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ABSTRACT

Aluminum scandium nitride (AIScN) has been receiving increasing interest for radio frequency micro-
electromechanical systems because of their higher achievable bandwidths owing to the larger
piezoelectric response of AISCN compared to AIN. However, alloying scandium (Sc) with aluminum
nitride (AIN) significantly lowers the thermal conductivity of AIScN due to phonon alloy scattering.
Self-heating in AIScN devices potentially limits power handling, constrains the maximum transmis-
sion rate, and ultimately leads to thermal failure. We grew plasma-assisted molecular beam epitaxy
(PAMBE) AlIScN on AIN-Al;O3 and GaN-Al;O3 substrates, and compared the cross-plane thermal
conductivity to current work on AlIScN grown on Si substrates.
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AlIScN grown on AIN-Al,03 and GaN-Al, O3 substrates achieve a better lattice match and a compara-
ble thermal conductivity to AIScN grown on Si substrates, but with significantly thinner films.

1. Introduction

Aluminum scandium nitride (AIScN) has gained increas-
ing attraction for use as an active epitaxial layer in
GaN-based high-power radio frequency (RF) and mm-
wave devices due to its strong piezoelectric and spon-
taneous polarization and lattice-matching with GaN for
Sc content < 18% [1,2]. This allows for tunable barrier
thicknesses and epitaxial strain management and higher
on-currents and output power densities due to a larger
carrier concentration in the polarization-induced two-
dimensional electron gas (2DEG) in AIGaN/AIScN/GaN,
compared to traditional AlGaN/GaN HEMTs [3,4]. In
addition, RF microelectromechanical systems (MEMS)
based on AIScN are replacing AIN-based devices because

of AlScN’s larger piezoelectric response relative to AIN,
which leads to higher achievable bandwidths [5]. As
a result, manufacturers have recently started utilizing
AlScN as the piezoelectric material in film bulk acous-
tic resonators (FBARs) [5]. Nonetheless, to handle high
operational frequencies, an FBAR’s physical size typically
decreases, while higher RF input powers are required
to counter signal attenuation, thereby leading to an
increased operational heat flux [5]. Although AIN has
a large bulk thermal conductivity of 320 (W/m-K),
[6] adding Sc to AIN drastically decreases the ther-
mal conductivity [5,7,8]. Self-heating in AIScN FBARs
potentially limits power handling, constrains the maxi-
mum transmission rate, and ultimately leads to thermal
failure [5].
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Recent work on AIScN has been based on growing
the layer on silicon (Si) substrates for MEMS applica-
tions [5,7,8]. However, the significant lattice mismatch
between Si and AIScN can decrease the quality of the
film and thereby result in increased operational temper-
atures. To mitigate thermal failure and guide its future
use in devices, it is necessary to understand and enhance
the thermal transport properties of AIScN thin films to
ensure the higher power handling capability is not com-
promised by inefficient heat removal. In this work, we
grew 200nm plasma-assisted molecular beam epitaxy
AlScN on AIN-Al, O3 substrates and GaN-Al,O3 sub-
strates and measured the cross-plane thermal conduc-
tivity utilizing the pump-probe method of frequency-
domain thermoreflectance. We observed comparable
thermal conductivity to AIScN grown on Si substrate, but
with 50% to 75% thinner AlScN films.

2. Materials and methods

The Al;_xScxN/AIN-Al, O3 heterostructures; x = 0.01,
0.05, 0.11, 0.18 and 0.25; were grown by plasma-assisted
molecular beam epitaxy (PAMBE) in a Veeco GenXplor
system on AIN-Al,O3 substrates. Growth characteriza-
tion of atomic force microscopy (AFM), x-ray diffrac-
tion (XRD), reciprocal space mapping (RSM), energy-
dispersive x-ray (EDX) spectroscopy, and x-ray photo-
electron spectroscopy (XPS) measurements are provided
in Figure 1. XRD shows the AIN and the AIScN peaks
Figure 1(f). RSM measurements were taken to determine
the lattice parameters of 200 nm thick wurtzite AIScN
films grown on AIN, Figure 1(g). As shown in Figure 1(g),
the non-monotonic trend of the out-of-plane, or ¢ lat-
tice parameter as a function of Sc content is due to two
competing effects: (1) larger bond length of Sc-N than
AI-N tends to increase both a and c lattice parameters
(2) due to different crystalline structure between ScN and
AIN, as Scis introduced, the tetrahedral bonds are rotated
into the plane, causing an increasing a but decreasing
c. Lastly, true Sc content was determined through EDX
spectroscopy (bulk values) and XPS (surface values),
Figure 1(h).

The Al;_xScyN/GaN-Al,O3 heterostructures; x =
0.18, 0.23, 0.28, 0.35, and 0.65; were grown on a Veeco
GENXplore PAMBE system with conventional Al, Ga
and Sc effusion cells and a radio-frequency (RF) plasma
source to supply active nitrogen. A 200 nm GaN buffer
layer was grown in-situ on 1x1 cm? GaN-Al,O3 sub-
strate right before the growth of AIScN. Growth char-
acterization of high-resolution XRD, AFM, and EDX
spectroscopy are provided in the Figure 2. A Veeco
Dimension ICON AFM was employed to characterize
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the surface morphology of the samples. Smooth surface
morphology was obtained for the AIScN films as shown
in the 5 um x5 um AFM images, Figure 2(a-e). As
shown in Figure 2(a), spiral atomic steps were observed
at low Sc composition (x = 0.18) indicating that the
AlScN layer followed the morphology of underlaying
GaN layer [9]. However, the atomic steps degraded
into high density grains for high (x = 0.65) Sc com-
position, Figure 2(e). High-resolution XRD w-26 scans
were recorded on Rigaku Smartlab XRD. The XRD plot
presented in Figure 2(f) clearly shows the GaN and
the AIScN peaks. This also confirms the pure wurtzite
phase of AIScN present in the samples. Further, the
specifics of the growth procedure for Al;_ScxN/GaN-
Al,O3 and Al;_xScxN/AIN-Al,O3 are provided in the
Supplementary Material.

We measured the cross-plane thermal conductivity
(k1) of AlScN thin films using the optical pump-probe
method of frequency-domain thermoreflectance
(FDTR). The electro-optic modulator induced an inten-
sity modulation on the 488 nm continuous wave laser,
generating a periodic heat flux on the sample surface
[11]. An unmodulated, 532 nm continuous wave laser
monitored the surface temperature through a change in
surface reflectivity (Figure S2) [12]. The measurement of
individual material physical properties was performed as
an inverse problem, minimizing the error between mea-
sured lock-in phase data and the calculated phase via a
nonlinear least-squares algorithm [12]. An instance of
the phase versus frequency data attained from FDTR of
an average of three runs collected at a specific location is
depicted in Figure S3. The best fit curve closely approx-
imates the data, derived by solving the heat diffusion
equation. Schmidt et al. have provided a more detailed
explanation of how this equation is solved [12]. We pre-
viously applied FDTR to study homoepitaxial AIN and
pulsed laser deposited h-BN [6,13]. Further, the specifics
of the experimental setup are provided in the Supplemen-
tary Material. Each measured k| data was an average of
three measurements on three different locations on the
sample e.g. total of nine measurements.

3. Results and discussion

We investigated the cross-plane thermal conductivity
(k1), hereafter denoted as k, of AIScN thin films grown
on different high k materials (i.e. AIN and GaN). The
Alj_ScxN layer of 200 nm thick was grown at various
Sc content. Specifically, the AIScN/AIN-Al, O3 samples
were grown at x = 0.01, 0.05, 0.11, 0.18 and 0.25 Sc,
while the AIScN/GaN-Al, O3 samples were grown at x =
0.18, 0.23, 0.28, 0.35, and 0.65 Sc. Lattice parameters for
AIScN and substrates of AIN, GaN, and Si are shown in
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Figure 1. AFM images of AIScN on AIN-Al, 03 substrate with Sc composition (a) x = 0.01, (b) x = 0.05, (c) x = 0.11, (d) x = 0.18 and
(e) x = 0.25. (f) 002 omega-2theta XRD scans. (g) In-plane, a, and out-of-plane, ¢, lattice parameters of 200 nm thick wurtzite AlScN films
grown on AIN-Al, O3 substrates, determined by RSM measurements. (h) Measured versus target Sc content of 200 nm thick AIScN films.

The true Sc content was measured by EDX spectroscopy (bulk values) and XPS (surface values).
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Figure 2. 5um x 5um AFM image of AIScN on GaN-Al; O3 substrate with Sc composition (a) x = 0.18, (b) x = 0.23, (c) x = 0.28, (d)
x = 0.35and (e) x = 0.65. The bright spots in the AFM images are dislocations which include mixed and screw dislocations [10]. (f) High-
resolution XRD plot of AIScN with Sc composition. (g) Measured versus target Sc content of AISCN on GaN-Al, 03 substrates, measured

by EDX.

Figure 3(a), in which the lattice mismatch is calculated as
(flfa__sa:) x 100% where ar and as are the in-plane lattice

parameters of the AIScN film and the substrate, respec-
tively. Although mixed phases of AIN (wurtzite) and SCN
(rock salt) are prevalent for x > 0.40 Sc as shown in
Figure 3(b), [14] we were interested in measuring the
thermal conductivity across a wide range of alloy com-
positions to determine if the k follows the typical alloyed
trend.

The observed decline in k of AIScN due to alloying
aligns with the prevailing findings in previous exper-
imental studies of various alloyed materials, such as
Al,Ga;_«N, InyGa;_«N and IngAl;_«N, as shown in
Figure 4. But AIScN shows a steeper drop at the dilute
limit. At 1% Sc, the k drop is already 75%. We think this
can be attributed to the more severe lattice disruption.
Unlike the other alloy systems, AIN and ScN have intrin-
sically different crystal structures—wurtzite and rocksalt,



MATER. RES. LETT. 1051

Al idid
88,40, 5.0,
R Yeeeevs
bbb, .,

a =3'19‘& “43'\9
Al 2S¢ o.1sN ‘
Lattice 4% > o
Mismatch | ol

o ! > : \ 4
ol
S € |
-+
\
Il
QR o> Mixed
A<3264 w7 Phases
|\ l
1 40% :
[
X
o
3
w)
]
Q

Figure 3. (a) Lattice parameters of AIScN, AIN and GaN structures explored in this work. AIN and GaN wurtzite structures have a lattice
mismatch of 4% and 2% with Al;_xSckN, respectively. Si lattice parameters are shown as a reference for current k literature of large
lattice mismatched Al; _xScxN/Si heterostructures. Si (001) rock salt structure [15] induces a large lattice mismatch of 40% with the AIScN
wurtzite structure, while Si (111) results in a larger lattice mismatch of 51% [16]. (b) Mixed phases of AIN (wurtzite) and ScN (rock salt)
are prevalent for x > 0.40 Sc. After the critical Sc content x > 0.56, Al;_xScxN prefers the rock salt structure.
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Figure 4. (a) Thermal conductivity (k) as a function of mass fraction. k of PAMBE-grown Al;_xScxkN on AIN-Al; 03 substrates (filled orange
diamonds) and on GaN-Al, O3 substrates (filled blue diamonds) to mass fraction, x. AlyGa; _xN (unfilled black), [17-20] InyGaj _xN (unfilled
green circles), [19-21] and InsAl;_xN (unfilled blue squares) [20-22] literature results are shown for comparison. As the mass fraction x
is increased, the typical U-shaped alloy k behavior of an abrupt reduction in k, followed by a gradual approach to a minimum, and finally
arapid increase in k is followed by Al;_xSckN (blue trendline shown to guide reader’s eyes), similar to that of AlyGa;_xN (gray trendline).
(b) Results shown in log-scale to better distinguish our results with current literature. Inset shows AIScN grown on either AIN-Al;O3 or
GaN-Al; 03 substrates.

respectively. The introduction of Sc not only introduces  sitting on a wurtzite lattice site, compared to Ga atoms
mass disorder but also has a stronger force constant dis-  introduced to AIN, as GaN itself also has a wurtzite struc-
order given the tendency to disrupt the original crystal  ture.In addition, in AIScN the Sc-N bonds are on average
structure. In other words, Sc atoms are less comfortable  longer than the Al-N bonds and more ionic in nature.
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Figure 5. (a) The thermal conductivity (k) of Al1_xScxN/AIN-Al;03 and Al;_yxScxN/GaN-Al; 03 compared to reactive sputtered or MBE
grown Al;_xScyN/Si and Alj_xSckN/Al; 03 films based on Sc atomic percentage. (b) Thermal conductance; k divided by thickness of
the respective Alj_xSckN thin film. Al;_xSckN films grown on high k AIN and lattice matched GaN (filled orange and blue diamonds,
respectively) results in the highest thermal conductance values. (c) Thickness dependent k, as the thickness of the AIScN/GaN-Al;03
decreases, the k also decreases due to high phonon boundary scattering. Reactive sputter deposited AIScN/Si is shown in green for
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This results in a decrease in the elastic stiffness coefficient
and an increase in the piezoelectric stress coeflicient [5].
As a result, as Sc atomic percent increases, the acoustic
phonon (primary heat carriers) group velocities decrease
and phonon-alloy scattering increases, thereby depleting
the thermal conductivity, as shown in Figure 4.

We then compared our PAMBE-grown AIScN/AIN-
AL, O3 and AIScN/GaN-Al, O3 with reactive sputter (RS)
and MBE-grown AIScN/Si in Figure 5(a). Based on the
size effect, we should expect a thinner sample to have a
smaller k if the sample quality remains the same. Notably,
at 5% Sc, the k for our thinner, 200 nm PAMBE-grown
Al _«ScyN/AIN-AL, O3 is 11 (W/m-K); while the k for
the thicker, 800 nm Alj_xScxkN/Si is 9 (W/m-K). Simi-
larly, at a 18% Sc, our thinner, 200 nm PAMBE-grown
Alj_xScyN/AIN-Al, O3 displays a k [4.7 (W/m-K)] com-
parable to that for the thicker, 400nm MBE-grown
Alj_ScyN/Si at a lower Sc atomic percent of 16% [ ~ 4.5
(W/m-K)]. This trend is followed at higher Sc atomic
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contents. This means we can achieve a comparable to
enhanced k, with 50% to 75% thinner AIScN films.

To investigate the effect of mixed phases beyond the
critical Sc content of 56% where AIScN prefers the rock
salt structure, [14] we also measured a 65% Sc sam-
ple. Our k results appear to commence forming the ‘U’
shape prominent in alloyed systems such as Al;_yGaxN.
Although industry concerns are focused on Sc atomic
percent below 40% where the wurtzite phase can be sta-
bilized, [2] it is important to capture the alloyed behavior
of AIScN across a large range in the alloy system.

Given the size effect, we plotted the k normalized by
the AIScN layer thickness to obtain a thermal conduc-
tance G (GW/m?2-K) vs Sc atomic percent. As shown in
Figure 5(b), the samples from this work provide the high-
est G for PAMBE-grown Al; _4SckN thin films to date.

To further investigate the thickness dependence on
k for Alj_xSckN, 50nm and 100nm thick samples
were grown with 18% Sc. At 18% Sc, Alps2Sco.18N is



lattice matched to GaN [14] and should, in theory,
result in the highest k compared to Al g»Sco.1sN/AIN
and Alj g>Scp 18N/Si(001) with a lattice mismatch of 4%
and 40%, respectively. Thus, AlpgoSco20N/Si samples
grown by reactive sputtering are compared to this work’s
Alg 82Sc.18N/GaN-Al, O3 films [5]. This allows a direct
k comparison of Al;_xSckN on different substrates at
the same thickness. Clearly, with a better lattice match,
Alj_ScxN/GaN-Al, O3 shows a higher thermal conduc-
tivity than Al;_xScxN/Si, as shown in Figure 5(c). More-
over, the thermal conductivity increases with increasing
thickness. As previously noted, strong alloy scattering
diminishes k, yet k is further strongly impacted by a
decrease in thickness as phonon boundary scattering
takes place, as shown in Figure 5(c).

4. Conclusions

In conclusion, PAMBE-grown AlIScN films with 50% to
75% thinner thicknesses on AIN-Al,O3 or GaN-Al, O3
substrates demonstrate comparable cross-plane thermal
conductivity to reactive sputtered or MBE-grown AIScN
on Si substrates. The growth of wurtzite structure AISCN
on lattice matched GaN improves the quality of the film
and enhances thermal transport, rather than growth on
the face-centered diamond cubic structure of Si. In addi-
tion, the thermal conductivity of AIScN versus Sc con-
tents shows a similar U-shape due to phonon-alloying
scattering compared other alloys, however, the reduction
of k is more pronounced in the dilute limit for AIScN
due to the tendency for lattice disruption. These findings
help enhance the understanding of the thermal transport
properties of AIScN and its corresponding nitride het-
erostructures and ultimately have significant implications
for the use of AIScN in acoustic, power electronic, and
high-speed microwave applications where heat manage-
ment is critical to device performance.
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