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. - , o . 1. Introduction
Aluminum nitride (AIN) is a promising material for thermal management

in 3D integrated circuits (ICs) due to its high thermal conductivity.

However, achieving high thermal conductivity in AIN thin films grown at low
temperatures on amorphous substrates poses significant challenges for back-
end-of-line (BEOL) compatibility. This study reports high cross-plane thermal

The thermal challenges associated with
emerging 3D integrated circuits (3D ICs)
can severely limit their power density and
overall performance.l'] The integration of
high thermal conductivity electrical insula-

conductivities approaching 90 Wm~"K~" for sub-300 nm-thick AIN films

sputter-deposited at low temperatures (<200 °C) on ordinary SiO, substrates.

The correlations between cross-plane and in-plane thermal conductivity,
texture, grain size, oxygen content, Al:N atomic ratio, and thermal boundary
conductance of these films are explored. These findings reveal the crucial

role of grain orientation alignment in achieving high thermal conductivity and
high thermal boundary conductance. A method is introduced to effectively
monitor the thermal conductivity of the AIN thin films using X-ray diffraction.
This study offers valuable insights that can aid in the implementation of an
effective thermal management material in the semiconductor production line.

tors as heat spreaders or routers has been
suggested as an effective solution for reduc-
ing total thermal resistance and lowering
hot spot temperatures.*! However, devel-
oping ultrathin thermally conductive films
that meet the required thermal, electrical,
and mechanical properties while also be-
ing back-end-of-line (BEOL) process com-
patible remains a significant challenge.[>*]
BEOL compatibility includes low process-
ing thermal budget (<400 °C) and the ca-
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pability to directly grow high-quality ma-
terials on a wide variety of substrates.
Among the material candidates such as
aluminum nitride (AIN), boron nitride (BN), silicon carbide
(SiC), and diamond-like carbon, AIN is a promising choice due
to its high crystalline bulk thermal conductivity (%300 Wm~1K,
near room temperature), decent electrical isolation, and potential
process compatibility.”1!] For example, polycrystalline AIN can
be deposited at low temperatures, planarized, and patterned us-
ing standard semiconductor processes, which is more challeng-
ing with materials such as SiC and diamond. However, the ther-
mal conductivity of any such materials is significantly affected by
defect density, crystallinity, and thickness.[®12]

High thermal conductivity polycrystalline AIN films have been
typically reported for thick layers (> 1 um), deposited on crys-
talline substrates, and films grown mostly at high temperatures
(> 400 °C).1813716] [n single crystal defect-free AIN, phonons with
mean free paths (MFPs) over 0.3 um contribute to ~50% of
the heat conduction.®] This limits the theoretical upper limit of
sub-300 nm thin AIN thermal conductivity to ~150 Wm™1K™!.
However, in practice, the thermal conductivities!’2*! of such
thin films deposited at low temperatures (<400 °C) are below
25 Wm™K™1, limited by a few tens of nanometers of transition
amorphous and low quality nano-crystalline AIN near its inter-
face with the substrate.[*"** The randomly oriented small grains
and defects in this region introduce many phonon scattering
centers that limit the thermal conductivity even to single-digit
values.['8-20]
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Figure 1. XRD characterization of AIN thin films. (0002) x-ray pole figure for representative a) type | and b) type Il AIN thin films. The type Il film shows
highly c-axis oriented characteristics. c) Rocking curves of the two types of AIN films at 26 = 35.95°, and the corresponding FWHM of the w-scans.
d) XRD 6—26 scans for the representative type | and Il films with similar thicknesses. ) GI-XRD for (0002) and (1013) peaks of the same samples as
in (d). f) The GI-XRD intensity ratio between (1013) and (0002) peaks for type | (blue) and type I (red) samples. The purple diamond symbol, which
exhibits a close-to-113913)/l 000z ratio, is situated in the transitional zone between the two categories of AIN thin films.

In this work, sub-300 nm thin AIN films were deposited by
physical vapor deposition (PVD) at low temperature (<200 °C) on
thermally-grown amorphous SiO, on Si substrates. To establish
material development guidelines, the correlation between ther-
mal conductivity and the structural and compositional proper-
ties of AIN films were studied. It is revealed that, in addition
to grain size and defects, grain orientation alignment or tex-
ture can significantly affect both cross-plane and in-plane ther-
mal conductivities of AIN thin films. Highly c-axis textured ul-
trathin AIN films show cross-plane thermal conductivities ap-
proaching 90 Wm~'K™! and AIN/SiO, thermal boundary con-
ductance (TBC) approaching 300 MWm2K™! at room temper-
ature. Thermal anisotropy in such thin films can be up to ~8X
as the c-axis grain orientation alignment improves. Moreover, it
is demonstrated that an AN atomic ratio <1 can make the film
less susceptible to oxidation and improve its thermal conductiv-
ity. Finally, grazing incidence angle X-ray diffraction (GI-XRD) is
identified as an effective in-line metrology approach to monitor
the thermal properties of AIN films.

2. AIN Thin Film Development and Results

2.1. Film Deposition

The AIN thin films were deposited using reactive DC magnetron
sputtering of Al with mixed Ar and N, plasma as reported in prior
works.!2>26] All the AIN thin films were deposited on 14 nm-thick
amorphous SiO, on Si substrates to be compatible with 3D ICs.
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AIN films with different structural and compositional properties
were grown by modifying the sputtering parameters!?’~>’ such as
pressure, gas composition (N, /(Ar+N,): 30% to 98%), DC power
(50 to 200 W) and relative position of target and substrate.[3%31]
The structural, compositional, and thermal properties of AIN thin
films were comprehensively characterized and used to optimize
the deposition process for high thermal conductivity films. The
details of the deposition can be found in the Supporting Infor-
mation. The cross-plane and in-plane thermal conductivities of
the AIN thin films were measured using pico-second time do-
main thermoreflectance (TDTR)??7** and a DC electro-thermal
techniquel®! using suspended structures.

2.2. X-Ray Diffraction (XRD) Analysis

A variety of diffraction measurements was performed on the AIN
films using PANalytical X'Pert to evaluate the crystallinity, grain
size, and texture of the AIN thin films. The AIN thin films stud-
ied in this work exhibit two distinct types of texture: weakly tex-
tured (type I) and highly textured (type II) samples. In type I
samples, the preferential [0001] crystal grain orientation (c-axis)
has poor alignment perpendicular to the substrate, whereas in
type II samples, the c-axis of the crystal grains is well-aligned
perpendicular to the substrate. The texture difference between
these two types is qualitatively illustrated in Figure 1a,b, which
presents the pole figure plots!*®! for (0002) planes of represen-
tative type I and II samples, respectively. Figure 1c depicts the
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Figure 2. Thermal characterization of AIN thin films. a) Correlation between cross-plane thermal conductivity and 1/FWHM,,. b) Correlation between

cross-plane thermal conductivity and the intensity ratio of | 5973 /1 0002)-

c) Cross-plane thermal conductivity versus grain size extracted from XRD 6—-26.

d) Cross-plane thermal conductivity versus grain size for type | samples extracted from GI-XRD 26 scans. €) In-plane thermal conductivity versus cross-
plane thermal conductivity. The inset shows a top-view optical image of the structures. f) Thermal anisotropy of AIN films.

rocking curves for (0002) atomic planes, obtained by omega scan
~18° at a fixed 26 of 36°. The full width half maximum of the
rocking curve (FWHM,) is used to quantify the degree of the
grain’s c-axis alignment along the normal to the sample surface.
In this study, the transition point from type I to type II is defined
ata FWHM,, of 6°, with lower FWHM_ implying a higher degree
of alignment. Figure 1d shows the (0002) peak in the XRD 6—26
scans with significantly higher peak intensity for type II than type
I samples with similar thicknesses.

Furthermore, GI-XRD in Figure le shows two main peaks at
~36° and 66°, which correspond to (0002) and (1013) peaks, re-
spectively. Unlike the §—26 scans in Figure 1d,e, shows higher
(0002) peak intensity for type I sample and very weak (0002)
with dominant (1013) peak intensity for type 11 sample. Due to
the small incident angle of GI-XRD (w = 2°), the Bragg con-
dition is fulfilled only for (0002) planes that are tilted ~16°
with respect to the sample surface.’”38] Therefore, highly tex-
tured type II samples show very weak (0002) GI-XRD peaks.
On the other hand, (1013) planes in type II samples are fa-
vorably oriented to satisfy the Bragg condition in the GI-
XRD. Hence, the intensity ratio Io13/Ijg00y ©f the GI-XRD
peaks can be utilized as a measure of crystal grain alignment.
An intensity ratio <1 indicates weakly textured type I sam-
ples and >1 indicates well-textured type II samples. Figure 1f
shows that the FWHM,, and Ig15/I /g0 of the GI-XRD 26
scans are well correlated. In the following sections, the ther-
mal conductivity of these two types of samples and their corre-
lation with their structural and compositional characteristics are
investigated.
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2.3. Cross-Plane Thermal Conductivity

TDTR was used to determine the cross-plane thermal conduc-
tivity (k) of the AIN samples and the TBC of the AIN/SiO, in-
terface. For such thin films (<300 nm), the TDTR measurement
is not sensitive to in-plane thermal conductivity (k) due to the
difference between the in-plane thermal penetration depth and
effective beam size.[’*] The sensitivity of the TDTR measure-
ment to the cross-plane thermal conductivity and TBC was in-
vestigated for a range of parameters that support the samples in
this study (see Section S5, Supporting Information). Figure 2a
shows the correlation between cross-plane thermal conductivity
and 1/FWHM,, of both types of AIN samples. The measured ther-
mal conductivities of type I samples were <25 Wm~'K~!, while
type II films exhibit thermal conductivities as high as 92 + 20
Wm~'K~!. This strong correlation was approximately linear for
type II samples. In Figure 2b, the cross-plane thermal conductiv-
ity also shows a strong correlation with the intensity ratio. The
thermal conductivity of type II samples increases from ~30 to
90 Wm~!K~! within about three orders of magnitude change in
the intensity ratio. These results clearly reveal the effect of crystal
grain preferential orientation alignment along the heat transfer
direction.

In addition to texture, grain size can also significantly af-
fect thermal conductivity due to phonon scattering mechanisms
at the grain boundaries.**] However, the Scherrer model that
is widely used for determining grain size from XRD peaks
was originally designed for powders with random crystal grain
orientation.[*!l As a result, it only provides an average estimate
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of crystallite size. When applied to randomly oriented grains, the
grain sizes obtained from GI-XRD and XRD (6—26) scans are typ-
ically similar. However, in films with some level of texture (grain
alignment), the estimations obtained from these two methods
may differ. This is because 6—20 scans only probe crystal planes
parallel to the sample surface, whereas GIXRD scans examine
planes that are tilted with respect to the sample surface. Con-
sequently, the estimated average grain size obtained from this
method is also dependent on the alignment of the grain orienta-
tion. As a result, the extracted value from Scherrer equation is an
effective grain size presenting a texture-dependent average grain
size.

Figure 2c shows the cross-plane thermal conductivity as a func-
tion of average grain size along the [0001] crystal orientation.
The grain sizes were calculated from FWHM of (0002) peaks
of 6—20 scans using the Scherrer equation. Cross-plane thermal
conductivity increases with grain size in type II samples due to
the reduced grain boundary density and increased contribution
of phonons with longer MFPs. On the other hand, for type I sam-
ples, no grain size dependency of thermal conductivity can be ob-
served. This implies that the grains with aligned c-axis perpendic-
ular to the surface and their associated grain boundaries do not
significantly affect phonon transport in type I samples. Neverthe-
less, if the grain sizes are extracted from GI-XRD (0002) peaks,
as in Figure 2d, cross-plane thermal conductivity does show a
positive correlation with grain size. This originates from the fact
that grain sizes calculated from GI-XRD (0002) peaks belong to
the grains that are tilted ~16° with respect to the surface nor-
mal. Therefore, misaligned grains dominate the phonon trans-
port in the weakly textured type I samples. (Further discussion is
included in Section S2, Supporting Information).

2.4. In-Plane Thermal Conductivity

Thermal anisotropy has a crucial role in heat dissipation in
stacked devices, making it an essential parameter for thermal
management.*?] The in-plane thermal conductivity of AIN thin
films has been less investigated in the past.'*] In this study, a
steady-state electrothermal measurement was conducted to study
in-plane thermal conductivity for AIN films on suspended SiN
membranes in vacuum. The inset in Figure 2e shows a top view
optical image of the thermal test structure consisting of a 100 nm-
thick SiN free-standing membrane with the Pt central heater and
sensor lines. The test structure is capped with 5 nm SiO, to pro-
mote uniform nucleation. A 3D finite element method model was
used to design the membrane aspect ratio and the sensor length
to assure the validity of the 1D heat dissipation approximation
(see Section S8, Supporting Information). Before AIN deposition,
the thermal conductivity of the SiN membrane was measured by
forcing current into the central heater line and monitoring the
temperature at the pre-calibrated heaters and sensors. Usinga 1D
analytical thermal model, the in-plane thermal conductivity of the
SiN membrane was estimated to be 2.5 Wm~'K~! at room tem-
perature, which is in good agreement with previously reported
values of SiN films similarly deposited by low-pressure chemi-
cal vapor deposition.[**] After the AIN deposition, the measure-
ment was repeated and the in-plane thermal conductivity of the
AIN film was extracted. The details of the thermal test structure,
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models, and measurement are explained in Section S7 (Support-
ing Information).

Figure 2e shows that the in-plane thermal conductivity of the
AIN samples increases from ~2.5 to >9 Wm~!'K™! as the cross-
plane thermal conductivity improves. The enhancement of c-axis
texture and grain size along [0001] is expected to mainly affect
cross-plane thermal conductivity. Plan-view TEM images, shown
in Figure S3 (Supporting Information), reveal similar lateral sur-
face grain sizes in both sample types with comparable thick-
nesses. This suggests that lateral grain size does not significantly
contribute to the higher in-plane thermal conductivity observed
in type II samples. However, the higher in-plane thermal conduc-
tivity in type II samples may have originated from well-ordered
vertical grain boundaries that result in small angle boundaries
(see Section 2.5 and Figure 3e) with lower phonon scattering
rates.

The thermal anisotropy (k| /x;) is shown in Figure 2f, which
reveals that the anisotropy increases roughly linearly with cross-
plane thermal conductivity. This can be understood consider-
ing that the grain size and orientation alignment along [0001]
are mostly in favor of cross-plane thermal conduction in these
columnar structured AIN films. As Figure 2f implies, in the limit
of cross-plane thermal conductivity being very small, the thermal
anisotropy tends to diminish. This is when the grains are ran-
domly oriented, and the grain sizes become much smaller than
the phonon MFP.

2.5. Transmission Electron Microscopy (TEM)

The structural characteristics of the two types of AIN samples
were further investigated by TEM analysis. Figure 3a,b shows
the representative cross-section low-angle annular dark-field
scanning transmission electron microscopy (LAADF-STEM) im-
ages of type I and type II AIN thin films, respectively. The
TEM imaging tool utilized in this study was manufactured by
Thermo Fisher Scientific, specifically the Metrios model, which
is equipped with a probe-Cs corrector. To capture STEM images,
LAADF mode was employed with a camera length of 295 cm.
Both LAADF-STEM images indicate obvious columnar structure
of these films. In type I samples in Figure 3a, the grain bound-
aries are not discernible within a few tens of nanometers of the
AIN/SiO, interface, implying low quality crystal structures. The
columnar structures start to form and the lateral grain size in-
creases with the thickness. However, the columnar structures in
type II samples (Figure 3b) begin very close to the interface and
extend all the way to the top surface of the film. The high magni-
fication TEM images in Figure 3c—e show examples of the grains’
preferential orientation and alignment with the surface normal.
Figure 3c shows tilted crystal grains in a type [ AIN film. Figure 3d
demonstrates well-aligned [0002] orientation along the surface
normal and tens of nanometers grain size for a highly textured
type II film. Figure 3e shows a high magnification TEM image
of the area defined with the blue square in Figure 3d and the cor-
responding fast Fourier transform (FFT) images. The FFT im-
ages reveal the orientation alignment and high crystal quality of
the crystal grains. This example further exhibits grain boundaries
with small-angle disorientation in the type II sample originating
from well-aligned crystal grains. The small-angle boundaries can
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Figure 3. Cross-sectional TEM analysis. The cross-section TEM of representative a) type | and b) type Il films show columnar structure characteristics
in both sample types. Compared to type Il films, type | samples clearly show a poorer crystal quality near the interface with SiO, (also observable in
Figure 4b,c). c) High magnification cross-sectional TEM of the type | sample shows the tilted c-axis and misaligned grains. The interplanar spacings of
2.49 and 2.69 A show (0002) and (1070) planes, respectively. d) high magnification cross-sectional TEM of type Il sample. ) The magnified image of

the region shown by blue dashed line in (d), and the FFT of the two adjacent regions.

possibly improve thermal coupling between the grains that ex-
plains the higher in-plane thermal conductivity in type II sam-
ples. The plan-view TEM images (Figure S3, Supporting Infor-
mation) further confirm that the lateral grain size at the surface
of both types of samples is mostly between 20 and 30 nm.

2.6. Thermal Boundary Conductance (TBC)

As the film thickness decreases and thermal conductivity in-
creases, thermal boundary resistance can significantly contribute
to the total thermal resistance.[** Based on the diffuse mismatch
model,l**] the TBC of AIN on Si(111) has been predicted to be
~150 MWm2K"!. For AIN on amorphous substrates such as
SiO,, the interface coupling and near interface crystal quality of
AIN plays an important role in defining the TBC.[2223] Unlike lat-
tice matched substrates, it is more challenging to promote high

350} (a) 1 (b)
300 -
g 200+ 1
= 150
e R
@
= 100 *é T 1
50 AIN/amorphous substrates [17,18]
0 " " .
0.01 0.1 1 10 100

Intensity Ratio I(mﬁ) / I(mmz)

TBC =86+ 19

crystal quality within the first few nanometers of AIN at the inter-
face, which can significantly limit the TBC. Figure 4a shows the
TBCs of type I (in blue) and type II (in red) AIN films versus the
intensity ratio I ;o13)/I 900y - Type T AIN films have TBCs ~60 to 150
MWm~2K~! that is comparable to the previously reported TBC
(100 MWm—K™!) for AIN on amorphous SiN substratel??) and
higher than TBC of AN on glass (10 MWm—2K™!).[}] Figure 4a
shows that AIN/SiO, interface of type II samples are significantly
more conductive with TBCs in the range of 150-300 MWm K.

Figure 4b,c shows cross-sectional TEM images at the AIN/SiO,
interface and the corresponding magnified images for type I and
IT samples, respectively. For the type I film, a few nm of an amor-
phous layer can be observed at the interface. Above this thin
amorphous layer, randomly oriented nanometer-size AIN crys-
tallites can be observed. This amorphous layer together with the
low-quality poly crystalline AIN near the interface can be the main
limiting factors for thermally resistive interfaces in type I films.

TBC =230 + 64

(©

Figure 4. TBC at AIN/SiO interface. a) AIN/SiO, thermal boundary conductance of type | and Il samples versus intensity ratio | 1973/l (0002)- The TBC
shows a positive trend with the c-axis alignment. The shaded area shows the range of previously reported TBC of AIN and amorphous substrate. The
dashed line separates the TBC into two regimes for the two types of samples. b,c) cross-sectional TEM images of the AIN on SiO, substrate, and the
magnified images of the AIN/SiO, interface of the area shown by dotted rectangle. The insets show the FFT images of the b) blue, and c) red squares
showing lower quality crystalline and interface quality in the type Il sample. The TBC values in (b) and (c) are in MWm~2K~".
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Figure 5. XPS analysis. Cross-plane thermal conductivity of the AIN thin films versus a) oxygen content, in percentage, and b) Al:N atomic ratio. The
AIN samples with Al:N atomic ratio between 0.9 and 1, and oxygen content of <5% have the highest thermal conductivities in (a) and (b).

Figure 4c depicts a cross-sectional TEM image of a type II sam-
ple, showcasing a sharp and well-defined AIN/SiO, interface with
(0002) atomic planes grown almost directly on the oxide sub-
strate. This is consistent with the higher TBCs observed in type II
samples, as shown in Figure 4a. The well-ordered arrangement
of the fine grains at and near the AIN/SiO, interface is crucial in
achieving thermally conductive boundaries. This finding high-
lights the significance of optimizing the interfacial microstruc-
ture to enhance the thermal performance of the material system.
These optimizations can be achieved by controlling the deposi-
tion as described in Section S1 (Supporting Information).

2.7. X-Ray Photoelectron Spectroscopy (XPS)

Oxygen is a common impurity that is challenging to avoid in
material deposition and processing. In AIN, oxygen replaces N
atoms and forms Al—O bonds both at the grain boundaries
and also within the AIN film. This process introduces Al va-
cancies that can significantly reduce the thermal conductivity
due to the significant contrast in atomic mass between Al and
common impurities (such as Si, O, C, and N atoms).[*~*] The
amount of oxygen, in percentage, in the AIN films was esti-
mated using XPS analysis (the details are in the Supporting
Information).
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Figure 5a shows that the cross-plane thermal conductivity de-
creases as the oxygen content increases. The oxygen content
in type II samples is lower (<5%) compared to type I samples
(>5%). This difference can be attributed to the distinct deposition
conditions for these two types of samples. The deposition of type
II samples occurred at a lower pressure, resulting in reduced oxy-
gen levels in the chamber (see Section S1, Supporting Informa-
tion). Nonetheless, it is crucial to highlight that texture and grain
size remain key factors affecting thermal conductivity in type II
samples that show similarly low levels of oxygen. Further analy-
sis of the XPS data, in Figure 5b, reveals a negative correlation
between ALN atomic ratio and cross-plane thermal conductivity.
This negative correlation can originate from the higher oxidation
susceptibility of Al-rich AIN samples.

3. Thickness Dependency and Benchmark

Figure 6a benchmarks the best thermal conductivity results
in this work against previously reported low temperature de-
posited (<400 °C) AIN films with thicknesses up to 10 pm.
The dashed lines in Figure 6a represent an analytical model
based on the Boltzmann Transport Equation (BTE) as previously
described.®1% This model simplifies the contribution of different
phonon scattering mechanisms to the dominant effect of point
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Figure 6. BTE model and benchmark. a) Thermal conductivity versus film thickness, comparing the best results in this work with those from literature
deposited at <400 °C.[15-17.19-23:49-52] The dashed lines correspond to BTE predictions for no defect (in gray), 2 x 10" cm™ (in red), and 2 x 102
cm™3 (in blue) defect densities. b) Thermal conductivity versus film thickness, comparing type I, type Il, and those from literature with thicknesses
<400 nm and deposited <500 °C. The type | and type Il films show up to one order of magnitude difference in the effective defect density.
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defects originating from Al vacancies. This is in line with the
experimental results in Figure 5. The dashed lines with differ-
ent colors show Al defect density modulation. The details of the
model are explained in Section S9 (Supporting Information). It
is worth noting that this model does not include the effect of
texture and grain boundaries but still can be used as an effec-
tive comparison. Figure 6b magnifies the region with thicknesses
<500 nm that is the focus of this work for high thermal conduc-
tivity bonding layer applications. In this figure, more data points
are included from both type I and type II AIN films. Type I films
show comparable thermal conductivities with literature values,
which correspond to films with defect densities > 2 X 102 cm ™.
In type II samples with thermal conductivities approaching 90
Wm~'K~! for 300 nm films, the corresponding defect densities
are <2 x 10 cm=3.

4, Conclusion

Low temperature (<200 °C) AIN film process, structure, compo-
sition, and thermal properties are investigated in this work. It
is found that besides crystallite size and point defects, the align-
ment of AIN crystal grains (texture) and structural homogeneity
can greatly impact thermal conductivity, thermal boundary con-
ductance, and thermal anisotropy. By incorporating this knowl-
edge and utilizing optimized deposition conditions, it has been
possible to achieve remarkably high cross-plane thermal con-
ductivities approaching 90 Wm~'K~! at 300 nm thickness. Well-
textured AIN shows thermal anisotropy as high as 8 and a signif-
icantly improved thermal boundary conductance at the AIN/SiO,
interface comparable with the best reported values for AIN on
lattice matched substrates. In addition, an alternative approach
for monitoring the thermal conductivity and texture of AIN thin
films through the utilization of GI-XRD is proposed and verified.
This study is an important step toward the inevitable introduction
of new materials to the semiconductor production lines. These
findings will potentially facilitate the realization and implemen-
tation of AIN thin films (sub-300 nm) as a high thermal conduc-
tivity bonding layer for thermal management in 3D ICs.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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References

S1. AIN sputter deposition

The AIN films were deposited by DC reactive magnetron sputtering using an AJA ATC 1800-F sputtering
system, without active substrate heating or cooling. During the deposition, the substrate temperature
increases and saturates, after a while, due to exposure to the plasma and impact of sputtered Al. The
substrate temperature increase depends on the deposition condition and the thermal coupling between the
substrate and stage. In our experiments, the substrate temperature saturates mostly between 90°C and
130°C. For BEOL integration compatibility, the process should be limited to 400°C.

Two types of substrates were used in this study. For our standard SiO>/Si substrates, ~14 nm-thick SiO>
layer was formed on Si(100) substrates using an oxidation process. For in-plane thermal conductivity test
structures, ~100 nm-thick LPCVD SiN on Si(100) substrates were utilized. Prior to the sputter deposition,



the substrates were cleaned using acetone and isopropyl alcohol (IPA). Following 5 min Al target pre-
sputter cleaning, the deposition was performed at a desired gas composition (N2/(Ar+N2): 30% to 98%),
pressure (2-8 mTorr), DC power (50-200 W), and target-to-substrate distance (10-30 cm). A total number
of about 90 depositions were performed in this study. Type Il AIN films with higher thermal conductivity
and (0002) grain alignment were achieved at the higher range of gas composition (N2/(Ar+N,): 80% to
98%) and DC power (150-200 W), and lower range of pressure (2-3 mTorr) and target-to-substrate
distance (10-14 cm). It has been previously shown that (0002) texture can be improved by adjusting
target-to-substrate distance, working pressure and DC power.23

The thicknesses of the films were measured by atomic force microscopy (AFM) and X-ray reflection
(XRR) using Park XE-100 and Philips PANalytical X Pert, respectively. In this study, the AIN thin film
thicknesses are mostly between 100 nm and 300 nm. All the substrates were about 2 cm x 2 cm (length x
width). The thickness variation across each sample is < 3% and between samples, with same deposition
parameters, is < 6%. For the TDTR measurement, an 80 nm-thick Al transducer was deposited on top of
the samples using electron beam evaporation (AJA International Inc., ATC-E Series). Three points on
each sample were measured by TDTR and the variations were incorporated in the total error of the
thermal conductivity. In these samples, the thermal conductivity point to point variation is within the
fitting and thickness errors.

S2. X-ray diffraction analysis

A GI-XRD pattern of an AIN sample with weak c-axis texture is shown in Figure S1. To estimate the size
of crystallites in sputtered films, the (0002) diffraction peak of the AIN samples was utilized along with
the Scherrer equation® (1):
_ 0.942

5-= B cos(0)’ @
where A represents the x-ray wavelength, B is the peak FWHM in radians, and 0 is the diffraction angle. It
should be noted that this equation was originally meant for powders, but the estimated crystallite sizes,
also known as grain sizes, are only intended for comparative purposes within our datasets.

We note that the extracted grain sizes from GI-XRD (0002) peak provide an average grain size along
[0001] that are tilted roughly 16° with respect to the surface normal. However, if XRD (6-20) pattern is
used, the grain sizes correspond mostly to the grains with c-axis roughly aligned with the perpendicular to
the substrate. The thermal conductivity of type | and Il AIN samples in the cross-plane direction were
analyzed in relation to the effective grain size extracted from XRD (6-20) and GI-XRD patterns, as shown
in Figure S2a and b. For type | samples, no clear trend was observed in Figure S2a, indicating that
vertically aligned [0001] grains did not play a significant role in cross-plane heat transfer. In contrast,
Figure S2b demonstrates a positive correlation between thermal conductivity and grain size for type |
samples. For type Il samples in Figure S2a, a clear positive correlation was observed between thermal
conductivity and the effective grain size along [0001]. However, no trend can be observed in Figure S2b,
implying that tilted grains do not significantly contribute to the cross-plane heat transfer in type Il
samples.
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120 100

[~

|

(b) For GIXRD ;
type 1If
75t No correlation 4——,’

(a) For XRD (9-20)

100+ K| is correlated

-
-

80~

1 i
i
. ’ H
60 No correlatlon/ L g 5 50 K | is correlated \
40 thp_e I ,’ Al » N with the grain size ‘\
. . --...-v - H ‘
20 S —— i - - Q’ PR
P o oo U T RN - A
A ——— - * 60 2—"

K, (Wm'K)

P

0 l.--'-!'", 1 L 1 1 B&L o .-H—T---\- I
20 25 30 35 40 45 4 6 8 10 12 14 16 18
Grain size along [0001] (nm) Grain size along [0001] (nm)
(extracted from XRD 6-20) (extracted from GIXRD)

Fig. S2. Thermal conductivity versus grain size along [0001] (a) extracted from XRD, 6-26 scans, and (b)
from GI-XRD scans.

S3. TEM

Figure S3a and b show the plan-view TEM images of type | and type Il samples, respectively. The lateral
grain size at the surface of both types of samples is mostly between 20 nm and 30 nm. However, the
corresponding FFT insets imply more randomly oriented grains in Figure S3a and a weak in-plane
preferential orientation for type Il samples in Figure S3b. Figure S3c and d show higher magnification
images and the corresponding FFTs of multigrain and single grain areas confirming random orientation in
type | samples and a higher degree of alignment in type 11 samples. The dashed lines in Figure S3e and f
are guidelines for atomic planes in some of the grains with the corresponding crystal plane distances. The
measured 2.67 and 2.69 A atomic distances are in good agreement with the interplanar distances in
(1010) planes.
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Fig. S3 Plan-view TEM analysis. (a) The plan-view TEM of representative (a) type | and (b) type Il
films showing the lateral grain size mostly in the range of 20 nm to 30 nm. The insets show the
corresponding FFT images. (c) and (d) are high magnification images of (a) and (b). The FFT images
correspond to the blue- and orange-dashed squares in (c), and red- and yellow-dashed squares in (d). (e)
and (f) are measurements of the interplanar distances in (c) and (d), respectively.

S4. XPS

The XPS measurements were performed using a PHI VersaProbe 3 with an x-ray spot size of 200 um at a
power of 50 W. In order to measure the film composition below the surface, high resolution depth profiles
with a pass energy of 140 eV were performed using Ar sputtering (2 kV Ar ions) to etch the film and
measure the XPS spectra throughout the depth of the film. The percentage of each element (O, Al, and N)
was obtained by taking an average over all the depths measured below the surface. A representative depth
profile is shown in Figure S4 for an AIN film with high thermal conductivity. The atomic concentration
of each element (including Carbon) is shown as a function of Ar sputter time. After the initial surface
measurement (at 0 min), the atomic concentration is relatively stable throughout the thickness of the film.

All the type Il samples exhibit an oxygen content of <3% and Al:N atomic ratio of about 0.9, implying
that the structural characteristics of the type 11 samples are the dominant factors defining the thermal
properties of these films.
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Fig. S4 XPS depth profile. Representative XPS depth profile of an AIN film with high thermal
conductivity. The O and C concentrations are relatively high at the surface (0 min sputter time), but they
drop (to <1%) below the surface (=1 min sputter time). The O, Al, and N percentages are obtained by
taking an average over the values below the surface (from 1 min to 8 min of sputter time).

S5. Time-domain thermoreflectance (TDTR)

We utilized TDTR to determine the thermal properties of the AIN films, employing the same
methodology in previous publications.’® In the TDTR system, a Nd:YVO, laser generates a pulsed laser
beam at a repetition rate of approximately 82 MHz, with a wavelength of 1064 nm. The optical isolator
directs the laser beam through a half-wave plate and a polarizing beam splitter (PBS), dividing it into a
pump beam path and a probe beam path. The pulsed laser in the pump beam path is modulated by an
electro-optic modulator (EOM) for lock-in detection. Additionally, its wavelength is halved at a second
harmonic generator (SHG) to filter it out from the probe pulses. The sample is irradiated with the pump
beam after it is reflected by a cold mirror, and the beam is focused onto the sample using a 20X objective
lens. The probe beam pulses, after passing through the polarizing beam splitter, undergo temporal delay
via a mechanical delay stage. The delayed probe beam pulses then pass through a non-polarized beam
splitter, a half-wave plate, and a linear polarizer to adjust the polarization orientation. The probe beam is
finally reflected from the sample surface and detected by a photodetector, which is connected to a lock-in
amplifier. The resulting in-phase and out-of-phase voltage signals from the lock-in amplifier are then
utilized to determine the thermal properties of the sample.® Knife-edge measurements were performed to
determine the focused radii of the pump and probe beams, with values of 5.36 £ 0.1 and 3.19 + 0.05 um,
respectively. A pump power of 9.5 mW, modulated at 10 MHz, was used, while the probe was set to 3
mW and focused onto the sample surface using a 20x objective lens. We then fit the thermoreflectance
data to a 3D heat diffusion model for a multi-layer stack of materials, using the unknown properties of
interest as parameters to converge measurement and theory. The controlled parameters were obtained
from either independent measurements or literature data. We also independently determined the thermal
conductivity of the Al transducer and substrates using TDTR. The uncertainties resulting from these
independent measurements were incorporated into our thermal model to determine the total uncertainty of
the measurement.

The sensitivity of an unknown property, x, on the measured TDTR signal is determined by
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where r is the ratio (-Vin/Vou) in this study. Figure S5a and b depict the outcomes of the sensitivity
analysis carried out on AIN films with thicknesses of 100 nm and 200 nm, respectively, formed on 14

nm-thick SiO, on Si substrates. The thermal conductivities were assumed to be 10, 20, 30, 40 and 70 Wm-
1K1 for each film thickness.
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Fig. S5 TDTR signal sensitivity. Sensitivity of cross-plane thermal conductivity (k) and AIN/SiO>

thermal boundary conductance (Gainssio2) to signal ratio for (a) 100 nm-thick and (b) 200 nm-thick AIN
films.

S6. Fabrication of the thermal test structures

Figure S6 shows an example of our thermal test structures that were designed and fabricated for in-plane
thermal conductivity measurements.” Low-pressure chemical vapor deposition was used to grow about
100 nm SiN on Si(100) substrates. Backside SiN was patterned using photolithography and reactive ion
etching to open windows to the underneath Si. Through these openings, the Si was etched using KOH to
reveal the frontside SiN as suspended membranes. The heater and sensor metal lines were formed by 5/40
nm Cr/Pt electron beam physical vapor deposition and lift-off process. Another metallization and lift-off
process was utilized to form 5/70 nm Ti/Au contact pads, metal lines, and local heat sinks to ensure
uniform 1D heat transport.
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Fig S6. Optical micrograph of a thermal test structure with suspended membrane.



S7. Electrothermal measurement of in-plane thermal conductivity

The thermal test structures are used to measure the in-plane thermal conductivity of the SiIN membranes
and AIN films.”® Before the AIN deposition, the temperature coefficient of resistance (TCR) for each
metal line is measured using a four-probe resistance measurement on a hot plate in vacuum. Next, a
current, from 10 YA to 800 PA, is applied to the central heater line. The maximum applied current
depends on the structure dimensions and material. Using the voltage probes with 100 um spacing, the
resistance of the center part of the heater line is monitored. A four-probe resistance measurement is
simultaneously carried out on the sensor metal line using 10 pA forced current to avoid heating. Using the
TCR of the metal lines, the temperature rise in the heater and sensor is defined at any heater current (see
Figure S7a). Finally, the thermal conductivity of the SiN membrane can be calculated using a simplified
1D model:

Qd
= 2tL(ATY )
where Q is the electrical input power, d is the distance between heater and sensor, t is the thickness of the
SiN membrane (~110 nm), L is the distance between the voltage probe metal lines (100 um), and AT is
the temperature difference between the heater and sensor metal lines (T — Ts). The thermal conductivity
of the SiN membrane is determined to be 2.6 + 0.2 Wm'K™.

Ky

After the AIN deposition, the same procedure is repeated, starting from the TCR measurement. Using
equation (2) with t being the total thickness of the SiN and AIN films, the effective thermal conductivity

of the stack, and consequently the thermal conductivity of the AIN film, is calculated, as shown in Figure
S7b.

wl@ T T T T ] TN rews T T - ™
(a) - SR CHN A i

— 35} L 5 I AIN B 1
X < ,/’ E sl
= 30| g = ‘
<1 W — Tt 4
o o <z e ® ] LI
o 25F & > 6} ) ) g
= ot £ AIN+SIN (effective «,)
g 20t o Z 5f
2 Qe,& - S 4
ol , 'Y i r
!ag. 15+ ,‘efo”/ -‘seAn ge":s-?‘,." -g 3 SiN
£ L e qure O - S r " =B B ™
g 19 A qerwe T 2}

Sr P 5 1

gy =
Q k= I 1 I I L I F 0 1 I 1 L L I 1
0 003 006 0.09 012 015 0.18 0 003 0.06 009 0.12 0.15 0.18 0.21
Power (mw) Power (mW)

Fig. S7 Electrothermal measurement. (a) Temperature rise in heater and sensor versus electrical power.
(b) Extracted thermal conductivity from the electrothermal measurements for SiN, SiN+AIN, and AIN.

S8. FEM simulations

We performed finite element simulations using COMSOL Multiphysics to design the experiment for
measurement of in-plane thermal conductivity and to verify the accuracy of the thermal conductivity
extraction. To simplify the model, only half of the geometry is simulated by splitting it along the line of
symmetry. In Figure S5, the dimensions of the SiN membrane are chosen to be Lmembrane = 600 pm,



Winembrane = 166 pum, and the width of the heater Wheater = 1.5 pm. The thickness of the SiN is ~112 nm,
and the thickness of the AIN on top of the SiN is 173 nm. The heater to sensor distance is 50 um, and the
current applied to the heater line is 600 HA. These parameters are chosen to ensure sufficient heating at
the heater and sensor. A 3D temperature map is included in Figure S8a with the corresponding 2D top-
view thermal map in Figure S8b, showing the highest temperature along the heater and reduced
temperature along the width of the membrane. The temperature profiles along the membrane at the heater
and sensor are shown in Figure S8c, showing good agreement with the experimentally measured
temperature at the heater and sensor. These simulations verify the extracted thermal conductivity of the
SiN and AIN films and confirm the accuracy of the 1D thermal model.
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Fig. S8 FEM simulations. (a) 3D temperature map and (b) the corresponding 2D top-view thermal map
of a thermal test structure with 600 A current applied to the heater. The membrane length (Lmembrane),
membrane width (Wmembrane), and heater width (Wheater) are 600 pum, 166 pum and 1.5 pm, respectively. The
thickness of the SiN is ~112 nm, and the thickness of the AIN on top of the SiN is ~173 nm.

S9. Boltzmann Transport Equation predictions

We use a lattice thermal conductivity model based on the Boltzmann transport equation (BTE),%%1°
expressed as

K, = Bwamaxh wD(w) 2B ) fBE( Dot @dw, @)

where C is the volumetric heat capacity, v is the phonon velocity, A is the phonon mean free path, w,,,, IS
the Debeye cutoff frequency, D (w) is the phonon density of states, ng is the Bose-Einstein equilibrium
function, T is the temperature, and 7(w) is the phonon relaxation time. Using a similar simplification
approach as in previous studies, Al vacancies are the point defects with dominant effect on thermal

conductivity in AIN. In this study, we use Al defect density in conjunction with the following expression
for point defect scattering rate®®

1 v -m
— =0t ) A, )
J

Tp 4mvs

where f, represents the fractional concentration of the ith impurity atom, and m and m; denote the masses
of the original and ith impurity atoms, respectively.
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