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Photonic crystal membranes (PCM) provide a versatile planar platform for on-chip
implementations of photonic quantum circuits1-3. One prominent quantum element
is a coupled system consisting of a nanocavity and a single quantum dot (QD)4-7
which forms a fundamental building block for elaborate quantum information
networks8-10 and a cavity quantum electrodynamic (cQED) system controlled by
single photons3. So far no fast tuning mechanism is available to achieve control
within the system coherence time. Here we demonstrate dynamic tuning by
monochromatic coherent acoustic phonons formed by a surface acoustic wave
(SAW) with frequencies exceeding 1.7 gigahertz, one order of magnitude faster than
alternative approaches5-7. We resolve a periodic modulation of the optical mode
exceeding eight times its linewidth, preserving both the spatial mode profile and a
high quality factor. Since PCMs confine photonic and phononic excitations11,12,
coupling optical to acoustic frequencies, our technique opens ways towards coherent
acoustic control of optomechanical crystals.
In basic research SAWs found applications in the investigation of fundamental quantum
effects in nanosystems13-17, the manipulation of photonic bandgap structures18,
microcavity and surface plasmon polaritons19-21 with frequencies spanning from a few
megahertz up to a several gigahertz. We electrically generate SAWs by applying a short
radio frequency (RF) voltage pulse to interdigital transducer electrodes (IDT) as shown
schematically in Fig. 1 (a). As this pulse propagates across the PCM, it dynamically
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deforms the region of an optimized, high quality defect cavity22 on timescales defined by
the period of the SAW (TSAW). Thus, the nanocavity is dynamically stretched at t = ¼
TSAW and compressed half a period later ¾ TSAW on a nanometre scale which is
accompanied by a dynamic spectral tuning of the nanocavity mode. For the expanded
situation, the effective length of the cavity is increased and we expect the cavity mode to
be red-shifted to longer wavelengths at t = ¼ TSAW. In contrast, for the compressed
cavity at t = ¾ TSAW the situation is reversed, the effective length of the cavity is reduced
and, accordingly, the spectral resonance should be blue-shifted. To experimentally
confirm this tuning, we fabricated hybrid PCM-SAW devices directly on GaAs in a twostep process and monitor the nanocavity mode via the optical emission of an ensemble of
self-assembled QDs. In Fig. 1 (b), we present a typical time-integrated emission spectrum
in the range of the QD emission which is decorated by a Lorentzian cavity mode with a
high quality (Q-) factor of Q0 ~ 8300 at c = 911.1 nm. When a SAW is generated at fSAW
= 1.703 GHz by applying a RF power of PRF = +17 dBm to the IDT, the initially sharp
cavity resonance (solid black line) significantly broadens in the time-integrated spectrum
to a full width half maximum, c = 0.57±0.1 nm, and its amplitude decreases (red line).
Due to the non-Lorentzian lineshape direct fitting is not possible and the uncertainty of
c becomes limited by the full width half maximum (FWHM) of the unperturbed cavity.
While the decrease of the integrated intensity results from less efficient carrier injection
into and reactivation out of the QDs17, the broadening arises from the dynamic spectral
tuning of the cavity mode. Since this data is averaged over > 1010 SAW cycles the
observed FWHM provides a direct measure for the modulation range.
To confirm that the observed broadening indeed arises from mechanical actuation of the
PCM by the SAW, we set PRF = +28 dBm and scan the RF frequency through the design
frequency of the IDT, fSAW = cSAW p , where p is the periodicity. We measure the FWHM of
the cavity emission as a function of the applied frequency and plot the obtained values
with their corresponding extraction uncertainty as symbols in Fig. 1 (c). Clearly, a
broadening of the cavity emission is only detected in the narrow frequency band
fSAW =1703± 2 MHz . This remarkably narrow band corresponds to <0.2% of the IDT’s
resonance frequency. Furthermore, we independently confirm that this resonance indeed
corresponds to SAW generation by the IDT. For the IDT converting the applied RF
power into a SAW, we expect a reduction of the reflected RF intensity from the electrical
circuit connecting to the IDT. This is nicely observed as a dip in the reflected signal
(S11) in the experimental data plotted as a line in Fig. 1 (c) which overlaps almost
perfectly with the measured broadening of the cavity emission. We performed similar
experiments for three different SAW frequencies fSAW = 414 MHz, 850 MHz and 1.7
GHz and find the same narrow band response of the cavity mode exactly overlapping
with the SAW excitation (see Supplementary Information). This unambiguously proves
that the electrically generated coherent acoustic phonon strain and stress fields of the
SAW spectrally tune the nanocavity photonic mode. Furthermore, our observation
confirms nicely acoustic tuning performed on one-dimensional Bragg microcavities using
SAW20 or optically generated, broadband picosecond strain pulses23. Since the latter are
generated on the backside of the sample and propagate as bulk acoustic waves, these
cannot be directly applied to PCM-based systems.
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Armed with this tuning mechanism, we can estimate the amplitude of the SAW from the
observed broadening by a simple model considering the nanocavity as a one-dimensional
Fabry-Perot (FP-) resonator with oscillating separation between the two mirrors (Inset
2d
Fig. 1b). The resonance wavelength of such a FP-resonator is given by lFP = , with d
j
being the separation between the two mirrors and j the index of the mode. Our L3 cavity
design22 consists of 3 missing holes which translates to an effective cavity length of
2.5× l and j = 5. Thus, the variation of resonance wavelength in vacuum is given
n × Dd
, accounting for the effective refractive index of the membrane neff ~ 2.75.
Dlc = eff
2.5
Dd
= 0.32 nm,
From these considerations we can estimate the SAW amplitude to ASAW =
2
in good agreement with realistic values.
We probe the emission of three different nanocavities modes and SAW frequencies as a
function of the RF power which is proportional to the acoustic power PSAW µ PRF and plot
the detected emission spectra as a function of PRF in false colour representation in Fig. 2
(a)-(c). At low RF powers we observe the unperturbed emission of the nanocavity mode
which shows a pronounced and continuous broadening as PRF increases for all three
frequencies up to a maximum of c > 1.5 nm at the highest power levels which
corresponds to ASAW = 0.55 nm using the simple FP-resonator model. Since

ASAW µ PSAW , the extracted FWHM of the cavity emission should exhibit a linear
dependence when plotted as a function of PRF . Such an anticipated linear increase is
indeed observed experimentally for all three frequencies studied as shown in Fig. 2 (d).
In order to describe our experimental findings, we extend the FP-model and apply threedimensional finite difference time domain (3D-FDTD) simulations. We start by taking
the optimized L3 cavity design22 of our devices and superimpose the lateral distortion of
the PCM by the SAW. The effect of the vertical deformation can be neglected to first
order since it only weakly affects the waveguided mode in the PCM. We also do not
account for the weak ~10-4 variation24 of the refractive index of GaAs (n ~ 3.4) due to its
large contrast to air. Then, we calculate the dynamic modulation of the cavity resonance
c and Q-factor for a fixed SAW wavelength (SAW) and amplitude (ASAW) by treating the
deformation as a quasi-static perturbation and apply the same phase conversion as for the
FP-model [cf. Fig. 1 (a)]. In Fig. 3 (a), we present an example for the calculated periodic
modulation of c (solid line) and Q-factor (red line) for ASAW = 1 nm and SAW = 7a, a =
0.26 µm being the lattice constant of the PCM. c nicely follows the sinusoidal
modulation determined by the geometric deformation, which is anticipated by the FP-

(

)

model. Moreover, we would expect that in the limit of our experiments Dd d <<1 the
Q-factor remains constant. This expectation is confirmed by the 3D-FDTD calculations,
which predict a weak DQ » 3% modulation in the order of the resolution of these
Q0
simulations. We extend this 3D-FDTD approach and assess the dynamic tuning range,
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c, as a function of ASAW and SAW presented in Fig. 3 (b) and (c), respectively.
Remarkably, using this accurate method, the calculation of the amplitude dependence of
the spectral shift clearly reproduces the linear tuning, which we anticipated within the
simple FP-model and observed in the experimental data [cf. Fig. 2 (d)] for all values of
SAW. However, in contrast to a FP-resonator, the model predicts that the tuning range
depends on SAW, giving rise to the different slopes in Fig. 3 (b). We evaluate this effect
in Fig. 3 (c) by plotting the calculated tuning range c for a fixed value of ASAW = 1.0
nm as a function of SAW. We find that the tuning range exhibits a maximum at SAW =
7a, which decreases exponentially for both increasing and decreasing SAW. This can be
understood qualitatively as the length of the optimized L3-cavity of ~ 3.4a compares well
to SAW/2 giving rise to the maximum relative deformation of the nanocavity as a whole.
Finally, we evaluate the spatial electro-magnetic field profile within the cavity for
maximum extension (t=0.25 TSAW) and compression (t=0.75 TSAW). The two profiles are
compared in Fig. 3 (d) on the left- and right-hand side, respectively. Clearly, no shifts of
the spatial mode profile and in particular of the central anti-node are resolved in our
calculations. Such a stationary mode profile is a crucial requirement for both dynamic
QD-nanocavity coupling and coherent acoustic control of optomechanical crystals.
For the data presented up to this point, we recorded time-integrated spectra averaging
over the entire SAW cycle. To resolve the high-frequency dynamic nature of our SAW
based tuning mechanism, we now employ phase-correlated stroboscopic spectroscopy25
by setting the laser repetition time to Dtlaser = n×TSAW , n being an integer. In this type of
experiment, we excite the system at a fixed time during the SAW cycle and then perform
time-integrated detection of the emission. A typical example of such a temporal scan of
the emission of a nanocavity mode is presented in Fig. 4 (a) for fSAW  414 MHz excited
with PRF = +32 dBm. Without a SAW present, we determined the nanocavity emission
wavelength and unperturbed Q-factor to be c,0 = 917.45 nm and Q0  5 103 ,
respectively. In the experimental data, the modulation
 of the cavity resonance with the
fundamental period of the SAW (TSAW) and a bandwidth of c = 1.2 nm is clearly
resolved. This is in good agreement with the broadening observed in phase-averaged
experiments. In Fig. 4 (b), we plot the extracted spectral position ofthe cavity resonance
(symbols) which we find to be in excellent agreement with FDTD simulations for ASAW =
1.9 nm (line). From this data we extract the relative temporal variation of the Q-factor
Q(t)  Q0
given by
plotted in Fig. 4 (b). It shows, in strong contrast to the resonance
Q0
wavelength, a modulation with 2 TSAW. At t = 0 and t = ½ TSAW at which the deformation
of the cavity region is minimum, we find the maximum reduction of Q(t). At times t = ¼
TSAW and t = ¾ TSAW for which the cavity region is maximally deformed the extracted Q
factor is not affected by the SAW and identical to Q0. These counterintuitive observations
do not arise from a degradation of the Q-factor but from the employed stroboscopic
technique: We investigate a dynamic spectral shift with a fast tuning rate dlc / dt which
gives rise to an additional broadening of the cavity line. This can be estimated as
dlc » dlc / dt × t with  being the overall temporal resolution. We calculate the expected
modulation of the linewidth and the nominal Q-factor (see Supplementary Information)
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for the given fSAW for the base time resolution of our system (system ~ laser ~ 90 ps)
determined by the laser pulse width. This sets the maximum resolution for the Q-factor
evaluation. A direct comparison between this model (black dashed line) and the
experimental data in Fig. 4 (b) shows that the observed modulation is indeed dominated
by this instrumental limitation. Taking into account the Purcell-enhancement of the
radiative decay time of the QD emission5,26 (rad ~ 50 ps) we obtain for system+rad = 140
ps, we find excellent agreement between the modelled Q-factor modulation (solid line)
and the experimental data. Moreover, for long radiative decays our model predicts a
significantly increased contrast of the Q-factor modulation as illustrated for  = 500 ps
(dotted line) which is still shorter than the typical decay time of 800 ps of self-assembled
QDs in an isotropic optical medium26. To confirm this analysis, we extract the Q-factor
modulation from the 3D-FDTD calculations, which nicely reproduce the observed
spectral tuning. Clearly, the calculated variation of the Q-factor plotted on the same scale
(red line) in Fig. 4 (b) is indeed weak and large Q-values are maintained over the entire
SAW cycle. Thus, our experimental data provides direct evidence for a large tuning range
corresponding to more than 5.7 cavity linewidths without significant degradation of its Qfactor.
The broadband, RF spectral tuning of our SAW/PCM system will result in deeper
insights in cQED, due to its fast tuning rates compared to lifetime of the emitters and
photons inside the cavitiy27. The accessible tuning range is further expanded by the
additional modulation of the QD emission16,17. Variation of the SAW frequency offers the
possibility to investigate geometric resonances which enhance the tuning range or
dynamic couple localized photonic and phononic modes11,12,28, which can be also
achieved on non-piezoelectric substrates, in particular Silicon29. One particularly
tantalizing approach is to use the coherent monochromatic acoustic phonon field of a
SAW for the coherent control of optomechanical crystals which in contrast to planar
Bragg microcavities can be realized with sufficiently high quality on a PCM
platform11,12,30,31.
Methods:
Heterostructure
We start by fabricating the photonic crystal membranes from a semiconductor
heterostructure grown by molecular beam epitaxy. This heterostructure consists of a 134
nm GaAs layer with self-assembled InAs QDs in its centre on top of a 920 nm thick
Al0.7Ga0.3As sacrificial layer. First, the photonic crystal structure is defined by electron
beam lithography and transferred into the heterostructure by dry chemical ICP-RIE
etching. Next, we remove the sacrificial layer wet chemically using hydrofluoric acid and
release a fully suspended membrane. In the following step Titanium/Aluminium IDTs
with design frequencies of fSAW = 414 MHz, 850 MHz and 1.7 GHz are defined by
electron beam lithography and finalized in a conventional lift-off process at a distance of
1 µm from the PCM. The corresponding SAW wavelengths are SAW = 28a, 14a and 7a,
with a = 0.26 µm being the PCM lattice constant.
Experimental setup
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In our photoluminescence setup QDs in the PCM are excited by an externally triggered
diode laser emitting ~90 ps pulses at a wavelength of 850 nm which is focused to a 2 µm
spot using a 50x microscope objective. The emission is dispersed by a 0.5 m imaging
grating monochromator and detected by a liquid N2-cooled charge coupled device. The
sample is cooled to T = 5 K in a Helium-flow cryostat with integrated RF connections.
The triggering scheme for phase-correlated stroboscopic spectroscopy used to resolve the
full dynamics is described in detail in reference 25.
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Figure Captions:
Figure 1 – Tuning mechanism setup and experimental results. a, Photonic crystal
nanocavity, deformed by surface acoustic wave (SAW). The SAW is generated by a RF
8

pulse applied to an interdigital transducer (IDT). Deformation of the nanocavity at
different times during one period of the SAW, showing the stretched cavity, a node at the
cavity centre and the compressed cavity (not to scale). b, Photoluminescence from a
high-Q nanocavity in a time-integrated experiment. The initial Lorentzian cavity
emission line (black) broadens into a line of non-trivial shape under the influence of the
SAW at 1.7 GHz by more than a factor of 5 (red). Inset: Schematic of a 2.5  Fabry-Perot
resonator. c, Extracted broadening of the nanocavity emission as a function of the applied
RF frequency (symbols). The largest broadening is observed at the optimum operation
frequency for SAW generation of the IDT (red line).
Figure 2 – Time integrated emission spectra for three different nanocavities and SAW
frequencies. a-c, False colour representations of cavity emission spectra as a function of
the applied RF power for three different SAW frequencies. The corresponding IDT
periods are 28a, 14a and 7a, with a = 0.26 µm being the lattice constant of the photonic
crystal. d, Spectral broadening in units of the unperturbed cavity linewidth as a function
of PRF µ ASAW showing a clear linear dependence for all three frequencies.
Figure 3 – Numerical simulations. a, 3D-Finite Difference Time Domain simulations of
the L3 cavity show in a sinusoidal change of the mode wavelength and a minimal change
of the Q-factor. (SAW = 7a, ASAW = 1 nm). b, Calculation of c in dependence of the
SAW amplitude, showing a linear increase. c, The variation of the SAW wavelength at a
fixed amplitude (ASAW = 1 nm) results in an exponential increase of c with smaller
wavelengths down to SAW ~7a. The wavelengths investigated experimentally are marked
with arrows. d, Comparison of the calculated spatial mode profile of the fundamental
optical mode for the maximally extended and compressed nanocavity at t = 0.25 TSAW
and t = 0.75 TSAW, respectively.
Figure 4 – Comparison of SAW phase-resolved experimental data with 3D-FDTD
simulation results. a, Phase-correlated stroboscopic spectroscopy measurement of the
nanocavity mode emission tuned by a 414 MHz SAW. b, Upper panel: Extracted spectral
mode position (symbols) and simulation with SAW =28a and SAW amplitude of 1.9 nm.
Lower panel: Estimation of the nominal Q-factor variation extracted from the
experimental data (symbols). The black curves show the maximum Q-factor reduction
resolvable for given temporal resolutions (laser = 90 ps). Agreement for the sum of the
laser pulse width and Purcell-enhanced radiative lifetime ( = 140 ps) confirms minimal
Q-factor degradation where as a longer timescale ( = 500 ps) would result to a larger
contrast. The Q-factor modulation extracted from 3D-FDTD simulations is found to be
<6% (red line and grey shaded bar).
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