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How to fabricate high-quality microcavities simply and at low cost without
causing damage to environmentally sensitive active layers such as
perovskites are crucial for the studies of exciton—polaritons, however, it
remains challenging in the field of microcavity fabrication. Usually, once
the top mirror is deposited, the detuning of the microcavity is fixed and
there is no easy way to tune it. Here, we have developed a method for
deterministically transferring silver mirrors, which is relatively simple and
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guarantees the active layer from damaging of high temperature, particle bombardment, etc., during the deposition of the
top mirror. Furthermore, with the help of a glass probe, we demonstrate a replaceable silver transfer method to tune the
detuning of the microcavity, thereby changing the coupling of photons and excitons therein. The developed deterministic
and replaceable silver mirror transfer methods will provide the capability to fabricate high-quality and tunable microcavities
and play an active role in the development of the exciton—polariton field.
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1 Introduction

Since the first experimental demonstration of the strong
coupling of excitons and photons in AlGaAs quantum
well microcavity [1], exciton—polariton related research
has emerged one after another, covering multiple material
systems including CdTe [2], wide bandgap semiconductors
[3-5], two-dimensional (2D) materials [6-8], and
perovskites [9-11], etc. Perovskites are a class of materials
with a variety of excellent optical properties, such as
tunable bandgap [12, 13], large exciton binding energy
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[14], large oscillator strength [15], high optical absorption
coefficient [16], high optical gain [17], and strong emission
anisotropy [18]. Recently, a large number of intriguing
studies of exciton—polariton in perovskite microcavities
have been reported [19-24], covering quantum, topological
and other research fields. However, a key issue in the
study of perovskite exciton—polariton is the simple and
low-cost fabrication of high-quality microcavities without
causing damage to active layers. To date, various
approaches have been used to integrate perovskites into
Fabry—Pérot microcavities, which typically consist of
[
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top and bottom mirrors and gain material embedded in
them, where the bottom mirror is usually a distributed
Bragg reflector (DBR), the top mirror is usually a DBR
[25-27] or a silver mirror [28-30].

To form effective microcavities, perovskites
mechanically transferred [27] or grown directly [19] onto
the substrates pre-deposited with DBRs that are optimized
to possess high reflectivity in the desired wavelength
range. Then, a dielectric layer for tuning the cavity
length is deposited on the perovskite by coating or
mechanical transfer. The top mirror deposition in the
final step becomes the key to the fabrication of high-
quality microcavities. Similarly, there are generally two
ways to prepare top mirrors, namely evaporation and
mechanical transfer. The evaporation method is applicable
for the preparation of DBR and silver mirrors. Nonethe-
less, since perovskites are environmentally sensitive and
vulnerable to high temperature and atomic bombardment
damage during evaporation, the resulting rough surface
may compromise the quality of the microcavity. There-
fore, a more friendly method for preparing top mirrors
for environmentally sensitive active materials such as
perovskites is urgently needed. To meet this, by applying
pressure and scratching on the DBR surface, 10-50 pm
DBR flakes can be occasionally detached from the
substrate and used as top mirrors to prepare high-quality
microcavities [7, 31, 32]. However, the yield of separating
the DBR from the substrate to obtain a flat surface is
quite low, and moreover, particles would be produced to
adhere to the DBR flakes during the scratching process,
resulting in a large deviation of the cavity mode from
the design.

To this end, we elaborate a simple and feasible
method, the silver mirror deterministic transfer method,
for the fabrication of tunable optical microcavities. The
silver flakes can be transferred to any location on any
substrate and fully maintain the flatness of the pristine
silver film deposited directly on the Si/SiO, substrate.
The transferred top silver mirror has excellent reflectivity
and can be combined with the bottom DBR to fabricate
high-quality bare or perovskite microcavities. Further-
more, the transferred silver mirror can be removed with
the help of a glass probe, and after transferring a dielectric
layer with a certain thickness, a new silver mirror can be
deterministically transferred to adjust the total cavity
length of the microcavity effectively. Our deterministic
and replaceable high-quality top silver mirror transfer
method provides an avenue to explore more interesting
exciton—polariton phenomena.

are

2 Experimental section

Sample preparation. CsPbBr; microplates were
synthesized on mica substrates in a home-built system
via chemical vapor deposition method. The precursor

powder (a mixture of CsBr and PbBry, with a molar
ratio of 1:1) and the mica substrates (sequentially
arranged at a distance of 17 cm to 22 cm from the
precursor powders) were placed on a quartz boat, which
was then inserted into a quartz tube placed in a single-
zone furnace. The precursor powders were placed in the
furnace heating center, while the substrates were placed
downstream. The quartz tube was pumped to 40 mTorr
and flushed with high-purity argon (Ar) gas ahead of
heating. The growth was carried out at the optimized
temperature (570 °C) for 8 min with high-purity Ar gas
at a flow rate of 25 sccm. The furnace was naturally
cooled to room temperature under continuous Ar gas
flow before the perovskites were collected. CsPbBr;
microplates grown on mica substrates can be transferred
to polydimethylsiloxane (PDMS) (GEL PAK, PF-17-X4)
substrates for subsequent dry transfer to any substrates.

Atomic force microscope (AFM) characteriza-
tion. The thicknesses and morphologies of CsPbBr;
microplates characterized by AFM (Cypher,
Asylum Research) with tapping mode.

Optical characterization. Photoluminescence (PL)
(absorption) experiments on CsPbBrs microplates were
performed using the WITec alpha300 confocal innovation
system with a 473 nm laser (broadband white light) as
the excitation light source. Angle-resolved reflectivity
and PL experiments were performed using a home-built
optical setup. [24] The devices were kept in a liquid
nitrogen cryostat (Janis ST-500) for low-temperature
measurements. A broad-band white light source (Thorlabs
SLS401) used for angle-resolved reflectivity
measurements as well as device imaging. A continuous
wave laser (405 nm) was used as the excitation source
for the angle-resolved PL measurements. The excitation
light beam was focused (spot diameter of ~5 pum) by an
objective (Zeiss Epiplan-Neofluar 50%/0.55 DIC MZ27).
The emitted signals were collected by the same objective
and sent into an Andor spectrometer (SR-500i-D2-R)
equipped with gratings of 150, 600, and 1200 lines mm ™
and a Newton CCD (DU920P-BEX2-DD) of 256 x 1024
pixels.

were

was

3 Results and discussion

In order to visually demonstrate the deterministic silver
transfer method, a schematic diagram of the transfer
process and the corresponding optical microscope images
are given in Figs. 1(a)—(f). Typically, due to the
viscoelastic behavior of the elastomers, the adhesion
between the solid objects (here silver films and
perovskites) and the stamp (here PDMS is rate-sensitive)
[33]. The key in the deterministic transfer process is the
kinetics control of the adhesion and release of Ag flakes
to and from the PDMS. First, a silver film of a certain
thickness is evaporated onto a Si/SiO, substrate by the
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Fig. 1 Deterministic transfer and characterization of silver flakes. (a—c) Schematic illustration of the deterministic transfer
method of silver flakes and (d—f) corresponding optical microscope images. (g) AFM height images of the deposited and
transferred silver flakes. (h) Height line profiles of the silver flake before and after transfer along the dashed lines marked

in (g)-

widely-used electron beam evaporation (EBE) method [6,
28] [Figs. 1(a) and (d)]. Next, after attaching the silver-
deposited substrate to a glass slide by double-side tape,
we faced the silver film with the PDMS stamp adhered
on another glass slide. Manually applying moderate
pressure between the two sides for a few seconds makes
the PDMS stamp conformal contact with the silver film.
Pulling the PDMS stamp away from the silver surface at
a peel speed high enough will lead to stamp adhesion to
be strong enough to preferentially adhere the silver to
the stamp surface, thus detaching the silver flakes from
the initial Si/SiO, substrate to the PDMS stamp [Figs.
1(b) and (e)]. Since there is no adhesive layer between
the silver film and Si/SiO, substrate, silver flakes are
prone to be peeled from the substrate by another adhesive
stamp. But metal films are known to be very soft and
wrinkle or crack during the peeling process, which is
fatal to the quality of the microcavity. Therefore, the
peeling process should be carried out by pulling in the
vertical direction quickly to reduce the lateral stress.
This process is somewhat similar to the cleavage process
of traditional 2D materials [34, 35], and will produce
silver flakes of various sizes and shapes, including
continuous silver flakes of hundreds of microns or even
millimeters [Figs. S1 and S2 of the Supplementary Infor-
mation (SI)]. Then, the appropriate silver flakes are

selected carefully under the optical microscope. Finally,
removing the PDMS stamp at a sufficiently low peel
speed results in the selected silver flakes adhering prefer-
entially to the target substrate and detaching from the
PDMS stamp by the standard deterministic transfer
method [36] [Figs. 1(c) and (f)]. Moreover, we found
that as long as the thickness of the directly deposited
silver is thick enough (thicker than 24 nm), a large
number of large-sized silver flakes can be obtained
through the deterministic silver transfer method (Fig. S2
of the SI). Similarly, using our deterministic transfer
method, continuous gold flake up to ~200 pm x 200 pm
was successfully transferred (Fig. S3 of the SI).

To verify the quality of the transferred silver flakes,
we performed AFM characterization to determine the
changes in the thickness and roughness of the silver film
before and after transfer, which is of great implication
for the quality of the microcavity [Figs. 1(g) and (h)].
For instance, a 64 nm silver film was directly evaporated
onto a Si/SiO, substrate using EBE at a deposition rate
of 1 A/s. In order to exclude the influence of the
substrate, we also transferred the silver flakes to the Si/
SiO, substrate by the above method. The height images
and height line profiles of the silver flakes before and
after transfer show the same thickness of 64 nm [Figs.
1(g) and (h)]. In addition, the consistent surface roughness
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Fig. 2 High-quality microcavities composed of DBR and transferred silver flakes. (a) Angle-resolved reflectivity spectrum
of the bare microcavity consisting of the bottom DBR, PMMA spacer layer and the transferred silver mirror. (b) Schematic
cutaway view of a typical perovskite microcavity capped with an h-BN dielectric layer. (¢) Room-temperature absorption
(green trace), PL (orange trace) and polariton emission (at k,, = 0) (shadow blue trace) spectra of the CsPbBrs perovskite
microplate. (d) Room-temperature angle-resolved PL spectrum of a CsPbBr; microcavity superimposed with the theoretical
fitting curves. The marigold and white solid lines represent the upper (UP, and UP,) and lower (LP, and LP,) polariton
branches, while the marigold and white dashed lines represent the uncoupled degenerate excitons (E.) and cavity photon

modes (C, and C,) along the a-axis and b-axis, respectively.

before and after transfer (R, =2.047 nm for deposited
silver flakes and R, =1.975 nm for transferred silver
flakes, see Fig. S4 of the SI for more details) again
proves that the quality of the transferred silver flakes
remains intact.

For further investigations into the performance of the
transferred silver flakes in the microcavities, which is
one of the most important factors for studying exciton-
polaritons, we constructed the microcavities based on
the method of transferring the top silver mirror. The
bare microcavity is composed of a bottom DBR, a
dielectric layer, and a top transferred silver mirror. The
bottom DBR consists of 14.5 pairs of Tay,05/Si0, struc-
tures deposited on a silicon substrate by ion beam sput-
tering, with a carefully designed stop band centered at
532 nm. Then, a polymethyl methacrylate (PMMA)
spacer layer was spin-coated onto the bottom DBR
substrate at 3000 rpm for 1 min to meet the cavity resonance
condition. After baking for 5 min on a hot plate at
150 °C, an appropriate silver flake was transferred onto
it. The angle-resolved reflectivity spectrum [Fig. 2(a)]
show a distinct cavity resonance characteristic centered

at 537.2 nm with a full width at half maximum (FWHM)
of 0.96 nm and a passive cavity @Q factor of ~560. It is
worth mentioning that the @ factor is not only limited
by the intrinsic absorption of the silver mirror, but also
the roughness of the spacer layer. Therefore, when fabri-
cating a microcavity based on CsPbBrj; active layer, we
used the atomically flat 2D material h-BN as the dielectric
layer to tune the cavity length [Fig. 2(b)]. The cladding
h-BN layer not only compensates the thickness of the
microcavity, but also acts as the protective layer for the
CsPbBr; microplate. The room-temperature optical
properties of the CsPbBrz microplate shown in Fig. 2(c)
indicate that the PL emission is centered at ~530 nm
with a narrow FWHM of 13 nm (24 meV), while the
absorption spectrum shows a strong excitonic peak
centered at ~526 nm, suggesting the high quality and
room-temperature-stable exciton properties of our
CsPbBr; microplate.

To confirm whether our perovskite microcavity has
entered the strong-coupling regime, we performed angle-
resolved PL experiments at room temperature. In the
angle-resolved PL map [Fig. 2(d)], it is difficult to identify
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the upper polariton (UP) branches because of their large
Rabi splittings and strong absorption above the bandgap,
which is also very common in other perovskite microcavities
[24, 27, 28]. Nonetheless, we can clearly distinguish the
two lower polariton (LP) branches, LP, and LP,, which
are attributed to the coupling between the microcavity
and the CsPbBr; microplate along different crystalline
axes due to its orthogonal birefringence effect [37],
consistent with previous reports [20, 21, 24, 25]. It can
be seen that as the angle increases, the curvature of the
LP branches decreases, indicating that the system has
entered the strong-coupling regime. Meanwhile, the
theoretical fitting calculated by the coupled oscillator
model is also shown in Fig. 2(d) (more details are shown
in Note S1), where the solid lines represent the calculated
polariton dispersions (UP,, UP,, LP,, and LP,), while
dashed lines represent the uncoupled degenerate excitons
(E.) and cavity photon modes (C, and C,). The fitting
results are in good agreement with the experimental
data, indicating the emergence of anti-crossing behavior,
which again proves that the system is in the strong-
coupling regime. From the fitting results, we can extract
the cavity detuning (A = E.— E.) between exciton
states and the cavity modes, and the Rabi splitting (hQ2)
between the LP branches and the UP branches along
the «-axis and b-axis, respectively, where A, = E.,—
E., =-398 meV, Ay,=FEy— Ey=-277 meV, hQ,=
107.9 meV, and hQ, = 96.2 meV. By fitting the linewid-
ths of the LP branches (shadow blue trace in Fig. 2(c)
and Fig. S5 of the SI), it is shown that the microcavity
has a relatively high @ factor (~454 for LP,, and ~420
for LP,), which ensures the efficient strong coupling
between excitons and the photons to form exciton—
polaritons.

For a specific perovskite microplate, the dielectric
layer needs to be added to meet the cavity resonance
condition, and the required thickness can usually be esti-
mated by the transfer matrix method or empirically.
However, there is always a certain deviation between the
actual situation and the simulation results, and designing
a well-detuned microcavity is not an easy task. Generally
speaking, whether it is a DBR or a silver mirror, once
the top mirror is deposited, the detuning of the microcavity
is determined and cannot be adjusted at will. To get rid
of this predicament, we developed a replaceable transfer
method of the silver mirrors to achieve the tuning of
microcavity detuning with the aid of a glass probe
immobilized on a three-dimensional (3D) translation
stage. First, we fabricated a typical perovskite microcaivty
of DBR/30 nm Ah-BN/178 nm CsPbBr3/23 nm h-BN/
30 nm Ag [see the optical microscope image in Fig. 3(d)].
To evaluate the detuning of the microcavity, that is, the
coupling of excitons and photons, we measured its angle-
resolved PL spectrum at 80 K, as shown in Fig. 3(h).
Fitted by the coupled oscillator model (more details are
shown in Note S1), the fabricated perovskite microcavity

exhibits positive detuning (A, =37.0 meV, A, =453
meV), which means that the dispersion is more exciton-
like, i.e., there is a higher proportion of excitons. More
disappointingly, simultaneously  observe
dispersed emission originating from uncoupled excitons
due to the large positive detuning of the microcavity [38].
In this case, there is no good way to adjust the detuning
of the microcavity before, and the best way is to make a
new device. In Figs. 3(a)-(g), we show a schematic
diagram and corresponding optical microscope images of
the process of tuning the microcavity detuning by artifi-
cially adjusting the cavity length. First, insert the glass
probe fixed on the 3D translation stage into one side of
the top silver mirror, then move the translation stage so
that the silver mirror will adhere to the glass probe and
be peeled off from the device [Figs. 3(a) and (e)]. By
comparing the optical images of the original device [Fig.
3(d)] and the device with the top silver mirror stripped
off [Fig. 3(e)], we can delineate the outline of the
stripped silver (light yellow dashed lines). Subsequently,
a flake of h-BN with a specific thickness (here 25 nm)
was transferred onto the device whose top silver mirror
had been stripped away to tune the cavity length [Figs.
3(b) and (f)]. h-BN layers with different thicknesses will
result in the distinct optical contrast. Therefore, by
examining the optical images of the exfoliated h-BN
layer on PDMS substrate (Fig. S6 of the SI), and the
device before [Fig. 3(e)] and after [Fig. 3(f)] transfer of
the additional h-BN layer, we can demarcate the h-BN
layer transferred onto the device in Fig. 3(f), which was
marked by the dark turquoise solid lines. Finally, a new
silver mirror was transferred onto the device [Figs. 3(c)
and (g)] to form a new microcavity. The angle-resolved
PL spectrum of the new microcavity [Fig. 3(i)] is signifi-
cantly different from that of the original device [Fig.
3(h)]. Based on the coupled oscillator model, we
obtained a small cavity detuning, A, =FE. — Ex =
—4.7 meV and A, = E4 — E = 3.3 meV, while the Rabi
splitting rQ, = 68.8 meV and hQ, = 60.8 meV along the a-
axis and b-axis, respectively. Moreover, contributions
from excitonic and photonic components for each polariton
branch can be calculated by the Hopfield coefficients
(Fig. S7 of the SI), which helps us to intuitively demon-
strate the role of the replaceable transfer method in
tuning the coupling of excitons and photons. After the
transfer of additional h-BN layer, the proportion of
photonic components in the LP branches with different
polarizations (especially LP,) increases significantly,
which indicates an increased overlap between the photon
modes and the degenerate exciton mode. Likewise, the
proportion of exciton components in the UP branches
increases accordingly. Based on the calculation results of
the Hopfield coefficients, we can show that the cavity
length can be effectively adjusted by the replaceable
silver transfer method, and thus the coupling of excitons
and photons can be tuned.

we non-
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Fig. 3 Replaceable transfer of silver flakes and k-space dispersion of the tunable microcavity. (a—c) Schematic illustration,
and (d—g) corresponding optical microscope images of the replaceable transfer process of silver flakes. The light yellow
dashed lines in (e) demarcate the stripped Ag flake, while the dark turquoise solid lines in (f) demarcate the new transferred
h-BN flake. (h) Angle-resolved PL spectrum recorded at 80 K of the as-prepared perovskite microcavity. (i) Angle-resolved
PL spectrum recorded at 80 K of a new microcavity with a layer of h-BN added to the microcavity shown in (h) using the

replaceable silver transfer method.

4 Conclusion

In summary, we systematically introduced a deterministic
transfer method for silver mirror that can be widely used
to fabricate top mirrors in microcavities without damaging
the active layer. Meanwhile, we also developed a
replaceable silver mirror transfer method for effectively
tuning the microcavity length. In addition to technical
interest, these silver mirror transfer methods open new
perspectives for fabricating high-performance exciton-
polariton devices to further explore novel exciton-polariton
phenomena based not only on perovskites but also on
other materials.
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