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Photons at microwave and optical frequencies are principal carriers for quantum information. While microwave
photons can be effectively controlled at the local circuit level, optical photons can propagate over long distances.
High-fidelity conversion between microwave and optical photons will allow the distribution of quantum states across
different quantum technology nodes and enhance the scalability of hybrid quantum systems toward a future “Quantum
Internet.” Despite a frequency difference of five orders of magnitude, there has been significant progress recently toward
the transfer between microwave and optical photons with steadily improved efficiency in a coherent and bidirectional
manner. In this review, we summarize this progress, emphasizing integrated device approaches, and provide a perspec-
tive for device implementation that enables quantum state transfer and entanglement distribution across microwave and
optical domains. © 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
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1. INTRODUCTION

Electromagnetic waves at microwave and optical frequencies are
the most widely deployed signal carriers in today’s information
processing and communication systems. They also play pivotal
roles in encoding quantum information. Over the past decades,
a variety of qubit systems have been developed, some exploiting
excitations at optical frequencies, including trapped ions [1],
neutral atoms [2], quantum dots [3,4], and solid-state defects
[5,6], and others operating at microwave frequencies including
superconducting qubits [7] and spins in crystals [8]. Among these,
superconducting qubits stand out as one of the most promising
quantum computing platforms. In superconducting quantum
circuits, the low-loss single-photon nonlinearity at microwave
frequencies inherent to the Josephson effect allows high-fidelity
quantum operations approaching error-correction thresholds
[7,9–11]. Based on this circuit quantum electrodynamics (cQED)
architecture, a prototype quantum computer having more than 50
qubits has been developed [12,13].

However, quantum states encoded in microwave photons are
localized at millikelvin stages of a dilution refrigerator and would
be swamped by thermal noise when emerging to room temper-
ature. The high transmission loss of a microwave signal at room
temperature further prevents the propagation of quantum signals
over a long distance. Optical photons, on the other hand, show
complementary features and are the ideal information carrier
for communications over large spatial scales, for example, more
than 100 km in fibers [14] and beyond 1000 km in free space
[15]. Therefore, the ability to transfer quantum states encoded at
microwave frequencies to optical light would greatly enrich cQED

as a platform for quantum information processing and expand the
quantum computing network, as well as establish new forms of
quantum communication links.

Through a high-fidelity microwave–optical (M-O) converter,
microwave quantum circuits could also access long lived quantum
memory via optical interfaces. Despite the rapid advances [16], the
100 µs to ms lifetimes afforded by superconducting qubits are still
relatively short compared with the 100 s lifetime obtained using
ions [17], and the several hours lifetime in nitrogen-vacancy (NV)
centers [18] and rare-earth spin ensembles [19]. Clearly, a hybrid
quantum system with the complementary traits of superconduct-
ing qubits and optically addressable quantum memories would
offer a tremendous advance in quantum information science
[20,21].

Conversely, room-temperature quantum optic circuits, by way
of M-O conversion, could benefit from on-demand microwave
photon sources and high-fidelity microwave photon detectors
provided by the state-of-the-art cQED systems. As of today, an
on-demand single photon source remains a major challenge in
the quantum photonics community. In microwave circuits, with
the help of superconducting qubits, on-demand single microwave
photons can be reliably generated [22,23]. It can be envisioned
that such microwave photons can be upconverted to on-demand
single optical photons with an ideal, lossless M-O converter.
Similarly, superconducting qubits and arrays could perform as
photon number resolved detectors, which represent another
bottleneck in quantum photonics, to analyze downconverted
quantum optical states.

2334-2536/21/081050-15 Journal © 2021 Optical Society of America

https://orcid.org/0000-0003-4467-0885
https://orcid.org/0000-0003-2484-7292
https://orcid.org/0000-0001-5374-2137
mailto:hong.tang@yale.edu
https://doi.org/10.1364/OA_License_v1#VOR-OA
https://doi.org/10.1364/OPTICA.425414
https://crossmark.crossref.org/dialog/?doi=10.1364/OPTICA.425414&amp;domain=pdf&amp;date_stamp=2021-08-02


Review Vol. 8, No. 8 / August 2021 / Optica 1051

Hence a future distributed quantum network could exploit
the quantum information processing ability at the microwave
frequency and low quantum decoherence at the optical frequency
simultaneously. The ideal method to combine microwave and
optical technologies is an integrated device platform that incorpo-
rates superconducting and nanophotonic devices on a single chip,
and allows coherent photon transduction between microwave and
optical frequencies without incurring interconnection losses.

What microwaves in superconducting circuits and light waves
in optical networks have in common is their ultralow loss, which
leads to their exploitation in ultrafast digital signal processing
and high-rate data transmission, respectively, in superconductors
and optical fibers. When combined on a single chip platform,
they offers further advantages to improve device performances in
classical applications. For example, optical technology can retrieve
massive data generated at cryogenic digital data processors, by
either superconducting single-flux-quantum (SFQ) logic circuits
[24] or cryogenic CMOS processors [25]. On the other hand,
superconducting nanowires and high-kinetic inductance devices
have become efficient detectors of optical signals [26].

M-O converters must involve nonlinear processes to com-
pensate for the large energy difference between microwave and
optical photons; direct M-O coupling is extremely weak. Many
schemes have been investigated to boost the coupling with a wide
range of nonlinear frequency mixing mechanisms, including
optomechanics, electro-optics, optomagnonics, solid-state spins,
trapped atoms/ions, etc. Our goal is to provide a review of current
approaches of M-O systems, the underlying nonlinear processes,
and the desired metrics for M-O conversion with emphasis on
integrated chip-scale device implementations.

2. OUTLINE OF THIS REVIEW

This is a topical review on M-O quantum frequency conversion
with a particular focus on photonic chip-based approaches. We
also refer advanced readers to several recent review articles related
to this topic [21,27–31]. We will set the stage by introducing the
nonlinear and parametric processes involved in the M-O photon
conversion, and outline the figures of merit (Section 3). Then we
will briefly discuss what have been accomplished in intraband
frequency conversions (Section 4), particularly on the microwave-
to-microwave conversion aided by superconductivity and the
optical-to-optical conversion aided by the nonlinear Kerr effect
in photonics. The interband conversions including microwave-
to-optics conversion can be regarded as extensions of intraband
conversion processes and share similar nonlinear optics principles.
In the sections that follow, we move on to discuss and compare
various schemes for M-O conversion that are being attempted on
different platforms. In particular, we will highlight three distinct
conversion schemes: electro-optomechanics (Section 5), electro-
optics (Section 6), and optomagnonics (Section 7), followed by a
brief discussion on atom-assisted conversion (Section 8). Finally,
we give an outlook of cross-platform quantum transduction and
lay out the challenges and opportunities in this exciting field
(Section 9).

3. NONLINEAR PROCESSES IN
MICROWAVE-TO-OPTICAL FREQUENCY
CONVERSION

Nonlinearity plays a crucial role in M-O frequency conversion,
because it allows the use of an external pump to compensate for
the energy difference between the microwave and optical modes,
while maintaining the phase coherence between input and output
signals. In this section, we first classify various types of nonlinear
processes and use this classification to describe various M-O pho-
ton conversion schemes. Then we linearize the coupled system
under the condition of strong external pumps, so that we can
employ input–output theory to compute the key characteristics
such as conversion efficiency, bandwidth, and added noise.

A. Nonlinear Interactions

We may classify nonlinear processes by the order of nonlinearity
of their interaction Hamiltonian. We expand the Hamiltonian
coupling different bosonic modes (with operator m j for the j th
mode and c j ... for constant coefficients) in the following form:

H = H1 + H2 + H3 + H4 + · · · , (1)

where H1 = ~
∑

j (c j m
†
j + h.c.) is the external drive,

H2 = ~
∑

j ,k(c j ,km†
j mk + c ′j ,km†

j m
†
k + h.c.) is the χ (1) proc-

ess that is quadratic in mode creation and annihilation operators,
H3 = ~

∑
j ,k,l (c j ,k,l m

†
j m

†
km†

l + c ′j ,k,l m
†
j m

†
kml + h.c.) is the

χ (2) process, and so on. The linear process refers to the dynamics
associated with H1 and H2 only, because the Heisenberg equation
of motion d O

dt =
i
~ [H, O] is a closed set of linear equations for

the mode operators O (i.e., creation and annihilation operators
of the relevant modes). All the higher order terms (H3, H4, . . . )
are nonlinear processes, because their commutators with mode
operators generate quadratic or higher order terms. Following the
convention from nonlinear optics, the nonlinear process associated
with Hamiltonian Hn+1 is called a χ (n) process, because the com-
mutator [Hn+1, O] between the Hamiltonian and mode operator
has order n in the Heisenberg equation. While the linear proc-
esses of H1 and H2 induce only constant and linear terms in the
Heisenberg equation, which can be easily solved by linear differen-
tial equations, the higher order Hamiltonian terms (e.g., Hn≥3 for
χ (n≥2) processes) give nonlinear terms in the Heisenberg equation,
which lead to interesting nonlinear dynamics including coherent
photon conversions.

As shown in Fig. 1(a), we may use simple diagrams to illustrate
different χ (n) processes. For example, the piezoelectric effect has a
quadratic Hamiltonian H2 associated with the χ (1) linear process.
The electro-optic effect, optomechanical coupling due to radia-
tion pressure, and electrostriction effect can all be described by a
cubic Hamiltonian H3 associated with a χ (2) nonlinear process.
The four-wave mixing process has a quartic Hamiltonian H4

associated with a χ (3) nonlinear process. Moreover, we can com-
bine lower order processes to generate new nonlinear couplings.
As illustrated in Fig. 1(b), we can combine a χ (1) process and a
χ (2) process to generate a new effective χ (2) process, which can
describe the combined piezoelectric and optomechanical effects for
M-O photon conversion. When we combine two χ (2) processes,
we can generate an effective χ (3) process, which can describe the
electro-optomechanical and the electro-optomagnonic conversion
schemes.
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Fig. 1. (a) Classification and diagrams of χ (1), χ (2), and χ (3) processes.
(b) Rules for combining processes to generate new and higher order
processes.

Fig. 2. (a) Hamiltonians for various couplings relevant to microwave-
to-optical mode conversions. (b) Illustration of the conversion pathway
between optical (a ) and microwave (b) modes. In general, the conversion
process can involve N intermediate modes (m j with j = 1, ... , N), with
N = 0 representing the direct electro-optic conversion.

In Fig. 2(a), we list various coupling mechanisms relevant to
M-O photon conversion with their Hamiltonians. To harness
the nonlinear processes for coherent linear conversion, a red-
detuned optical pump tone is required to compensate for the
energy difference between the target coupled modes. For example,
for electro-optic coupling Heo = ~g eo,0a †a(b + b†), application
of a red-detuned optical pump will reduce the Hamiltonian
to the “beam splitter” form Heo ≈ ~g eo(a †b + b†a) in the
resolved-sideband limit (ωe� κo). Here, g eo,0 is the single-
photon electro-optic coupling rate, and a (b) and ωo (ωe) denote
the annihilation operator and resonant frequency of the opti-
cal (microwave) mode, respectively. g eo = g eo,0

√
ncav,o is the

cavity-enhanced coupling rate, with ncav,o being the pump photon
number in the optical cavity. Therefore, the external pump(s) can
not only compensate for the energy difference between the input

and output modes, but also enhance the coupling via the bosonic
enhancement factor(s) of

√
ncav,o. A similar linearization proc-

ess can be obtained for other types of χ (2) coupling. This review
mainly focuses on the above-discussed SWAP-based transduction
that relies on the beam splitter interaction. Quantum transduction
based on other types of two-mode interaction also exists [32–35],
and will be discussed briefly in the Section 9.

B. Conversion Efficiency and Added Noise

In general, the M-O conversion can be achieved through N inter-
mediate modes [as shown in Fig. 2(b)], where the coupling between
adjacent modes is characterized by a linearized coupling rate g ij.
We use standard input–output formalism to characterize the
dynamics of the intermediate and output modes as a function of
the input modes [36]. Denoting intra-cavity fields of all the modes
as a(t)= (a ,m1, . . . ,mN, b)T , the Heisenberg equation of
motion of the N-stage conversion system can then be expressed as

ȧ(t)= Aa(t)+ Bain(t), (2)

where ain(t)= (a in,ext, a in,int,m1in,int, . . . ,mNin,int, bin,ext, bin,int)
T

is the input field. The “ext” and “int” in the second subscript index
denote the external coupling and the intrinsic loss (noise) of the
ports, respectively, and we have assumed that each intermediate
mode has only an intrinsic port. Note that we have assumed a
“one-port” coupling configuration for both the microwave and
the optical modes, which is necessary for achieving the ideal 100%
conversion efficiency. Matrices A and B are given in Appendix A.

Combined with the input–output relation

aout(t)= BTa(t)− ain(t), (3)

one can solve Eq. (2) in frequency domain and obtain the scattering
matrix S[ω] (defined by aout[ω] = S[ω]ain[ω]) as

S[ω] = BT
[−iωIN+2 − A]−1B− IN+4, (4)

where I j denotes the ( j × j ) identity matrix.
The conversion efficiency, bandwidth, and added noise can be

fully obtained from the scattering matrix elements. As the general
results for N-stage M-O conversion are complex, to better reveal
the physics, in the following, we will focus on the simplest cases
of zero- (direct) and one-stage conversions, which are also most
relevant in experiment. When the parametric pump is red-detuned
by the resonant frequency of the microwave mode (or the inter-
mediate mode for one-stage conversion), the photon number
conversion efficiency (η) at zero detuning can be simply expressed
in terms of the cooperativities (see Appendix A for details).

For zero-stage (direct) conversion,

η= ηoηe
4Ceo

(1+Ceo)
2 , (5)

and for one-stage conversion,

η= ηoηe
4ComCem

(1+Com +Cem)
2 . (6)

Here, ηo =
κo,ext
κo

and ηe =
κe,ext
κe

are the extraction factors given
by the ratio between the external coupling rates (κo,ext and
κe,ext) and the total dissipation rates (κo and κe) of the opti-

cal and the microwave modes, respectively. Cij ≡
4g 2

ij
κi κ j

, where
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(i, j )= (o,m, e) is the cooperativity between modes i and j .
Another useful definition is the so-called “internal efficiency,”
which characterizes the conversion within the cavities without
taking into account the photon extraction ratios at the ports, given
byηin = η/(ηeηo).

It can be seen that, to obtain 100% M-O photon conversion
efficiency, highly over-coupled ports (ηo, ηe→ 1) are necessary
for both cases, and the cooperativities should satisfy the matching
conditions (Ceo = 1) and (Com =Cem� 1) for the direct and
one-stage conversions, respectively.

Besides a high conversion efficiency, it is also crucial to maintain
low added noise (nadd), which is defined as the equivalent noise
referring to the input (namely, the noise at the output divided
by conversion efficiency). This definition well characterizes the
influence of the noise on the input signal in spite of the conversion
efficiency. A similar definition of added noise is broadly used for
amplifiers [37]. The added noise has two major contributions—
environmental thermal noise and undesired parametric processes.
In the resolved-sideband regime (ωe,m� κo,e), the parametric
noise is favorably suppressed by a factor of∼(κo,e/ωe,m)

2 [38]. For
most platforms discussed in this review paper, we are in the deep
resolved-sideband regime, so the contribution from parametric
processes is relatively small compared to the environmental noise.
For other platforms (e.g., when the mechanical mode has a rel-
atively low frequency), it is important to include the parametric
processes, which may amplify the output signal while adding extra
noise due to amplification.

For the environmental thermal noise, it is a good model to
assume that inputs from different environmental noise sources are
not correlated in most situations, so that we can simply character-
ize each environmental noise source by using its average thermal
occupation, which is given by n̄th = (e~ω/kBT

− 1)−1 at frequency
ω and temperature T. Because of the high optical carrier frequency
(e.g., ωo

2π ∼ 200 THz for telecom light), we can safely assume
n̄th,o ≈ 0 for optics even at room temperature. Therefore, in the
following, we analyze only the environmental noise contributions
from the microwave (n̄th,e) and intermediate (n̄th,m) thermal
baths. Although the conversion efficiency is independent of the
conversion direction because of the reciprocity of the linearized
system, the environmental noise in general adds differently to the
microwave and optical ports.

For zero-stage (direct) conversion, the added noise comes only
from the microwave thermal bath. We have

nadd(up) =

(
1

ηe
− 1

)
n̄th,e (7)

for microwave-to-optical conversion (upconversion) and

nadd(down) =
1− ηe

ηo

1

Ceo
n̄th,e (8)

for optical-to-microwave conversion (downconversion). It can
been seen that, besides a low operation temperature to directly
reduce the environmental noise n̄th,e, a very over-coupled
microwave port (ηe→ 1) can effectively suppress the added
noise. This actually reveals the radiative cooling effect [39,40].

For one-stage conversion, in addition to the microwave noise,
the thermal noise from the intermediate mode will also con-
tribute to the total added noise (nadd = nadd,m + nadd,e). The
expressions are

nadd,e(up) =

(
1

ηe
− 1

)
n̄th,e, (9)

nadd,m(up) =
1

ηeCem
n̄th,m (10)

for upconversion and

nadd,e(down) =
1− ηe

ηo

(1+Com)
2

ComCem
n̄th,e, (11)

nadd,m(down) =
1

ηoCom
n̄th,m (12)

for downconversion. Similarly, the microwave added noise can
be reduced by over-coupling the microwave port. But to suppress
the intermediate mode noise, large cooperativities are also highly
desired. Note that these noise expressions are generic and do not
require the cooperativities to satisfy the matching conditions.

So far, we have focused on the special case with zero-detuning
conversion (i.e., signal photons have the same frequency as cavity
resonance). In practice, the signal to be converted is in a wave
packet with a finite frequency range. It is important that all
frequency components of the wave packet fall within the con-
version band, which is limited by the rate of the slowest process
of the conversion chain. For direct conversion, we may roughly
estimate the conversion bandwidth as B ∼ (κ−1

o + κ
−1
e )−1

∼

min[κo, κe]. For one-stage conversion, the typical bandwidth

is B ∼
(
κ−1

o + κ
−1
e +

g emgom
√
κoκe

)−1
∼min

[
κo, κe,

g emgom
√
κoκe

]
. For

frequency conversion over a broad frequency range, it is desirable
to have large external couplings and strong inter-mode cou-
plings. The intermediate modes should also have sufficiently high
frequencies to fulfill the resolved sideband condition.

4. INTRA-BAND QUANTUM FREQUENCY
CONVERSION

A. Microwave-to-Microwave Frequency Conversion

In the microwave domain, the readily available, highly nonlinear
Josephson junctions offering strong χ (2) and χ (3) microwave-to-
microwave couplings, combined with the ultralow loss offered
by superconductors, have enabled fully coherent frequency con-
verters that reach conversion efficiency better than 99% [41–45]
and added noise far below a quantum [39,40]. With a bandwidth
exceeding 100 MHz and the ability to swap a quantum signal
across beyond an octave, these devices are becoming common tools
in quantum microwave circuits to couple resonators and qubits at
dissimilar frequencies. Kinetic inductance nonlinear frequency
converters, in the form of dispersion engineering transmission
lines or nanowires, offer strong χ (3) nonlinearity and will likely
reach similar conversion performance and play an important role
by offering an even larger conversion bandwidth and flexibility for
spectral and temporal wave shaping [46]. The performance metrics
demonstrated in superconductors provide a set of inspirational
goals for M-O converters.

B. Optical-to-Optical Frequency Conversion

Frequency conversion of photonic states can be realized with non-
linear three- or four-wave mixing processes (χ (2) or χ (3)) in bulk
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Fig. 3. MHz electro-optomechanical converters and GHz piezo-optomechanical converters [49–53]. (a) Membrane-based converter [38,47].
(b) Integrated MHz converter [48]. (c)–(e) Piezo-optomechanical crystal converters in AlN, LN, and GaAs [49–51], respectively. Cem is not applicable
since microwave cavities are not involved in these designs. (f ) Film thickness mode-based cavity piezo-optomechanical converter [52]. (g) Qubit-to-optical
converter on AlN-on-Si platform [53]. The conversion uses a two-step pulsed protocol. NR, not reported; (∗), thermal occupancy of the mechanical mode
is n̄m = 0.9; (∗∗), added noise referring to the qubit. (a),(e),(g) are reprinted by permission from Springer Nature [38,51,53] copyright 2014, 2020, 2020.
(b),(d),(f ) are reproduced from [48,50,52] under Creative Commons Attribution 4.0 International License. (c) is reprinted from Vainsencher et al ., Appl.
Phys. Lett. 109. 033107 (2016) [49] with the permission of AIP Publishing.

crystals, nonlinear optical fibers, on-chip waveguides [54–57],
as well as optomechanical crystals [58]. Because of the inherently
weak photon–photon interactions, a strong parametric pump
often is required to boost the frequency conversion efficiency in
a χ (2) process. (Two pumps are required for χ (3) processes.) This
robust pump could also initiate unwanted nonlinear optical proc-
esses, such as fluorescence and Raman scattering, which produce
noise photons. In addition, the coupling between different optical
components introduces inevitable optical losses. By leveraging
integrated χ (2) aluminum nitride (AlN)-on-insulator resonators
at triple resonance conditions, bidrectional frequency conversion
with 14% conversion efficiency and a bandwidth up to 1.2 GHz
was demonstrated [59]. By using a periodically poled Ti-diffusion
lithium niobate (LiNbO3, LN) waveguide, up to 24% downcon-
version efficiency was realized [60]. However, significant efforts are
needed to enhance the conversion efficiency and reduce the trans-
ducer noise to realize system efficiency beyond the 50% threshold
required for non-classical quantum state transfer [61]. Recent
developments of highly nonlinear, periodically poled thin film LN
[62–64] and crystalline AlN thin film with ultralow Raman gain
[65] point to promising routes for realizing photonic-chip-based
efficient optical-to-optical photon converters.

5. CAVITY ELECTRO-OPTOMECHANICAL
CONVERSION

Establishing efficient coupling between gigahertz microwave and
telecom optical photons with five-orders-of-magnitude difference
in frequency and wavelength is, in general, a very challenging task.
One natural idea is to exploit an intermediate degree of freedom to
mediate the interaction between microwave and optical photons.
Phonons, which can be supported at microwave frequencies with
their wavelength at the same scale as optical photons, stand out
as an appealing candidate. During the past a few years, remark-
able development in cavity optomechanics [66,67] and cavity

electromechanics [68,69] has been accomplished especially in
nanofabricated devices. Benefitting from these advancements,
the hybrid electro-optomechanical photon conversion approach
thus provides a very promising solution with encouraging recent
progress.

A. MHz Electro-Optomechanics (χ (2) ⊗ χ (2))

By exploiting cavity-enhanced radiation pressure interaction
at micro-/nano-scale, strong optomechanical interactions have
been achieved at both optical [70,71] and microwave [72,73]
frequencies. Successful combination of large optomechanical and
electromechanical cooperativities in a hybrid device will lead to
efficient M-O photon conversion.

The first realization of efficient bidirectional M-O photon
conversion was demonstrated in a cavity electro-optomechanical
system [38]. As shown in Fig. 3(a), the design implements a
nanomembrane mechanical resonator to mediate the interaction
between a 3D optical Fabry–Pérot cavity and a superconducting
inductor-capacitor (LC) resonator. Made from silicon nitride with
excellent optical and mechanical properties, the nanomembrane
provides low-dissipation high-Q vibrational modes at ∼MHz
frequency [74,75] and cavity-enhanced optomechanical coupling
with the optical cavity [70,76]. By partially coating the membrane
with a thin layer of niobium (Nb) as a portion of the capacitor in
the superconducting LC circuit, strong capacitive coupling (χ (2))
with the microwave resonator is simultaneously obtained.

The membrane-based converter design possesses several appeal-
ing advantages, in particular, for achieving large cooperativities
and hence a high conversion efficiency. Compared with integrated
photonic resonators that usually suffer from imperfect nanofabri-
cation, the 3D optical cavity can easily offer higher Q (Qo> 108)
and lower dissipation rates

(
κo
2π ∼ 2 MHz

)
. Although the large

mode volume gives only a small single-photon coupling rate( gom,0
2π ∼ 10 Hz

)
, the bulk cavity can tolerate a very large amount
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of pump photons (ncav,o ∼ 107) to boost the optomechanical
coupling rate to tens of kHz. Such a high-power optical pump is
usually infeasible for on-chip converters, especially at cryogenic
temperatures, due to the significant heat generation within a small
device volume. A similar electromechanical coupling strength
can be obtained under a microwave pump. Combined with the
narrow mechanical linewidth ( κm

2π ∼ 10 Hz) offered by the high-Q
membrane resonator, large optomechanical and electromechanical
cooperativities (Com,Cem & 100) can be realized with the match-
ing condition fulfilled via optical and microwave pump power
adjustment.

The large cooperativities result in an almost perfect internal
conversion efficiency ηin ≈ 99%. Although highly over-coupled
superconducting resonators are routinely exploited in experiments,
it is a non-trivial technical challenge to achieve large over-coupling
factor for the optical port without compromising the total opti-
cal linewidth or the optomechanical cooperativity. With further
device optimization, an encouraging peak conversion efficiency of
η= 47% (with ηo ∼ 0.5, ηe ∼ 0.9, and a bandwidth of 12 kHz)
has been demonstrated in the membrane-based M-O converter
[47]. This, so far, holds the efficiency record among all M-O
photon conversion schemes, which is very close to the theoretical
threshold of 50% required for quantum state transfer [61].

The challenge in MHz electro-mechanical systems, however,
is the large thermal noise due to the low mechanical frequency.
Although red-detuned pumps can induce a sideband cool-
ing effect, which has been successfully exploited to cool MHz
mechanical resonators to the quantum ground state [77,78],
sufficiently low added noise (nadd < 1) during photon conversion
has not been realized yet. Combining the sideband cooling and a
feed-forward protocol to harness noise correlations [47], the added
noise of the membrane-based converter has been suppressed to
nadd = 38 operated at T < 100 mK temperatures. For quantum
operations, the noise has to be further reduced to subphoton level.

It is worth mentioning that since MHz electro-mechanical
systems systems are usually not fully within the resolved sideband
regime (which requires ωm� κo, κe), the two-mode squeezing
interaction [~g om(a †m†

+ am) or ~g em(b†m†
+ bm)] from the

optomechanical coupling cannot be completely neglected. This
leads to a parametric amplification effect with a gain factor during
the photon conversion. For example, a small gain factor about
1.3 is observed during the membrane-based photon conversion
in Ref. [47], which, nevertheless, has been carefully calibrated
out from the reported conversion efficiency. Although parametric
amplification plays an essential role in many applications such as
the development of quantum-limited amplifiers [45,79–82], it is
not a noise-free process and at least half-photon added noise will
be introduced (in the case of so called phase-preserving or phase-
insensitive amplification) [83]. Therefore, throughout this review,
we choose to discuss photon conversion efficiencies without any
gain factors and the added noise refers to the input to better reveal
features of different systems.

Recently, an integrated version of the cavity electro-
optomechanical photon converter has been developed on a CMOS
compatible silicon-on-insulator platform [48]. Compared with
3D free space cavities, on-chip converters offer great integrata-
bility and scalability. The design consists of an optomechanical
photonic crystal zipper cavity with two aluminum coated nanos-
trings that are capacitively coupled to an on-chip superconducting
LC resonator [Fig. 3(b)]. The large mode overlap and small

mode volume of the optomechanical crystal produce a very large
single-photon optomechanical coupling rate gom,0

2π ∼ 0.7 MHz.
Despite the broader optical and mechanical linewidths from the
nanofabricated resonators, the large g om,0 substantially relaxes
the required optical pump power; Com ≈ 0.9 is obtained with
an average pump photon number of only n̄cav,o ≈ 0.2 and pump
power Po = 625pW. Further increase in pump power unfor-
tunately causes severe heating and photon absorption effects in
the nano-device, which degrade the quality factors and cooper-
ativities. As a result, the highest on-chip conversion efficiency
obtained is η≈ 2× 10−4 at ∼150 mK, corresponding to an
internal efficiency ηin ≈ 1.6%, with Cem ≈ 0.6, Com ≈ 0.9,
and ηoηe ∼ 0.01. Note that because of the unresolved-sideband
operation (κo/ωm ∼ 100), Eq. (6) does not apply anymore,
and a large parametric gain factor (∼ 100) has been separated
out from the efficiency. The added noise is characterized to be
nadd ≈ 1.9× 104 and 1.2× 104 for the microwave-to-optical and
optical-to-microwave conversion, respectively.

B. GHz Piezo-Optomechanics (χ (2) ⊗ χ (1))

Compared with low-frequency implementations, GHz mechanics
offers a very attractive advantage in noise suppression. Because
the thermal excitations are significantly reduced at high frequen-
cies, GHz devices can automatically reach the quantum ground
state (n̄th� 1) at millikelvin temperatures via direct refrigeration
[84–88] without the need of any active cooling techniques such as
laser cooling.

Operated at the same microwave frequencies, GHz mechanical
devices may directly couple with superconducting quantum cir-
cuits via the linear piezoelectric effect (χ (1)). Although capacitive
coupling could still be employed under a DC bias [89], piezoelec-
tric coupling permits contactless coupling configurations [90,91]
without the need for metal deposition on the mechanical objects
and microwave pump tones, which is convenient especially in the
presence of optical components. Moreover, piezoelectric coupling
can be very strong; electromechanical strong coupling with large
cooperativities (Cem > 2000) has been demonstrated in supercon-
ducting piezomechanical systems [91]. With further integration
of superconducting qubits, control and manipulation of phonon
quantum states at GHz frequencies have been demonstrated in
several recent remarkable experiments [84,92–96].

Realizations of high-frequency GHz cavity optomechanics
include optomechanical crystals [49,51,97–102], thickness mode-
based thin-film resonators [90,103,104], Brillouin-scattering
cavities [105,106], and high-overtone bulk acoustic resonators
[107–109]. Aiming for efficient photon conversion, optomechan-
ical crystals are very attractive due to their large single-photon
optomechanical coupling rate. By engineering periodic structures
in a suspended nanobeam, photonic and phononic bandgaps can
be created simultaneously to confine optical light and mechanical
vibrations at ∼µm scale in an optomechanical crystal. The maxi-
mized mode overlap within a minimized mode volume results in
very large single-photon coupling rates ( gom,0

2π ∼MHz).
Fabricating optomechanical crystals in piezoelectric materi-

als would allow strong electromechanical interaction for M-O
photon conversion. Choices of material platforms include
gallium arsenide (GaAs), AlN, and LN. GaAs has a weaker
piezoelectric effect compared with AlN and LN (piezoelectric
coefficients: e14,GaAs =−0.16C/m2, e33,AlN = 1.55C/m2,
e14,LN = 1.77C/m2). But larger optomechanical coupling
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( gom,0
2π ∼ 1 MHz) can be obtained in GaAs [100,101] due to

the stronger photoelastic effect, and gom,0
2π ∼ 100 kHz for AlN [49]

or LN [50,102] piezo-optomechanical crystals.
To couple a microwave with mechanical motions, non-resonant

transducers such as metal electrodes and interdigital transducers
(IDTs) have been widely implemented for studying the coherent
transduction from microwave to optics [101,110]. Without a
microwave resonator, the photon conversion efficiency should
no longer be described by Eq. (6). Instead, the electromechani-
cal transduction can be represented by a single efficiency factor
ηem, and the total photon conversion efficiency reduces to a
“direct-conversion” form:

η= ηemηo
4Com

(1+Com)
2 . (13)

Integrating IDTs at the far ends of a 3.8-GHz AlN piezo-
optomechanical crystal [Fig. 3(c)], bidirectional M-O photon
conversion at room temperature has been observed with a total
efficiency η∼ 10−8 [49]. Recently, a higher efficiency of η∼ 10−5

at room temperature has been achieved in a 1.8-GHz LN device
[Fig. 3(d)] withηem ∼ 10−3, ηo ∼ 0.7, and Com ∼ 0.01 [50].

The low-noise advantage of GHz devices has been revealed in a
2.7-GHz GaAs optomechanical crystal [Fig. 3(e)] at∼20 mK [51].
Using a pulsed laser pump scheme to reduce heating effects, coher-
ent microwave-to-optical photon conversion has been observed
while maintaining the mechanical mode close to its quantum
ground state (n̄m ≈ 0.9). A large cooperativity of Com ≈ 1.7 is
obtained with a pump photon number ncav,o = 280, which pro-
vides efficient internal conversion between phonons and optical
photons. The overall photon conversion efficiency, however, is
significantly limited by the low electromechanical transduction
factor ηem ∼ 10−10, and the added noise is presumably large when
referring to the input.

Without cavity-enhanced coupling, efficient electromechani-
cal transduction (ηem→ 1) can be hardly achieved. Because of
the large impedance mismatch, IDTs typically experience more
than 20-dB loss when transferring spatially broad surface acous-
tic waves into a nanobeam resonator. Further improvement of
acoustic transducer efficiency is expected by leveraging the design
concepts developed by the broader microelectromechanical sys-
tem (MEMS) community. A capacitively coupled LC resonator
has been recently integrated with a MHz optomechanical crys-
tal [48]; however, similar schemes have to be implemented in
GHz piezo-optomechanical crystal converters with sufficient
electromechanical coupling. Feasible device parameters have
been recently analyzed in theory, and a mechanical “supermode”
design has been proposed by extending the highly localized
mechanical mode for interfacing with an impedance-matched
LC circuit [111]. Combining the circuit resonator and the best
performance in GHz optomechanical crystals [112,113], it is esti-
mated that high conversion efficiency (η > 99%) and low added
noise (nadd < 0.1) are simultaneously achievable using a hybrid
AlN-on-Si device.

Another promising implementation for efficient high-
frequency piezo-optomechanical M-O conversion is to exploit
the thickness mode-based optomechanical resonators. By har-
nessing the fundamental acoustic standing-wave modes across the
thickness of thin films, high-frequency mechanical resonances at
∼10 GHz have been realized in AlN micro-wheels [90] and micro-
disks [103]. At the same time, high-Q optical whispering-gallery

modes are supported in these micro-resonators, providing optome-
chanical coupling. Compared with optomechanical crystals, the
relatively large mode volume (typically a few micron in radius) of
thickness mode-based resonators results in a smaller single-photon
coupling rate ( gom,0

2π ∼ 10 kHz) [52,103]. Nevertheless, the larger
area of these thin-film structures makes it convenient to strongly
couple with superconducting resonators through the piezoelectric
effect.

By integrating a planar niobium nitride (NbN) superconduct-
ing resonator over a 10-GHz AlN optomechanical micro-disk
[Fig. 3(f )], the first cavity piezo-optomechanical photon converter
has been recently demonstrated [52]. Because of the supercon-
ducting cavity enhancement, a large piezo-electromechanical
cooperativity of Cem ∼ 7 was realized. With the implementation
of a pulsed optical pump scheme for boosting the intracavity
photon number (ncav ∼ 105), an optomechanical cooperativity of
Com ∼ 0.4 was achieved, leading to a significantly improved inter-
nal efficiency ηin ≈ 5.8% and an on-chip efficiency ηin ≈ 10−3

over a 1-MHz conversion bandwidth. The device was operated at
∼1 K for better power handling and heat dissipation, where the
environmental thermal noise was expected to be a few photons
at 10 GHz. With further incorporation of the radiative cooling
technique [39,40] to suppress thermal noise via the microwave
cooling channel to millikelvin, realization of subphoton added
noise could be promising.

Recently, GHz piezo-optomechanics has been directly inte-
grated with a superconducting qubit to realize an impressive
demonstration of transduction from qubit quantum excitations
to optical photons [53]. As shown in Fig. 3(g), the device was
fabricated on a hybrid AlN-on-Si platform where the microwave
field of a transmon qubit is piezoelectrically coupled to the GHz
phonon modes of a Si optomechanical crystal through an IDT
capacitor on top of the AlN layer. The qubit-to-optical conversion
was achieved using a two-stage protocol in pulse mode. Qubit
excitations were first swapped to phonons by tuning the qubit
frequency into and out of the mechanical resonance using the a.c.
Stark shift. Due to the strong piezoelectric coupling, a high single-
phonon initialization probability of 75% was achieved. Then by
applying a red-detuned pump laser pulse, phonons are coherently
transduced to optical photons through the optomechanical crystal.
By detecting the converted photons using single-photon detectors,
quantum Rabi oscillation of the qubit was successfully recorded
optically. The experiments were conducted under a low-power
pump (ncav,o = 44) to avoid excessive heating and noise, and an
internal qubit-to-optical conversion efficiency of ηin ≈ 10−3 with
subphoton added noise (referring to the qubit) nadd ≈ 0.6 was
achieved at 15 mK. The overall system efficiency was measured to
be∼10−5 when taking into account all the optical readout loss.

6. CAVITY ELECTRO-OPTIC CONVERSION (χ (2))

Recently, cavity electro-optics [114–122] has attracted great atten-
tion as a promising route toward efficient and low-noise M-O
photon conversion. Unlike other schemes that utilize intermediate
modes, electro-optic devices employ the Pockels effect (χ (2))—
changing the optical refractive index by the electric field—to
directly interface optical and microwave signals. Without relying
on free-standing structures, electro-optic schemes offer low fabri-
cation complexity with excellent scalability and power handling
capability. By positioning an optical cavity made from Pockels
materials in the electric field of a microwave resonator, the optical
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Fig. 4. Cavity electro-optic converters. (a) Bulk LN 3D cavity converter [123,124]. (b)–(d) Integrated LN converters [114–116], respectively.
(e),(f ) Integrated AlN converters [117,118]. NR, not reported; (∗), thermal occupancy of the microwave mode is n̄e = 1.8 (n̄e = 0.09). (a) and (f ) are
reprinted with permission from [124] and [118] Copyright (2020) and (2021) by the American Physical Society. (b) and (c) are reprinted from [114,115]
under terms of The Optical Society-Open Access Agreement. (d) and (e) are reprinted from [116] and [117] under terms of the Creative Commons
Attribution-NonCommercial license.

and microwave modes can be coupled via the electro-optic effect,
providing strong three-wave-mixing nonlinearity for direct M-O
photon conversion.

To obtain a high electro-optical coupling rate, besides choosing
materials with large intrinsicχ (2) coefficients, careful device design
and engineering are also required to maximize the mode overlap
and minimize mode volumes. In addition, to boost g eo, a second
optical mode is routinely employed to enhance the intracavity
pump photon number. With the pump mode, pump photons
can much more efficiently couple into the cavity, especially in the
resolved-sideband regime where the pump frequency is detuned
out of the cavity resonance. The pump and signal optical modes
can be engineered via various approaches including using optical
modes that are one free spectral range (FSR) apart [123,124], or
modes with orthogonal polarizations [117], or hybridized modes
in two coupled rings [114–116,118]. Importantly, the pump
mode, optical cavity mode, and microwave mode have to fulfill the
phase matching condition: the frequency and azimuthal number
differences of the two optical modes need to match those of the
microwave mode, respectively.

Due to its large electro-optic coefficient (r33 = 31 pm/V), LN
stands out as one of the most appealing materials for electro-optic
converters. High-Q optical whispering-gallery-mode resonators
(Qo ∼ 108) have been made from bulk LN in millimeter size. By
placing the LN resonator in a 3D microwave cavity [Fig. 4(a)],
coherent M-O photon conversion has been achieved [123,124]
with a total (internal) efficiency up to 3.16× 10−4 (ηin ≈ 0.67%)
and a bandwidth of 9 MHz operated at cryogenic temperature.
The large optical and microwave mode volumes lead to a small
single-photon coupling rate g eo,0

2π ≈ 36 Hz, which gives an electro-
optic cooperativity Ceo ≈ 1.7× 10−3 under an optical pump
power of 1.48 mW (ncav,o ∼ 108). The noise at the output port is
measured to be nout ≈ 5.5 photons, corresponding to an added
noise of nadd ∼ 104 when referring to the input. As a GHz con-
verter that can automatically reach quantum ground state at∼mK
temperature, lower output noise (nout ≈ 0.03) and a ground-state
microwave mode occupancy (n̄e ≈ 0.025� 1) have been observed

with reduced pump power, which sacrifices the total conversion
efficiency down to 2.3× 10−7 at the same time.

With recent advancement in LN nanofabrication tech-
niques [125,126], the electro-optic coupling strength can be
substantially improved in on-chip devices with minimized mode
volumes at micro-scale. By integrating LN micro-ring optical res-
onators with on-chip superconducting microwave LC resonators
[Figs. 4(b)–4(d)], recent implementations of integrated LN
electro-optic M-O photon converters [114–116] have demon-
strated larger single-photon coupling rates up to g eo,0

2π ∼ 1 kHz,
and an improved total (internal) conversion efficiency of η≈ 1%
(ηin ≈ 15%) has been achieved using a pulsed optical pump
scheme [116]. Despite challenges such as the photo-refractive
effect and optically induced charge [127] that remain to be allevi-
ated, LN-based electro-optic converters show great potential for
efficient and low-noise M-O photon conversion.

Another excellent material platform for electro-optic conver-
sion is AlN. Although AlN has a smaller electro-optic coefficient
(r13 = 1 pm/V) compared with LN, AlN devices are easier to
process without suffering from the photo-refractive effect or
optically induced charge. With careful device design and engi-
neering [Fig. 4(e)], a single-photon electro-optic coupling rate of
g eo,0
2π ≈ 300 Hz has been demonstrated [117] in a fully integrated

AlN device. By immersing the device in superfluid helium at
2 K for better heat dissipation, a large number of pump photons
(ncav,o ≈ 3× 107) was applied to enhance the electro-optic coop-
erativity to Coe ≈ 0.075, resulting in an on-chip (internal) photon
conversion efficiency of η≈ 2% (ηin ≈ 25%) with a bandwidth of
0.59 MHz. The added noise was estimated to be nadd ∼ 3 without
experimental characterization.

Toward further reduction of added noise to below subphoton
level for quantum operations, M-O photon conversion using an
integrated AlN cavity electro-optic circuit in the quantum ground
state has been recently observed [118]. The device implements
a flip-chip bonding technique to integrate an AlN micro-ring
resonator with a NbN superconducting resonator fabricated on
separate chips [Fig. 4(f )], obtaining a single-photon coupling rate
of g eo,0

2π ≈ 42 Hz. By operating the device in a 40-mK environment
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Fig. 5. Magnon-mediated converters. (a) Cavity optomagnonics in a YIG sphere. Cmage is not applicable since no microwave cavity is involved
[128,129]. (b) YIG sphere-based converter. Cmago is not applicable since no optical cavity is involved [130]. (c) Integrated cavity optomagnonic wave-
guide converter. NR, not reported [131,132]. (a) and (b) are reprinted with permission from [128] and [130] Copyright (2016, 2016) by the American
Physical Society. (c) is reproduced from 131 under terms of The Optical Society-Open Access Agreement.

with a pulsed optical pump scheme, an on-chip photon conversion
efficiency of η≈ 3.3× 10−6 has been achieved while maintaining
the microwave mode close to quantum ground state (microwave
mode occupancy n̄e ≈ 0.09). Unlike the converter based on poly-
crystalline AlN sputtered on thermal oxide in Ref. [117], this work
utilizes crystalline AlN thin films epitaxially grown on sapphire
substrates, which promise lower optical and dielectric losses for
heterogeneous superconducting photonic device integration.

7. MAGNON-MEDIATED CONVERSION (χ (2) ⊗ χ (1))

Another attractive candidate for mediating the M-O photon
interaction is magnon—the collective excitation of spins in mag-
netically ordered materials. The exploration of magnon-mediated
M-O photon conversion is highly motivated by the large tunability
and broad bandwidth offered in magnetic devices. In particular,
yttrium iron garnet (YIG), as a ferrimagnetic insulator, attracts
great attention because of its excellent low-dissipation property for
all types of carriers in spin waves, acoustics, microwave, and optics.
Moreover, as quanta of perturbation in spin ordering, magnons can
easily interact with microwave photons through the linear mag-
netic dipole interaction (χ (1)). Strong coupling [133–135] and
even ultrastrong coupling [136] between magnons and microwave
cavity photons has been demonstrated in YIG devices.

To interconvert magnons and optical photons, the magneto-
optical coupling can be achieved via the Faraday or inverse Faraday
effect, which is effectively a three-wave-mixing (χ (2)) process that
can be described by a Hamiltonian similar to that of optomechan-
ical interaction. But the difference is that the annihilation and
creation of magnons are accompanied with the change in optical
photon polarization due to the conservation of angular momen-
tum. Such coherent conversion between magnons and optical
photons has been successfully observed in YIG sphere resonators
[128–130,137], where the uniform magnon mode (Kittel mode)
[138] is harnessed to interact with guided whispering-gallery
optical modes [Fig. 5(a)]. By coupling a YIG sphere with a 3D
microwave cavity [Fig. 5(b)], bidirectional M-O photon con-
version has been observed at room temperature [130]. However,
because of the large volume of YIG spheres (typically a few hun-
dreds of micrometers in diameter), the achievable magneto-optical

coupling is very limited (
gmago,0

2π . 1 Hz and Cmago . 10−9) even
with optical cavity enhancement [128,129,137], which remains a
major bottleneck for efficient M-O photon conversion.

Despite the extreme difficulty in YIG nanofabrication, recent
efforts have successfully demonstrated an on-chip optomagnonic
waveguide resonator [Fig. 5(c)] in a single crystalline YIG thin
film [131,132]. The waveguide resonator simultaneously supports
multiple forward volume magnetostatic standing wave (FVMSW)
magnon modes and optical Fabry–Pérot resonances with signifi-
cantly reduced mode volume and increased mode overlap. As a
result, the single-photon magneto-optical coupling is improved to
gmago,0

2π ≈ 17 Hz with a cooperativity of Cmago ≈ 4× 10−7 under a
pump photon number ncav,o ∼ 106 at room temperature. With an
integrated half-lambda microwave resonator for strong magnon–
microwave coupling, M-O photon conversion was observed in
both directions with an on-chip efficiency η≈ 10−8 and an inter-
nal efficiency ηin ≈ 5× 10−7. A broad conversion bandwidth over
16 MHz was obtained due to the multimode magnon resonances.

8. ATOM-ASSISTED CONVERSION (χ (2), χ (5), · · · )

Atom-assisted M-O photon conversion is an appealing approach
that can conveniently incorporate various existing quantum tech-
nologies based on atoms and solid-state emitters [139]. These
emitters provide effective nonlinearity for mixing optical and
microwave fields through a closed loop of transitions. For instance,
as shown in Fig. 6(a), by selecting two near-degenerate hyperfine
energy levels (|1〉, |2〉) for ground states and an optical excited
state (|3〉), a three-wave mixing process can be realized through
the transitions |1〉→ |2〉→ |3〉→ |1〉. Then, coherent con-
version between optical (a ) and microwave (b) photons can be
realized under an optical drive (�) close to electronic resonance
(|2〉↔ |3〉). Such three-wave mixing manifests an effective χ (2)

nonlinearity similar to the electro-optic or magneto-optic effects,
with an effective χ (2) coefficient greatly enhanced by the near-
resonance transitions and large optical depth due to the high
atomic density when compared with intrinsic nonlinearity of
dielectrics.
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Fig. 6. (a) Schematic of a three-level system illustrating atom-assisted microwave-optical photon conversion. (b) Converter based on bulk Er3+
:YSO

crystal [140,141]. (c) Integrated converter based on a 171Yb3+
:YVO4 nanophotonic waveguide [142]. (d) Microwave-to-near-infrared converter using

a 85Rb hot atom vapor cell [143]. (e) Cold 87Rb ensemble-assisted converter between 84.18-GHz microwave and 780-nm optical fields [144]. NR, not
reported; (∗), efficiency is calculated as the converted optical photon number divided by the number of input microwave photons incident on the cross
section of the atom cloud; (∗∗), the atom cloud is cooled to∼ 70 µK using a magneto-optical trap. (b) and (e) are reprinted with permission from [141]
and [144] Copyright (2019, 2019) by the American Physical Society, (c) is reprinted from [142] under a Creative Commons Attribution 4.0 International
License. (d) is reprinted with permission from [143] c©The Optical Society.

Various emitters in solids with addressable transitions in both
optical and microwave regimes, such as the NV center [145,146]
and rare-earth ions (REI) [140–142,147–149], have been explored
for M-O conversion. Among these systems, REI ensembles have
attracted particular attention with recent promising progress.
First proposals of REI-based transducers [147,148] suggest using
erbium-doped yttrium orthosilicate (Er3+

:YSO) crystals to medi-
ate the interaction between optical and microwave fields. Er3+

ions have many attractive advantages: their optical transition
4 I15/2↔

4 I13/2 is in the telecommunications band, and the tran-
sition has narrow inhomogeneous and homogeneous linewidths.
By applying an external magnetic field, the degenerate ground
state doublets are split into two states (|1〉 and |2〉). Therefore,
with a common excited state (|3〉), the ions exhibit three energy
levels that have both optical and microwave transitions, and the
microwave transition frequency can be tuned by the external
magnetic field. Considering the inhomogeneous broadening of
transitions, the optical and microwave modes should be detuned
from the transition frequencies by more than the inhomogeneous
linewidth to adiabatically eliminate the atom dynamics and pre-
serve phase coherence. The detuning inevitably decreases the
coupling strength; therefore, it is essential to have the product of
optical and microwave cooperativity factors larger than one to
achieve efficient conversion [148].

Experimentally, the scheme is first realized by using a 3D
copper microwave cavity to couple a single-passed optical field
via Er3+

:YSO crystal [Fig. 6(b)]. Upconversion is demonstrated
with the conversion efficiency estimated to be ∼10−12 [140].
Later, using a Fabry–Perot resonator to enhance the optical field,
the conversion efficiency was improved to 1.26× 10−5 [141].
Further improvement could come from better impedance match-
ing and a lower-temperature environment, where ions are cooled
to the ground state and dephasing mechanisms are reduced. In
addition, fully concentrated REI crystals with high rare-earth
concentrations and low optical and microwave inhomogeneous
linewidths were proposed to improve the M-O photon conver-
sion performance [149]. The first integrated REI converter has
been recently reported by harnessing 171Yb3+-doped yttrium
orthovanadate (YVO4) crystals [142]. The converter consists of a
171Yb3+

:YVO4 nanophotonic waveguide, where the REI ensemble
is coupled to the microwave field generated by a gold coplanar
waveguide [Fig. 6(c)]. The energy levels of 171Yb3+ allow coherent
M-O photon conversion at near-zero and zero magnetic field,

which is beneficial for integrating other quantum devices such as
superconducting qubits. Using this device, microwave-to-optical
photon conversion is observed with an efficiency of 1.2× 10−13

and a bandwidth of 100 kHz. Improvement in efficiency could
be accomplished by using cavities to enhance the spin–photon
interactions at both optical and microwave frequencies.

The scheme shown in Fig. 6(a) could also be easily implemented
in hot and cold atom gases [150,151]. Distinct from solid-state
systems, atomic gases are compatible with optical transitions over
a huge wavelength span, ranging from ultraviolet to intermediate
infrared wavelengths, and also feasible for interfacing abundant
microwave transitions ranging from GHz to hundreds of GHz
by employing the high-lying Rydberg energy levels. Benefitting
from large electric dipole moments of Rydberg states, an internal
conversion efficiency of over 90% is predicted in theoretical pro-
posals for bidirectional M-O photon conversion in Rydberg atoms
[152,153].

The coherent frequency conversion from ∼3-GHz microwave
to near-infrared (795 nm) optical field is demonstrated using a
85Rb hot atom vapor cell at room temperature [Fig. 6(d)] with
a bandwidth of 825 kHz and an efficiency of 2.6× 10−6 [143].
Recently, a proof-of-principle experiment was carried out in a
cold 87Rb ensemble [Fig. 6(e)] via a six-wave mixing (χ (5)) process
employing closed-loop transitions of six energy levels, demon-
strating a conversion efficiency of ∼5% between 84.18-GHz
microwave and 780-nm optical fields, with a bandwidth of about
15 MHz [144,154]. The experimental system holds the potential
for realizing 70% conversion efficiency in an optimized con-
figuration. It is worth pointing out that in the atom gas-assisted
approaches, the conversion efficiency is typically calculated by con-
sidering only the input microwave photons incident on the cross
section of the atom cloud, which is different from our definition of
η andηin.

The M-O photon conversion schemes exploiting long-
coherence-time ground hyperfine energy levels in atoms could
also be treated as a continuous operation of quantum memory,
which stores microwave signals to collective spin excitations in
the atomic ensemble and retrieves the signals to optical photons.
Therefore, ultrahigh-fidelity quantum memories demonstrated
in cold-atom ensembles [155] could indicate very high M-O
conversion efficiency that is worth further experimental efforts.
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9. OUTLOOK OF QUANTUM TRANSDUCTION

Quantum transduction across different platforms will undoubt-
edly become a key technology in the revolutionary development
of quantum science. The realization of M-O quantum converters
will not only enable quantum state transfer between the microwave
and optics, but also create essential capabilities, such as optical
quantum repeaters based on microwave quantum control and error
correction, and distributed superconducting quantum computing
via optical quantum links. Although quantum-enabled M-O
converters are yet to be demonstrated, the above-discussed efforts
and progress have certainly been very encouraging.

Toward high-efficiency and low-noise M-O photon conver-
sion, how to achieve large cooperativities with moderate pump
power while maintaining the sufficiently low mode temperature
(∼mK) required for microwave quantum operations still remains a
significant challenge. Possible solutions include better material and
device engineering for stronger single-photon nonlinearity and
lower loss, and/or improved heat dissipation techniques such as the
use of all epitaxial photonic and superconducting films [156,157],
radiative cooling [39,40], and superfluid cooling [117]. In addi-
tion, a large conversion bandwidth is highly desired for transferring
quantum information, which is inevitably limited by the reso-
nance linewidth of cavity converters. Broadband conversion could
be realized via multimode systems such as optoelectromechan-
ical arrays [158] or continuum optomechanics with Brillouin
scattering [159].

So far, what we have discussed can be classified as direct quan-
tum transduction (DQT), which simply injects quantum signals
to the input port and retrieves them from the output port of the
converter. Because quantum signals are vulnerable to both atten-
uation and amplification, DQT has stringent efficiency and noise
requirements. Devices developed for DQT can be exploited in
alternative quantum transduction protocols, which, including
adaptive quantum transduction (AQT) and entanglement-based
quantum transduction (EQT), have been explored to possibly
bypass the demanding requirements of DQT.

The AQT protocol [33] prepares a squeezed vacuum as an
ancilla input for the converter, then performs homodyne detection
at the idler port and applies adaptive control to the output con-
ditioned on the homodyne measurement results. In this way, by
harnessing the noise correlation created by the squeezed vacuum
ancilla, added noise at the output port can be canceled, and signal
leakage to the environment can be prevented, hence relaxing the
quantum state transfer requirements of DQT. The EQT protocol
[35,160] generates entangled M-O photon pairs and then uses
them to perform quantum teleportation for quantum state trans-
fer. This protocol uses additional classical signaling of intermediate
measurement outcomes and can bypass the efficiency threshold
for quantum channel capacity in DQT protocols. Time-bin [35]
or frequency-bin [161] encoding can be implemented to verify the
M-O entanglement in the presence of practical imperfections due
to excitation loss and thermal noises.

The above-mentioned quantum transduction protocols are
fully compatible with recent experiments, and can be generalized
to different types of M-O photon converters. Combining these
encouraging and remarkable developments in both theory and
experiment, quantum state transfer between the microwave and
optics could be soon within reach in the near future, enabling
unprecedented advantages in quantum computing, quantum
sensing, and quantum communication.

APPENDIX A: COEFFICIENT MATRICES FOR
MULTI-STAGE CONVERSION

In the general case of N-stage M-O photon conversion, the coeffi-
cient matrices of the Heisenberg equation of motion have the fol-
lowing forms:

A=



0o i g om 0 · · · 0
i g om 0m1 i g 12

0 i g 12 0m2
. . .

...
. . .

. . .
. . .

...
. . . 0m(N−1) i g (N−1)N 0

i g (N−1)N 0mN i g em

0 · · · 0 i g em 0e
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, (A1)

B=
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κo,ext
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0 0
√
κm1

...
. . .

...
√
κmN 0 0

0 · · · 0
√
κe,ext
√
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 .

(A2)
Here, 0o ≡−i(ωo −ωp,o)−

κo
2 , 0e ≡−i(ωe −ωp,e)−

κe
2 ,

and 0m j ≡−iωm j −
κm j

2 . ωp,o and ωp,e denote the optical and
microwave parametric pump frequencies, respectively. The terms
(ωo −ωp,o) and (ωe −ωp,e) can be viewed as the cavity resonant
frequencies in the pump rotating frames. In the case of linear (χ (1))
interaction such as piezoelectric coupling, one can simply set
ωp,e = 0.

Plugging A and B matrices into Eq. (4), one can obtain
the complete expression of the scattering matrix. For exam-
ple, the M-O photon conversion spectrum is given by
η[ω] = |S1,(N+3)|

2
= |S(N+3),1|

2. In the case when all the modes
share the same resonant frequency (i.e.,ωm j ≡ωm, and the pumps
are red-detuned by ωo,p −ωo =ωe,p −ωe =−ωm), the con-
version efficiency at zero-detuning (ω=ωm) can be expressed in
simple forms of cooperativities as shown in Eqs. (5) and (6). The
conversion bandwidth and noise performance can also be obtained
from the scattering matrix. For example, the microwave added
noise for upconversion can be calculated from the output noise
|S1,(N+4)|

2n̄th,e divided by the conversion efficiencyη.
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