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ABSTRACT

Recent advances in the growth of aluminum scandium nitride films on silicon suggest that this material platform could be applied for
quantum electromechanical applications. Here, we model, fabricate, and characterize microwave frequency silicon phononic delay lines with
transducers formed in an adjacent aluminum scandium nitride layer to evaluate aluminum scandium nitride films, at 32% scandium, on
silicon interdigital transducers for piezoelectric transduction into suspended silicon membranes. We achieve an electromechanical coupling
coefficient of 2.7% for the extensional symmetric-like Lamb mode supported in the suspended material stack and show how this coupling
coefficient could be increased to at least 8.5%, which would further boost transduction efficiency and reduce the device footprint. The one-
sided transduction efficiency, which quantifies the efficiency at which the source of microwave photons is converted to microwave phonons
in the silicon membrane, is 10% at 5GHz at room temperature and, as we discuss, there is a path to increase this toward near-unity efficiency
based on a combination of modified device design and operation at cryogenic temperatures.

VC 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0151434

Electromechanical components are becoming increasingly
important for the transduction and storage of quantum information.1,2

The coupling of phononic devices to superconducting qubits through
piezoelectric transduction3 could lead to quantum memories in silicon
(Si) phononic resonators with ultra-long lifetimes limited by two-level
system defects at cryogenic temperatures.4,5 Piezoelectric transduction
has also been applied to demonstrate remote-entanglement between
two superconducting qubits mediated by an itinerant phonon6 and to
quantum transduction schemes for quantum networking, where a
microwave phonon serves as an intermediary between a microwave
and optical photon.2,7,8 An ongoing challenge in the field is to produce
electromechanical devices that can be integrated with state-of-the-art
nanobeam Si phononic resonators4 and optomechanical crystals9

while achieving efficient and broadband phonon injection into the Si.
Aluminum nitride (AlN) is a back-end-of-line CMOS-compatible pie-
zoelectric material that can be grown directly on Si and selectively
removed,10,11 enabling piezoelectric transduction to occur in isolated
areas on a chip8 and the remaining routing, processing, and storage of

acoustic signals to occur in the Si. Yet, the maximum achievable elec-
tromechanical coupling coefficient (k2) for AlN is generally small and
this limits the piezoelectric transduction efficiency of devices. The k2

value characterizes the ratio between the converted mechanical power
and the supplied electrical power. Lithium niobate12 and lithium tanta-
late13 can achieve k2 values exceeding AlN, but producing thin films of
these materials on Si is challenging.14

By incorporating scandium (Sc) to produce aluminum scandium
nitride (Al1–xScxN) alloy films, the combination of changing material
parameters leads to a larger k2 than AlN.15,16 However, until recently,
Al1–xScxN films could not be grown directly on Si with low anomalous
grain density and in a stress neutral state.17 This is critical as anoma-
lous grains increase loss through scattering and prevent selective etch-
ing of the films.17 In addition, stress can cause delamination of films
on a substrate and bending or buckling for suspended structures.
While quantum systems that utilize piezoelectric transduction have
been rapidly emerging,14 the limits to piezoelectric transduction effi-
ciency, and therefore, overall system losses, remain greatly unexplored.
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Here, we study the fundamental loss mechanisms and limitations for a
new material system of Al1–xScxN patterned on Si.

In an electromechanical transducer design, the transduction effi-
ciency can be increased by increasing the number of electrodes, N, and
increasing k2.18,19 However, increasing N decreases the operating
bandwidth, and large N can also lead to deleterious effects, such as
increased transducer propagation losses, deep Bragg reflection reso-
nances, excess resistive losses in the metal, and the creation of coupled
cavities.18,19 A larger k2 can enable a smaller device footprint, a larger
operating bandwidth, and simpler impedance matching to sources.18,19

A significant source of loss in this work occurs from an acoustic reflec-
tion at the Al0.68Sc0.32N–Si/Si interface. With a larger k2, there is more
flexibility to reduce the Al0.68Sc0.32N film thickness, which will reduce
this loss.

Here, we evaluate piezoelectric transduction efficiency into a Si
membrane at room temperature using an Al0.68Sc0.32N–Si interdigital
transducer (IDT). We demonstrate a one-sided transduction effi-
ciency, which quantifies the efficiency at which the source of micro-
wave photons is converted to microwave phonons in the Si, of 10% at
5GHz; we then discuss how to increase this toward near-unity effi-
ciency. We achieve a k2 of 2.7% at 5GHz for the symmetric-like ( ~S0 )
Lamb mode supported in a material stack of 250nm thick
Al0.68Sc0.32N grown on a 250nm thick Si membrane with intermediate
AlN seed (15 nm thick) and gradient (35 nm thick) layers, which have
been shown to reduce abnormally oriented grains (AOGs).17 The tilde
labeling the modes ( ~A0 , ~A1 , ~S0 , etc.) indicates that the Lamb modes in
the Al0.68Sc0.32N–Si stack lack vertical symmetry and instead are simi-
lar to the symmetric or antisymmetric Lamb modes. The Lamb modes
in the Si membrane do satisfy the vertical symmetry requirements
and, therefore, the desired symmetric (S0) output mode is supported.
Through modeling, we also show how k2 could be increased to exceed
8.5% in the future work, which would increase the transduction effi-
ciency by allowing more design flexibility in the electrodes and mate-
rial stack that strongly influence loss.

Figure 1(a) shows a scanning electron microscope (SEM) image
of the device structure utilized to evaluate the piezoelectric transduc-
tion efficiency. The device consists of input and output IDTs, which
are both on a suspended membrane of Al1–xScxN on Si. In-between
the IDTs, the Al1–xScxN is selectively removed such that only a sus-
pended Si waveguide approximately the same width as the transducer
remains. Figure 1(b) shows the modeled displacement, from a 2D
finite element method (FEM) study, for the antisymmetric-like ( ~A0

and ~A1 ) and symmetric-like ( ~S0 ) Lamb modes in a stack of a 300nm
thick piezoelectric film on 250nm Si. The material parameters that we
utilize for AlN and Al0.68Sc0.32N are given in Table I.15,16,20 We target
the S0 mode in Si because it is the mode that would most strongly
optomechanically couple to photons in the membrane and is most
closely related to the modes that have been used to demonstrate >1 s
lifetimes in suspended Si phononic crystals.4 The transducer ~S0 mode
is targeted as we expect it to efficiently excite the S0 mode in the Si and
it has the highest k2 of the available modes.

The one-sided transduction path is illustrated in Fig. 1(c). The
source generates microwave photons, which are then converted to ~S0
microwave phonons in the Al0.68Sc0.32N–Si stack by the IDT. These ~S0
microwave phonons are then transmitted into the Si membrane as S0
phonons. Here we utilize a two-port device [Fig. 1(a)] as highly accu-
rate measurements can be made of the total end-to-end radio

frequency losses using a network analyzer. We then assume that the
device is symmetric along the propagation direction, as supported by
scattering parameter (S-parameter) measurements, to obtain the one-
sided transduction efficiency.

To understand the improvements provided by the Sc, we mod-
eled the expected k2 values for Al0.68Sc0.32N and AlN for the ~S0 mode
as a function of piezoelectric film thickness [Fig. 2(a)]. Here, k2 is cal-

culated using the standard definition of k2 ¼ 2 Dv
v

�
�
�
�
�
�, where v is the

acoustic velocity with an electrically open boundary condition on the
surface of the piezoelectric film and Dv is the difference between
the acoustic velocity for electrically open and electrically shorted
boundary conditions. In this work, the total piezoelectric film
thickness is 300 nm, corresponding to a modeled k2 value of 2.9%.

FIG. 1. (a) SEM image of the suspended Al0.68Sc0.32N–Si IDTs and the Si mem-
brane. (b) 2D FEM models of the x-displacement (u) for the antisymmetric-like ( ~A0
and ~A1 ) and symmetric-like ( ~S0 ) Lamb modes in the Al0.68Sc0.32N–Si stack. (c)
Schematic illustrating the one-sided transduction path from microwave photon (pur-
ple) to microwave phonon in the Si (blue) with an intermediary microwave phonon
in the Al0.68Sc0.32N–Si (orange).

TABLE I. Material parameters for modeling of the AlN and Al0.68Sc0.32N piezoelectric
films.

AlN Al0.68Sc0.32N

Density q 3.23 g/cm3 3.32 g/cm3

Elastic matrix c11 410GPa 307GPa
c12 149GPa 147GPa
c13 99GPa 123GPa
c33 389GPa 230GPa
c44 124GPa 110GPa
c66 c11-c12/2 c11-c12/2

Piezoelectric matrix e15 –0.48 C/m2 –0.23 C/m2

e31 –0.58 C/m2 –0.69 C/m2

e33 1.55 C/m2 2.80 C/m2

Relative permittivity er 9 15
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Figure 2(b) shows the modeled k2 values as a function of the piezoelec-
tric film thicknesses with a floating potential boundary condition
placed at the bottom boundary of the piezoelectric layers. The modeled
k2 value can be increased up to 8.5% as the bottom electrode better
concentrates the electric field in the Al0.68Sc0.32N. This type of elec-
trode configuration could be achieved in the future work by patterned
doping of the Si before the Al1–xScxN growth. For high enough doping
levels (>3� 1018 cm�3) semi-metallic behavior is achieved in the Si.21

Losses occur at cryogenic temperatures in degenerately doped Si,22,23

yet the expected limited quality factor corresponds to only�0.0008 dB
of propagation loss in the transducer assuming propagation entirely in
the Si.22 While high doping of a Si phononic resonator may increase
the losses beyond what can be tolerated for quantum phononic appli-
cations, patterned doping of the Si device layer in isolated transducer
regions can be accomplished through the use of an implant mask.
With this approach, high efficiency piezoelectric transduction into Si
could be achieved in the isolated regions while the remaining Si on the
chip retains its original purity.

Figure 2(c) shows a plot of the modeled acoustic power transfer
efficiency, g, at the Al0.68Sc0.32N–Si/Si interface as a function of
Al0.68Sc0.32N thickness. The reduction in g from unity is due to the

reflection that occurs from the acoustic impedance mismatch at the
interface where the Al1–xScxN is selectively removed to produce the S0
mode in the Si. To evaluate g, the output power is computed from a
2D FEM model of the IDT and phononic waveguide for the cases
where the Al0.68Sc0.32N remains after the IDT (POUT) and where it is
removed leaving only the Si waveguide (POUT,Si). The efficiency is
given by g ¼ POUT;Si=POUT , where POUT;Si ¼

Ð
Re Pa½ �dl,

POUT ¼
Ð
Re Ppiezo½ �dl, Pa is the complex acoustic Poynting vector, and

Ppiezo is the complex piezoelectric Poynting vector.24 To minimize this
loss mechanism, the piezoelectric film should be as thin as possible. At a
film thickness of 300nm, the acoustic power transfer efficiency is 51%,
while for a film thickness of 100nm, the acoustic power transfer efficiency
increases to 90%. However, k2 is optimized at a thickness significantly
larger than 100nm.

The developed fabrication process flow for this work is shown in
Fig. 3. A 300nm piezoelectric film is grown on a Si on insulator (SOI)
wafer with a 250nm Si device layer thickness and a 3lm buried oxide
(BOX) thickness. The Al1–xScxN was deposited at 350 �C via pulsed
DC reactive co-sputtering from separate 4 in. aluminum (1 kW) and
Sc (555W) targets in an Evatec CLUSTERLINEVR 200 II physical vapor
deposition system under process conditions previously reported by
Beaucejour et al.17 To achieve a slightly tensile stress at a 300nm thick-
ness, a gas flow of 30 sccm pure nitrogen (N2) was utilized during
sputter deposition. A slightly tensile stress ensures flat device mem-
branes. To ensure a low number of AOGs when depositing Al1–xScxN
on Si, a seed layer consisting of 15 nm of AlN and a gradient layer con-
sisting of 35 nm where the Sc cathode power is linearly varied from 0
to 555W through the thickness is utilized.25 This is followed by depo-
sition of a 250nm thick Al0.68Sc0.32N layer resulting in a total piezo-
electric layer thickness of 300nm. For the 300nm thick piezoelectric
film, the measured rocking curve full-width half maximum is 2.36�.

FIG. 2. Modeled k2 values as a function of piezoelectric thickness for (a) top-only
and (b) floating potential bottom electrode configurations. (c) Modeled acoustic
power transfer efficiency as a function of the Al0.68Sc0.32N thickness.

FIG. 3. Al0.68Sc0.32N–Si electromechanical devices process flow.
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The 250nm Al0.68Sc0.32N film is etched, with the use of an oxide
hard mask, by inductively coupled plasma reactive ion etching (ICP-
RIE) utilizing chlorine and boron trichloride gas chemistry. As any
exposed Si could be significantly damaged by the ICP-RIE process, a
heated solution of 1:1:10 sulfuric acid, hydrogen peroxide, and water is
used to clear the seed and gradient layers without attacking the Si
device layer once the Al0.68Sc0.32N layer is etched. The IDTs are pat-
terned via e-beam lithography followed by a metal liftoff of a 100nm
aluminum layer with a 10nm chrome adhesion layer. An etch in the
field lands in the BOX to form the release pits. The devices are then
suspended by selective etching of the BOX in a vapor of anhydrous
hydrofluoric acid.

We evaluated the transduction efficiency by measuring the S-
parameters on a calibrated network analyzer. The measured S-
parameters as a function of frequency for a device with a 100lm Si
propagation length are shown in Fig. 4(a). The IDTs have a split finger
configuration designed for an acoustic wavelength of 1.6lm, apertures
of 15lm, and lengths of 50 acoustic wavelengths, which corresponds
to 200 K/8 electrodes for each IDT. The split finger configuration sup-
presses the Bragg grating resonant reflection that occurs for an IDT
with electrode widths of K/4.26

There are four prominent transmission peaks in Fig. 4(a) with
the corresponding modeled displacement fields shown in Fig. 4(b).
The ~S0 mode is generated in the Al0.68Sc0.32N–Si suspended IDT at a
resonance frequency of 5GHz. The S11 and S21 values as a function of
frequency for this mode are shown in Fig. 4(c). The total end-to-end
losses for the two-port device are 19.6 dB at 5GHz, which corresponds
to a one-sided loss of 9.8 dB and, therefore, a one-sided transduction
efficiency of 10%. The electromechanical admittance, Y ¼ Gþ iB,
where G is the radiation conductance and B is the radiation suscep-
tance, for this mode is plotted in Fig. 4(d). We fit the experimental
data to a Mason equivalent circuit model19 [Fig. 4(e)] to extract k2.
The expression for G is given by Gðf Þ ¼ 8k2f0CTN sin2X

X2 , where f0 is
the IDT resonance frequency, CT ¼ ACs is the transducer capacitance,
N is the number of electrodes, A is the transducer area, Cs is the capac-

itance per unit area, and X ¼ Np f�f0
f0
. As described previously,27 k2

can be found according to k2 ¼ p
4

1
x2

0CsA

Ð
G xð Þdx, wherex0 ¼ 2pf0 is

the angular resonance frequency. The fitting does not differentiate
between mechanical radiation and other dissipation mechanisms, such
as ohmic losses, and the resulting k2 value is significantly larger than
the true value if the non-mechanical dissipation is not removed. Thus,
the resistive losses have been removed from the data shown in Fig.
4(c) and used to compute the data in Fig. 4(d), which was then numer-
ically integrated to determine k2. Figure 4(e) shows a plot of the k2 val-
ues for 100, 200, and 300nm piezoelectric films on a 250nm Si
membrane with a comparison to the modeled values. For the 300nm
piezoelectric film on a 250nm thick Si membrane, a k2 of 2.7% is
achieved experimentally at 5GHz. For a 200nm film on Si, a k2 of
0.9% is found and for a 100nm film on Si, the value is 0.3%.

Table II summarizes the one-sided losses and the potential miti-
gation methods. To determine the impedance mismatch loss, the S-
parameter data were imported into Keysight Advanced Design System
(ADS) and a matching network to a 50 X source was implemented. By
this method, we found the impedance mismatch loss to be 0.5 dB for a
single IDT. A significant source of loss is due to resistive losses. For an
electromechanical transducer, the S11 value is ideally a very large

FIG. 4. (a) S-parameters as a function of frequency for a device with K¼ 1.6lm
and a Si propagation length of 100lm. (b) Modeled x-displacement, u, for the
Lamb modes corresponding to the four prominent transmission peaks with either
antisymmetric-like (~A) or symmetric-like (~S) polarization. (c) Plots of the measured
S11 and S21 as a function of frequency for the ~S0 mode along with the (d) electro-
mechanical admittance. (e) Measured (blue markers) and modeled (dashed black
line) k2 values as a function of the Sc0.32Al0.68N thickness. The Mason equivalent
circuit model is shown in the inset. (f) Minimum S11 and maximum S21 as a function
of number of electrodes for a Sc0.32Al0.68N–Si acoustic delay line with no exposed
Si and an aperture of 10lm.

TABLE II. Loss mechanisms and mitigation for the one-sided transduction path.

Mechanism Value (dB) Mitigation

Impedance mismatch 0.5 Increase k2, cryogenic
operation, microwave

cavity coupling
Resistive losses 2.9–3.2 Increase k2, cryogenic

operation
Bi-directional IDT 3 Back reflector, unidi-

rectional IDT
Reflection at
Al0.68Sc0.32N–Si/Si

1–3 Increase k2, thinner
film, acoustic grating

Acoustic propagation loss 0.1–2.4 Cryogenic operation
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negative value in the passband, which indicates that the power is effi-
ciently radiated as phonons with little reflection. However, outside of
the transducer passband this radiation does not occur and deviations
of S11 from 0dB are due to resistive losses in the materials. We find
this loss to be 2.9–3.2 dB per IDT, which we primarily attribute to
ohmic losses in the metal. In addition, a loss of 3 dB is due to the bi-
directional IDT design, which can be eliminated in future work by
using a back reflector or a unidirectional IDT.

If the intended application space is quantum transduction, then
in order to operate the system free of thermal occupation of phononic
states, the system would operate at a temperature less than �50 mK
for 5GHz, where the aluminum metal would be superconducting
below its transition temperature of 1.2K.28 We anticipate that this
would eliminate resistive losses in the IDT in the case, where the
chrome adhesion layer is removed and the aluminum is directly
deposited onto the Al0.68Sc0.32N following a sputter etch to remove the
native oxide layer.29 In addition, the source impedance may be signifi-
cantly larger than 50 X, such as if the actual source of phonons is a
microwave cavity or microwave qubit, which would enable impedance
matching with a smaller number of electrodes. The loss from the
reflection at the Al0.68Sc0.32N–Si/Si interface can be estimated from
modeling results [Fig. 2(c)]. We modeled a variety of sidewall angles
and found that the reflection loss has a range of 1–3 dB per interface.
The remaining 0.1–2.4 dB of loss is assumed to be from propagation
losses. Some sources of propagation loss, such as those that are thermal
in nature, are eliminated at cryogenic temperatures.4,11

Reduced IDT apertures could provide transduction into Si mem-
branes with reduced widths, yet they require a larger N, which then
exacerbates propagation losses in the transducer and resistive losses. To
confirm this trade-off, we measured the S-parameters as a function of
frequency for a series of devices with an IDT aperture of 10lm, no
exposed Si membrane, a propagation length of 100lm, electrodes
widths of K/4, and varying N. Figure 4(f) shows the minimum S11 and
maximum S21 as a function of N. The minimum S11, which corre-
sponds to the best impedance matching to the 50 X source, occurs
when N¼ 140, while the maximum S21 value, which corresponds to
the minimum total insertion loss, occurs at a significantly smaller num-
ber of electrodes (N¼ 80). Further increasing k2 would enable more
efficient transduction into Si membranes with smaller widths, especially
when combined with acoustic horns27 or focusing transducers.30

Here, we have demonstrated a one-sided transduction efficiency
of 10% at 5GHz in an Al0.68Sc0.32N on Si material platform and dis-
cussed a path toward achieving near-unity efficiency based on modi-
fied device design and operation at cryogenic temperatures. We have
demonstrated a k2 of 2.7% at 5GHz, showed how k2 could be
increased to exceed 8.5%, and discussed how improvements in k2

affect transduction efficiency. The 32% Sc concentration could also be
increased, up to 42%, with further optimization of growth conditions,
which would significantly increase the piezoelectric coefficients beyond
what has been utilized here.15 Approaches that require further devel-
opment include focusing IDTs30 or horns27 to couple into wavelength-
scale Si phononic waveguides. Acoustic gratings could also eliminate
the acoustic reflection loss at the Al0.68Sc0.32N–Si/Si interface. With the
ability to grow these films with low anomalous grains in a stress neu-
tral state, Al0.68Sc0.32N on Si is a promising addition to the material
platforms available for quantum transduction and quantum informa-
tion processing utilizing electromechanical components.
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