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Thermophysics	  on	  the	  nanoscale	  
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Thermal	  conducAvity	  of	  solids	  
What’s the nanoscopic story here??? 
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Thermophysics	  on	  the	  nanoscale	  

Nanosystem 
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Effects	  of	  “nano”	  on	  thermal	  conducAvity	  
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Thermal	  boundary	  conductance	  
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Steady	  state	  measurements	  
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Steady	  state	  measurements	  -‐	  nano	  
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When	  would	  these	  contact	  
resistances	  ma6er	  in	  terms	  of	  

sample	  geometry???	  

Electrical/thermal	  contact	  
resistances	  are	  inherently	  present	  in	  

measurements	  

How	  do	  you	  make	  these	  
contacts	  in	  a	  nanosystem??	  

that may exist between the sample and external test hardware
!19". Finally, since 3! is a nondestructive technique, certain de-
vice geometries and material systems used in the high-powered
microelectronic device systems of interest can be examined in
their as-used conditions or with minimal post processing.

In this study, the thermal conductivity of polycrystalline silicon
suspended bridge structures are measured with the 3! technique.
To the knowledge of the authors, this represents the first measure-
ments of polysilicon bridges with the 3! technique. The thermal
conductivity of these same structures is also measured with a
steady state resistance method, which allows for comparisons
among the thermal conductivity measurement techniques. The
suspended structures are fabricated using the Sandia Ultraplanar
Multilevel MEMS Technology #SUMMiT V™$ process !22,23".
In Sec. 2, the SUMMiT V™ process is described along with the
test samples. The specific 3! setup, analysis method, and assump-
tions are explained in Sec. 3. Section 4 presents the temperature
dependent 3! thermal conductivity results and compares them to
the steady state measurements. The differences between the two
measurements can be ascribed to contact and bond pad effects, for
which steady state techniques must carefully account but which
the 3! technique is insensitive in the frequency domain. There-
fore, these effects can be treated as an offset in 3! analysis !16".

2 Suspended Test Structures
The SUMMiT V™ process !22" involves four structural n-type

#phosphorous-doped$ polysilicon layers with a fifth layer as a
ground plane. The polysilicon layers are separated by sacrificial
oxide layers that are etched away during the final release step. The
two topmost layers, Poly3 and Poly4, are nominally 2.25 "m in
thickness, while the bottom two, Poly1 and Poly2, are nominally
1.0 "m and 1.25 "m in thickness, respectively. The ground
plane, Poly0, is 300 nm in thickness and lies above an 800 nm
layer of silicon nitride and a 630 nm layer of silicon dioxide. The
sacrificial oxide layers between the structural layers are each
roughly 2.0 "m thick.

The thermal conductivity test structures are fabricated from the
Poly4 layer and are nominally 2.25 "m thick. Test structures
were designed with a width of 10 "m and four lengths: 200 "m,
300 "m, 400 "m, and 500 "m. The fixed-fixed bridge ends at
bond pads, which are layered structures that mechanically anchor
the beam to the substrate and provide a location for wire bonding
to the package. The wires are bonded to a 700 nm layer of Al that
is deposited on top of the bond pad. Figure 1 is an image of a
10 "m wide and 200 "m long suspended bridge test structure
used in this study with the bond pads and bond wires visible.

3 3! Experimental Considerations
As previously mentioned, the thermal conductivity of the Poly4

SUMMiT V™ bridge structures were measured with both steady
state and 3! techniques. Details of the steady state experimental
setup, analysis, assumptions, and possible errors are described in

Refs. !11,24". A description of the 3! setup used for measure-
ments on the Poly4 SUMMiT V™ bridge structure follows. Fig-
ure 2 shows a schematic of the electrical circuit with the data
acquisition components of the experimental setup. This is essen-
tially the same setup as Cahill’s original experiment !14,15" only
the use of a SR830 digital signal processing #DSP$ lock-in ampli-
fier with higher harmonic detection removes the need for a fre-
quency tripling circuit. This lock-in greatly simplifies the circuit
since it was used for the input current, reference signal, and mea-
surement of the third harmonic #3!$ voltage. The ac sinusoidal
input current, which was supplied by the lock-in amplifier, was
passed through the sample and resistor of fixed resistance. Passing
the resulting voltage drops through AD534 differential amplifiers
reduces unwanted noise by producing a signal equal to the voltage
drop across the sample and fixed resistor, respectively. The result-
ing signals were then differenced by the lock-in amplifier. Differ-
encing the two resulting voltages across the sample and fixed
resistor removed the majority of unwanted noise. The differenced
voltage signal contains both ! and 3! components. The lock-in
amplifier was used to detect the small resulting 3! component by
comparing the differenced voltage signal with the input current
#supplied by the lock-in amplifier$.

The temperature dependent data were obtained while slowly
heating and cooling the test structures in a liquid nitrogen cooled
Henriksen cryostat that was pumped down to less than 1 mTorr.
Only the sample is in the temperature controlled vacuum; the
fixed resistor is wired in the circuit in ambient so that it experi-
ences minimal temperature fluctuations. The voltage dissipated

Fig. 1 Optical microscope image of a 10 "m wideÃ200 "m
long test structure fabricated using the SUMMiT V™ process.
The bond pads are 100 "m wide and 300 "m long. Two wires
bonded to bond pad are visible in the image. The connections
to the package are outside of the image.

Fig. 2 Schematic representing circuit and data acquisition
equipment in the 3! measurements. The sample is the polysili-
con microbridge structure, and the fixed resistance varied de-
pending on the sample. The value of the fixed resistance was
chosen to be slightly higher than the maximum resistance
across the sample †14‡. During testing, this value was set to be
slightly higher than the room temperature resistance of the
sample.
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Transient/frequency	  domain	  measurements	  –	  more	  robust	  

Angstrom	  method	  
Used	  fixed	  temperature	  
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Can	  we	  do	  this	  opAcally???	  
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Time	  Domain	  ThermoReflectance	  (TDTR)	  
Hopkins et al., J. Heat Trans. 132, 081302 (2010) 
Cahill, Rev. Sci. Instr. 75, 5119 (2004) 
Schmidt et al., Rev. Sci. Instr. 74, 114902 (2008)  
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• Can measure thermal conductivity of thin 
films and substrates (κ) separately from 
thermal boundary conductance (hK) 

• Nanometer spatial resolution (~10’s of nm) 
• Femtosecond to nanosecond temporal 
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Temporal	  regimes	  in	  TDTR	  data	  
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Now let’s look at a few specific examples…. 

FANTASTIC temporal resolution (limited by pulse width) 

Pulse absorption (~100 fs) 

Fermi relaxation and 
ballistic transport (few 

hundred fs) 

Electron-phonon coupling 
(a few ps) 

Thermal diffusion 
(hundreds of ps to ns) 

Strain propagation in film 
(10’s of ps) 



Electron	  thermalizaAon	  and	  sca`ering	  (100’s	  of	  fs	  to	  a	  few	  ps)	  
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In this work, we examine Fermi relaxation in 20 nm Au films with
pump-probe themoreflectance using a thin film, intraband ther-
moreflectance model. Our results indicate that the Fermi relax-
ation of a perturbed electron system occurs approximately
1.10!0.05 ps after absorption of a 785 nm, 185 fs laser pulse.
This is in agreement with reported values from electron emission
experiments but is higher than the Fermi relaxation time deter-
mined from previous thermoreflectance measurements. This dis-
crepancy arises due to thermoreflectance modeling and elucidates
the importance of the use of a proper thermoreflectance model for
thermophysical property determination in pump-probe
experiments. !DOI: 10.1115/1.4002778"

Keywords: Fermi relaxation, electron-electron scattering, ther-
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1 Introduction
The relaxation of a perturbed electron gas into a Fermi distri-

bution directly influences electronic scattering processes that drive
electrical and thermal transport, laser induced chemical reaction
and phase transitions, and optical interactions with solids. Ul-
trashort pulsed laser systems provide a unique measurement capa-
bility to examine the Fermi relaxation dynamics through pump-
probe thermoreflectance as the transient changes in the
thermoreflectance data are related to the Fermi relaxation time
!1–4" and electron-phonon thermalization time !5–11" in a metal.
These times, and corresponding thermal properties such as the
electron-phonon coupling factor !12" G, are determined from the
pump-probe thermoreflectance data by fitting rate-relaxation mod-
els, such as the two-temperature model #TTM$ !13", to the experi-
mental data. However, the key step in this process is relating the
models to the thermoreflectance data. A common and traditional
procedure to relate the models to the data is by assuming that the
thermoreflectance response "R /R is directly related to the elec-
tron and phonon temperature changes through !14"

"R

R
= a"Te + b"TL #1$

where a and b are the coefficients determined by scaling the elec-
tron and lattice temperature changes "Te and "TL, respectively, to
the thermoreflectance data at various pump-probe delay times.
Although this approach is valid for small perturbations in electron
temperature, at high electron temperatures, the thermoreflectance
response of metals can become highly nonlinear !11,15". This

nonlinearity has been shown to lead to errors in measurements of
G if not properly taken into account. However, the Fermi relax-
ation of the electron system after short pulse laser absorption has
not been as rigorously studied using pump-probe thermoreflec-
tance as electron-phonon thermalization. Previous works by Sun
et al. !3,4" used pump-probe thermoreflectance and a similar rela-
tion to Eq. #1$ to show that gold exhibits a Fermi relaxation time
of about 0.500 ps, far greater than the theoretical Fermi relaxation
time in Au #40 fs$ !16". However, electron emission experiments
conducted by Fann et al. !17,18" measured the Fermi relaxation
time of a perturbed electron systems as %1 ps, twice as high as
that determined from pump-probe thermoreflectance.

In this work, we analyze pump-probe thermoreflectance data
from Au films with a modified TTM and an intraband #nonlinear$
thickness dependent thermoreflectance model !15". We determine
the Fermi relaxation time #F in Au from the thermoreflectance
data as %1.1 ps, in good agreement with the measurements from
electron emission by Fann et al. !17,18", and show that not ac-
counting for the highly nonlinear thermoreflectance in Au can
cause a decrease in the prediction of #F and G, lending insight into
the discrepancy in reported Fermi relaxation times for Au in the
literature.

2 Experimental Details
Two 20 nm Au films were evaporated on a single crystalline,

lightly doped Si substrate and a glass microscope cover slide
#Corning 2947$. We measure the transient thermoreflectance re-
sponse of the two Au films with the thermoreflectance setup de-
scribed in detail in Ref. !19". In short, the laser pulses in our
thermoreflectance setup emanate from a Spectra Physics Mai Tai
with a repetition rate of 80 MHz, 90 fs pulse width, and a central
wavelength of 785 nm. The pump pulses are further modulated
with an electro-optic modulator #EOM$ operating at 11 MHz and
the probe pulses are time delayed using a mechanical delay stage.
Due to dispersion introduced by the EOM, the pump pulses are
broadened to 185 fs as measured at the sample location. The co-
axial pump and probe pulses are focused onto the sample surface
to a 1 /e2 spot radius of 17 $m. The reflectance data collected
with a photodiode is locked into the pump modulation frequency
to give the thermoreflectance signal #"R /R$ as a function of
pump-probe delay time. The raw data were adjusted to account for
electronic noise !20" and thermal accumulation from the pump
pulses !21" by monitoring the imaginary component of the ther-
moreflectance response and the pump phase. The temporal ther-
moreflectance responses of the two 20 nm Au thin film samples
#Au/Si and Au/glass$ are monitored after excitation with three
different incident laser fluences, 0.7 J m!2, 2.0 J m!2, and
3.1 J m!2. A representative thermoreflectance data set is shown in
Fig. 1 for the 20 nm Au/glass sample measured with 3.1 J m!2

incident pump fluence. In the graphical representation of the data,
we set the time of maximum thermoreflectance signal equal to t
=0.

3 Data Analysis

3.1 Two-Temperature Model. To quantitatively analyze the
electron thermalization processes observed in the thermoreflec-
tance data, we turn to the TTM. The two-temperature model in the
thin film limit #i.e., film thickness is less than the ballistic pen-
etration depth of the electrons ensuring minimal temperature gra-
dient in the film$ is given by !8"

%Te
!Te

!t
= ! G!Te ! TL" + S#t$ #2$
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temperature, at high electron temperatures, the thermoreflectance
response of metals can become highly nonlinear !11,15". This

nonlinearity has been shown to lead to errors in measurements of
G if not properly taken into account. However, the Fermi relax-
ation of the electron system after short pulse laser absorption has
not been as rigorously studied using pump-probe thermoreflec-
tance as electron-phonon thermalization. Previous works by Sun
et al. !3,4" used pump-probe thermoreflectance and a similar rela-
tion to Eq. #1$ to show that gold exhibits a Fermi relaxation time
of about 0.500 ps, far greater than the theoretical Fermi relaxation
time in Au #40 fs$ !16". However, electron emission experiments
conducted by Fann et al. !17,18" measured the Fermi relaxation
time of a perturbed electron systems as %1 ps, twice as high as
that determined from pump-probe thermoreflectance.

In this work, we analyze pump-probe thermoreflectance data
from Au films with a modified TTM and an intraband #nonlinear$
thickness dependent thermoreflectance model !15". We determine
the Fermi relaxation time #F in Au from the thermoreflectance
data as %1.1 ps, in good agreement with the measurements from
electron emission by Fann et al. !17,18", and show that not ac-
counting for the highly nonlinear thermoreflectance in Au can
cause a decrease in the prediction of #F and G, lending insight into
the discrepancy in reported Fermi relaxation times for Au in the
literature.

2 Experimental Details
Two 20 nm Au films were evaporated on a single crystalline,

lightly doped Si substrate and a glass microscope cover slide
#Corning 2947$. We measure the transient thermoreflectance re-
sponse of the two Au films with the thermoreflectance setup de-
scribed in detail in Ref. !19". In short, the laser pulses in our
thermoreflectance setup emanate from a Spectra Physics Mai Tai
with a repetition rate of 80 MHz, 90 fs pulse width, and a central
wavelength of 785 nm. The pump pulses are further modulated
with an electro-optic modulator #EOM$ operating at 11 MHz and
the probe pulses are time delayed using a mechanical delay stage.
Due to dispersion introduced by the EOM, the pump pulses are
broadened to 185 fs as measured at the sample location. The co-
axial pump and probe pulses are focused onto the sample surface
to a 1 /e2 spot radius of 17 $m. The reflectance data collected
with a photodiode is locked into the pump modulation frequency
to give the thermoreflectance signal #"R /R$ as a function of
pump-probe delay time. The raw data were adjusted to account for
electronic noise !20" and thermal accumulation from the pump
pulses !21" by monitoring the imaginary component of the ther-
moreflectance response and the pump phase. The temporal ther-
moreflectance responses of the two 20 nm Au thin film samples
#Au/Si and Au/glass$ are monitored after excitation with three
different incident laser fluences, 0.7 J m!2, 2.0 J m!2, and
3.1 J m!2. A representative thermoreflectance data set is shown in
Fig. 1 for the 20 nm Au/glass sample measured with 3.1 J m!2

incident pump fluence. In the graphical representation of the data,
we set the time of maximum thermoreflectance signal equal to t
=0.

3 Data Analysis

3.1 Two-Temperature Model. To quantitatively analyze the
electron thermalization processes observed in the thermoreflec-
tance data, we turn to the TTM. The two-temperature model in the
thin film limit #i.e., film thickness is less than the ballistic pen-
etration depth of the electrons ensuring minimal temperature gra-
dient in the film$ is given by !8"

%Te
!Te

!t
= ! G!Te ! TL" + S#t$ #2$
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CL
!TL

!t
= G!Te ! TL" #3$

where ! is the linear coefficient to the electron heat capacity,
which for Au is 62.9 J m!3 K!2 !22", Te is the electron tempera-
ture, G is the electron-phonon coupling factor, which character-
izes the rate at which electrons lose energy to the vibrating lattice
!12", S is the laser source term, CL is the lattice heat capacity, and
t is the time. Equations #2$ and #3$ are subject to the initial con-
dition Te#t=0$=TL#t=0$=T0 where T0 is assumed as 300 K. The
traditional source term is given by

S#t$ =
0.94F#1 ! R$

dtp
exp%! 2.77& t ! 2tp

tp
'2( #4$

where F is the incident laser fluence, R is the reflectivity, d is the
film thickness, and tp is the pump pulse width #185 fs$. To quan-
tify the Fermi relaxation in the TTM formulation, we modify the
standard source term to account for a delayed electron thermali-
zation. The traditional source term in the TTM assumes that after
pulse absorption, the electron system is fully thermalized. This
would mean the peak reflectance would occur )185 fs after the
initial absorption process takes place. As apparent from Fig. 1,
this is clearly not the case as the rise time of the fast transient is
)2 ps. Therefore, we assume the source term in the TTM is
given by !23"

S#t$ =
0.94F#1 ! R$

d#tp + tth$
exp%! 2.77& t ! 2#tp + tth$

tp + tth
'2( #5$

where tth is the delay in the electron thermalization time after
pulse absorption #i.e., the Fermi relaxation time$. This expression
for the source term of the TTM assumes that there is a delay in
thermalization beyond the pulse width. This is typically true for
laser experiments using femtosecond pulses #on the order of 100
fs$ interrogating metals under relatively low energy perturbations.
Under energetic excitations that increase the electronic density
around the Fermi level or cause a large perturbation of the elec-
tron gas from the Fermi surface, the Fermi relaxation time will
decrease to that which is orders of magnitude less than the
electron-phonon thermalization time and much less than the pulse
width !16". In this case, tth will be negligible compared with tp. In
addition, in thicker films or bulk materials in which diffusion need
be accounted for in the temperature evolution of the system, bal-
listic transport of the electron system can occur during pulse ab-

sorption, stretching out the depth in which the electron system
equilibrates !24". Although in this work we limit this ballistic
transport phenomenon by studying Au films with thicknesses on
the order of the penetration depth, to apply this delayed thermal-
ization source term to thicker films, a correction to the depth of
electronic thermalization must be employed !8".

3.2 Thermoreflectance Model. To fit the TTM to the experi-
mental data, the change in temperature predicted by the TTM is
related to the change in reflectance through an appropriate ther-
moreflectance model !15". A thermoreflectance signal is a change
in the baseline reflectivity of a sample surface resulting from a
change in temperature of the sample. The reflectivity of a bulk
material #film$ at the air #vacuum$/film interface is given by

R =
#n ! 1$2 + k2

#n + 1$2 + k2 #6$

where n and k are the real #refractive index$ and imaginary #ex-
tinction coefficient$ parts of the complex index of refraction n̂.
The key to relating Eq. #6$ to the thermoreflectance signal is
knowledge of the temperature dependency of n and k for the film
and substrate !25". The refractive index and extinction coefficient
are related to the complex optical dielectric function "̂="1+ i"2
through !26"

n =
1
*2

!#"1
2 + "2

2$1/2 + "1"1/2 #7$

and

k =
1
*2

!#"1
2 + "2

2$1/2 ! "1"1/2. #8$

Now the complex dielectric function can also be expressed as "̂
= "̂intra+ "̂inter, which explicitly separates the contributions due to
intraband transitions #free electrons$ and interband transitions
#bound electrons$. Since we are examining Au with 785 nm
pulses, we only focus on the intraband part "̂intra, which is de-
scribed by the well known Drude model. This intraband model
and its dependency on temperature is discussed in detail in Refs.
!11,15".

The 20 nm thin films in this study have film thicknesses on the
order of the optical penetration depth, so reflection and absorption
at the film/substrate interface can cause a change in the measured
reflectivity of the sample surface due to multiple reflections
propagating in the film. From thin film optics, the reflectivity of a
thin film on a substrate where the incident medium is air is given
by !27"

Rf = r*r #9$

where

r =
#m11 + n̂sm12$ ! #m21 + n̂sm22$
#m11 + n̂sm12$ + #m21 + n̂sm22$

#10$

with n̂s being the complex index of refraction of the substrate and
r! is the complex conjugate of Eq. #10$. In Eq. #10$, mi,j is the
component of the characteristic thin film matrix !28" defined as

M = + cos # !
i

n̂f
sin #

! in̂f sin # cos #
, #11$

where #=$dn̂f /c, $ is the angular frequency of the radiation, and
c is the speed of light. The temperature dependencies of the indi-
ces of refraction in this thin film reflectance model follow those of
the Drude model, as previously discussed. Once Eq. #9$ is deter-
mined, the intraband, thin film thermoreflectance model is given
by

Fig. 1 Transient thermoreflectance data taken on a 20 nm Au
film evaporated on a glass substrate fit with the TTM using two
different source terms: „dashed line… the traditional source
term „Eq. „4…… and „solid line… the source term that accounts for
a delay in electron thermalization „Eq. „5……. Accounting for a
delay in electron thermalization gives a much better fit of the
TTM to the experimental data and yields a best fit value for G
that is in much better agreement with previous measurements
of G on Au.
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Kuo and Qiu [10] extended the PTS model to simulate the melting of metal films
exposed to picosecond laser pulses. The present work extends the numerical solution
of the one-dimensional PTS model to include both melting and evaporation e!ects
on irradiation of metal with much shorter pulses, of femtosecond duration. Heating
above the normal melting and boiling temperatures is allowed by including the
appropriate kinetic relations in the computation. Therefore, the main di!erence
between this work and prior work is that evaporation process and its e!ect on energy
transfer and material removal is studied. It is seen that with increasing pulse energy,
there is considerable superheating and the solid–liquid interface temperature ap-
proaches the boiling temperature. However, the surface evaporation process does not
contribute significantly to the material-removal process.

NUMERICAL MODELING

In general, the conduction of heat during a femtosecond pulsed laser heating
process is described by a nonequilibrium hyperbolic two-step model [4]. The equa-
tion for this model are given below:

Ce!Te"
qTe

qt
# $H %Q$ G!Te $ Tl" & S !1"

Figure 1. Three stages of energy transfer during femtosecond laser irradiation (adapted from [2]).
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change at the surface is related to the thermal properties (ther-
mal conductivity and heat capacity) of the individual layers,
as well as the Kapitza conductance between layers. We
assume bulk values for the thermal properties of the Au film
and for the heat capacity of the Si substrate.29 We then fit the
data to a curve by adjusting the Kapitza conductance between
at the Au:Si contact and the conductivity of the Si substrate.30

Room temperature phonon transmissivities and Kapitza
conductances at Au:Si contacts are plotted as a function of
interface roughness in Fig. 2(b). As is evident in the figure,
low-frequency coherent phonon transmissivity is strongly
dependent on interface roughness, and at nominally smooth
interfaces, the measured transmissivity is nearly identical to
that predicted by the acoustic mismatch model (AMM).31

On the contrary, the effect of roughness on Kapitza con-
ductance is less severe and non-monotonic, although the
relative variation with roughness (!20%) is consistent with
earlier measurements of Kapitza conductance at rough
Al:Si interfaces.14 This is likely due to the fact that the poor
adhesion between Au and a:SiO2 (Ref. 32) readily impedes
high-frequency vibrations from transmitting energy across
the interface (see Fig. 3). In turn, roughness does not
serve to further limit Kapitza conductance. Furthermore,
the dissimilarities between the observed trends illustrate the
differences between the coherent (ballistic) nature of the

phonon transmissivity measurements as opposed to the
incoherent (diffusive) nature of the Kapitza conductance
measurements. In many ways, this is similar to the observed
discrepancies between numerical studies implementing
lattice-dynamical methods versus those employing molecu-
lar dynamics simulations;33–35 that is, properties of the
interface affect ballistic and diffusive phonons differently.
Furthermore, this distinction between diffusive and ballistic
phonon transport has been a centerpiece of many reports on
the thermal behavior of superlattices.36

The Kapitza conductances at several of our Au:Si con-
tacts are plotted as a function of temperature in Fig. 4. We
also plot the measured conductances at interfaces between
both sputtered and transfer-printed Au films and hydrogen-
terminated Si from Ref. 22. In addition, the predictions of
the diffuse mismatch model (DMM)38,39 and the maximum
transmission model (MTM)40 are plotted for comparison.
The temperature dependencies of these models are indicative
of the assumed phonon-phonon interactions. That is, the
DMM assumes elastic phonon-phonon interactions and thus
begins to level off above the Debye temperature of Au,
hAu " 165 K. On the other hand, the MTM also allows for
inelastic (anharmonic) phonon-phonon interactions and thus
predicts an increase in conductance with increasing tempera-
ture above 165 K.

As is evident in the plot, both the presence of the native
oxide layer or the absence of a Ti adhesion layer lead not
only to lower Kapitza conductances, but also a significantly
diminished temperature dependence. This data indicates that
interfacial non-idealities, i.e., weak bonding between Au and
a:SiO2 or structural disorder due to an amorphous interfacial
oxide, impede anharmonic phonon-phonon interactions that
would otherwise contribute to interfacial thermal transport.
This result is consistent with earlier experimental14,21 and
computational15,19 studies. However, unique to this data set
is the fact that the room temperature Kapitza conductance at

FIG. 2. (a) Example data depicting picosecond acoustic response from a
20 nm Au film on Si substrate. (b) Coherent phonon transmissivity and
Kapitza conductance plotted as a function of interface RMS roughness.
Error bars represent both the repeatability of the measurement as well as
sensitivity to the variations in film thickness listed in Table I. While rough-
ness affects both, the trends with roughness are dissimilar, indicating interfa-
cial features affect ballistic and diffusive phonons differently.

FIG. 3. Transmissivity a “Au:Si” contact as a function of normalized fre-
quency as calculated via the non-equilibrium Green’s function approach
(see Ref. 37 for details). In the model, the ratio of acoustic impedances
between the materials comprising the junction are equal to that between Au
and Si. The weakly bonded system has an interfacial force constant 10% of
the strongly bonded system. A weak interfacial bond impedes the transmis-
sion of high frequency phonons.
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Influence of interfacial properties on thermal transport at gold:silicon
contacts

J. C. Duda,1,a) C.-Y. P. Yang,2 B. M. Foley,1 R. Cheaito,1 D. L. Medlin,2 R. E. Jones,2

and P. E. Hopkins1,b)

1Department of Mechanical and Aerospace Engineering, University of Virginia, Charlottesville,
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2Sandia National Laboratories, Livermore, California 94550, USA
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We measure the Kapitza conductances at Au:Si contacts from 100 to 296 K via time-domain
thermoreflectance. Contacts are fabricated by evaporating Au films onto Si substrates. Prior to
Au deposition, the Si substrates receive pretreatments in order to modify interfacial properties,
i.e., bonding and structural disorder. Through the inclusion of a Ti adhesion layer and the
removal of the native oxide, Kapitza conductance can be enhanced by a factor of four at 296 K.
Furthermore, interfacial roughness is found to have a negligible effect, which we attribute to the
already low conductances of poorly bonded Au:Si contacts. VC 2013 American Institute of Physics.
[http://dx.doi.org/10.1063/1.4793431]

Solid-solid contacts will dictate the overall thermal per-
formance of a given device when its characteristic lengths
approach the mean-free-paths of the pertinent thermal car-
riers due to the fact that these interfaces provide additional
sites for carrier scattering.1,2 In semiconductor technologies,
thermal transport is often mediated by phonons. While many
early attempts to quantify the phonon mean-free-path relied
heavily on the gray approximation (where a single value is
assumed regardless of phonon frequency or wavevector), it
has recently become commonplace to consider the entire
spectrum of mean-free-paths in a given material.3–5 For
example, it has been shown that the mean-free-paths of pho-
nons contributing to thermal transport in Si can span from a
few Ångstr!oms to upwards of several microns.6,7 This range
of scales overlaps with that of the architectures typical of
Si-based nanostructures and devices, thereby indicating that
interfaces can be a primary source of thermal resistance in
such systems.

While Au:Si contacts remain ubiquitous in modern elec-
tronics, thermal characterization remains limited. Tas et al.8

employed picosecond acoustics to study the influence of
interfacial bonding at Au:Si contacts via ion implantation,
effectively identifying how interface non-idealities, e.g., the
presence of impurities or weak bonding, can affect low fre-
quency phonon transmission. In that work, they found that
ion implantation led to higher transmission coefficients,
which they attributed to interfacial stiffening. Stevens et al.9

measured the room temperature Kapitza conductance at an
interface between a thin Au film and Si substrate to be
71 MW m!2 K!1 via pump-probe optical thermometry,
although no details about interfacial properties were pro-
vided. However, this missing information is critical, as inter-
facial structure10–15 and bonding16–21 can have a marked
effect on thermal transport. For example, Oh et al.22 meas-
ured the thermal conductance at junctions between transfer-
printed and sputtered Au films and hydrogen-terminated Si

where conductances were 43 and 119 MW m!2 K!1 at room
temperature, respectively. This threefold difference in con-
ductance between the two interfaces comprised of the same
materials illustrates how dramatically interfacial properties
can affect thermal transport.

In this letter, we report low-frequency coherent phonon
transmissivities, T, and Kapitza conductances, hK, at Au:Si
contacts from 100 to 296 K as measured via time-domain ther-
moreflectance (TDTR). A series of Au:Si contacts were fabri-
cated by evaporating thin Au films onto Si substrates. Prior to
Au deposition, the Si substrates received pretreatments in
order to modify interfacial properties, i.e., structure and bond-
ing. Changes in structure were achieved through etching to
control both interfacial roughness and the presence of an ox-
ide layer, while changes in bonding were achieved through
the inclusion of a Ti adhesion layer. The influence of interfa-
cial roughness was found to have a significant effect on low-
frequency ("80 GHz) coherent phonon transmission, but a
much smaller and non-monotonic effect on Kapitza conduct-
ance. The addition of a Ti adhesion layer and the removal of
the native oxide layer separately resulted in nearly twofold
increases in Kapitza conductance at 296 K. The data indicate
that poor adhesion between film and substrate (absence of a Ti
adhesion layer) or structural and compositional disorder (pres-
ence of a native a:SiO2 layer) drastically reduce the tempera-
ture dependence of Kapitza conductance, indicating that
interfacial non-idealities impede anharmonic phonon-phonon
interactions that would otherwise contribute to interfacial ther-
mal transport. Finally, these data suggest that the properties of
the interface can have an equivalent, if not greater, influence
on Kapitza conductance than the inherent vibrational mis-
match between the materials comprising the interface.

To begin, prime-grade, boron-doped h100i silicon wafers
were cleaved and sequentially cleaned with methanol, ace-
tone, isopropanol, and deionized water. Between each succes-
sive clean, the samples were dried with nitrogen. After
cleaning, samples were treated with a 5:1 buffered oxide etch
(BOE) for 30 s to remove the native oxide, rinsed in deionized
water, and dried again with nitrogen. Several samples (B, C,

a)Electronic mail: duda@virginia.edu.
b)Electronic mail: phopkins@virginia.edu.
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Experimental Investigation of Size Effects on the Thermal Conductivity
of Silicon-Germanium Alloy Thin Films
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We experimentally investigate the role of size effects and boundary scattering on the thermal

conductivity of silicon-germanium alloys. The thermal conductivities of a series of epitaxially grown

Si1!xGex thin films with varying thicknesses and compositions were measured with time-domain

thermoreflectance. The resulting conductivities are found to be 3 to 5 times less than bulk values and

vary strongly with film thickness. By examining these measured thermal conductivities in the context of a

previously established model, it is shown that long wavelength phonons, known to be the dominant heat

carriers in alloy films, are strongly scattered by the film boundaries, thereby inducing the observed

reductions in heat transport. These results are then generalized to silicon-germanium systems of various

thicknesses and compositions; we find that the thermal conductivities of Si1!xGex superlattices are

ultimately limited by finite size effects and sample size rather than periodicity or alloying. This

demonstrates the strong influence of sample size in alloyed nanosystems. Therefore, if a comparison is

to be made between the thermal conductivities of superlattices and alloys, the total sample thicknesses of

each must be considered.

DOI: 10.1103/PhysRevLett.109.195901 PACS numbers: 65.40.!b, 63.22.!m, 63.50.Gh, 68.37.!d

Silicon-germanium structures continue to be the focus
of tremendous investment due to their widespread integra-
tion in thermoelectric power generation, optoelectronic
devices, and high-mobility transistors. For example, bulk
Si1!xGex is an established high temperature thermoelectric
material demonstrating a figure of merit, ZT, approaching
unity at " 1100 K [1]. Moreover, there has been much
interest in engineering silicon-germanium systems for
high ZT thermoelectrics by the manipulation of thermal
properties via interface scattering effects. For these rea-
sons, the thermal properties of Si1!xGex systems have been
studied extensively in a variety of material forms including
superlattices of different period lengths [2–6], alloy-based
superlattices [7,8], superlattice nanowires [9], doped
Si1!xGex superlattices and bulk alloys [5,10,11], and nano-
structured bulk alloys [12]. These investigations have been
accompanied with theoretical studies that have elucidated
the underlying nature of phonon transport in these systems
[10,13–16]. Most previous works allude to the fact that
Si1!xGex-based superlattice structures exhibit thermal
conductivities lower than the so-called alloy limit. These
superlattices are often compared to SiGe alloy samples of
much larger thicknesses. This neglects the potential size
effects associated with the finite sample thicknesses of
alloys and total sample thickness of superlattices, a fact
that is often overlooked due to the assumption of strong
phonon scattering at alloy sites. Here, in contrast, we show
that these size effects associated with total sample size

must be considered in the analysis and comparison of
alloys and superlattices.
This idea is reinforced by recent computational and

theoretical investigations into thermal conductivity of
nanostructured Si1!xGex systems. For example, when
implementing nonequilibrium molecular dynamics simu-
lations, Landry and McGaughey [17] found that the calcu-
lated values of thermal conductivity of a Si0:5Ge0:5 alloy
were strongly dependent on the size of the simulation cell
(more so than in a homogeneous Si domain [18]). Also via
nonequilibrium molecular dynamics, Chen, Zhang, and Li
[19] found that the thermal conductivities of Stillinger-
Weber–type Si1!xGex nanowires were substantially below
those values obtained by Skye and Schelling [20], where
the Green-Kubo approach was used to predict the thermal
conductivities of bulk Si1!xGex alloys. Finally, Garg et al.
[21] used density functional perturbation theory to study the
spectral dependence of thermal conductivity in Si1!xGex
alloys and found that more than half of the heat-carrying
phonons had mean-free paths greater than 1 !m.
Whereas copious effort has been invested in quantifying

the thermal conductivity of more complex nanostructured
Si1!xGex systems (i.e., superlattices, nanowires, etc.),
there are far fewer reports that focused on experimentally
investigating Si1!xGex thin-film alloy thermal transport
[2,6,7,22,23]. In response, we measure the thermal con-
ductivity of thin-film Si1!xGex alloys with thicknesses
ranging from 39 to 427 nm along with different alloy
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We report on the thermal boundary conductance across structurally-variant GaSb/GaAs interfaces
characterized by different dislocations densities, as well as variably-rough Al/GaSb interfaces. The
GaSb/GaAs structures are epitaxially grown using both interfacial misfit !IMF" and non-IMF
techniques. We measure the thermal boundary conductance from 100 to 450 K with time-domain
thermoreflectance. The thermal boundary conductance across the GaSb/GaAs interfaces decreases
with increasing strain dislocation density. We develop a model for interfacial transport at
structurally-variant interfaces in which phonon propagation and scattering parallels photon
attenuation. We find that this model describes the measured thermal boundary conductances well.
© 2011 American Institute of Physics. #doi:10.1063/1.3581041$

Thermal transport across solid interfaces, which is a ma-
jor inhibitor of heat flow in nanosystems,1 is quantified by
the thermal boundary conductance, hK. This quantity is the
proportionality constant that relates the heat flux across an
interface, qint, to the temperature drop associated with the
interfacial region, !T, i.e., hK=qint /!T. Although a tremen-
dous amount of work has focused on measurements and
theory of thermal transmission across solid interfaces assum-
ing a perfectly abrupt or “flat” junction between two materi-
als !see Refs. 1 and 2 for extensive reviews", measurements
of thermal transport across nonideal interfaces are much less
frequently studied. Recently, Hopkins et al.3 found that RMS
roughness at Al/Si interfaces and elemental mixing at Cr/Si
interfaces4,5 causes variations in hK at room temperature.
Collins and Chen6 found that the surface chemistry at dia-
mond surfaces can affect hK across Al/diamond interfaces
over a wide temperature range. Understanding the role of
imperfect structure at solid interfaces and its role in hK is of
utmost importance to further engineer thermal conduction in
nanostructures.

In this work, we measure hK across GaSb/GaAs inter-
faces with time-domain thermoreflectance !TDTR". We grow
GaSb films on GaAs substrates via two different epitaxial
techniques leading to different dislocation densities around
the GaSb/GaAs boundary. In addition, these different growth
techniques cause the dislocation densities of the GaSb films
to vary, thus changing the surface morphology of the films.
Therefore, we also study the effect of dislocation density and
interface roughness on hK at Al/GaSb interfaces, as a thin
100 nm Al film is deposited on the GaSb surface for TDTR
measurements. We quantify the phonon scattering with a
variation in the diffuse mismatch model !DMM" !Ref. 7" in
which phonon propagation and scattering parallels photon
attenuation. These thermal results have implications for the

design, growth, and selection of materials in laser diodes and
other gallium-based optoelectronics.

We grow 500 nm of GaSb on GaAs substrates using
solid-source molecular beam epitaxy. The lattice mismatch
between the two Ga-based binaries is 7.78%. This highly
mismatched system reaches its critical thickness within the
first monolayer and has the tendency to form islands with
interfacial arrays of 90° lomer misfit dislocations.8 The is-
lands coalesce with further growth and eventually tend to
become a planar surface. However, the process of coales-
cence leads to 60° misfit dislocations that can very easily
turn into threading dislocations.9 We grow one GaSb film via
the interfacial-misfit array !IMF" growth mode, a particular
growth mode that allows us to achieve large scale IMF dis-
location array networks through the use of Sb-rich surface
reconstructions resulting in GaSb grown on GaAs with sig-
nificantly reduced threading dislocations.10 The threading
dislocations for a non-IMF growth of GaSb on GaAs is typi-
cally 109–1011 dislocations per square centimeter, while in
the case of the IMF growth mode the threading dislocation
density ranges between 5"106–5"108 dislocations per
cm2. The threading dislocations were measured using plan-
view and cross-section transmission electron microscopy.11,12

Along with the threading dislocations in the material, we
also observe that the screw type dislocations are significantly
reduced in the IMF sample compared to non-IMF samples.
Figure 1 shows atomic force microscopy !AFM" images of
the GaSb film surface for the non-IMF #!a" and !b"$ and IMF
#!c" and !d"$ samples. The effect of the high density of screw
dislocations is apparent on the surface of the non-IMF
sample #Fig. 1!b"$. The rms roughnesses on the GaSb sur-
faces are 1.7 nm and 2.3 nm for the IMF and non-IMF
growth techniques, respectively.

We measure hK at the Al/GaSb and GaSb/GaAs inter-
faces with TDTR; typical experimental descriptions of
TDTR and details of the thermal and lock-in analyses for
thin-film systems are described elsewhere.13–15 We collecta"Electronic mail: pehopki@sandia.gov.
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Suspended	  films	  and	  phononic	  crystals	  

new parameter to evaluate the applicability of low thermal
conductivity materials based on the usable area of the
material of interest. This parameter, the thermal conductiv-
ity of a “unit cell” of a material, is given by !uc ) !m/Auc,
where !m is the measured thermal conductivity of the
nanosystems and Auc is the minimum, repeatable cross
sectional area of the solid matrix of the unit cell. Ideally, Auc

should be as large as possible so that !uc is minimized for
low thermal conductivity applications. In the previously
measured nanowires, Auc is defined as the cross section area
of the nanowire.

Following this logic, recent work by Yu et al.10 studied
the thermal conductivity of Si nanomesh films that were
theorized to have phononic crystal properties. Phononic
crystals are the acoustic wave equivalent of photonic crys-
tals, where a periodic array of scattering inclusions located
in a homogeneous host material causes certain frequencies
to be reflected by the structure (for a review, see ref 11). The
nanomeshes studied by Yu et al. exhibited thermal conduc-
tivities similar to those of the lowest thermal conductivity
nanowires. These nanomeshes were able to be developed
as films with a 100 µm2 areal footprint, alleviating the
aforementioned stability aspect of the nanowires, but the
nanomesh films were only grown to !20 nm film thick-
nesses. Therefore, the unit cell area as previously defined is
still of the same order of magnitude as many of the Si
nanowires. In the case of the nanomeshes, Auc is defined as
in-plane, cross sectional area of an individual ligament in the
nanomesh, explicitly defined by Yu et al.10

In response to the previously mentioned research, in this
work, we investigate the thermal conductivity of single
crystalline silicon PnCs with a thickness of 500 nm, pore
spacings of several hundreds of nanometers, and areal
footprints of !10000 µm2. We measure the thermal con-
ductivity in the cross plane direction of these PnCs with time
domain thermoreflectance; this direction of thermal propa-
gation exhibits Auc nearly 3 orders of magnitude larger than
that of the nanomeshes. Although the PnCs studied in this
work have band gaps in the gigahertz regime, well below
terahertz phonon frequencies known to affect thermal
transport in silicon,12 the periodic nature of the PnCs coher-
ently alter the phononic spectrum, which affects the thermal
conductivity. In addition, incoherent phonon scattering at
the physical boundaries of the PnC lattice will also cause a
reduction in the phonon thermal conductivity. We use this
to describe the thermal conductivity reduction in the PnCs
studied in this work by accounting for phonon scattering and
dispersion changes in the specific PnCs examined in this
study.

The fabrication of the PnC begins with 150 µm silicon-
on-insulator (SOI) wafers, where the buried oxide (BOX)
layer is 3 µm thick. The !100", n-type, top Si layer where the
PnC devices are realized is 500 nm thick and has a resistivity
of 37.5-62.5 !·cm. The PnCs are formed by etching
circular air holes of diameter d ) 300-400 nm in the top

Si, arranged in a simple cubic lattice, with center-to-center
hole spacings, a, of 500, 600, 700, and 800 nm. The samples
studied here specifically have: d/a ) 300/500 nm (3/5), 300/
600 nm (3/6), 400/700 nm (4/7), and 400/800 nm (4/8). In
the cross plane direction, these PnCs have solid matrix unit
cell areas of Auc ) a2 - !d2/4. Release areas are also etched
in the top Si to the BOX, and the PnC membranes are
suspended above the substrate by removing the BOX in
vapor phase hydrofluoric acid (VHF). Figure 1a shows a top-
down image of a membrane containing two PnCs with a )
500 nm and d ) 300 nm. The membrane is 60 µm wide
and 200 µm long and is comprised of two PnCs separated
by a 20.5 µm wide unpatterned area. The length of each PnC
is 80 µm for a total of 160 periods when a ) 500 nm. The
600, 700, and 800 nm lattice constant devices have the
same membrane width, length, and spacing between the
PnCs and contain 133, 115, and 101 PnC periods, respec-
tively, maintaining a nearly constant PnC length of 80 µm
for each sample. Figure 1b shows a side image of a PnC
membrane and its suspension above the substrate to isolate
thermal effects in the membrane. Figure 1c shows a close
in image of a Si/air PnC.

We measured the thermal conductivity of the PnCs with
the time-domain thermoreflectance technique (TDTR).13,14

Our specific experimental setup is described in detail in ref
15. TDTR is a noncontact, pump-probe technique in which
a modulated train of short laser pulses (in our case !100 fs)
is used to create a heating event (“pump”) on the surface of
a sample. This pump-heating event is then monitored with
a time-delayed probe pulse. The change in the reflectivity
of the probe pulses at the modulation frequency of the pump
train is detected through a lock-in amplifier; this change in

FIGURE 1. (a) Top-down image of a membrane containing two PnCs
with a ) 500 nm and d ) 300 nm. The membrane is 60 µm wide
and 200 µm long. A 20.5 µm wide area between the PnCs is located
in the center of the membrane. The length of each PnC is 80 µm for
a total of 160 periods. (b) Side image of a PnC membrane showing
its suspension above the substrate. (c) Close in image of a Si/air PnC
showing the lattice constant, a, and hole diameter, d. In the cross
plane direction, these PnCs have solid matrix unit cell areas of Auc
) a2 - !d2/4.

© 2011 American Chemical Society 108 DOI: 10.1021/nl102918q | Nano Lett. 2011, 11, 107-–112

measured thermal conductivity of the various Si nanostruc-
tures from previous studies. For the unit cell area of the
PnCs, we subtract the area of the air holes to include only
the unit cell of the solid fraction of the PnC. The thermal
conductivities of the PnC structures show a drastic reduction
from that of bulk, single crystalline Si (148 W m-1 K-1).22

Although the nanowires and nanomesh data show similar,
if not greater reduction, the PnCs have a much greater (1-3
orders of magnitude) unit cell solid area than the nanowires
for the same thermal conductivity. To directly compare the
PnCs to the nanowire data, consider !uc on the PnCs ex-
tended to lower dimensions. The solid line in Figure 2
represents

! ) !uc_PnC_avgAuc/Auc_PnC_avg

where we calculate !m_PnC_avg and Auc_PnC_avg by averaging
values from the PnCs. This effectively projects the “device
applicability” of the PnCs to lower unit cell areas. As appar-
ent from Figure 2, !uc on the PnCs is the lowest !uc of any
silicon nanostructured material (Auc < 10-12 m).

To understand the origin of this thermal conductivity
reduction at room temperature, we turn to the Callaway-
Holland-type model,23,24 given by

where Cj is the specific heat per normal mode at frequency
!(q), vj is the phonon velocity, "j is the scattering time, and
q is the wavevector. In bulk Si, the scattering time around
room temperature is dominated by Umklapp processes, with
a relatively small contribution from impurity scattering.
From Matthiessen’s rule, the scattering time is given by "j(q)
) ("U,j

-1(q) + "I,j
-1(q))-1, where the Umklapp scattering rate

is given by "U,j
-1(q) ) AT!2(q) exp[-B/T], where T is the

temperature and A and B are coefficients to be determined,
and the impurity scattering rate is given by "I,j

-1(q) ) D!4(q),
where D ) 1.32 ! 10-45 s3 (ref 24). We fit eq 2 to the
measured thermal conductivity of bulk Si (ref 25), iterating
A and B in the Umklapp scattering rate to achieve a best fit.
From this, we determine that A ) 1.4 ! 10-19 s K-1 and B
) 152 K. For these calculations, we use the dispersion of bulk
Si by fitting a fourth degree polynomial to the dispersion
calculated by Weber.26 After determining the Umklapp scat-
tering rate in Si, we then introduce a boundary scattering term
via Matthiessen’s rule to account for phonon scattering at the
PnC pore boundaries given by "B,j

-1(q) ) L/vj(q), where L is the
average distance between pore boundaries; note that this
approach for modeling the reduction in thermal conductivity
due to boundary scattering has proven successful in predicting
the thermal conductivity of microporous,27 polycrystalline,28,29

and nanowire30 silicon samples. For the PnCs of interest in this
study, the pore edge to pore edge distances are 200, 300, 300,
and 400 nm for the (3/5), (3/6), (4/7), and (4/8) structures,
respectively.

The thermal conductivity at room temperature as a
function of L calculated via eq 2 is shown in Figure 3.
Ultimately, we are interested in the thermal conductivity of
the solid matrix in the PnC, not the reduction due to the
removal of the material to create the PnC. To directly
compare the thermal conductivity reduction of the solid
material in the PnC to the reduction predicted from bound-
ary scattering via eq 2, we use the expression derived by
Eucken for the thermal conductivity of cylindrical porous
solids.31 Note that this expression has been used successfully
to account for the reduction in thermal conductivity in
microporous solids.27 Following Eucken, the predicted ther-
mal conductivity of the PnCs using eq 2 is related to the
thermal conductivity of the solid matrix in the PnC through

!s ) !m(1 + 2"/3)/(1 - ")

Although more rigorous treatments of porosity have been
derived for nanoporous solids,32,33 due to the large pore
separation in our PnCs and relatively large porosities, we
expect that the majority of the phonon modes will be
scattered diffusively at the pore boundaries (i.e., the ballistic
character of phonon transport and its interaction with the
pore edges is not important)34 and therefore the classical
Eucken treatment should hold.

The thermal conductivities of the PnCs shown in Figure
3 as a function of pore-edge separation are the values from

! ) 1
6#2 !

j
"q

Cj(q)vj
2(q)"j(q) dq (2)

FIGURE 3. The thermal conductivity of Si structures at room tem-
perature as a function of L for the PnCs (unfilled squares), mi-
croporous solids (filled pentagons),35 nanomesh (filled diamond),10

and a suspended 500 nm thick Si filmsthat is, an unpatterned Si
slab (unfilled circle). The measured thermal conductivities of the
porous structures are multiplied by a factor of [(1 + 2O/3)/(1 - O)]
to account for the porosity of the structures, and thereby directly
compare the thermal conductivity of the solid matrix in the porous
structures to the model in eq 2. The solid line represents predictions
of eq 2 at room temperature as a function of L. Equation 2 predicts
the thermal conductivity of the microporous solids well and only
slightly overpredicts the thermal conductivity of the 500 nm sus-
pended film. This model, however, drastically overpredicts the PnC
measurements. The dashed line represents predictions of the PnC
thermal conductivity, based on eq 2 with DOS calculations using
the PWE method.
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silicon PnCs using time domain thermoreflectance. The measured values are over an order of magnitude lower than those obtained
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Silicon is at the heart of almost all hi-tech devices and
applications. It is arguably the seed of the semicon-
ductor revolution. One of the fundamental tenets for

silicon electronics is controlling the heat flow that is a
byproduct of the nature of electronic operations. While
ultralow thermal conductivity has been observed in silicon
nanowires and nanomeshes, the fundamental barriers re-
main against the practical implementation of such ultrasmall
devices. Here, we report on a successful methodology
implementing a phononic crystal geometry in silicon that
results in the same order of magnitude of thermal conduc-
tivity reduction as silicon nanowires while maintaining the
characteristic length scales at an order of magnitude larger.
Since phononic crystals can be mass produced and are
compatible with standard CMOS fabrication, this enables the
practical implementation of such devices. An added bonus
of this approach comes to light by realizing that the electron
mean free path is an order of magnitude smaller than that
of the phonons involved, thereby possibly laying the founda-
tion for the realization of exceptionally high ZT (thermoelec-
tric figure of merit) in silicon and other phononic crystal
(PnC) amenable material systems.

In general, material systems with structural length scales
on the order of nanometers have unique abilities to control
thermal transport.1 Internal interfaces and boundaries in
nanosystems create thermal carrier scattering events, and

tailoring the period or structure of these boundaries offers a
unique method for tuning their thermal properties. While
this aspect of reducing the thermal conductivity alone has
resulted in ultralow thermal conductivity of fully dense
materials2,3 which proves useful for thermal barrier ap-
plications,4 this “boundary engineering” has also proven
successful in designing nanocomposites for thermoelec-
tric applications.5 The efficiency of material systems for
thermoelectric applications can be quantified with the
well-known nondimensional thermoelectric figure of merit,
ZT ) S2!T!-1, where T is the temperature, S is the Seebeck
coefficient, ! is the electrical conductivity, and ! is the
thermal conductivity. Therefore, introducing interfaces
and boundaries at length scales that will scatter phonons
more frequently than electrons will reduce the thermal
conductivity more than the electrical conductivity, thereby
increasing ZT.

This approach of nanoengineering material boundaries
has been useful in decreasing the thermal conductivity of
single crystalline silicon. Silicon nanowires have shown
particular promise for low thermal conductivity applications
through further reduction of nanowire diameter and in-
creased surface roughness.6-9 However, structural stability
and large contact areas are necessary criteria for most
applications, and individual nanowires lack both of these
characteristics. Increasing the perpendicular contact area of
individual nanowires causes single nanowires to lose their
unique thermal properties, and creating large arrays of
nanowires with appropriate lengths creates difficulties in
nanowire alignment and integrity. Therefore, we propose a
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and large contact areas are necessary criteria for most
applications, and individual nanowires lack both of these
characteristics. Increasing the perpendicular contact area of
individual nanowires causes single nanowires to lose their
unique thermal properties, and creating large arrays of
nanowires with appropriate lengths creates difficulties in
nanowire alignment and integrity. Therefore, we propose a
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bulk SiO2 aerogels.6,22 The error bars in our measurements
represent the standard deviation about the mean value of j
determined from multiple data sets taken on each sample
type (upwards of 10 different TDTR scans taken on each
sample and two samples of each type of silica film). We
measure the SiO2 compositional percentage23 and sample
porosity in the EISA and aerogel films using ellipsometry
and surface acoustic wave techniques24 and find that
the SiO2 molecular densities in the EISA, aerogel, and
calcined-aerogel films are 1.54! 1028, 2.20! 1027, and
3.30! 1027 m"3, respectively, assuming a bulk atomic den-
sity of SiO2 of 2.28! 1028 m"3. This corresponds to an
atomic density 4.62! 1028 m"3, 6.6! 1027 m"3, and
9.9! 1027 m"3, respectively. The thermal conductivities of
the EISA, aerogel, and calcined-aerogel films are
0.434 6 0.098 W m"1 K"1, 0.053 6 0.021 W m"1 K"1, and
0.082 6 0.023 W m"1 K"1, respectively. We note that burn-
ing off the methyl groups from the aerogel skeleton increases
the density and thermal conductivity of the film. This is most
likely a consequence of silica condensation following expo-
sure to air of free silanol groups which may lead to increased
silica network connectivity. In Fig. 3, we compare our data
to thermal measurements on silica materials that do not
include opacifiers such as carbon soot (thus excluding the
data reported in Refs. 5 and 7). We note that the measured
values of j of our aerogel thin films measured with TDTR
are in relatively good agreement with the thermal conductiv-
ities of aerogel thin films synthesized with a similar tech-
nique and measured with the 3x technique.25 However, we
cannot directly compare our measured values to these data
measured by Bauer et al.25 since the density of the aerogels
films was not measured.

We compare our results to the DEM theory26 which
relates the thermal conductivity of a porous material to its
corresponding bulk phase via

jporous #
nporous

nbulk

! "1:5

jbulk; (6)

where n is the atomic density. The data summarized in Fig. 3
agree well with DEM theory. Although DEM theory proves
a powerful tool for predicting the thermal conductivity of po-
rous structures, the downside is that knowledge of the bulk
phase must be known for the prediction. For example, in our
case, to predict the thermal conductivity of the aerogel films,
we must have prior knowledge of the thermal conductivity
of bulk silica. Clearly, it would be quite advantageous to
have a model that is capable of accurately predicting the
thermal conductivity of porous materials without any a pri-
ori knowledge of the bulk phase thermal conductivity. To
develop this model for porous silica structures, we turn to
the idea of the lower limit to thermal conductivity.

In amorphous materials such as silica glass, thermal
transport is limited by atomic scattering at a distance of the
interatomic spacing.27 This lower limit to thermal conductiv-
ity is described by the theoretical minimum thermal conduc-
tivity in which the vibrational scattering rate is wavelength
limited. This concept has been explored in several works.28–30

This minimum limit described by Cahill et al. is given by28

jmin #
p
3

X

j

#

xj

!hDjv2
g;j

@f

@T
dx; (7)

where !h is the reduced Planck’s constant, D is the density of
states, j is an index that refers to the polarization, vg is the
group velocity, and f is the Bose-Einstein distribution func-
tion. The density of states can be approximated as
Dj # x2=$2p2v2

p;jvg;j%, where vp is the phase velocity.
The major assumption in applying Eq. (7) to describe

thermal conductivity as a function of SiO2 atomic density is
that the sound velocity can still be described by the bulk
velocities in SiO2. This clearly is not a valid assumption
throughout the entire aerogel structure due to the porosity
and resulting matrix of overlapping and multidirectional
solid silica ligaments that cause a reduction in sound veloc-
ity.21 To address this in the minimum model, we modify the
group velocity to scale with the number density in the overall
volume of the sample. Note that, as we have previously dis-
cussed, we assume that the heat capacity of the solid liga-
ments in the aerogel can be described as bulk. Therefore, the
phase velocities and cutoff frequencies must remain
unchanged in our model to predict the thermal conductivity
of porous silica, and only the group velocities that represent
the velocity of thermal transport must be scaled. The group
velocities in porous silica structures scale by $n=nbulk%1:4
(Refs. 21 and 31). Therefore, Eq. (7) can be recast as a
“porous minimum limit” given by

jmin;p #
1

6p

X

j

#

xj

!h
x2

v2
p;j

vg;j
n

nbulk

! "1:4 @f

@T
dx: (8)

We plot Eq. (8) as a function of n in Fig. 3 assuming the
longitudinal and transverse sound velocities of SiO2 are 5800

FIG. 3. Thermal conductivity as a function of volumetric SiO2 number den-
sity for the aerogel and calcined-aerogel films along with bulk SiO2,20 a
sputtered SiO2 thin film,21 other porous silica materials (XLK and FOx),21

and bulk SiO2 aerogels.6,22 Predictions from the theoretical “porous mini-
mum limit” to the thermal conductivity of SiO2 (solid line – Eq. (8)) that is
derived in this work show good agreement with the thermal conductivity of
the porous silica structures.
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approach to predict the thermal conductivity of porous disor-
dered materials with no a priori knowledge of the corre-
sponding bulk phase, unlike DEM theory.

II. EXPERIMENTAL DETAILS

Our experimental technique to determine the thermal
conductivity of the aerogel films is TDTR, a pump-probe
technique in which the change in the thermoreflectance sig-
nal from a sample of interest is monitored in the time domain
by delaying the probe pulse with respect to the heating event,
or pump pulse. Several groups have discussed various exper-
imental configurations to detect the thermoreflectance signal
in the time domain.8,9,11–14 It is important to note that in this
work, we use an 80 MHz oscillator which ensures pulse
accumulation in our signal, therefore yielding the modulated
heat transfer event that is unique to TDTR; this is also neces-
sary for our specific test geometry. We adopt the test geome-
try similar to the approach discussed by Schmidt et al.9 and
Ge et al.,10 as we have described in detail previously.8 In
these works, the samples were fabricated on a transparent
substrate coated with a thin metal film. The pump and probe
laser pulses were reflected by the metal transducer through
the glass, and the change in the TDTR signal was used to
deduce the thermal conductivity of the adjacent sample.
Only the metal film interacts with the laser radiation, and the
thermal energy from the laser pulse is partially absorbed in
only the first !9 nm of the Al film before the thermal energy
propagates through the Al film and then through the adjacent
structures. The analysis of the TDTR signal in this geometry
is described in detail elsewhere.8 A schematic of our experi-

mental geometry is shown in Fig. 1. In our experiments, we
restrict the laser power incident on the sample to less than
!15 mW to ensure minimal DC heating.

To prepare the aerogel samples, we evaporate 85 nm of
Al on VWR micro cover glass (No. 48368040). We then fab-
ricate the aerogel thin films on the surface of the Al film.
The thin aerogel films were prepared using identical proce-
dures as previously described.15 Briefly, silica sols were pre-
pared from a stock solution (tetraethoxysilane, EtOH, H2O,
HCl in a 1.0:3.8:1.1:7.0" 10#14 molar ratio), refluxed
(60 $C, 90 min) and gelled at 50 $C. Surface hydroxyls were
partially replaced with methyl groups using hexamethyldisi-
lazane (HMDS) as the derivatizing agent and sonicated to
reliquify the solution. The solution was spin coated
(2000 rpm, 30 s) onto the Al coated glass. During evapora-
tion, the film gels shrink due to drying stresses and spring
back to create a high porosity aerogel film. We refer to these
films as “aerogel”. After initial TDTR measurements, the
aerogel films were calcined (500 $C, 3 h) to remove the
methyl groups. We refer to these films as “calcined-aerogel”.
We also perform TDTR measurements on Al coated glass
with no silica film as a calibration. This allows us to accu-
rately determine the thermal conductivity, j, of the cover
glass and the thermal boundary conductance, hK, between
the Al film and cover glass, thereby reducing the number of
free parameters in the thermal model needed to determine
the thermal conductivity of the aerogel samples. Scanning
electron microscopy images of an uncalcined, carbon-coated
thin film aerogel are shown in Fig. 1. We note that
calcination did not substantially change the thickness of the
film.

FIG. 1. Scanning electron microsocpy
image of the (a) cross section and (b) top
view of a thin film aerogel. The scale
bars are 500 nm. (c) Schematic of our
experimental geometry. (d) TDTR data
from the EISA and aerogel films along
with data from the sample with no film
(i.e., air). The solid lines represent the
predictions from the thermal model for
various reductions in the SiO2 sample
thermal conductivity.
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We demonstrate the use time domain thermoreflectance (TDTR) to measure the thermal
conductivity of the solid silica network of aerogel thin-films. TDTR presents a unique experimental
capability for measuring the thermal conductivity of porous media due to the nanosecond time
domain aspect of the measurement. In short, TDTR is capable of explicitly measuring the change
in temperature with time of the solid portion of porous media independently from the pores or
effective media. This makes TDTR ideal for determining the thermal transport through the solid
network of the aerogel film. We measure the thermal conductivity of the solid silica networks of an
aerogel film that is 10% solid, and the thermal conductivity of the same type of film that has been
calcined to remove the terminating methyl groups. We find that for similar densities, the thermal
conductivity through the silica in the aerogel thin films is similar to that of bulk aerogels. We
theoretically describe the thermal transport in the aerogel films with a modified minimum limit to
thermal conductivity that accounts for porosity through a reduction in phonon velocity. Our porous
minimum limit agrees well with a wide range of experimental data in addition to sound agreement
with differential effective medium theory. This porous minimum limit therefore demonstrates an
approach to predict the thermal conductivity of porous disordered materials with no a priori
knowledge of the corresponding bulk phase, unlike differential effective medium theory. VC 2012
American Institute of Physics. [http://dx.doi.org/10.1063/1.4729325]

I. INTRODUCTION

The promise of materials in which the electrical, ther-
mal, and mass transport properties are “user-defined” with
nanoscale precision has fueled an enormous thrust in the
materials science community to develop nanomaterials and
fabrication strategies.1,2 The development of approaches to
control nanostructure morphology using self-assembly has
drastically simplified nanomaterial synthesis, enabling rapid,
low-temperature processing of thin films for use as mem-
branes, dielectric insulator layers, and optical coatings.3 De-
spite these advances in thin film processing, characterization
of the physical properties in nanostructured thin films
remains a considerable challenge due to complex geometries
and non-conformal surface areas. For example, measuring
heat transport in highly thermally insulating materials such
as aerogels, let alone aerogel thin films, has proven to be par-
ticularly challenging using standard approaches due to con-
vective and radiative losses.4–7 Understanding heat transport
in thin porous films is critical for low-k dielectric applica-
tions in microelectronics as well as optical coatings for solar
panels.

In this work, we overcome these challenges and demon-
strate the use of time domain thermoreflectance (TDTR) to
measure the thermal conductivity, j, of aerogel thin-films.
Where previous works by our group and others have demon-

strated the use of TDTR for measuring the heat flow in non-
conformal, porous solids as well as liquids,8–10 we show
both experimentally, computationally, and theoretically the
advantage of TDTR for measuring highly porous films due
to its inherent insensitivity to longer time scale thermal
losses. In short, TDTR is capable of explicitly measuring the
change in temperature with time of the solid portion of po-
rous media independently from the pores or effective media
since the measurement scale of TDTR is on the order of
nanoseconds, which is much larger than the time constant of
conduction through and losses to the air in the pores. This
makes TDTR ideal for determining the thermal transport
through the solid network of the highly porous aerogel film.
We measure the thermal conductivity of the solid silica net-
works of an aerogel film that is 10% solid, and the thermal
conductivity of the same type of film that has been calcined
to remove the terminating methyl groups. We find that the
thermal conductivities of these silica aerogels follow similar
trends with density as that predicted by differential effective
medium (DEM) theory, which is expected as our TDTR
measurements are only sensitive to the heat flow through the
solid silica network of the aerogel. We theoretically describe
the thermal transport in the aerogel films with a modified
minimum limit to thermal conductivity that accounts for po-
rosity through a reduction in phonon velocity. Our porous
minimum limit agrees well with a wide range of experimen-
tal data in addition to sound agreement with DEM theory.
Therefore, this porous minimum limit demonstrates ana)Electronic mail: phopkins@virginia.edu.
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control nanostructure morphology using self-assembly has
drastically simplified nanomaterial synthesis, enabling rapid,
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ticularly challenging using standard approaches due to con-
vective and radiative losses.4–7 Understanding heat transport
in thin porous films is critical for low-k dielectric applica-
tions in microelectronics as well as optical coatings for solar
panels.
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Where previous works by our group and others have demon-

strated the use of TDTR for measuring the heat flow in non-
conformal, porous solids as well as liquids,8–10 we show
both experimentally, computationally, and theoretically the
advantage of TDTR for measuring highly porous films due
to its inherent insensitivity to longer time scale thermal
losses. In short, TDTR is capable of explicitly measuring the
change in temperature with time of the solid portion of po-
rous media independently from the pores or effective media
since the measurement scale of TDTR is on the order of
nanoseconds, which is much larger than the time constant of
conduction through and losses to the air in the pores. This
makes TDTR ideal for determining the thermal transport
through the solid network of the highly porous aerogel film.
We measure the thermal conductivity of the solid silica net-
works of an aerogel film that is 10% solid, and the thermal
conductivity of the same type of film that has been calcined
to remove the terminating methyl groups. We find that the
thermal conductivities of these silica aerogels follow similar
trends with density as that predicted by differential effective
medium (DEM) theory, which is expected as our TDTR
measurements are only sensitive to the heat flow through the
solid silica network of the aerogel. We theoretically describe
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portable electronics. In the latter situations, there is a 
basic trade-off between the available functionality and  
the need to carry heavy batteries to power it.  

Despite tremendous progress over the past three 
decades, modern silicon transistors are still over three 
orders of magnitude (>1000×) more energy inefficient 
than fundamental physical limits, as shown in 
Fig. 1(a). These limits have been estimated as 
approximately 3kBT ƿ 10–20 J at room temperature for 
a binary switch with a single electron and energy level 
separation kBT, where kB is the Boltzmann constant 
and T is the absolute temperature [3]. In the average 
modern microprocessor the dissipated power is  
due, in approximately equal parts, to both leakage 
(or “sleep”) power and active (dynamic) switching 
power [4], as detailed in Section 2. Power dissipation 

is compounded at the system level, where each CPU 
Watt demands approximately 1.5× more for the supply, 
PC board, and case cooling [1]. Such power (mis)use 
is even more evident in systems built on otherwise 
power-efficient processors, e.g., in the case of the 
Intel Atom N270 (2.5 W power use) which is typically 
paired up with the Intel 945GSE chipset (11.8 W power 
use) [5]. At the other extreme, data centers require 
50%–100% additional energy for cooling (Fig. 1(c)), 
which is now the most important factor limiting their  
performance, not the hardware itself. 

If present growth trends are maintained, data center 
and overall electronics power use could reach one 
third of total U. S. consumption by 2025 [1]. Worldwide, 
the growth trends could be even steeper, given that 
technologically developed regions such as the U. S., 

 
Figure 1� Energy and power dissipation from transistors, to CPUs, to data centers. (a) Switching energy of modern silicon transistors is
still over 1000× higher than fundamental physical limits, but on a trend toward them [3]. (b) Near-exponential increase of CPU power density
in recent decades has flattened with the introduction of multi-core CPUs (solid lines show approximate trends); by comparison, the
power density on the surface of the sun is approximately 6000 W/cm2 [2]. (c) Data center power use in the U. S. doubled in six years,
with an extremely large proportion devoted to cooling. (d) Approximate breakdown of total power used by digital electronics in the
U. S., where data are available [1, 6, 8] 
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Nanodevices	  –	  interface	  problems	  

1. INTRODUCTION

Solid-state devices are widely used in microwave electronics applications.
However, until recently these devices could not produce radio-frequency
(RF) power levels high enough for many radar and communications
transmitter applications. Although there are numerous commercial appli-
cations, the military is interested in developing multifunctional radar
systems based on solid-state transistors and phased array technology
[1, 2]. In addition to flexibility, solid-state systems would be lighter, require
less volume, and could potentially be more affordable. Decreasing device
size always comes at a cost, which is usually increased operating tempera-
tures and power density levels. Figure 1 shows the projected thermal
management requirements for microwave RF devices with large total gate
widths. The heat flux values shown in Fig. 1 are based on a distributed heat
load under the entire monolithic microwave integrated circuit (MMIC) die.
The dies are typically several millimeters on each side and only several
hundred microns thick. Since the heating occurs in the active region of the
device, which is typically a much smaller area, the local heat flux values
under the active region of the device are likely to be at least an order of
magnitude higher.

A schematic of a typical MMIC power amplifier based on high elec-
tron mobility transistor (HEMT) technology is shown in Fig. 2. The

Fig. 1. Projected thermal management requirement for microwave RF amplifiers exceeding
1 kW · cm!2.

410 Smith and Calame

Moving to higher powers and higher frequencies 

Int. J. Thermophys. 25, 409 (2004)	  
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FIG. 1. Cross sectional TEM microraphs of samples I (a and c) and IV (b and d) Al:Si interfaces at two dif-

ferent magnifications. The micrographs indicate show that regardless of roughness, a ⇡ 1.75nm conformal

oxide layer covers the Si substrates after 24 hour exposure to ambient. This oxide layer prohibits any no-

ticeable interdiffusion or compositional mixing of species near the interface. Lastly, the evaporated Al thin

film exhibits a columnar crystal structure regardless of substrate surface roughness, while the crystallinity

of the substrate is undisturbed.

of aluminum and silicon at the interface, as opposed to earlier studies of chromium-silicon inter-

faces where Auger electron spectroscopy confirmed a significant mixing of species within roughly

10nm of the interface.22 In addition, the micrographs indicate that the aluminum thin films exhibit

a columnar crystal structure regardless of substrate roughness, and that the crystallinity of the sub-

strate is undisturbed by the etch. Again, this is contrary to the aforementioned chromium-silicon

study, where TEM indicated the chromium films were amorphous.22

We measured the Kapitza conductance across the four aluminum-silicon interfaces with

TDTR.30,31 TDTR is a non-contact, pump-probe technique in which a modulated short pulse

laser (full-width half max ⇡ 100fs) is used to create a heating event (pump) on the surface of

a sample. This heating event is monitored with a time-delayed probe pulse. The change in the

reflectivity of the probe at the modulation frequency of the pump is detected through a lock-in

amplifier; the change in reflectivity is related to the change in temperature at the sample surface.

This temporal thermal response is then related to the thermophysical properties of the sample

of interest. We monitor the thermoreflectance signal over 4.5 ns of probe delay time. The de-

posited energy takes approximately 100 ps to propagate through the aluminum film, after which

4
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Let’s	  mess	  up	  some	  simple	  interfaces	  –	  Al/Si	  
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samples with and without the BOE are very similar !e.g.,
samples 1 and 1a exhibit surface roughnesses of 1.96 nm and
1.4 nm, respectively". Figure 1 shows representative AFM
surface profiles of the Si surface of samples 1 and 2. The
differing surface roughnesses between the TMAH-treated
and non-TMAH-treated samples are clearly discernible.

Since TMAH initiates Si removal around surface imperfec-
tions, the shorter TMAH treatments lead to rougher surfaces
even though less volume of Si has been removed. Longer
treatments result in smoother surfaces as the surface imper-
fections are etched away.

The time domain thermoreflectance !TDTR" experimental
setup we use to measure h is nearly identical to similar set-
ups that exploit coaxial pump-probe geometries discussed in
previous works.2,20,21 Specifics of our experimental setup and
analysis considerations are discussed in a previous
publication.22 We modulate the pump pulses at a frequency
of 11 MHz to ensure one dimensional, cross plane-dominated
transport in the Al/Si samples.21,22 This cross plane-
dominated transport ensures that the interfacial structure we
are most sensitive to is mean interfacial roughness, !, and
not any in-plane transport affected by the differing correla-
tion lengths between surface structures. We took five scans at
random locations on each of the samples; representative ther-
moreflectance signals from samples 1a and 2 are shown in
Fig. 2. Note the signals analyzed in this study are the ratio of
the real component of the lock-in signal to the imaginary
component, !X /Y. The differing temporal decays are related

TABLE I. Details of Si surface treatments prior to 80 nm Al film deposition, average roughness from the
AFM scans, ! !nm", with standard deviation among the AFM scans, "!, and average measured thermal
boundary conductance h !MW m!2 K!1" with standard deviation, "h. The reported standard deviations rep-
resent the deviation about the mean value of the multiple measurements on single sample.

Sample Si treatment ! "! h "h

1 As received 1.96 0.7 143.6 6.35
1a BOE 1.4 0.5 193 17.7

2
BOE, 3 min 30 s TMAH at 80 °C, regrow native

SiO2 10.6 1.3 124.2 2.17
2a BOE, 3 min 30 s TMAH at 80 °C, BOE 10.1 1.5 160.6 5.60
3 BOE, 5 min TMAH at 80 °C, regrow native SiO2 8.56 1.0 133.4 9.42
3a BOE, 5 min TMAH at 80 °C, BOE 6.62 1.1 158 7
4 BOE, 20 min TMAH at 80 °C, 6.71 2.7 114.6 2.3
4a BOE, 20 min TMAH at 80 °C, BOE 5.56 2.4 170.4 3.36

FIG. 1. !Color online" AFM three-dimensional surface profiles
for samples 1a !top" and 2 !bottom", clearly demonstrating the dif-
fering surface roughness of the Si substrates prior to 80 nm Al film
deposition

FIG. 2. !Color online" Two representative TDTR data on
samples 1a and 2 along with the best-fit thermal model. The thermal
boundary conductance, h, determined from the fits to theses specific
data sets are listed.

HOPKINS et al. PHYSICAL REVIEW B 82, 085307 !2010"
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substrate are approximated by fitting polynomials to the pho-
non dispersion curves of aluminum41 and silicon42 along the
[100] crystallographic direction; assumed spherical Brillouin
zones are then constructed via an isotropic revolution of
these polynomial fits in wavevector space. As seen in Fig. 2,
the prediction of the DMM falls between the data of Ref. 38
and that at the smoothest interface presently considered. This
suggests that without an oxide layer, inelastic phonon-
phonon scattering could play a role in thermal transport
across aluminum-silicon interfaces.6,7 On the other hand, we
attribute the difference between the predicted and measured
values at the smoothest interface considered (black squares)
to the native oxide layer. The conductance of this oxide layer
is described by its thermal conductivity divided by its
thickness,

hoxide ! joxide=toxide: (1)

When evaluating Eq. (1), we use the temperature-dependent
bulk thermal conductivity of a:SiO2, as it has been shown
that the thermal conductivity of thin-film a:SiO2 does not
substantially differ from that of bulk.16,43 A series-resistor
approach then yields

hK ! "h#1
K;DMM $ h#1

oxide%
#1: (2)

This prediction is represented by the solid black line in
Fig. 2 and agrees well with our experimental data.

In order to take interfacial roughness into account, we
introduce a spectral attenuation coefficient previously pro-
posed by the authors,24,25 and insert this coefficient into the
integral expression of the DMM. This coefficient, c, is unity
when the phonon wavelength, k, is greater than the RMS
roughness, d. On the other hand, c! exp[#(4pb/k)d] when
k< d. That is, phonons with wavelengths greater than d are
unaffected by the roughness of the interface, whereas those
with wavelengths less than d are affected in a fashion similar
to that of photons in an absorptive media, e.g., the Beer-
Lambert law. Qualitatively speaking, this approach suggests
that as the "absorptivity" of the interface increases, so too
does the temperature drop across it. With the spectral attenu-
ation coefficient implemented, the DMM is once again plot-
ted in Fig. 2 for roughnesses of 6.5 nm and 11.4 nm. We find
that a value of b! 0.04 works well across all data sets. As is
evident in the plot, this approach not only captures the reduc-
tion in Kapitza conductance due to interface roughening, but
captures the reduction in temperature-dependence as well.
Finally, we plot room-temperature Kapitza conductance as a
function of RMS roughness in Fig. 3, comparing the present
data, the aforementioned roughness model calculated at
300 K, and two prior sets of experimental data. Generally
speaking, the present data demonstrates the same systematic
control over both roughness and Kapitza conductance previ-
ously demonstrated only by quantum-dot roughening.25

To summarize, we have measured Kapitza conductance
at aluminum-silicon interfaces with time-domain thermore-
flectance. The root-mean-square roughness of each interface
was controlled by submersing the silicon substrates in tetra-
methyl ammonium hydroxide prior to aluminum deposition.
It was shown that this technique can provide an inexpensive

FIG. 2. (Color online) Predicted and measured values of Kapitza conduct-
ance at Al:Si interfaces plotted as a function of temperature. The open
circles are the measured values at oxide-free Al:Si interfaces from Ref. 38,
and the filled symbols are the data measured in the present study. It is evi-
dent that both the presence of a native oxide layer and interface roughness
can have a significant effect on Kapitza conductance. Not only does rough-
ness decrease Kapitza conductance, but it suppresses the temperature de-
pendence as well. The agreement between the dash-dot lines and the data
suggest that the DMM can be adjusted to take into account both the presence
of an oxide layer and interface roughness.

FIG. 3. (Color online) Room-temperature predicted (dashed line) and meas-
ured (blue squares) Kapitza conductance at Al:Si interfaces plotted as a
function of interface roughness. In addition, the quantum-dot roughened
Al:Si interfaces of Ref. 25 (red diamonds) and the chemically roughened
Al:Si interfaces of Ref. 26 (green circles) are plotted for comparison. The
present data demonstrates the same systematic control over both roughness
and Kapitza conductance previously demonstrated only by quantum-dot
roughening.

111602-3 J. C. Duda and P. E. Hopkins Appl. Phys. Lett. 100, 111602 (2012)
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FIG. 3. Room-temperature predicted (dashed line) and measured (blue squares) Kapitza conductance at

Al:Si interfaces plotted as a function of interface roughness. In addition, the quantum-dot roughened Al:Si

interfaces of Ref. 25 (red diamonds) and the chemically roughened Al:Si interfaces of Ref. 26 (green circles)

are plotted for comparison. The present data demonstrates the same systematic control over both roughness

and Kapitza conductance previously demonstrated only by quantum-dot roughening
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However, bonding plays a HUGE 

ROLE at the Au/Si interface  

Now let’s investigate bonding in a more 
interesting material system…GaN! 

No roughness affect on Au/
Si. Why does roughness 

affect Al/Si but not Au/Si? 



Metal/GaN	  contacts	  

1. INTRODUCTION

Solid-state devices are widely used in microwave electronics applications.
However, until recently these devices could not produce radio-frequency
(RF) power levels high enough for many radar and communications
transmitter applications. Although there are numerous commercial appli-
cations, the military is interested in developing multifunctional radar
systems based on solid-state transistors and phased array technology
[1, 2]. In addition to flexibility, solid-state systems would be lighter, require
less volume, and could potentially be more affordable. Decreasing device
size always comes at a cost, which is usually increased operating tempera-
tures and power density levels. Figure 1 shows the projected thermal
management requirements for microwave RF devices with large total gate
widths. The heat flux values shown in Fig. 1 are based on a distributed heat
load under the entire monolithic microwave integrated circuit (MMIC) die.
The dies are typically several millimeters on each side and only several
hundred microns thick. Since the heating occurs in the active region of the
device, which is typically a much smaller area, the local heat flux values
under the active region of the device are likely to be at least an order of
magnitude higher.

A schematic of a typical MMIC power amplifier based on high elec-
tron mobility transistor (HEMT) technology is shown in Fig. 2. The

Fig. 1. Projected thermal management requirement for microwave RF amplifiers exceeding
1 kW · cm!2.

410 Smith and Calame
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•  Functional groups can’t be washed off – covalently bound groups 
•  Functionalization is reversible after anneal – doesn’t disrupt graphene  
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InelasAc	  sca`ering	  at	  interface?	  

Side 1 Side 2 

…
..  

Duda et al. Phys. Rev. B 84, 193301 (2011) 

MD simulations of interfacial heat 
transfer with variable bonding 

BRIEF REPORTS PHYSICAL REVIEW B 84, 193301 (2011)

TABLE I. Cross-species interactions for each sample, as well as
the slopes and 0 K extrapolations (y intercepts) of the linear fits
to the hK data. While the slopes vary by a factor of two, the 0 K
extrapolations are within 10% of each other. Note that sample VI is
used only to study the vibrational characteristics of free surfaces and
not hK.

rc !AB Slope 0 K Extrapolation
Sample (" ) (!) ( MW m!2 K!2) ( MW m!2 K!1)

I 2.50 1.0 2.29 25.2
II 2.30 1.0 2.09 25.1
III 2.05 1.0 2.01 24.6
IV 1.75 1.0 1.60 24.5
V 1.35 1.0 1.27 23.1
VI 0.00 0.0
VII 2.50 0.5 1.07 23.6

160 equally sized bins such that spatial temperature profiles
could be calculated along the z axis. Once in steady state,
time-averaged profiles were constructed from 3000 system
snapshots taken over 1.5 " 106 time steps (6.42 ns). A linear
least-squares fit was then performed for each half of the
domain. The eight bins nearest to the bath and the interface
were not included in these fits. The discontinuity between
the fits at the interface was used to calculate hK. With flux
still applied, additional velocity-fluctuation time series were
generated for computation of the TES during NEMD.

To investigate the role of cross-species interactions on
thermal transport across interfaces, we have calculated hK
for different values of rc,AB and !AB. Figure 1 shows hK as
a function of T for samples I, V, and VII, where sample I
serves as a reference (rc,AB = rc and !AB = !), while sample
V has a shorter cross-species interaction range and sample VII
has weaker cross-species interactions. For each combination
of parameters the data demonstrate a linear dependence of hK
on T . This linear dependence has been attributed to an increase
in inelastic phonon scattering at the interface with increasing
T due to the corresponding increase in phonon population.3,4

However, as either rc,AB or !AB decrease, this dependence is
less pronounced, suggesting that inelastic phonon scattering is
inhibited as the interactions between the solids comprising
the interface are themselves limited. In addition, the data
indicate that hK becomes less sensitive to the cross-species
interaction parameters as T goes to zero. Furthermore, it is
interesting to note that extrapolation of these linear trends to
0 K yields a nearly constant y intercept, suggesting that hK
can be considered a superposition of temperature-dependent
and -independent processes. Such a description is consistent
with the concepts outlined in our previous work.20 A summary
of the results obtained with different cross-species interaction
parameters is presented in Table I.

To further explore the mechanisms responsible for this
observed behavior, we calculated the local phonon DOS and
spectral temperature of each of the monolayers adjacent to
the interface. The DOS within the few monolayers near the
interface should differ from that of either bulk material A or
B due to the presence of the interface. In order to quantify
this difference, we have calculated the DOS, D(#), of both
monolayers adjacent to the interface, as well as that of bulk
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FIG. 1. (Color online) Temperature-dependent hK data from
NEMD simulations for samples I, V, and VII. Each data point is
the average over three to five independent simulations and error bars
represent the standard deviation, i.e., repeatability. Solid and dashed
lines are linear fits of the data. While the slopes of these linear fits
exhibit strong dependence on cross-species interaction parameters,
the y intercepts do not.

material A and B. The DOS is proportional to the Fourier
transform (F ) of the velocity correlation function (VACF)16

but in practice is calculated using standard estimation pro-
cedures for power spectral density. Within each monolayer of
interest, the velocity of 20 atoms is obtained at each integration
time step to give a velocity fluctuation time series of 73 728
points. The Welch method of power spectral density estimation
is then applied by creating eight 50% overlapping segments
of 16 384 points to give an angular frequency resolution
of 8.96 " 1010 rad s!1 based on our time step of 4.28 fs.
Each segment is then multiplied by a Hamming window and
the fast Fourier transform is computed. The power spectral
density, equivalent to F (VACF), is then obtained by ensemble
averaging the Fourier transform magnitudes of each segment.
In order to compute the DOS in units of counts per frequency
per volume, F (VACF) must be further normalized as follows:

D(#) = 1
2
m F (VACF)

1
kBT

$, (1)

where m is the atomic mass, kB is the Boltzmann constant, T
is the local temperature, and $ is the atomic density.

Figure 2 shows the calculated DOS for bulk materials A and
B and the monolayers immediately adjacent to the interface for
different values of rc,AB and !AB. It is clear that a reduction in
either rc,AB (sample V) or !AB (sample VII) causes a softening
of modes on both sides of the interface, as evidenced by
a depletion of high-frequency modes and enhancement of
low-frequency modes as compared to the reference (sample
I). The larger the reduction in either range or strength of
cross-species interactions, the greater the softening. This can
be attributed to the fact that as rc,AB and !AB go to zero, the
interface tends toward the limit where the monolayers adjacent
to the interface are noninteracting free surfaces (sample VI).
It is also interesting to note that through visual inspection of
Fig. 2, the degree of softening at the interface in samples V and

193301-2
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Roughness	  and	  bonding	  at	  single	  interfaces	  -‐	  Summary	  

• Roughness and bonding can lead to large, possibly 
controllable, changes in thermal boundary conductance 
 
• Hopkins et al., Nano Lett. 12, 590 (2012) 
• Duda et al., Phys. Rev. B 84, 193301 (2011) 
• Duda and Hopkins, Appl. Phys. Lett. 100, 111602 (2012) 
 
 

Interesting problem of GaN: comes 
down to a issue of the metal physical 

properties; and interesting 
engineering/physics problem! 


