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Abstract

We report on scalable heterointegration of superconducting electrodes and epitaxial
semiconductor quantum dots (QDs) on strong piezoelectric and optically nonlinear lithium
niobate. The implemented processes combine the sputter-deposited thin film superconductor
niobium nitride and III-V compound semiconductor membranes onto the host substrate. The
superconducting thin film is employed as a zero-resistivity electrode material for a surface
acoustic wave resonator with internal quality factors Q ~ 17000 representing a three-fold
enhancement compared to identical devices with normal conducting electrodes.
Superconducting operation of ~400MHz resonators is achieved to temperatures 7 > 7K and
electrical radio frequency powers P, > +9dBm. Heterogeneously integrated single QDs couple
to the resonant phononic field of the surface acoustic wave resonator operated in the
superconducting regime. Position and frequency selective coupling mediated by deformation
potential coupling is validated using time-integrated and time-resolved optical spectroscopy.
Furthermore, acoustoelectric charge state control is achieved in a modified device geometry
harnessing large piezoelectric fields inside the resonator. The hybrid QD—surface acoustic wave
resonator can be scaled to higher operation frequencies and smaller mode volumes for quantum
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phase modulation and transduction between photons and phonons via the QD. Finally, the
employed materials allow for the realization of other types of optoelectronic devices, including
superconducting single photon detectors and integrated photonic and phononic circuits.

Keywords: surface acoustic waves, quantum dots, optomechanics, heterogeneous integration,

quantum technology

(Some figures may appear in colour only in the online journal)

1. Introduction

Lithium niobate (LiNbO3) is a key material in the intercon-
nected fields of nonlinear optics and acoustics due to its
strong optical nonlinearity (e.g. Y, 33 =3 x 10" mVv~")
and piezoelectricity (e.g. dyp = 21pCN’1) [1-3]. LiNbO3’s
strong electro- and acousto-optical effects can be harnessed
in quantum integrated photonic circuits [4, 5]. This unique
combination of properties renders LiNbO3 a versatile host to
synergistically combine various nonlinear photonic elements.
Despite these advantages, LiNbO3 does not host optical emit-
ters, which are required for many photonics applications. To
overcome this shortcoming, several approaches are the focus
of current research, including doping with rare earth ions
[6, 7], direct growth [8] or transfer of 2D semiconductors
[9-11], as well as heterogeneous integration of epitaxial
semiconductors [12, 13].

One such method for integrating LiNbO; with optically
active quantum emitters is with piezoelectrically generated
surface acoustic waves (SAWs), which mechanically deform
the host material and have an associated electric field in
piezoelectric materials. SAWs are highly appealing because
of their universal coupling to dissimilar quantum systems
[3, 14]. SAW devices are fabricated in a planar manner using
straightforward CMOS device processing techniques, which
has enabled optomechanical transduction between solid-state
quantum emitters [15-17], integrated photonic and phononic
circuits [18-21], and many other demonstrations of SAW
coupling to optically or electrically active quantum systems
sensitive to strain or electric fields [22-26]. Another advant-
age of SAW devices is that they typically operate at gigahertz
(GHz) frequencies, where they can be cooled to the phononic
ground-state without active cooling protocols [14, 17].

For quantum applications, SAW devices have to be further
improved by mitigating loss channels. These include Ohmic
heating in conducting electrodes of finite electrical conductiv-
ity. To alleviate these losses, SAW devices can be fabricated
using superconducting electrode materials. For example, alu-
minum (Al) electrodes have been employed in SAW resonat-
ors of high quality factors Q ~ 10° [27-29] proving the feas-
ibility of this strategy. However, superconducting operation
of such devices is limited to temperatures below aluminum’s
critical temperature 7, ~ 1.2K. Such low temperatures are
not strictly necessary for quantum control schemes of optic-
ally active solid-state two-level systems like semiconductor
quantum dots (QDs) or defect centers. These QDs exhibit low
decoherence already at moderate temperatures 7 > 4 K, which

are accessible with conventional “He cryostats. This low deco-
herence was impressively demonstrated by the implementa-
tion of all-optical coherent control schemes [30, 31]. These
experiments are conducted under significantly relaxed condi-
tions, i.e. higher operation temperatures compared to super-
conducting Al quantum systems. Thus, materials with moder-
ately high T, would mark a significant advantage for hybrid
SAW-QD devices. An additional challenge for integrating
single quantum emitters with hybrid phononic quantum tech-
nologies remains the enhancement of the interaction strength
between QDs and SAW phonons [32-35] and at the same time
mitigating the aforementioned losses due to Ohmic heating by
employing superconducting electrodes. The first has motiv-
ated the development of hybrid systems consisting of strong
piezoelectric SAW substrates with heterogeneously integrated
III-V compound semiconductors [36-38]. Heterogeneously
integrated SAW devices are an extremely active field of cur-
rent research, and recently large-scale radio frequency acous-
toelectric devices have been realized [39, 40] This versatile
approach is naturally suited to realize hybrid QD-SAW devices
with transferred epitaxially grown QD layers [12, 41, 42]. For
the latter, nitride-based superconductors are a leading mater-
ial platform in the moderate temperature range because these
materials exhibit much higher critical temperatures compared
to Al. For example, niobium nitride (NbN) exhibits its super-
conducting transition at 7, ~ 16K and is a well established
material for superconducting single-photon detectors (SSPDs)
[43—47]. SSPDs made from NbN and related compounds have
been successfully demonstrated on a variety of substrates,
including the materials used in this work: LiNbO3 [48-51]
and GaAs [52, 53]. NbN and NbTiN single-photon detect-
ors on LiNbOs-on-insulator waveguides have been demon-
strated with system detection efficiencies of 46 % and 27 %,
respectively [50, 51].

Here, we report on a scalable two-stage heterointegration
process of III-V epitaxial QD heterostructures and supercon-
ducting electrodes on LiNbOs. In this process we adopt the
fabrication technologies for NbN SSPDs, epitaxial lift-off, and
bonding of I1I-V heterostructures. The full functionality of the
fabricated devices is validated by verifying and quantifying
two key performance metrics: (i) the superconducting trans-
ition of the electrodes and (ii) the optomechanical and acous-
toelectric control of the QDs and simultaneous superconduct-
ing operation of the SAW electrodes.

The remainder of this article is structured in five sections.
Sections 2 and 3 introduce the sample design and experi-
mental techniques employed, respectively. Section 4 validates
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the electrical performance and superconducting operation.
Section 5 reports on three different experimental approaches
proving piezo-optomechanical control of QDs in our device.
Section 6 summarizes the key findings and gives an outlook
on the prospects of our approach and its future applications.

2. Sample design and fabrication

We implement our two-stage heterointegration on 128° Y-
rotated LiNbO3, a common piezoelectric substrate for SAW
resonator filters and delay lines with high electromechanical
coupling K? = 5.4% and phase velocity of co = 3978 ms~! at
room temperature along the X-direction [54]. The prototype
device is shown in figure 1(a). It is a one-port SAW-resonator
aligned along the X-direction with NbN superconducting elec-
trodes and an In(Ga)As QD heterostructure. In essence, two
Bragg reflectors separated by a distance d form a SAW reson-
ator with an effective cavity length L.. An interdigital trans-
ducer (IDT) is positioned in close proximity to one of the
reflectors for SAW generation. This asymmetric configuration
allows for heterointegration of large area semiconductor films.
The electrodes of the Bragg reflectors and the IDT are made
from NbN. The IDT electrodes are contacted by normal con-
ducting pads. This configuration is adopted from our previ-
ous work [42] employing normal conducting electrodes which
provides the reference for benchmarking the performance of
the advanced design developed here. The process flow diagram
for sample fabrication is schematically shown in figure 1(b).
Steps (i)—(iii) are the first heterointegration stage in which
the SAW component is realized. It follows a top-down route
starting with a continuous thin film and, thus, is fully scal-
able to the wafer-scale. In step (i) a uniform 20 nm thick film
of NbN is deposited directly on a 100 mm diameter LiNbO;
substrate using reactive DC magnetron sputtering. The NbN
deposition parameters are as follows: 2 mT chamber pres-
sure, 30 sccm argon and 4 sccm nitrogen gas flows, 250V DC
bias voltage. To generate high-quality superconducting NbN
films with high T, an RRR superconducting-grade Nb sputter
target was used [55]. In step (ii) this film is subsequentially
patterned using optical lithography and inductively coupled
plasma (ICP) reactive ion etching with CF4 chemistry. The
corresponding ICP etch parameters are the following: 0.4 Pa
chamber pressure, 144 sccm CF4 and 9 sccm nitrogen gas
flows, 850 W source power, 35 W bias power. The SAW res-
onators are finalized in step (iii) when pads composed of Ti
(10nm)/Au (90 nm) are defined by a lift-off process to con-
tact the NbN electrodes of the IDT. The second heterointegra-
tion stage is step (iv) during which the semiconductor mem-
brane is transferred onto the LiNbO3 using epitaxial lift-off
and transfer [12, 56, 57]. For the devices we use the hetero-
structure shown in the right part of figure 1(a). It is grown by
molecular beam epitaxy on a semi-insulating (001) GaAs sub-
strate starting with a 100 nm thick AlAs sacrificial layer. The
active part of the heterostructure consists of a 250 nm thick
GaAs layer with a single layer of In(Ga)As at its center. This
active part is removed from the growth substrate by selectively

etching the AlAs sacrificial layer using hydrofluoric acid (HF)
and then transferred onto the LiNbO;.

In contrast to our previous work [12, 42], we study two
types of devices. For the first type, shown in figure 1(a), ana-
logous to our previous design, a 50 nm thick palladium (Pd)
adhesion layer on top of a 5nm thick titanium (Ti) layer
defined via a lift-off process creates a strong and rigid metal-
lurgic bond between LiNbO; and the semiconductor. This
layer also serves to shunt the piezoelectric fields, suppress-
ing acoustoelectric charge carrier dynamics. For the second
type, no Ti/Pd is used and consequently the interface between
LiNbO; and the semiconductor is no longer an equipotential
plane. Thus, the piezoelectric potential induced by the SAW
at the LiNbOj3 surface extends into the semiconductor [58].
This allows the verification of piezo-optomechanical coup-
ling comprising dynamic control of the QD energy levels
and electric field driven ultrafast carrier dynamics [59-61]
to regulate the charge state of the QD [62, 63]. The one-
port SAW resonators were designed for a SAW wavelength
Ao = 10.0 um corresponding to a nominal SAW frequency of
fo >~ 400MHz. These resonators had four different mirror spa-
cings d = {440,220,110,60} x Xy as shown in figure 1(c).
The effective cavity length is given by L = d + 2 x L, where
d is the above spacing between the Bragg reflectors and L, =
w/rs is the mirror penetration depth for of a single Bragg
reflector. For our electrode width w= X\¢/4 =2.5um and
single-electrode reflectivity rs = 0.02 [42, 54, 64], we obtain
L, ~ 130 um. Figures 1(c) and (d) show optical and scanning
electron microscope images of the final devices. Figure 1(c)
shows that ReslQDPd and Res2QDPd contain QD mem-
branes attached via a Pd adhesion layer, whereas the Pd layer
is absent for Res3QD and Res4QD. Table 1 gives an overview
of the different resonator designs (nominal SAW frequency
fo, nominal SAW wavelength Ay, mirror spacing d, QD mem-
brane, and Pd adhesion layer). Figure 1(d) shows high resol-
ution images of the Bragg reflector (left) and the IDT (right)
demonstrating successful pattern transfer into the NbN.

3. Characterization techniques

The sample was mounted on a custom-made carrier and wire-
bonded. All experiments were conducted with the sample
loaded into a variable temperature closed-cycle optical cryo-
stat equipped with radio frequency (rf) signal lines. For
rf characterization a vector network analyzer (VNA) was
used to determine the Sj; scattering parameter at differ-
ent applied rf power levels (P;f). The piezo-optomechanical
response of single QDs was characterized by a combination
of time-integrated and time-resolved photoluminescence (PL)
spectroscopy [16]. Here, electrical excitation of the SAW res-
onator was performed using an rf signal generator. A dir-
ectional bridge was used to analyze the reflected electrical
power using an oscilloscope online during the optical exper-
iment to ensure consistency between the optical and rf elec-
trical data [42]. In the experiments presented here, optical
excitation was performed using a continuous wave A = 8§33 nm
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Figure 1. Device fabrication—(a) Schematic of the hybrid device. (b) Heterogeneous integration process flow: (i) NbN sputter deposition,
(ii) optical lithography and etch, (iii) contact pad metallization lift-off, (iv) transfer of epitaxial III-V semiconductor heterostructure.

(c) Optical microscope image of four devices of different cavity lengths with In(Ga)As QD heterostructure membranes heterointegrated.
(d) Scanning electron microscope images of the reflectors (left) and the IDT (right).

Table 1. Overview of the different resonator designs, where fo nominal SAW frequency, )¢ is the SAW wavelength as defined
lithographically, d is the mirror spacing defined lithographically, and the bottom two rows indicate the presence or absence of a QD

membrane and a Pd adhesion layer.

Device name Resl Res1QDPd Res2QDPd Res2QD Res3QD Res4QD
fo (MHz) 300 400 400 400 400 400

Ao (pm) 13.3 10.0 10.0 10.0 10.0 10.0

d (M) 340 440 220 220 110 60

d (pm) 4522 4400 2200 2200 1100 600

QD membrane no yes yes yes yes yes

Pd layer no yes yes no no no

diode laser focused to a diffraction limited spot with a dia-
meter of <1.5um by a NA =0.81 microscope objective
with a focal length of 2.89 mm. A moderate optical pump-
ing density Popiical ~ 191Wcem—2 ensured preferential gen-
eration of single exciton species with no noticeable signa-
tures of biexcitons. The emission of the QDs was collected
by the same objective and dispersed in a 0.7 m grating mono-
chromator. Time-integrated multi-channel detection was per-
formed using a cooled CCD detector. For single-channel time-
resolved detection, the detection wavelength was scanned and
the signal was recorded by a single photon avalanche diode
(SPAD) with time resolution < 50 ps. The electrical pulses of
the SPAD were recorded with time correlation electronics ref-
erenced to the electrical signal applied to the IDT [21, 65].

4. Electrical characterization

We first validate the electrical operation of our device in the
superconducting regime of NbN and determine the accessible
ranges of the main operation parameters, the sample temper-
ature, T, and the rf electrical power, Py, applied to the IDT.
Figure 2 shows a comprehensive set of data and their ana-
lysis for resonator Resl before transfer of the QD hetero-
structure. The nominal design frequency was fy = 300MHz

with a nominal mirror distance of d; =340\, with \g =
4522 pm. We begin with applying a constant low rf power
P = —20dBm and measure the S;; scattering parameter as
a function of the applied electrical frequency for different val-
ues of the sample temperature in the cryostat. These data are
plotted in figure 2(a) with T increasing from the bottom to
top spectrum. The spectrum recorded at the base temperature
T = 3.7K shows the expected resonator response with clearly
resolved minima in the reflected rf power at the resonance
frequencies of the cavity modes (vertical dashed lines). The
measured free spectral range FSR = (410 +40)kHz corres-
ponds to an effective resonator length L. = (4866 + 568) um,
in good agreement with the nominal lithographically defined
cavity length d = 4522 pm. Second, the measured S;; can be
fitted using

(Qe,n - Qi,n)/Qe,n + 2iQi,n (f_fn>/f
(Qe,n + Qi,n)/Qe,n + 2iQi,n (f_fn)/f

Su(f) = (D

with Q; , and Q. , being the internal and external Q-factors
of mode n at frequency f, [64]. At base temperature, we
obtain values ranging between 7000 < Q; , < 17000, indicat-
ing a three-fold improvement compared to identical resonator
devices equipped with normal conducting Ti/Al electrodes
[42].
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Figure 2. FElectrical characterization—(a) Scattering parameter S;; of a fy = 300 MHz SAW resonator at P,y = —20dBm with temperature
T increasing from bottom to top and (b) at 7= 3.7 K with P increasing from bottom to top. (c) Phase diagram in the P-T parameter space
indicating the phase boundary from the superconducting to normal conducting state. (d) Internal quality factor Q; of the phononic modes as

a function of 7.

As T increases, we observe the transition from supercon-
ductivity to normal conductivity at 7. = 6.7K (purple spec-
trum). For temperatures above 7., we observe a character-
istic change of the spectrum with the emergence of peaks
(instead of dips) that are shifted in frequency compared to the
modes in the superconducting state (dashed lines). This beha-
vior is expected for loss-dominated resonators, which is the
case for NbN thin films above T,. Its conductivity is at least
one order of magnitude lower than commonly used normal
conducting metals like aluminum [54, 66, 67]. In figure 2(b)
we show analogous Sy spectra with the temperature held con-
stant at 7= 3.7K and the electrical power applied to the IDT
increasing from the bottom to the top. As Py increases from
Py = —20dBm, we observe a clear change of the spectrum
at Py =+2dBm (purple). This change is markedly differ-
ent to the abrupt change in figure 2(a) between 7, = 6.7K
and T = 7K. Here, the dips at the resonator mode frequen-
cies broaden continuously and evolve in a spectrum similar
to the normal conducting state at the highest power level Py =
+6dBm. This continuous broadening cannot be explained by
a change of the global sample temperature, but instead indic-
ates a local breakdown of superconductivity in a subset of
the electrodes. Since the cavity mode frequencies (vertical
grey lines) remain constant, we conclude that superconduct-
ivity is initially preserved in the Bragg mirrors’ electrodes.
Breakdown occurs locally in the IDT electrodes, where the
driving rf electrical signals drives a current. The correspond-
ing local increase of the current density above the critical

value breaks superconductivity. This occurs first at the cav-
ity resonance where the highest current densities are reached.
With increasing Py, the critical current density is reached
off-resonance giving rise to the observed apparent broaden-
ing. At the highest Py, superconductivity breaks down over
the entire range of frequencies. Ohmic heating in this nor-
mal conducting state raises the global sample temperature
above T, retaining a spectrum similar to that observed in
figure 2(a).

To further corroborate this interpretation we analyze the
observed 7. as a function of P, plotted in figure 2(a). These
data show that an increase of P, leads to a decrease of the
measured T;. At this point we bear in mind that an increase of
P,; corresponds to an increase of the current density. Thus the
data in figure 2(a) corresponds to an effective phase bound-
ary of a superconductor in the current-temperature parameter
space. Finally, we analyze Q; , as a function of 7 obtained from
a best fit of equation (1) to the data in figure 2(a). The obtained
values for modes n=1,2,...6 are plotted for temperatures
3.7 < T < 7K in figure 2(d). The data clearly show that high
Qi 1s in fact preserved for all modes up to 7, when supercon-
ductivity breaks down. To summarize, the performed electrical
characterization proves superconducting operation with high
internal @; , > 17000. The derived effective phase boundary
defines the parameter space for the operation of our device.
For all experiments shown in the remainder of this article, the
effective phase boundary was first pinpointed to ensure super-
conducting operation in the optical experiments.
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5. Piezo-optomechanical characterization

In the second phase of our characterization, we investigate
the piezo-optomechanical interaction between the SAW reson-
ator and the QDs in the heterointegrated device. We probe the
optomechanical coupling between single QDs and phononic
modes by measuring the optical emission as a function of the
applied rf parameters. In all these experiments, the electrodes
are in the superconducting state. Thus we validate combined
superconducting operation and SAW control of single QDs.
In the following, the design frequency of the investigated
devices is fy =~ 400MHz. In sections 5.1 and 5.2, we use the
Res2QDPd resonator with the QD heterostructure transferred
onto a Pd adhesion layer in its center. The Pd shunts the elec-
tric field induced by the SAW [12, 41]. Accordingly, Stark-
effect modulation, which becomes dominant at high SAW
amplitudes [58] and acoustoelectric charge state regulation
[62, 68] are effectively suppressed and can be neglected in the
following. In section 5.3 we use a Res2QD resonator where
a QD heterostructure is directly transferred onto the LiNbO;
without a Pd adhesion layer. In this case, the piezoelectric
fields can induce spatio-temporal carrier dynamics and thus,
regulate the charge state of the QD.

5.1 Time-integrated optomechanical characterization

We first measure the optomechanical response of a single QD
by time and phase averaged PL spectroscopy. As schematic-
ally shown in figure 3(a), the detected line shape is a time-
average of the sinusoidally modulated Lorentzian QD emis-
sion line [58, 69] given by

2A
I(E) =1l +frf' ?

e w
./0 4(E—(E0+AE~sin(27rﬁf~t)))2+w2dt' @

In this expression, Iy denotes a time-independent intensity
offset, Ey the center energy, A the amplitude, w the width of the
Lorentzian emission peak, and AFE the optomechanical mod-
ulation amplitude. Figure 3(a) schematically shows the sinus-
oidal modulation of the Lorentzian emission line of a single
QD (gray) and the resulting time-integrated emission spectrum
(green) with its optomechanical tuning amplitude labeled as
2AE. Figure 3(b) shows the measured time-integrated emis-
sion spectra of a exemplary QD (data points) and a best fit of
equation (2) (solid line). Without a SAW applied (green), the
expected Lorentzian line is faithfully detected. When strained
by a SAW (P = 3dBm, fi; = 399.62 MHz, purple), the char-
acteristic lineshape given by equation (2) is observed.

Next, we confirm the optomechanical coupling of QDs to
the SAW resonator modes. To this end, we begin by apply-
ing Py = 5dBm to the IDT, at which the resonator was veri-
fied to be in the superconducting state. We then scan fiy from
397 to 402 MHz. We select two QDs, QD 1 and QD 2, which
are separated by ~ 1.5 X Ao along the axis of the resonator.
The results of the performed characterization experiments are

shown for QD 1 and QD2 in figures 3(c) and (d), respect-
ively. The upper panels (i) show the time-integrated PL intens-
ity as a function of electrical fi+ (horizontal axes) applied to
the IDT and photon energy (vertical axes). The lower panels
(iii) show the simultaneously recorded reflected rf power to
identify the involved SAW modes f,, of mode index (n) of the
hybrid SAW resonator. These are labeled and marked by the
vertical dashed lines. The center panels (if) show AE(f,) of
the two QDs extracted from the experimental data by fitting
equation (2). These data clearly prove the anticipated site and
frequency selective coupling of the embedded QDs and the
phononic modes. QD 1 in figure 3(c) shows strong optomech-
anical response AF and, thus, strong optomechanical coup-
ling when f;; is in resonance with an even index mode n = 2,4.
Conversely, this coupling is suppressed for odd index models
n =1,3,5. The optomechanical coupling is inverted for QD 2
in figure 3(d), which exhibits strong and weak coupling for
n=1,3,5and n = 2,4, respectively. These observations are in
agreement with the QD 1 being at the antinodes of the n = 2,4
modes and QD 2 being at those of the n = 1,3,5 modes as
shown schematically in figure 3(e) [42].

In a third step, we study the dependence of the optomech-
anical modulation AE on the applied rf power. We increase
Pt from P,y = —9dBm in steps of 2dB to +9dBm and record
the resulting AE of QD 1 and QD 2. In this range of Py, the
device is in the superconducting state, which was confirmed by
the simultaneously measured electrical power reflected from
the device. This measured range is 3dB larger than that of
the 300MHz device shown in figure 2. The extracted AE of
QD1 and QD2 are plotted as a function of P in the upper
and lower panel of figure 3(f), respectively. These data are
presented for all modes to which the respective QDs couple.
Moreover, the data is plotted in double-logarithmic represent-
ation to identify the power law dependence AE o P} and the
underlying coupling mechanism. QD 1 exhibits a power law
dependence with an average slope mgp; = 0.57 £0.01 and
QD2 with mgpy = 0.5540.01. The amplitude of the SAW,
u, x /Py, and AE o u,. Hence, a slope of m ~ 0.5 is a char-
acteristic fingerprint for deformation potential coupling being
the dominant mechanism [16]. We note that the small increase
compared to the ideal value of m=0.5 may arise from a
weak nonlinearity as observed for similar hybrid devices with
normal conducting electrodes [42]. Moreover, the extracted
slope excludes Stark effect modulation for which m=1 is
expected [58].

5.2. Time-resolved optomechanical characterization

Next, we perform time-correlated single-photon counting to
resolve the SAW-driven dynamics of QD 3 directly in the time
domain. This type of characterization allows direct observa-
tion of the temporal shift of the QD emission line, which was
not addressed in our previous work on hybrid QD-SAW res-
onators with normal conducting electrodes [42]. In the fol-
lowing, P = 3dBm is fixed. Before conducting these time-
resolved measurements, we study the time-integrated emission
of QD 3 as in the previous section to determine the position of
the selected QD in the SAW cavity field. Figure 4(a) shows



J. Phys. D: Appl. Phys. 56 (2023) 365105

M Lienhart et al

—_
)
=

© o 1 28540

E 0.2} (i)
. E / \\f\
w
§ y ,\/\ g 4

(e) mode n

intensity (arb. units)
o
(o]

0.0
g o

0.4 -02 00 02 04 o £ol i) 5dBm 02 E QD 1
energy (arb. units) “E E
@ 0.1 E E
(b) 1600 T T T 600 < T E E
« SAW off E E
1400 © 3 0005 "n=2 3
2 500 2 = F *in=14:3
g 1200 B 1002 g
: ; S E 3
§10° 400 8 02 éQDz E
= 800 = E E
2 2 0.1E
o 600 o) o E PR
£ 300 £ 3 E E

= 400 “ £9 f\[\ 005 F— n=3

o= ol i) 5dBm E in=5

200 200 = 002 1 L1 1 1111 1 L1 11

1.2849 12852 1.2855 397 398 399 400 401 402 1E-4 0.001
energy (eV) frequency (MHz) P (W)

Figure 3. Piezo-optomechanical characterization—(a) Schematic of dynamic modulation of Lorentzian emission line giving rise to the
time-integrated spectrum given by (2). (b) Emission line of a single QD (data points) without a SAW applied (green) and with a SAW
applied (purple) with best fits of equation (2) (solid lines). (c) and (d) PL spectrum (i), extracted AE (i) and reflected electrical rf power
(iti) recorded from QD 1 and QD 2, respectively. (e) Schematic of site-selective coupling of QD 1 and QD 2. (f) AE for different phononic

modes as function of Pr of QD 1 (top) and QD 2 (bottom).

the time-integrated emission spectrum of QD3 (top panel)
and the simultaneously measured reflected rf power (bottom
panel) as a function of fi;. From these data we conclude that
QD 3 couples strongly to odd modes and only weakly to even
modes. The derived relative position of QD 3 within the SAW
cavity field is shown schematically as an inset of figure 4(a).
In addition and in agreement with the data shown in figure 3
and [42], a pronounced optical response can be found in the
frequency range between the n=2 and n=3 modes. The
time-resolved analysis of the dynamically strained QD 3 is
performed for three characteristic frequencies f;y marked by
different colored lines in figure 4(a). f; = 398.46 MHz cor-
responds to the resonance of mode n=1. fo3 = 399.66 MHz
and f34 = 400.57MHz are chosen in between the n=2/n=3
and n=3/n=4 modes, respectively. At these frequencies,
QD 3 shows strong (f>3) and weak (f34) modulations. The
top panels of figure 4(b) present plots of the temporal mod-
ulation of the QD emission line at the three selected fre-
quencies in false color representation. In all three cases, a
clear sinusoidal modulation is observed in the time domain.
Furthermore, the period of these modulations correspond to
that set by the applied rf. The bottom panels of figure 4(b)
show the peak positions (black) as a function of time extrac-
ted from these data by best fits of a Lorentzian line for each
time stamp. By fitting the obtained data with a sine function
(solid orange, blue, and purple lines) we extract modulation
frequencies of the QD fop.1 = 398.45+2.77MHz, fop 23 =
399.66 +2.75MHz, and fop 34 = 400.45 £ 1.27MHz. These
values agree well with the electrical tf. Thus, these data prove
that in this sample the QD is predominantly modulated at the

SAW excitation frequency, regardless of its location in the
phononic mode spectrum. These findings furthermore clearly
indicate that no dominant wave mixing processes occur in the
SAW resonator and that the dominant coupling mechanism is
deformation potential coupling.

5.3. Acoustoelectric charge state control

Finally, we demonstrate acoustoelectric control of the charge
states of single QDs on our hybrid platform. To this end, we
study resonator Res2QD with a nominal SAW frequency of
fo =400MHz with a mirror spacing d = 220 Ao and a QD het-
erostructure directly transferred onto the LiNbO3; without a Pd
adhesion layer. Again, the design frequency is fy = 400MHz
as confirmed by the SAW mode spectrum plotted in the lower
panel of figure 5(a). The upper panel of figure 5(a) shows the
emission spectrum of two QDs, QD4 and QD5 (plotted in
false-color representation as a function of fi;). These data are
recorded at relatively low rf power of P,y = —7dBm at which
strain coupling is dominant [58, 63]. Thus, both emission lines
QD4 at E=1266.66meV and QD5 at E5 = 1266.17meV
show the expected broadening when fi; is tuned into reson-
ance with modes of odd (n = 1, 3,5) index, while no significant
coupling is observed for modes of even index (n = 2,4). Thus,
we can conclude that both QDs are at the antinodes (nodes)
of the strain field of odd (even) index modes. This observation
proves mode-selective strain coupling of the QD to the SAW
even with a relatively weak van der Waals bond between the
semiconductor and LiNbO; substrate, compared to the rigid
metallurgical bond for the devices with the Pd adhesion layer.
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Next, we increase the rf power to P,y = +1dBm and plot the
recorded emission spectra in the same range of photon ener-
gies and f;; in false-color representation in the center panel of
figure 5(a). These data exhibit a completely different behavior
than those of samples with a Pd adhesion layer (cf figures 3, 4
and [12, 42]) arising from the combination of strain tuning and
acoustoelectrically driven carrier dynamics by the SAW. In this
device without the Pd adhesion layer, no highly-conductive
metal shortens the piezoelectric fields induced by the SAW on
the LiNbO3;—GaAs interface. Thus, the electric field extends
into the semiconductor. This field efficiently ionizes the pho-
togenerated excitons and induces spatio-temporal charge car-
rier dynamics (STCDs) [59, 60, 70]. The induced dynamics
regulate the charge state of the QDs on timescales of the SAW
and lead to correlated suppression and emergence of different
emission lines [62, 68]. We note that in contrast to other pre-
vious work, these dynamics are observed within a SAW res-
onator, and no freely propagating SAWs were employed.

In the following analysis, we focus on QD4 for which
different emission lines can be clearly identified. In order to
understand the experimental findings, we have to consider
that our device is a SAW resonator in contrast to devices
with propagating SAWs studied previously in literature. In our
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Figure 5. Acoustoelectric charge state regulation—(a) PL spectra
as function of f;f at P,y = —7dBm (top) and P, = +1dBm (center)
showing the emission of QD 4 and QD 5 and simultaneously
measured reflected rf power (bottom). (b) Schematic SAW-induced
bandstructure modulation in the device and the resulting
acoustoelectric electron (purple) and hole (green) dynamics for one
full acoustic cycle. Dashed lines mark the position of QD 4 when
even and odd index modes are excited.

resonator, the nodes of the phononic modes’ standing wave
pattern are stationary. To understand the experimental find-
ings, we have to consider the time-dependent strain and elec-
tric field at the position of QD4 for a given mode index n.
As shown above, QD4 is located at the antinodes of odd
index (n = 1,3,5) modes and at nodes of even index (n = 2,4)
modes. For X-propagating SAWs on 128° Y-rotated LiNbOs3,
the volume dilatation inducing the optomechanical modula-
tion and the electric potential are in phase and simultan-
eously tune the emission line and regulate the occupancy
state. Figure 5(b) schematically depicts the dynamic evolu-
tion of the bandstructure modulation at four distinct times
during the acoustic cycle. At t=0, the amplitude of piezo-
electric potential of the SAW is maximum. Thus, the corres-
ponding sinusoidal modulation is superimposed giving rise to
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the well established type-II band-edge modulation [71]. At
t = Tsaw/2, the situation is reversed and positions of maxima
and minima are exchanged. At t = Tsaw/4 and t = 3Tsaw /4,
destructive interference of the SAW fields occurs and leads
to an unperturbed flat bandstructure. In these schematics, the
vertical dashed lines indicate the position of QD 4 in this band-
structure when odd index (n = 1,3,5) modes or even index
(n =2,4) modes are excited.

For n=2,4, QD4 is at the node of the electric potential
modulation. Thus, the resulting gradient and hence amplitude
of its electric field is maximum. This leads to an efficient
dissociation of excitons and pronounced STCDs as shown in
the schematics of figure 5(b). In the experimental data, we
observe a strong suppression of the emission line observed
for the weakly modulated case at E = 1266.66 meV and a new
emission line at E = 1266.28 meV. This switching is a char-
acteristic fingerprint of acoustically regulated carrier injection
driven by STCDs. For n =1,3,5, QD4 is at the antinode of
the electric potential modulation. Thus, the gradient and elec-
tric field vanishes and the STCDs are dominated by redistri-
bution processes of electrons and holes from their unstable
points (and position of the QD) to regions of maximum elec-
tric field. These processes are indicated in the schematics of
figure 5(b) and are slow compared to field-driven drift. This
leads to marked changes in the carrier injection dynamics
into QD 4 which favors the preferential generation of differ-
ent occupancy states and resulting emission lines for differ-
ent n. For n = 1, the occupancy state corresponding to the E =
1266.66 meV line is preferentially generated, while for n =3,
that of the E = 1266.28 meV line. For n =15, both lines are
almost completely suppressed which points towards efficient
carrier depletion at the position of the QD 4. When tuning fi¢, a
characteristic and reproducible switching pattern is observed.
This observation unambiguously proves that the direct coup-
ling of QD heterostructure to the LiNbO3 substrate leads to
pronounced STCDs and charge state regulation which can be
efficiently suppressed by a thin metallic layer shunting the
electric fields. Note that detailed modeling at the level possible
for propagating SAWs [62, 63] is not possible for the devices
studied here. As shown for the piezo-optomechanical response
the complex mode pattern of our resonator comprises contri-
butions of propagating and stationary waves. The observed
switching hampers the faithful disentanglement of these con-
tributions, which would be required to perform numerical sim-
ulations of the STCDs.

6. Conclusion

In summary, we developed and implemented a two-step het-
erointegration process of a hybrid SAW-resonator device
comprising superconducting electrodes and an epitaxial
semiconductor heterostructure on a LiNbO;5 substrate. Our
facile process can be scaled to the wafer-scale by building
on recent breakthroughs in this field. Firstly, the here applied
transfer of millimeter-sized and few 100nm thick semicon-
ductor heterostructure membranes can be realized at the
wafer-scale through wafer bonding techniques [39, 40, 72].

Secondly, superconducting thin films are sputter-deposited
and patterned in a subtractive process, which is in prin-
ciple also directly scalable. We validated the functionality of
the fabricated devices by characterizing the parameter space
for superconducting operation of the SAW component. In
these first experiments, we monitored the superconducting
to normal conducting transition of the NbN electrodes as a
function of temperature and applied electrical rf power. The
achieved internal quality factor Q; ~ 17000 marks a three-fold
improvement to previously studied similar devices using nor-
mal conducting electrodes [42]. After transfer of the -V
semiconductor, we verified the combined superconducting
operation of the SAW device and piezo-optomechanical con-
trol of the embedded QDs. In a series of experiments, mode-
selective coupling of the QDs, time-modulation of the QD
emission line, and acoustically regulated carrier injection are
verified. The latter observation provides direct evidence of
spectral tuning of the QD by dynamic strain and simultaneous
acoustoelectric regulation of the QD’s occupancy state for the
first time in a SAW resonator.

Our two-step heterointegration opens directions for
advanced piezo-optomechanical quantum devices. First, our
superconducting SAW resonators are fabricated with the same
processes used for NbN single-photon detectors [51], enabling
future SAW devices to be integrated with SSPDs during a
single fabrication step. Second, the performance of our reson-
ators can be deliberately enhanced to small mode volume
(V~ M), higher Q-factor, and high frequency (>1 GHz)
operation [73]. These devices then harness the large K? of
LiNbO; and strong optomechanical coupling of III-V semi-
conductor QDs [32-34]. These may ultimately enable coher-
ent optomechanical control in the sideband regime [35, 74].
Third, the process can be extended to additional heterointegra-
tion steps for example adding defect quantum emitters provid-
ing spin qubits serving as quantum memories [26, 75-77].
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