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Fast, efficient, and low-power modulation of light at
microwave frequencies is crucial for chip-scale classical and
quantum processing as well as for long-range networks of
superconducting quantum processors. A successful approach
to bridge the gap between microwave and optical photons has
been to use intermediate platforms, such as acoustic waves,
that couple efficiently to a variety of quantum systems. Here,
we use gigahertz-frequency focusing surface acoustic wave
cavities on GaAs that are piezo-electrically coupled to super-
conducting circuits and parametrically coupled, via strain, to
photons scattered from InAs quantum dots. We demonstrate
modulation of single photons with a half-wave voltage as low
as 44 mV, and subnatural modulation sideband linewidths.
These demonstrations pave the way for efficient and low-noise
transduction of quantum information between microwave and
optical domains. © 2022 Optica Publishing Group under the terms

of the Optica Open Access Publishing Agreement

https://doi.org/10.1364/OPTICA.451418

Electro-optical modulation spans many classical and quantum
applications such as high-speed optical data transmission [1,2] and
quantum transduction of information between light and matter
qubits [3,4]. Focusing on the quantum realm, transduction is a key
element for long-range networks of superconducting quantum
processors. Quantum information encoded in microwave photons
must be preserved at millikelvin temperatures to be protected
against thermal noise, making long-range transmission infeasible.
Optical quantum information, on the other hand, can be preserved
at room temperature and transmitted over long distances with
minimal loss and decoherence via optical fiber or free space.

An outstanding challenge for microwave-to-optical conversion
of photons arises from the energy (frequency) difference between
these two domains, exceeding five orders of magnitude. Many
platforms have been introduced to mediate these interactions:
(1) electro-optic approaches with optical microresonators and
superconducting resonators [5]; (2) acoustic intermediates such
as photonic–phononic crystals [3,6–8], mechanical membranes
[9], and optical microresonators coupled to surface acoustic wave
(SAW) resonators [10]; (3) magnons [11]; (4) Rydberg atoms [12].

The approaches that employ acoustics aim to leverage the slower
speed of sound compared to light (∼five orders of magnitude).
The wavelength of microwave phonons is comparable to optical
photons and typically results in more efficient interactions. Indeed,
microwave and radiofrequency phonons have been shown to
couple strongly to a variety of quantum systems, such as super-
conducting circuits [3,13], defect centers in diamond [14], and
semiconductor quantum dots (QDs) [15–17], and are emerging as
universal transducers [18].

Here we parametrically modulate the emission frequency of
an InAs QD to encode information stored in a gigahertz focusing
SAW resonator onto an optical carrier. The QD is monolithically
integrated into the SAW cavity and is sensitive to phonons via
the deformation potential [15,17,19]. This platform has many
potential advantages over other current strategies. One is the
QD’s remarkable sensitivity to local strain in the host crystal; for
a unit displacement, the exciton energy shift is about two orders
of magnitude more sensitive (∼10 GHz/pm) [17] than that of
small optical cavities (∼100 MHz/pm) [20]. Also, the entire
device (superconducting circuitry, acoustic resonator, QD) can be
fabricated on a single GaAs substrate. GaAs is a unique material in
that it not only couples SAWs to superconducting circuits piezo-
electrically, but also natively hosts InAs QDs. The use of QDs
also ensures that only single photons are emitted in a transduction
cycle. This platform supports near-critical electro–acoustic cou-
pling, acoustic quality factors higher than 104, mode volumes of
the order of 10 µm3, and scattering linewidths below 200 MHz,
the lifetime limit of the QD [21]. The development of state-of-
the-art SAW cavities and the characteristics of our chosen platform
facilitate strong electro-acousto-optic modulation, yielding a half-
wave voltage (Vπ ) of 44 mV, a total photon conversion efficiency of
η= 10−15, and a g 0 of 2π × 42 kHz. Given the strong sensitivity
of our QDs to strain and the potential to continue to shrink cavity
mode volumes, we anticipate g 0 values to approach 2π × 10 MHz
with an optimally positioned QD. To put these numbers in per-
spective, we refer to [4], where a comprehensive summary of
different platforms, their coupling rates, and overall photon con-
version efficiencies are reported, showing g 0 = 2π × 1.3 MHz [7]
andη= 47% [9] as the highest numbers to date.
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Fig. 1. (a) Illustration of the modulation scheme. An IDT drives a SAW cavity to generate phonons from microwave photons. The phonons interact with
optical photons mediated by a QD, generating sidebands in the scattering spectrum. The inset shows three different photon scattering processes: (left) one
phonon is emitted; (middle) no phonon is involved; (right) one phonon is absorbed. The x axis for the inset is centered at the QD transition. (b) Scanning
electron microscopy image of the fabricated device. (c) Experimental setup. PBS, polarizing beam splitter; QWP, quarter-wave plate; RF, radio frequency;
CCD, charge-coupled device; SNSPD, superconducting nanowire single-photon detector.

Fig. 2. (a) Microwave reflection spectrum of the SAW cavity mode (open circles). The solid curves are fits to the data. (b) Optical measurement of the
acoustic waist (along the y axis) inside a focusing cavity at different distances along the cavity length (x axis) (see Supplement 1). The beam center is posi-
tioned at (x , y )= (0, 0). The black curves are Gaussian fits to the data at each y value. At the focus, the measured SAW waist is 2.4µm.

Figures 1(a) and 1(b) show an illustration of our device and its
scanning electron microscope (SEM) image, respectively, and the
experimental setup is depicted in Fig. 1(c). Acoustic distributed
Bragg reflectors (DBRs) etched into the surface of GaAs form the
focusing SAW cavity, driven by a set of Nb interdigitated trans-
ducers (IDTs) inside the cavity. We use etched grooves instead
of metal mirror elements [22,23] so we can tune the reflectivity
of the grooves using depth. Our chosen depth of 15 nm yields a
single element reflectivity twice as large as that of a metal stripe for
reasonable metal thicknesses (2% versus 1%), leading to smaller
mode volumes in our SAW cavities. Nb is used for the IDTs since
it is superconducting at our experimental temperatures of 4 K.
Both the DBR and IDT structures are designed for microwave
frequencies around 3.6 GHz and are fabricated on a wafer with
epitaxially grown InAs QDs with a characteristic photon emission

rate of 2π × 200 MHz. We perform a reflection measurement of
an acoustic mode at 4 K in Fig. 2(a), showing a reflectance dip of
∼ 9 dB on resonance. Fits to the measured microwave reflection
yield an internal (external) quality factor of Qi = 7.6± 0.1 k
(Qe = 15.3± 0.3 k), demonstrating efficient electro–acoustic
conversion. At this temperature, the thermal occupation of the
cavity mode is 30 phonons.

For acousto-optic characterization of the device, we shine
tightly focused non-resonant light (λ= 632 nm) at different
positions inside the SAW cavity, and measure the QD ensemble
emission using a spectrometer with and without a microwave
drive at the SAW cavity mode frequency. As the SAWs modu-
late the QD transitions, the QD spectrum spreads and the sharp
transition lines broaden (see Supplement 1). We develop a simple
metric to quantify this spreading at each position and map the
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Fig. 3. (a), (b) Modulation of resonantly scattered light when driving the SAW cavity (a) on resonance and (b) off resonance, with varying microwave
powers. The x axis is centered at the QD transition frequency. The center peaks are mostly due to residual pump photons. Pmicro is the microwave input
power driving the IDT, and δ is the modulation index. The data for different Pmicro are offset in the vertical direction for clarity. The solid curves are fits to
the data, considering that the modulation index scales as

√
Pmicro. The microwave frequency in (b) is 2 MHz off resonance from the cavity mode. The slight

asymmetry in the modulation spectra is due to mismatch between the pump light and QD transition frequency, similar to optical cavities [25]. (c) Center
and first two sideband peaks scanned with a narrower filter (25 MHz linewidth), showing sub-natural sideband linewidths. The asymmetry in the position
and counts of the sidebands is due to temperature fluctuations of the filter over the course of the measurement. (d) Optical pump red-detuned by one SAW
frequency. The large peak at−3.6 GHz is mostly due to residual pump photons. We see strong asymmetry in the sidebands, indicating that the photon scat-
tering process on average removes phonons from the SAW cavity. (e) Resonant scattering counts for red-detuned optical pumping, as a function of input
microwave power. The inset shows the dominant single-phonon scattering events. n̄ in (a), (e) indicates the steady-state phonon number in the SAW cavity
for various Pmicro’s (see Supplement 1).

SAW cavity mode using QDs as local strain gauges [Fig. 2(b)]
(see Supplement 1). The acoustic waist measured for the device
shown in Fig. 1(b) is 4.6µm, in agreement with the designed value
(see Supplement 1). In Fig. 2(b), we measure a different device
with a narrower SAW waist, where scans at different x positions
along the cavity length confirm the focusing profile of the SAW
cavity mode. We then focus our attention on individual QDs at
the acoustic waist of the cavity, where the acousto-optic interaction
is the strongest. A single QD transition is isolated and pumped
resonantly, while the SAW cavity is driven at the cavity mode
frequency with different microwave powers. Phonons modulate
the photons scattered from the QD, shifting their frequency by
increments of the SAW frequency [15]. We use a cross-polarization
setup to reject the scattered pump photons by at least six orders of
magnitude [24], and use a tunable Fabry–Perot filter (600 MHz
linewidth) and a superconducting nanowire single-photon detec-
tor (SNSPD) to measure the spectrum of the scattered photons
[Fig. 3(a)]. The single photons detected to the red (blue) side of
the resonant laser herald phonons being added to (subtracted
from) the SAW cavity. The spectra were fit to obtain the microwave
power-dependent modulation index, δ. We extract a Vπ of 44 mV,
comparable to the state-of-the-art modulators [6,8,10,26], which
range between 20 and 800 mV. This low Vπ is a result of the strong
electro–acoustic coupling afforded by the SAW cavity, followed by
efficient photon–phonon coupling mediated by the QD.

To demonstrate the SAW cavity-enhanced aspect of the
interactions, we repeat the experiment while driving SAWs at a
frequency 2 MHz away from the cavity mode, which leads to a
Vπ of 220 mV, five times higher than that for the cavity-enhanced

process [Fig. 3(b)]. The lower Vπ when driving the cavity mode
is due to improved impedance matching of the IDT–cavity sys-
tem, as well as enhanced acousto–optic coupling due to the SAW
confinement and finesse of the cavity (F = 14). We calculate a
single-phonon coupling rate of g 0 = 2π × 3.0 kHz from the
modulation index and the measured microwave coupling effi-
ciency (see Supplement 1). This modest value results from the QDs
being 750 nm below the surface where the strain field of the SAWs
is relatively small (see Supplement 1) [17]. An improved value of
g 0 = 2π × 42 kHz is obtained from a device with QDs located
closer to the surface at 150 nm depth.

Next, we show that, as required for quantum transduction,
the coherence properties of scattered photons are likely deter-
mined by that of the acoustic mode and the pump laser, and not
by incoherent emission from the QD. Resonant scattering from
QDs for low pump powers follows the linewidth of the laser, not
that of the QD [21]. Indeed, using a much narrower tunable filter
(25 MHz linewidth), we observe sideband linewidths that are equal
to that of the filter [Fig. 3(c)], confirming that our sidebands are
much narrower than the natural lifetime-imposed limit of our
two-level system and that we are operating below the saturation
level of the QD. By increasing the optical pump power, how-
ever, incoherent emission with the linewidth of the QD lifetime
(∼2π × 200 MHz) can become the dominant channel. Narrow-
linewidth sidebands indicate that they can be filtered rigorously for
low-noise quantum transduction purposes. Additionally, due to
the multimode nature of our SAW cavity, a coherent superposition
of two or more cavity modes can be used and filtered simultane-
ously, giving our device the ability to transduce frequency qubits
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[27]. We also note that our QDs are single-photon emitters, and
our device is a source of modulated single photons [28,29] that can
be readily used for quantum communications protocols.

To show single-phonon transduction, we red-detune the laser
by one SAW frequency. As we operate in the resolved sideband
regime, we can tune the microwave power such that the dominant
process is the absorption of a single phonon and thus emission
of a resonant photon [Fig. 3(d)]. The asymmetry in the scattered
spectrum with respect to the pump frequency shows that, on aver-
age, scattered photons have a higher energy than pump photons,
hence subtracting phonons from the cavity in the process. We note
that for higher microwave powers, the scattered spectrum for a
red-detuned pump becomes symmetric with respect to the QD
transition, as shown in [17]. In the limit of low microwave power
as used in this measurement, however, the scattering resonant with
the QD transition is enhanced. Indeed, we observe that the reso-
nant photon counts scale linearly with the SAW power [Fig. 3(e)] in
this low-power regime, verifying that only one phonon is involved
in the scattering process. From Fig. 3(e), we can calculate the total
efficiency of detecting an optical photon upon driving the SAW
cavity with a single microwave photon, yielding η= 10−15. We
can enhance η in the future by creating open photonic structures
around the QD [30,31], optimizing the position of the QDs in the
SAW’s standing-wave field [17], controlling the charge state of the
QD [32], and fabricating SAW cavities with smaller mode volumes
(see Supplement 1).

In conclusion, we have integrated superconducting elec-
trical circuits, SAW resonators, and quantum emitters into a
single device to generate efficient electro–optic interactions, and
observed strong gigahertz-regime modulation of single photons.
These preliminary results open the door for demonstrations such
as quantum transduction, sideband cooling [7,33] of an acous-
tic cavity mediated by a quantum emitter, and photon–phonon
entanglement generation [34].
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