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ABSTRACT: Aluminum nitride (AlN) is one of the few
electrically insulating materials with excellent thermal conductiv-
ity, but high-quality films typically require exceedingly hot
deposition temperatures (>1000 °C). For thermal management
applications in dense or high-power integrated circuits, it is
important to deposit heat spreaders at low temperatures (<500
°C), without affecting the underlying electronics. Here, we
demonstrate 100 nm to 1.7 μm thick AlN films achieved by low-
temperature (<100 °C) sputtering, correlating their thermal
properties with their grain size and interfacial quality, which we
analyze by X-ray diffraction, transmission X-ray microscopy, as
well as Raman and Auger spectroscopy. Controlling the deposition
conditions through the partial pressure of reactive N2, we achieve
an ∼3× variation in thermal conductivity (∼36−104 W m−1 K−1) of ∼600 nm films, with the upper range representing one of
the highest values for such film thicknesses at room temperature, especially at deposition temperatures below 100 °C. Defect
densities are also estimated from the thermal conductivity measurements, providing insight into the thermal engineering of
AlN that can be optimized for application-specific heat spreading or thermal confinement.
KEYWORDS: thermal conductivity, aluminum nitride, back end of line, thermal transport, sputter deposition, low temperature,
power electronics

INTRODUCTION
Heat generation impedes the performance and longevity of
nearly all modern electronic devices.1−3 This is especially true
in high-density integrated circuits4 and power or radio-
frequency (RF) electronics,3,5 where elevated temperatures
reduce transistor performance, increase leakage, and ultimately
diminish device lifetimes.6,7 A mere 5 °C increase in
temperature above the optimum operating range can halve
the lifetime of some devices.7,8 Thermal management could be
achieved by actively tuning heat flow and managing thermal
transients, e.g. with the use of emerging thermal transistors and
diodes.9−11 Passive approaches involve simply using thin films
to block or route heat away from hot spots in electronics. Such
heat spreaders must have high thermal conductivity, but they
must often be electrical insulators to prevent cross-talk
between components�a set of properties that are common
to only a few materials, such as aluminum nitride (AlN), boron
nitride (BN), and diamond.

In particular, AlN has attracted much attention due to its
large band gap (roughly 6.1 eV)12,13 and bulk thermal
conductivity (approximately 340 W m−1 K−1 at room
temperature, or 85% the thermal conductivity of copper).14−17

Indeed, bulk-like thermal conductivities have been demon-
strated for AlN films on the order of hundreds,16 tens,18 and a
few micrometers19−21 in thickness, but such films are typically
deposited at over 1200 °C. High temperatures are incompat-
ible with many requirements of fabricating integrated circuits,
where low-temperature (e.g., <500 °C for <2 h) deposition is
required for back-end-of-line (BEOL) processes.22−24 More-
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over, integrated electronics would also benefit from thinner,
microscale films of AlN, whose thermal conductivity has not
been optimized and whose thermal limits are poorly under-
stood. Devices fabricated with AlN heat spreaders, for example,
can be complex and the literature remains unclear as to the
dominant phonon scattering mechanisms in submicrometer
versions of these materials.25,26

In this work, we demonstrate AlN films deposited by low-
temperature (<100 °C) DC reactive balanced magnetron
sputtering, with thicknesses ranging from 100 nm to 1.7 μm.
The thermal conductivity of the films is determined by time-
domain thermoreflectance (TDTR) and is correlated with
microstructural properties, such as grain size and morphology,
as determined by X-ray diffraction (XRD) and transmission
electron microscopy (TEM), respectively. For films around
600 nm in thickness, we find the cross-plane thermal
conductivity can be tuned by a factor of 3 by controlling the
sputtering gas composition during deposition, with the upper

end (∼104 W m−1 K−1) representing one of the highest values
for this thickness at room temperature and at such low, BEOL-
compatible deposition temperatures. Comparing these results
with models based on the Boltzmann transport equation
(BTE) for phonons shows that defect densities are being
modulated by over an order of magnitude to produce the
variation in thermal conductivity in our AlN films.

RESULTS AND DISCUSSION
AlN films were deposited using balanced DC sputtering,27,28 as
depicted in Figure 1a. Two series of AlN films were deposited
(Figure 1b); the first used a standard gas composition of 25%
Ar and 75% N2 with film thicknesses of 685, 1156, and 1735
nm on both Si(111) and c-Al2O3 substrates shown in Figure
1a. The data for these films are summarized in Table 1, and
deposition details can be found in Section S1 in the Supporting
Information.

Figure 1. Experimental overview. (a) Illustration of our balanced DC magnetron sputtering deposition of AlN films using a standard sputter
gas mix of 25% Ar and 75% N2. (b) Schematic of the AlN film thickness variations explored in this work, along with their deposition on both
Si(111) and c-Al2O3. The ∼600 nm films are used to highlight the tuning of thermal conductivity by manipulating the sputtering gas
composition. (c) Bragg−Brentano X-ray diffraction (XRD) spectra shown for the AlN films of various thicknesses deposited on Si(111), the
results of which are used to estimate the grain size. (d) Simplified schematic of the TDTR measurement of the multilayer stack of materials
used to determine thermal properties of the AlN films via detection of the sample response to periodic heating at a modulation frequency
( fmod). (e) Sensitivity of the TDTR ratio (−Vin/Vout) to the cross- and in-plane thermal conductivity (κ⊥/κ∥), Al/AlN thermal boundary
conductance (G1), and AlN/substrate thermal boundary conductance (G2). (f) Characteristic model fits for the AlN films on Si ranging from
d ≈ 100 to 1735 nm in thickness. Input properties for these calculations are provided in Section S5 of the Supporting Information.
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The second series of films approximately 600 nm in
thickness were grown to demonstrate the tunability of the
room-temperature (RT) thermal conductivity (κ) by manip-
ulating the sputtering gas composition. Deposition details for
these films can be found in Table 2 using both Si(111) and c-
sapphire substrates with gas compositions varying from 19% to
41% Ar and from 58% to 80% N2, shown in Figure 1b. Two of
the samples in this series were deposited using a stage cooled
to 10 °C. Additional films for this series were deposited using
Kr in place of Ar, with details presented Section S2 in the
Supporting Information. The films were characterized by
Bragg−Brentano X-ray diffraction (XRD), an example of which
is shown for the set of films with varied thickness in Figure 1c
(Section S3 in the Supporting Information). In addition, high-
resolution transmission electron microscopy (HR-TEM) was
performed on the most thermally dissimilar samples. Time
domain thermoreflectance (TDTR), as seen in Figure 1d−f,
was performed on all films to measure their cross-plane
thermal conductivity. Raman spectroscopy was also carried out
to assess the film quality by means of characteristic E2

2 modes
and narrow full-width at half-maximum (FWHM) values,29

shown in Section S4 of the Supporting Information.
A schematic of the AlN film specimens measured in this

work is displayed in Figure 1d, consisting of an aluminum (Al)
optothermal transducer, the AlN film, and a Si(111) or c-Al2O3

substrate. Thermal properties were determined by TDTR
(Section S5 in the Supporting Information), an optical pump−
probe technique described extensively in our prior works.30−32

In TDTR, an ultrafast laser is used to both induce (pump) and
monitor (probe) modulated heating on the surface of the
sample as a function of pump−probe time delay. The thermal
conductivity and thermal boundary conductances are then
determined by fitting the intensity of the ratio (−Vin/Vout)
signal of the reflected probe laser to a three-dimensional (3D)
heat diffusion model for a multilayer stack of materials. Given
the measurement conditions provided in Materials and
Methods, the measurement is primarily sensitive to cross-
plane thermal conductivity (κ = κ⊥), as shown by the
sensitivity calculations displayed in Figure 1e, which displays
the sensitivity of the TDTR signal to the relevant properties for
100−1700 nm thick AlN films on a Si(111) substrate (see
Section S6 in the Supporting Information). This is attributed
to the disparity between the root-mean-square (RMS) average
laser spot radius (wRMS) and the in-plane thermal penetration
depth that induces one-dimensional (1D) heat transfer.33

The high thermal conductivity and submicrometer thick-
nesses of these AlN films complicate the extraction of thermal
properties and thus warrant an optimization approach. As the
thermal penetration depth into the sample becomes com-
parable to the film thicknesses, the thermal boundary
conductances on either side of the film increasingly influence
the total thermal resistance of the measured system. As seen in
Figure 1e, both the Al/AlN and AlN/Si interfaces (G1 and G2,
respectively) contribute prominently to the thermal response
for a 100 nm AlN film, while the AlN/Si interface becomes
insensitive with a 1700 nm AlN film, i.e. it is thermally thick.
For the ∼600 nm films, however, the contribution of the AlN/
Si interface is diminished but still significant. As shown in
Section S7 of the Supporting Information, a global
optimization sweeping the typical range of semiconductor-
dielectric interfaces34 was performed to extract the thermal
boundary conductances and intrinsic conductivities that
provided the best fit to our thermal model with the lowest
uncertainty, examples of which are shown in Figure 1f. Films
on c-Al2O3 were analyzed in a similar manner but with slightly
greater uncertainties in the thermal interfaces due to the

Table 1. Thickness, thermal conductivity, AlN (002)
diffraction eak width, and estimated grain size (GS) for
films of varied thickness deposited using a 75% N2 and 25%
Ar mixture on a non-chilled sample stage

substrate d (nm) κ (W m−1 K−1) (002) FWHM (deg) GS (nm)

Si(111) 100 18.7 ± 4.6 0.998 9.0
Si(111) 300 25.5 ± 4.7 0.660 13.2
Si(111) 647 51.1 ± 5.0 0.260 33.6
Si(111) 800 48.1 ± 6.4 0.620 14.0
Si(111) 1156 124.3 ± 19.4 0.194 45.2
Si(111) 1735 125.7 ± 21.4 0.186 47.0

c-Al2O3 647 68.1 ± 8.6 0.207 42.2
c-Al2O3 1156 122.8 ± 20.4 0.195 44.8
c-Al2O3 1735 118.9 ± 18.4 0.152 57.5

Table 2. Deposition conditions, film thicknesses, thermal conductivities, AlN (002) diffraction peak full-width at half-
maximum (FWHM) Values, and estimated grain size (GS) for the measured films deposited using various sputtering gas
compositions

substrate cooled? N2 (%) Ar (%) d (nm) κ (W m−1 K−1) (002) FWHM (deg) GS (nm)

c-Al2O3 59 41 645 48.3 ± 5.0 0.262 33.3
c-Al2O3 66 34 607 36.1 ± 3.8 0.303 28.8
c-Al2O3 69 31 600 50.8 ± 6.2 0.185 47.2
c-Al2O3 75 25 685 50.6 ± 3.3 0.168 52.0
c-Al2O3 Y 75 25 670 103.9 ± 17.9 0.126 69.3
c-Al2O3 80 20 639 74.9 ± 6.4 0.215 40.6
c-Al2O3 Y 80 20 668 62.9 ± 6.9 0.222 39.4

Si(111) 59 41 645 43.2 ± 4.3 0.242 36.1
Si(111) 66 34 607 38.1 ± 3.2 0.198 44.1
Si(111) 69 31 600 50.2 ± 5.4 0.205 42.6
Si(111) 75 25 685 43.7 ± 4.2 0.222 39.3
Si(111) Y 75 25 670 78.5 ± 10.3 0.168 52.0
Si(111) 80 20 639 79.8 ± 5.5 0.177 49.3
Si(111) Y 80 20 668 66.9 ± 8.4 0.185 47.2
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increased contribution of the substrate to the probed thermal
resistance.35

The measured cross-plane thermal conductivities of our AlN
films are displayed in Figure 2a and compared to values from

the literature18−20,29,34,36−41 as a function of deposition
temperature. Red, green, and blue symbols mark films greater
than 2 μm, 1−2 μm, and less than 1 μm in thickness,
respectively. The results of this study represent some of the
highest reported thermal conductivities for submicrometer thin
AlN films when considering the low deposition temperature of
under 100 °C. The substrates were not actively heated during
deposition, though a thermocouple placed under the substrate
holder allowed for temperature monitoring. With initial stage
cooling to 10 °C, temperature saturation due to plasma
exposure during deposition occurred at 70 °C, lower than the
90−100 °C observed for samples deposited without stage
cooling. In contrast, most chemical and physical deposition
methods rely on heating substrates to several hundred degrees
Celsius to effectively crystallize deposited material, producing
films with greater thermal conductivity.

The thermal conductivities of our AlN films sputtered at
BEOL-compatible temperatures are compared with results
from other studies as a function of film thickness in Figure 2b;
these results are represented by filled symbols that are either
red or blue, for films on c-Al2O3 and Si(111), respectively. In
the submicrometer regime, the high thermal conductivity of
our films indicates decreased defect density and reduced
boundary scattering effects that typically plague nonepitaxial
thin films, regardless of deposition technique. Indeed,
minimizing defect densities and promoting the growth of
larger grains is the primary focus of thin-film synthesis in
electronic heat-spreading applications.47,48 The yellow shaded
region in Figure 2b shows the range of thermal conductivities
achieved in this work by varying the sputtering deposition
conditions. Figure 2c magnifies this region to show that the
AlN thermal conductivity for the set of ∼600 nm films can
range from ∼36 to ∼104 W m−1 K−1: a nearly 3-fold change.

The modulation of thermal conductivity via a structure−
processing−property relationship in these AlN films by tuning
the sputtering gas composition was employed to understand
the underlying mechanisms of improvement. Figure 3a plots
the thermal conductivity with respect to the N2 gas
concentration of the ∼600 nm films on both c-Al2O3 and
Si(111) in red and blue, respectively, with open symbols
representing samples deposited using a cooled stage. We note
that the balance gas for sputtering is Ar such that it comprises
the full gas mixture, i.e., Ar(%) = 1 − N2(%). Deposition on a
noncooled stage with lower N2 concentrations of 59−75%
yielded lower thermal conductivity values ≤ 50 W m−1 K−1.
Conversely, an 80% N2 deposition environment produced the
most thermally conductive film among those that were not
cooled. This is in contrast to work by Shinoda et al.,49 who
implemented a low N2 concentration of 30% to produce films
of high crystallinity, though with RF reactive magnetron
sputtering and substrate temperatures exceeding 900 °C. In
contrast, Kumada et al.50 reported optimal N2 concentrations
of 40−50%, but with lower substrate temperatures of
approximately 500 °C.

The general trend between higher N2 concentrations and
lower substrate temperatures, in the literature and in this work,
highlights the complex interplay between process parameters:
it is possible that at lower deposition temperatures, higher
concentrations of N2 are necessary to ensure complete
nitridation of the deposited material. Further obscuring these
relationships is the interplay of throw distance and ion mean
free path, which itself is dependent upon a combination of
pressure, applied power, and magnetic configuration of the

Figure 2. Room-temperature cross-plane thermal conductivity of
our AlN films (filled square symbols) as functions of (a)
deposition temperature and (b) thickness, compared to results
from the literature.18,19,29,34,36−42 In (b), diamond symbols are
single-crystal samples: Slack43 (black), Rounds44 (red), and Xu16

(blue). Square symbols are for polycrystalline films: Kuo19

(orange), Jacquot45 (light blue), Zhao36 (purple), Choi37 (red),
Pan39 (cyan), Aissa40 (pink), Duquenne38 (green), Alvarez-
Escalante (light green),42 Bian41 (dark green), Yalon29 (black),
Cheng18 (yellow), Koh20 (brown), and Bellerk46 (magenta).
Round symbols correspond to amorphous thin films: Zhao36

(purple) and Gaskins34 (black). We note that the reported thermal
conductivities are either isotropic or cross-plane to make for a fair
comparison to our results and that nearly all films have deposition
temperatures much greater than ours. The yellow shaded region
marks the range of thicknesses wherein we demonstrate the
modulation of thermal conductivity via a structure−processing−
property relationship, magnified in (c) to show a ∼3× change.
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sputtering equipment. Altering these parameters, directly or
indirectly, affects the extent to which the reaction occurs in the
plasma as well as the energetics of species bombarding the
growth surface.51 Careful tuning is necessary to ensure that the
structure of the deposited material is tailored to enhance the
properties of the material for the intended application.

Surprisingly, depositions with a cooled stage produced the
most thermally conductive films in this work and some of the
highest values reported in the field. Average grain sizes (GSs),
are provided in Figure 3b, estimated using the FWHM of the
AlN (002) diffraction peak and the Debye−Scherrer equation,
revealing a positive correlation between grain size and thermal
conductivity. Such a trend is consistent with decreased phonon
scattering at grain boundaries, which is often the dominant
scattering mechanism in dielectrics and semiconductors.52 For
clarity, these data are combined in Figure 3c to show the
generally positive correlation among thermal conductivity,
nitrogen content, and average grain size. It is well established
that increasing the substrate temperature enhances surface
migration and thus, crystalline quality. However, increased
compressive stress at the AlN/substrate interface can occur
during the postdeposition cooling process,50 which can play a
major role in determining overall crystallinity.53 It is interesting
to note that the stage-cooled films deposited with an 80% N2

gas concentration become slightly less thermally conductive
than their uncooled counterparts, suggesting an optimization
among the aforementioned effects. Thermal measurements of
AlN films deposited with Kr gas in place of Ar were also
performed (see Section S2 in the Supporting Information) but
demonstrated only moderate improvement with stage cooling.

TEM was performed on three films deposited on c-Al2O3 to
gain insight into the microstructural features that influence
transport. Figure 4 shows cross sections of two films deposited
without stage cooling: (a) the most thermally insulating film
deposited using 66% N2 and (b) a film deposited using 75% N2
with a larger thermal conductivity value. Grain boundaries are
outlined to reveal a noticeable difference in their size and
frequency, in agreement with both the estimated grain sizes
and the thermal conductivity values (∼38 and ∼50 W m−1 K−1,
respectively). Figure 4c is shown to isolate the effect of the
cooled stage, since the film was also deposited using 75% N2.
With grain sizes of roughly 70 nm, this film is also the most
thermally conductive reported in this work (∼104 W m−1 K−1)
and clearly exhibits larger grains than either of the films
presented.

Further inspection of the HR-TEM images suggests that the
state of the film−substrate interface is a potential driver of
transport, as shown in Figure 5. Analysis by a fast Fourier

Figure 3. Correlations among thermal conductivity, grain size, and gas composition for ∼600 nm AlN films. (a) Thermal conductivity with
respect to N2 concentration and (b) grain size. The relationship between grain size and thermal conductivity is consistent with the
importance of grain boundary scattering on thermal transport. Open squares represent films deposited on a cooled stage and exhibit the
largest thermal conductivities. (c) Grain size with respect to the N2 concentration. Note that the data at 75% N2 concentration are slightly
offset laterally for clarity.

Figure 4. Transmission electron micrographs showing the full grain morphology for three sputtered films on c-Al2O3 using different
conditions: (a) 66% N2 and 34% Ar on a nonchilled stage, (b) 75% N2 and 25% Ar without stage cooling, and (c) 75% N2 and 25% Ar with
the stage cooled to 10 °C throughout deposition. Grain boundaries are outlined to guide the eye.
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transform (FFT) is provided for each film in three different
near-interface regions (I−III) and for each underlying c-Al2O3
substrate (IV) for comparison. An amorphous layer develops at
the AlN/c-Al2O3 interface for the film deposited with 66% N2,
further confirmed by the presence of rings rather than discrete
diffraction spots in Figure 5a, I−III. This amorphous layer may
be the result of an excess of energetic Ar ions bombarding the
growth surface during initial deposition, resulting in amorph-
ization at the initial stages of growth, as observed in existing
literature reports.19 This effect is reduced for both films
deposited using 75% N2, using the noncooled and cooled
stages in Figure 5b,c, respectively. Both of these films exhibit
stronger crystallinity above the interface and an “abrupt”
character that is more prominent still for the film deposited
with a cooled stage. It is likely that the substrate cooling in
Figure 5c may have minimized adatom mobility during the
initial growth, considering established qualitative models
attributing such mobility to larger nucleation sites for crystal
growth.50 However, lower substrate temperatures can also
provide a more favorable thermodynamic environment for the
formation of nuclei, thereby leading to the formation of more
uniformly sized and evenly distributed crystallites. Coupled
with suspected reduced strain due to higher quality interfaces,
both effects can lead to a more relaxed crystal lattice structure
upon cooling, resulting in fewer defects and a more ordered
crystal structure.54−56 In practice, these effects are most easily
observed in the larger and more uniformly sized crystallite
columns in Figure 4c as compared with Figure 4b.

Thermal boundary conductance measurements of the AlN/
substrate interface reaffirm our microstructural results and lend
validity to the most thermally conductive films reported in this
work. As shown in Figure 6, the extracted AlN/substrate
thermal boundary conductance values are compared with
predictions from the diffuse mismatch model (DMM)57,58 with
a Born−von Karman (BVK) phonon dispersion approximation
(see Section S8 in the Supporting Information). The DMM

thermal boundary conductance (GDMM) from material A to B
is given by

G v D
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dB
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where j is the phonon branch, v is the phonon velocity in
material A, DA(ω) is the phonon density of states in material A
at phonon frequency ω, f BE0 is the Bose−Einstein equilibrium
function, and αA→B is the transmissivity from material A to B.
Despite the DMM’s inability to capture atomic-scale interface
characteristics,59 it is in broad agreement with our measured
values for samples deposited with a noncooled stage, ranging
from ∼170 to ∼280 MW m−2 K−1. However, the general effect

Figure 5. HR-TEM and FFT analysis of film crystallinity at the substrate interface of three key films deposited on c-Al2O3 using different
conditions: (a) 66% N2 and 34% Ar on a non-cooled stage, (b) 75% N2 and 25% Ar without stage cooling, and (c) 75% N2 and 25% Ar with
the stage cooled to 10 °C throughout deposition.

Figure 6. AlN/substrate thermal boundary conductances
(GAlN/substrate) determined for our AlN films deposited on both
Si(111) and c-Al2O3. We note the increasing trend of the AlN/
ubstrate thermal boundary conductance upon stage cooling,
suggesting the creation of a more well-matched interface, further
reinforced with the TEM analysis in Figure 5. All data are from the
present study.
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of a cooled stage is to increase the AlN/substrate thermal
boundary conductance, as shown by the open symbols in
Figure 6. This increase is more notable for AlN on c-Al2O3,
which is also the substrate that produced our most thermally
conductive film, attributed to more favorable lattice matching
compared to Si(111). Indeed, stage cooling also increased the
AlN/substrate thermal boundary conductance of films
deposited with Kr gas in place of Ar, thus reinforcing this
trend. Though large uncertainties prevent a more decisive
conclusion due to suppressed sensitivities typical of embedded
interfaces, the sharp increase of thermal boundary con-
ductances is evident. This is important from a device
perspective, where high-quality interfaces not only promote
crystalline growth but can also dissipate more thermal energy
to mitigate high operating temperatures and hot spots.31 A
summary of all conductance values is provided in Section S9 in
the Supporting Information.

The underlying phonon scattering mechanisms in these AlN
films were analyzed with an analytical model based on the
Boltzmann transport equation (BTE). We employed a
treatment of the BTE in a paradigm similar to past
works16,60−62
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where C is the volumetric heat capacity, λ is the phonon mean
free path, ωmax is the Debye cutoff frequency, and τ(ω) is the
phonon relaxation time. Umklapp, defect, and boundary
scattering comprise the relaxation time and are summed in
accordance with Matthiessen’s rule (see Section S10 in the
Supporting Information). Specifically, the point defect
scattering rate can be expressed as63
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where f i is the fractional concentration of the ith impurity atom
and m and mi are the masses of the original and ith impurity
atoms, respectively. We make an important simplification in
light of previous studies16,64 that suggest Al vacancies play a
dominant role due to the large atomic mass difference between

Al and common impurities (e.g., Si, O, C, and N atoms). As
such, the Al defect density is used as a fitting parameter in
conjunction with our experimental data.

The foregoing BTE model sheds light on the degree of
defect modulation occurring in our AlN films, as shown in
Figure 7a. Here, a solid black line is provided to indicate the
model behavior in the limit of no defects, and a fit of the model
to the thickness-dependent experimental data using the
standard 75% N2 composition is also shown for comparison.
We note that the defect-free thermal conductivity of ∼600 nm
thick AlN is ∼150 W m−1 K−1, suggesting that we reached up
to 66% of this limit in the present work, even with films
deposited at sub-100 °C temperature. In addition, changing
the sputter gas composition alters the defect densities in the
present films by over an order of magnitude, from 1.6 × 1020 to
1.9 × 1021 cm−3. Such values are in agreement with similar
predictions for AlN films, although even the purest films still
possess a defect density an order of magnitude greater than
that of the bulk.16 Clearly, Al vacancies play a role in transport
that is further elucidated by complementary electrical
measurements detailed in Section S11 in the Supporting
Information. Our electrical breakdown tests point to a larger
relative dielectric constant in the 11.5−11.9 range for our
standard 75% N2 composition (the relative dielectric
constant34 of bulk AlN is ∼9.2). Following measurements
with Auger electron spectroscopy (Section S4 in the
Supporting Information), the AlN films exhibit Al-rich
compositions, which are suspected to increase the polarization
character of AlN and the accompanying dielectric constant.
This is in contrast to Al vacancies, which tend to decrease the
dielectric constant. Although more rigorous characterization is
needed to deduce the exact impurities present, these results
nonetheless provide an intricate set of thermal interface and
intrinsic thermal conductivity properties that can be tuned to a
great degree.

Finally, Figure 7b provides a landscape of other materials
used in electronic devices with respect to deposition
temperature.16,43,65−74 There is broadly a positive correlation
between the thermal conductivity and deposition temperature
in all the materials shown that is emphasized by the
multicolored arrow. In this context, materials exhibiting both
high thermal conductivity and electrical resistivity deposited at

Figure 7. Thermal conductivity with respect to (a) the film thickness for samples in this study and (b) the deposition or synthesis
temperature. In (a), the lines correspond to BTE predictions of eq 2 by fitting a defect density to the experimental data, revealing a
modulation of roughly 1 order of magnitude. Here, high and low κ refer to the highest and lowest thermal conductivity films reported in this
work. (b) Plot of thermal conductivity as a function of deposition temperature demonstrating the appeal for BEOL-compatible deposition of
AlN films with high thermal conductivity relative to other materials commonly used in electronic devices.16,43,65−74
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low temperatures are desirable. Our results substantiate the
modulation of thermal conductivity via a structure−process-
ing−property relationship while maintaining <500 °C BEOL
temperatures using WBG materials and are thus attractive
candidates for integration in electronic applications requiring
high operating frequencies and the handling of high power
density.3,5

CONCLUSION
We studied sputter-deposited AlN films between 100 nm and
1.7 μm thicknesses, revealing the highest thermal conductivity
reported to date in ∼600 nm films with low deposition
temperature (<100 °C). At the ∼600 nm thickness, we also
observed an ∼3× change in thermal conductivity by
controlling the sputtering gas composition during deposition.
We elucidated these effects via direct characterization by XRD,
TEM, and HR-TEM, which complemented thermal con-
ductivity measurements by TDTR. Analytical models of
thermal conductivity based on the Boltzmann transport
equation reveal estimated defect densities varying over an
order of magnitude, between 1.6 × 1020 and 1.9 × 1021 cm−3.
The highest thermal conductivity values are found for
depositions onto a cooled stage, which improved the film
morphology. Across the entire sample set, correlations between
thermal conductivity and microstructure confirm the impor-
tance of grain size and the quality and uniformity of the
interfacial crystallinity, which are further reinforced by
measurements of the thermal boundary conductance. Overall,
these results show the potential of AlN as a heat-spreading
material with low-temperature BEOL-compatible deposition
parameters that can offer application-specific strategic heat
spreading or thermal confinement.

MATERIALS AND METHODS
AlN Film Deposition. Sputtered AlN films were deposited using

100 W DC power on a 2 in. Al target after a standard target cleaning
and conditioning procedure. All substrates were degreased with a
series of solvent rinses. Si substrates were cleaned using a cyclic 2%
HF etch, and c-Al2O3 substrates were cleaned by soaking in a 3:1
sulfuric acid and phosphoric acid mixture. More detailed descriptions
of these procedures can be found in Section S1 in the Supporting
Information.

Diffraction, Ellipsometry, and Transmission Electron Mi-
croscopy. Following deposition of the AlN films, all samples were
analyzed by Bragg−Brentano X-ray diffraction (XRD) to assess their
crystallinity. Grain sizes were estimated by the Debye−Scherrer
formula based on AlN (002) diffraction peak full-width at half-
maximum (FWHM) fits determined using Rigaku GlobalFit software,
as described in Section S3 in the Supporting Information. The
thickness of the sputtered films was measured using a J.A. Woollam
M-2000D spectroscopic ellipsometer at 75° incidence angle across
500 wavelengths from 190 to 1000 nm. Lamellae from select samples
on c-sapphire substrates were prepared using a focused ion beam
system with final thinning to ∼35 nm by Eurofins EAG Laboratories
(Sunnyvale, CA). Transmission electron microscopy (TEM) and
high-resolution TEM (HR-TEM) was performed using a Thermo-
Fisher Talos F200X G2 instrument equipped with a 4k × 4k Ceta
CMOS camera and double-tilt sample holder. All image processing
and fast Fourier transform (FFT) analysis were performed using the
Gatan Microscopy Suite.

Raman and Auger Spectroscopy. The highest and lowest
thermal conductivity AlN films on both Si(111) and c-Al2O3
substrates were analyzed using Raman spectroscopy (Horiba Labram
HR Evolution). Depth-profiling Auger spectroscopy was carried out
using a 10 kV (10 nA) electron beam with samples deposited on
Si(111) to avoid charging. Two measurements were collected before

sputtering, and then additional measurements were collected after
sputtering in 1 min increments to remove surface contamination and
prevent carbon buildup, as described and plotted in Section S4 in the
Supporting Information.

Time-Domain Thermoreflectance. The thermal conductivity of
the AlN films was measured with time-domain thermoreflectance
(TDTR), an optical pump−probe method used extensively to
determine the thermal properties of nanoscopic materials.30−32

Knife-edge measurements of the focused spot sizes provided 1/e2
beam radii of 5.36 ± 0.1 and 3.19 ± 0.05 for the pump and probe,
respectively. Additionally, a pump modulation frequency of 10 MHz
and total emitted power of 12.5 mW were applied. The reported mean
values are determined from multiple measurements across the samples
on different days, while the error bars represent one standard
uncertainty determined from the standard deviations of the fitted
values, uncertainties in the assumed parameters, and residuals
between the model and data. Sensitivity analysis, calibration data,
and additional thermal boundary conductance data are included in
Section S6 and S9 in the Supporting Information.
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S1. Sputter deposition of AlN
The AlN films were deposited in a home-built vacuum chamber system comprised of a load lock and sputtering
chamber, each pumped by individual turbomolecular pumps with base pressures 4 × 10−7 Torr and 1 × 10−7

Torr, respectively.
THe Silicon (111) and c-Al2O3 substrates were used in this work were prepared by a degrease with acetone,

methanol, and water followed by three cycles of an HF etch consisting of submersion in 2% HF for 30 seconds
and rinsing with deionized water for 30 seconds. All substrates were dried under N2. The sapphire substrates
were cleaned using the same degrease process followed by a 20 minute etch in a 3:1 bath of sulfuric acid and
phosphoric acid held at 80 ◦C. Following the etch, sapphire substrates were rinsed with deionized water for
15 seconds before drying under N2. The substrate coupons were then loaded into the load-lock chamber for
pump down; substrates were only transferred into the sputter chamber after the load-lock had reached its base
pressure.

A 2” Al target (99.999%, Kurt J. Lesker Co.) was attached to the sputter cathode (Torus MagKeeper 2, Kurt
J. Lesker Co., balanced magnetron configuration) which was fitted with a pneumatic shutter. The target to
substrate distance was approximately 10 cm. The substrates were transferred into the sputtering chamber
under 20 sccm of Ar and were placed on a grounded copper stage with integrated water-cooling capability.
A thermocouple mounted under the substrate holder allowed for monitoring of stage temperature during
deposition. The chamber pressure was brought to 6 mTorr with Ar for a two minute target cleaning at 100 W
DC. Following this clean, a ramp to the desired N2/Ar gas composition at approximately 3 mTorr pressure was
performed over approximately two minutes. Select depositions were repeated using Kr in place of Ar. A brief
pre-sputter of approximately 30 seconds was performed against the target shutter before beginning reactive
sputter deposition using 100 W DC. Growth rates ranged from ∼4-6 nm/min in this configuration.

The Ar, and N2 gasses were obtained from AirGas (99.99%); Kr was obtained from Praxair all gas flows
were controlled by a home-built system of mass flow controllers and were purified by  an  Entegris GateKeeper 
mounted just before the gas inlet to remove trace oxygen and water contaminants. Pressures were measured 
using a capacitance manometer (Kurt J. Lesker Co.) mounted on the body of the sputtering chamber.

In the main text, we mention two sets of AlN films deposited for different pu rposes: the first used a standard 
gas composition of 25% Ar and 75% N2 with film thicknesses of 685 nm, 1156 nm, and 1735 nm on both Si(111) 
and c-Al2O3 substrates, and the second being approximately 600 nm in thickness to demonstrate the tunability 
of the room temperature (RT) thermal conductivity by manipulating the sputtering gas composition. A 80 nm 
Al film to facilitate thermal measurements by acting as an optothermal transducer was then deposited on top 
of all the samples via in-situ deposition in the chamber for the first set, and electron beam evaporation (AJA 
International Inc., ATC-E Series) for the second set. Deposited at a nominal chamber pressure of 9.8×10−7 

Torr with a 0.5 Å s−1 deposition rate, the thickness of the Al films were d etermined v ia s canning electron 
microscopy (SEM).

S2. AlN films sputtered with Krypton
To lend validity to the observed phenomenon using a cooled stage, three additional sets of ∼600 nm thick films 
were deposited: one using 76% N2 and 24% Kr without stage cooling, one using 76% N2 and 24% Kr with stage 
cooling, and one using 81% N2 and 24% Kr without stage cooling. The deposition conditions, thicknesses, 
thermal conductivity values, AlN (002) diffraction peak full-width at half max (FWHM), and estimated crystallite 
sizes for these films sputtered are shown in Table S1. Also shown are their analogous depositions using Ar. 
On both Si(111) and c-Al2O3, these films showed thermal conductivity and AlN (002) FWHM values similar to 
those of the films deposited using Ar with no notable improvements.

S3. X-Ray diffraction analysis
Diffraction signal from the AlN (002) peak was used alongside the Debye-Scherrer equation to estimate crystallite 
size in the sputtered films, given by

C.S. =
0.94λ

βcos(θ)
(1)

where C.S. is the estimated crystallite size, λ is the x-ray wavelength, β is the peak FWHM in radians, and θ is
the diffraction angle. We note that although this model was originally intended for powders, the estimated
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Table S1. A comparison of deposition conditions and properties for sputtered AlN films deposited using Ar and
Kr as the sputtering gas. We include films sputtered with Ar that are in close to the Kr sputter gas
concentrations for comparison.

Substrate Cooled? N2% Ar% Kr% d [ nm ] κ [ W m−1 K−1 ] (002) FWHM [ ◦] C.S. [ nm ]
c-Al2O3 75 25 685 50.6 ± 3.3 0.168 52.0
c-Al2O3 Y 75 25 670 103.9 ± 17.9 0.126 69.3
c-Al2O3 80 20 639 74.9 ± 6.4 0.215 40.6
c-Al2O3 76 24 653 60.5 ± 5.0 0.205 42.6
c-Al2O3 Y 76 24 647 68.1 ± 8.6 0.207 42.2
c-Al2O3 81 19 661 64.6 ± 7.6 0.181 48.3
Si(111) 75 25 685 43.7 ± 4.2 0.222 39.3
Si(111) Y 75 25 670 78.5 ± 10.3 0.168 52.0
Si(111) 80 20 639 79.8 ± 5.5 0.177 49.3
Si(111) 76 24 653 47.5 ± 3.9 0.244 35.8
Si(111) Y 76 24 647 51.1 ± 5.0 0.260 33.6
Si(111) 81 19 661 44.7 ± 4.1 0.260 33.6

crystallite sizes, i.e. grain sizes, provided are intended solely for comparative purposes within our datasets. 
Figure S1 summarizes the grain sizes for our AlN films as a function of film thickness.
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Figure S1. A summary of the calculated grain sizes as a function of film t hickness i n  t h is w o r k. W e n ote that 
the grain sizes for the roughly 1 µm film w ere n early i dentical a nd t heir d ata p oints a re a lmost o n  t op o f  one 
another.

S4. Raman and Auger spectroscopy
Following the x-ray analyses of the AlN films, samples were analyzed using Raman (Horiba Labram HR Evolution) 
and depth profiling Auger spectroscopy. For Raman spectrosopy, a 532 nm laser source was used with a 
grating of 600 l mm−1 to optimize signal intensity, measurement range, and spectral resolution. The resulting 
spectra for both Raman and Auger spectroscopy are shown in Figure S2, with the Raman values listed in Table 
S2. We show the Raman spectra for the high- and low-thermal conductivity AlN films in Figure S2a and b, 
respectively, and observe the prototypical E2(high) peak positions of approximately 655 cm−11 emphasized 
further in Figure S2c and d. We predictably observe smaller FWHM values for more thermally conductive films
on Si(111), yet note the opposite trend for films on c-Al2O3. This is surprising given the much larger intensity of 
the measured signal for the more thermally conductive film, a lbeit w ith m ore n o i se. S ubstrate e ffects fr om  this
particular sample were attributed to this disparity as its contribution would likely broaden the E2(high) peaks. 

For Auger spectroscopy, measurements were made using a 10 kV (10 nA) electron beam with the highest and 
lowest thermal conductivity samples deposited on Si(111) to avoid charging. Two measurements were collected
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Figure S2. Raman and Auger electron spectroscopy of the highest thermal conductivity [κ] AlN films in this
study deposited on (a) c-Al2O3 and (b) Si(111) substrates. Peak fits of the Raman data are shown for AlN films
on (c) c-Al2O3 and (d) Si(111), exhibiting FWHM values of 16.8 and 11.6 cm−1, respectively. (e) The chemical
composition of the AlN film on Si(111) as a function of etch depth measured with Auger electron spectroscopy.

Table S2. A summary of the E2 (high) and FWHM values obtained with Raman spectroscopy for the highest
and lowest cross-plane thermal conductivity (κ⊥) films on both Si(111) and c-Al2O3.

Substrate κ⊥ [ W m−1 K−1 ] E2 (high) [ cm−1 ] FWHM [ cm−1 ]
Si(111) 79.8 ± 5.5 655 11.6
Si(111) 38.1 ± 3.2 653 16.0
c-Al2O3 103.9 ± 17.9 663 16.8
c-Al2O3 36.1 ± 3.8 656 11.0
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before sputtering, then additional measurements were collected after sputtering in 1 minute increments to 
remove surface contamination and prevent carbon build-up. Sputtering was performed using a 2 kV, 1 µA Ar 
ion beam. The sputter rate was calculated to be 10 nm min−1 for pure Al at a pressure in the low 10−8 Torr 
range (low 10−10 Torr base pressure). We demonstrate the Al,N, C, and O atomic concentrations in Figure S2e, 
where we observe a high AlN:N stoichiometry that is not 1:1. It is important to note that we do not rely on 
the Auger data to determine stoichiometry quantitatively, but rather use it as a way to compare the relative 
contribution of constituent atoms. In this context, the Al-rich nature of our films c omes t o l ight, a s w ell a s the 
higher presence of C over O impurities. Such impurities are common with sputter deposition of AlN films, and 
the usual steps to remove these impurities (e.g. thermal annealing, ultra-high vacuum, etc.) are typically not 
BEOL-compatible.

S5. Time-domain thermoreflectance (TDTR)
The thermal properties for our AlN films w ere d etermined w ith T ime-domain T hermoreflectance (T DTR), as 
described in the main text. The focused radii of the beams were determined through knife-edge measurements 
and measured to be 5.36 ± 0.1 and 3.19 ± 0.05 for the pump and probe, respectively. A pump power of 9.5 mW 
was utilized and modulated with a frequency of 10 MHz. The probe, set to 3 mW, was focused concentrically 
with the pump onto the sample surface using a 20× objective lens. Thermoreflectance d ata w ere t hen fi t to 
the solution of a 3D heat diffusion model for a  multi-layer stack of materials and the unknown properties of 
interest are used as parameters to converge measurement and theory2, 3.

We note that all controlled parameters were obtained from either independent measurements or from 
the literature. As such, the thermal conductivity of our Al transducer and substrates were independently 
determined with TDTR. The thickness of the Al transducer was provided by scanning electron microscopy 
(SEM) using a our reference Si(111) substrate sample to avoid substrate charging. The resulting uncertainties 
for independent measurements were inputted into our thermal model to produce the total uncertainty of the 
measurement. The results are listed in Table S3 and shown in Figure S4a.

Table S3. Properties used to determine the cross-plane thermal conductivty (κ⊥) and boundary conductances 
(Gs) of the AlN thin films. T he v olumetric h eat c apacities ( ρcp) a re t aken f rom t he l iterature a nd t he thermal 
conductivity of the Al transducer (κAl) was found from TDTR using companion SiO2 samples during the Al 
deposition. The thicknesses for AlN and Al were measured with XRD and scanning electron microscopy (SEM), 
respectively.

Material ρcp [ MJ m−3 K−1 ] κ⊥ [ W m−1 K−1 ] κ⊥/κ Film thickness [ nm ]
Al 2.44 ± 0.054 151.2 ± 25.0 1 81.1 ± 1.3
AlN 2.68 ± 0.085 κ⊥,AlN ± σ 1.5 100−1700
Si 1.66 ± 0.096 142.0 ± 12.0 1 1 × 105

c-Al2O3 3.10 ± 0.096 42.5 ± 3.3 1 1 × 105

S6. TDTR sensitivity
The measurable properties in a TDTR measurement critically depend on the sensitivity of the measured signal
to said properties when described by a multilayer heat diffusion model. As such, the sensitivity of the measured
TDTR signal to an unknown property x is defined as

Sx =
∂ln(MS)

∂ln(x)
(2)

where MS is the measured signal, the ratio (−Vin/Vout) in this work. As discussed briefly in the main text, 
sensitivity calculations were performed for AlN thin film system considering both Si(111) and c-Al2O3 substrates. 
Input properties for these calculation are summarized in Table S3, where we applied prototypical AlN/substrate 
and Al/AlN thermal boundary conductances of 200 MW m−2 K−15. We assumed 20, 40, and 80 W m−1 K−1 for 
the 100, 600, and 1700 nm films, respectively. The assumed beam sizes were taken from knife-edge 
measurements of the focused spot radii, yielding 5.36 and 3.19 for the pump and probe, respectively. The 
sensitivity analysis is summarized in Figure S3 for our AlN films.
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S7. TDTR uncertainty analysis and fitting routine
The standard deviations of the fitted thermal conductivities and thermal boundary conductances for the AlN
material systems in this study were calculated based on the variance-covariance matrix Var[X̂U ]

7. Var[X̂U ] is 
given by:

Var[X̂U ] = (J⋆U
′ J⋆U)

−1 J⋆U
′ × (Var[Φ] + J⋆CVar[XC]J⋆C

′)J⋆U(J⋆U
′ J⋆U)

−1 (3)

U C

C U

where J⋆ is the Jacobian matrix with respect to the unknown parameter, J⋆ is the Jacobian matrix with respect 
to the controlled parameters (e.g. the thickness of the Al film), Var[Φ] i s t he variance-covariance matrix of
the noise of the probe beam, and Var[XC] is the variance-covariance matrix of the controlled parameters. We 
determined Var[Φ] by measuring the standard deviation of 40 data points for each measurement trial with
the pump beam off. J ⋆ and Var[XC] were calculated using the measured values discussed above, a nd J ⋆ was 
calculated based on the thermal conductivities and boundary conductances fitted by using the mean controlled 
parameters and TDTR data.

As mentioned in the main text, we implemented a global optimization approach to provide the greatest 
measurement fidelity when determining the thermal boundary conductances at the AlN/substrate interfaces. 
We consider the typical thermal boundary conductance range of semiconductor-dielectric interfaces5 and 
determine the uncertainties involved in the Al/AlN thermal boundary conductance, as well as the cross-plane 
thermal conductivity using Equation 3. Here, normalized uncertainties ∥σ∥ are used

∥σ∥x =

√
Var[X̂U ]x

max
(√

Var[X̂U ]x

) , (4)

in conjunction with a root-sum-square (RSS) quantity to guide the optimization

RSS =

√
∑
x
∥σ∥2

x, (5)
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where x is the property in question for the range of AlN/substrate thermal boundary conductances considered. 
The cross-plane thermal conductivity and the Al/AlN thermal boundary conductance were fit assuming 
different values for the range of AlN/substrate thermal boundary conductances since they are the most 
sensitive properties in our material system. Figure S4b shows example optimizations for our three-parameter 
fitting u sing t he a bove e xpressions a nd o ur e xperimental d ata for t he s ame A lN fi lm on  both c- Al2O3 and 
Si(111). The uncertainties in our determined thermal boundary conductances were a result of performing 
such an analysis on several measurement trials of the same sample and noting the shift in the optimized 
value to define a  s pot-to-spot v ariance. T he s ame o ptimization w as t hen p erformed u sing e xtreme values 
for each controlled parameter to deduce a conservative variance as a result of the inherent sensitivity to the 
AlN/substrate parameter. Both these individual contributions were then summed in quadrature to determine a 
measurement uncertainty.
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Figure S4. (a) Calibration TDTR measurements for the Al/SiO2, Al/c-Al2O3, and Al/Si(111) material systems 
used in this work. A companion Al/SiO2 sample was placed in the deposition chamber such that it 
experienced the same Al deposition as the rest of our samples and was thus used to determine the thermal 
properties of our Al transducer. (b) Example optimization analysis for our 670 nm thick AlN sample on both c-
Al2O3 and Si(111). Using Equation 4 and 5, a minimum in fitting uncertainty was found considering a AlN/
substrate thermal boundary conductance range of 100−600 MW m−2 K−1. We note that a range of 100−400 
MW m−2 K−1 is presented here for clarity.

S8. Thermal boundary conductance predictions
To gain a sense for the changes in the AlN/substrate thermal boundary conductance (G) using our various 
deposition conditions, we contrast our measurements with predictions from the diffuse mismatch model 
(DMM)8, 9 with a Born–von Karman (BVK) phonon dispersion approximation. The DMM thermal boundary 
conductance (GDMM) from material A to B is given by

GA→B =
1
4 ∑

j

∞∫
0

vA,jh̄ωDA(ω)
∂ f 0

BE(ω, T)
∂T

αA→Bdω, (6)
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where h̄ is the reduced Planck constant, j is the phonon branch, vA is the phonon group velocity in material
A, αA→B is the transmissivity from material A to B, f 0BE is the Bose-Einstein equilibrium function, and DA(ω) 
is the phonon density of states in material A. We approximate vA,j, the phonon velocity in material A for the
jth phonon branch, by fitting experimental data10 for the phonon dispersion relationship obtained in certain 
symmetry directions by considering interactions of an atom with its neighbors11.

The resulting thermal boundary conductance values determined with Equation 6 for our AlN/Si(111) and 
AlN/c-Al2O3 material systems were 140 and 230 MW m−2 K−1, respectively. These are in agreement with our 
determined values for samples deposited with a non-cooled stage, ranging from ∼170 to ∼280 MW m−2 K−1.

S9. Summary of the thermal boundary conductance values
Figure S5 summarizes the thermal boundary conductance values determined in this work. Figure S5a shows 
the values determined for the 100, 300, and 800 nm AlN films deposited with the standard 75% N 2 sputter 
gas composition on Si(111) substrates. Here, the AlN/Si thermal boundary conductance was found through 
an optimization of the AlN film cross-plane t hermal conductivity and t he t hermal boundary conductances 
surrounding the film, since this particular set of films was deposited in  the same ru n. We  fixed the  AlN/Si 
thermal boundary conductance since all depositions were identical and such a treatment led to the lowest 
fitted uncertainties.
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Figure S5. (a) The thermal boundary conductance (G) values determined for the 100, 300, and 800 nm AlN 
films. These were deposited with the standard 75% N 2 sputter gas composition on Si(111) s ubstrates. (b) The 
Al/AlN thermal boundary conductance values extracted for the ∼600 nm films. Also l isted are the values for 
the AlN films deposited with Kr component gas in place of A r. (c) The AlN/substrate thermal boundary 
conductances found for the thermally-modulated AlN films in this w ork. We note that the values for the 
non-cooled films are not displayed here for clarity, but are provided in Figure 6  of the main text.

)

The exceptionally high thermal boundary conductance values for this set are attributed to the Al transducer 
deposition being performed in-situ without breaking vacuum. However, these values are still surprising 
given recent work on Al/GaN interfaces have reported the importance of high temperature depositions and 
Al deposition under ultra-high vacuum (UHV) for achieving thermal boundary conductances on the order of 
500 MW m−2 K−112. Indeed, harmonically lattice-matched Al/Al2O3 interfaces with UHV growth conditions 
yielded smaller values than those reported here, albeit with a different material system13. Besides high 
vacuum conditions, the Al sputtering deposition for this set of films is more energetic than other types (e.g. 
evaporation)14 and is also suspected to contribute to a larger Al/AlN thermal boundary conductance.

Figure S5b on the other hand, summarizes the extracted Al/AlN thermal boundary conductance values
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extracted for our ∼600 nm films. Also l isted are the values for the AlN films deposited with Kr  component gas 
in place of Ar. We note a relatively wide variation in the Al/AlN thermal boundary conductances (∼100 to ∼250 
MW m−2 K−1), likely due to a convolution between the near-interface crystal structure, surface oxidation, and 
the surface quality immediately before Al transducer deposition. Although these samples were subjected to a 
standard solvent clean prior to transducer deposition, surface variation across samples is known to heavily 
influence the transducer/sample thermal boundary conductance the unless meticulously monitored14.

The AlN/substrate thermal boundary conductances in our work are shown in Figure S5c. Here, the values 
for the non-cooled films are not shown for clarity, but are provided in Figure 6  of the main t ext. As mentioned 
in the main text, we see a general increase in the AlN/substrate thermal boundary conductance with the 
implementation of a cooled stage. This is promising since the trend persists when replacing the Ar sputter gas 
with Kr. HR-TEM of the near-interface region reveals an interface with a more crystalline character and is largely 
attributed to the increase in thermal boundary conductances and larger cross-plane thermal conductivities.

S10. Boltzmann Transport Equation predictions
As discussed in the main text, we analyze the contributions of different phonons and understand their 
underlying scattering mechanisms in AlN using an analytical model based on Callaway’s model15 of the 
Boltzmann transport equation (BTE)16–19. The basic BTE modeling of lattice thermal conductivity is expressed 
as,

κ =
1
3

Cvλ =
1
3 ∑

j

ωmax∫
0

h̄ωD(ω)
∂ f 0

BE(ω, T)
∂T

v2
j τ(ω)dω

= ∑
j

k4
BT3

2π2h̄3

(
1
vj

) θD,j
T∫

0

τj
x4

(ex − 1)2 dx,

(7)

and the Callaway model considers the separate roles of normal scattering (τN) and other resistive (Umklapp,
grain boundary, point defects, etc.) scattering events (τp),

κ = ∑
j

k4
BT3

2π2h̄3

(
1
vj

)(
I1,j +

I2
2,j

I3,j

)
, (8)

where kB is the Boltzmann constant, C is the volumetric heat capacity, v is the phonon group velocity, λ is the
phonon mean free path, j is the phonon branch which includes two transverse acoustic phonon modes and one
longitudinal acoustic mode of AlN, ωmax is the Debye cutoff frequency, θD is the Debye temperature, D(ω) is
the phonon density of states, f 0

BE is the Bose-Einstein equilibrium function, and τ(ω) is the phonon relaxation
time. The physical processes that comprise the relaxation time are summed in accordance to Matthiessen’s rule

1
τj

=
1

τN,j
+

1
τU,j

+
1

τB,j
+

1
τD,j

, (9)

where the subscripts correspond to normal-process (N), Umklapp (U), defect (D), and boundary (B) scattering, 
respectively. We use an expression for normal processes described by20

1
τN

=
k3

Bγ2V

Mh̄2v5
ω2T3, (10)

M is the average mass of an atom in the crystal, and γ is the Grüneisen parameter21. V is the unit volume for 
wurtzite AlN, given by

√
3a2c
8

, (11)
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where a and c are lattice parameters, 3.11 and 4.98 Å, respectively22. For the Umklapp scattering time, we 
implemented

1
τU

=
h̄γ2

MθDv2 e−
θD
3T ω2T, (12)

where θD is the Debye temperature of 950 K23. Boundary scattering is described by19

1
τB

=
d
v

, (13)

where d is the AlN film thickness. Point defect scattering arises from impurity atoms of C, Si, and O, and from 
Al vacancies. As such, we make use of the following expression20,

1
τD

=
V

4πv3 ω4 ∑
i

fi

(
m − mi

m

)2
, (14)

where fi is the fractional concentration of the ith impurity atom, and m and mi are the masses of original and 
ith impurity atoms, respectively. As mentioned in the main text, we make important simplification light of 
previous studies19 that suggest Al vacancies play a dominant role due to the large atomic mass difference 
between Al and common impurities (e.g. Si, O, C, and N atoms). Our assumption is further strengthened from 
prior experimental work that observed how C atoms often substitute for N atoms and Si atoms for Al24. Since 
our model was inspired by that of Xu et al.19, the results reported here are not expected to differ markedly 
from a first-principles a pproach. We do stress, however, that the detailed transport modeling of our AlN films 
is beyond the scope of this largely experimental and practical work, and we understand that there are more 
rigorous models (i.e. ab-initio calculations) that can be employed.

S11. Electrical breakdown tests
To assess the electrical characteristics of our AlN films a s p assivation m aterials, w e p erformed electrical 
breakdown tests. AlN deposition was performed on top of a film of a  highly doped Si substrate which served as 
a global back electrode. Rougly 195 µm radius circles (’dots’) were patterned using a shadow mask and e-beam 
evaporation (3 nm Ti/40 nm Au) on top of the AlN film to define the top electrode. We note that the standard 
75% N2 composition was used for these tests (685 nm thick), the results of which are shown in Figure S6.

Each set of colored circles shown represents measurements performed one of 11 metal-insulator-metal 
structures: we performed both frequency- and voltage-dependent capacitance measurements using a parallel 
resistor and capacitor model. Our average extracted dielectric constant, however, was similar for both types 
of experiments and ranged from 11.5-11.9. Also included is the bulk dielectric constant for AlN5, which is 
notable smaller than that of our film. Considering the Al-rich nature of our films seen in the Auger analysis in 
Figure S2(e), Al atoms are expected to increase the polarization character of AlN, which in turn increases the 
dielectric constant. This is contrast to Al vacancies, which reduce the polarization and lead to a decrease in the 
dielectric constant. Although excess Al atoms can increase the number of free electrons and thus reduce the 
dielectric constant, the high dielectric constant suggests a larger contribution of the former mechanism.
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Figure S6. Electrical breakdown tests conducted as functions of (a) frequency and (b) voltage. The AlN
deposition for these tests was performed on top of a film of Pt which was deposited on a thermal SiO2-Si
substrate. Each set of colored circles represents measurements performed on a different ‘dot’ of Pt. The
average dielectric constant from these measurements ranged from 11.5-11.9.
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