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Influence of Inelastic Scattering
at Metal-Dielectric Interfaces
Thermal boundary conductance is becoming increasingly important in microelectronic
device design and thermal management. Although there has been much success in pre-
dicting and modeling thermal boundary conductance at low temperatures, the current
models applied at temperatures more common in device operation are not adequate due
to our current limited understanding of phonon transport channels. In this study, the
scattering processes across Cr /Si, Al /Al2O3, Pt /Al2O3, and Pt /AlN interfaces were
examined by transient thermoreflectance testing at high temperatures. At high tempera-
tures, traditional models predict the thermal boundary conductance to be relatively con-
stant in these systems due to assumptions about phonon elastic scattering. Experiments,
however, show an increase in the conductance indicating inelastic phonon processes.
Previous molecular dynamic simulations of simple interfaces indicate the presence of
inelastic scattering, which increases interfacial transport linearly with temperature. The
trends predicted computationally are similar to those found during experimental testing,
exposing the role of multiple-phonon processes in thermal boundary conductance at high
temperatures. �DOI: 10.1115/1.2787025�

Keywords: thermal boundary conductance, diffuse mismatch model, inelastic scattering,
nanoscale, solid interfaces
ntroduction
The ongoing trend of miniaturization of devices with structures

n nanometer length scales has given rise to new challenges in the
cience and engineering of thermal transport and management. As
hese length scales continue to decrease, heat transport around
ctive regions in these devices is enhanced/restricted by interfaces
etween materials and the structures surrounding them. Therefore,
he issue of thermal management is becoming more critical in
evice engineering and reliability �1�, particularly in thermoelec-
rics �2,3�, thin-film high temperature superconductors �4,5�, ver-
ical cavity surface emitting lasers �6�, and optical data storage

edia �7�. An ever increasing challenge in the development of
hese devices is successfully accounting for the temperature drop
T across the interface caused by, for example, the transport prop-
rties of the different materials �8�, the presence of gaps and voids
n the lattice structure due to nonperfect contacts �2�, or a disor-
ered region of the materials resulting from device fabrication
onditions �9�. In any case, this temperature drop is characterized
y the thermal boundary conductance hBD which is the conduc-
ance per unit area that relates the heat flux across the interface,
BD, to the temperature drop �T across the interface. This is math-
matically expressed as qBD=hBD�T.

ackground
An understanding of the basic transport mechanisms involved

n thermal boundary conductance is critical to the design and en-
ineering of nanostructured devices. The main resistance to inter-
acial transport in the majority of these devices is phonon scatter-
ng between two materials, which has been successfully predicted
y various models in limiting cases. Little proposed the acoustic
ismatch model �AMM� to account for the specular scattering of

honons at an interface between two materials at low tempera-
ures �10,11�. The root of the AMM theory is the wave nature of
honon transport. At low temperatures �when the dominant pho-
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non wavelength is long� and at perfect interfaces, an incident pho-
non at a boundary of two materials can be treated as a plane wave,
and the reflection and transmission probabilities can be analyzed
similar to that of photons �Snell’s law� �10,11�. This approach
assumes that the phonon is transmitted or reflected at the interface
�not scattered�, an assumption that is valid when predicting hBD at
low temperatures �T�7 K� and at ideal interfaces where specular
scattering is probable �9�. However, this ideal case only represents
a very limited population of interfaces in modern devices, which
may operate at higher temperatures and have disordered regions
near the interface that would induce diffuse scattering. To account
for this type of phonon scattering, Swartz and Pohl developed the
diffuse mismatch model �DMM� to predict hBD at more realistic
interfaces �12�.

The DMM provides a quick and simple estimation of hBD for an
interface between the two materials �12�. To apply the DMM in its
simplest form, the following assumptions must be made �13�: �1�
phonons are elastically scattered, i.e., when a phonon from Side 1
with frequency � scatters at the interface, it can only emit a pho-
non into Side 2 with the same frequency � �for discussions, Side
1 will refer to the softer material with lower phonon velocities and
Side 2 will refer to the stiffer material with higher phonon veloci-
ties�; �2� phonon scattering is completely diffuse, i.e., a scattered
phonon has no memory of the mode �longitudinal or transverse� or
direction of the incident phonon; and �3� the materials on both
sides of the interface are elastically isotropic, i.e., the longitudinal
and transverse acoustic velocities are constant in all crystallo-
graphic directions. This model has been shown to predict conduc-
tance across higher temperature interfaces �T�15 K� relatively
well �9,12�. However, at much higher temperatures �as T ap-
proaches Troom�, the DMM has been shown to either underpredict
or overpredict experimental data, depending on the material sys-
tems �8,13–15�. The overprediction of the DMM has been associ-
ated with multiple elastic scattering events occurring from mate-
rial mixing around the boundary in materials systems where the
Debye temperature, �D, of both materials is greater than Troom
�16–19�. The underprediction of the DMM in material systems
where �D of one material is less than Troom has been attributed to
inelastic phonon scattering processes, which is the focus of this

paper.
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Downlo
Another model for hBD, the phonon radiation limit �PRL�, pro-
ides a quick and simple determination of the maximum conduc-
ance for interfacial transport assuming complete elastic scattering
20�. Calculations of the PRL assume that phonons from Side 2
ith frequencies below the cutoff frequency of Side 1 transmit

ompletely to Side 1 �15�. The results of the DMM and PRL for
l /Al2O3 and Pt /Al2O3 interfaces are shown in Fig. 1 with pa-

ameters listed in Table 1. Since the PRL represents the upper
imit of the elastic contribution to thermal transport, it will always
redict a higher hBD than the DMM. Notice that the DMM and
RL predict a constant hBD at temperatures approaching �D in
ach material. The insets of Fig. 1 show a close-up of the DMM
nd PRL calculations for the two material systems over the tem-
erature range used in this study.

In an attempt to investigate the underpredictive trends in hBD of
he DMM and PRL, several computational and experimental ef-
orts have been undertaken. In 1993, Stoner and Maris reported
BD at a range of acoustically mismatched interfaces from

ig. 1 Thermal boundary conductance calculations of the
l/Al2O3 and Pt/Al2O3 interfaces using DMM and PRL. The
odels level off at higher temperatures due to the assumption

f elastic scattering used in the calculations. The inset graphs
how the DMM and PRL for the materials systems over only the
emperature range used in this work.

Table 1 Pertinent parameters for D

Material
�D
�K�

�l

�m s−1�

Al 428 6,240
Cr 630 6,980
Pb 105 2,350
Pt 240 4,174

Diamond 2,230 17,500
Al2O3

1,043 10,890
AlN 1,150 11,120
Si 645 8,970
22401-2 / Vol. 130, FEBRUARY 2008
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50 K to 300 K �15,21�. As expected from the DMM, the mea-
sured hBD decreased with an increase in sample mismatch and the
change in hBD decreased with temperature. In the sample with the
greatest mismatch, Pb/diamond �Table 1�, values of hBD were
measured that exceeded the DMM prediction by over an order of
magnitude, however, the measured hBD remained fairly constant
over the temperature range investigated, which does not agree
with the T3 trend of the DMM at low temperatures. This measure-
ment also significantly exceeded the prediction of the PRL. One
possible explanation offered for this relatively large hBD was the
occurrence of inelastic scattering—i.e., one or more phonons of
frequency �1 on Side 1 were emitting one or more phonons of
frequency �2 on Side 2—thereby offering more channels for
transport than the DMM and PRL account for, leading to an un-
derestimate of hBD by the DMM and PRL. For the Pb/diamond
case, a high frequency diamond phonon could scatter at the inter-
face and emit several low frequency phonons on the Pb side.

Chen et al. recently used molecular dynamics �MD� simulations
to show a linear increase in hBD across a Kr /Ar nanowire with an
increase in temperature from 35 K to 55 K, which they ascribed
to anharmonic processes �22�. Kosevich considered the role of
inelastic scattering on the phonon transmission probability �23�.
With a multiharmonic model, Kosevich was able to show that
inelastic scattering makes a greater contribution to hBD than elas-
tic scattering for interfaces with very different vibrational spectra;
these calculations, however, were not material specific. Observa-
tion of inelastic scattering in specific material systems applicable
in microelectronic systems has not been predicted theoretically or
computationally, and has been shown experimentally by Lyeo and
Cahill only at low temperatures �T�Troom� �24�. They observed
an approximately linear increase in hBD over a temperature range
of 80–300 K on carefully prepared Pb and Bi thin films on dia-
mond substrates with a pump-probe thermoreflectance technique.
Like Stoner and Maris, Lyeo and Cahill observed hBD that was
several times higher than the PRL but with a linear increase with
temperature matching the aforementioned simulation results that
suggested that multiple-phonon processes �inelastic scattering�
can play a significant role in interface thermal conductance.

The purpose of this study is to examine the temperature depen-
dence of hBD at temperatures around and above �D. This research
examines the assumption of phonon elastic scattering through
measurements of hBD at increased temperatures �T�Troom� on a
range of interfaces comprised of materials with varying �D. Pre-
vious MD simulations show evidence of what could be inelastic
phonon scattering occurring at the interface due to increased tem-
perature. Stevens et al. observed thermal transport across the in-
terface of two fcc lattice systems with varying degrees of mass
and lattice mismatch at temperatures in the classical limit �25�.

In the classical limit �for real materials T��D�, hBD calculated
by either the DMM or PRL is independent of temperature. The
only temperature dependent part of both models is in the distribu-
tion function, which at temperatures well above the Debye tem-
perature becomes constant. Because these models do not assume
any inelastic scattering, the transmission coefficient is indepen-
dent of temperature at high temperatures. To check the tempera-

and PRL calculations †27,43–45‡

�t

�m s−1�
	

�kg m−3�
M

�kg mol−1�

3,040 2,700 0.027
4,100 7,190 0.052
970 11,590 0.207

1,750 21,620 0.195
12,800 3,512 0.012
6,450 3,970 0.102
6,267 3,255 0.02
5,332 2,330 0.028
MM
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ure dependence of hBD, Stevens et al. conducted several simula-
ions at a range of temperatures �25�. The simulations were
onducted on both highly and lightly mismatched interfaces with
ebye temperature ratios of 0.2 and 0.5.
A strong linear relationship was observed in the results of the
D calculations and hBD varied by nearly a factor of 4 for both

nterfaces for the temperature range considered. The strong linear
ependence indicated that there is some thermal transport mecha-
ism that is dependent on temperature, which would lead to a
arger transmission coefficient. The most likely explanation for
his discrepancy is that the DMM and PRL account only for elas-
ic scattering, while MDS accounts for both elastic and inelastic
cattering at the interface. The linear temperature dependence in-
icates a scattering process that is proportional to phonon popu-
ation, since the phonon population increases linearly with tem-
erature at high temperatures. In the classical limit, at
emperatures above the Debye temperature, it appears that inelas-
ic scattering provides the major contribution to the energy trans-
ort across the interface, surpassing the contribution of the elastic
cattering.

In an effort to experimentally verify the results of the MD cal-
ulations, in this paper, the trends in hBD predicted by both the
MM and PRL are compared to experimental data from film/

ubstrate samples of Cr /Si, Al /Al2O3, Pt /Al2O3, and Pt /AlN
ver a temperature range of 293–500 K obtained using the tran-
ient thermoreflectance �TTR� technique �26�. By increasing the
emperature to levels near and above the Debye temperatures of
he metals in these samples, the majority of the film’s phonon
opulations were excited. Assuming elastic scattering, a phonon
rom the film will scatter at the interface and emit a phonon with
he same frequency into the substrate, and a continued increase in
emperature above �D should not significantly affect hBD since the
hange in the phonon population in the film is constant. However,
esults show a continued increase in hBD above the film’s �D in-
icating that the change in the substrate phonon population, which
s changing at a much faster rate than that of the film in the low �D
lm/high �D substrate systems studied in this work, is affecting

he hBD via inelastic scattering events: A high frequency phonon
n the substrate is scattering at the interface and breaking down
nto several low frequency phonons in the film.

xperimental Considerations

Samples. Since the goal of this study is to examine the ability
f the DMM and PRL �with their elastic scattering assumptions�
o predict hBD at high temperatures, materials systems were cho-
en to encompass different regimes in which the degree of tem-
erature dependence of hBD as predicted by the DMM would vary.
our materials systems were considered ��D film, �D film/
ubstrate ratio �
�� �27�: Cr /Si �630 K, 0.98�, Al /Al2O3 �428 K,
.41�, Pt /Al2O3 �240 K, 0.23�, and Pt /AlN �240 K, 0.21�. These
aterials systems allow investigation in temperature regimes
here various trends in hBD are predicted by DMM and PRL. For

xample, assuming elastic scattering, some increase in hBD is ex-
ected in the Al /Al2O3 samples over most of the temperature
ange in this study �293–500 K� because the phonon population
n Al will increase until T��D�Al. However, in Pt /Al2O3, where
D�Pt�Troom, the increase in hBD should be relatively negligible
ince the entire Pt phonon population is excited below room tem-
erature. Any increase in hBD when T��D�Pt could be evidence of
ore high frequency Al2O3 phonons exciting from the elevated

emperature, scattering at the interface, and breaking down into
wo or more lower frequency phonons emitted into the Pt film.

The Cr, Al, and Pt film thicknesses were 50 nm, 75 nm, and
0 nm, respectively, chosen �50% larger than the electron mean
ree path in these metals to minimize ballistic electron scattering
t the boundary and to ensure that the electrons and phonons in
he film have completely equilibrated by the time they reach the

nterface �28�. These thicknesses were also necessary to ensure

ournal of Heat Transfer
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that viable hBD information can be obtained from the TTR data
from our experimental setup �8�. The Cr was deposited on an
n-type Ph doped �100� Si substrate; the Al and Pt films were
deposited on factory polished Al2O3, and an additional Pt film
was deposited on factory polished AlN. The metals were depos-
ited on their respective substrates in a multisource, high vacuum
thin-film sputter deposition system, a Supersystem III manufac-
tured by the Kurt J. Lesker Company capable of pumping down to
10−7 Torr. All substrates were �ETM� spin cleaned with reagent
alcohol �90.7% ethyl alcohol; 4.8% isopropyl alcohol; 4.5% me-
thyl alcohol; 0.12% water�, trichloroethylene, and methanol, and
then subsequently baked for 5 min at 400 K to remove any re-
sidual water that may have formed at the substrate surface as a
result of the spin clean. The substrates were subject to a 5 min,
100 W backsputter etch, prior to film deposition, in an effort to
remove the majority of the native oxide layer and any additional
contaminants.

Experimental Setup. The TTR data were taken with the pump-
probe experimental setup depicted in Fig. 2. The primary output
of the laser system emanates from a Coherent RegA 9000 ampli-
fier operating at a 250 kHz repetition rate with about 4 �J /pulse
and a 150 fs pulse width at 800 nm. The pulses were split at a 9:1
pump to probe ratio. The pump beam, modulated at 125 kHz, was
focused down to a 100 �m radius spot size to achieve 10 J m−2

fluence. The probe beam was focused to the middle of the pump
beam to achieve a pump to probe fluence ratio of 10:1. The radii
of the pump and probe beams were measured with a sweeping
knife edge �29�. Although the low repetition rate of the RegA
system and the “one shot on-one shot off” modulation rate of the
pump beam ensure minimal residual heating between pump
pulses, the phase of the signal must still be taken into account.
Phase correction was performed by the procedures for signal
phase adjustment outlined in the references �29�.

For the longer scans analyzed in this study ��1400 ps pump-
probe delay�, alignment of the pump and probe spots can become
an issue �8,30�. To avoid misalignment problems, the probe beam
was collimated before the probe delay stage and profiled with a
sweeping knife edge at all time delays. In this study, a pump to
probe radius ratio of 10:1 was used, and the probe was aligned
with the delay stage resulting in less than 1.5 �m and 4.0 �m
drift along the horizontal and vertical axes perpendicular to the
surface, respectively. These spot characteristics result in less than
1% error due to misalignment of the beams �29�.

The samples were mounted to a 5 mm thick Al plate attached to
a Minco 5419 silicon rubber resistive heater. The samples were
mounted on the front of the Al plate with Molykote 44 high tem-
perature vacuum grease to reduce thermal resistance and the sides
and back of the aluminum plate/heater were insulated with high
temperature millboard insulation. Holes were drilled 1 mm under-
neath the front surface of the Al plate in four locations surround-
ing the sample and the temperature of the sample was monitored
with Omega Engineering TT-T-20 thermocouple wires with NMP-
U-M thermocouple male connectors. For each desired tempera-
ture, the Al block was heated and held at constant temperature for
�2 h to ensure that the sample/Al block system equilibrated be-
fore TTR measurements were taken. Since the thermal resistance
between the Al block and the sample is much less than the thermal
resistance between the sample surface and the ambient, it was
valid to assume that the Al block and sample were at close tem-
peratures. After several measurements at a certain temperature, the
heater was turned off and the system returned to room tempera-
ture. Room temperature measurements were again taken and these
measurements were compared to ensure that the sample was not
damaged as a result of the heating. The value of hBD was deter-
mined by fitting the TTR data to the thermal model discussed in
the next section. Repeatable results were found at all tempera-
tures. The data presented in this paper are the statistical averages

of the data at each temperature. Five to seven data sets were taken

FEBRUARY 2008, Vol. 130 / 022401-3
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t each temperature increment. A maximum deviation of 18%
rom the mean was calculated for the Cr /Si samples, and less than
0% was determined for the other systems.

Thermal Model. The TTR technique produces some excitation
f the metal film followed by a cooling of the film due to the
lm’s thermal connection to the substrate. To simplify data reduc-

ion, ideally the temperature response is influenced only by con-
uctance across the interface and not by diffusion within the metal
lm. If the film is too thick or has a low thermal conductivity,
owever, then there will be two free parameters �film thermal
onductivity kf and hBD� when fitting experimental data to a ther-
al model. To avoid this situation, the Biot number, Bi, for the

nterface should be significantly less than 1 �typically less than
.1� so that the film can be treated as a lumped thermal capaci-
ance �31�. Therefore, the film thickness should be restricted to

Bi =
hBDd

kf
� 0.1 ⇒ d �

0.1kf

hBD
�1�

here d is the film thickness. A more detailed analysis of this
ssumption for each sample using values measured for hBD will be
resented later.

Assuming the metal film can be treated as a lumped capacitance
i.e., Eq. �1� holds�, the thermal model for the film and substrate
ystem is

	dCf
dTf�t�

dt
= hBD�T�0,t� − Tf�t�� �2�

�Ts�x,t�
�t

= �s

�2Ts�x,t�
�x2 �3�

here Tf is the temperature of the film that is measured using the
TR technique, Ts is the substrate temperature and is a function of

ime and space, and 	, Cf, and �s are the film density, film specific
eat, and substrate diffusivity, respectively. Radiative and convec-
ive losses at the front of the film surface are negligible compared
o a typical interface conductance of 106–108 W m−2 K−1 and are
herefore neglected. The temperatures in Eqs. �2� and �3� can be

Fig. 2
ondimensionalized by

22401-4 / Vol. 130, FEBRUARY 2008
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 f ,s =
Tf ,s − T0

Tf�0� − T0
�4�

where T0 is the temperature of the film and substrate immediately
before excitation and Tf�0� is the temperature of the film imme-
diately after excitation. Therefore, the thermal model can be ex-
pressed as

d f�t�
dt

=
hBD

	dCf
�s�0,t� −  f�t�� �5�

�s�x,t�
�t

= �s

�2s�x,t�
�x2 �6�

subject to the following initial conditions:

 f�0� = 1 �7�

s�x,0� = 0 �8�

and the following boundary conditions:

− ks

�s�0,t�
�x

= hBD� f�t� − s�0,t�� �9�

�s��,t�
�x

= 0 �10�

The semi-infinite assumption made in Eq. �10� is reasonable for
the time scale of interest, �1.5 ns. The thermal penetration depth
for most substrates at this time scale is ��st�1/2�1 �m, which is
significantly smaller than the thickness of the substrates used in
this study.

Equations �5� and �6� subject to Eqs. �7�–�10� were numerically
solved using the Crank–Nicolson method, which has only a sec-
ond order truncation error in both time and space. The thermal
boundary conductance was determined by fitting the TTR data to
the model using the material constants listed in Table 2. The mod-
els fit to Al /Al2O3 and Pt /Al2O3 TTR data taken at room and
elevated temperatures are shown in Fig. 3. General assumptions

setup
TTR
and fitting sensitivity of this model are discussed in detail in the

Transactions of the ASME
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eferences �8,15�. Note that the high temperature data, which have
higher hBD than the low temperature data, show a greater cur-

ature in the exponential decay. In addition, note that the trends in
he early part of the data do not match the trends predicted by the
hermal model. This occurs in the first 30 ps after laser heating in
he Al sample and 70 ps after laser heating in the Pt sample. This
eviation is most likely due to thermal diffusion occurring in the
lm, which is not taken into account in the lumped capacitance

hermal model. After this time, the primary source of energy trans-
er is thermal boundary conductance, and the model and the data
gree well. The order of this diffusion time observed in the TTR
ata in Fig. 3 is in close agreement with diffusion time constants
alculated in Table 3. Specifics of diffusion time constant calcu-
ations and further analysis are presented in a later section.

With the ultrashort laser pulses used in the TTR measurements,
n electron-phonon nonequilibrium is induced in the early part of

able 2 Thermophysical properties used in determining hBD
rom Eqs. „5…–„10… „values listed are at room temperature
Troom=293 K…. Note the film thermal conductivity is not needed
or the lumped capacitance analysis, but is needed for thermal
iffusion time approximations. Higher temperature values that
ere used can be found in the references †31,36,43–45‡….

Material CL �J m−3 K−1� k �W m−1 K−1�

Al 2.44�106 237
Cr 3.3�106 93.7
Pt 2.83�106 73

Al2O3 3.25�106 18
AlN 1.94�106 285
Si 1.66�106 148

ig. 3 Thermal model „Eqs. „8…–„14…… fit to TTR data taken on
a… Pt/Al2O3 at 293 K and 495 K and „b… Al/Al2O3 at 293 K and
73 K. The thermal model is scaled to the TTR data at 200 ps
or reasons that will be discussed later in this paper. The TTR
ata were phase fixed †29‡ and normalized at the peak reflec-
ance to make clear the differences in the exponential cooling
rofiles at the different temperatures.

Table 3 Film thermal diffusion times

Material
� f at 293 K

�ps�
� f at Tmax

�ps�

Al 56 62
Cr 86 101
Pt 97 102
ournal of Heat Transfer

aded 29 Oct 2010 to 137.54.8.172. Redistribution subject to ASME
the TTR data. Using the two temperature model �TTM� to predict
the electron-phonon thermalization time with the 10 J m−2 inci-
dent fluence �32–34�, the thermalization time in all the metal films
is less than 5.0 ps. Therefore, it is expected that a fast transient
spike in the early part of the TTR response due to the electron-
phonon nonequilibrium would not affect determining hBD �35�.
The result of this nonequilibrium period is a slight rise in lattice
temperature due to hot electrons transferring energy to the lattice.
Using the TTM with insulated boundary conditions, the predicted
lattice temperature rise after electron-phonon equilibration and
minimization in the spatial temperature gradient in the film is less
than 10 K. Therefore, it should be noted that the actual tempera-
tures of the interfaces could be slightly higher than the prescribed
values in the experimental results due to lattice heating.

Experimental Results
The thermal boundary conductances measured from the TTR

data are plotted against temperature for the four material systems
studied in Figs. 4–7. The line fit to the data depicts the linearity of
the relationship between temperature and hBD observed in the ex-
periments. The slope of this line, �, is also presented in these
figures along with the Debye temperatures of the materials. In
addition, the calculations for the DMM and PRL in these systems
are included in these graphs. Figure 4 presents hBD across the
Cr /Si interface. In the Cr /Si system, a nearly linear increase of
hBD is observed over the temperature range from 293 K to 460 K.
Since the highest temperature investigated is less than the �D of
both the film and substrate, an increase in hBD is expected. How-
ever, an 80% increase in hBD occurs over this range, where the
DMM and PRL only predict a 15% nonlinear increase that de-
creases with increasing temperature. The linear temperature de-

Fig. 4 Thermal boundary conductance data across the Cr/Si
interface over a range of temperatures. The data show a linear
increase with temperature at a much greater rate than the DMM
and PRL.
pendence may indicate a scattering process that is proportional to

FEBRUARY 2008, Vol. 130 / 022401-5
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ncreased inelastic scattering events beyond the assumption of
ingle elastic collisions. The change in phonon population with
emperature close to and above the Debye temperature is constant,
hich leads to the temperature independent hBD predictions of the
MM and PRL. However, Cr and Si are very well acoustically
atched samples and the deviation associated with measurement

epeatability is the largest of any of the samples examined in this
ork. Although the linear trend with temperature suggests inelas-

ic scattering, there are other transport mechanisms that could also
xplain the data, which will be discussed in the next section.

Since the change in phonon population is constant with tem-
eratures above and around �D, in highly mismatched systems, a
ontinued linear increase of hBD is not expected when the tem-
erature is driven higher than the lower �D of the film/substrate
aterial system. With this in mind, Fig. 5 shows the measured

BD across the Al /Al2O3 interface. In addition to data measured in
his study �293 K�T�500 K�, low temperature data from Stoner
nd Maris are included �15�. The linear fit included the data from
his study and Stoner and Maris data from 150 K to room tem-
erature. At 150 K, hBD appears to lose its T3 dependence. Over
he temperature range in this study, the experimental data increase
y almost 100%, where the DMM only predicts a 10% increase.
n addition, the data above the �D of Al continue to linearly in-
rease over a 50 K temperature increase. The linear increase
bove �D of Al suggests that multiple-phonon processes may be
ccurring between single high frequency phonons in the Al2O3
nd several low frequency phonons in Al. As the temperature was
riven above �D of Al, the entire phonon population in Al was

ig. 5 Thermal boundary conductance data across the
l/Al2O3 interface over a range of temperatures. This figure
lso includes data taken by Stoner and Maris „1993… at low tem-
eratures †15‡. The linear trend continues at temperatures
igher than the Debye temperature of Al, indicating that inelas-
ic phonon processes could be contributing to hBD at these el-
vated temperatures.
xcited. However, the linear increase of Al2O3 phonon population
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continues and therefore, the increase in hBD above �D of Al sug-
gests that hBD is dominated by inelastic scattering. The continued
linear trend observed from the data from Stoner and Maris to the
high temperature data even above �D of Al indicates that there is
a smooth transition between regimes where hBD is dominated by
elastic and inelastic scattering.

To examine the regime where inelastic scattering would domi-
nate �i.e., temperatures above the Debye temperature of only one
of the materials, so that the entire phonon population of one ma-
terial is excited but not the other�, the highly mismatched
Pt /Al2O3 system was studied. Lyeo and Cahill studied this regime
at low temperatures �T�Troom� with Pb and Bi on diamond �24�.
The Al /Al2O3 system gives hints toward multiple-phonon pro-
cesses with the data 50 K above �D. However, due to the less than
room temperature �D of Pt, the highly mismatched Pt /Al2O3
shows promising data that further support the findings of inelastic
scattering processes in high temperature regimes. Figure 6 shows
hBD versus temperature TTR results for Pt /Al2O3. The tempera-
ture of this interface was increased to over twice �D of Pt. Over
the investigated temperature range, hBD almost doubles, which is a
similar result to the MD calculations that model elastic and inelas-
tic scattering �25�.

Similar behavior was observed in the Pt /AlN system over the
same temperature range, as seen in Fig. 7. A nearly linear increase
in hBD is observed over the temperature range with values ap-
proaching the PRL at high temperatures. Aluminum nitride and
sapphire have very similar Debye temperatures �Table 1� so simi-
larities in hBD values and temperature trends are expected. The

Fig. 6 Thermal boundary conductance data across the
Pt/Al2O3 interface over a range of temperatures. These tem-
peratures are above the Debye temperature of Pt. According to
theory, hBD should not change at temperatures above the De-
bye temperature of one of the materials assuming only elastic
scattering. However, the continued linear increase in measured
hBD indicates a contribution from inelastic processes.
discrepancies in the measured hBD between these two samples

Transactions of the ASME

 license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



c
b
i

A

�
w
c
m
t
m
p
m
p
p
i
s
t
e
t
s
e
fi
b

fi
t
t
e
e
m

F
i
o
d

J

Downlo
ould be due to differences in the physical properties of the
oundary or slightly different densities of states not accounted for
n the Debye model.

nalysis
The thermal model used to determine hBD from the TTR data

Eqs. �5�–�10�� involves a lumped capacitance assumption in
hich minimal thermal diffusion is assumed through the film as

ompared to across the film/substrate interface. Therefore, this
odel must be scaled to the experimental data at times when the

hermal gradient through the film is approximately zero. To esti-
ate this scaling time, the film’s thermal diffusion time is ap-

roximated from the Fourier number as � f =d2 /� f �36�. The ther-
al diffusion times for the films examined in this study are

resented in Table 3. These values are calculated with the tem-
erature dependent thermophysical properties of the correspond-
ng bulk material. Since the thicknesses of the samples were cho-
en to be larger than the mean free path, minimal reduction in
hermal conductivity is expected due to size effects �37�. How-
ver, to ensure that the model is fit to the data at times when the
hermal gradient in the film is minimal, the thermal model was
caled to the TTR data 200 ps after the peak �as shown in Fig. 3�,
nsuring that even in the unlikely event of a reduction in kf due to
lm thickness or quality, the lumped capacitance model can still
e correctly applied.

The thermal model is scaled at 200 ps and the thermal model is
t to the 1400 ps of TTR data to extract hBD. In order to check

hat 1400 ps pump-probe delay is enough time to accurately de-
ermine hBD for these samples, the interfacial time constant is
stimated as �BD=Cfd /hBD �15�. Table 4 lists �BD for the samples
xamined in this study using hBD determined from the experi-

ig. 7 Thermal boundary conductance data across the Pt/AlN
nterface over a range of temperatures. A similar linear increase
f hBD to the data in Fig. 7 is observed, presenting further evi-
ence toward nonelastic phonon transport channels.
ents. The interfacial time constant is less than the 1400 ps TTR
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aded 29 Oct 2010 to 137.54.8.172. Redistribution subject to ASME
scan time for all cases, although it is approaching 1400 ps in the
Cr and Pt samples at 293 K. Since this calculation of �BD is based
on bulk properties and is just an estimate, more hBD information
could have been extracted from the TTR data with a longer probe
delay. This could have lead to measured values of hBD being
slightly off around room temperature. However, the room tem-
perature Cr /Si data in this study agree well with previously re-
ported values of hBD on a 50 nm Cr /Si sample subjected to the
same deposition conditions as used here and using the same ap-
paratus and same thermal model, but with the data scaled at an
earlier time �17�. However, these data are slightly lower than that
measured on a 30 nm Cr /Si sample �8�. This 30 nm Cr /Si sample
was fabricated differently, however, and fabrication has been
shown to cause deviation in hBD �17�. The thermal boundary con-
ductances measured on Pt /Al2O3 and Pt /AlN are very close at
room temperature �and at all temperatures, for that matter, as pre-
viously discussed�. Even though Al2O3 and AlN have vastly dif-
ferent thermal properties, a similar hBD is expected due to the
similar acoustic properties of these materials, giving more confi-
dence in the resolution of hBD of these samples.

This brings up an important point about the thermal properties
used in the model to extract hBD from the TTR data. In this study,
bulk properties were used in the analysis. Of specific concern is a
reduction in the substrate conductivity due to manufacturing con-
ditions, which could lead to a transient rise in substrate tempera-
ture near the interface. When there is a negligible rise in Ts near
the interface, the thermal model is weakly dependent on the ther-
mal conductivity of the substrate. However, this dependence in-
creases if the rise in Ts cannot be neglected, which could poten-
tially be a problem in sapphire, which has a relatively low
conductivity, leading to a nonexponential decay in the TTR data.
The exponential decay in the Pt /Al2O3 data shown in Fig. 3 in
addition to the similar values for hBD measured on the Pt /Al2O3
and Pt /AlN samples elucidates the suitability of the values for the
thermal properties used in this study.

Although this study has focused on resolving inelastic scatter-
ing processes, other scattering phenomena could be participating
in hBD that could influence these results. This is apparent by com-
paring the predictions of the DMM and PRL to the measured
values of hBD; at any given temperature in this study, the DMM
and PRL calculations vary by an order of magnitude between the
samples while the measured data are all within a factor of 2 of
each other. In acoustically well matched material systems, such as
Cr and Si, the DMM has been shown to overpredict experimental
data when electron-phonon scattering processes occurring near the
interface are not taken into account �38�. This scattering process
would cause hBD to begin approaching a constant value at lower
temperatures. Although this scattering process could explain the
overestimation of the hBD by the DMM and PRL for the Cr /Si
interface in this study, the linear increase in hBD with temperature
observed in Fig. 4 would result from inelastic scattering.

Disorder and mixing around the interface of two materials
could lead to multiple-phonon scattering events, which could also
influence hBD measurements. These multiple scattering events in-
crease in occurrence with a decrease in phonon mean free path
�increase in temperature� �18,19�. Depending on the type of scat-
tering event, different changes in hBD are expected. Multiple elas-

Table 4 Interfacial time constants

Material
�BD at 293 K

�ps�
�BD at Tmax

�ps�

Cr /Si 1342 850
Al /Al2O3

924 546
Pt /Al2O3

1179 884
Pt /AlN 1286 884
tic scattering events increase hBD in acoustically mismatched
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amples but decrease hBD in acoustically matched samples �12�.
ssuming an increase in these scattering events with temperature,

he Cr /Si hBD would suffer a reduction, while the data in Fig. 4
how an increase, strengthening the conclusion of inelastic scat-
ering. In more heavily mismatched samples �Al /Al2O3,
t /Al2O3, Pt /AlN�, these multiple elastic scattering events could
e contributing in part to the increase in hBD observed over the
emperature range. However, MD simulations show this same lin-
ar trend at perfect interfaces, which has been attributed to inelas-
ic scattering �25�, further supporting the observation of inelastic
cattering participating in hBD at high temperatures �T��D�.

The experimental data in this study are compared to the DMM
nd PRL models, which were calculated assuming a Debye den-
ity of states. The Debye density of states provides a quick and
imple calculation of the DMM and PRL; however, several studies
ave shown that using a more realistic density of states could
ignificantly change the resulting calculations �39–42�. Recent
alculations by Reddy et al. of metal films on semiconductor sub-
trates use the Born von–Karmen model �BKM� to calculate an
xact phonon dispersion in the DMM �41�. The more accurate
ensity of states predicted a higher density at lower frequencies
nd a lower density at higher frequencies as compared to the
ebye calculations. This resulted in higher values for the DMM at

ow temperatures and lower values for the DMM at higher tem-
eratures �i.e., temperatures of interest in this study�. With this in
ind, the DMM and PRL calculations would decrease from the

urrent results presented in Figs. 4–7. The trend in these calcula-
ions �i.e., change in hBD with temperature becomes negligible at
emperatures approaching �D� also changes with the BKM calcu-
ation �41�. With this more realistic density of states, the change in

BD with temperature becomes negligible at much lower tempera-
ures. Applying this conceptual shift to the DMM and PRL data
esults in an even more drastic difference between the experimen-
al data and the trends in the models assuming only elastic phonon
ollisions presented in Figs. 4–7. This indicates that inelastic scat-
ering events participating in hBD at higher temperatures are being
bserved in the experimental data.

The slopes of the linear fit of hBD versus temperature exhibit an
nteresting trait among the different samples. The slopes of the
inear trends ��� as a function of film/substrate Debye temperature
atio �
� are shown in Fig. 8 for the Pt data from this study, the
b/diamond and Bi/diamond data from Lyeo and Cahill �24�, and

he Au/diamond data from Stoner and Maris �15�. The linear fit to
hese data is also shown in this figure ��= �1.10 MW m−2 K−2�
�.
hese specific film/substrate systems are of interest because the
ajority of the thermal boundary conductances determined in

hese studies were measured at temperatures above the Debye
emperature of the film; therefore, the slopes are representative of
he influence of inelastic scattering on hBD. Only the Au/diamond
ata above 150 K were used for the linear fit to ensure that the
eported � for Au/diamond can accurately represent the influence
f multiple-phonon processes. The data show an increasing � with
ncreasing 
, indicating that inelastic processes participating in

BD become more temperature dependent with an increase in
coustic similarity between materials. In samples with greater
ismatch �smaller 
�, there exist substrate phonons with much

igher frequencies than film phonons, which would have to break
own several times to emit phonons with frequencies available in
he film’s population into the film. However, when the materials
ecome acoustically similar �larger 
�, the decomposition cascade
f the substrate phonons is much less severe. Figure 8 indicates
hat as the film and substrate increase in acoustic similarity, pho-
on decomposition could be happening more readily. This begins
o elucidate the role of inelastic phonon scattering in thermal

oundary conductance.
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Conclusions

Traditional models for hBD �DMM and PRL� predict thermal
boundary conductance at low temperatures �T�Troom, �D� rela-
tively well, but at temperatures closer to device operating tem-
peratures these models fail to account for inelastic phonon scat-
tering processes, which can contribute to interface conductance.
Previous MD calculations showed strong evidence of inelastic
phonon scattering at interfaces at elevated temperatures �25�. To
test the effect of these inelastic processes, TTR experiments were
performed at elevated temperatures �T�Troom�. The TTR experi-
ments measured the hBD at elevated temperatures on different
samples with varying acoustic mismatch. At the temperatures in
this study, hBD is assumed to be relatively constant by traditional
models considering only elastic scattering. At temperatures around
and above the Debye temperature of the metal films, the thermal
boundary conductance was shown to increase linearly with tem-
perature, similar to previous MD calculations that take into ac-
count inelastic phonon scattering, indicating that multiple-phonon
processes are contributing to interfacial transport at high tempera-
tures.
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omenclature
Bi � Biot number
C � heat capacity, J m−3 K−1

d � film thickness, m
h � thermal conductance, W m−2 K−1

k � thermal conductivity, W m−1 K−1

kB � Boltzmann’s constant, J K−1

M � atomic weight, kg mol−1

q � heat flux, W m−2

T � temperature, K

reek Symbols
� � thermal diffusivity, m2 s−1

� � slope of linear fit to hBD temperature data,
W m−2 K−2

�D � Debye temperature, K
� � acoustic phonon velocity, m s−1

	 � mass density, kg m−3

� � diffusion time, s

 � ratio of film Debye temperature to substrate

Debye temperature
 � nondimensionalized temperature

ubscripts
BD � boundary

f � film
L � lattice
l � longitudinal branch
s � substrate
t � transverse branch
0 � initial

eferences
�1� Cahill, D. G., Ford, W. K., Goodson, K. E., Mahan, G. D., Majumdar, A.,

Maris, H. J., Merlin, R., and Phillpot, S. R., 2003, “Nanoscale Thermal Trans-
port,” J. Appl. Phys., 93, pp. 793–818.

�2� Da Silva, L. W., and Kaviany, M., 2004, “Micro-Thermoelectric Cooler: In-
terfacial Effects on Thermal and Electrical Transport,” Int. J. Heat Mass Trans-
fer, 47, pp. 2417–2435.

�3� Mahan, G. D., and Woods, L. M., 1998, “Multilayer Thermionic Refrigera-
tion,” Phys. Rev. Lett., 80, pp. 4016–4019.

�4� Phelan, P. E., Song, Y., Nakabeppu, O., Ito, K., Hijikata, K., Ohmori, T., and
Torikoshi, K., 1994, “Film/Substrate Thermal Boundary Resistance for an Er–
Ba–Cu–O High-Tc Thin Film,” ASME J. Heat Transfer, 116, pp. 1038–1041.

�5� Phelan, P. E., 1998, “Application of Diffuse Mismatch Theory to the Predic-
tion of Thermal Boundary Resistance in Thin-Film High-Tc Superconductors,”
ASME J. Heat Transfer, 120, pp. 37–43.

�6� Chen, G., Tien, C. L., Wu, X., and Smith, J. S., 1994, “Thermal Diffusivity
Measurement of GaAs /AlGaAs Thin-Film Structures,” ASME J. Heat Trans-
fer, 116, pp. 325–331.

�7� Kim, E.-K., Kwun, S.-I., Lee, S.-M., Seo, H., and Yoon, J.-G., 2000, “Thermal
Boundary Resistance at Ge2Sb2Te5 /ZnS:SiO2 Interface,” Appl. Phys. Lett.,
76, pp. 3864–3866.

�8� Stevens, R. J., Smith, A. N., and Norris, P. M., 2005, “Measurement of Ther-
mal Boundary Conductance of a Series of Metal-Dielectric Interfaces by the
Transient Thermoreflectance Technique,” ASME J. Heat Transfer, 127, pp.
315–322.

�9� Swartz, E. T., and Pohl, R. O., 1987, “Thermal Resistances at Interfaces,”
Appl. Phys. Lett., 51, pp. 2200–2202.

�10� Cheeke, J. D. N., Ettinger, H., and Hebral, B., 1976, “Analysis of Heat Trans-
fer Between Solids at Low Temperatures,” Can. J. Phys., 54, pp. 1749–1771.

�11� Little, W. A., 1959, “The Transport of Heat Between Dissimilar Solids at Low
Temperatures,” Can. J. Phys., 37, pp. 334–349.

�12� Swartz, E. T., and Pohl, R. O., 1989, “Thermal Boundary Resistance,” Rev.
Mod. Phys., 61, pp. 605–668.

�13� Cahill, D. G., Bullen, A., and Lee, S.-M., 2000, “Interface Thermal Conduc-
tance and the Thermal Conductivity of Multilayer Thin Films,” High Temp. -
High Press., 32, pp. 135–142.

�14� Costescu, R. M., Wall, M. A., and Cahill, D. G., 2003, “Thermal Conductance
of Epitaxial Interfaces,” Phys. Rev. B, 67, p. 054302.

�15� Stoner, R. J., and Maris, H. J., 1993, “Kapitza Conductance and Heat Flow
Between Solids at Temperatures from 50 to 300 K,” Phys. Rev. B, 48, pp.
16373–16387.
ournal of Heat Transfer

aded 29 Oct 2010 to 137.54.8.172. Redistribution subject to ASME
�16� Hopkins, P. E., Salaway, R. N., Stevens, R. J., and Norris, P. M., 2006, “De-
pendence of Thermal Boundary Conductance on Interfacial Mixing at the
Chromium-Silicon Interface,” IMECE2006, Chicago, p. 15288.

�17� Hopkins, P. E., and Norris, P. M., 2006, “Thermal Boundary Conductance
Response to a Change in Cr /Si Interfacial Properties,” Appl. Phys. Lett., 89,
p. 131909.

�18� Beechem, T., and Graham, S., 2006, “Estimating the Effects of Interface Dis-
order on the Thermal Boundary Resistance Using a Virtual Crystal Approxi-
mation,” Proceedings of the 2006 ASME International Mechanical Engineer-
ing Congress, Anaheim, CA, Paper No. IMECE2006–14161.

�19� Beechem, T. E., Graham, S., Hopkins, P. E., and Norris, P. M., 2007, “The
Role of Interface Disorder on Thermal Boundary Conductance Using a Virtual
Crystal Approach,” Appl. Phys. Lett., 90, p. 054104.

�20� Snyder, N. S., 1970, “Heat Transport Through Helium II: Kapitza Conduc-
tance,” Cryogenics, 10, pp. 89–95.

�21� The term “acoustic mismatch” describes two materials that have significantly
different acoustic velocities; the degree of the acoustic mismatch can be easily
determined by comparing the materials’ Debye temperatures, �D.

�22� Chen, Y., Li, D., Yang, J., Wu, Y., Lukes, J., and Majumdar, A., 2004, “Mo-
lecular Dynamics Study of the Lattice Thermal Conductivity of Kr /Ar Super-
lattice Nanowires,” Physica B, 349, pp. 270–280.

�23� Kosevich, Y. A., 1995, “Fluctuation Subharmonic and Multiharmonic Phonon
Transmission and Kapitza Conductance Between Crystals With Very Different
Vibrational Spectra,” Phys. Rev. B, 52, pp. 1017–1024.

�24� Lyeo, H.-K., and Cahill, D. G., 2006, “Thermal Conductance of Interfaces
Between Highly Dissimilar Materials,” Phys. Rev. B, 73, p. 144301.

�25� Stevens, R. J., Zhigilei, L. V., and Norris, P. M., 2007, “Effects of Temperature
and Disorder on Thermal Boundary Conductance at Solid-Solid Interfaces:
Nonequilbrium Molecular Dynamics Simulations,” Int. J. Heat Mass Transfer,
50, pp. 3977–3989.

�26� Norris, P. M., Caffrey, A. P., Stevens, R. J., Klopf, J. M., Mcleskey, J. T., and
Smith, A. N., 2003, “Femtosecond Pump-Probe Nondestructive Examination
of Materials,” Rev. Sci. Instrum., 74, pp. 400–406.

�27� Kittel, C., 1996, Introduction to Solid State Physics, Wiley, New York.
�28� Hohlfeld, J., Wellershoff, S.-S., Gudde, J., Conrad, U., Jahnke, V., and Mat-

thias, E., 2000, “Electron and Lattice Dynamics Following Optical Excitation
of Metals,” Chem. Phys., 251, pp. 237–258.

�29� Stevens, R. J., Smith, A. N., and Norris, P. M., 2006, “Signal Analysis and
Characterization of Experimental Setup for the Transient Thermoreflectance
Technique,” Rev. Sci. Instrum., 77, p. 084901.

�30� Capinski, W. S., and Maris, H. J., 1996, “Improved Apparatus for Picosecond
Pump-and-Probe Optical Measurements,” Rev. Sci. Instrum., 67, pp. 2720–
2726.

�31� Ozisik, M. N., 1993, Heat Conduction, Wiley, New York.
�32� Anisimov, S. I., Kapeliovich, B. L., and Perel’man, T. L., 1974, “Electron

Emission From Metal Surfaces Exposed to Ultrashort Laser Pulses,” Sov.
Phys. JETP, 39, pp. 375–377.

�33� Qiu, T. Q., and Tien, C. L., 1992, “Heat Transfer Mechanisms During Short-
Pulse Laser Heating on Metals,” HTD �Am. Soc. Mech. Eng.�, 196, pp. 41–
49.

�34� Smith, A. N., Hostetler, J. L., and Norris, P. M., 1999, “Nonequilibrium Heat-
ing in Metal Films: An Analytical and Numerical Analysis,” Numer. Heat
Transfer, Part A, 35, pp. 859–873.

�35� Smith, A. N., Hostetler, J. L., and Norris, P. M., 2000, “Thermal Boundary
Resistance Measurements Using a Transient Thermoreflectance Technique,”
Microscale Thermophys. Eng., 4, pp. 51–60.

�36� Incropera, F., and Dewitt, D. P., 1996, Fundamentals of Heat and Mass Trans-
fer, Wiley, New York.

�37� Tien, C. L., Armaly, B. F., and Jagannathan, P. S., 1969, “Thermal Conduc-
tivity of Thin Metallic Films and Wires at Cryogenic Temperatures,” Thermal
Conductivity VIII, Plenum, New York.

�38� Majumdar, A., and Reddy, P., 2004, “Role of Electron-Phonon Coupling in
Thermal Conductance of Metal-Nonmetal Interfaces,” Appl. Phys. Lett., 84,
pp. 4768–4770.

�39� Daly, B. C., Maris, H. J., Imamura, K., and Tamura, S., 2002, “Molecular
Dynamics Calculation of the Thermal Conductivity of Superlattices,” Phys.
Rev. B, 66, p. 024301.

�40� Young, D. A., and Maris, H. J., 1989, “Lattice-Dynamical Calculation of the
Kapitza Resistance Between Fcc Lattices,” Phys. Rev. B, 40, pp. 3685–3693.

�41� Reddy, P., Castelino, K., and Majumdar, A., 2005, “Diffuse Mismatch Model
of Thermal Boundary Conductance Using Exact Phonon Dispersion,” Appl.
Phys. Lett., 87, p. 211908.

�42� Stevens, R. J., Norris, P. M., and Zhigilei, L. V., 2004, “Molecular-Dynamics
Study of Thermal Boundary Resistance: Evidence of Strong Inelastic Scatter-
ing Transport Channels,” IMECE2004, p. 60334.

�43� Levinshtein, M. E., Rumyantsev, S. L., and Shur, M. S., 2001, Properties of
Advanced Semiconductor Materials: GaN, AlN, InN, BN, SiC, SiGe, Wiley-
Interscience, New York.

�44� Fugate, R. Q., and Swenson, C. A., 1969, “Specific Heat of Al2O3 From
2 to 25 K,” J. Appl. Phys., 40, pp. 3034–3036.

�45� Gray, D. E., 1972, American Institute of Physics Handbook, McGraw-Hill,
New York.
FEBRUARY 2008, Vol. 130 / 022401-9

 license or copyright; see http://www.asme.org/terms/Terms_Use.cfm


