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Tunable Open-Access Microcavities for Solid-State
Quantum Photonics and Polaritonics

Feng Li,* Yiming Li, Yin Cai, Peng Li, Haijun Tang, and Yanpeng Zhang

Optical microcavities are powerful platforms widely applied in quantum
information and integrated photonic circuits, among which the open-access
microcavity is a newly emerging cavity structure consisting of a micro-sized
concave mirror and a planar mirror controlled individually by groups of
nanopositioners, whilst light emitters can be grown or transferred at the
antinode of the cavity optical modes. Compared with monolithic
microcavities, the open-access microcavity enables the simultaneous
realization of small mode volume, large-range tunability, flexible structural
engineering, and easiness for integration with external emitters, exhibiting
extensive applications in the fields of solid-state quantum photonics and
polaritonics over the last decade. This review first introduces the basic theory
and the construction methods of open-access microcavities, followed by the
recent advances of their applications in exciton-polaritons, photon
condensates, quantum light sources, and nanoparticle sensing.

1. Introduction

Optical microcavities are solid-state systems confining light to a
scale ofmicrometers via highly reflecting faces or successive total
internal reflections, used as indispensable tools for tailoring the
temporal and spatial profiles of confined photons.[1] In the time
or frequency domain, the confinement determines the boundary
conditions for electromagnetic waves, resulting in a series of cav-
ity modes distributed at discrete optical frequencies. Photons of
these frequencies experience long lifetime before escaping from
the microcavity, characterized by the cavity quality factor Q. In
the space or momentum domain, spatial mode profile forms,
featured by the mode volume V, and the corresponding pho-
tonmomentum distribution of themode determines the far-field
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profile. The photon density of states inside
the cavity, which is proportional to Q/V,
quantifies how strong the cavity photon can
potentially interact with a given emitter. If
the interacting energy between the emit-
ter and the cavity photon exceed their own
dissipation rates, the emitter-in-cavity sys-
tem enters the strong coupling regime in
which new eigenstates named cavity polari-
tons occur, exhibiting a mixed feature of
light and matter.[2,3] Otherwise, the system
stays in the weak coupling regime in which
the emitter and cavity lifetimes aremodified
by each other, resulting in cavity-enhanced
or cavity-prohibited spontaneous emission,
known as the Purcell effect.[4,5]

Microcavities play a significant role in
a wide range of research areas includ-
ing light–matter interaction,[2] nonlinear
optics,[6] quantum information,[7] and

topological photonics,[8,9] serving as crucial elements of on-chip
microlasers,[10] optical switches,[11] isolators,[12,13] sensors,[14] pho-
tonic logic gates,[15] quantum simulators,[16,17] and high-efficiency
quantum light sources.[18] The main advantage of the micro-
cavities over the macroscopic cavities is the small mode vol-
ume that is a necessity for enhancing light–matter interaction.
On the other hand, the monolithic structure of most micro-
cavities, including Fabry–Perot (FP) cavities, whispering-gallery
mode (WGM) cavities, photonic crystals, makes them lack the ca-
pability of large-range spectral and spatial tuning, which is, nev-
ertheless, easily accessible by macroscopic cavities which contain
separated adjustable cavity mirrors.
Open-access microcavities are designed to combine the advan-

tages of both: large range of tunability and small mode volume.
The cavity consists of a planar mirror and a microscale concave
mirror coated with either metal or distributed Bragg reflectors
(DBR) which are highly reflective and facing each other with
a micron-sized gap (illustrated in Figure 1b), whilst their rela-
tive positions can be tuned individually by nanopositioners. The
two mirrors can therefore be separated to make the cavity “open-
access” for embedding emitters or engineering inner geometries.
This type of design is essential for a broad range of applications in
high-quality quantum light sources and exciton-polariton-based
devices. For quantum light sources, the open-access microcavity
not only allows in situ tunability of the cavity position to hold the
nanoscale quantum emitter at the very center of the optical field
maximum, but also allows in situ spectral tunability to achieve
perfect resonance in frequency between the quantum emitter
transition and the cavity mode. This is significant for enhancing
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Figure 1. Schematics of open-access microcavities. a) Fiber-based micro-
cavity. b) Enlarged view of the cavity structure. The confined Gaussian
modes supported by the planar-concave cavity structure is drawn with op-
tical nodes and antinodes. c) Chip-based microcavity arrays.

optical collection efficiency and emission rate, therefore crucial
for the brightness of the quantum light source. For exciton-
polaritons, the open-access microcavity provides strong 3D opti-
cal confinement without requiring etching into the active media.
This allows enhancing the nonlinear polariton–polariton inter-
action while keeping long coherence time of exciton-polaritons,
promising to realize quantum simulators with few strongly inter-
acting polaritons. In addition, the open-access microcavity allows
versatile in-cavity engineering of the spatial and spinor properties
of polaritons, with potential application to control polariton fluids
on photonic chips.
Another unique merit of the open-access microcavity is its

easy integration with external light emitters, such as transition
metal dichalcogenide (TMD) monolayers, vacancy centers in dia-
monds, organic semiconductors and nanoparticles. These emit-
ters are difficult to be integrated into high-quality monolithic mi-
crocavities due to technical obstacles of depositing high-quality
DBR on top, whilst open-accessmicrocavities do not involve such
problems and offer a versatile platform for studying light–matter
interaction with flexible choice of optical materials.
The review is structured as follows: Section 2 introduces the

construction of open-access microcavities, including the basic
theory of mode profiles, fabrication methodology, and structure
setup. Section 3 reports the recent advances of exciton-polaritons
and photon condensates in open-access microcavities. Section 4
reports the recent advances in the applications of open-accessmi-
crocavities on quantum emitters and nanoparticle sensing. Sec-
tion 5 summarizes the review and provides outlooks.

2. The Basic Theory, Design, and Construction
of Open-Access Microcavities

2.1. Theory of the Mode Profiles

The concave-planar FP cavity supports Gaussian modes, which
are characterized by the longitudinal and transverse profiles.
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2.1.1. Gaussian Modes

We start from the wave nature of light. Assuming a small diver-
gence angle of the optical beam, the electric field can be approxi-
mately described by the paraxial wave equation[19]
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∇2
⊥E (r )+ 2ik

∂E (r )
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= 0 (1)

in which∇2
⊥ is the transverse Laplacian, E(r) the electric field spa-

tial distribution, and k the wavevector. r =
√
x2 + y2 + z2 defines

the spatial coordinates and z is the beam propagation axis. The
solution of the paraxial wave equation is given by

E (r ) = E0
ω0

ω (z)
e

− (x
2+y2)
ω2(z) e−ikz−ik

(x2+y2)
2R(z) +iφ(z) (2)

which is known as a Gaussian beam.ω0 is the beamwaist defined
by the radius of the beam, or beamwidth, at its narrowest position
of z = 0. φ(z) is the Gouy phase that quantifies the difference
between the phase velocity of the Gaussian beam and the planar
beam, ω(z) is the beam width and R(z) is the radius of curvature
(RoC) of the beam phase front that goes to infinity at z = 0.
Equation (2) describes a propagating Gaussian beam without

any optical confinement. Inside the open-access microcavity, the
geometrical configuration of the concave-planar mirrors deter-
mines a unique set of Gaussian modes, whose R(z) must match
the RoC of the mirrors.
In this sense, the planar mirror specifies the position of the

beam waist and the concave mirror set the boundary condi-
tion that determines the rest of the parameters of the Gaussian
modes. To quantitatively link the Gaussian mode properties with
the cavity geometry, the g parameter for each mirror is defined as

gi = 1− L
Ri

(3)

where L is the cavity length and Ri is the RoC of the mirrors with
i= 1, 2 labeling the concave and planar mirrors, respectively. The
beam waist is expressed by

ω0 =
(

λL
π

) 1
2
(

gi g2 (1− g1g2)

(g1 + g2 − 2g1g2)
2

) 1
4

(4)

which requires 0 ≤ g1g2 ≤ 1 known as the cavity stable criteria.
As for the planar mirror g2 = 1, Equation (4) reduces to

ω0 =
(

λL
π

) 1
2
(
R1

L
− 1

) 1
4

(5)

and the beam waist locates on the surface of planar mirror. Equa-
tion (5) conveys two important principles for the design of open-
access microcavities:

1) To confine light, the RoC of concave mirror must be larger
than the cavity length, that is, L < R1. This is the cavity stable
criteria for concave-planar cavities.

2) The lateral mode size at a given cavity length, which is fea-
tured by the value of ω0, decreases with R1.

Additionally, in order to hold the Gaussian modes resonating in-
side the cavity, we need:

3) The physical size of the mirror has to be substantially larger
than the mode size ω0 to avoid high optical loss.

These three principles require that the mirror RoC, mirror
size, and cavity length be considered together for cavity design.
For example, while reducing R1 to minimize ω0, one has to re-
duce the cavity length at a certain point to satisfy the cavity stable
criteria. Meanwhile, since the surface of the concave mirror is
hemispherical, its size adds to the cavity length. It is both techni-
cally challenging to achieve very small mirror RoC during mirror
fabrication and very small cavity length in the cavity structural
setup (details in Sections 2.2 and 2.3), especially when the mir-
rors are made of DBRs, in which situation the cavity length has
to be replaced by an effective length Leff = L + LDBR1 + LDBR2,
where LDBR1,2 are the penetration depth of the optical field into
the DBR structures of the concave and the planar mirrors. In the
reported experiments of light–matter coupling, the RoC of the
concave mirror was usually chosen to be in a range between 5
and 70 µm to compromise between the targeted lateral confine-
ment and technical capabilities.
The frequencies of the eigenmodes are expressed by

vq = c
2L

(
q + 1

π
cos−1

√
g1g2

)
(6)

where the integer q is the cavity longitudinal order.

2.1.2. Transverse Profiles

Equation (2) presents a typical solution of the paraxial wave
equation. In fact, the solution of the paraxial wave equation has
several more general forms depending on the symmetry of the
studied system in the x–y plane, referred as the transverse, or
high-order, Gaussian modes. In the Cartesian coordinate, the so-
lution is given by Hermite polynomialsHnm.[19]

Em,n (x, y, z) = E0
ω0

ω (z)
Hm

[√
2x

ω (z)

]

×Hn

[√
2y

ω (z)

]
e
(x2+y2)

ω2(z) e−ikz−ik
(x2+y2)
2R(z) +i (m+n+1)φ(z)

(7)

where m and n are integers indicating the Hermite polynomial
order. Optical beams described by Equation (7) are referred to as
Hermite–Gaussian (HG) beams. The HG beam exhibits a trans-
verse field distribution characterized by Hermite polynomials,
forming spatial patterns as shown in Figure 2a. The Gouy phase,
given by (m + n + 1)φ(z) for HG mode, results in a series of
transverse optical modes in the cavity eigenfrequencies.

vq = c
2L

(
q + 1

π
(m+ n + 1) cos−1

√
g1g2

)
(8)

Here (m, n) are named the transverse mode orders, indicating
that HG modes specified by the same value of (m + n) are de-
generate. For the fundamental mode specified by m = n = 0,
Equations (7) and (8) reduce to Equations (2) and (6), describing
a Gaussian distribution of optical field in the transverse plane.
If we solve the paraxial wave equation in cylindrical coordi-

nates with the transform r =
√
x2 + y2, r (cosϕ sinϕ) = (x y),
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Figure 2. Lowest orders of a) Hermite–Gaussian (HG) and b) Laguerre–Gaussian (LG) modes.

the solution is expressed by associated Laguerre polynomials L (l )
p .

Em,n (r, ϕ, z) = E0
ω0

ω (z)

( √
2r

ω (z)

)|l |

×L (l )
p

[
2r 2

ω2 (z)

]
eilϕe

−r2

ω2(z) e−ikz−ik r2
2R(z)+i (2p+|l |+1)φ(z)

(9)

where p and l are integers indicating the orders of the Laguerre
polynomials. Optical beams described by Equation (9) are re-
ferred to as Laguerre–Gaussian (LG) beams. The dependence of
the optical phase on ϕ reveals that the LG beams with nonzero l
carry orbital angular momentum (OAM). The Gouy phase (2p +
|l| + 1)φ(z) indicates that LG mode specified by the same value
of (2p + |l|) are degenerate. At p = l = 0, Equation (9) reduces
to Equation (2) describing the fundamental Gaussian mode. The
spatial profile of several lowest orders of LG modes are shown in
Figure 2b.
The actual mode profiles of the open-access microcavities

depend on the boundary conditions resulting from the cavity
shape, that is, cavity mirrors exhibiting Cartesian (resp. circu-
lar) symmetry leads to HG (resp. LG) modes. As the concave
mirrors of the open-access microcavities are designed with a
circular shape, LG modes are expected. Nevertheless, as asym-
metries are inevitably induced during the fabrication process,
mirrors usually exhibit a slightly elliptical shape, which breaks
the LG mode degeneracy and supports Mathieu–Gaussian (MG)
or Ince–Gaussian (IG) modes,[20] whose spatial distributions are
similar to HG modes at small transverse orders but with lifted
degeneracy in eigenenergies.

2.1.3. Quantum Description of the Cavity Embedded with Excitons

One of the elementary excitations in semiconductors is the ex-
citon, a bound state of an electron and a hole via Coulomb in-
teraction that can be created and annihilated by absorbing and
emitting a photon. The cavity with an exciton inside is described
by the Hamiltonian of the coupled system[21]

H = �ωcâ†â + �ωXb̂†b̂ + �g
(
â†b̂ + b̂†â

) + �αb̂†b̂†b̂b̂ (10)

where â and b̂ are the annihilation operators of a cavity photon
and an exciton respectively, and ωc and ωX are the resonance
frequencies of the cavity and exciton modes. The third term de-
scribes the exciton–cavity coupling, which adds off-diagonal ele-
ments to the Hamiltonian, resulting in new eigenstates for the
coupled system named exciton-polaritons. g is referred to as the
photon–exciton coupling strength, determined by the exciton os-
cillator strength and the spatial overlap between the exciton and
photon wavefuctions.[22] The last term describes the Kerr-type
nonlinearity arising from Coulomb interaction between excitons
and from Pauli exclusion effects,[21] which is a key factor leading
to nonlinear and quantum effects of exciton-polaritons.
In the open-access microcavity that supports a series of trans-

verse Gaussian modes with different ωc, each cavity mode only
strongly couples with the excitonmode that have the same spatial
wavefunction and wavevector distribution.[21,23] Therefore, Equa-
tion (10) applies to each transverse cavity mode individually. The
main consequence of the multiple cavity mode system is that
different modes of exciton-polaritons coexist at different energy
levels.

2.2. Cavity Mirror Fabrication

Whilst the DBR coating that ensures high reflectivity of the cav-
ity mirrors follows standard material growth or deposition tech-
nologies, the most special and significant fabrication technique
developed for the open-access microcavities is the fabrication of
micro-sized concavemirrors, which generally exhibit hemispher-
ical surfaces with RoC fitting the phase front of confined Gaus-
sian modes at the beam center. Laser ablation and focused ion
beam (FIB) milling are the two most widely adopted methods
that we will mainly focus on in this review.

2.2.1. Early-Stage Fabrication Methods

The early-stage fabrication methods mainly include wet-etching,
lift-off coating, and latex sphere–assisted deposition, which initi-
ate the studies of open-access microcavities and encouraged the
development of more sophisticated fabrication methods.
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Figure 3. Scanning electron microscopy (SEM) images of concave mirrors. a) Concave mirror fabricated by laser ablation on an optical fiber facet.
Reproduced with permission.[40] Copyright 2010, IOP Publishing. Cross-sections of the b) hemispherical and c) Gaussian isophase concave mirrors
fabricated by FIB milling on silica substrate, deposited with dielectric DBRs. The dashed white lines show the simulated results of the DBR growth
model. The particles on the concave surface results from a metal coating for clear SEM imaging and are absent for the application of the concave
mirrors. Reproduced with permission.[32] Copyright 2015, OSA Publishing.

Wet Etching: The earliest open-access microcavities, de-
signed for atomic physics, is reported by Trupke et al. in 2005,[24]

in which the microscale concave mirror is fabricated by wet etch-
ing. An approximately spherical surface profile is produced using
a mixture of HF and HNO3 in acetic acid through circular aper-
tures in a lithographic mask.
Lift-Off Coating: In 2006, Steinmetz et al. reported a novel

method for fabricating microscale concave mirrors using lift-off
coating.[25] In this process, a convex surface of silicon microlens
is deposited with a stack of dielectric DBR, then the center of the
microlens is positioned to the facet of a cleaved optical fiber and
glued in place with an UV-curing epoxy. The DBR mirror is then
detached from the original substrate with a small force, leaving
a concave-surfaced DBR mirror at the fiber facet. It is worth to
mention that it is the authors of this work who developed the
laser ablation method years later, in both fiber-based and chip-
based microcavity systems.
Latex Sphere–Assisted Deposition: The pioneer work by Pen-

nington et al. reported a fabricationmethod formetal-coated con-
cave mirrors by structuring a template of latex spheres on thin
film of gold.[26] After the spheres adhere to the substrate surface,
another layer of gold thin film is grown around them, leaving
spherical “dishes” when the spheres are washed away. LGmodes
were observed from the resulting open-access microcavity.
All the above methods developed in the early stage of open-

access cavity systems enable easy and fast fabrication, but do not
allow precise control of the concave shape and bring difficulties
in fabricating mirrors with small RoC. Therefore, they were later
replaced by themore advancedmethods of laser ablation and FIB
milling.

2.2.2. Laser Ablation

The fabrication process using CO2 laser ablation on optical fiber
facets was introduced by Hunger et al. initially in atomic Bose–
Einstein condensation (BEC) experiments, and is widely adopted
for open-access microcavities. The basic principle is that the in-
tensity profile of a focused laser beam can be transferred onto a

silica substrate or an optical fiber facet via surface melting and
resolidification.[27] A good combination of the laser power and
exposure time is the key factor to obtain smooth surface and
desired shape of the concave surface. In short laser pulse with
high power, the ablated area is resolidified faster than the thermal
smoothing process, resulting in increased surface roughness. In
the opposite case, the melted area extends deeply into the ma-
terial resulting in undesired morphological features.[28] The re-
sulted dimple exhibits a Gaussian profile in depth, which can be
approximated by a hemisphere with a uniform RoC at the cen-
ter region, as shown in Figure 3a. The concave surfaces fabri-
cated by laser ablation in the reported literatures demonstrates
RoC ranging from 7 to 200 µm and diameters ranging from 8 to
60 µm, with the lowest root-mean-square (RMS) surface rough-
ness of 0.18 nm.[28] The laser ablation method is fast and pro-
duces smooth surface, however, its resolution is limited by the
laser beam, which makes it challenging to fabricate high-quality
mirrors with small RoC.
Very recently, an alternative fabrication method was reported

by first creating a rough concave shape with wet etching on an op-
tical fiber facet, followed by selective heating and reflowwith CO2

laser ablation to smooth the surface. Such fabrication method
leads to a small RoC of 4.7 µm with smooth surface (RMS rough-
ness �0.1 nm).[29]

2.2.3. Focused Ion Beam Milling

FIBmilling was developed as a more precise method for fabricat-
ingmicroscale concave mirrors by Dolan et al. in 2010,[30] around
the same time as laser ablation was applied. In an FIB, Ga ion
beam is used to etchmaterials under high resolution with a beam
size, which increases with applied beam current, of 5–100 nm.
At a given beam current, the dwell time determines the etched
depth. By varying the dwell time of the FIB etching as a function
of position, the Ga ion beam creates a concave surface.[31] In the
experiment, the field of view is digitized into a matrix of pixels,
within which a pattern of 2D array of concave mirrors can be fab-
ricated. A greyscale colormap quantifying the dwell time at each
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pixel is loaded into the control system of the FIB to program the
pattern. Both the magnification of the colormap and the applied
current beam has to be carefully chosen to fit the desired struc-
ture; while increasing the magnification and the current beam
shortened the processing time, it reduces the resolution of the
fabrication.[31]

Topographic Control: The main advantage of FIB milling is
the high resolution that allows free control of the details of the
fabricated structures. Trichet et al. highlighted this by demon-
strating the topographic control of the concave mirrors for open-
access microcavities.[32] While being able to fabricate hemispher-
ical mirrors, they show the ability of sculpturing the concave
shape with high resolution to fit exactly a targeted phase front of a
Gaussian beam. The SEM images of hemispherical andGaussian
isophase (GI) concave mirrors are shown in Figure 3b,c, show-
ing clear topographical differences. The design of GI surfaces is
crucial for small concave mirrors with RoC <7 µm as deviation
of hemispherical surfaces from the phase front becomes signif-
icant. For open-access microcavity with GI concave mirrors, the
targeted length[32] is an important parameter for the design of the
targeted GI surface, which defines the optimum cavity length the
open-access microcavity should work with.
The FIB milling allows to reach a concave surface with a phys-

ical RoC as small as 1 µm, and the surface roughness can reach
smaller than 0.7 µm of RMS.[31] The precise control and high res-
olution being its advantages, it takes long processing time and
may introduce impurities by the Ga ions.

2.2.4. Planar Mirrors

The fabrication of the planar mirror depends on the nature of
the in-cavity emitter. For an emitter that can be directly grown
on DBRs, such as InGaAs quantum dots (QDs) and quantum
wells (QWs), a GaAs/AlGaAs semiconductor DBR can be grown
by molecular beam epitaxy. On the other hand, for materials that
are not integrated to any monolithic DBR, such as TMD mono-
layers and color centers in diamond, the best way is to first de-
posit a dielectric DBR, for example, consisting of SiO2/TaO5,
on a silica substrate by standard deposition method such as
e-beam (electron beam) evaporation andDC (direct current) sput-
tering, and then transfer the activematerial onto theDBRby spin-
coating or exfoliation. The concave mirror does not hold active
materials and is therefore deposited with dielectric DBRs.
It shall be noticed that the open-access microcavities can also

have both mirrors planar which support 2D polaritons, without
needing the fabrication of concave mirror. If the mirror surface
contains both planar and concave features, 0D and 2D polari-
tons coexist. Trichet et al. demonstrated the coupling between
the confined 0Dmode and 2D optical modes at large longitudinal
orders.[33]

2.3. Cavity Structure

Two types of cavity structures are widely used, specified by the
supporting material of the concave mirrors. The mirrors can be
fabricated on a cleaved facet of an optical fiber and on a solid sub-
strate, referred to as fiber-based and chip-based open-access mi-

crocavities in this review, each showing its own advantages and
suitable applications. For each structure type, the setup can be de-
signed either for reflectivity configuration, that is, excitation and
collection from the same side of the cavity or transmission con-
figuration, that is, excitation and collection from different sides.

2.3.1. Fiber-Based Cavity Structure

Fiber-based open-access microcavities, also referred to as fiber
cavities,[34] were firstly invented for holding small-volume stand-
ing optical waves in atomic systems in 2005,[24,25] which allows
to achieve strong atomic field coupling of BEC in 2007.[35] In
these works, the concave mirrors were fabricated by wet etching
or lift-off coating. These early-stage developments of the fiber cav-
ity systems, through the collaboration between several European
labs, are of great historical importance of being transferred to a
wide range of applications in solid-state optical systems. In 2009,
Muller et al. from the University of Maryland introduced the
fiber cavity fabricated by lift-off coating to host solid-state quan-
tum emitters, that is, InAs QD,[36] and developed an ultra-high-
fineness double-concave fiber cavity based on laser ablation in
2010.[37] The fiber cavity by laser ablation was started to be applied
for exciton-polaritons by Besga et al. at ETH Zurich in 2015.[34]

Figure 1a sketches the fiber-based cavity structure. In the setup
the fiber is fixed and a 3D stack of nanopositioners are used to
control the xyz position of the planar DBR to form a concave-
planar cavity. In the reflectivity configuration, both the excitation
beam and the collected light go through the fiber, as the cavity
mode directly couples to the fiber core where the concave mirror
is located. Alternatively, the fiber cavity can work in the transmis-
sion configuration by placing a lens with motion control at the
planar DBR side to collect the transmitted light.

2.3.2. Chip-Based Cavity Structure

In 2010, Dolan et al. at the University of Oxford reported the first
chip-based open-access microcavity which contains concave mir-
ror arrays fabricated by FIBmilling on a silica substrate.[30] Mean-
while, in 2011, Barbour et al. at the University of Basel adopted
the laser ablation method, previously applied in fabricating fiber
cavities, to fabricate a tunable cavity with a concave mirror of
RoC = �100 µm on a silica substrate,[27] which is further im-
proved to enable small RoC and enhanced mode matching in
2014.[38] The chip-based cavities enable full free-space excita-
tion and collection, followed by numerous research groups for
holding various light-emitting materials. Almost simultaneously
as the fiber cavity, the chip-based cavity starts to be applied
for exciton-polaritons by Dufferwiel et al. at the University of
Sheffield in 2014.[39]

Figure 1c sketches the chip-based cavity structure. It is not
enough to reach a sufficiently short cavity length just by con-
tacting the two substrates that contain the planar and concave
mirrors, as the slight nonparallelism of the two substrates may
result in a big gap between the mirrors when the edges of the
substrates touch first, considering themacroscale size of the sub-
strates. Therefore, reducing the contacting area of the substrates
becomes significant. To address this issue, a sub-millimeter-sized
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plinth, for example, 0.3mm in length, width, and height, is made
by mechanical dicing or carving on the host substrate such as sil-
ica. Then arrays of concave mirrors are fabricated on the surface
of the plinth, as illustrated in Figure 1c. The chip-based structure
enables full free-space optical measurements. In the reflectivity
configuration, a fixed lens is used for both excitation and collec-
tion, while the concave and planar mirrors are controlled by two
independent stacks of nanopositioners, allowing both cavity tun-
ing and focus adjusting. To achieve the possible minimum cavity
length, two goniometer nanopositioners are added into the con-
trol stack of the planar mirror, in addition to the xyz control.[39]

This allows fine tuning of the relative tilt angle between the con-
cave and planarmirrors to reach perfect parallelism, which is cru-
cial for achieving short cavity length. The setup becomes more
complicated for transmission setup, as a collection lens needs to
be added with independent motion control.

2.3.3. Comparison between the Two Types of Structures

It is useful to be aware of the advantages and disadvantages of
the fiber- and chip-based structures to ensure the optimal choice
for the studied physical system.
The assembling setup of fiber-based cavity is much simpler: it

requires one less nanopositioner stack than the chip-based cavity,
which helps to reduce mechanical noise. Meanwhile, due to the
flexibility of the optical fiber, the fiber cavity is more convenient
to switch between the reflectivity and the transmission configu-
rations, especially for low temperature operation that relies on
space-limited vacuum systems. The relatively easy realization of
transmission configuration renders the fiber cavity a straightfor-
ward choice for resonant excitation at low temperature.
Nevertheless, the chip-based cavities have a few advantages.

Compared to fiber excitation, free-space optics allows high pump-
ing power and less dispersed ultrafast pulses, which works better
for studying nonlinear effects and ultrafast dynamics. Compared
to fiber collection, free-space optics is more convenient for space,
polarization, and time-resolved imaging. The chip-based cavities
also allow design of spatial patterns such as coupled cavity arrays,
not limited by the size of the fiber core.
Another interesting issue is the photon collecting efficiency,

which is significant for quantum emitters. In the fiber-based
cavities, the fiber core directly connects the cavity photons, po-
larization control, and detectors, avoiding losses from substrate
surface reflections and free-space optical elements expected in
the chip-based cavities. However, it is shown that at small RoC
(<10 µm) of the concave mirror, the spatial mismatching be-
tween the fiber-guided mode and the cavity Gaussian mode be-
comes dominant,[40] leading to a critical drop of the collection ef-
ficiency, which is nevertheless not a problem for free-space optics
with a decent collection numerical aperture. Table 1 gives a sum-
mary of the cavity fabrication methods and structure types from
some of the research groups that performed investigations with
open-access microcavities.

2.3.4. Cryogenic Setups

In most cases, the active materials need to work at low temper-
ature to serve as quantum emitters or create exciton-polaritons,

Table 1. Summary of the cavity fabrication methods and structure types of
open-access microcavities adopted in various research groups.

Structure\concave mirror Laser ablation FIB milling

Fiber based 1, 2, 6, 7, 12 8

Chip based 3, 11 4, 5, 8, 9, 10, 13

Affiliations: 1) Laboratoire Kastler Brossel; 2) University of Maryland; 3) University of
Basel; 4) University of Oxford; 5) University of Sheffield; 6) ETH Zurich; 7) Ludwig-
Maximilians-Universität; 8) Max Planck Institute for the Science of Light; 9) IBM
Research−Zurich; 10) University of Würzburg; 11) University of South Florida; 12)
Macquarie University; 13) Imperial College London.

in which situations cryogenic setups are required. This can be
done by loading the open-access microcavity setup in a metal
vacuum tube filled with low-pressure helium (He) gas, with con-
trolling electronic wires and optical fibers connected out through
vacuum-sealed ports. The vacuum tube is then inserted into a
liquid He dewar, forming a bath cryostat that cools the whole sys-
tem to �5K (Figure 4a,b).[41] For k-space imaging, extra lenses
are loaded inside the vacuum tube to make a fully confocal opti-
cal system, as sketched in Figure 4b.[39] For the chip-based cavi-
ties, the transmission setup working at 5 K can be established by
aligning cavity mirrors vertically in He gas-filled vacuum cham-
ber which is cooled via a metal plate contacting liquid He, as
sketched in Figure 4c.[42]

2.3.5. Mechanical Stability

The cavity stability issue arises from the relative vibrational mo-
tion between the two cavity mirrors, which results in fluctuation
of the cavity length, and thereby linewidth broadening and peak
intensity quenching of cavity modes. The mechanical noise can
come from the floor vibration, environmental acoustic noise, He
boiling inside the cryogenic dewar, the vibration of optical tables
and nanopositioner stacks, etc.[39] The noise spectra were mea-
sured by Dufferwiel and Fink for the chip-based and fiber-based
open-access microcavities indicates mainly low-frequency vibra-
tions below 250 Hz.[28,39]

It is worthwhile to mention that the linewidth broadening in-
duced by mechanical vibrations is not related to any intrinsic
property of the studied physics, as the lifetimes of cavity pho-
tons and emitters, usually in pico to nanoseconds, are much
shorter than the vibrating cycle. Nevertheless, most of the mea-
surements for quantum emitters and polaritons require long in-
tegration time to reach an acceptable signal to noise ratio, and
cavity stabilization is required if the cavity is designed for a Q-
factor sufficiently high that could be seriously influenced by the
vibration.[43] One of the most commonly used method of passive
stabilization is touching the concave and planar mirrors, which
greatly reduces their relative motion.[39] Despite the stability is-
sue, open-access microcavities show comparable Q-factor with
monolithic microcavities, ranging typically between 20 000 and
50 000 depending on the details of the cavity mirrors such as the
number of DBR bilayers and DBR materials.
Active stabilization of the cavity length was also developed

more recently. Trichet et al. used the laser transmission at the
edge of the DBR stopband to monitor and control the cavity
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Figure 4. Cryogenic setups for open-access microcavities. a) Fiber-based open-access microcavity in transmission configuration. Reproduced with
permission.[41] Copyright 2018, Springer Nature. b) Chip-based open-access microcavity in reflectivity configuration. The setup has all lenses confo-
cal and can be used for both real space and k-space imaging. Note that there is a short-focus lens located closely above the sample (blue colored in the
inset) for light collection, at the back focal plane of which the Fourier image of k-space is located. Reproduced with permission.[89] Copyright 2015, APS.
c) Chip-based open-access microcavity in transmission configuration. Reproduced with permission.[42] Copyright 2018, AIP Publishing.

length in real time with a 50 Hz feedback loop on a DC piezoelec-
tric stack.[44] Wang et al. introduced a feedbackmechanism based
on the Hänsch–Couillaud technique using a “locking laser,”
which reduced the RMS vibration amplitude from 2 to 0.1 nm,
enabling the achievement of a very high Q-factor of 230 000.[45]

2.4. Cavity Shape Design and Spectral Engineering

In addition to hemispherical shape, the concave mirror can be
designed with various shapes that allow to engineer the optical
spectrum and loss. A number of works have reported spectral
splitting of transverse Gaussianmodes due to the slight ellipticity
of the concavemirror induced in the fabrication processes.[34,46,47]

Benedikter et al. studied specifically the mode profiles in a fiber-
based cavity with a concave mirror of an elliptical shape, a typical
result of laser ablation fabrication, showing large RoCs of 161 and
201 µm in the long and short axes.[48] The authors found that the
nonideal mirror shape and finite size leads to linewidth broaden-

ing, eigenenergy shifts, and shape distortions of the cavitymodes,
especially at large cavity lengths where the fundamental Gaus-
sian mode is coupled with the more lossy transverse modes of a
higher longitudinal order. These studies revealed the possibility
to use engineered concave mirror shapes to control the in-cavity
light–matter interaction.
Flatten et al. carried out a thorough study on the influence

of concave mirror shapes on cavity mode profiles and eigenen-
ergies in 2016.[49] In this study, chip-based concave mirrors of
hemispherical shapes were fabricated with a small RoC = 6 µm.
With the high precision of fabrication enabled by the FIBmilling,
the authors geometrically brought a pair of hemispherical mir-
rors to partially overlap that form coupled open-access microcav-
ities, whichwas also studied for exciton-polariton systems byDuf-
ferwiel et al. in 2015.[50] By varying the center-to-center distance
between the two mirrors, the entire shape changes in the se-
quence (Figure 5a): 1) two single hemispheres; 2) coupled hemi-
spheres; 3) elliptical concave shape; and 4) a single hemisphere. A
complete tracing of the mode profiles and eigenenergy splittings
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Figure 5. Spectral engineering of open-access microcavities by bringing
two circular-shaped concave mirror into overlap. a) Field distribution of
the hybridization of the first bonding and antibonding cavity modes (up-
per two rows) and microscope images (lower row) while varying the dis-
tance between two circular-shaped concave mirrors. b) The mode pro-
files and eigenenergy splittings throughout this change, the dot and
dashed lines representing the experimental results by laser transmission
and simulation by mode mixing formalism, respectively. Reproduced with
permission.[49] Copyright 2015, Wiley-VCH.

throughout this change are presented, as shown in Figure 5b.
The authors also trace the change of high-order transverse mode,
among which the coupling effects are demonstrated. The experi-
mental results can be well explained by the mode-mixing formal-
ism developed by Kleckner et al.[51] The studies by Flatten et al.
provides a systematic methodology of designing cavity structures
to control the mode profiles and spectral properties, ready to be
applied in landscape tailoring for the light–matter interaction in
open-access microcavities.

3. Exciton-Polaritons in Open-Access Microcavities

We will first review in general the studies of exciton-polaritons
in microcavities in Section 3.1, and then focus on the specific
achievements of exciton-polaritons in open-access microcavities,
which cover Sections 3.2–3.4.

3.1. Exciton-Polaritons

A basic description of exciton–photon coupling has been intro-
duced in Section 2.1.3. In reality, both the exciton and the cavity

photon exhibit finite lifetimes subjecting to various decaymecha-
nisms. A bright exciton can be either strongly or weakly coupled
to a photon, depending on whether the coupling strength g ex-
ceeds their decay rates. In the weak coupling regime, the light–
matter coupling can be treated as a perturbation thatmodifies the
lifetimes of the exciton and the photon, leading to enhanced or
suppressed spontaneous emission known as the Purcell effect.[4]

In the strong coupling regime, new eigenstates named exciton-
polaritons form, characterized by a vacuum Rabi splitting in
eigenenergies, as illustrated in Figure 6a. The exciton-polariton
is a coherent superposition of the bare exciton and photon states,
exhibiting a mixed nature of light and matter. By varying the de-
tuning between the photon and exciton energies, one can succes-
sively tune the physical property of exciton-polaritons frommore
excitonic-like to photonic-like, determined by the corresponding
Hopfield coefficients illustrated by Figure 6b.
The microcavity is among the most advantageous systems for

investigating exciton-polaritons due to its long photon lifetime
and small mode volume that allows maximizing the spatial over-
lap between the exciton and photon wavefunctions.[52] Since the
first observation of cavity polaritons byWeisbuch et al. in 1992,[53]

numerous exciting advances has been demonstrated in the past
few decades. The BEC of cavity polaritons as Bosonic particles
was demonstrated in 2006,[54,55] followed by the observation of
quantized vortices[56–58] and superfluidity[59,60] in the polariton
condensate. The nonlinearity of polaritons, that is, particle–
particle interaction inherited from the excitonic component (de-
scribed by the last term of Equation 10)), becomes the focus of in-
terest on polariton research. In addition to the fact that the polari-
ton nonlinearity enables dark[61] and bright solitons[62] as some
other nonlinear optical systems do, one can simply use the pump
light or the designed cavity nanostructures to tailor excitonic and
photonic potential landscapes that enables on-chip manipula-
tions of light.[63–65] Moreover, the transverse electric–transverse
magnetic (TE–TM) mode splitting and external magnetic field
are demonstrated to affect the polaritonic spin via the photonic
and excitonic parts respectively,[9,66,67] which eventually led to the
demonstration of polaritonic topological insulators.[8,9,68,69]

3.1.1. Quantum Effects of Exciton-Polaritons

All the achievements discussed above render cavity polaritons a
promising system as quantum simulators for complex physical
systems. Meanwhile, the strong nonlinear effects of cavity polari-
tons also make it a good candidate for on-chip quantum informa-
tion. In order to initialize the polariton system in a known quan-
tum state, one needs to demonstrate nonclassical polaritons as
the first step. With such consideration, efforts have been made
for realizing both squeezed polaritons in the continuous variable
regime and single polaritons.
Quantum Squeezing and Fluctuation: The idea of quantum ef-

fects of polariton was proposed and thoroughly investigated by
Eleuch et al. in 1999, in which quantum effects such as squeezing
and photon antibunching are predicted for resonantly pumped
cavity polaritons due to the excitonic nonlinearity.[21] The authors
further pointed out that the quantum effects could be destroyed
by strong exciton-phonon scattering. Indeed, squeezed polariton
states were demonstrated experimentally via a four-wave-mixing
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Figure 6. Formation of exciton-polaritons. a) Anticrossing featured by the vacuum Rabi splitting (	Rabi) results from the strong coupling between the
cavity photon (Ph) and exciton (X), leading to new eigenstates of the upper polariton branch (UPB) and the lower polariton branch (LBP). The graph
uses normalized energy units with respect to the exciton energy, that is, Enorm = (E − EX)/EX. b) The Hopfield coefficients of the LPB, characterizing
the excitonic (|CX|2) and photonic (|Cph|2) fractions of the exciton-polariton, are plotted as a function of the detuning between the photon and exciton
energies.

Figure 7. Schematics of polariton quantum blockades. a) Conventional blockade in which the nonlinear interaction between two polaritons blocks the
excitation of a second polariton when U > γ . Reproduced with permission.[28] Copyright 2018, ETH Zurich. b) Unconventional polariton blockade in
which the coupling J between two cavities reduces the required polariton nonlinearity U. Reproduced with permission.[93] Copyright 2011, APS.

process at the optical bistability regime, reported with 6% in-
tensity squeezing by Karr et al. in 2004[70] and 20.3% intensity
squeezing by Boulier et al. in 2014.[71] In 2018, Jabri et al. pro-
posed a novel method to enhance the polariton squeezing using
a coupled double QW strongly coupled to cavity photons.[72] The
authors showed that the nonlinear interactions in the direct and
indirect excitonic modes could lead to significant squeezing de-
spite weak nonlinearities, and the dominant contribution to the
noise spectra of the system came from the indirect excitons in
the strong exciton–photon coupling regime.[72]

QuantumBlockade Effect: Another significant step on the way
to quantum polaritonics is the demonstration of single parti-
cle state and single particle interaction in polariton systems, for
which the idea of polariton blockade is proposed.[73] As illustrated
in Figure 7a, the nonlinear interaction between two polaritons
leads to an energy blueshift of the two-excitationmanifold, which
blocks the possibility of simultaneously injectingmore than a sin-
gle polariton. This scenario, nevertheless, can only occur in the
situation where the interaction energy of two polaritons U ex-
ceeds the polariton linewidth γ , which is extremely challenging
due to technical limits.

Unique Merits of the Open-Access Microcavity System for Quan-
tum Polaritonics: In the polariton squeezing measurement
reported in ref. [71], 3D optical confinement, enabled by the
micropillar structure, is well applied to enhance the polariton–
polariton interaction, which prevents the motion driven by the
repulsive potential and keeps a maximum overlap of polariton
wavefuctions. On the other hand, while the microcavity is etched
into micropillars for tight lateral confinement, the etching into
the active media broadens the excitonic linewidth, resulting in
a dilemma for the quantum blockade demonstration. It there-
fore requires a device that provides strong 3D light confinement
while keeping the active media unaffected, for which the open-
access microcavity appears as a perfect choice. First of all, the lat-
eral confinement by the concave-planar cavity structure, which
can reach a sub-micron lateral mode size, does not involve any
etching on the activemedia. Moreover, the confinement potential
can be much deeper than that provided by micropillars. Besides
providing strong 3D confinement, these merits of open-access
microcavities allow flexible structuring of polariton potential
landscapes, enabling new methods for spatial and pseudospin
control of polaritons. Moreover, the freedom of embedding
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foreign emitters render it a versatile tool for polaritonics based on
a large variety ofmaterials that exhibit advantageous optical prop-
erties. Especially, the potential ability of embedding novel emit-
ters of very strong nonlinearity inside high-quality microcavities
would eventually lead to giant advances in quantum polaritonics.

3.1.2. Exciton-Polaritons as a Driven-Dissipative System

As quasi-particles, exciton-polaritons form a driven-dissipative
system due to the finite lifetime inherited from the excitons and
cavity photons, in which the creation and decay of a polariton
is via the interaction of its external environment such as the ex-
citon reservoir. The dissipative nature makes the polaritons dif-
fer from the ideal BEC system that is supposed to be in thermal
equilibrium. For example, unlike the ideal BEC whose critical
density is determined by the particle mass and temperature, the
condensation of polaritons at a given temperature is determined
by a mechanism of kinetics versus thermodynamics, leading to
an optimal exciton–photon detuning at which the lowest conden-
sation threshold is obtained.[74–76] In many of the investigations
on the collective behaviors of exciton-polaritons, the system is
often viewed approximately as a closed one, that is, the inves-
tigated physical process does not include the interaction of the
system with its environment as a significant part. Nevertheless,
such interaction can be very important and lead to new scenar-
ios of physics. Eleuch and Rotter systematically studied the quan-
tum resonances in open systems, of which the Hamilton opera-
tor becomes non-Hermitian due to the dissipative nature.[77] The
quantum states of the open system may couple via the common
environment, exhibiting complex eigenvalues and biorthogonal
eigenfunctions. The most interesting property of the open sys-
tem is the so-called exceptional point (EP) in the parameter space,
a singularity at which the eigenvalues of two states coalesce, cor-
responding to the same eigenfunctions.[78,79] Around the EP, the
non-Hermitian Hamiltonian can result in avoided level crossing
of eigenvalues and bifurcation of widths (lifetimes), as well as a
variation of the phase rigidity of the eigenfunctions. While the
observation of EP and related physical processes have been re-
ported in different systems including microwave cavities, open
QDs, single-electron transistors, and atomic assembles,[80] its ap-
plication in photonics has also been explored in recent years.[14,81]

Particularly, the experimental investigation of the non-Hermitian
nature and observation of EP in exciton-polaritons were reported
by Gao et al. in 2015 in an optical-induced billiard potential de-
signed on a monolithic microcavity.[82] It is thereby expected that
the free design of photonic potentials with strong confinement
enabled by the open-access microcavity would help to further ex-
plore the exciton-polaritons as a dissipative open system.
Another interesting investigation related to the driven-

dissipative nature is the analysis of the photon transport through
the microcavities. Wang and Taylor built the theoretical models
to study the flow of photons in a photonic system coupled to two
external reservoirs as well as with a center mesoscopic region,
enabling a direct photonic analog to electron transport driven by
a voltage bias in electronic devices.[83] Recently, Mantsevich and
Glazov established theoreticalmodels to describe the fluctuations
of tunneling currents in photonic and polaritonic systems.[84] The
authors obtained noise spectra for photon tunneling transport di-

rectly between two reservoirs, as well as passing through nonin-
teracting and interacting intermediate regions between the reser-
voirs, in which themicrocavity in the strong coupling regime was
proposed as an suitable system for experimental realization. In-
deed, Rodriguez et al. reported experimental demonstration of
hopping phase in coupled photonicmicrocavities, by considering
the driven-dissipative nature of the exciton-polaritons.[85] Exper-
imental studies based on more sophisticated theoretical models
would be expected with further progress in polariton landscape
engineering.

3.2. Exciton-Polaritons in Epitaxial QWs in Open-Access
Microcavities

Arsenide QWs are the most widely used optical media for the
investigation of exciton-polariton physics, thanks to the direct
homoepitaxial growth of QW layers on highly reflective Al-
GaAs/GaAs DBRs that enables long coherence lifetime of QW
excitons at low temperature. The structural sketches in Figure 4
are also good illustration of the GaAs-based open-access micro-
cavities. The semiconductor sample contains the planar AlGaAs/
GaAs DBR on a GaAs substrate, on which InGaAs or GaAs QWs
are grown at the optical field antinodes of the designed cavity.

3.2.1. Demonstration of Strong Coupling

The strong light–matter coupling of InGaAs QWs in the
chip-based and fiber-based open-access microcavities were first
demonstrated by Dufferwiel et al.[46] in 2014 and Besga et al.[34]

in 2015. The signature behaviors of anticrossing between theQW
exciton and the cavity photon were demonstrated by tuning the
cavity length (example in Figure 8a), showing a maximum vac-
uumRabi splitting of 5.6meV (6 QWs) and 3.4meV (single QW),
respectively. In fact, the vacuum Rabi splitting is a tunable prop-
erty in the open-accessmicrocavities as the exciton–photon wave-
function overlap is directly related to the length of the air gap be-
tween themirrors, given by	Rabi ∝ 1/

√
L + LDBR + LQW, where

L, LDBR, and LQW are the lengths of the air gap, QW region, and
DBR penetration. Good agreements were reported between the
experimental and simulated values of Rabi splitting as a function
of cavity length (Figure 8c).
The investigation of spatial mode profile was enabled by the

chip-based cavity setup. LG type transverse modes were clearly
observed when imaging the cavity modes with low spectral reso-
lution (Figure 8b). Nevertheless, at high spectral resolution, the
actual lift of degeneracy was revealed by spectral splittings into
a family of Mathieu and Ince–Gaussian modes, due to the im-
perfection of the concave mirror shape that broke the circular
symmetry.[46]

3.2.2. Spin Vortices

The open-access microcavity is a natural tool for investigating po-
laritonic vortices[56–58,86,87] due to the fact that higher-order LG
modes carry nonzero OAMs. Especially, the existence of large
TE–TM polarization splitting in the open-access microcavity
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Figure 8. Characterization of the strong coupling regime in a chip-based open-access microcavity with InGaAs QWs. a) Anticrossing feature that evi-
dences the strong exciton–photon coupling. LP/UPi refers to the lower/upper polariton of the ith transverse Gaussian mode. b) Real space photolumi-
nescence (PL) image of the transverse Gaussian modes. c) Rabi splitting as a function of cavity length L with different RoCs ranging from 5.6 to 19 µm.
Reproduced with permission.[46] Copyright 2014, AIP Publishing.

renders it a unique system of photonic spin–orbit (SO) coupling.
Indeed, for 2D polaritons created in planarmicrocavities, the TE–
TM splitting acts as an effective magnetic field on cavity pho-
tons, leading to interesting phenomena such as optical spin Hall
effect,[67] magnetic-monopole-like half dark solitons,[88] and po-
laritonic topological insulators.[8,9,69] Dufferwiel et al. reported
polariton condensates exhibiting vortex-like pseudospin textures
in a chip-based open-access microcavity.[89] A combined effect
of the confinement potential created by the concave mirror and
the spin–orbit coupling induced by the large TE–TM splitting re-
sults in a lifting of degeneracy of the first excitedmanifold (corre-
sponding to LG mode with (p, |l|) = (0, 1)), showing eigenstates
of radial/azimuthal spin vortices and hyperbolic-like spin anti-
vortices (Figure 9a). The second manifold (corresponding to the
degenerated LG modes (p, |l|) = (1, 0) and (0,2)) also splits un-
der the SO coupling effect, showing different ways of pseudospin
winding in the inner core and outer ring of the same mode (Fig-
ure 9b). The effect of strong light–matter coupling was investi-
gated in such systems by modifying the exciton/photon fraction,
depending on which the polaritons choose to condense either in
spin-vortex-like patterns or linearly polarized HG states.[89] Com-
pared to other polaritonic systems exhibiting spin vortices,[86,90]

the open-access microcavity shows its capability of creating spin
vortices in a controllable way, as well as the in situ tunability of
spin textures by involving the polaritonic properties.
The observation of spin vortices confirms the possibility to use

open-accessmicrocavities as a system formanipulating the spin–
orbital coupled states of photons. Li et al. proposed a protocol
for such manipulation in a spin–orbit coupled Poincare hyper-
sphere, using the polarization-dependent AC Stark effect of exci-
tons under ultrafast pump pulses.[91]

3.2.3. Polaritonic Molecules

The design of partially overlapped hemispheres as concave
mirrors in chip-based open-access microcavities, sketched in
Figure 10a, was introduced to exciton-polariton studies by Duf-

ferwiel et al. in 2015, forming polaritonic molecules exhibiting
bonding (B) and antibonding (AB) eigenstates.[50] The major dif-
ference between the polaritonic molecules reported in the work
and other systems lies in the tunability of the mode coupling
strength by varying the photon fractions. Since the mode cou-
pling that leads to the B–AB mode splitting is a pure photonic
effect, the splitting vanishes when the polaritons approach the
exciton energy presenting very small photon fraction, as shown
in Figure 10b. The tunability of individual cavities is a major
advantage compared to polaritonic molecules based on mono-
lithic microcavities.[92] By changing the tilt angle of the planar
cavity mirror, the relative length difference between the two cou-
pled cavities can be tuned precisely, depending on which the
cavity modes can be coupled and decoupled. The structure of
polaritonic molecule has been proposed as a promising system
for demonstrating unconventional polariton blockade sketched
in Figure 7b, in which the required polariton nonlinearity re-
duces via the effect of quantum tunneling between the two
coupled cavities.[93,94] Meanwhile, the flexible shape design of
the coupled open-access microcavity is also promising to serve
as a suitable experimental platform for investigating the non-
Hermitian physics and quantum photon transport introduced in
Section 3.1.2.

3.2.4. Quantum Correlation of Polaritons

For experimental investigations of polariton quantum correla-
tions with open-access microcavities, the pump photons are usu-
ally provided by a laser that is near resonant with the polariton
energy. In order to distinguish the emission of cavity polaritons
from the backscattered pump laser, the best solution is to struc-
ture the setup in transmission configuration as discussed in pre-
vious sections (Figure 4a,c). The realization of such transmission
setup at liquid helium temperature is reported in a number of
works from both fiber- and chip-based cavities.[41,42,95]

Optical Bistability and Dissipative Phase Transition: When the
pump laser is at a proper range of blue detuning with respect
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Figure 9. Polaritonic spin vortices. a) For the first excited manifold: schematic of the formation of the eigenstates of radial/azimuthal spin vortices and
hyperbolic-like spin anti-vortices (left panel) and the corresponding experimental results including spatially resolved PL intensity and linear polarization
angle distribution (right panel). b) Same as (a) for the second excited manifold. Reproduced with permission.[89] Copyright 2015, APS.

Figure 10. Polaritonic molecules based on open-access microcavities. a) Schematic of the cavity configuration. b) Anticrossing feature of the B and AB
modes, whereas the B–AB splitting vanishes when approaching the exciton energy. Reproduced with permission.[50] Copyright 2015, AIP Publishing.

to the polariton energy, optical bistability of polaritons, featured
by the coexistence of two stable states, occurred within a certain
range of pump power in polaritonic systems due to nonlinear
interactions.[96]

As strongly linked to the open dissipative nature and quan-
tum properties of polariton systems, optical bistability has been

explored both experimentally and theoretically as a lasting fo-
cus of polariton physics in monolithic microcavities. In 2008,
Krizhanovskii et al. observed experimentally that under CW (con-
tinuous wave) pumping near the inflection point of the polariton
dispersion, sharp transformations of polariton–polariton scatter-
ing patterns occur in momentum space with increasing pump
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Figure 11. Optical bistability and dissipative phase transition. a) Color-coded photon number distribution showing double-peaked feature within ex-
citation power from 750 and 1200 µW, indicating optical bistability. b) Prolonged bunching timescale up to microseconds in the bistability region is
observed. The orange, green, red, and purple colors correspond to the detuning �/γ = 0.2, 0.4, 0.8, and 1.0. Reproduced with permission.[41] Copyright
2018, Springer Nature.

intensity.[97] These results were well explained by the theoreti-
cal model that the interplay between the self-instability (bistabil-
ity) of the pumped mode and its multimode parametric insta-
bility results in a dynamically self-organized optical parametric
oscillation (OPO) process.[97,98] Demenev et al. performed time-
dependent studies of the kinetics of the polariton system un-
der nanosecond-long pump pulses, which provided direct exper-
imental evidence for the robustness of the theoretical model.[98]

In 2010, Sarkar et al. observed polarization bistability and the re-
sultant spin-ring patterns of the polariton signal state, revealing
the effect of the spin-dependent anisotropy of polariton–polariton
interactions.[99] By pumping near the inflection point of polariton
dispersion in the bistability regime, bright solitons and soliton
trains of polaritons were created by Sich et al. in 2012 and Chana
et al. in 2015.[62,100]

Similar to monolithic microcavities, optical bistability can be
clearly demonstrated due to the strong nonlinearity in the open-
access microcavities. Giriunas et al. reported in a chip-based
open-access microcavity the formation of macroscopically occu-
pied polariton ground state by driving a discrete excited state
near-resonantly, where the polariton optical bistability of the
pump state is directly inherited by the ground state of polariton
condensation, showing a total number of polaritons of �110.[42]

The dissipative and quantum features of polaritons at the
optical bistability region was investigated by Fink et al. in a
fiber-based open-access microcavity, where the photon correla-
tion measurement is demonstrated as an effective tool for study-
ing the dynamics of dissipative phase transitions.[41] At the bista-
bility region (Figure 11a), the intermittent light bursts due to the
jump from low to high intensity states give rise to strong super-
Poissonian photon statistics, resulting in highly bunched polari-
ton states exhibiting a second-order correlation function g(2)(0)
more than 2.[28] The timescale of the bunching corresponds to
the relaxation time of the system back to its steady state, which
is the inverse of the real part of the Liouvillian eigenvalues.[101] A
dissipative quantumphase transition occurs when the Liouvillian
gap closes, characterized by a critical slowdown of the relaxation
timescale and thereby an extended persisting time of polariton
bunching. This links the polariton correlation to the dynamics of
the dissipative phase transition. At the pump laser detuning of
� = +1.5γ (γ is the polariton linewidth), the authors observed
prolonged bunching timescale up to microseconds in the bista-
bility region (Figure 11b), more than nine orders of magnitude as

that of single polaritons. A systematic investigation of the bunch-
ing timescale around the critical pump power (where the longest
bunching timescale is obtained) reveals the reduction of the Liou-
villian gap and the signature of the dissipative phase transition.
Toward Polariton Blockade: The quantum correlation of a po-

laritonic system when the two-particle interaction and polariton
linewidth are comparable is depicted in Figure 12a, which shows
a strong dependence of polariton statistics on the detuning of the
incident laser within the polariton linewidth. If the pump laser is
in resonance or slightly red-detunedwith the polariton transition,
the probability of creating two polaritons within the polariton
lifetime is reduced due to the energy blueshift induced by
polariton nonlinearity, leading to antibunching polariton states.
Conversely, if the pump laser is blue-detuned with the polari-
ton transition, the probability of simultaneously creating two
polaritons is increased, resulting in polariton states of quantum
bunching. Consequently, the photon correlation g(2)(0) presents
a dispersive feature around unity (Figure 12b).[102] Muñoz-
Matutano et al. reported photon correlation measurements at
several laser detunings based on such scenario in a fiber cavity
near-resonantly pumped by a pulsed laser. The key feature is
the observation of sub-Poissonian photon statistics character-
ized by g(2)(0) = 0.93 ± 0.04.[102] The authors attributed the
noise sources that partially spoil the photon correlation to the
charged exciton transition and the neighboring fundamental
cross-polarized polariton mode, which was minimized by tuning
the system parameters. In the meantime, Delteil et al. also
reported antibunching of polaritons in a fiber cavity under CW
pumping by choosing an exciton fraction |cx|2 �0.6 as theoret-
ically expected to reach the optimal compromise between the
polariton linewidth and nonlinearity, characterized by a g(2)(0)
= 0.95 ± 0.02 at a negative pump detuning � = −0.75�p (�p is
the polariton linewidth).[103] These results enlightened the way
toward polariton quantum blockade that would exhibit greatly
reduced g(2)(0), probably by further narrowing the polariton
linewidth with higher-quality QWs and increasing the polariton
interaction with dipolar polaritons in coupled QWs.

3.3. Exciton-Polaritons from Monolayer TMDs in Open-Access
Microcavities

TMDs, such as WS2, MoS2, WSe2, and MoSe2, is family of ma-
terials whose monolayers form direct bandgap semiconductors
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Figure 12. Quantum correlation of a polaritonic system when the energy shift of two-polariton interaction exceeds the polariton linewidth. a) The
schematic of excitation mechanism and b) simulated results of second-order correlation g2(0) as a function of the pump laser–polariton detuning, with
simulation parameters in ref. [102]. If the pump laser is red-detuned with the polariton transition, polariton blockade occurs (red in (a)) resulting in
antibunching photon statistics (red part in (b)). If the pump laser is blue-detuned, the polariton system is preferably excited to two-particle states (blue
in (b)), leading to photon bunching (blue part in (b)). Reproduced with permission.[102] Copyright 2019, Springer Nature.

Figure 13. Strong coupling in MoSe2 monolayers. a) Schematics of heterostructures of the double and single QW. b) Anticrossing feature between the
monolayer exciton and cavity mode energies. Reproduced with permission.[109] Copyright 2015, Springer Nature.

exhibiting pronounced exciton resonance at room temperature
due to large exciton binding energy and oscillator strength.[104–106]

The strong coupling between such monolayers and microcavity
photons has been attracting a lot of interest as a novel system
for room temperature polaritonic devices that may also help to
understand and influence the underlying electronic properties
of the TMD monolayers. While the monolayers can be obtained
by exfoliation and transferred to a DBR with standard transfer
techniques, the deposition of a second DBR of high quality on
top is the main difficulty for achieving a high-quality microcav-
ity. Although strong coupling has been reported in a fully dielec-
tric monolithic microcavity,[107] the cavity quality factor as well as
the polariton lifetime remains low. In this sense, the use of open-
access microcavities became the best solution.

3.3.1. Strong Coupling Regime

In 2014, Schwarz et al. managed to place thin sheets of GaSe in
a chip-based open-access microcavity and demonstrate enhanced
spontaneous emission rate.[108] The demonstration of strong cou-

pling regime was reported by Dufferwiel et al., from the same
affiliation, with MoSe2 monolayers at a temperature of 4 K in
2015.[109] The vacuum Rabi splitting was observed to be 20 meV
for a single MoSe2 monolayer (Figure 13), and 29 meV in a het-
erostructure of MoSe2/hBN/MoSe2 double monolayer, in agree-
ment with the theoretically expected scaling that the Rabi is pro-
portional to the square root of QW numbers. A narrow polariton
linewidth of 4.9 meV was achieved at zero photon–exciton de-
tuning due to the increased cavity quality. In 2016, Flatten et al.
demonstrated strong coupling regime at room temperature with
WS2 monolayers in a chip-based planar–planar open-access mi-
crocavity in 2016,[110] showing a vacuumRabi splitting of 70meV.

3.3.2. Valley Coherent Polaritons

The use of open-access microcavities allows to explore and
modify the intrinsic electronic properties of the monolayer
material, best exemplified by the demonstration of valley ad-
dressable polaritons in MoSe2 monolayers by Dufferwiel et al. in
2017.[111] It had been demonstrated in earlier literature that upon
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nonresonant excitation with circularly polarized light, the bare
excitons in MoSe2 monolayers almost does not retain the
polarization of the pumped valley state, due to the Maialle–
Silva–Sham (MSS) mechanism[112–114] that a combined effect
of the parallel and perpendicular (LT) spin splitting of exciton
states and the random exciton momentum scattering results in a
valley pseudospin relaxation. Nevertheless, upon the formation
of exciton-polaritons in open-access microcavities, the expected
valley depolarization by MSS mechanism is reduced, due to a
decrease of random exciton momentum scattering by the fact
that the spatial extension of polariton wavefunction is much
larger than the length scale of the exciton disorder. The authors
observed polarization retention of exciton-polaritons with circu-
lar polarization degree up to 20%, compared to 2% and 5% for
bare neutral and charged excitons.[111] Furthermore, the authors
reported valley coherent exciton-polaritons in WSe2 embedded
in an open-access microcavity in 2018.[115] It was demonstrated
that the exciton-polaritons exhibited a linear polarization degree,
initiated by the nonresonant excitation of valley pseudospin, up
to three times higher than bare excitons. By applying a magnetic
field of 8 T, the polarization angle of the polaritons rotates up
to 45% degree under the induced Zeeman effect, three times
larger than the bare exciton, demonstrating a longer coherence
lifetime. These results initiated a way to use valley coherence for
on-chip photonic devices.

3.3.3. Fermi Polaron-Polaritons

The use of open-access microcavities allows to combine advan-
tageous properties of the TMD monolayer and the cavity, of
which the Fermi polaron-polariton is a typical example. The con-
cept of polaron was initially described by the interaction of an
atomic or trion with surrounding electrons.[116] In semiconduc-
tors, polarons are formed by the exciton–electron interaction, in
which an optically created exciton serves as a mobile bosonic
impurity in a fermionic reservoir of electrons. Electrons can
be either attracted or pushed away by the exciton, resulting in
attractive and repulsive polaron states split in energy. Sidler
et al. investigated polaron-polaritons formed by the strong cou-
pling between microcavity photons and polarons in a MoSe2
monolayer.[117] Themonolayer withmetal contact allows free tun-
ing of electron density which is a deterministic factor of polaron
properties, whilst the fiber cavity allows easy cavity–monolayer
integration and transmission spectroscopy with white light. The
authors observed repulsive and attractive polarons in both weak
and strong coupling regimes, the energies of which shifted with
electron density. Similar to the exciton-polariton which can ex-
hibit an effective mass four orders of magnitude smaller than the
electrons, the polaron-polariton is promising for the realization
of Fermi-polaron systems with tunable ultrasmall mass impurity.

3.4. Exciton-Polaritons and Photon Condensates in Organic
Materials in Open-Access Microcavities

3.4.1. Organic Semiconductors

Organic semiconductors, being polymers or small-molecule-
consisted microcrystals, are a new type of semiconductors host-

ing Frenkel excitons that exhibit very large binding energy
(�1 eV) and oscillator strength (hundreds of millielectron-
volts), suitable for polaritonic devices at room temperature.[118,119]

Strong coupling and polariton condensation based on various or-
ganic materials have already been reported in monolithic micro-
cavities despite the low Q-factor around several hundreds.[120,121]

The limiting factor for further increasing the cavity Q and thus
the polariton lifetime lies in the technical difficulty of deposit-
ing high-quality DBRs on top of the polymer surface, which can
be hopefully settled with open-access microcavities. In 2016, Ur-
bonas et al. demonstrated strong exciton–photon coupling be-
tween a ladder-type conjugated polymer and a chip-based open-
access microcavity at room temperature, showing a Q-factor of
200 and vacuum Rabi splitting of 166 meV.[122] The authors also
demonstrated polaritonic molecules by applying coupled hemi-
spherical mirrors. In 2017, the same research group demon-
strated polariton condensation with the same polymer and the
cavity Q-factor improved to 600.[123] In addition, Betzold et al. re-
ported strong exciton–photon coupling of a fluorescent emitter
(MEH-PBI) embedded in a chip-based open-accessmicrocavity in
2017.[124] The authors observed a transition from weak to strong
coupling regimes by decreasing the cavity length through several
longitudinal orders. The open-access microcavities also allow to
study optical behaviors of biological related chemicals. As an ex-
ample, Grant et al. investigated a thin film of biologically derived
molecule β-carotene embedded in a planar–planar open-access
microcavity with silver-coated cavity mirrors.[125] The strong cou-
pling was demonstrated between the cavity mode and the 0–1
vibronic transition of the molecule, but not for other vibronic
transitions due to their lower oscillator strengths and broader
linewidths.

3.4.2. Dye Lasers and Photon Condensations

Organic dye molecules in solutions have been popularly used
as active media for various lasers covering a wide range of
wavelengths.[126] Nevertheless, due to the irreversible photo-
bleaching of dye molecules, conventional organic dye lasers
require either large-sized pump circulation system or pulsed
pumping with external sources. Coles et al. reports a solution to
these drawbacks by incorporating dye molecules inside a chip-
based open-access microcavity.[127] The small mode volume of
the system allows self-diffusion that quickly circulates photo-
bleached dye molecules out of the cavity mode, in which the
authors demonstrated CW operation of a dye laser without ex-
ternally driven recirculation, with single mode tunability over
a bandwidth of 20 nm. In parallel with dye-based microlasers,
dye molecules incorporated in cavities were also investigated for
photon condensations, wherein the photons can reach thermal
equilibrium through frequent energy exchanges with the ther-
mal bath of dye–solvent vibrations.[128–132] Walker et al. reported
nonequilibrium BEC of a very small number (7 ± 2) of pho-
tons in the chip-based open-access microcavity incorporating dye
molecules.[133] The concave mirror, with a RoC of 400 µm fabri-
cated by FIBmilling, was specifically designed to form a photonic
potential of 2D harmonic oscillator that enabled the observation
of a multimode condensate regime of photons that exhibit strong
intermode correlations.
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4. Single-Photon Emitters and Nanoparticles in
Open-Access Microcavities

Solid-state single-photon emitters, including QDs,[95] vacancy
color centers,[134] single molecules,[45] provide atomic-like two-
level systems by the nanoscale confinement of charge carriers
that enable significant applications for on-chip quantum infor-
mation processing.[135] The investigation of cavity quantum elec-
trodynamics (CQED) by integrating single-photon emitters in
microcavities allows tailoring the light–matter interaction,[136]

leading to enhanced spontaneous emission rate via the Pur-
cell effect,[137] higher photon collection efficiency,[18] better pho-
ton purity and indistinguishability,[138] as well as photon–spin
interfaces.[139] Moreover, the interaction of single-photon emit-
ters with cavity photons or other coupling media would enable
the entanglement between remote qubits, for which various pro-
tocols have been proposed. Imamoglu et al. proposed a scheme
for achieving entanglement between distant QD electron spins
coupled through a common microcavity mode using all-optical
Raman transitions.[140] Alternatively, Yokoshi et al. proposed a
scheme to create entangled distant qubits of heavy hole spin in
QDs through a spontaneously radiated cavity photon that travels
via a waveguide strongly coupled with the two cavities in which
the QDs are located.[141] More recently, Maslova et al. proposed
a protocol to increase spin correlations and the degree of entan-
glement in a system of two correlated QDs by coupling it to an
electronic reservoir, which is explained by the collective behavior
of all electrons linked to the symmetry properties of the whole
system.[142]

The key technical issue to guarantee the most efficient
emitter–cavity coupling is to ensure the optimal spatial and tem-
poral overlaps, that is, the emitter needs to be located at the very
center of the optical field maximum and the transition exhibits
the same optical frequency with the cavity mode. Although nu-

merous techniques have been developed to improve the over-
lap in monolithic cavities such as QD position registration,[143,144]

temperature,[145] and electrical tuning of excitonic energy,[146,147]

it is still challenging to achieve prefect alignments without de-
teriorating the optical properties of the emitter. In this context,
open-access microcavities are expected as a versatile tool for a
perfect photon–emitter overlap without any manipulation on the
emitter itself. Indeed, the cavity can be continuously tuned to per-
fect overlaps with the emitter in space and frequency domains by
simply adjusting the lateral position of the concave mirror and
the cavity length respectively. Such in situ tunability has been a
strongmotivation for the successive advancement of open-access
microcavity systems.

4.1. Semiconductor QDs in Open-Access Microcavities

4.1.1. Epitaxial QDs

The self-assembled InGaAs or InAs QDs are the most widely
studied epitaxial QDs, which are grown by epitaxy on an epitax-
ial AlGaAs/GaAs DBR that serves as the planar mirror of the
open-access microcavity.[95] Muller et al. first reported the cou-
pling of single InGaAs QD with a fiber-based open-access mi-
crocavity (RoC �42 µm) in 2009.[36] By varying the cavity length,
the cavity mode which crossed the resonances of different QD
transitions showed enhanced intensity of emission (Figure 14a).
In 2011, Barbour et al. realized cavity-QD resonance in a chip-
based open-access microcavity with a RoC �120 µm, in which
the Purcell effect evidenced by enhanced spontaneous emission
rate was observed.[27] In order to enhance the coupling strength
with smaller mode volume, Greuter et al. from the same group
improved fabrication process of the laser ablation that allows to

Figure 14. Coupling between epitaxial QDs and open-access microcavities. a) The weak coupling regime: PL spectra of microcavity with varying cavity
length. Reproduced with permission.[36] Copyright 2009, AIP Publishing. b) The strong coupling regime: anticrossing behavior when tuning the cavity
mode energy through the QD, raw data (left panel), and data subtracting the bare-cavity resonance (right panel). Reproduced with permission.[95]

Copyright 2015, APS.
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Figure 15. NV centers in diamonds integrated in open-accessmicrocavities. a) g(2)(t) measurement showing the evidence of the single-photon emission.
b) PL decay curves with pulsed excitation as a function of cavity-length detuning. The inset shows the normalized decay curves. Reproduced with
permission.[159] Copyright 2017, APS.

reduce the RoC of the concave cavity mirror to 10 µm.[38,148] The
authors reported strong coupling between a single QD and the
cavity evidenced by the observation of the anticrossing behavior
when tuning the cavity mode energy to the QD transition (Fig-
ure 14b), with enhanced cooperativity allowed by the high quality
of the spectra.[95]

4.1.2. Nanocrystal QDs

Nanocrystal QDs are widely used for light-emitting devices,
single-photon sources, and lasers. As the emission wavelength
depends on the size of individual synthetized QDs, the integra-
tion of such emitters with the open-access microcavity provides
flexible tunability for accurate photon–emitter coupling and laser
wavelength tuning. In 2012, Di et al. reported the control of
spontaneous emission of CdSe/ZnS nanocrystals in a chip-based
open-access microcavity at room temperature.[149] While the sys-
tem worked in the “bad emitter” regime in which the QD tran-
sition linewidth is much greater than the cavity linewidth due to
dephasing, the ultrasmall mode volume becomes the key factor
for achieving enhanced spontaneous emission. The authorsmea-
sured spontaneous emission rate for a series of mode volumes at
different RoCs of cavity mirrors, showing greater enhancement
observed with reducing mode volumes. In 2016, Patel et al. re-
ported tunable single mode lasing within a broad range of wave-
length over 25 nm in a system of CdSe/CdS core–shell nanocrys-
tals in a chip-based open-access microcavity, based on which gain
spectroscopy of the QD solution was demonstrated.[150]

4.2. NV Centers in Diamonds in Open-Access Microcavities

The nitrogen vacancy (NV) centers in diamonds have been
intensively investigated for quantum information processing
due to its long spin coherence time and robust single-photon
emission.[134,151,152] Microcavities are commonly used as themain
platform for embedding the NV center for high generation rate
and collection efficiency of indistinguishable single photons, as
well as for enhancing the zero-phonon-line (ZPL) emission of
the NV center at room temperature. The integration of NV cen-
ters has been successfully demonstrated in WGM and 2D pho-
tonic crystal (PhC) cavities,[153–155] however, it remains challeng-

ing to fabricate a NV center-embedded microcavity with both
small mode volume and highly directional emission. The open-
access microcavity provides a realistic solution with in situ tun-
ability, while the NV centers can bemade onto the planar DBR by
either spin casting nanodiamonds or transferring a single crys-
talline diamond membrane. In 2015, Johnson et al. reported the
integration of nanodiamonds in a chip-based open-access micro-
cavity, allowing 6.25 times of ZPL emission intensity compared
to bare NV centers at room temperature.[156] Dolan et al. demon-
strated in the same type of cavity single-photon generation, which
exhibited photon purities exceeding 96% and device efficiencies
up to 3%.[157] The authors also carried out systematic studies us-
ing concave mirrors with a series of RoCs ranging from 4 to
25 µm, and concluded that RoC = 8 µm enabled the best device
performance by the interplay between cavity feeding and photon
extraction. With fiber-based cavities, Kaupp et al., demonstrated
Purcell enhancement up to two of NV centers in nanodiamonds
in 2016.[158] In 2017, Riedel et al. reported the integration of dia-
mond membranes, detached from the hosting substrate using a
micromanipulator, with a chip-based open-accessmicrocavity.[159]

The authors reported single-photon emission (Figure 15a) and
claimed a Purcell factor of �30 for the ZPL translated from an
overall Purcell factor of 2 (Figure 15b).Within the cavity, the prob-
ability of the ZPL emission was increased to 46% compared to
3% for bare NV. Bogdanovic et al. reported a fabrication process
to includemicrowave stripes on the planarmirror of a fiber-based
open-accessmicrocavity embedded with diamondmembranes in
2017, which enables the demonstration of NV spin control with
microwaves.[160]

4.3. Single Molecules in Open-Access Microcavities

Single molecules have been reported as single-photon emitters
whilst their strong coupling with photons were demonstrated in
plasmonic nanostructures.[161,162] Nevertheless, the realization of
selectively addressing the narrow linewidth transitions in sin-
gle molecules requires high-Q photonic devices like microcav-
ities. The tunability, easy integration, small volume, and high
Q of the open-access microcavity system render it an excel-
lent candidate for hosting single molecule emitters. The single
moleculemicrocavity-integrated systemsweremost developed by
researchers at Max Planck Institute for the Science of Light at Er-
langen, Germany. Following the initiation and improvement of
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Figure 16. Strong coupling between a single molecule exciton and a tunable open-access microcavity. a) Spectra obtained by varying cavity–molecule
frequency detuning. b) The corresponding anticrossing feature characterized by the measured peak frequency as a function of molecule-cavity detuning.
Reproduced with permission.[45] Copyright 2019, Springer Nature.

the cavity samples in 2010[163] and 2015,[43] Wang et al. demon-
strated in 2017 the coherent coupling of a single dibenzoterry-
lene (DBT) molecule with an open-access microcavity consisting
of a DBR-coated planarmirror and ametal-coated concavemirror
on silicon substrate.[164] The cavity exhibits a moderate Q-factor
of �1500 that is high enough to allow 66% enhancement of the
00ZPL at cryogen temperature and low enough to avoid the need
of extra cavity stabilization. The authors reported a 38% extinc-
tion ratio of the cavity photons by the DBTmolecule within a very
narrow linewidth of 54 MHz and a series of spectra showing dis-
persive Fano resonances at various cavity–molecule frequency de-
tunings. In 2019, Wang et al. further improved the cavity quality
by using a DBR-coated concave mirror fabricated on a fiber facet
while introducing active cavity stabilization (already discussed in
Section 2.3.5), leading to a very high Q factor of 230 000. Such a
sophisticated system allows to turn the single DBTmolecule into
a coherent two-level quantum system.[45] By continuously vary-
ing cavity–molecule frequency detuning, the authors observed
the evolution of spectra showing two split polaritonic resonances
(Figure 16a), evidencing the strong coupling regime of a single
molecule with the optical microcavity by the anticrossing feature
of photon energy (Figure 16b). Moreover, the authors reported
one of the largest photon bunching of g(2)(0)= 21 for single emit-
ters that is related to the high cooperativity of the strongly coupled
system. The authors also demonstrated the efficient interaction
of the molecule-in-cavity system with single photons from an-
other molecule in a distant laboratory, thereby “wiring” a single
photon to a single quantum emitter.

4.4. Nanoparticle Trapping and Sensing in Open-Access
Microcavities

Microcavities are well known to be used as sensors for nanopar-
ticles, chemical gases, temperatures, magnetic fields, and small
mechanical forces, characterized by the effects of spectral shift-
ing, splitting, and broadening of the cavity optical modes due to
the existence of the sensed object or parameter change.[165–168]

Moreover, enhancement of optical field inside microcavities are
used to optically trap nanoparticles.[44] Open-access microcavities
were recently applied for enhancing the sensing and trapping of

nanoparticles with smallmode volumes. In 2014, Trichet et al. de-
veloped a system of custom-made flow cell to allow fluid between
the cavity mirrors of the open-access microcavity, and reported
high sensitive refractive index sensing.[169] Further in 2016, the
authors introduced PMMA nanoparticles in such a system and
demonstrated trapping and sensing of a single nanoparticle.[44]

When a trapping event occurred, the spectrum shows an obvi-
ous mode frequency shift with significant fluctuations due to the
Brownian motion of the trapped particle, which was analyzed to
show the ability to determine the nanoparticle polarizability and
coefficient of friction. In 2015, Kelkar et al. reported nanoparti-
cle sensing in an open-access microcavity with gold-coated con-
cave mirrors fabricated on a cantilever, whilst the sensed gold
nanoparticles were spin coated on the bottomDBRmirror.[43] Op-
tical mode frequency and linewidth were measured andmapped,
exhibiting variation at the position of the nanoparticle. Interest-
ingly, the authors observed mode linewidth narrowing instead of
broadening by the embedded nanoparticle at long cavity lengths,
which was explained by the fact that the nanoparticle could re-
duce the power scattered outside the cavity of specific structures.

5. Conclusion and Outlook

The tunable open-access microcavity provides a versatile plat-
form for investigating light–matter interactions in a broad range
of research areas, due to its precise tunability, small mode vol-
ume, flexibility of design, and easiness for integration with emit-
ters. Whilst it has been most intensively used for polaritonics,
quantum emitters, and sensing at the current stage, new applica-
tions have also been appearing such as Purcell enhanced Raman
scattering[170] and enhanced light absorption in superconducting
nanowire single-photon detectors.[171] Standing on the basis of
the reported achievements, further advances of potential appli-
cations of open-access microcavities are expected in the near fu-
ture. The freedom of structural design will allow optimal integra-
tion of surface-plasmonic nanostructures into dielectric micro-
cavities, whereas the coupling between the plasmonic and opti-
cal modes leads to a combination of high Q-factor and nanoscale
mode volume, further enhancing the light–matter interaction of
single emitters coupled to such hybrid modes.[172–174] It is highly
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expected that the spatial and spectral tunability could enable
the most optimized emitter–cavity matching, resulting in even
higher single-photon extraction efficiency than the micropillar-
based cavities,[18,138,139] a crucial need for photon-based quan-
tum computing processes such as the boson sampling.[175,176]

By entering the strong coupling regime with tunable coopera-
tivity, photon trains of on-demand quantum bunching could be
realized.[45,177,178] Another merit of open-access microcavities that
should not be ignored is the higher-order transverse modes car-
rying OAMwhich, if integrated with quantum emitters, might be
essential for realizing qubits with high degrees of freedom.[179–181]

For the investigation of collective behavior of photons and polari-
tons, the flexible shape design of the concave mirror with high
accuracy allowed by the FIB milling gives rise to the advantage
of sculpturing photonic potentials. For example, a parabolic pho-
tonic potential could be defined to support a series of exactly
equally spaced eigenenergy levels that might be used to realize
bosonic cascade lasers.[182] Moreover, photonic superlattices of
topological structures could be realized with coupled arrays or
matrices of concave mirrors, avoiding deterioration of excitonic
properties due to the etching into active materials. Last but not
least, the “open-access” structure itself still exhibits great signif-
icance. it could allow external modulation of the emitter proper-
ties, such as applying surface acoustic waves (SAW), directly on
the active layer instead of through the top DBR, which would lead
to spatially localized exciton wavefunction with quasi-continuum
energy spectrum.[46,183,184] In the long run, the “open-access” fea-
ture will always be a figure of merit to facilitate the investigation
on light–matter coupling of various newly emerging opticalmate-
rials that could be otherwise hard to be integrated in high-quality
microcavities.
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Utikal, S. Götzinger, V. Sandoghdar, Nat. Phys. 2019, 15, 483.

[46] S. Dufferwiel, F. Fras, A. A. P. Trichet, P. M. Walker, F. Li, L. Giriunas,
M. N. Makhonin, L. R. Wilson, J. M. Smith, E. Clarke, M. S. Skolnick,
D. N. Krizhanovskii, Appl. Phys. Lett. 2014, 104, 192107.

[47] R. C. Pennington, G. D’Alessandro, J. J. Baumberg, M. Kaczmarek,
Phys. Rev. A 2009, 79, 043822.
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Hänsch, D. Hunger, New J. Phys. 2015, 17, 053051.

[49] L. C. Flatten, A. A. P. Trichet, J. M. Smith, Laser Photonics Rev. 2016,
10, 257.

[50] S. Dufferwiel, F. Li, A. A. P. Trichet, L. Giriunas, P. M.Walker, I. Farrer,
D. A. Ritchie, J. M. Smith, M. S. Skolnick, D. N. Krizhanovskii, Appl.
Phys. Lett. 2015, 107, 201106.

[51] D. Kleckner, W. T. M. Irvine, S. S. R. Oemrawsingh, D. Bouwmeester,
Phys. Rev. A 2010, 81, 043814.

[52] A. V. Kavokin, J. J. Baumberg, G. Malpuech, F. P. Laussy, Microcavi-
ties, Oxford University Press, Oxford 2017.

[53] C. Weisbuch, M. Nishioka, A. Ishikawa, Y. Arakawa, Phys. Rev. Lett.
1992, 69, 3314.

[54] R. Balili, V. Hartwell, D. Snoke, L. Pfeiffer, K. West, Science 2007, 316,
1007.

[55] J. Kasprzak, M. Richard, S. Kundermann, A. Baas, P. Jeambrun, J. M.
J. Keeling, F. M. Marchetti, M. H. Szymańska, R. André, J. L. Staehli,
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Phys. Rev. Lett. 2008, 101, 146404.
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[159] D. Riedel, I. Söllner, B. J. Shields, S. Starosielec, P. Appel, E. Neu, P.
Maletinsky, R. J. Warburton, Phys. Rev. X 2017, 7, 031040.

[160] S. Bogdanovic, M. S. Z. Liddy, S. B. V. Dam, L. C. Coenen, T. Fink,
M. Loncar, R. Hanson, APL Photonics 2017, 2, 126101.

[161] R. Chikkaraddy, B. de Nijs, F. Benz, S. J. Barrow, O. A. Scherman,
E. Rosta, A. Demetriadou, P. Fox, O. Hess, J. J. Baumberg, Nature
2016, 535, 127.

[162] R. Liu, Z.-K. Zhou, Y.-C. Yu, T. Zhang, H. Wang, G. Liu, Y. Wei, H.
Chen, X.-H. Wang, Phys. Rev. Lett. 2017, 118, 237401.
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