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Thin-film lithium niobate (LN) has become an enabling platform in the development of quantum
integrated circuits, for applications including microwave-to-optical converters and electromechanical
transducers. Incorporation of high-quality planar superconducting resonators will further elevate the
performance of these devices. However, alongside the desired interactions originated from LN, its piezo-
electric nature also introduces parasitic coupling between microwave and phononic modes, resulting in
excessive dielectric loss. In this work, we investigate such coupling by studying niobium nitride resonators
directly deposited on patterned LN thin films. By varying device configuration, we pinpoint that overlap-
ping electric field with LN can inadvertently excite bulk acoustic modes within the substrate, inducing
microwave loss independent of the acoustic dissipation rate. The experimental results are supported by
simulation and theoretical modeling. Our approach can be applied to different piezoelectric systems and
provide insights into the design of microwave components for quantum transduction devices.
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I. INTRODUCTION

Establishing coherent interfaces between different quan-
tum systems is a key task in the development of future
quantum networks. For example, microwave-to-optical
transducers [1] enable mapping of quantum information
from superconducting qubits to room-temperature optical
links; electromechanical devices [2] can be used to study
macroscopic quantum effects. As a material with favorable
electro-optic, piezoelectric, and elasto-optic properties [3],
lithium niobate (LN) draws great attention in the pursuit
of these hybrid quantum systems. Recent advancement
in nanofabrication of thin-film lithium niobate (TFLN)
further enriches the system with high-quality, integrated
optical [4] and mechanical [5] resonators, allowing better
device performance and scalability. To date, electro-optic
microwave-to-optical transducer with internal efficiency
over 15% [6] has been developed on TFLN; electrome-
chanical resonator over 100 GHz [7] has also been demon-
strated.

Planar superconducting resonators at microwave fre-
quency are commonly used in the field of cavity quantum
electrodynamics. Typically fabricated from thin-film alu-
minum [8], niobium [9], or niobium nitride (NbN) [10],
these resonators can achieve quality factor (Q) over 1 mil-
lion [11] and footprint as small as 100 wm [12]. The
high-quality factor and spatial confinement can signifi-
cantly enhance the interaction between microwave mode
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and other quantum systems. Together with the flexibility
to engineer their configuration according to different needs,
superconducting resonators have become a versatile instru-
ment for coupling to systems, including superconducting
qubits [13], solid-state spins [14], optical cavities [15], and
bulk acoustic resonators [16].

Over recent years, multiple efforts have been made to
integrate planar superconducting resonators with TFLN
platform [17—19], aiming to realize efficient hybrid quan-
tum interfaces. However, in these cases the resonator QO
is usually limited to below 1 k, representing an over 2-
orders-of-magnitude degradation compared to their intrin-
sic values. This extra loss could originate from the strong
piezoelectricity of LN, which induces unintentional cou-
pling between microwave mode and phononic modes dis-
tributed in the substrate. Similarly, excessive dissipation
of microwave field has also been observed with other
piezoelectric materials, such as thin-film aluminum nitride
(AIN) [20,21] and gallium arsenide (GaAs) [22]. Such dis-
crepancy has emerged as one of the major bottlenecks in
the optimization of device performance. Thus, there exists
a pronounced need to investigate and model its underlying
mechanism.

In this work, by depositing NbN resonators on
TFLN patterned to different configurations, we study
piezoelectricity-induced microwave loss at GHz fre-
quency. We show that Q is limited to approximately 200
for resonators on half-etch LN films, and identify the
excitation of substrate thickness modes to be the major
source of loss. By comparing substrate with flat and rough
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backside, we show that the induced loss is independent of
the dissipation rate of mechanical modes. These results
are then analyzed with simulation and theoretical mod-
eling, demonstrating good agreements. The Q limitation
improves to approximately 10 k when LN is patterned
to full-etch waveguide structure and capacitively cou-
pled to the resonator. Finally, in the case where magnetic
field of the resonator overlaps with LN, the extra loss is
suppressed. This scenario is of interest when accessing
solid-state spins, such as rare earth ions [23,24], doped in
LN, and confirms that the extra loss arises from the inter-
action between electric field and mechanical modes. Our
results can serve as a foundation for designing microwave
components in piezoelectric systems and also provide
insight on coupling microwave cavity with bulk acoustic
resonators.

I1. DEVICE

The schematic drawing of a representative supercon-
ducting resonator we study is shown in Fig. 1(a). 50-
nm-thick NbN is first deposited on a dielectric substrate,
e.g., high-resistivity silicon or sapphire, using atomic layer
deposition (ALD). The resonator is then fabricated with
electron-beam lithography (EBL) and reactive ion etching
(RIE). Detailed device fabrication and dimension can be
found in Appendix A. The device can be modeled as a
lumped-element LC resonator: the gap serves as the capac-
itor (C) to concentrate the electric field, while the magnetic
field distributes along the loop wire, which acts as the
inductor (L). Such isolated distribution of electromagnetic
field allows us to realize different coupling schemes with
TFLN. Note that the resonator can be tailored to differ-
ent shapes as long as the LC principle is obeyed and its

(a)

FIG. 1.

Substrate

frequency can be engineered by adjusting the value of
capacitance and inductance.

After fabrication, the resonator is cooled down to 3 K
and probed by a loop antenna. The reflection spectrum
is plotted in Fig. 1(b), with a sharp resonance at 5.862
GHz exhibiting an intrinsic Q of 49 k. Based on this ref-
erence value, we then switch to study NbN resonators
on patterned TFLN instead of simple dielectric substrate.
The quality factor under difference coupling configurations
with LN are measured, respectively, and compared with the
intrinsic value to extract the acoustic loss.

II1. RESULTS
A. Half-etch lithium niobate

Half-etch slab waveguide structure is commonly used
in TFLN to support guided optical mode for applications
including microwave-to-optical transducers [18,25] and
electro-optic modulators [26]. In these devices, microwave
components are coupled to the waveguide by overlapping
the electric field with LN. To study the microwave loss
in this scenario, we start with a 600-nm x-cut LN on
insulator film and etch into it to form waveguides 350
nm high and 1.6 pwm wide. The NbN resonator is then
fabricated on the LN slab while the waveguide is put
in the center of the capacitor to allow electric field cou-
pling. A typical realization of this structure is sketched in
Fig. 2(a), together with the electric field distribution in a
cross section of the capacitor. Since the largest electro-
optic coefficient of LN is r33 = 34 pm/V [3], here we
consider the case where the electric field is mostly along
z direction of the crystal, which is of most interest for
electro-optic applications.
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(a) Schematic drawing of a representative superconducting resonator under study (not to scale). The device consists of

50-nm-thick NbN thin film deposited on a dielectric substrate (usually high-resistivity silicon or sapphire). It can be viewed as a
lumped-element LC resonator, with the gap area as the capacitor and the loop wire as the inductor. (b) Spectrum of the resonator

measured at 3 K. The resonance has an intrinsic Q of 49 k.
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FIG. 2. (a) Schematic drawing of a NbN resonator on half-etch TFLN, with the capacitor coupled to a slab waveguide (not to scale).

A cross section of the capacitor is also shown together with the distribution of electric field. (b) Measurement results of the microwave
resonator at 4.2 K. When the backside of the substrate is flat, discrete dips can be seen in the spectrum suggesting the excitation of
substrate acoustic modes. The effective intrinsic Q from Lorentzian fitting is 240. The phase response is also plotted in the inset. (c)
After roughening the backside of the substrate, the acoustic modes are suppressed in the spectrum, but the microwave O remains
similar. (d) 2D simulation to demonstrate that the electric field can excite the shear wave in the substrate that travels in x direction
through piezoelectric constant e;s. The electric field and mechanical displacement is plotted.

Measurement results of the device at liquid helium tem-
perature is shown in Fig. 2(b). When the backside of the
substrate (2-pum silicon dioxide on 400-pwm silicon) is flat,
discrete dips corresponding to substrate acoustic modes
can be seen in the spectrum, while the intrinsic O of the
resonator is limited to around 240. We then lap the back-
side of the device to achieve a rough surface and repeat
the measurement. By increasing the acoustic dissipation
rate, discrete dips in the spectrum are suppressed, as shown
in Fig. 2(c). Yet, the overall linewidth of the microwave
resonator remains similar. These results suggest that the
microwave field can excite the acoustic wave that tra-
verses vertically through the substrate. At a flat backside,
the wave gets reflected and forms standing-wave modes
with a constant free spectral range (wgsr), i.€., the sub-
strate acts as a bulk acoustic resonator. When the backside
is rough, however, the excitation can be viewed as radi-
ation into a continuum of phononic modes. The effective
microwave loss induced by the coupling appears to be
constant in two scenarios. Such coupling is modeled with
two-dimensional (2D) finite-element simulation, as illus-
trated with the mechanical displacement and electric field
distribution in Fig. 2(d). In the simulation, we analyze a
simplified structure characterized by a reduced substrate
thickness and a lateral dimension similar to the device.
This approach enables us to gain insights into the mech-
anisms underlying the excitation of acoustic modes. Two
different coupling schemes come into play here: the minor
x-direction electric field can couple to the shear wave
in the substrate through piezoelectric coefficient e;5 =
3.75 C/m? [27] of LN, while the dominant z-direction

electric field can excite the longitudinal acoustic wave
through e;; = 0.2 C/m?. Since e;s >> ey, the coupling
to the shear wave will be the major contributor, as con-
firmed by the simulation as well. Also, only antisymmetric
modes will be excited as the x component of the electric
field at two electrodes is opposite in direction.

B. Theoretical modeling

To quantify the piezoelectric microwave loss in pre-
vious measurements, we develop a theoretical model to
describe the coupling. We start with the complex frequency
response of the bare cavity [28]:

—iK,

i

(M

where w, is the resonance frequency and « = k., + «; is
the total loss rate of the cavity. Here, «, is the external cou-
pling rate and «; is the intrinsic loss rate of the bare cavity
without piezoelectric coupling. The amplitude of the cavity
reflection is then |T(w)|?, which is in a Lorentzian shape.
The coupling to bulk acoustic modes can be incorporated
by considering a certain mode group (shear mode in the
case above) with frequency o), = w,, +j X wrsr, Where
wm = wy 1s the center frequency for the mode group under
consideration andj is the modal number. The loss rate and
the electromechanical coupling rate of the acoustic modes
are assumed to be constant at «,, and g, respectively. This
approximation is valid since the modal number of w,, is
much larger than the number of discrete acoustic modes in
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FIG. 3. (a) Measurement results and fitting using theoretical

model, with the fitting parameters listed. The two curves show
good agreements. (b) Cavity spectrum calculated from Eq. (2)
with varying acoustic dissipation rate «,,. Effective linewidth of
the resonance stays unchanged. (c) Calculated spectrum with
different electro-mechanical coupling rate g.

the span of the microwave resonance. The cavity response
with the coupling can be rewritten as

—IK,

T(w)=1+ 3 1 :
(a) - a)O) + l% - g2 Z] (w—a)m—j XwFsR)+iKm/2

2

The equation is then used to fit the data in Fig. 2(b).
The results are shown in Fig. 3(a). The model
matches well with the measurement results, yielding
(Key Kiy Ky €, WFsR) = 27 X (2.1,4.5,4.0,4.7,7.9 MHz).
Note that the intrinsic Q of the bare resonator is only
around 1500 in this case because the measurement is per-
formed at an elevated temperature of 4.2 K. Still, the
coupling to acoustic modes acts as the dominant loss chan-
nel, suggesting that the resonator O will be limited to
approximately 200 even at lower temperature. The cou-
pling rate g is on the same order with the prediction from
simulation (see Appendix C). The free spectral range of
acoustic standing wave in the substrate can also be inferred
from the sound velocity v and substrate thickness ¢ as
wrsr = v/2t. Since the velocity for longitudinal wave in
silicon is v; = 8430 m/s and for shear wave vy, = 5840 m/s,
we get wrspgy = 10.5 MHz and wrsr(s) = 7.3 MHz for
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FIG. 4. (a) Schematic drawing of the device in which the NbN

resonator is capacitively coupled to a full-etch LN waveguide
(not to scale). The cross-section electric field distribution within
the capacitor area is also shown. (b) Measurement results at 3
K. A piezoelectric limited intrinsic Q of 13 k is extracted. (c) 2D
simulation of the structure demonstrating coupling to the longitu-
dinal acoustic mode in the substrate. This arises from z-direction
electric field and piezoelectric coupling coefficient e3;.

400-pm-thick silicon. Our fitted value of wgsg = 7.9 MHz
is close to the shear-wave free spectral range, supporting
our assumption. The deviation might come from the vari-
ation in thickness or the hybridization with longitudinal
wave.

A roughened backside can be treated in our model as
an increased acoustic loss rate, or the regime where «,, =
wrsr. To quantify the cavity linewidth in this scenario,
instead of treating the acoustic excitation as well-defined
resonant modes, it can be approximated by a continu-
ous distribution in the frequency domain with a constant
density of state (DOS). With this representation, we can
replace the summation in Eq. (2) with integration and
arrive at (see Appendix B)

—IK,

(0 — wp) + ik /2 + ing?|wpsr

T(w) ~ 1 + 3)

Thus, the additional loss introduced by the electromechan-
ical coupling can be extracted as kaqq = 2722 /wrsr. This
value is independent of «,, and consistent with our obser-
vation. Substituting the fitted value of g and wrsg, we get
Kadd = 2 x 17.6 MHz, or a piezoelectric limited Q of
360, similar to our experimental results.

We can also plot how the cavity spectrum changes with
varying parameters using Eq. (2). Keeping other variables
constant, the spectrum with different acoustic dissipation
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FIG. 5. (a) Schematic drawing of the NbN resonator induc-
tively coupled to a full-etch LN waveguide (not to scale). In
this case, the magnetic field component of the microwave mode
overlaps with LN, as shown by the field distribution in the cross
section of the loop wire. (b) Spectrum of the device at 3 K. The
fitted intrinsic Q is 43 k, similar to the bare resonator, showing
that the piezoelectric loss is suppressed.

rate k,, is plotted in Fig. 3(b). As «,, increases, the dis-
crete acoustic modes in the spectrum are gradually sup-
pressed, while the effective linewidth of the cavity remains
unchanged. Figure 3(c) demonstrates the cavity response
when the electromechanical coupling g is varied. A notable
increase in the cavity linewidth becomes evident as the
coupling is enhanced.

C. Full-etch lithium niobate

Full-etch waveguide structure has also been developed
on TFLN [29] and explored for electro-optic applications
[6]. In this case, we consider NbN resonators deposited on
the substrate and capacitively coupled to LN by putting the
waveguide in the gap capacitor, as illustrated in Fig. 4(a).
With NbN on the substrate, the electric field overlap with
LN is substantially reduced since LN has a high dielectric
constant (€33 = 28). Therefore, the electromechanical cou-
pling is weakened resulting in higher microwave Q, at the
expense of lower electro-optic coupling as well. The mea-
surement result for this device at 3 K is shown in Fig. 4(b),
with a fitted intrinsic Q of 13 k. Since the x-direction
electric field in LN is largely suppressed by removing the
slab, the excitation of longitudinal wave in the substrate
emerges as a considerate source of loss as well. From sim-
ulation, we identify coupling to both shear and longitudinal
waves. The excitation of the latter mode group is demon-
strated in the field distribution of Fig. 4(c). Considering

the 650-jum sapphire substrate used in this device, we get
g = 0.73 MHz from the fitting using the theoretical model.

For the full-etch waveguide case, we can also engineer
the configuration of NbN resonator so that its magnetic
field overlaps with LN instead of electric field. This is done
by placing the waveguide along the loop wire of the NbN
resonator, as sketched in Fig. 5(a). The cross section of
the inductor shows the magnetic field distribution. The res-
onator spectrum measured at 3 K is plotted in Fig. 5(b). It
exhibits an intrinsic O of 43 k, similar to that of resonators
on bare dielectric substrate. This result clearly suggests
that piezoelectric loss is the major source of loss when
integrating superconducting resonator with TFLN and sup-
ports our previous analysis. Such loss can be modified
by varying the electric field overlap with LN in different
device applications.

IV. CONCLUSION AND DISCUSSION

In conclusion, we have investigated piezoelectricity
induced microwave loss for superconducting resonators
integrated on the thin-film lithium niobate platform by
analyzing instances with different device configuration.
Theoretical model and simulation methods are described in
parallel to interpret the experimental results. We show that
when the resonator is directly fabricated on half-etch LN,
the electromechanical coupling is strong enough so that
bulk acoustic shear modes in the substrate can be resolved
in the microwave spectrum. By roughening the backside
of the substrate, we further investigate the regime where
the bulk acoustic modes approach the continuous limit and
show that the microwave Q stays similar for both cases
at around 200. By introducing a coupled-mode interpreta-
tion, we achieve good fitting of the experimental data and
arrive at the acoustic loss formula k,qq = 2722/ wEsr, With
g as electromechanical coupling rate and wgsg as the free
spectral range of the target acoustic mode group. We then
turn to study devices coupled to full-etch LN waveguides
and observe an improved Q. In the case of magnetic field
coupling, O recovers to bare resonator limit of 50 k.

Different ways of improving microwave Q in thin-film
piezoelectric systems can be readily implied from our
results. The most intuitive method is to reduce the over-
lap between electric field and piezoelectric material. In
more common cases where the desired interaction also
arises from the electric field (such as electro-optics), doing
so will lead to a trade-off in the target coupling strength.
Our theoretical modeling then allows the fine tuning of
device design to locate the optimal point in parameter
space. In the applications of addressing solid-state spins
in piezoelectric material, the overlap with electric field
should be minimized to suppress the parasitic loss. Fur-
thermore, the device orientation can be engineered based
on the anisotropy of the material. In LN, for example,
the commonly used z-direction electric field can excite
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acoustic modes through es;; = 1.7 C/m2 and e3 =
0.2 C/m?. Since the acoustic loss is proportional to |e|?,
such discrepancy in coupling coefficient could results in
70-fold change of piezoelectric loss for different film ori-
entation. Following the same principle, the stray electric
field perpendicular to z direction should be minimized
in device design to avoid the largest piezoelectric coeffi-
cient e|s. The properties of the substrate used in thin-film
platform also play a role in the acoustic loss. While choos-
ing a material with large sound velocity could be helpful
in terms of increasing the free spectral range, a simple
thinning of the substrate might not be beneficial. This
is because the electromechanical coupling g? is propor-
tional to the overlap factor between electric field and
mechanical mode, thus inversely related to the substrate
thickness. Although the acoustic loss is independent of the
mechanical dissipation in the discussed bad-cavity regime,
improving mechanical Q can be helpful when the bulk
mode FSR is much larger than both the microwave intrin-
sic linewidth and the mechanical mode linewidth. In this
case, careful engineering of the microwave frequency or
real-time frequency tuning can avoid the crossing between
microwave and mechanical modes, thus reducing the extra
loss. As a simple example, we can calculate the res-
onator spectrum using Eq. (2) with («,,, g, wrsr) = 2w X
(1 MHz, 0.5 MHz, 10 MHz) and ¥ << wgsr. In this sce-
nario, the piezoelectric Q limitation can range from 6 k
when the resonance coincides with one of the acoustic
modes (wy = wy,), to > 100 k when the resonance fre-
quency is at the midpoint of adjacent acoustic modes (wy =
wm + wrsr/2). When studying coherent coupling between
microwave cavity and bulk acoustic resonator mediated
by a thin layer of piezoelectric material, similar proce-
dures can also be implemented to maximize the coupling
strength. Our results set a baseline for microwave res-
onator performance on TFLN and pave the way for device
optimization in electromechanical quantum systems.
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APPENDIX A: DEVICE FABRICATION

The NbN superconducting resonator is fabricated using
hydrogen silsesquioxane (HSQ) as mask. After electron-
beam exposure, the resist is developed with tetramethy-
lammonium hydroxide (TMAH) and the thin film is sub-
sequently etched in a RIE tool (Oxford 100) with fluo-
rine based chemistry. Finally, the resist is removed with
buffered oxide etch (BOE). The capacitor area of a typical
device consists of electrodes 5 pm in width with a 10-pm
gap. The length of the capacitor is around 150 pwm. The
loop wire inductor typically has width of 5 pm and radius
around 500 pm.

Patterning of lithium niobate is done with the same
electron-beam lithography process using HSQ. The etch-
ing is performed with pure argon (Ar) plasma and an
additional step of RCA1 cleaning is adopted afterwards to
remove the etching byproduct.

APPENDIX B: CAVITY COUPLED TO
CONTINUOUS DISTRIBUTION OF MODES

In general, the reflection spectrum of a cavity coupled to
a group of modes with distribution p(®) can be written as
[28]

—IiK,
Hw) =1+ (@ — wy) +ik/2 — T'(w)’ B
where
o [T plo)de
M =G /_Oo ® — & + ikp/2 (52

and G? = Y_ g? is the summation of coupling strength for
all modes. In the case of discrete acoustic modes at o',
with constant wrsg, we have p(w) = 1/n)_;8(w — o).
Here, we consider » modes in the span of the microwave
resonance. Then, G* = ng? and

1

_ 2
Fe =g ;a)—a)ﬁn+i/cm/2' (B3)

The cavity spectrum then converges back to the formula of
Eq. (2). For a continuum of phononic mode, the distribu-
tion can be viewed as a rectangular function p(w) = 1/A
forwgy — A/2 <w < wy+ A/2, with A >> « + k. The
coupling strength is then G* = ﬁ g°. The integral can be
calculated as

2 _inG? —iro?
I'(w) = —— arctan( —) & ! =& .
iA Km — 2iw A WFSR
(B4)

The effect of the coupling on the cavity can then be seen as
an effective additional loss of 27 g% /wEsg.
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APPENDIX C: ELECTROMECHANICAL
COUPLING RATE

The linear coupling rate between a microwave mode and
a mechanical mode can be denoted by [30]

2
g =0 ( / iR ~§(?)d?> . @

where 7(7) and s(7) is the normalized electric field and
strain tensor, respectively. ‘e is the coupling matrix. For
the simplified case where the lateral dimension of the sub-
strate is on the same order with the device, we can extract
the field distribution from simulation and calculate the
above integral. We arrive at g ~ 1 MHz for our half-etch
device geometry, on the same order with the value fitted
from experimental results.

In the practical case where the lateral dimension of the
substrate is much larger than the device. The bulk acoustic
resonator should be viewed as a multimode cavity. Each
transverse mode can be represented by an in-plane wave
vector k;. The microwave field couples only effectively
with the modes that have k; < 7 /d due to phase-matching
condition, with d as the lateral dimension of the device.
In our studied scenario where 2d is much larger than the
acoustic wavelength, this effect can be approximated by a
small spreading around acoustic center frequency ',. The
coupling g is then the total coupling rate to these transverse
modes and should stay similar for different substrate sizes.
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