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Surface acoustic wave (SAW) resonators offer distinct advantages for coupling to semiconductor qubits, including
low loss, high stability, and compatibility with magnetic fields. However, the integration of SAW resonators with double
quantum dots (DQDs) that host charge and spin qubits remains largely unexplored. In this work, we propose a flip-chip ar-
chitecture that enables three-dimensional integration of a semiconductor DQD with a SAW resonator. Taking experimental
feasibility into account, we estimate the coupling strength between a DQD and a SAW resonator. The results suggest that
the strong coupling regime can be reached in our design. This study provides theoretical insight and practical guidance for
experimental exploration of phonon—electron coupling in hybrid SAW-DQD quantum systems.
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1. Introduction

Surface acoustic waves (SAWSs) are elastic waves

that propagate along the surface of a solid. They are

characterized!!! by strong energy confinement near the sur-

face, low propagation loss, and high stability, which have

led to their extensive applications in radio frequency,>!

[5-7

signal processing,!>~"1 and sensing.!®'%! The phonon modes

in SAW resonators can be readily engineered to operate in

the gigahertz frequency range, with quality factors reaching

11,12

up to ~ 100000 at cryogenic temperatures.!''?! In recent

years, with the rapid development of quantum technology,
SAW has garnered significant attention in the field of quan-
tum information processing, particularly in the SAW-qubit
coupling.'3-131 Strong coherent coupling between SAW res-

onators and superconducting qubits has been experimentally

13,16-18

demonstrated. | | These interactions have enabled key

quantum functionalities such as quantum state transfer,!!4]

multiphonon entanglement, 1!

20]

and realization of single-
phonon beam splitters. !

Another promising avenue for the development of quan-
tum computing involves semiconductor quantum dots (QDs),
in which individual electrons are confined and manipulated to
define qubits via their charge or spin degrees of freedom.[?!]
These nanostructures enable flexible qubit configurations. For

example, in a double quantum dot (DQD), a charge qubit, a
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singlet—triplet qubit, or two coupled single-spin qubits can be
encoded.?! This platform offers several advantages, includ-
ing scalability,!??! fast gate operations,!?* compatibility with
existing semiconductor fabrication processes,?* and potential
for operation at elevated temperatures./>>~27]

SAW resonators offer excellent compatibility with semi-
conductor QDs, particularly due to their resilience to magnetic
fields, which is a crucial requirement for most types of spin

(211 In addition, the much lower speed of sound com-

qubits.
pared to light allows for more compact and easily controlled
on-chip phononic structures. Previous studies have shown that
the moving trapping potential of a traveling SAW can control
and coherently transfer single electrons?®?°! and entangled
electron spins®”! in quantum dots. However, despite these de-
velopments, studies on the coupling between SAW resonators
and semiconductor DQDs, where charge and spin qubits are
hosted, remain limited.

In this work, we propose a hybrid quantum architec-
ture in which a SAW resonator is capacitively coupled to a
semiconductor DQD. To mitigate losses, we adopt a flip-chip
three-dimensional integration scheme, physically separating
the piezoelectric SAW structure from the qubit layer. We con-
sider practical factors such as the crystallographic cut of the
lithium niobate (LN), SAW propagation direction, and trans-
mission loss, and we estimate the coupling strength between a
SAW phonon and a single electron trapped in the DQD using

© 2026 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.
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realistic device parameters. By comparing the estimated cou-
pling strength with experimentally measured dissipation rates,
we demonstrate that the system can enter the strong coupling
regime, providing a scalable solid-state platform for investi-

gating coherent phonon—electron interactions.

2. Design principle of the architecture

To build a functional hybrid quantum system, strong cou-
pling between the constituent subsystems is essential. Specif-
ically, the coupling strength must exceed the dissipation rates
of both subsystems. In the case of coupling between phonons
in a SAW resonator and electrons in a DQD, the primary mech-
anism involves a piezoelectric material. Here, mechanical de-
formation generates an associated electric potential that in-
teracts with the electrons in the quantum dot.*!1 It is worth

noting that we neglect the deformation coupling, since its

contribution is much smaller than that of the piezoelectric
mechanism. 313%]

Silicon is a particularly attractive host material for quan-
tum dot qubits.?3) While it is technically possible to deposit a
piezoelectric layer on silicon for electrical generation and de-
tection of SAWSs, doing so may introduce additional decoher-

[34] thereby compromising the performance of

ence channels,
the nearby qubit. To boost coupling strength without degrad-
ing coherence, it is therefore crucial to optimize the transduc-
tion of mechanical vibrations into electric fields. In this work,
we employ LN, a piezoelectric material with a high electrome-
chanical coupling coefficient, as the substrate for the SAW res-
onator. To protect the silicon-based qubits from piezoelectric-
induced decoherence, we implement a flip-chip architecture
that physically separates the two systems: the SAW resonator
is fabricated on an LN chip, while the DQD is hosted on a

separate silicon chip.
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Fig. 1. Proposed 3D integration architecture. The structure consists of a SAW resonator on a lithium niobate (LN) substrate, double quantum
dots (DQDs) on a silicon substrate, and two microwave coplanar waveguides (CPWs) on the two chips, respectively. (a) Plane schematic of the
3D integration architecture. The SAW resonator is composed of Bragg gratings and interdigital transducers (IDTs). The qubit IDT on the right
side is connected to the central conductor of the CPW on LN. The DQD is capacitively linked to the CPW. (b) Cross-section schematic of the
3D integration architecture. The two CPWs form a flip-chip structure with a spacing of 4. (c) Energy diagram of a semiconductor charge qubit

hosted by a DQD.

As shown in the upper parts of Figs. 1(a) and 1(b), the
SAW resonator consists of two interdigital transducers (IDTs)
and two Bragg gratings. The frequency of the SAW resonator
Ssaw is defined by the IDT electrode period Ajpr and the speed
of sound in the substrate vsaw, with fsaw = vsaw/Aipt. One
of the IDTs (labeled “qubit IDT”) is connected to a microwave
coplanar waveguide (CPW) for coupling. The two Bragg grat-
ings act as acoustic mirrors, forming a Fabry—Pérot-like cavity
for phonons. On the silicon chip shown in the lower parts of
Figs. 1(a) and 1(b), the DQD is defined using patterned elec-
trostatic gates, forming two closely spaced potential wells ca-
pable of confining a single electron beneath the gates. In this
configuration, a charge qubit is encoded in the electron charge

123

distribution within the two dots.[?3! As shown in Fig. 1(c),

the qubit transition frequency is fq = \/m /h, where
0 is the DQD energy-level detuning, f. is the interdot tun-
nel coupling, and # is the Planck constant. A plunger gate
of the DQD is connected to a separate CPW. The two chips
are aligned and bonded (shown in Fig. 1(b)) such that the
CPWs (with a spacing of &) on each chip form a coupling
interface, enabling energy exchange between the SAW res-
onator and the DQD across the flip-chip structure. Compared
to galvanic coupling, this structure is much easier to fabri-
cate and offers substantially reduced inter-chip low-frequency
noise transmission. (33381

Within this architecture, two key factors warrant further
investigation. First, the crystallographic cut of the LN sub-
strate and the propagation direction of the SAW significantly
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influence its electromechanical coupling, thereby affecting the
achievable SAW-DQD coupling strength. Second, the cou-
pling geometry and misalignment between the CPWs during
the flip-chip bonding process can lead to transmission loss,
resulting in a weakened coupling strength in practical imple-
mentations. We examine these two factors as follows.

3. Effects of SAW propagation direction

The piezoelectricity can be described by the following
equations:

P — cijudjou = exijdj o P, M
e,-ja,-r?jdb = eijkaiakujv (2)

where summation is implied over repeated indices (i, j, k, [ =
x,¥,2), u(x,t) is the displacement field (x is the Carte-
sian coordinate vector), d; represents taking partial deriva-
tives with respect to i, p is the density of the piezoelectric
material; c;jk, e;jk, and €&;, which depend on the crystallo-
graphic cut of the LN, are the elasticity tensor, piezoelectric
tensor, and permittivity, respectively. Adopting free bound-
ary conditions,*°! the propagation forms of SAW can be ob-
tained. Through quantization, the mechanical displacement
corresponding to each SAW phonon mode becomes an opera-
tor @(x,1) = /h/(2fsaw) (vb+v*b"), where b and b are the
annihilation and creation operators of the phonon mode, re-
spectively. v is the wave function of the phonon mode solved
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from Egs. (1) and (2). By equating the classical energy of the
SAW to the energy of a single phonon, we obtain the zero-
point mechanical amplitude Uy.!3*! Substituting the obtained
U) into the known specific propagation form of the SAW
yields the single-phonon piezoelectric potential ¢p,*!! which
is analogous to the electric-field amplitude associated with a

s.1401 Here,

single photon in circuit quantum electrodynamic
we configure the SAW resonator to operate in the single-mode
regime. In the multi-mode regime, ¢y can be determined by
computing the contribution of each individual mode and sum-
ming them, owing to the linearity of the piezoelectric equa-
tions and the mutual orthogonality of the phonon modes.

@ is one of the core factors that determines the coupling
strength and is strongly dependent on the propagation direc-
tion of the SAW, as LN is highly anisotropic. 1/¢y is also pro-
portional to the square root of the effective area of the phonon
mode, /S. Since S depends on the design of the resonator, in
the subsequent calculation of the single-phonon piezoelectric
potential, we evaluate ¢ x = @ X v/S to normalize the contri-
bution from S. ¢pn is the single-phonon piezoelectric poten-
tial at unit mode area. Rotating the propagation direction of
the SAW around the crystal axes of the LN with a set of angles
(A, B, C), the calculated ¢y N is presented in Fig. 2. Here, A, B,
and C denote the rotation angles around the crystal axes Y, Z,
and X, respectively. ]

¢y (PV-m)
Displacement (1071 m)

0 10 20 30 40
A ()

Fig. 2. Calculations of the piezoelectric potential associated with a single phonon. (a) Calculated ¢ N under different rotation-angle parameters
(A, B, C), where A, B, and C denote the rotation angles of the SAW propagation direction around the crystal axes Y, Z, and X of the LN,
respectively. (b) A slice extracted from (a) with B = 30°. Here, data points that are strongly influenced by non-surface waves in the SAW
are masked in white. The angles near (10°, 30°, 50°) exhibit a high ¢y n. (c) The vibration mode simulated by COMSOL for an orientation
corresponding to the rotation-angle set (15°, 30°, 53°). The black dashed line corresponds to a distance of Ajpr from the surface.

Furthermore, at certain orientations, SAWSs are signifi-
cantly contaminated by non-surface modes, rendering the cal-
culated ¢ N inaccurate. Therefore, for cuts with high ¢,
we compare the theoretical sound velocities of SAWs with
simulated results obtained using COMSOL. Cuts with signifi-
cant discrepancies in sound velocity, where severe non-surface
wave components are involved, are excluded. Thus, the se-
lected cuts satisfy the following criteria: (i) high ¢ N, and (ii)
minimal influence from non-surface waves on the SAW.

Along different directions on the surfaces of Y—Z and

128° Y-X LN, which are commonly used, ¢ is found to
be around 10 pV-m. As shown in Fig. 2(a), considering the
symmetry of LN, we calculate ¢pn by varying A, B, and C
within the ranges of 0° to 90°, 0° to 60°, and 0° to 90°, re-
spectively, with an increment of 10°. It is found that near
(10°, 30°, 50°), higher ¢pn values exist, with minimal influ-
ence from non-surface waves on the SAW. A slice on the plane
of B =130° is shown in Fig. 2(b). By further reducing the scan-
ning increment to 1°, the angle set (15°, 30°, 53°) is ultimately
identified as the optimal rotation angle, at which ¢ N reaches
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84.3 pV -m. Furthermore, we simulate the vibration mode
corresponding to the angle set (15°, 30°, 53°), as shown in
Fig. 2(c). The black dashed line corresponds to a distance of
Aipr from the surface. It can be observed that the vibration
is primarily confined within Ajpr from the surface, indicating
that it is predominantly attributed to surface modes rather than
bulk modes. After optimization, the value of ¢ is enhanced
by a factor of 8 compared to that of the commonly used Y-Z
and 128° Y-X LN.

4. Estimation of transmission loss in coupling
CPWs

Transmission loss in the coupling CPWs is another prac-
tical factor that can affect the coupling strength. Figure 3(a)
illustrates a top-view schematic of the flip-chip coupling struc-
ture within the central black dashed box in Fig. 1. The two
CPWs form a capacitor-like structure. The key parameters of
the structure include the width of the center conductor s, the
coupling length [, the distance from the center conductor to
the ground plane w, the width of the ground plane wground,
and the spacing between the two chips h.. To better reflect
practical conditions, misalignments are considered. A devia-
tion dy along the width direction of the center conductor oc-
curs when the two CPW transmission lines are laterally mis-
aligned. In addition, a non-zero angle Adegy between the two
lines arises when they are not parallel, as shown in Fig. 3(b).
Figure 3(c) shows the schematic of two CPWs with unequal
spacing, where Adegz is the tilt angle.

Since the transmission is strongly dependent on the sig-
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nal frequency, it is essential to fix the input frequency. The
previously determined rotation angles (15°, 30°, 53°) corre-
spond to a SAW velocity vsaw = 3798 m/s. We set the IDT
electrode period Ajpt to a practical value of 1 um, yielding an
input frequency equal to the resonant frequency of the SAW
resonator, fsaw = vsaw/Aipt = 3.798 GHz. This frequency
also enables resonant coupling with the DQD charge qubit, of-
fering a larger effective coupling strength.[*?! We construct a
model based on our design in COMSOL and simulate the S»;
parameter between two ports on individual chips to quantify
the transmission loss, as illustrated in Fig. 3(d).

(a) (b)

I A\ Ad
< egy
]
w o ©
— )(—Adegz
e
} (d) . /Port 2

Weround

Port 1

Fig. 3. Schematic of the flip-chip coupling CPWs. (a) A top-view
schematic of the flip-chip coupling structure. Here, s is the width of the
center conductor, [ is the coupling length, w is the distance from the cen-
ter conductor to the ground plane, wgroung is the width of the ground plane,
and the spacing between the two CPW lines is /. (shown in Fig. 1). dy is
the deviation induced by misalignment. (b) Schematic of two non-parallel
CPWs, with a non-zero angle Adegy between them. (c) Schematic of two
CPWs with unequal spacing, where Adegz is the tilt angle. (d) Schematic
of the flip-chip coupling structure in COMSOL. Port 1 and port 2 are the
input and output ports, respectively.
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Fig. 4. Influence of the main geometric parameters of the coupling structure on Sy;. (a)—(d) Influence of s, I, w, and wgroung On Sz1, respectively.
When one parameter is scanned, all other parameters are fixed. (e)—(g) Influence of dy, Adegy, and Adegz induced by misalignment on S>p,
respectively. (h) Based on the preceding results and experimental considerations, influence of s on Sp; with /; = 600 pm, 800 pwm, 1000 pm,

1200 pm, and 1400 pm, respectively.

5,131 smaller A, values lead

According to relevant studie
to higher S>;. However, practical limitations prevent A, from

being reduced indefinitely. In this study, we first set k¢ to an

el of 1 um. We then simulate the de-

achievable low valu
pendence of S»1 on each of the parameters s, lc, w, and Weground,

while maintaining all others fixed, as shown in Figs. 4(a)—-4(d),
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respectively. When fixed, s, I, w, and wgoung are set to 30 um,
1000 um, 50 pm, and 400 pum, respectively. These values
are all based on achievable experimental conditions. From
Figs. 4(a)-4(b), it can be observed that as /. or s increases
individually, S first increases and then remains nearly con-
stant within a practical range. Although significant changes
are applied to w Or Wground, the variation in S7; remains within
+0.5 dB, indicating that both w and wgrouna have a negligible
influence on S5, as shown in Figs. 4(c)—4(d).

Next, we investigate the influence of possible misalign-
ment in the flip-chip assembly, with s = 30 um, w = 50 pum,
le = 1000 um, and wgroung = 400 um. Figure 4(e) illustrates
the dependence of S| on dy. Increasing dy from O to 5 pm re-
sults in a reduction of approximately 0.4 dB in S,;, indicating
a minor influence. As shown in Fig. 4(f), when Adegy in-
creases from 0° to 5°, S decreases by approximately 14 dB.
Figure 4(g) illustrates the influence of Adegz on S»;. The vari-
ation in S induced by Adegz is about 4 dB when Adegz in-
creases from 0° to 0.05°.

Within the investigated parameter space, the effect of dy
can be ignored. In further investigation, Adegy is set to 1°, and
Adegz is set to 0.02°. We then revisit the choice of /; and s.
As shown in Fig. 4(h), when [, = 1000 um and s = 90 um, S»;
reaches its maximum value of approximately —5.3 dB. It can
be found that within the investigated range, S»; varies over a
span of ~ 12 dB, which could severely degrade the coupling
strength.

5. Result and discussion

After optimizing the factors discussed above, we evaluate
the coupling strength. Considering that the piezoelectric po-
tential guided by the CPW directly interacts with the charge
qubit in the DQD, we describe the hybrid system using the

following Jaynes—Cummings—type Hamiltonian: 43!

h h
H = ﬁcz—i-hfSAWaTa—l-ﬁ (G*a—kd’cﬁ), 3)
2 2n
where 6 and a' are the creation operators of the qubit and
phonon, respectively, while 6~ and a are the correspond-
ing annihilation operators. The effective resonant coupling

strength g is defined as3!!

. 2weoG &
8c = A hfq.

“)

Here, G = S»; « is associated with the geometric parameters
of the coupling structure, and « is the lever arm of the cou-
pling electrode on the DQD. Considering practical experimen-
tal conditions and setting the IDT electrode period to 1 wm, the
effective mode area is § = 125 um?. According to our previ-
ous calculations, ¢pn corresponding to rotation angles (15°,
30°, 53°) reaches an optimal value of 84.3 pV - m. Therefore,

®o = dLn/V/'S = 7.5 uV. The Sy; of the coupling CPWs is set
to —5.3 dB, corresponding to a factor of 0.54.

Considering a charge qubit operating at its sweet spot
with DQD energy-level detuning § = 0, we have Afy = 2t.
Meanwhile, the lever arm o can reach values as high as
0.35.1441 If the SAW substrate is Y—Z or 128° Y-X LN, g. lies
in the range of 40 x 27—50 x 2 MHz. With the optimized ori-
entation, g. can be significantly enhanced to 346.7 x 2w MHz.
The practical decoherence rate y of charge qubits is on the or-
der of 10 x 27—60 x 27 MHz,*-471 while the dissipation rate
of the SAW resonator can be optimized to k¥ = 0.1-1 MHz.
Since g. exceeds both ¥ and k, the system enters the strong-
coupling regime.

From the above analysis, we conclude that the SAW prop-
agation direction and the coupling-geometry settings must be
carefully engineered in future experiments to realize enhanced
coupling strength. Due to its evanescent nature, the piezoelec-
tric potential in vacuum decays exponentially with distance
from the surface. At a height of one wavelength, compara-
ble to the separation between the two substrates in our design,
the piezoelectric potential attenuates to approximately 1/1000
of its surface value. However, additional pathways may ex-
ist through which the piezoelectric potential can propagate to
the DQD, such as capacitances between the IDTs and DQD
electrodes. These “leaked” piezoelectric potentials can inter-
act with the charge qubit via a Hamiltonian of the same form
as Eq. (4), potentially leading to higher coupling strengths in
realistic situations.

By engineering the electron spin—orbit coupling within
the DQD, it is also possible to realize coherent spin—phonon

45481 thereby extending the versatility of this hybrid

coupling, |
architecture. It is worth noting that our design is not limited
to silicon-based devices.?3#°=32] Since the two substrates are
physically separated, this approach is also applicable to other
material platforms such as GaAs,[?>334 graphene,>>~0! and
MoS,.5661621 For example, the exceptional electronic and
mechanical properties of graphene (9361 offer the possibil-
ity of coupling SAW phonons to electrons’ charge, spin, and

valley degrees of freedom.[69-¢%]

6. Conclusion

In this study, we propose a three-dimensional integration
architecture that combines a SAW resonator with a semicon-
ductor DQD. By optimizing the SAW propagation direction
and the geometric parameters of the flip-chip coupling struc-
ture, we have estimated the coupling strength between the
SAW resonator and the DQD to be 346.7 x 2w MHz, reach-
ing the strong coupling regime. The theoretical framework
and design principles established here lay the groundwork for
the experimental realization of strong coupling between SAW
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phonons and electrons in DQD. This architecture further pro-

vides a promising route toward long-range coupling between

semiconductor charge and spin qubits mediated by phonons in

SAW resonators.
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