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ABSTRACT: We present experimental measurements of the thermal
boundary conductance (TBC) from 78—500 K across isolated heteroepitaxially
grown ZnO films on GaN substrates. This data provides an assessment of the
underlying assumptions driving phonon gas-based models, such as the diffuse
mismatch model (DMM), and atomistic Green’s function (AGF) formalisms
used to predict TBC. Our measurements, when compared to previous
experimental data, suggest that TBC can be influenced by long wavelength, ;
zone center modes in a material on one side of the interface as opposed to the =% % F % ¥
“vibrational mismatch™ concept assumed in the DMM; this disagreement is
pronounced at high temperatures. At room temperature, we measure the ZnO/
GaN TBC as 490[+150,—110] MW m™> K™'. The disagreement among the
DMM and AGF, and the experimental data at elevated temperatures, suggests
a non-negligible contribution from other types of modes that are not
accounted for in the fundamental assumptions of these harmonic based formalisms, which may rely on anharmonicity. Given
the high quality of these ZnO/GaN interfaces, these results provide an invaluable, critical, and quantitative assessment of the
accuracy of assumptions in the current state of the art computational approaches used to predict phonon TBC across interfaces.

KEYWORDS: Thermal boundary conductance, DMM, AGF, gallium nitride, zinc oxide, phonon gas model,
interfacial thermal transport
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he thermophysical property defining thermal transport where j is the phonon polarization index, k is the wave-vector,
across an interface between two materials is often termed v, is the group velocity, and ¢ is the phonon transmission

g
the thermal boundary conductance (TIPC)' frequently coefficient. According to eq 1, the maximum TBC across an
approximated through phonon gas theory as
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interface can be achieved by engineering { to approach unity.
However, TBC is often assumed to decrease as the ratio of
Debye temperatures of the materials comprising the interface
decreases; in this case, the materials become more “vibration-
ally mismatched” and thus the transmission coeflicient
reduces.”™® This vibrational matching concept was inferred
from the well understood and proven behaviors that occur in
the elastic limit, where one can analyze long wavelengths. In
this elastic/harmonic limit, only vibrations that are closely
matched in frequency are able to transmit their energy across
an interface. This basic concept that only modes that are
frequency matched can transmit energy has formed the
backbone of what is presumed to be known about TBC.
Although this result is only rigorously true in the elastic limit, it
is often extrapolated to be true for all phonons and
temperatures and forms the basis of the diffuse mismatch
model (DMM),® which, as with eq 1, is also rooted in the
assumptions of the “phonon gas model” (PGM). Under this
formalism, at a heterogeneous interface { can never approach
unity due to the differing vibrational densities of states.
However, recent work has demonstrated that at epitaxial or
well-bonded interfaces TBC can approach this maximal
limit.”>” These experimental works draw into question the
validity of the DMM and other PGM-based approaches in
predicting the TBC across material interfaces. Similarly, these
questions have recently been raised in computational
studies." "

In principle, a direct comparison of these models to
experimental data should provide a check of the ability of
these theoretical approaches to correctly predict the phonon
driven TBC. Indeed, several groups have recently provided this
comparison to assess the validity of computational approaches
based on the DMM or Atomic Green’s Function (AGF)
formalisms.'”™'* However, these works along with the
overwhelming majority of measurements of TBC across
interfaces have focused on metal/nonmetal interfaces.”' '3~
Arguments rooted in the assumption that electron—phonon
scattering at metal/nonmetal interfaces contributes to TBC
have often been made to explain models and data for metal/
nonmetal interfaces.'®~>” While the validity of these electron—
phonon assumptions have been challenged via selected
experiments,””* " the presence of this unverified interfacial
heat transfer mechanism certainly calls into question direct
comparisons of metal/nonmetal TBC to the PGM or AGF
models, effectively leaving these phonon TBC models
unvetted.

The assessment offered in this work is important as it
examines an import basis of the PGM, namely that PGMs are
rooted in the concept of phonon transmissivity across an
interface. Both DMM and AGF are rooted in a Landauer
formalism and treat the TBC as a transmission of phonons. In
the two extremes of computational rigor presented in this
work, the DMM representing low-level and AGF high, the
DMM treats phonons as particles whereas the AGF accounts
for the wave nature of phonons. It is important to note that in
both models, the TBC is treated as a transmission with only
elastic interactions. The results in our present work
demonstrate that the elastic phonon transmission approach
to model the TBC will not capture experimental data
regardless of the rigor of the model calculations.

Knowing this, a measurement of TBC across an interface of
adjacent crystalline nonmetals would enable an assessment of
the ability of DMM and AGF models to predict phonon
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transport across interfaces. However, previous works reporting
measurements of nonmetal/nonmetal TBC across single
interfaces (i.e., not interpreted from superlattice measurements
or across transition layer interfaces) are lacking and limited to
highly disordered or amorphous interfaces.” * It is well-
known that pronounced interfacial disorder can lead to
changes in TBC', and as a result the aforementioned
nonmetal/nonmetal interface studies are not ideal to validate
phonon computational formalisms, which can not take into
account nonidealities at the interface.

In this work, we overcome this void in the literature by
studying the TBC across ZnO/GaN interfaces. We exper-
imentally measure the TBC across isolated heteroepitaxially
grown ZnO films on GaN substrates from 78—500 K. We
make note that the term isolated interface is meant to specify
that we can directly measure the TBC of the ZnO/GaN
interface as opposed to deriving the TBC from the thermal
conductivity of samples with a high density of internal
interfaces, such as superlattices. High lattice matching and
subsequent heteroepitaxial growth ensure high crystalline
quality of the ZnO films. Experimentally measured TBCs are
directly compared to the DMM using first-principles derived
phonon dispersions and AGF calculations based on first-
principles force constants. Our measurements show high values
for ZnO/GaN TBCs that exceed the values predicted by AGF
and DMM calculations by nearly a factor of 2 at elevated
temperatures. This difference between experiment and
computation suggests the basic assumptions governing these
formalisms are not suitable to predict the phonon TBC; this
points to the potential existence of anharmonic phonon
interactions enhancing the TBC at this ZnO/GaN interface, a
process that is not rigorously accounted for in DMM or AGF
simulations. We compare our measured ZnO/GaN TBC to
calculations of the theoretical maximum predicted under
various assumptions, along with previously derived TBCs from
measurements of ZnO/hydroquinone (HQ) superlattices.” In
comparison to various models and previous data, our results
suggest TBC may be intrinsic to the phonon modes in the
ZnO and not necessarily related to a “transmission” of modes
restricted by the vibrational states on the other side of the
interface. This mechanism of TBC being inherent to phonon
modes in the ZnO can not be predicted by PGM-based
formalisms. It is important to note that these results may also
be explained by the presence of anharmonic interactions at the
interface but that we can not yet separate which mechanism or
combination of mechanisms are responsible for the differences
between experiment and computation.

ZnO thin films of thickness between 5—930 nm were grown
heteroepitaxially on a Ga-polar GaN wafer by pulsed-laser
deposition. The GaN wafer was prepared on a [0001]-sapphire
wafer by metal—organic chemical vapor deposition employing
an AIN buffer layer.‘%’36 Film structure, roughness, and
thickness were characterized by X-ray diffraction (XRD)
including reciprocal space maps, atomic force microscopy
(AFM), and X-ray reflectivity (XRR). Figure la shows offset
20—w XRD scans of the ZnO and GaN [002] reflections for a
representative subset of the films. A strong ZnO [002]
reflection can be seen beside the GaN [002] peak, indicating
the films adopt the [001] orientation of the GaN.
Pendellosung fringing can be seen in some of the XRD
patterns, a result of X-ray interference from the ZnO thickness,
typically indicative of high crystal quality and smooth
interfaces.”” A 26-peak shift to lower angles (larger interplanar
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Figure 1. (a) XRD patterns for ZnO grown on GaN with various
thicknesses, (b) AFM data for 95 nm of ZnO, (c) AFM data for the
bare GaN wafer, and HRTEM images at the ZnO/GaN interface for
the 180 nm (d) and 95 nm (e) ZnO samples where the dotted yellow
line in both (d,e) denotes the ZnO/GaN interface.

spacing at lower thickness) can also be seen in Figure la. This
shift indicates that thin ZnO films experience in-plane
compressive epitaxial strain, while thicker ZnO films tend to
relax toward their bulk lattice parameter, as confirmed with
reciprocal space maps (see Supporting Information). Long
range 20—@ scans (see Supporting Information) indicate a
small amount of [110]-oriented ZnO grains at thicknesses
above 100 nm, but thinner films exhibit a pure [001]
orientation, implying that the [110] ZnO nuclei precipitate
away from the ZnO/GaN interface.

Representative AFM data for the 95 nm thick ZnO film and
the GaN wafer are shown in Figure 1b,c, respectively. The
GaN surface exhibits a step-terrace morphology and the ZnO
films adopt a comparable morphology with less distinct but still
observable step edges. The RMS surface roughness of all ZnO
films was ~1 nm or less and that of the GaN was <1 nm,
determined by AFM image analysis. Together, the XRD and
AFM data suggest heteroepitaxy and ZnO/GaN interfaces with
low dislocation density. While our structural characterization
indicates high crystalline quality of the ZnO, the small lattice
mismatch necessitates at least some volume of defected region
near the ZnO/GaN interface. In order to further investigate
this interface, cross-sectional transmission electron microscopy
(TEM) samples were prepared using the focused ion beam lift-
out technique. The samples, including both ZnO and GaN
layers as well as the interface between the two materials, were
extracted from the bulk sample and thinned to less than 100
nm. The high-resolution TEM images of the ZnO/GaN
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interface show an approximately 10—12 nm defective region in
the ZnO, shown in Figure 1d,e for the 95 and 180 nm samples,
respectively. It should be noted that the presence of
dislocations at an interface may influence the thermal
boundary conductance. However, previous works have shown
that the dislocation density at a ZnO/GaN interface with films
grown under similar conditions was 2 X 10%/cm” Another
prior work demonstrated that dislocation densities of this
magnitude had little to no influence on the thermal boundary
conductance between epitaxially grown GaSb and GaAs.*” In
this regard, we expect the presence of dislocations at the ZnO/
GaN interface to have a minimal effect on the TBC. There is
negligible interface mixing as determined via energy dispersive
X-ray spectroscopy mapping and, thus we conclude that the
ZnO/GaN interfaces are relatively chemically abrupt and no
separate phases are formed near the interface. Additionally,
(1100) two beam images at the interface shows crystalline
disorder from dislocations whereas the ZnO material above
this interface layer, as well as the GaN layer below it, exhibit
high crystalline quality. Regardless of this relatively dislocation-
dense interfacial region, the ZnO and GaN are crystalline,
including in regions near the interface. Further TEM images
and details on analysis can be found in the Supporting
Information. For ZnO films less than 100 nm thick, XRR was
employed for thickness determination.”” Fitting of the XRR
data provided ZnO layer thickness and yielded surface
roughness that agree with AFM data. For the 180 and 930
nm thick films, XRR was not able to resolve thickness
oscillations and, as such, selective etching and AFM
profilometry of a companion film, grown in the same growth
as the thermally characterized films, were used to determine
the thickness.

Our thermal measurements were carried out using time
domain thermoreflectance (TDTR), a technique that is
described in detail elsewhere.”"*”*" We first measure a piece
of the same GaN on sapphire wafer on which the ZnO films
were grown in order to measure both the GaN/sapphire TBC
as well as the thermal conductivity, k, of the GaN. We measure
Keaw = 159 + 12 W m™" K), in line with previous
measurements of high quality GaN with thickness of
~1 um."" These values are used in all subsequent analyses
discussed below and has the effect of reducing the number of
unknowns in our analysis to three: hyayz,0, Kzno, and
hy 700/Gan- In order to determine the thermal conductivity of
our ZnO, we measure a 930 nm thick film. This thickness
ensures we are only sensitive to the thermal conductivity of the
ZnO and hy 47,0, and not to hy 7,0,G.n- The thick ZnO film
yields a thermal conductivity of k7,0 = 53.4 + 4 Wm™' K7},
similar to values found in literature for high quality ZnO (refs
42—44) and in line with recent computational work.* Both
the GaN control and thick ZnO thermal conductivity were
independently tested and verified via TDTR at the University
of Virginia and Georgia Institute of Technology. It should be
noted there are a host of lower literature values for thin film
ZnO that are highly influenced by the microstructural features
present in the films, namely the presence of grain boundaries,
which may act as phonon scattering sites.**”

In order to obtain hy 7,0/c.n, We test films with thickness of
180 and 95 nm. Taking kz,o from the thick film leaves us with
two unknown parameters in the thermal model, hiy 7,0/6.n and
P a1/zn0, Which we can determine by fitting hy 41/7,0 with the
in-phase signal, V;,, and hy 7,0/G.n With the ratio of — V;,/ V..
We iterate these values into the opposing thermal models until
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Figure 2. (a) Experimental data (open symbols) and the best fits to our thermal model (solid lines) for the 180 and 930 nm thick ZnO films. (b)
Sensitivity contour plots for the 180 nm thick film for hy7,0/G.n as a function of hy 41/7,0- The lowest value of the contour lines indicates the
combinations of thermal parameters that lie within a 95% confidence interval. As is clear from the sensitivity contour plot, a relatively confined
range of values for hy 7,0/can and hy a;/z40 can produce best fits to the TDTR data, confirming our uncertainty bounds in our measurements of
hy 700/can in the 180 and 95 nm thick films. (c) Measured thermal conductivity of the 930 nm ZnO films (filled squares) compared to predictions
of bulk ZnO thermal conductivity via first-principles lattice dynamics (FPLD, filled circles). Using a series resistance model that accounts for
hg 700/Gany We then compare the effective thermal conductivities of the measured 180 nm films (open squares) and that predicted from FPLD
(open circles). The agreement supports our analysis procedure that assumes the thermal conductivity of the ZnO is reduced due to a TBC at the

7ZnO/GaN interface.”®

the values converge, yielding an average for these films of
moderate thickness of hy 7,0/con= 490[+150,—110] MW m™>
K. This value is among the highest nonmetal/nonmetal
room-temperature value reported in literature despite the
aforementioned 10—12 nm defective region at the interface.
Exemplary TDTR data and the model fits for the 930 and 180
nm films are shown in Figure 2a. Figure 2b shows the results
from a contour plot analysis that demonstrates the mean
square deviation of the thermal model to the TDTR data
(=Vin/Vou) for various combinations of hyz,0/cay and
hg ayzno @s input parameters in the model for the 180 nm
film. The lowest value of the contour lines indicates the
combinations of thermal parameters that lie within a 95%
confidence interval. As is clear from the sensitivity contour
plot, a relatively confined range of values for hy 7,0/c.n and
hy a1yzno can produce best fits to the TDTR data, confirming
our uncertainty bounds in our measurements of hK,Zno /GaN 1D
the 180 and 95 nm thick films. We further confirm these
reported values for hy ;,0/c.n through measurements on the
thinner ZnO films with thicknesses of 5, 10, 19, 27, 42, and 66
nm, discussed in the Supporting Information.

In light of the measurements and the relevant mean free
paths in ZnO, it is important to discuss the nature of the
phonon population impinging on the ZnO/GaN interface. The
mean free paths in ZnO, which can be found in the Supporting
Information, can be larger than the thicknesses of our films. In
this case, the TBC at the ZnO/GaN interface could be
influenced by a portion of phonon frequencies in ZnO that are
impinging on the interface after traversing through the ZnO
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ballistically. However, we assume that the ZnO phonons are
thermalized at the Al/ZnO interface and as such the spectrum
of phonons transferring heat across the ZnO impinging on the
ZnO/GaN interface are most likely a thermalized distribution.
Given this assumption, there are some portion of phonons
traversing the ZnO ballistically and some portion traveling
diffusively through the ZnO. That all samples regardless of
thickness yield the same result, or same lower bound, within
error suggests the TBC at the interface is not influenced by
ballistic phonon transport in the ZnO.

To allow for further investigation of the transport properties
at this well matched interface, we turn to temperature
dependent measurements of hy 7,0/.n- Relevant thermophys-
ical properties for the temperature dependent measurements
and analyses were taken from a combination of measurements
on control samples, namely the thick GaN and ZnO samples,
and a variety of existing literature.””**~>* As a validation of our
analysis procedure, we compare the measured thermal
conductivity of ZnO to those predicted via first-principles
lattice dynamics (FPLD).* Figure 2c shows that the measured
thermal conductivities of our thickest ZnO film (930 nm)
agree well with the FPLD predictions at higher temperatures.
At cryogenic temperatures, the deviation between the TDTR
data and FPLD predictions is most likely due to size effects in
the 930 nm film that are more pronounced at these lower
temperatures. To test our assumptions regarding the role of
size effects and our ability to extract the ZnO/GaN TBC in our
TDTR analysis, we calculate k7,5 for the 180 nm thick film
using FPLD with a boundary resistance in series, which we
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take from our measured data, given by Kgecive = (180 X 107°
m/Kepropak + 1/ Mk zn0/Gan) - We compare these predictions
to the measured effective thermal conductivities via TDTR.
The agreement between these FPLD predictions and our
measured data shown in Figure 2c give additional credence to
our TDTR fitting procedure used to measure hy 7,0/g.n OVer a
range of temperatures; namely that the thermal conductivity of
the ZnO thin films is reduced due to the finite TBC at the
ZnO/GaN interface. Specifically, we analyze our data in the
picture where the ZnO has an intrinsic thermal conductivity
and any size effects that would commonly be reported for thin
film ZnO are driven by the TBC at the ZnO/GaN interface.**
The slight disagreement between the FPLD model and our
TDTR data may be due to atomic defects in the ZnO, as the
FPLD simulations are based on a perfect crystal. This is in line
with the defective region we have shown at the ZnO/GaN
interface, which may account for this difference between the
model and measurements.

Figure 3 shows the results for hyz,0/c.n as a function of
temperature. We also plot experimental data from our recent
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Figure 3. Measured ZnO/GaN TBC as a function of temperature
(filled squares) compared to previous data measured across ZnO/
HQ/ZnO interfaces (open triangles),” DMM and AGF predictions of
the ZnO/GaN TBC (solid and dotted lines, respectively), and the
maximum TBC predicted via eq 1 (assuming isotropy, dashed line)
and this maximum TBC assuming a more precise shape to the
Brillouin Zone (dot-dashed line).*> At low temperatures, the
agreement between the data and AGF and their disagreement with
the DMM is ascribed to the failure of the DMM to account for the
effective interfacial transport of long wavelength modes. The
disagreement between the measured data and both the AGF and
DMM (and the convergence of these models) suggest that inelastic
scattering among different mode energies could be contributing to the
ZnO/GaN TBC, a phenomenon that is not rigorously accounted for
in our DMM and AGF formalisms assumed here.

work showing TBC across ZnO/HQ/ZnO interfaces extracted
from thermal conductivity measurements of organic/inorganic
multilayers grown via atomic/molecular layer deposition.” The
similarities in TBCs, in both magnitude and temperature
trends, suggest similar interfacial heat transport mechanisms
driving the TBC. In the case of the ZnO/HQ/ZnO, the results
suggested that the TBC was driven by the phonon flux in the
ZnO. The similarity in our current values for this
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heterogeneous ZnO/GaN interface suggest the same: namely,
the heat transport mechanisms driving the TBC across this
ZnO/GaN epitaxial interface are intrinsic to the ZnO, an
observation that is contradictory to the DMM and other PGM-
based theories. Recent works®>® have suggested that the TBC
across ideal interfaces can be driven by near perfect
transmission of long wavelength, zone center phonons. It
should be noted that recent works have shown that long-
wavelength phonons at interfaces can in fact have a
transmissivity close to unity.”® This is in disagreement with
theories rooted in the PGM, such as the DMM and other
Landauer-based formalisms, that assume vibrational mismatch
between two materials’ densities of states can impact
transmission of all phonon wavelengths and do not capture
the wave-based nature of phonon transport.”” Even so, AGF
calculations take into account the wave nature of phonons and
for long-wavelength phonons at perfect interfaces would
naturally capture a higher transmissivity than is predicted via
the DMM. This difference in how the DMM and AGF treat
phonons explains the discrepancy between the DMM and AGF
seen in Figure 3. Furthermore, our results support these
aforementioned works®>*° and suggest that at “perfect”
interfaces the conductance can be intrinsic to one of the
materials adjacent to the interface, in our case, ZnO.

We more quantitatively analyze our measured TBC data and
assess the viability of AGF and PGM-based DMM assumptions
by calculating the TBC via the DMM and AGF. We specifically
target these two modeling formulations for a variety of reasons.
The DMM is arguably the most widely used tool to calculate
TBC at the interface between two materials, and offers a
relatively simple assessment of TBC. Conversely, the AGF
represents the other end of the extremes of computational
rigor for modeling TBC as the AGF takes into account the
atomic arrangement and interatomic potentials at and near the
interface. It is important to note that, while the atomic nature
of the interface is captured in AGF simulations, AGF still relies
on the principle of phonon transmissivity. As such, both of
these models, while vastly varying in rigor, rely on a phonon
transmission concept and in the implementation of the models
in this work cannot account for anharmonic interaction that
may take place at the interface. First, we calculate the ZnO/
GaN TBC with the DMM assuming an isotropic Brillouin
Zone, an assumption that is arguably the most widely applied
in DMM predictions.””*>® The details of these calculations
are further discussed in the Supporting Information but we
note that we calculate the DMM via a polynomial fit to the
phonon dispersion of ZnO and GaN in the ' - M
direction.””*” The DMM underpredicts the measured
hy 7n0/Gan Dy nearly a factor of 2 across the entire temperature
range. It should be noted that our assumption of Brillouin
Zone isotropy may certainly be playing a role in this
disagreement as anisotropy in the crystal structure can affect
TBC.5~%* However, as previously discussed, our data also
suggest that the fundamental assumptions driving the DMM
can not capture the TBC at this heteroepitaxial ZnO/GaN
interface, so this disagreement is not surprising.

We also calculate the ZnO/GaN TBC using AGF, as shown
in Figure 3. Our AGF calculations include the exact atomic
level detail of the interface, in comparison to the DMM which
is limited in this atomic-level description. We note that direct
comparisons between AGF calculations and an appropriately
matched experimental measurement of an isolated nonmetal-
nonmetal TBC are, to the best of our knowledge, nonexistent.
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Thus, our results herein for an AGF prediction of the ZnO/
GaN interface provide a critical comparison that has been
absent in the literature and we believe this is the first true test
of the underlying theory of the AGF method, via a direct
comparison to experiments, whereby there is minimal
discrepancy between the simulated and measured structures.
It is important to note that, although we have identified a
disordered region near the ZnO/GaN interface as previously
discussed, our interfaces are still single crystalline, justifying
this direct comparison with AGF. Our AGF calculations were
performed ab initio using density function theory (DFT). The
electronic structure calculations were performed using
Quantum ESPRESSO.®® The general details associated with
the AGF implementation are well described elsewhere,”*~*
and our specific assumptions are outlined in the Supporting
Information; the results of these calculations are shown in
Figure 3. In general, the AGF calculations capture the low
temperature values but underpredict the trends and values at
high temperatures.

Unlike the DMM, the AGF formalism accounts for the
wave-like nature of phonon transport and naturally captures
phonon transport processes typically associated with tradition-
ally assumed acoustic mismatch theories;*’%”" that is, AGF
can account for the fact that long wavelength phonons can
efficiently transfer energy across interfaces more so than short
wavelength phonons, 273 phenomena that has been
theorized previously.>>*®’*”® 1t is of note that the DMM
does not account for this effect and assumes all phonons
scatter diffusively at interfaces, thus underpredicting the
contribution of long wavelength phonons to TBC. This has
the potential to explain the disagreement between the AGF
and DMM predictions at low temperatures and supports these
aforementioned previous theories that long wavelength
phonons can effectively transfer energy across heterogeneous
interfaces,*”**”*”* and do not obey DMM-based constraints.

At higher temperatures the DMM and AGF calculations
converge, while still underpredicting the experimental data by
nearly a factor of 2. A potential source of this underpredicition
has often been ascribed to inelastic scattering at the interface,
where anharmonic interactions among multiple phonons can
open up additional parallel pathways for increases to
TBC.>*>7°7%" Given that both our AGF and DMM
calculations only assume harmonic interactions, this indeed
could explain the discrepancy between the models and our
measured data. More specifically, especially given the rigor of
our AGF calculations and the applicability of its direct
comparison to our experimental data, inelastic scattering
processes are most likely contributing to the TBC at the
ZnO/GaN interface at elevated temperatures.

Figure 3 also shows the calculations for the maximum
possible TBC, calculated both via eq 1 with { = 1, which
assumes an isotropic Brillouin Zone in the I' - M direction,
and using AGF at a ZnO/ZnO interface, which accounts for
the exact geometry of the Brillouin Zone in ZnO. The most
accurate calculation for this maximum TBC determined via the
AGEF calculations sets the upper bound for the ZnO flux, and
our data are over a factor of 2 lower than this limit. We note
the substantial disagreement between the AGF maximum limit
and that calculated via eq 1, which is most likely due to our
assumptions of the Brillouin Zone shape and the dispersion
relation used to calculate TBC under the DMM framework, as
previously discussed. Thus, when determining the maximum
possible TBC across interfaces, it is important to use as
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detailed a phononic spectra as possible to ensure accuracy.
Furthermore, even at these heteroepitaxial ZnO/GaN
interfaces the measured TBC is only ~30% of the maximum
TBC. Given our previous discussion regarding the high efficacy
of long wavelength modes, these data also suggest that high
frequency modes are not effective carriers of energy across
interfaces, which supports recent computational findings.>*”*

In summary, we have reported experimental measurements
of the TBC across isolated heteroepitaxially grown ZnO films
on GaN substrates from 77—500 K, providing a direct
comparison of measured TBCs to DMM and AGF simulations.
This comparison allows for a direct assessment of the
assumptions implemented in DMM and AGF calculations.
Our measurements, when compared to previous experimental
data across ZnO/HQ/ZnO interfaces, suggest that the TBC
can be influenced by the modes in the material on one side as
opposed to the “vibrational mismatch” concept assumed in the
DMM. Furthermore, the disagreement between both the
DMM and AGF, and the experimental data at elevated
temperatures, suggests that the contributions associated with
anharmonicity and also possibly from other types of modes
that are not accounted for in these commonly used harmonic
formalisms, are far from negligible. Our data suggest that long
wavelength phonons can effectively transmit across interfaces,
supporting the findings of recent computational studies.”””*

These results also provide invaluable impact into strategies
for thermal mitigation and power dissipation in electronic
devices such as microprocessors, semiconductor-based radio
frequency devices, and radar amplifiers.”’ ™’ The thermal
bottleneck in these devices has proven to be the major
roadblock in achieving higher power gallium nitride high-
electron mobility transistors (GaN HEMTs) along with other
semiconductor-based high-frequency, high-output power tech-
nologies.”** A significant limitation in the ability to scale
devices to higher powers, especially as active regions continue
to dimensionally shrink, is the TBC at GaN interfaces, and its
effect on heat transfer into submounts and heat sinks.*® Our
results lend insight into how phonon modes couple energy
across GaN-based interfaces.
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