, the important features for strong coupling, the
narrow line width of the hh exciton band of ∼10 nm and the
high exciton binding energy of around 200 meV, are preserved.
To alter the cavity length, we employ the binary electron-

beam lithography process to control the filling area of the
patterned poly(methyl methacrylate) (PMMA) resist, followed
by a heat reflow process to level the resist surface (Figure 2a, i-
ii). Throughout the entire patterning process, the exposure
dose was maintained at a constant value. As demonstrated in
our recent work,30 the remaining PMMA after an optimized
reflow heat treatment exhibits a thickness that is linearly
dependent with the area fraction of patterned pixels. Here, we
extend the approach by a pattern transfer step into an
inorganic SiO2 layer. The profile of the reflowed PMMA layer

of varying thickness is transferred onto the underlying SiO2
surface via dry etching, creating similar patterns on this
dielectric surface but with an important reduction in profile
depth by ∼3 times due to the corresponding higher etch rate of
PMMA to SiO2 (Figure 2a, (iii)). These variations in the
dielectric film will ultimately determine the cavity length
variation in the microcavity array. To complete the cavity, the
CQWs, top SiO2 spacer, and silver mirror are successively
deposited (Figure 2a, (iv)). The key advantage of BLR is that
it allows the simultaneous deposition and processing of these
layers for multiple cavities. This property ensures a controlled
experiment with mutually self-consistent cavities, where the
only variable is the cavity length. Furthermore, the BLR
process requires only a single lithographic step, eliminating the
need for separate processing steps for each cavity.

In Figure 2b, we closely examine the PMMA reflow process
using a 3D optical profilometer (Profilm3D) to measure the
surface profiles of the sample at various stages of the reflow.
We studied two patterned pixels of binary square pillars with
area fractions of 30% and 60%, respectively. After 10 s of
baking, the PMMA pillars began melting uniformly and filling
the voids between them. Leveling was observed in the high-
density pattern after heating 30 s, while the low-density pattern
continued reflowing. The continuous flat film began forming
on this pixel after 2 min of heating. Although the sidewalls
were not straight due to the reflow process, the central region
became flat (Figure 2b, (iv)). As expected, the reflowed low-
density pattern was twice as thick as the high-density pattern,
demonstrating the linear proportionality between the thickness
and the area fraction.

Finally, an array of 15 pixels with a varying area fraction was
fabricated, and the OM images after PMMA reflow and after
etching into SiO2 are shown in Figure 2c. We used the
ellipsometry to measure the thickness of PMMA and SiO2 in
each pixel, and using independently obtained information on
the dielectric functions we then deduced the depth D, as
shown in the graph of Figure 2c. The average step depth ΔD̅,
defined as the depth difference of the first and last pixels
divided by the total number of pixels, was reduced by a factor

Figure 3. Room-temperature exciton-polariton formation in the planar Tamm plasmon cavity with a gradient of C/C CQWs. (a) Cross-
sectional SEM image of the planar Tamm cavity device. Right panel: simulated electric field intensity |E|2 at the cavity resonance. The thicknesses of
the top SiO2 spacer, CQWs, and bottom SiO2 spacer are 50, 40, and 42 nm, respectively. (b) The left/right panels show the measured/calculated
angle-resolved reflectivity dispersion, respectively. (c) Angle-resolved PL dispersion. In (b-c), the dashed lines correspond to bare cavity photon
and hh exciton energies. The solid lines indicate calculated upper polariton (UP) and lower polariton (LP) branches with the color representing the
excitonic fraction |x|2 of each branch.
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of 3 down to ∼2 nm after etching. This reduction is
proportional to the etching rate ratio of SiO2 and PMMA.
We first realize the room-temperature strong coupling

between the gradient C/C CQWs and a single planar Tamm
plasmon cavity. A cross-sectional SEM image of the fabricated
cavity is shown in Figure 3a. The DBR consists of 10 pairs of
TiO2/SiO2, supporting nearly unity reflectivity (R ∼ 99.9%)
with a broad photonic stopband of 500−700 nm. Measuring
the reflectance at normal incidence of the Tamm plasmon
cavity, we deduced an experimental quality factor of Q = 115
(Figure S7). Here, the C/C CQWs layer was placed around
the maxima of the electric field to ensure optimal coupling to
the cavity mode (Figure 3a).
Figure 3b,c shows the reflectivity and PL dispersions

measured using angle-resolved spectroscopy. For PL dis-
persion, the characterization is performed under weak,
nonresonant excitation using a 405 nm continuous-wave
laser. As can be seen in Figure 3b, both upper polariton
(UP) and lower polariton (LP) branches are visible in the
reflectivity map, with a distinct anticrossing at angles ∼20 °.
However, the UP branch is barely discernible in the PL
dispersion, as shown in Figure 3c. This is mainly due to the
high density of states of the polaritons at the excitonic reservoir
near the inflection points, which causes relaxation pathways to
bypass the UP branch.31 The dispersion of polariton branches
closely matches the theoretical eigenenergies obtained from
the coupled oscillator model32 (see Supporting Information).
Additionally, by using the transfer matrix method and treating
the exciton as a classical Lorentz oscillator31 (Figure S1), we
can map out the reflectivity dispersion as shown in Figure 3b.
From the reflectivity dispersion, we extract the Rabi splitting

to be ℏΩR = 50 meV, and the uncoupled photon-exciton
detuning is ΔE = −30 meV. To confirm the coupling regime,
we use Rabi quality factor QR, which quantifies the number of
resolvable Rabi oscillations in time-resolved spectroscopy.33,34

It is defined as

=
+

Q
(2 ) ( )

R
R hh C

hh C

2 2

(1)

where Γhh = 10 meV and ΓC = 20 meV are the line widths of
bare hh excitons and cavity, respectively. The Γhh is obtained
by fitting the absorbance spectrum to the particle-in-a-box
quantum model. Note that QR > 1 corresponds to the common
strong-coupling criteria, that the Rabi splitting is greater than
average line widths ℏΩR > (Γhh+ΓC)/2; however, QR can be
used to compare different strong coupling systems as it is
normalized to the intrinsic properties of the system. We
estimate that QR = 3.3, which unambiguously confirms the
strong coupling regime. This value is greater than the QR
reported for CQWs in the other systems21,23,24 and is
comparable to that of cavity-based surface lattice resonance
(SLR),22 which can support polariton lasing. The large Rabi
splitting and longevity of the Rabi oscillations demonstrate that
the gradient C/C CQWs could be a robust excitonic material
at room temperature. The excitonic and photonic fractions of
LP, defined by Hopfield coefficients32 |x|2 and |c|2 (see
Supporting Information), are indicated by the color gradient
along the polariton dispersion lines in Figure 3b,c. As the result
of negative detuning (ΔE < 0), the LP exhibits a photonic-
dominated character at near-zero angles and becomes an
exactly half-photon, half-exciton state at the anticrossing point.
It is worth noting that the effective mass and lifetime of
polaritons are determined by the Hopfield coefficients, which,
in turn, depend on the detuning ΔE. Thus, the ability to
control energy levels of microcavities is crucial for manipulat-
ing the mixed photon-exciton properties of polaritons.

The design and fabrication of the cavity array are detailed in
Figures 1 and 2. Figure 4a shows the PL spectra measured by
stitching the laser excitation beam across each pixel. The
polariton emission was collected over a wide angular range by
using a 0.9 NA microscope objective. The anticrossing of the
LP and UP branches is clearly observed due to variations in
ΔE. As previously mentioned, the UP-peak positions could not
be identified for negative detuning. We now present the

Figure 4. Exciton-polariton formation in the multiresonant microcavity array. (a) PL spectra of polariton emission measured for individual
pixels using a 0.9 NA objective. The straight dashed line corresponds to the hh-exciton energy of C/C CQWs. Solid curves guide the peak energies
of the LP and UP branches. The UP branch is merely detected for ΔE < 0 (dashed curve). Dots highlight the peaks of LP, UP, and bottleneck LP.
(b) Polariton emission diagram of three selected cavity pixels with zero, negative, and positive detuning. (c) Polariton emission characterized at a
normal direction: (i) PL image of the cavity array collected with a 0.15 NA objective, (ii) UP and LP energies EUP/LP at normal incidence (k∥ = 0)
plotted as a function of the energy detuning and corresponding cavity length variation, and (iii) photon fraction |c|2 and the LP effective mass mLP/
mC (normalized by photon effective mass mC).

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.5c00015
Nano Lett. 2025, 25, 6109−6116

6113

https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5c00015/suppl_file/nl5c00015_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5c00015/suppl_file/nl5c00015_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5c00015/suppl_file/nl5c00015_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5c00015/suppl_file/nl5c00015_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.5c00015?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.5c00015?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.5c00015?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.5c00015?fig=fig4&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.5c00015?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


polariton formation of the CQWs in a multiresonant
microcavity array, where the cavity resonance can be precisely
tuned on-demand across the exciton energy range. We show it
as a dash line that asymptote to the exciton energy in Figure
4a. We observe that near zero detuning (ΔE ≈ 0), the UP and
LP and peaks are not well-resolved in the PL spectra. To
further confirm strong coupling, we performed angle-resolved
PL measurements for these detunings, as shown in Figure S8,
where the polariton branches are clearly resolved. Additionally,
when ΔE < −50 meV, new peaks emerge below the exciton
energy (EX = 2.42 eV), dominating the LP resonance and
remaining unchanged with detuning, as indicated by the
dashed arrow. The corresponding angle-resolved PL spectrum
(Figure S8) reveals that polaritons tend to accumulate at
higher angles near the inflection points rather than relax down
to the LP valley. This phenomenon is attributed to bottleneck
polaritons, which represent a significant challenge that hinders
polariton condensation in similar systems.35,36 Leveling up the
detuning flattens the LP dispersion, thereby mitigating the
bottleneck issue.32 Therefore, modulating the cavity level is
important for facilitating polariton relaxation.
The subsequent section of this study focuses on the

polariton emission of the microcavity array in the forward
direction. Figure 4c,i shows the PL image of the microcavity
array, captured by using a 0.15 NA objective. The polariton
emission is the brightest at zero detuning and decreases as the
detuning shifts toward either negative or positive values. This
is because, for negative detuning, polaritons predominantly
occupy large angles (as shown in the emission diagram in
Figure 4b), while, for positive detuning, the emission of the UP
branch is largely absorbed by other energy bands of CQWs.
The UP and LP energies at angle θ = 0° were determined by

fitting the angle-resolved PL dispersion of each pixelated cavity
with the theoretical eigenenergies (see Supporting Informa-
tion), and these energies were plotted against the cavity length
variation and its corresponding energy detuning (Figure 4c,
(ii)). By combining three different pattern designs for BLR in
the microcavity array (Figure S9), we can vary the cavity length
by approximately ± 30 nm with an average step of 2 nm, with
the cavity length at ΔE = 0 eV taken as the reference point.
This enables a broad spectral tunability of cavity photon
energy exceeding 100 meV, which is twice the Rabi splitting.
Finally, by adjusting the cavity length, we can finely tune the
exciton-photon ratio of polaritons, thereby enabling precise
control over the polaritonic properties within our cavity
system. As shown in Figure 4c, iii, the photonic fraction |c|2
gradually decreases along the microcavity arrays as ΔE shifts
from negative to positive values, leading to a simultaneous
increase in the LP effective mass mLP. Since the exciton
effective mass mX

hh is much larger than the photon effective
mass mC (in the order of 10−5 times), we can approximate
mLP/mC = 1/|c|2.
In conclusion, we have observed clear exciton-polariton

formation at room temperature in the gradient C/C CQWs
coupled with Tamm-plasmon microcavities. The use of
multiresonant microcavity arrays has enabled the measurement
of a complete anticrossing of polariton energies with varying
energy detuning, thereby allowing the continuous variation of
the effective mass of the polariton on a single substrate. This
approach enhances design flexibility and provides better
control of exciton-photon coupling in optical microcavities.
In future work, reducing the pixel sizes and spacing between
neighboring pixels should be investigated. This tunable cavity

thickness, enabling precise energy level control, paves the way
for the realization of polariton condensation in a cascaded
energy lattice.
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