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Abstract

Telecommunication of the next generation demands filters that can operate in the 10 GHz range
with sufficient bandwidths. For surface-acoustic-wave (SAW) devices this prerequisite
translates into high sound velocities and high piezoelectric couplings. Wurtzite AIN on
diamond, which exploits the strong piezoelectricity of AIN with the very high SAW velocity of
diamond, has been considered a promising platform. A significant boost (up to a factor of 4) of
the piezoelectric response can be obtained by alloying AIN with Sc. Here, the main challenge
lies in the synthesis of highly-oriented thin (Sc,Al)N films on diamond. In this work, we aim at
establishing a platform for SAW devices using plasma-assisted molecular beam epitaxy for the
deposition of Scp,AlpgN on diamond. We investigate the structural properties related to SAW
generation gearing towards applications at high frequencies. To this end, we prepare (Sc,A)N
thin films on polished polycrystalline diamond wafers and demonstrate the efficient generation
of SAW modes with frequencies up to 8 GHz. Systematic studies of the dependence of the SAW
velocity and electromechanical coupling coefficient on the Scy,AlygN film thickness is
presented for various SAW modes. Our result demonstrates the potential of this material
combination for future application that requires large bandwidth in the ultra-high frequency
range.
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1. Introduction

Future telecommunication technologies require surface-
acoustic-wave (SAW) structures yielding high-frequency
operation and wide bandwidths. In this context, AIN films
grown on diamond is a desirable material combination for
several reasons. Wurtzite AIN is a strongly piezoelectric and
inherently insulating material, which facilitates the efficient
generation of high-frequency SAWSs [1]. The piezoelectric
response of AIN can be further enhanced by alloying with
Sc [2-5], which helps to increase the bandwidth of SAW
devices. The AIN/diamond platform supports SAWs with
very high propagation velocities, so that resonators in the
several GHz range can be fabricated with dimensions well
within the resolution of existing nanofabrication techno-
logies. Furthermore, the acoustic velocity of the diamond
substrate (12830ms™!, shear vertical [6]) far exceeds the
one in the AIN film (6440 ms~!, shear vertical [7]), com-
monly referred to as ‘slow on fast’. The SAWs are, there-
fore, effectively waveguided along the film, thus creating
favourable conditions for increasing the electromechanical
coupling as well as for the excitation of high-order SAW
modes. Besides, the AIN/diamond material system is suitable
for operation at high power levels as well as high temperat-
ures. Finally, this material combination is also relevant for
applications in quantum technologies. Here, one can exploit
optically active colour centres in diamond as qubits, whose
spin transitions can be induced by SAWs [8]. To access higher-
energy transitions and pump higher-frequency single-photon
emission, it is desirable to generate SAWs in the multi-GHz
range.

SAW devices reported on diamond commonly adopts ZnO
as piezoelectric films [9, 10], which have a much lower sound
velocity than AIN. Among the existing reports of AIN [11,
12] and (Sc,ADN [13-15] on diamond, sputtering has been
the method chosen for the film growth. Whereas sputtering is
very effective in synthesizing films with thicknesses exceed-
ing one um, the possibility of thinner, submicron films remains
a challenge, which hinders the generation of SAWs of higher
frequencies. An epitaxial technique such as plasma-assisted
molecular beam epitaxy (PAMBE) offers better control and
can potentially enhance the film quality. Indeed, (Sc,Al)N
films grown on Si(111) by PAMBE have shown improved
crystal quality and enhanced performance for SAW applic-
ations compared to sputtered material [4, 16]. However, the
strong tendency of MBE to perfectly replicate the orienta-
tion of the substrate is not advantageous on a polycrystalline
substrate as used in the present study. A further challenge is
the considerable roughness and waviness of the free-standing
polycrystalline diamond substrates.

In this work, we synthesize (Sc,Al)N thin films by PAMBE
on chemo-mechanically polished, free-standing polycrystal-
line diamond substrates. Compared to single-crystal diamond,
large area polycrystalline diamond substrates can be synthes-
ized on Si(001) wafers at relatively low costs, thus allowing the
scale-up of device processing. We employed films with a nom-
inal Sc concentration of 20% with a thickness of 2 =700 nm.

Surface acoustic waves are generated by interdigital trans-
ducers (IDTs) covering the frequency range from 2 to 8 GHz,
thus enabling us to access the dependence of SAW velocity
on the relative ratio between film thickness and the SAW
wavelength 4/ saw. Up to four SAW modes are observed,
thus demonstrating the SAW waveguiding along the (Sc,Al)N
film. We have performed theoretical calculation of the nom-
inal phase velocity based on the material properties reported
in [17], showing good agreement between the experimental
and the calculated results. By fitting the Y-parameters to the
modified Butterworth van Dyck (BvD) model, the effective
electromechanical coupling coefficient k%, has been extrac-
ted for different modes over an extended range of normal-
ized thickness h/Asaw for the nominal Sc concentration. In
general, we have obtained k2; ~ 1% for the fundamental
mode MO. Additionally, a higher mode M3 with k2 of 5% is
observed. There is a deviation from the theoretical calculation,
which we attempt to explain with the relation between mode
distribution and the heterostructure interface.

This report is organized as follows. In section 2, we intro-
duce the processes for growing the diamond substrates and the
(Sc,ADN films. In section 3, we discuss the results of the radio-
frequency (RF) generation of SAWs, followed by a compar-
ison with theoretical calculation and BvD fitting in section 4.
We summarize the results in section 5.

2. Fabrication of free-standing diamond substrates
and MBE growth of (Sc,Al)N

2.1. Fabrication of free-standing diamond substrates

The free-standing polycrystalline diamond layers were syn-
thesised by microwave plasma chemical vapour deposition
(MPCVD). A conductive Si(001) wafer was used as a sub-
strate to reduce wafer bow during growth. Due to difference in
surface energy between Si and diamond, a seeding technique
is needed to form fully coalesced diamond layers [18, 19].
Electrostatic seeding was used to self-assemble high density of
seeds on the Si wafer. The seeded wafer was then introduced
into a Carat Systems MPCVD system. Diamond was grown
using 3% methane in hydrogen. The growth temperature was
around 900 °C. After the deposition, the diamond layer was
cooled to room temperature under hydrogen atmosphere. The
Si substrate was then dissolved in an HF:HNO3:CH3;COOH
(14:5:1) solution to recover a free-standing diamond wafer
measuring approximately 150 pm in thickness. The free-
standing wafer was then laser diced to create 10 x 10 mm?
pieces for further processing. The smooth side of the wafer,
previously interfacing the Si substrate, was further chemo-
mechanically polished to reach a root-mean square roughness
of 1-2 nm. The diamond grain size at this side of the wafer
amounts to 50-100 nm.

2.2. MBE growth of (Sc,Al)N

By using PAMBE, we have successfully prepared high-
quality Sc,Al;_,N films on different substrates, including
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Figure 1. (a) Symmetric 26 — w x-ray diffraction scan of the Scp2AlpsN film grown on polycrystalline diamond substrate. (b) X-ray pole
figure of the film recorded with the diffraction angles of the 1011 reflection (20 = 36.6° and w = 18.3°). The strong reflection at i) =0° is
from the ScoAlpsN 0002 reflection since its Bragg angle (20 = 36.0° and w = 18.0°) is very close to that of the 1011 reflection. Atomic
force topographs (10 x 10 um2) of (c) the diamond substrate and (d) the Scp2AlpsN film. Values of the root-mean square roughness

estimated from these topographs are 1.4 and 11.2 nm, respectively.

GaN, AIN and Si [20, 21]. Thin films grown on semi-insulating
GaN(0001) templates have been further utilized for high-
electron mobility transistors (HEMTs) with electron mobil-
ities exceeding 1000 cm? V~!'s~!. We have also found that
Sc,Al;_ N is lattice matched to GaN with x ~ 0.1 [20], rather
than the most frequently quoted value of 0.18 in literature.

In the present work, we transfer the optimized growth
parameters to produce (Sc,Al)N films on polycrystalline dia-
mond/Si templates and free-standing diamond substrates with
different grain sizes for SAW devices. All films exhibit a
fibre texture with the [0001] c-axis perpendicular to the
substrate surface and random in-plane orientation. The out-
of-plane orientation distribution of the (Sc,AI)N films was
found to be independent on the grain sizes of the diamond
substrate, but to strongly depend on its surface morpho-
logy. For devices prepared on thin diamond/Si(001) tem-
plates, we found that the diamond layers have to exceed
a certain thickness to ensure efficient energy confinement
and enhanced wave propagation near the surface where
the device operates. Hence, we focus in all what follows
on films prepared on 150 pum thick free-standing diamond
wafers.

For the SAW measurements, we prepared 700 nm-thick
Sco2AlpgN films on free-standing diamond substrates. To
minimize the effects of the diamond surface, the films were
grown on the smooth side of the wafers (as described above).
The film thickness was chosen to maximize the electromech-
anical coupling coefficient k2, for the Sezawa mode at A\saw =

1 pm based on calculation. The films were grown at a temper-
ature of 800 °C using otherwise the same growth parameters
as previously described in [20].

Figure 1(a) shows the 260 — w x-ray diffraction scan (Philips
Panalytical X’Pert PRO MRD) of the Scy,AlpsN film grown
on a free-standing diamond substrate, performed with open
detector without any receiving slit. Besides the reflections
related to polycrystalline diamond, there are only reflec-
tions related to Sco,AlpgN with {0001} surface orienta-
tion. To investigate the in-plane relationship between the
film and the polycrystalline substrate, a pole figure around
the Scg,AlpsN 1011 reflection has been recorded, using the
respective diffraction angles of 260 = 36.6° and w = 18.3°. As
shown in figure 1(b), a ring pattern is observed at ¢ = 60°
that corresponds to the 1011 reflection of Scy»AlggN. These
results reveal that the ScpAlpgN film is not polycrystalline,
but uniaxially textured with the [0001] direction perpendic-
ular to the substrate surface and random in-plane orientation.
Apparently, the lattice mismatch between Scy,AlpsN and dia-
mond is too high (=30%) for an epitaxial relation between
the two materials, and the growth is columnar, similar to the
textured growth of GaN on amorphous substrates [22]. The
out-of-plane orientation distribution is examined by record-
ing x-ray rocking curves of the 0002 reflection, which yield
a full-width at half maximum of 4°-4.5°. As the columns
nucleate with their [0001] direction perpendicular to the sub-
strate surface, this width is determined by the waviness of
this surface. Figure 1(c) shows an atomic force topograph
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(Dimension Edge, Bruker) of the free-standing diamond sur-
face, revealing the substantial roughness and waviness even
after extensive chemo-mechanical polishing due to the pres-
ence of grains with different orientations, and the extreme
hardness of diamond. The surface of the Sco,AlpgN film
(figure 1(d)) is even rougher than the substrate because of
the tilt of neighbouring columns, the low diffusion length
of Sc and Al adatoms under N-rich growth conditions, and
the progressive roughening of different regions with further
growth.

3. RF characterization of SAWs

The uniaxial texture of the Scy,AlygN films on diamond
allows us to access the piezoelectric nature of the films and
thus the excitation of SAWs. To this end, we fabricated a series
of single-finger IDTs ranging between Asaw = 0.8 to 3.4 pm.
The electrodes were defined by electron-beam lithography and
metallised with a stack of Ti/Al/Ti with 10/50/10 nm thick-
ness (figure 2(a)). In figure 2(b) we show the sample surface
investigated under the scanning electron microscope (SEM).
The surface exhibits star-shaped features, whose sizes corres-
pond to the grain size of the diamond substrate. The differ-
ent orientations of the micro-facets in the diamond result in a
slight tilt of the c-axis of the (Sc,Al)N columns. This morpho-
logy is also transferred onto the metallised IDTs.

Figure 3 shows exemplary S-parameter measurements of
delay lines formed by opposing IDTs. The S;; and S,; para-
meters of the delay line with Agaw = 1.7 pm, 75 pairs of fin-
gers, an aperture of 40Asaw and a gap of 10Agaw is shown
in figures 3(a) and (b), respectively. In figures 3(c) and (d)
we plot the corresponding parameters for the delay line with
Asaw = 1 um, 80 pairs of fingers an aperture of 68Asaw and
a gap of 150)\SAW-

Multiple significant SAW resonances are observed for the
S11 parameter in figure 3(a). For the first two modes, namely,
the MO (Rayleigh) mode and the M1 (Sezawa) mode, the
size of the dip exceeds 20 dB. Strong resonances are again
observed in the S, parameter (figure 3(b)). The signal level for
the two modes reach about —30 dB in the GHz range albeit the
delay. Both the S;; and S»; parameters indicate strong piezo-
electric coupling. As a result of the shorter Agaw, the MO and
M1 modes appear at higher frequencies in figure 3(c), again
with sizeable dips. The corresponding S»; parameter shown in
figure 3(d) is lower in signal level due to the much longer delay
distance.

The presented S»; parameter shows the combined effect of
different loss mechanisms. An important contributor among
them is the propagation loss, which is expected to play a signi-
ficant role considering the surface waviness and roughness. As
discussed in section 2.2, the Scy,AlggN film is columnal with
its c-axis oriented perpendicular to the substrate whereas the
in-plane orientation is random. The film is thus textured des-
pite the polycrystalline nature of the diamond substrate. For
c-plane wurtzite nitrides the phase velocity is homogeneous
in-plane and SAWs are mainly affected by the orientational
spread of the (0001) direction. The tilt of columns, determined
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Figure 2. (a) Schematics of the sample layout. (b) Scanning
electron micrograph of the surface of the completed sample.

T @[ —  ©
3 \FF-
——
> 4 6 8

~—

T

M2
m M
(

R
(=)

o)
8

w
S

)-

A
<)

o
=

70

2 4 6 6
f (GHz) f (GHz)

Figure 3. S-parameter measurement for delay lines with (a), (b)
Asaw = 1.7 um, 10Asaw spacing and (c), (d) Asaw = 1 pum,
150Asaw spacing.

by the waviness of the diamond surface, results in SAW scat-
tering at the boundary. Meanwhile, the progressive roughness
of the Scp,AlpgN film perturbs the phase velocity and also
causes scattering. Therefore, the measured propagation loss
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Figure 4. (a) S for 10 Asaw (blue, dashed line) vs. 70 Asaw spacing. Corrected peak values for different spacing gaps are used to extract
the propagation loss (inset). (b) Time-domain echoes of S,; for a delay line with 40Asaw spacing, Asaw = 1.7 pum. Inset: extraction of the
propagation loss using the peak values in time. (c) Propagation loss vs. frequency. Filled symbol: extracted with different spacing; hollow

symbol: with echoes. Connected cross: from [9].

is a combined effect of the waviness of the substrate and the
roughness of the film. In [9] the propagation loss was found to
depend on the diamond grain size, neglecting the surface qual-
ity of the ZnO film. In this work the surface of the Scy,AlygN
film is expected to play a bigger role than the substrate surface,
especially for the lower order SAW modes, confined closer to
the surface of the Scy,AlpgN film.

The first method to determine the propagation loss is to
measure the Sp; peak height for delay lines with different
gaps, after the correction of return losses for different IDTs.
As shown in figure 4(a) for the M1 (Sezawa) mode of a
delay line of Asaw = 1.7 um, longer delay (black) results in
a reduced peak compared to the shorter delay (blue). In the
inset of figure 4(a), the peak values for three different gaps are
plotted and a linear fit is used to determine the propagation
loss. The second method consists in probing the echoes in the
time domain, assuming that most of the SAWs are reflected
at the IDT, as shown in figure 4(b) for the same mode with
40)Xsaw spacing. The peak values for each echo are read off
and again a linear fit is used to extract the slope, shown in the
inset.

The extracted propagation loss for different frequencies
is summarized in figure 4(c) (black: MO, red: M1, and
green: M3). Filled symbols are values extracted with differ-
ent gaps and the hollow star symbol is deduced from the
echo method. Considering the spectral fluctuation and the
device-to-device variations that can be difficult to correct,
the echo method (hollow star symbol) is more accurate but
requires multiple recordable echoes. For comparison, the res-
ult for 500 nm polycrystalline-diamond grain size from [9]
on Si0,/Zn0O/diamond is plotted as connected cross symbol.
The propagation loss for the Rayleigh mode, Asaw = 1 pum is
very similar to values reported in [9]. The Sezawa mode shows
a low propagation loss of 0.05 dB/Asaw even above 7 GHz.
For Asaw = 1.7 um the extracted propagation loss is gener-
ally higher, with the exception of the data point extracted with
the echo method. If considered in dB um~! instead of dB/),
the propagation loss of the two Agaw-families are comparable.

4. Frequency modes and electromechanical
coupling coefficient: measurement vs. calculation

In figure 5(a), we summarize the detected frequency modes
in terms of the nominal phase velocity vs. the relative thick-
ness, i.e. the film thickness & normalized by the wavelength
Asaw for the first 4 modes, labelled as MO, M1, M2 and M3.
Their respective mode shapes, manifested as the total displace-
ment, are shown in figure 5(b). The C++- based numerical cal-
culation relies on the differential equations for the propaga-
tion of acoustic modes, using the transfer matrix procedure to
include multiple layers. More information about the numerical
technique can be found in ‘appendix. Numerical Simulations’
of [23].

The elastic constants used here for different materials
are summarized in table 1. The elastic constants C; and
the piezoelectric coefficients e;; in Cm 2, ¢;5=—0.3189,
e3; = —0.7216 and e33 = 2.472, are calculated following the
equations for Sc,Al;_,N in [17]. The density is 3525 kg m~2.
To better fit the experimental data obtained from the
Scp2AlpgN/diamond structure, we have used the parameters
calculated for Scg35AlpesN in [17]. In fact, Caro et al’s cal-
culations are based on a weaker dependence of the a lattice
constants on x than we have measured [20, 21]. Specifically,
their value of a for Scg 13Alp >N is comparable to the one we
have measured for Scg ;AlgoN [20, 21]. Substituting Al with
Sc lowers the phase velocities. The mass-loading effect of the
IDT, which further lowers the velocities, is simulated by a
non-conductive’, uniform Al (2700 kg m~?) layer of 70 nm
with C;; from [24]. The elastic constants C;; and density of
3515kg m~3 for diamond used here are from [6].

In figure 5(a), the experimental data (solid symbol) agree
well with the calculation (cross connected by dashed line). We
identify four significant modes labelled MO (black), M1 (red),
M2 (blue) and M3 (green). The MO mode corresponds to the
commonly studied Rayleigh mode (black), whose curve dis-
play the trend that for very small values of i/ Asaw, the nom-
inal phase velocity approaches the Rayleigh velocity in the
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Figure 5. (a) Nominal phase velocity of the experimental SAW resonances (solid symbols) and the theoretically calculated (dashed lines)
ones as a function of the normalized thickness. The horizontal line shows the shear vertical (SV) wave velocity in diamond. (b) Calculated
total displacement for 71/ Asaw = 0.45 showing the mode shape for the MO-M3 modes. The range of x-axis is 1 Asaw. (c) Vertical cross
sections of (b) normalized to the value at the Al/(Sc,Al)N interface for peaks (solid) and valleys (dot—dash) at this interface, same colour

coding as in (a).

Table 1. Elastic constants for numerical simulations.

Modulus Sco35Al065N [17] Al [24] diamond [6]
Ciy 322.1 111.3 1079

Cin 148 59.1 124

Ci3 136.9

Cs3 218.9

Cyy 108 26.1 578

substrate material (diamond). As i/Asaw increases, the velo-
city drops and becomes asymptotic to the Rayleigh velocity
in the (Sc,Al)N film. The M1 mode corresponds to the first
Sezawa mode, unique to the ‘slow-on-fast’ structures, with
(Sc,ADN being the film and diamond the substrate, defined
as ‘layer’ and ‘substrate’, respectively by Farnell and Adler
[25]. Theoretically, the phase velocity of M1 and higher modes
cannot exceed that of the shear-vertical (SV, indicated by the
horizontal line) wave in diamond. Numerically, above this
cutoff the modes have a finite, non-zero determinant. However,
since we have observed some of these modes in the experi-
ment, we still treat them as quasi-solutions and include them
in figure 5(a). Their leaky nature can be seen, for example, in
the much smaller peak around 7.5 GHz in the S, parameter,
as shown in figure 3(b).

We also plot the horizontal and depth profile of the cal-
culated total displacement in figure 5(b) for the four modes

at 1/ Asaw = 0.45 to illustrate the respective mode shapes. In
figure 5(c) we show vertical cross sections of figure 5(b) nor-
malized to the value at the Al/(Sc,A)N interface for peaks
(solid) and valleys (dot—dash) along this interface. The MO
mode exhibits typical Rayleigh-wave profile similar to that of
free surface, as the black solid line decays with depth, drops to
1/2 at 0.27 Asaw and both the solid and dot—dash tails become
negligible in the diamond substrate. The solid curve of M1
mode (red) shows similar trend to MO, however the dot—dash
curve is significantly revived at around 0.33Agaw. The sinus-
oidal nature [25] becomes more apparent for the higher modes
M2 (blue) and M3 (green), the latter forming a third maximum
at a depth of 0.37Asaw (solid green). It can be seen that for
the higher modes M1-M3 the elastic energy is shifted away
from the Al/(Sc,ADN interface and carried in the (Sc,AI)N film
itself and the penetration into the diamond substrate becomes
significant.
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After identifying the different modes, we investigate their
respective k2. In a simplified case, k% can be related to the
series resonance f; and parallel resonance f,, of the BvD model
[26, 27] using

mfs
k2 _ 7fp ~ ﬂ—zfp 7f8 1
= AN : 0]
tanjg 2fp+f‘5

For very large quality factors Q, f; and f,, can be directly read
off as the extrema from the measured impedance |Z| or admit-
tance |Y| of the resonator. However, for finite Q this is no
longer accurate, normally leading to an overestimation of k2.

To acquire a more accurate estimation, we perform a fit
using the modified BvD model illustrated by the inset of
figure 6(a). We include a series resistor Ry, and a series
inductor L, determined by the peripheral circuit. The acoustic
branch is modelled by the acoustic resistor R,, acoustic capa-
citor C, and acoustic inductor L,. The capacitor in the extra
branch C; is contributed by the geometric capacitor of the IDT
Cqeo and the extra capacitance from the peripheral circuit Ce,.
We first fit (solid lines) the background of the Y-parameter data
(dots) by fixing R, to a very large value, keeping the acoustic
branch open, and providing an initial guess (dashed lines), as
shown in figure 6(a) for an IDT with Agaw = 1.7 um. In a
second step we use the Ry, Lser and Cg obtained from the pre-
vious step to fit components from the acoustic branches, cov-
ering the frequency sub-range of one specific mode. Shown
in figure 6(b) is a fit for the encircled M1 (Sezawa) mode
in figure 6(a). The fitted Q-factor for the MO, M1 and M3
modes are 424, 394 and 127 (M2, being too weak, is ignored),
respectively.

Here, we calculate Cg, using the dimensions of the IDTs
together with a dielectric constant of 8.85 for (Sc,Al)N. Now,
szf can be evaluated using R, and the IDT reactance X, as

€

derived by Smith et al [28]:

T R, 2
=——=k 2
O N K 2

where Xoeo = 27 f;Coeo, and N is the number of finger pairs.
This method is not restricted to high values of Q.

In figure 7(a), we plot the coupling coefficient extrac-
ted from the fit to the measured data using equation (2) vs.
the normalized thickness. We ignore the weak M2 mode in
figure 7(d). The numerical calculation of the theoretical coup-
ling coefficient k%, by comparing open-circuited and short-
circuited velocities, is shown in figure 7(b) surfaces with
70 nm of Al (uniform). The extracted k% deviate from the
calculation. In particular, the expected high coupling coeffi-
cient of the M1 (Sezawa) mode is not observed. Instead the
MO and M1 modes have rather similar coupling coefficients,
around 1%. Reported values for k%; of the Sezawa mode in
AlN/diamond range between 0.1 to 1.4% [11, 12, 29]. For
(Sc,ADN the value is typically enhanced to approximately
3%—-6% [30], as summarized in [14]. Note that kgff extracted
using the read-off method generally yields a larger value for
moderate and low Q’s. A few examples from different devices
from our measurements are shown in table 2. The calculated

Re[data]

Im[data]
* re[guess]
- """ im[guess]
— re[fit]
|_im[ﬁt] T T T T
46 4.7 48 49 50 5.1
f (GHz)

Figure 6. (a) Modified BvD fit of the Y-parameter for the
background, Asaw = 1.7 pm. Blue/red: real/imaginary part. Inset:
modified BvD model used for the fit. (b) A subsequent fit for the
acoustic resonance (M1 mode, encircled in (a)) at 4.83 GHz.

thickness dependence is also not significant in the measure-
ment. Surprisingly, despite being somewhat leaky, the M3
mode shows rather strong coupling, with k3 exceeding 5%. We
have not found previous reports of high piezoelectric coupling
corresponding to this mode.

To understand this behaviour we resort to the mode shapes
illustrated in figures 5(b) and (c). In the case of the M1
(Sezawa) mode, the broad region of maximum total displace-
ment covers the metal/(Sc,Al)N interface. As a result, the
Sezawa mode might suffer from the roughness at the surface
of the (Sc,Al)N film, originating from the roughness and wavi-
ness of the diamond substrate and amplified during PAMBE
growth. In contrast, the M3 mode has the nature of a higher
Sezawa mode whose first maximum is shifted away from
the metal/(Sc,AD)N interface. The second and third maxima
(solid green) is shifted to 0.16A\saw and 0.37Asaw, respect-
ively inside the (Sc,ADN film, also avoiding the interface.
Consequently, this mode may be less sensitive to the roughness
and waviness at this interface. Note that due to the roughness
of the sample surface, which can limit the efficiency of SAW
generation, the exerted k% is a lower bound of the theoretically
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Figure 7. (a) Electromechanical coupling coefficient kg extracted
from the fitted R, vs. normalized thickness. (b) Calculated k> with
uniform electrodes.

Table 2. Comparison of kgff extracted by two different methods.

Mode  h/Asaw ké kgff, readoff
MO 0.35 1.1 0.78
M1 0.7 0.85 2.4
M3 0.26 5.5 8.4

possible values. Besides, the dependence on the relative metal
thickness 4, / Asaw is neglected here, which can contribute to
the discrepancy. A finite-element approach will be more accur-
ate in modelling the IDTs.

5. Conclusion

In conclusion, we have demonstrated the possibility of grow-
ing (Sc,Al)N thin films using PAMBE on free-standing, poly-
crystalline diamond as well as the generation of multiple SAW
modes in the multiple-GHz range. The S-parameters as well
as the propagation losses have been characterized. The tra-
cing of the measured SAW velocity as a function of the relat-
ive film thickness agrees well with the theoretical calculation.
Furthermore, we extract the electromechanical coupling coef-
ficient from the measurement for an extended range of normal-
ized thickness. A deviation from the theoretical expectation is
observed, revealing the complication in SAW-generation effi-
ciency. The results confirm the potential of this material com-
bination and contribute to the foundation for potential applic-
ation in telecommunication.
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