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Criteria for Cross-Plane
Dominated Thermal Transport in
Multilayer Thin Film Systems
During Modulated Laser Heating1

Pump-probe transient thermoreflectance (TTR) techniques are powerful tools for measur-
ing the thermophysical properties of thin films, such as thermal conductivity, �, or ther-
mal boundary conductance, G. This paper examines the assumption of one-dimensional
heating on, � and G, determination in nanostructures using a pump-probe transient
thermoreflectance technique. The traditionally used one-dimensional and axially symmet-
ric cylindrical conduction models for thermal transport are reviewed. To test the assump-
tions of the thermal models, experimental data from Al films on bulk substrates (Si and
glass) are taken with the TTR technique. This analysis is extended to thin film multilayer
structures. The results show that at 11 MHz modulation frequency, thermal transport is
indeed one dimensional. Error among the various models arises due to pulse accumula-
tion and not accounting for residual heating. �DOI: 10.1115/1.4000993�

Keywords: pump-probe thermoreflectance, thin film thermal conductivity, thermal
boundary conductance, radial heating, cross-plane transport
Introduction
Pump-probe transient thermoreflectance �TTR� techniques uti-

izing short pulsed lasers have been extensively used to measure
hermal conductivity, �, and thermal boundary conductance, G, of
anomaterials and interfaces of nanomaterials, such as � in metal
lms �1�, dielectric films �2�, phase change materials �3�, ther-
ally anisotropic materials �4�, superlattice structures �5�, and

ayered nanolaminates �6,7�, and G across metal-metal �8�, metal-
ielectric �9–13�, and metal-liquid �14� interfaces. These transient
hermoreflectance techniques measure the change in reflectance
n the surface of a material as a function of time after a short
ulsed heating event. The change in reflectance is related to the
emperature change in the electrons in the material, and the mea-
ured change in temperature as a function of time is then related to

and G through a conduction heat equation.
Although the aforementioned � and G measurements use simi-

ar pump-probe time delayed TTR setups, there have been differ-
nt assumptions regarding the heat transfer analyses in several of
he studies; for example, for measurements of G at metal film/
ielectric substrate interfaces, two different thermal analyses have
een used for the same basic experimental conditions �12,13�.
his paper examines the effects of different thermal analyses on
etermination of cross-plane � and G from TTR measurements on
hin film samples by comparing one-dimensional and axisymmet-
ic cylindrical models for thermal transport in TTR measurements.
he models are fitted to TTR experimental data on Al/Si and
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Al/glass systems and extended to TTR data with thin Pt, SiO2, and
SiNx films; the thermal properties of which are extremely impor-
tant in both microfabricated structures and microelectromechani-
cal systems �MEMS�.

The experiments and analyses in this work are focused on
pulsed laser heating from a Ti:sapphire oscillator with a funda-
mental output of 90 fs pulses at 80 MHz �12.5 ns between laser
pulses�; the laser pulses are then further modulated at 11 MHz to
create a modulated heating event at the sample surface, and the
temperature decay on the surface of the samples from this modu-
lated heating events is monitored over �4 ns. The laser pulses are
treated as delta functions in time due to the ultrashort pulse width
compared with the time delay of the experiments. The thermal
penetration depth of the modulated heat source is estimated by
�D / ��f�, where D is the diffusivity and f is the modulation fre-
quency. For most solids subjected to megahertz thermal modula-
tion rates, the thermal penetration depth is anywhere from 100 nm
to 10 �m. To ensure mostly cross-plane �one-dimensional� trans-
port, the laser spot size of the modulated heating source should be
greater than the thermal penetration depth. Typical TTR experi-
ments utilize pump spot sizes on the order of 10 �m. Therefore,
for low diffusivity systems, the thermal transport measured in
TTR experiments is nearly entirely cross plane due to the small
thermal penetration depth. However, in high thermal diffusivity
systems, in-plane thermal transport can become significant. The
goal of this work is to determine when cross-plane transport is
dominant in TTR experiments in various thin film systems. The
regimes in which cross-plane transport dominate TTR measure-
ments are discussed in more quantitative detail in the remainder of
this work through the use of various thermal models and the de-
velopment of a nondimensional number describing relative contri-
butions of in-plane and cross-plane thermal transports.

2 Thermal Analysis

2.1 One-Dimensional Time-Domain Model. A one-
dimensional heat transfer model for heat transfer between two
conductive solids was used by several groups to determine G at

several film/substrate interfaces �9–11,13�. This model is given by
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C1,2
��1,2�z,t�

�t
= �1,2

�2�1,2�z,t�
�z2 �1�

hich describes heat conduction in the film �subscript 1� or sub-
trate �subscript 2�, where C is the volumetric heat capacity, � is
he temperature change due to the laser pulse, t is the time after
he laser pulse, and z is the direction of heat flow. Since typical
aser pulse widths in TTR experiments are on the order of hun-
reds of femtoseconds yet the measurements of G at the film/
ubstrate interface and � in the underlying substrate are resolved
n the order of nanoseconds, the heating event is assumed to be
nstantaneous and the initial conditions governing Eq. �1� are

�1�z,0� =
Q

C1��w0
2exp�− z/�� �2�

nd

�2�z,0� = 0 �3�

here Q is the absorbed energy from the incident heating event
pump pulse�, � is the energy deposition depth in the film, w0 is
he pump 1 /e2 radius, and Eq. �3� imposes the semi-infinite sub-
trate assumption. The energy deposition depth is given by �
� / �4�n2� where � is the laser pulse wavelength and n2 is the
xtinction coefficient �imaginary component of the complex index
f refraction� of the solid in which the laser pulse is interacting. In
TR experiments, placing a metal film on top of the material to be
haracterized ensures that the majority of the laser pulse energy is
bsorbed near the surface of the film. Since TTR experiments give
spatial resolution no less than �, this ensures resolution on the

rder of 10 nm. For example, the extinction coefficient for Al at
85 nm is 8.55 �15�, yielding an energy penetration depth �and
ubsequent TTR resolution� of 7.3 nm. The boundary conditions
t the film/substrate interface �that is, when z is equal to the film
hickness d� governing Eq. �1� are given by

− �1,2
��1,2�d,t�

�z
= G12��1�d,t� − �2�d,t�� �4�

or purposes in this work, Eqs. �1�–�4� are called the one-
imensional time-domain model �1Dt�. The 1Dt is solved using a
rank–Nicolson scheme to determine ��t� at the surface of the
lm. Any analysis based on the 1Dt model assumes only one-
imensional transport and no effect from lateral heat spreading.

2.2 Axially Symmetric Frequency-Domain Model. In typi-
al TTR experiments, the pump and probe beams have spatially
aussian intensity distributions when incident on the film surface.
herefore, depending on the relative sizes and overlap of the
eams, the radial distributions of the pump beam could affect the
emperature measured by the probe beam. In this case, the 1Dt

ay not be applicable since it assumes that the probe reflectance,
r the measured change in temperature, is measuring a uniformly
eated plane at the surface of the film. To correct for this, Cahill
16� derived an expression for ��r� at the surface of the film
ssuming radial spreading in a half-sphere from the pump pulse.
ere we rederive Cahill’s expression in a more general fashion.
The axially symmetric heat equation in cylindrical coordinates

s given by

C1
��1�r,z,t�

�t
= �1,z

�2�1�r,z,t�
�z2 +

�1,r

r

�

�r
�r

��1�r,z,t�
�r

� �5�

here r is the radial coordinate, and the subscripts r and z denote
he radial and cross-plane conductivities. Taking the Hankel trans-
orm along the radial, planar dimension, then applying a Fourier
ransform, Eq. �5� leads to

�2�1�r,z,��
�z2 = q1

2�1�r,z,�� �6�
here � is the angular frequency and
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q2 =
�rk

2 + iC�

�z
�7�

where k is the transform variable. This anisotropic q was used by
Schmidt et al. �4� to determine the directionally dependent thermal
conductivities of graphite in anisotropic structures. In this work,
however, we consider isotropic materials and we are only inter-
ested in cross-plane properties, so q2=k2+ �iC� /�z�.

The temperature change in the surface of the film due to heat
flow through underlying materials is easily taken into account
through Carslaw and Jaeger’s solution for steady periodic tem-
perature change in composite slabs �17�. A convenient implemen-
tation of this is presented by Feldman �18� and discussed here.
The change in surface temperature of material 1 is given by

F�k� =
1

�1
�FT1

+ + FT1
−

FT1
− − FT1

+ � �8�

where FT1
+ and FT1

− are temperature change coefficients related to
the forward and backward propagating waves on the surface �top
side� of material 1 and where �=�zq. The forward and backward
propagating waves at the top side of material 1 are related to the
waves on the bottom side through

	FT1
+

FT1
− 
 = 	exp�− q1d1� 0

0 exp�q1d1� 
	FB1
+

FB1
− 
 �9�

where d is the material thickness. For material 1, the top side is
assumed at the slab/air interface and the bottom side is assumed as
the interface between material 1 and material 2 �i.e., film/
substrate�. Given a thermal boundary conductance G between ma-
terial 1 and material 2, the temperature at the top of slab 2 is
related to the temperature at the bottom side of slab 1 by

	FB1
+

FB1
− 
 =

1

2�1 +
�2

�1
−

�2

G12
1 −

�2

�1
+

�2

G12

1 −
�2

�1
−

�2

G12
1 +

�2

�1
+

�2

G12

�	FT2
+

FT2
− 
 �10�

Assuming a bulk substrate, heat cannot reach the bottom side of
slab 2 at rates comparable to the modulation frequency �semi-
infinite�, so there is no thermal buildup of waves and

	FT2
+

FT2
− 
 = 	 0

exp�− q2d2� 
 �11�

With Eqs. �9�–�11�, this approach gives a straightforward method
to solve for heat conduction through several materials and inter-
faces via successive implementation of Eqs. �9� and �10� for each
layer and then Eq. �11� for the final, semi-infinite layer. This is
much less computationally expensive than solving the 1Dt for
each interface and material.

To determine the temperature oscillations on the surface of ma-
terial 1 with the frequency-domain model in Eq. �6� due to cooling
from underlying layers described by Eqs. �9�–�11�, a top surface
boundary condition must be imposed. In TTR, this is described by
first convoluting Eq. �8� with the pump-beam distribution �4�,
given by

��k� = F�k�
A

2�
exp	− k2w0

2

8

 �12�

and then taking the weighted average of the surface temperature
oscillations by the probe beam of 1 /e2 radius w1 �16� to yield

��r,0,�� =
A

2�


0

	

F�k�exp	− k2�w0
2 + w1

2�
8


kdk �13�

Equation �13� gives the change in temperature as a function of
heating event modulation frequency at the surface of the film. In
this paper, Eq. �13� is called the axially symmetric frequency-

domain model �Axf�. The Axf has been used by several groups to

Transactions of the ASME

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



d
s
e
p
s
t
g
T
o
m

D
t
t
c
r
e
f
w
h
o

w
Z
d

w
m
l
s
i
c
t
o
t
t
r
f
t
f
i
W
t
l

w
m

B
m
f
i
t
i
s
m
u
n
d
t
a

J

Dow
etermine G �12,19� and, due to its simple extension to multilayer
tructures, the thermal conductivity of thin layers and multilay-
red structures �2,6,7,20–22�. Note that, in this development, the
ump source is assumed to be applied only at the surface, so
ubstrate effects on the pump distribution are nonexistent. Al-
hough Eq. �13� accounts for radial effects in TTR, it does not
ive the response as a function of time, which is measured in
TR. To examine the temporal evolution of Eq. �13�, the response
f the material systems to the laser and modulation repetition rates
ust be considered. This is described in detail in Sec. 2.3.

2.3 Laser Modulation and Thermal Accumulation Effects.
ue to the relatively small change in voltage due to the probe

hermoreflectance response as compared with the dc voltage from
he reflected probe, a lock-in amplifier is used in the TTR data
ollection to monitor the temporal decay in the thermoreflectance
esponse occurring at the modulation frequency of the heating
vent. The output of the lock-in amplifier serves to relate
requency-domain models to the time-domain. The lock-in output
ill be the magnitude R and phase 
 of the probe signal at the
eating event modulation frequency. Mathematically, the lock-in
utput takes the form of �4�

R exp�i��0t + 
�� = Z��0�exp�i�0t� �14�

here �0 is the modulation frequency of the pump pulses and
��0� is the transfer function of the lock-in. In the frequency-
omain, the transfer function can be represented as �16�

Z��0� =
�2��2�

�s
2 �

M=−	

	

���0 + M�s�exp�iM�s�� �15�

here � is calculated with a frequency-domain model, such as the
odel discussed in Sec. 2.2, �s is the modulation frequency of the

aser system �not the modulation frequency of the heating event;
o for a Ti:Al2O3 oscillator, �s /2� is approximately 80 MHz�, �
s the delay time between the pump and probe pulses, and � is a
onstant that is related to the gain of the electronics, the power of
he pump and probe pulses, and the thermoreflectance coefficient
f the material. The thermoreflectance coefficient, which relates
he change in temperature from the model to the change in reflec-
ance measured in the experiment, is a material property that is
elated to the band structure, electronic transitions, and dielectric
unction �23�. In the low perturbation regime �i.e., small tempera-
ure rise of the film compared with ambient� in which this work is
ocused, the change in reflectance is linearly related to the change
n temperature, and the thermoreflectance coefficient is a constant.

e account for the thermoreflectance coefficient by normalizing
he data to the model, as discussed in Sec. 3. From Eq. �15�, the
ock-in outputs are given by

X = Re�Z��0��, Y = Im�Z��0�� �16�

here X and Y are the real and imaginary components of the
easured frequency response, and

R = �X2 + Y2, 
 = tan−1	Y

X

 �17�

y nature of Eq. �15�, pulse-to-pulse heating and thermal accu-
ulation due to pump modulation are taken into account with a

requency-domain model �note that, in this work, when calculat-
ng temporal response with the frequency-domain models, such as
he Axf, it is implied that the frequency-domain models are used
n conjunction with Eq. �15� to determine the time-domain re-
ponse�. Although a similar model can be derived for pulse accu-
ulation in the time-domain �4�, it has not been used in works

sing a 1Dt analysis, most likely due to the numerical cost, which
egates the benefit of using the simplified model in the time-
omain. Even with exact analytical forms of the conduction
hermal diffusion equation obtained by Laplace transforms �24�,

ccounting for pulse accumulation can be computationally expen-

ournal of Heat Transfer
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sive compared with that in the frequency-domain since, in the
time-domain, the solution must take into account the multiple
pulses in the pump modulation envelope occurring every 12.5 ns
while providing picosecond resolution in the analysis.

3 Experimental Details
The various thermal models discussed in Sec. 2 are applied to

data for determining G and � from pump-probe measurements
using the transient thermoreflectance experimental setup at Sandia
National Laboratories. The experimental setup, shown in Fig. 1, is
nearly identical to similar setups that exploit coaxial pump-probe
geometries discussed in previous works �4,25,26�. The laser
pulses in this specific experimental setup emanate from a Spectra
Physics Mai Tai oscillator outputting 350 mW of power at a rep-
etition rate of 80 MHz and pulse widths of 90 fs at a wavelength
of 785 nm. The setup shown in Fig. 1 differs from previous col-
linear setups by two slight modifications. First, the pulses are first
passed through a pair of collimating lenses to minimize probe
divergence at the sample surface due to the variable delay stage;
upon characterization with a sweeping knife edge �27�, the probe
�and pump� radius at minimum pump-probe delay is �15 �m
and exhibits less than 1 �m divergence at maximum delay. Then,
the pulse train passes through an adjustable half-waveplate before
being split into the pump and probe paths by a polarizing beam
splitter �PBS� cube; this fixes the pump and probe path as or-
thogonally polarized and the waveplate therefore allows for easy
adjustment of the pump and probe powers; the relative pump and
probe powers are adjusted to achieve a maximum thermoreflec-
tance signal.

The data must be postprocessed to remove any electronic noise
that would lead to unwanted signals. These signals would appear
as a change in the imaginary component of the signal Y, as �
crosses zero, since Y should not change as the pump-probe delay
time goes from negative to positive. Schmidt et al. �4� determined
the change in the real and imaginary components of the signals
and calculated a phase noise to subtract from the data. Cahill �16�
corrected for this by multiplying the signal by a small phase fac-

Fig. 1 Transient thermoreflectance setup at Sandia National
Laboratories
tor. Here, we employ the following correction: The change in the

AUGUST 2010, Vol. 132 / 081302-3
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ock-in signals as the delay time crosses �=0, X, and Y are
omputed from the collected data. The measured signals are cor-
ected by rotating the signal in the complex plane, so that the
orrected values for X and Y are given by �28�

Xc = X cos	tan−1	Y

X


 − Y sin	tan−1	Y

X


 �18�

nd

Yc = Y cos	tan−1	Y

X


 + X sin	tan−1	Y

X


 �19�

similar method of data correction was employed by Costescu et
l. �19� to correct the data for radial diffusion in the substrate. In
ractice, the phase of the lock-in is adjusted before each measure-
ents so that Y is constant as the stage moves across �=0 �16� so

hat Eqs. �18� and �19� can be used simply as a check to ensure
hat the phase adjustment has removed the majority of the instru-

ent noise. This also allows for the instrument noise to be quan-
ified in terms of the lock-in phase so that this adjustment can be
sed in future measurements and analysis �29�.

To evaluate the various thermophysical properties of interest,
e must determine an appropriate range in which to fit the various
odels to the experimental data. For example, a given material

ystem may be extremely sensitive to changes in G over a certain
ange but not �. This aspect of the models is used to determine
anges in which to fit the various models to the data. Costescu et
l. �19� defined a sensitivity factor as

Sp = � ln	−
X

Y

/� ln�p� �20�

here p is some thermophysical property of interest. To determine
he sensitivity of G or � over the pump-probe delay time in the
TR data, we perturb the value of G or � by 1% in calculations of
q. �20� so effectively our sensitivity becomes

Sp = 100
Y

X
� 	X

Y

 �21�

here the derivative of the ratio is estimated by subtracting the
odel calculations from the perturbed model calculations. Figure
shows the sensitivities of the Axf as a function of pump-probe

elay time for a 100 nm Al film on Si and SiO2 substrates using
he thermal parameters in Table 1 and assuming a 15 �m pump
nd probe spot size with an absorbed laser power of 1 mW. In the
ensitivity calculations, the thermal boundary conductances are
aken as 100 MW m−2 K−1 for Al/Si �13� and 50 MW m−2 K−1

ig. 2 Sensitivities of the Axf to G and � of the substrate in
00 nm Al/Si and Al/SiO2 systems
or Al /SiO2 �30�. There are two aspects of the sensitivity curve

81302-4 / Vol. 132, AUGUST 2010
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that are important when fitting the model to the TTR data: the
magnitude and the curvature. An optimal sensitivity curve will
exhibit a large magnitude and variance over the pump-probe delay
time. For example, the sensitivity to the thermal conductivity of
the Si substrate is ideal since it is relatively large and very dy-
namic compared with that of SiO2. The sensitivity to G across the
Al/Si interface is also appealing but loses sensitivity around 500–
1000 ps. Note that the sensitivity of the model in the Al /SiO2
system is primarily due to the thermal conductivity of the sub-
strate. For low thermal conductivity structures, this is powerful if
only the thermal conductivity needs to be determined and not G
since it reduces the number of free parameters in the fit. We do not
include the sensitivity to the Al film thermal conductivity since the
TTR measurements are nearly insensitive to this parameter over
the majority of the pump-probe time delay. Assuming a diffusivity
of Al as D=97.1�10−6 m2 s−1, the time it takes for the heat to
diffuse through the film is given by ��d2 /D where d is the film
thickness �31�. For a 100 nm Al film, the thermal energy has fully
diffused through the film thickness after only 100 ps.

TTR data on a 100 nm Al film evaporated onto a single crys-
talline, lightly doped Si substrate and a glass microscope cover
slide �primarily SiO2� are shown in Fig. 3 along with Axf and 1Dt
model calculations. The thermal conductivity of the 100 nm Al
film is 200 W m−1 K−1 as determined from electrical resistivity
measurements and the Wiedemann–Franz law. Although this pro-
cedure for determining the Al thermal conductivity is really a

Table 1 Thermophysical properties of Al, Si, and SiO2 at 300 K
†31‡

�
�W m−1 K−1�

C
�MJ m−3 K−1�

Al 237 2.44
Si 148 1.66
SiO2 1.4 1.97

Fig. 3 TTR data from scans on 100 nm Al films evaporated on
Si „circles… and glass „squares… substrates along with the best
fit from the Axf model scaled at 400 ps. Using the best fit values
of G and �2 from the Axf, the 1Dt is calculated and scaled to
the data showing that the 1Dt fails to capture some aspects
of the data. The thermophysical properties determined from
Axf model best fits are G=90 MW m−2 K−1 for the Al/Si inter-
face, �=142 W m−1 K−1 for Si, and G=40 MW m−2 K−1 and �
=1.0 W m−1 K−1 for the glass substrate. The measured thermal
conductivity of the glass substrate is lower than that of pure
SiO2 since the substrate in this case is a glass microscope
slide, so the various impurities will reduce the thermal conduc-

tivity below that of pure SiO2.
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easure of in-plane conductivity where the model requires cross
lane, since the Al film is amorphous, it is valid to assume that the
n-plane and cross-plane conductivities are equivalent for a 100
m Al film. The Axf model, which is assumed here as the more
recise model since it takes into account pulse accumulation and
adial spreading, is scaled at 400 ps and G12 and �2 are adjusted
o determine the best fit. Using the best fit values from the Axf,
he 1Dt is calculated and scaled to the data in Fig. 3. The data
hown here are the real component of the lock-in signal divided
y the imaginary component, i.e., −X /Y. This approach of nor-
alizing the signal by the imaginary component of the voltage

ancels out detection noise and makes the signal insensitive to
arious experimental parameters that can be difficult to account
or during data analysis �16�. This approach is the same as using
he phase of the signal �4,14�. Note that we also scale the models
o the data at some time t. We choose 400 ps as the scale time
ince any nonequilibrium phenomena in the Al film have equili-
rated and thermal diffusion in the Al film is negligible compared
ith the diffusion across the Al/substrate interface and in the sub-

trate. The advantage of scaling the model to the data is that
recise values for spot sizes or absorbed laser power are no longer
eeded. However, these inputs are critical if the transport is not
urely 1D, and if radial transport plays a role in the TTR mea-
urements, then precise values for spot sizes must be known.
owever, as will be shown in later sections, 1D transport can be

ssumed in many cases, which significantly simplifies data analy-
is.

In Fig. 3, the 1Dt model and the data do not exhibit great
greement in trends. Since we assume that the Axf is the more
recise model, the 1Dt fails to predict the thermophysical proper-
ies of interest in TTR at 11 MHz modulation frequency. There-
ore, the question is as follows: Why does the 1Dt fail? There are
wo major differences between the 1Dt and Axf. One is the effect
f pulse accumulation from the repetition rate of the pump pulses.
his aspect on thermal analyses of TTR data has been extensively
tudied previously and will not be repeated here. However, in
hort, it must be taken into account analytically in the thermal
odels �i.e., Sec. 2.3� �4�, or the data must be corrected by ac-

ounting for the pump-phase �27�. In the remainder of this work,
e will focus on the dimensionality assumption in TTR experi-
ents; that is, we will answer the following question: When does

adial transport need to be considered in TTR analyses?

One-Dimensional Versus Axially Symmetric
ransport
The most straightforward way to compare the effects of radial

ransport on G and � is to replace the Axf model presented in Sec.
.2 with a one-dimensional model. The heat equation in one-
imensional Cartesian coordinates is given by Eq. �6� only

q2 =
iC�

�z
�22�

he temperature is given by

F��� =
1

�1
�FT1

+ + FT1
−

FT1
− − FT1

+ � �23�

here the various coefficients are evaluated based on the algo-
ithm outlined in Sec. 2.2. Note that Eq. �22� is in the frequency-
omain and not in the time-domain. Since no radial heating is
ssumed, no convolution of the frequency response and the pump
ulse is necessary. Therefore, the temperature change due to pump
eating is given by

���� = F���
A

�w0
2 �24�

owever, we are interested in only the fraction of the temperature
hange measured by the probe beam, so the measured temperature

hange is
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���� = F���
Aw1

2

�w0
4 �25�

Note if w0=w1, Eq. �25� reduces to Eq. �24�.
Using Eq. �25� with the analyses in Sec. 2.2 �multilayer analy-

sis, Eqs. �9�–�11�� and Sec. 2.3 �modulation analysis, Eqs. �15�
and �16��, a one-dimensional frequency-domain model �1Df� is
obtained. The 1Df and Axf for the Al/Si and Al /SiO2 systems in
Fig. 3 are compared in Fig. 4. The calculations of the Axf and 1Df
are identical for the Al/Si and Al /SiO2 systems over the delay
times of interest. In addition, the 1Df fit to the data and best fits
that are determined are identical to those found using the Axf �see
Fig. 3 caption�. This means that the discrepancy between the mod-
els shown in Fig. 3 is due to pulse accumulation and not dimen-
sionality. This is intuitive, since the only difference between the
development of the 1Dt and the 1Df is the analysis that accounts
for the modulated heating event and pulse accumulation, and
therefore, given purely cross-plane thermal transport, the 1Dt and
1Df will only differ if pulse-to-pulse residual heating cannot be
ignored; this aspect of pulse accumulation is treated in detail by
Schmidt et al. �4�. Therefore, a 1D assumption is appropriate for
thermal analyses of TTR data on film/substrate systems at modu-
lation frequencies of 11 MHz. This ensures that at 11 MHz the
cross-plane properties of material systems are measured.

5 Condition for One-Dimensional Transport
To examine the regimes where one-dimensional, cross-plane

transport dominates the thermal processes, we calculate the ratio
of the 1Df signal to the Axf signal as a function of heating event
modulation frequency. We define the signals as the ratio of the real
to imaginary temperature rises predicted from the models,
−TRe /TIm. This parallels the ratio of lock-in signals previously
discussed—i.e., −X /Y. Figure 5 shows the predictions of the ratio
of the 1Df to Axf signals assuming a 15 �m probe spot radius.
Figure 5�a� shows the calculations assuming a 1:1 pump/probe
radius ratio �i.e., 15 �m pump radius� and Fig. 5�b� shows results
assuming a 5:1 ratio �i.e., 75 �m pump radius�. We consider
modulation frequencies that are typical in TTR experiments—10
kHz–20 MHz. For these simulations, we assume an 100 nm Al
film on a semi-infinite substrate with various thermal diffusivities,
D=� /C as indicated in the figure, and a constant thermal bound-
ary conductance of 50 MW m−2 K−1. The Al thermal properties

Fig. 4 Comparison of 1Df and Axf for a 100 nm Al film on a Si
and glass substrate using the material properties determined
from the fit in Fig. 3. The 1Dt and Axf are identical for these two
material systems.
are assumed as bulk and listed in Table 1.
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We define an “acceptable” range to assume one-dimensional
ross-plane transport when the 1Df signal ratio is within 90% of
he Axf signal ratio; this factor is indicated in Fig. 5 by the hori-
ontal dashed line. When considering the same pump and probe
pot sizes �Fig. 5�a��, one-dimensional transport is achieved at
odulation frequencies above 500 kHz except when the substrate
aterial has diffusivities comparable to that of diamond �D�1
10−3 m2 s−1�, in which case radial transport must be taken into

ccount at modulation frequencies as high as 2 MHz. An interest-
ng aspect of dimensionality in transport is observed in the lowest
iffusivity calculations �diffusivities comparable to SiO2, �D�1
10−6 m2 s−1��. As the diffusivity of the substrate decreases from

hat comparable to diamond, the trends in the comparative ratio
ollow similar patterns; lower diffusivities mean one-dimensional
ransport can be assumed, and the curvature as a function of fre-
uency follows similar trends. However, in low diffusivity sub-
trates, the curvature as a function of frequency does not resemble
hat of the other diffusivity curves. This is due to the fact that as
requency decreases the thermal penetration depth becomes
maller, such that the density of heat deposited in the Al film is
arger. In a nonconducting substrate, radial diffusion in the con-
ucting Al film spreads heat much more quickly than in the sub-
trate, so that the effect of radial spreading in the Al film affects
he dimensionality of the heat flow in the film substrate system as

ore heat is deposited in the Al film �i.e., as the thermal penetra-
ion depth decreases�. To test this analysis, we repeat these same
alculations assuming that the Al film has a thermal conductivity
hat is 10% of bulk, and, as shown in Fig. 5�a�, the trends follow
hose of the higher diffusivity substrates. This could lend insight
nto a unique experimental study in which to determine the in-
lane thermal conductivity of thin-metal films. Figure 5�b� shows
he same calculations in Fig. 5�a� only assuming a 5:1 pump-to-
robe spot size ratio. As expected, the effect of radial heating is

Fig. 5 Ratio of the 1Df signal to the Axf sig
frequency where the signals are defined as th
predicted from the models, −TRe/TIm. An acce
plane transport is defined as when the 1Df sig
indicated by the horizontal dashed line. „a… C
ratio „i.e., 15 �m pump radius… shows that on
tion frequencies above 500 kHz except when
rable to that of diamond „DÈ1Ã10−3 m2 s−1

… ,
account at modulation frequencies as high as
75 �m pump radius…. Radial heating is less
inset of „b… shows the 1Df/Axf ratio for an 100
size ratios—10:1, 5:1, and 1:1.
ess severe as the pump spot size increases. This leads to a general
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conceptual conclusion that to ensure purely one-dimensional ther-
mal transport, the heating event should be modulated at high
frequencies and deposited over a large area �heat deposited in
system should resemble a short, fat cylinder�. The inset of Fig.
5�b� shows the 1Df/Axf ratio for an 100 nm Al film on graphite,
a highly anisotropic system in which radial measurements
were recently performed with TTR by Schmidt et al. �4�. For
the graphite calculations, we assume �z=5.7 W m−1 K−1, �r
=1950 W m−1 K−1, C=1.56 MW m−2 K−1, and GAl/graphite
=50 MW m−2 K−1 �4,31�. The calculations are performed for
three pump-probe spot size ratios—10:1, 5:1, and 1:1. In graphite,
the effects of radial heating become apparent at higher modulation
frequencies than in isotropic structures, which is intuitive since
the in-plane �radial� direction is much more conductive than the
cross-plane direction.

Using this conceptual conclusion, we define a nondimensional
number H to determine when one-dimensional heating can be
assumed, given by

H =
w0 + �r

�z
�26�

where w0 is the radius of the heating event, �r is the distance the
heat travels in the radial direction �i.e., an effective thermal
spreading distance�, and �z is the thermal penetration depth in the
cross-plane direction. Where the cross-plane thermal penetration
depth is defined as �z=�2Dz /�0, the thermal spreading distance
can be derived to take a similar form as �r=�2Dr /�0 where Dr is
the diffusivity in the radial direction. To ensure one-dimensional
thermal transport, H�1. For an isotropic material, the condition
for one-dimensional transport is

H =
w0

� 1 �27�

l as a function of heating event modulation
tio of the real to imaginary temperature rises
ble range to assume one-dimensional cross-
l ratio is within 90% of the Axf signal ratio as
ulations assuming a 1:1 pump/probe radius
imensional transport is achieved at modula-

e substrate material has diffusivities compa-
hich case radial transport must be taken into

Hz. „b… Calculations assuming a 5:1 ratio „i.e.,
arent as the pump spot size increases. The
Al film on graphite for three pump-probe spot
na
e ra
pta
na
alc
e-d
th

in w
2 M
app
nm
�
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s previously discussed and following from Eq. �27�, to ensure
ne-dimensional transport, a large heating spot size and a small
hermal penetration depth �high frequency� are desired.

Multilayer Films
To test the effects of radial conduction on thermal conductivity
easurements in thin films, we grew and deposited a series of

hin-metal and dielectric films �75 nm Pt, 51 nm SiO2, 46 nm
iNx, and 232 nm SiNx films� on polished Si �100� substrates with
� cm resistivity, capped with an 80 nm film of Al for our TTR

ransducer layer. All metal films were deposited using electron
eam evaporation, with the Pt metal film requiring a 3 nm chro-
ium adhesion layer. Before the Pt deposition, the Si substrate
as subjected to a dilute hydrofluoric acid �HF� dip. The SiO2
lm consisted of a dry thermal oxide, and the low pressure chemi-
al vapor deposition �LPCVD� SiNx films were deposited in a
ow-stress �100 MPa� state. A standard RCA clean was performed
n the Si substrates before the growth and deposition of the SiO2
nd SiNx films.

Before measuring the thermal properties of these film systems,
e analyze the sensitivity of the models to the various thermal
oundary conductances and thermal conductivities that will be
riving the TTR signal using Eq. �21�. Figure 6 shows the mea-
urement sensitivities of the Axf to the various thermal conduc-
ances in the Al/Pt/Si sample. Although the Pt sample is 75 nm,
ince the conductivity is unknown, we model four different sce-
arios to show the range of sensitivities: �a� 20 nm Pt film with
=10 W m−1 K−1, �b� 20 nm Pt film with �=71.6 W m−1 K−1,

c� 100 nm Pt film with �=10 W m−1 K−1, and �d� 100 nm Pt
lm with �=71.6 W m−1 K−1. In the thinner Pt film cases ��a�
nd �b��, the sensitivity to the thermal conductivity is small, with
nearly zero sensitivity to the Pt thermal conductivity in the high

onductivity case. In this case, the thermal signal will be domi-
ated by G at the Pt/Si interface and �Si. As the thickness of the

Fig. 6 Sensitivities of the Axf as a function of
of varying thickness and thermal conductivity
films are listed in the figures. Other para
=500 MW m−2 K−1, CPt=2.85 MJ m−3 K−1 , and
the Al film and bulk Si substrate are listed in
t film is increased, the sensitivity to the thermal conductivity of
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the film increases. In addition, as the film conductivity decreases,
the sensitivity increases. This is intuitive since a thicker, less con-
ductive film will offer more thermal resistance.

Where the Pt thin film is relatively thermally conductive, the
SiNx and SiO2 films are expected to be substantially less conduc-
tive. Therefore, the sensitivity of the TTR signal to a nonconduc-
tive film is shown in Fig. 7. The thermal response is still relatively
sensitive to the underlying Si substrate thermal conductivity for a
50 nm SiO2 film and also sensitive to the SiO2 /Si thermal bound-
ary conductance, as seen in Fig. 7�a�. However, increasing the
thickness of the SiO2 film to 250 nm causes the thermal response
to be completely insensitive to the properties of the substrate �Fig.
7�b��. For comparison, Fig. 7�c� shows the thermal response when
the 250 nm SiO2 film is replaced with a conductive Pt film of the
same thickness. Note that the thermal signal becomes very sensi-
tive to the Si interfacial conductance and conductivity since the Pt
film offers very little resistance to the thermal circuit.

TTR data on these samples were taken at 11 MHz pump modu-
lation frequency; a summary of the TTR fitting results is summa-
rized in Table 2. For the Pt system, since the thermal measurement
is relatively insensitive to the Pt conductivity, we estimate �Pt
from electrical resistivity measurements as 40.5 W m−1 K−1.
Note that any errors in the Pt thermal conductivity do not propa-
gate into the other reported results on this system since the
measurement is relatively insensitive to �Pt with conductivity
of this order of magnitude �see Fig. 6�. We take GPt/Si as
140 MW m−2 K−1 �13� leaving GAl/Pt as the only free parameter
that we determine as 290 MW m−2 K−1. This result is quite sur-
prising as the measured G at the Al/Pt interface is approximately
the same as those measured at Al/semiconductor interfaces �13�
and over an order of magnitude less than the conductance mea-
sured at Al–Cu metal-metal interfaces. The reduction in the mea-
sured GPt/Si from the previously measured GAl/Cu �8� could be due
to the band structures of the two metals comprising each interface.

mp-probe delay time for four different Pt films
he various conductivities assumed for the Pt
ters used for these calculations are GAl/Pt

t/Si=140 MW m−2 K−1 . The properties used for
le 1.
pu
. T
me
GP
Both Al and Cu are free electron metals, and the electrons in the
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arabolic conduction bands contribute to thermal conduction.
hese relatively low effective masses of the electrons lead to low
lectrical resistivities, and so the thermal boundary conductance
etween the low electrically resistive free electron metal will be
arge. However, Pt is much more electrically resistive than copper,
nd it has a complicated band structure with relatively flat d-bands
verlapping the Fermi surface. Although the low electrical resis-
ivity of the Pt will reduce GAl/Pt to below that of GAl/Cu, the
resence of s-band electrons in Al interacting with d-band elec-
rons in Pt can cause phonon emission for momentum conserva-
ion leading to an additional electron-phonon resistance that
ould decrease GAl/Pt to values similar to GPt/Si.
The TTR signals of the three other thin film samples �51 nm

iO2, 46 nm SiNx, and 232 nm SiNx� are primarily dominated by
he thermal conductivity of the film. The heat capacity for SiNx
sed in the fit is CSiNx

=1.65 MJ m−3 K−1 �31�. The thermal con-
uctivity of the 232 nm SiNx film was measured as
.5 W m−1 K−1, with GAl/SiNx

as 110 MW m−2 K−1. Using this
alue for GAl/SiNx

in the fit of the 46 nm SiNx film, we determine
he thermal conductivity of the 46 nm SiNx film as
.1 W m−1 K−1 with GSiNx/Si as 50 MW m−1 K−1. Finally, we de-
ermine the thermal conductivity of the SiO2 film as
.2 W m−1 K−1, with GAl/SiO2

as 100 MW m−1 K−1 and GSiO2/Si

s 20 MW m−1 K−1. The values for thermal conductivity of the

Fig. 7 Sensitivities of the Axf as a fu
SiO2 films with thicknesses of „a… 50 n
with these insulative films is relativel
of the substrate over the pump-probe
ity of using a conductive Pt film of 25
erties for the 250 nm Pt film are as
parameters assumed for these calcul
=2.85 MJ m−3 K−1 , and GPt/Si=140 MW

Table 2 TTR measurements on multilayer thin film samples

G12
�MW m−2 K−1�

�2
�W m−1 K−1�

G23
�MW m−2 K−1�

l/75 nm Pt/Si 290�150 40.5 140
l/232 nm SiNx /Si 110 3.5�0.2 -
l/46 nm SiNx /Si 110 3.1�0.1 50�2.8
l/51 nm SiO2 /Si 100 1.2� .1 20�4.0
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thin dielectric films are slightly higher than previously reported
measurements �30�, which is expected due to the higher quality of
the films in this study. In addition, the values for thermal bound-
ary conductance agree well with previously reported values for
metal/dielectric interfaces, but are lower for the dielectric/
dielectric interface conductances �30,32�.

All properties determined from TTR fits with the Axf were also
fitted with the 1Df to determine the effect of dimensionality. In all
scenarios in this work, the Axf and 1Df yielded the exact same
result, indicating that the thermal transport was completely 1D
�cross plane�. This is expected for these samples since the pump
modulation frequency is 11 MHz and the thermal response is al-
most entirely cross plane, as apparent from the analysis in Sec. 5
�see Fig. 5�. At the high pump modulation frequency used in this
work �11 MHz�, the thermal penetration depth is relatively small;
the multilayer samples measured in this section yield H
�10–100�1, which ensures that the TTR measurements are
probing the cross-plane transport. A lower modulation frequency
would lead to a larger penetration depth, which could lead to
significant radial heating depending on the spot size �4�.

7 Conclusions
This paper examines the assumption of one-dimensional heat-

ing and pulse accumulation on G and � determination in nano-
structures using a pump-probe transient thermoreflectance tech-
nique. The traditionally used one-dimensional and axially
symmetric cylindrical conduction models are reviewed in Sec. 2,
along with the lock-in response that takes into account pulse ac-
cumulation and residual heating. To test the assumptions of the
models, experimental data of Al films on bulk substrates �Si and
glass� are taken with the TTR technique described in Sec. 3. The
sensitivity of the Axf to the various thermophysical parameters is
discussed in Sec. 4, along with the fitting algorithm and assump-
tions. To determine the error associated with assuming one-

ion of pump-probe delay time for two
nd „b… 250 nm. The thermal response
sensitive to the thermal conductivity

ay time. For comparison, the sensitiv-
m is shown in „c…. The thermal prop-
ed bulk „see Fig. 5…, and the other
ns were GAl/Pt=500 MW m−2 K−1, CPt
−2 K−1.
nct
m a
y in
del
0 n
sum
atio

m

dimensional thermal transport, the Axf is compared with a one-
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imensional frequency-domain model. This analysis is extended
o thin film multilayer structures. Results show that at 11 MHz

odulation frequency, thermal transport is indeed one dimen-
ional. Error among the various models arises due to pulse accu-
ulation and not accounting for residual heating.
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omenclature
A � power absorbed at the sample surface, W
C � heat capacity, J m−3 K−1

D � thermal diffusivity, m2 s−1

d � film thickness, m
F � change in temperature in Hankel space, K
G � thermal boundary conductance, W m−2 K−1

H � nondimensional number to determine when
thermal transport is primarily one dimensional

J0 � zeroth order Bessel function
k � transform variable, m−1

� � thermal penetration depth, m
M � index in frequency-domain representation of

lock-in transfer function
m � index in time-domain representation of lock-in

transfer function
n2 � extinction coefficient
p � thermophysical property of interest
Q � energy per pulse, J
R � magnitude of lock-in signal
r � direction radial to sample surface, m
S � sensitivity
t � time, s

tm � heating event time, s
w � 1 /e2 laser spot radius, m
X � real component of lock-in frequency response
Y � imaginary component of lock-in frequency

response
z � direction normal to the sample surface, m

reek Symbols
� � change in
� � proportionality constant in lock-in transfer

function
� � measured change in temperature, K
� � thermal conductivity, W m−1 K−1

� � laser wavelength, m

 � phase of lock-in signal
� � angular frequency, rad s−1

� � optical penetration depth, m
� � pump-probe delay time, s

ubscripts
0 � pump
1 � layer 1 �top layer/metal film�
2 � layer 2

12 � from layer 1 to layer 2

B � bottom

ournal of Heat Transfer
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c � corrected for electronic noise
Im � imaginary

p � probe
r � radial

Re � real
s � laser system
T � top
z � cross plane
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