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Ballistic-phonon heat conduction at the nanoscale as revealed by time-resolved x-ray diffraction
and time-domain thermoreflectance
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We use time-resolved measurements of the evolution of surface and buried layer temperatures to quantify the
contribution of ballistic phonons to heat transport on nanometer length scales. A laser pulse heats a 100 nm
thick Al film which cools by conduction into a GaAs substrate. The top 120-250 nm of the GaAs substrate is
doped with In to create a buried layer with a distinct lattice constant. The cooling of the Al film is monitored
by time-domain thermoreflectance and, in the second set of experiments, the heating and cooling of the
GaAs:In buried layer are monitored by time-resolved x-ray diffraction. The combination of these data shows
that thermal transport by ballistic phonons accounts for nearly 20% of the heat flow across the buried layer on

nanosecond time scales.
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I. INTRODUCTION

In nonmetallic crystals, thermal transport is mediated by
phonons with a wide distribution of wavelengths and life-
times. If the characteristic length scale of a structure is large
compared to the mean free paths of the phonons that contrib-
ute most strongly to the thermal conductivity, the diffusion
equation is an accurate description of the transport of thermal
energy. In nanoscale devices and structures, however, the
diffusion equation is not a rigorous approach because the
length and time scales of interest often overlap with the
mean free paths and lifetimes of the dominant heat
carriers,'™ i.e., a significant quantity of heat can be carried
by a small fraction of phonons that are out of equilibrium
with the majority of the vibrational modes that dominate the
heat capacity of the solid. The heat current also becomes
nonlocal in the temperature gradient.® The growing need to
better understand heat transport at the nanoscale is driving
the development of experimental techniques and theoretical
models capable of probing and predicting thermal transport
in this new regime.’

Time-domain thermoreflectance (TDTR) is a well estab-
lished optical pump-probe technique that measures the evo-
lution of surface temperature with picosecond time
resolution.®? Because of this high time resolution, TDTR is
sensitive to the physics of heat conduction on nanometer
length scales but, in practice, this sensitivity is limited by the
geometry. TDTR measures the temperature at the surface and
cannot access the evolution of temperature at other locations
in the structure. Furthermore, while we have recently devel-
oped accurate methods for modeling TDTR data using ana-
lytical solutions of the heat diffusion equation,'? it is not yet
possible to quantify deviations from diffusive heat flow using
TDTR alone.
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For these reasons, we have developed an approach for
probing the temperature evolution of buried layers on pico-
second time scales by time-resolved x-ray diffraction
(TRXRD). The combination of TDTR data for the decay of
the surface temperature and TRXRD data for the heating and
cooling of a buried layer provides a nearly complete picture
of heat conduction at the nanoscale. We have applied this
approach to thin film structures consisting of 120—250 nm
layers of (GaAs),_,(InAs), grown epitaxially on GaAs sub-
strates and coated with a 100 nm film of Al. We find that a
significant fraction of the heat that leaves the Al film is car-
ried by a small number of phonon modes with mean free
paths longer than the thickness of the buried
(GaAs),_,(InAs), layer. We refer to these phonons as “bal-
listic” phonons since they traverse the alloy layer without
scattering. The ballistic phonons represent the nonequilib-
rium portion of the phonon population within the alloy layer,
and since the ballistic phonons do not scatter within the alloy
layer, they do not contribute to its heating.

Previous work using x rays to study phonon dynamics
applied diffuse x-ray scattering to probe photoexcited non-
equilibrium phonon populations in GaAs. McWhan et al.!
were able to set an upper bound of ~2 us on the lifetime of
zone boundary phonons. In our work, we have used x-ray
diffraction with a time resolution of 100 ps to determine the
fraction of heat carried by nonequilibrium phonon popula-
tions in (GaAs);_,(InAs),.

11

II. EXPERIMENTAL DETAILS
A. Sample preparation

The (GaAs),_,(InAs), layers were grown in a vertical
chamber, atmospheric pressure metal-organic chemical vapor
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deposition (MOCVD) system from arsine, trimethyl gallium,
and trimethyl indium precursors with a V/III ratio of =20.
After a 10 min, 800 °C desorption bake of the semi-
insulating GaAs (001) substrates, the temperature was
ramped down to 625 °C for the deposition of a 100 nm
GaAs buffer layer followed by the (GaAs),_ (InAs), layer.
We prepared three samples with compositions and thick-
nesses of the alloy layers close to but below the estimated
critical thicknesses for strain relaxation.'> As expected, high-
resolution x-ray diffraction showed that the layers were fully
strained. The (GaAs),_,(InAs), layers were grown fully
strained to eliminate phonon scattering by dislocations that
would be present in partially relaxed (GaAs),_,(InAs), lay-
ers. The composition of the samples was derived from the
tetragonal strain assuming the validity of Vegard’s law and a
Poisson ratio of v=0.31.13 After the samples were removed
from the MOCVD system, a 100 nm thick film of Al was
deposited in a separate chamber by magnetron sputtering.
The thickness of the Al film was measured by picosecond
acoustics.

B. Time-domain thermoreflectance and time-resolved x-ray
diffraction

TDTR measurements used the apparatus and analysis
methods described previously.”-!” The pump and probe beam
powers were 15 mW and the 1/¢? radii of the laser spots
were 15 wm; the temperature rise created by this laser inten-
sity was <2 K.!°

TRXRD experiments on the same samples were per-
formed at the sector 7 MHATT-XOR beamline at the Ad-
vanced Photon Source (APS) of Argonne National Labora-
tory. In the standard operation mode of the APS, 24 electron
bunches circle the APS storage ring every 3.68 us. An am-
plified Ti:sapphire pump laser with a repetition rate of
~5 kHz is synchronized to the storage ring'* and used to
heat the surface of the sample. Laser pulses with energies of
280 or 110 uJ were focused to an elliptical spot on the
sample with 1/e? radii of 1.26 and 2.63 mm. The evolution
of strain in the sample was probed by 100 ps, 9.2 keV x-ray
pulses.!> Each x-ray pulse contained ~10° photons in a spot
550 pm high and focused to 30—60 wm wide using an ellip-
tical, grazing-incidence mirror. The large difference in the
size of the x-ray and laser spots in this experiment ensures
that heat flow across the layers can be treated as one dimen-
sional. A gated x-ray detector measured the diffraction inten-
sity generated by the x-ray pulse that arrived at the sample
close in time to the laser pulse and the x-ray pulse that ar-
rived 153 ns later. The temporal resolution of this measure-
ment technique is limited by the 100 ps duration of the x-ray
pulse; acoustic phenomena are therefore too short lived to be
measured by the technique. Measurements of the GaAs (004)
and the (GaAs),_,(InAs), (004) diffraction peaks were per-
formed with a four-circle diffractometer near a Bragg angle
of 28.5°.

C. Relationship between the position of the diffraction peak
and the temperature distribution of the buried layer

At long times, the temperature distribution AT(z) within
the buried layer is homogeneous and the shift in the position
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of the x-ray diffraction peak of the buried layer can be easily
calculated from the coefficient of thermal expansion a («
=5.97 % 107° K~! for GaAs)'® and Poisson ratio v of the bur-

ied layer,
AL 1+v
— =« AT, (1)

where L, is the unshifted peak position in reciprocal space
and AL is the change in the peak position. At short times,
however, AT(z) is not uniform and we must relate A7(z) to
the changes in the position and shape of the intensity of the
diffraction peak I(K), where K is the scattering vector. We
show below that for small values of AT(z), the shape of the
diffraction peak is nearly constant and the main effect of
AT(z) is a shift of the diffraction peak in reciprocal space
I(K—s). What we desire is a function G(z) that connects a &
function of strain at some location in the buried layer to a
contribution to s. The full s can then be calculated from the
integral of G(z)AT(z).

Since we are only concerned with the change in the posi-
tion of a (O0L) reflection in the direction normal to the sur-
face, the diffraction problem reduces to a one-dimensional
integral transform over the thickness of the layer. We define
z=0 as the center of the buried layer. The x-ray absorption
depth is much larger than the thickness / of the buried layer;
therefore, G(z) is an even function of z and we can simplify
the calculation of G(z) by introducing two delta functions of
strain at positions z=a and z=-a. The scattering amplitude
from the layer is then

A(k):f exp(- i6)exp(ikz)dz+f exp(ikz)dz
—h2 -a

hi2
+ f exp(id)explikz)dz, (2)

a

where 6 is the strength of the 6 function of strain and

k=27K-?. (3)
For small 6,
2 -a
A(k) =f exp(ikz)dz — i5f exp(ikz)dz
—h12 —hi2
2
+ iéf expl(ikz)dz, (4)
a

which simplifies to

M - 275 (cos(kh/2) = cos(ka)).  (5)

A(k) =
Equation (5) describes the amplitude of the diffraction from
a thin layer as a function of the location z=a of a symmetri-
cal & function of strain. Equation (5) does not describe a
simple rigid shift of the diffraction peak. However, the
changes in amplitude are approximately the same as would
be produced by a shift s in the position of the diffraction
peak. Near kh=r, this shift is
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The key result is the cosine dependence on the position of
the strain. Normalizing this cosine function over the thick-
ness of the layer gives the appropriate weighting function

M 4
G(z)=— - . 7
() o COS(hW) (7)
The weighted average temperature of the layer is
h12
AT, = f G(2)AT(z)dz, (8)
~h12

and for an arbitrary temperature distribution within a buried
layer, the shift in the position of the diffraction peak is

AL (1+V

— =

» )ATHU. 9)

1-v
Since the shape of the diffraction peak is known, we can
invert Eq. (9) and use the changes in intensity measured at
the half-maximum position to determine the average tem-
perature AT, of the buried alloy layer as a function of delay
time 7.

III. RESULTS
A. Time-domain thermoreflectance

Figure 1 shows the raw data for the ratio of the in-phase
and out-of-phase signals measured by the rf lock-in amplifier
used in the TDTR experiments. The dashed line in Fig. 1
shows a fit of the data using a diffusive heat flow model."”
The thermal conductivity A of the (GaAs),_(InAs), layer
and the thermal conductance G of the Al-(GaAs),_.(InAs),
interface are the only two free parameters. This diffusive
heat flow model is an exact numerical solution of the heat
diffusion equation in cylindrical coordinates and, therefore,
radial heat flow within the Al films and the sample is fully
taken into account.

The solid line in Fig. 1 is a fit to the data using a thermal
model in which an additional channel for heat flow is used to
model ballistic heat transport across the buried layer. The
thermal effusivity & of the second channel is the third free
parameter in this two-channel model. This two-channel
model is described in detail below.

B. Time-resolved x-ray diffraction

Figure 2 shows an example of the change in the diffrac-
tion from a (GaAs),_,(InAs), strained layer at a positive
value and a negative value for the time delay ¢ between the
laser pump and x-ray probe. To record how the strain in the
sample varies as a function of ¢ and to make the most effec-
tive use of x-ray beam time, we do not measure the diffrac-
tion intensity as a function of both diffraction angle and ¢ but
instead fix the diffraction angle at the half-maximum position
and vary only . To calculate the average temperature of the
film from the measured change in intensity, we first fit the
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FIG. 1. The ratio of the in-phase and out-of-phase signals from
the rf lock-in amplifier used in TDTR measurements versus delay
time between the pump and probe laser pulses for the 246 nm
(GaAs).993(InAs)g 007, 161 nm thick (GaAs)gogs(InAs)o 4 layer,
and 126 nm (GaAs)(og1(InAs)g 19 samples. The dashed lines are
fits of the data using a one-channel heat flow model in which the
thermal conductivity of the (GaAs),_,(InAs), layers and the thermal
conductance of the Al-(GaAs),_,(InAs), interfaces are free param-
eters. The solid lines are fits of the data using a two-channel heat
flow model which accounts for both diffusive and ballistic heat
flows. In the two-channel model, the effusivity of the second chan-
nel is an additional free parameter.

unshifted intensity of the (GaAs),_,(InAs), (004) diffraction
peak with a Gaussian function,

2
I(L)=Io+(%)exp(— 2(ﬂ> ) (10)
wy /2 w

This Gaussian function is then inverted to describe peak po-
sition as a function of intensity at a single point in time,
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FIG. 2. Two scans of the 004 x-ray diffraction peak from a thin
layer with composition (GaAs)qoge(InAs)g 4. The filled circles
show the diffraction peak before the arrival of the laser pulse and
the open circles show the diffraction peak 4.4 ns after the laser
pulse has reached the sample.

075337-3



HIGHLAND et al.

—(L_LO)=K{_11n<_WV%(1‘10))]1/2. (1

As the layer is heated, the diffraction peak will shift as a
function time. We calculate the peak shift from the change of
intensity as a function of time AI(¢) with the relation

[~ 12
AL_®=£[_11H<ww/2(AI(r)))}. 12)
Ly Ly 2 A

Substituting Eq. (12) into Eq. (9) and solving for AT, yields
the average temperature as a function of time, as shown by
the data points in Fig. 3.

The dashed lines in Fig. 3 are the evolution of T, of the
buried layer predicted by a solution to the diffusion equation
using the values of A and G measured using a one-channel
model fit of the TDTR data. Since we do not know the laser
fluence precisely, we adjust the laser fluence in the model to
fit the model to the data at long times (> 150 ns) where the
temperature excursion is controlled solely by the known ther-
mal effusivity of the GaAs substrate. The adjusted values for
the laser fluence differ from predicted values by as much as
a factor of ~2. We see that the heating rate and peak tem-
perature predicted by the model exceed the temperature re-
sponse measured by TRXRD. The solid line in Fig. 3 shows
a fit of the TRXRD data using a two-channel thermal model
with the same values of A, G, and & used to generate the
solid line in Fig. 1. The two-channel heat flow model is
discussed in detail below.

Our use of the thermal expansion of the buried layer as a
thermometer is justified because the vast majority of the
phonons are in equilibrium and this equilibrium population
of phonons determines the lattice expansion of the film. The
small fraction of phonons that traverse the buried layer bal-
listically is not in equilibrium. The ballistic phonons make a
significant contribution to the heat transport, but since all of
the vibrational modes of the solid have Griineisen parameters
on the order of unity!” and therefore contribute equally to the
lattice expansion of the film, the contribution of the small
number of ballistic phonons to the lattice expansion is neg-
ligible.

IV. DISCUSSION
A. One- and two-channel heat flow models

The single channel thermal model used to generate the
dashed lines shown in Figs. 1 and 3 uses solutions of the heat
diffusion equation to calculate the temperature evolution of
surface or buried layers. The single channel model treats the
thermal conductivity of the (GaAs),_,(InAs), layer A and the
Al-(GaAs),_(InAs), interface conductance G as free param-
eters. As can be seen from Fig. 3, the single channel heat
flow model does not yield a consistent value for G when
used to fit both the TDTR and TRXRD data. This discrep-
ancy can be attributed to the simplifying assumption in the
single channel model that the cooling of the layers is gov-
erned by only diffusive heat flow. To reconcile the discrep-
ancy in the values of G measured with TDTR and TRXRD,
we have developed a thermal model in which heat propa-
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FIG. 3. The time evolution of the average temperature of
(a) the 246 nm (GaAs)g93(InAs)g o7 layer, (b) the 161 nm thick
(GaAs)gogs(InAs)g 14 layer, and (c) the 126 nm
(GaAs)gog1(InAs) 019 layer as determined from shifts of the dif-
fraction peak, see Eq. (12). The dashed lines are the evolution of the
weighted average temperature of the buried layer predicted by a
solution to the diffusion equation using the values of A and G
measured using a one-channel model to fit the TDTR data. The
solid lines are fits of the data using a two-channel heat flow model
in conjunction with TDTR data to determine A, G, and e.

gates from the surface of a sample into the substrate via two
distinct channels, simulating diffusive and ballistic heat
flows, respectively.

The diffusive heat flow channel is modeled as before with
the known thicknesses and heat capacities of the
Al-(GaAs),_(InAs), layers, leaving the thermal conductivity
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of the alloy layer A and the thermal conductance G of the
interface between the Al film and the alloy layer as the two
free parameters. Recall that our definition of a ballistic pho-
non is a phonon with a mean free path larger than the thick-
ness of the alloy layer. Of course, the same phonon modes
that are ballistic on the length scale of the thickness of the
alloy layer are diffusive at depths in the GaAs substrate
greater than the mean free path. Since we cannot currently
incorporate ballistic transport directly into our thermal mod-
els, we approximate the contribution of ballistic phonons to
the heat transport by a thin surface layer where the heat is
deposited and a thick second layer with a high thermal dif-
fusivity and low thermal effusivity. We refer to this second
channel for heat transport as a “ballistic channel,” in refer-
ence to the ballistic transport through the alloy layer, even
thought the transport on longer length scales is diffusive in
the substrate. The amount of heat carried by the ballistic
channel is characterized by the effusivity & of the second
layer, which is defined as

8=(A2C2)1/2, (13)

where A, and C, are the thermal conductivity and heat ca-
pacity per unit volume of the second channel. To better char-
acterize the two-channel model, we examine the sensitivity
of the TDTR and TRXRD data to A, G, and ¢ of the ballistic
channel in the next section.

B. Sensitivity parameters

We define the sensitivity of TDTR by!8
Storr= 0 In(= V;y/ Vo, )13 In(), (14)

where V;, and V,,, are the in-phase and out-of-phase voltage
signals measured by the rf lock-in amplifier and ¢ is the
thermal property of interest, in this case either A, G, or e.
Because the temperature excursion measured by TRXRD is
small at short delay times 7, we define a slightly different
sensitivity as

AT, (1)
StrxrD = A—

(9In(AT,,(1))/d1n(¢)),  (15)

av_peak

where AT, (7) is the temperature rise of the buried layer as a
function of time and AT, . is the peak average tempera-
ture excursion. Figure 4 shows the calculated sensitivities of
the two techniques to the three free parameters listed above.
The sensitivities of the TDTR measurement to both G and &
are similar in shape, indicating that the TDTR measurement
cannot distinguish between & and G. However, at short time
(< ~1 ns) the sensitivity of the TRXRD measurement is
dominated by G and the sensitivity to G has a shape which is
distinct from that of the sensitivity to &, indicating that ac-
curate values for G can be measured by fitting the TRXRD
data at short times. Figure 4 also shows that the sensitivity of
the TDTR measurement to both G and & falls to zero near
1 ns, indicating that A can be determined from this point in
the TDTR curve. Once A and G are fixed, € can be measured
by determining which value of & simultaneously gives the
best fit of the TRXRD and TDTR data near 2—3 ns.
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FIG. 4. Sensitivity [see Egs. (14) and (15)] of the TDTR (solid
lines) and TRXRD data (dashed lines) to the (GaAs),_,(InAs),
layer thermal conductivity A, the thermal conductance G of the
Al-(GaAs),_,(InAs), interface, and the effusivity & of the ballistic
channel plotted as a function of the delay time between pump and
probe. This calculation was based on typical values of the three free
parameters, G=100 MWm™2K™!, A=15Wm 'K, and e
=1150 Im2 K257,

The inability of TDTR to distinguish between heat flow in
a ballistic channel and a larger value of the
Al-(GaAs),_,(InAs), interface conductance is due to the fact
that TDTR measures the evolution of the surface temperature
of a sample. On the time scales relevant to this experiment,
phonons in the Al layer are in equilibrium. As the Al film
cools, phonons that traverse the alloy layer ballistically and
deposit heat directly into the GaAs substrate have the same
effect on the TDTR measurement as high values for the
Al-(GaAs),_,(InAs), interface conductance. On the other
hand, TRXRD measures the lattice thermal expansion, which
measures the temperature of the majority of vibrational
modes that are in equilibrium and carry heat from the Al film
into the (GaAs),_,(InAs), layer. Since the heat carried by
phonons that traverse the alloy layer ballistically will not
contribute significantly to the expansion of the layer,'
TRXRD is able to distinguish between G and e. This differ-
ence in the sensitivity of the techniques makes the measure-
ment of ballistic heat flow with a combination of TDTR and
TRXRD possible.

C. Thermal conductivity, interface thermal conductance,
and the effusivity of the ballistic channel

The values of A (filled circles) and G (open triangles)
extracted from fitting the TDTR and TRXRD data with a
two-channel heat flow model are summarized in Fig. 5. The
measured thermal conductivities agree well with predictions
of a lattice dynamics model following the approach of Mo-
relli et al.,’° also shown in Fig. 5. In the lattice dynamics
model, we calculate the thermal conductivity using the
Debye-Callaway formalism but treat the longitudinal and
transverse modes separately. We assume that the phonon dis-
persion is isotropic and approximate the cutoff frequencies
by the acoustic phonon frequencies at the zone boundary of
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FIG. 5. Thermal conductivity (filled circles) of the
(GaAs)|_,(InAs), layers and thermal conductance (open triangles)
of the Al-(GaAs),_,(InAs), interfaces for three samples as mea-
sured by TDTR and TRXRD versus percentage of InAs content.
These values were extracted using a two-channel heat flow model.
Also shown are predicted values (open circles) for the thermal con-
ductivity of the (GaAs),_,(InAs), layers based on the lattice dy-
namics model described in Sec. IV C. For the sample with 1.4%
InAs content, the points for the measured and predicted values of
the thermal conductivity overlap.

GaAs along [100].2! As we have done previously,?> we de-
viate from the approach of Ref. 20 and substitute a high
temperature form for the N-process relaxation rate 7'
=Byw*T. We fix the relative anharmonic scattering strengths
of umklapp and normal processes, By and By, by the ratios
of the mode velocities, Griineisen constants, and cutoff fre-
quencies, and obtain absolute values of the anharmonic scat-
tering strengths from a fit to the thermal conductivities of
GaAs.”? We calculate the strength of Rayleigh scattering of
our samples (lightly doped GaAs) using the dimensionless
parameter I' [see Eq. (16) of Ref. 20] that describes the
strength of phonon scattering by mass disorder. We do not
consider Rayleigh scattering by the differences in atomic size
or bond strength because these contributions to I' should
oppose each other so that the total correction to I" is rela-
tively small.”! We derive I'=Ax, where x is the InAs content
in our layers and A=0.19. In our model, we include a bound-
ary scattering length equal to the layer thickness, which ac-
counts for the reduction in the thermal conductivity due to
the finite film thickness.

To quantify the contribution of ballistic phonons to the
total thermal transport from the Al film, we compare the
thermal effusivity of the ballistic channel and the thermal
effusivity of the alloy layers in Fig. 6. For layers with thick-
nesses of 246, 161, and 126 nm, the effusivity of the ballistic
channel is 15%, 19%, and 19% of the total thermal effusiv-
ity, respectively.

We also used the same lattice dynamics model as de-
scribed above to predict the effusivity of the ballistic chan-
nel. In this calculation, a phonon is considered to be ballistic
if the mean free path is longer than the thickness of the
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FIG. 6. The thermal effusivity of the ballistic heat flow channel
(open triangles) used in the two-channel heat flow model to consis-
tently fit both the TDTR and the TRXRD data plotted as a function
of the percentage of the InAs content of the buried layer. Predicted
values for the thermal effusivity of the ballistic channel based on
the lattice dynamics model (LD model) described in Sec. IV C are
plotted as open circles. The effusivity of the diffusive channel cal-
culated from the full heat capacity of the alloy layer and the thermal
conductivity of the alloy layer are plotted as open squares.

buried layer. The results of those calculations are included in
Fig. 6. The predicted effusivities are approximately a factor
of 4 less than the measured values.

We compared the temperature of the Al film on the
126 nm alloy layer 1 ns after heating using fixed values for
G and A with and without the ballistic heat flow channel
present. After 1 ns of cooling, the temperature of the Al was
20% lower when the ballistic channel was present, which
indicates that 20% of the heat leaving the Al layer was car-
ried by the ballistic channel.

V. CONCLUSION

We have shown that with a combination of TRXRD and
TDTR, we are able to measure the contribution of ballistic
phonons to thermal transport across films with thicknesses of
~100 nm. We have developed a heat flow model which ac-
counts for both diffusive and ballistic heat flows and is there-
fore capable of fitting both the TDTR and TRXRD measure-
ments.
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