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The beginning: Transient light sparks
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IJ. Optische Studien nach der fietirode der 
Hchlierenbeobachtung ; 

non A?. T o p l e r .  
(Fortsetzung von Bd. 131, S .  215.) 

V. Erscheinuugen am elektrischen Funken. 

I n  einer fruheren Mittheilung berichtete ich uber einige 
Erscheinungen am elek trischen Funken. Da diese Erschei- 
iiungen neben dem rotirenden Spiegel ein zweites Mittel 
an die Hand geben, kleine Zeitdifferenzen von Funkenent- 
laduugen mit Requemlichkeit zu constatiren, so erganze ich 
jene Mittheilring , indem ich zugleich eine Anwendling der- 
selben vorfuhre. Die am genannten Orte gegebene Erkla- 
rung der daselbst beschriebenen Erscheinungen beriiht arif 
einer Voraussetzung iiber den Zeitabstand zweier Funken- 
entladuiigen, welclie sich vielleicht verstlndlicher und den 
initgetheilten Thatsachen entsprechend folgendermaafsen aus- 
driicken lafst : 

Ein hleiner Condensator D sey in der durch Fig. I 
Taf. 111 versinnlichten Weise mit einem System von Leitern 
combinirt. Die Leitung von u bis b sey bei d mit der in- 
iieren Belegung nietallisch verbunden, im Uebrigen isolirt 
:ind durch die Luftstrecken mu und bn begranzt. Die Elek- 
trode m stehe bei Q mit einer Elektricitatsquelle (Elektro- 
phormaschine , Influenzmnschine ), die Entladerkugel n iiber 
i e D  mit der lufseren Belegung des Condensators und au- 
I'serdem bei e mit der Erde in leitender Verbindung. Der 
Condensator kann also stofsweise durch Funken bei urn 
geladen werden. Die Luftstrecke nb sey im Allgemeinen 
als klein gegen a m  vorausgesetzt, so wird sich der Con- 
densator iiber b n  entladen kbnnen. Wie  nun auch im 
Uebrigen die maafssgebenden Umstande beschaffen seyn mb- 
gen: immer kann man sich ein solches Verhaltnifs der bei- 
den LuftstrecLen hergestellt denhen, dais ein einziger Fun- 
ken bei am gerade geniigt, um den Condensator zur Entla- 

• “Pump” light sparks of less than 2 
microseconds

• Observe transient changes in refractive 
index of liquids



Thermomodulation spectroscopy and thermoreflectance
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“Modulate power with laser”: Pump-probe
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Thermal-wave detection and thin-film thickness
measurements with laser beam deflection

Jon Opsal, Allan Rosenowaig, and David L. Willenborg

A new technique has been developed that employs highly focused laser beams for both generating and de-
tecting thermal waves in the megahertz frequency regime. This technique includes a comprehensive 3-D
depth-profiling theoretical model; it has been used to measure the thickness of both transparent and opaque
thin films with high spatial resolution. Thickness sensitivities of +2% over the 500-25,000-A range have
been obtained for Al and SiO2 films on Si substrates.

1. Introduction

Thermal-wave physics is playing an ever-increasing
role in the study of material parameters. It has been
employed in optical investigations of solids, liquids, and
gases with photoacoustic and thermal lens2 spectros-
copy. Thermal waves have also been used to study the
thermal and thermodynamic properties1' 3 of materials
and for imaging thermal and material features within
a solid sample. 4

Thermal waves are present whenever there is periodic
heat generation and heat flow in a medium. There are,
therefore, a multitude of mechanisms by which these
waves can be produced, with the two most common in-
volving the absorption by the sample of energy from
either an intensity-modulated optical beam1 or from an
intensity-modulated electron beam.4 Several mecha-
nisms are also available for detecting, directly or indi-
rectly, the resulting thermal waves. These include
gas-microphone photoacoustic detection of heat flow
from the sample to the surrounding gas in which pres-
sure changes are monitored1'5; photothermal mea-
surements of infrared radiation emitted from the heated
sample surface6-8; optical beam deflection of a laser
beam traversing the periodically heated gaseous or
liquid layer just above the sample surface9- 11; inter-
ferometric detection of the thermoelastic displacements
of the surface'2-14; optical detection of the thermoelastic
deformations of the surface13-16; and piezoelectric de-
tection of thermoacoustic signals generated in the
sample. 1 ,17,18
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To date, only this last technique involving ther-
moacoustic detection has been used routinely for de-
tecting high-frequency (i.e., megahertz regime) thermal
waves. The thermoacoustic detection methodology has,
therefore, found important applications in thermal-
wave imaging4 19- 21 at high spatial resolution, where
micron-sized thermal waves are needed, as in the study
of semiconductor materials and devices.

The use of a thermoacoustic probe to detect the re-
flection and scattering of the thermal waves from the
thermal features suffers, however, from the major
drawback of requiring acoustic coupling between the
sample and an ultrasonic transducer. In the analysis
of semiconductor materials and devices, one would like
to operate in an open environment, employ completely
contactless methods for thermal-wave generation and
detection, and be able to make measurements or obtain
images at high spatial resolution. This last requirement
necessitates the use of a highly focused beam for ther-
mal-wave generation and the capability for detecting
high-frequency (>100-kHz) thermal waves.

To satisfy all the above conditions one needs to utilize
lasers for both generating and detecting the thermal
waves. The generation is, of course, straightforward.
The detection is more involved, performed either by
interferometric detection of the thermoelastic dis-
placements of the sample surface or by laser detection
of the local thermoelastic deformations of the surface.
Both techniques are analogous to the optical methods
used for detecting surface acoustic waves,23 although
here the surface displacements and deformations are
due to the thermal waves. All the other methods for
thermal-wave detection suffer from either being limited
to low modulation frequencies or from needing contact
to the sample.

There have been some initial studies of thermal-wave
detection using the techniques described above. Ameri
et al. 12 performed a rudimentary imaging experiment
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Fig. 1. Schematic depiction of laser beam deflection t
for the thin-film thickness measurement expei

Ar LASER technique, which measures local surface displacements
in the vertical direction, the laser probe method mea-
sures changes in the local slope of the surface as de-
picted in Fig. 2.

With the apparatus depicted in Fig. 1, we are able to
A-O MODULATOR detect, at a 1-MHz modulation frequency, changes in

the local surface slope in Al that result from local surface
displacements of -10-4 A/V\iH, a sensitivity that is
considerably greater than that reported in the recent

BEAM ER experiments performed at much lower modulation
frequencies with laser interferometricl2"4"15 and with
laser probe deflectionl3-' 5 methods.

In Sec. II we present the theory that, when combined
with our thermal-wave measurement technique, gives

HeNeDICHROIC us a system for performing quantitative thickness
MIRROR analyses of one or more films on a substrate. The

theory we use is essentially the recent 1-D multilayer
model of Opsal and Rosencwaig 2 4 (O-R model) ex-

MICROSCOPE > OBJECTIVE tended appropriately to three dimensions.
In Sec. III we present some of our results showing

good agreement between theory and experiment and,
LE i, just as important, the sensitivity of our measurements
technique used to thickness variations. Finally, in Sec. IV we conclude
ecnique used with a brief summary.

II. Theory

with the laser interferometric technique, while Amer
and his colleagues'3-' 5 have both the laser interfero-
metric and a laser deflection (surface deformation)
technique for spectroscopic studies on amorphous sili-
con. These various investigations were all performed
at low to moderate modulation frequencies (<100 kHz)
only.

We have developed a laser beam deflection technique
which, although similar to the method employed by
Amer's group, differs in several important respects. In
particular, our method employs highly focused heating
and probe laser beams, both incident normal to the
sample surface, and the experiments are performed at
high modulation frequencies of up to 10 MHz.

Figure 1 depicts the experimental arrangement that
we use. The 488-nm beam of a 100-mW Ar+ ion laser
is intensity-modulated with an acoustooptic modulator,
directed through a beam expander, and then focused to
a 2-4-,um diam spot on the sample. This is the heating
beam, and it has a sample incident power of -30 mW.
The 633-nm beam of a 5-mW He-Ne laser, the probe
beam, is directed through a beam expander, a polarizing
beam splitter and quarterwave plate, reflected off a
dichroic mirror, and then focused onto a 2-4-Mum diam
spot on the sample with an incident power of -2 mW.
The two laser spots are displaced -2 Am from each
other at the sample surface. The 488-nm heating beam
reflects back on itself, while the 633-nm probe beam
undergoes a periodic change in the local slope of the
sample surface. The reflected probe beam passes
through the quarterwave plate again, and since it is 900
out of phase from the beam leaving the He-Ne laser, it
is directed by the polarizing beam splitter to the bicell
photodetector, which measures the periodic deflections
of the probe beam. Unlike the laser interferometric

A. Surface Temperatures
When a laser beam, intensity-modulated at a fre-

quency a, is focused onto a spot of radius a on the sur-
face of a sample, the surface temperature at distance r
from the beam center can be written as

T(r) = To + T 1(r) + T2 (r) cos(wt + 0), (1)

where To is the ambient temperature, TI(r) is the

HEATING
BEAM

I PROBE
II BEAM

AIR

THERMOELASTIC
DEFORMATION

TO DETECTOR

I

_-- THERMAL LENS

Fig. 2. Schematic depiction of physical processes affecting the laser
probe beam for an opaque homogeneous sample including thermoe-
lastic deformation of the air-sample interface and thermal lens effects

in the air above the sample.
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temperatures in these two materials would be compa-
rable under the same heating conditions, the beam de-
flection from an Al surface would be approximately ten
times greater than from a Si surface. Using a more
complete model that accounts for optical reflectivities,
finite absorption depths, and finite probe beam diam-
eters, we have calculated the relative laser beam de-
flections from Al and Si as a function of modulation
frequency. The results shown by the dashed curves in
Fig. 4 are found to be in excellent agreement with the
experimental results plotted as open circles on the same
figure.

The thermal lens effects occur in the air above the
sample surface and within any layer of the sample that
is not optically opaque. Even though these thermal
lenses have only micron-sized dimensions at the high
modulation frequencies employed, their refractive
power is still considerable since the normalized refrac-
tive-index gradient n-'(dn/dx) = -e(dT/dx) across the
lens is now quite high, e being of the same order as the
thermal expansion coefficient of a solid. Also, even
though the probe laser beam is incident normal to the
sample surface, it strikes the thermal lens off-axis and
thus undergoes refraction in both incident and reflected
directions. Consequently, the theory predicts and we
find experimentally that the thermal lens effect can be
appreciable for some materials such as Si.28

From Eqs. (18a) and (b) we obtain for the thermal
lens deflection of an infinitesimal probe beam at a dis-
tance r from the center of the heated region

2
~10 =- 5() (21a)

02(r) r/u
41(r) 1-exp(-r 2 /a2 )

(x 2dx Ji(rx/ui) exp(-a 2X2/4,42) 2b
J X2 - 2i (21b)

Note that, while this result Eq. (21b) is similar to Eq.
(20b) for the corresponding thermoelastic effect, we
would expect because of the different integrands a
slightly different dependence on frequency. Equation
(21b) will approach 1-D behavior more rapidly than Eq.
(20b).

For air at 1 atm and 0C, e = 1.1 X 10-6/OC, 29 and
thus ( 1(r)/61 (r) for Si is -0.6 and for Al is -0.05.
However, nonlinear effects due to higher temperatures
(to be discussed later) will tend to reduce these ratios.
Figure 4 presents comparisons with experiments for a
complete calculation (that includes nonlinearities)
under vacuum, where there is no thermal lens effect
(dashed curves), and in air, where there is a thermal lens
effect (solid curves). The agreement between theory
and experiment is excellent. Note that the somewhat
stronger dependence on frequency predicted for the
thermal lens effect is observed experimentally in that
its contribution to the total measurement decreases with
increasing frequency.

In these thermal-wave experiments dc and ac tem-
perature excursions can range from 300C to several
hundred degrees depending on the sample's thermal
characteristics. With such temperature excursions, the
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Fig. 4. Relative amplitude of laser beam deflection signal as a
function of thermal-wave (modulation) frequency for Al and Si under
air (with thermal lens) and vacuum (no thermal lens) conditions.
Experimental data are plotted as open (vacuum) and closed (air)
circles and theoretical results as dashed (vacuum) and solid (air)

curves.

dependence on temperature of the various thermal,
optical, and elastic parameters has to be considered as
well. In general, the most critical parameters appear
to be the refractive index and the thermal conductivity.
The index of refraction of air is given by29

n1 + no-1 P1 + aT (22)

where no = 1.003 is the index of refraction of air at C,
T is the temperature above C, a, = 3.66 X 10-3/C
is the volume thermal expansion coefficient, and P is the
normalized pressure of the air. Thus for temperature
excursions in air of 10-1000 C, e will decrease by 30-50%.
In addition, for most solids the temperature dependence
of the thermal conductivity at our operating tempera-
tures is given by30

K(T) = Ko
1 + I3KT

(23)

where K is the thermal conductivity at T = C, T is the
temperature above C and, /K is a temperature coef-
ficient. Temperature excursions of 50-100C in Si,
where K = 7.1 X 10-3 /0 C,3 0 thus decreasing K by 30-
60%. These temperature effects on e and K introduce
appreciable nonlinearities in the model that cannot be
neglected.

Optical effects will, of course, play an important role
in these experiments as well. For example, in Si we
have to take into account the optical absorption length
(-1 Mm) for the 488-nm Ar+ ion laser light. Optical
reflectivities must also be included. In addition, when
dealing with optically transparent films such as SiO2,
optical interference effects within the film have to be
considered as well. Figure 5 schematically depicts the
situation encountered for an SiO2 film on Si. Here we
see the thermoplastic deformations of both the Si-SiO2
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TDTR by Cahill:
Simplifying, standardizing & embracing out of phase signals
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Analysis of heat flow in layered structures for time-domain
thermoreflectance

David G. Cahilla)
Department of Materials Science and Engineering and Frederick Seitz Materials Research Laboratory,
University of Illinois, Urbana, Illinois 61801

(Received 11 June 2004; accepted 19 September 2004; published 10 November 2004)

The iterative algorithm of Feldman for heat flow in layered structures is solved in cylindrical
coordinates for surface heating and temperature measurement by Gaussian-shaped laser beams. This
solution for the frequency-domain temperature response is then used to model the lock-in amplifier
signals acquired in time-domain thermoreflectance measurements of thermal properties. © 2004
American Institute of Physics. [DOI: 10.1063/1.1819431]

I. INTRODUCTION

Time-domain thermoreflectance (TDTR) is a pump-
probe optical technique that can be used for measuring the
thermal properties of materials.1–5 We have previously de-
scribed our implementation of this technique,6,7 and our ap-
plication of this method in studies of the thermal conductiv-
ity of thin films,8,9 the thermal conductance of interfaces,8,10

spatially resolved measurements of microfabricated
structures,10 and high-resolution mapping of the thermal con-
ductivity of diffusion multiples.11

In most cases, analysis of TDTR experiments requires
comparisons between the data and a model of the heat trans-
port in the system under study. Unknown thermal properties
are treated as free parameters and adjusted to minimize the
differences between the model and the data. We have briefly
described how the frequency-domain thermal response can
be used as the input to a calculation of the in-phase and
out-of-phase lock-in amplifier signals in TDTR
experiments8,11 but we have not previously described our
method for calculating the frequency-domain response. The
purpose of this article is to describe the details of those cal-
culations and provide additional discussion of our methods
for analyzing TDTR data.

II. FREQUENCY DOMAIN SOLUTION FOR THE
SURFACE TEMPERATURE OF A SINGLE LAYER

We begin with the frequency-domain solution12 for a
semi-infinite solid that is heated at the surface by a periodic
point source of unit power at angular frequency !

g!r" =
exp!− qr"
2"#r

, !1"

q2 = !i!/D" , !2"
where # is the thermal conductivity of the solid, D the ther-
mal diffusivity, and r the radial coordinate. This solution for
the semi-infinite solid differs from the solution for the infi-

nite solid by a factor of 2. Since the co-aligned laser beams
of a typical TDTR experiment have cylindrical symmetry,
we use Hankel transforms13,14 to simplify the convolution of
this solution with the distributions of the laser intensities.
The Hankel transform of g!r" is

G!k" = 2"#
0

$

g!r"J0!2"kr" r dr , !3"

G!k" =
1

#!4"2k2 + q2"1/2
. !4"

The surface is heated by a pump laser beam with a
Gaussian distribution of intensity p!r"; the 1/e2 radius of the
pump beam is w0.

p!r" =
2A

"w0
2 exp!− 2r2/w0

2" , !5"

where A is the amplitude of the heat absorbed by the sample
at frequency !. The Hankel transform of p!r" is

P!k" = A exp!− "2k2w0
2/2" . !6"

The distribution of temperature oscillations at the surface
%!r" is the inverse transform of the product of G!k" and P!k"

%!r" = 2"#
0

$

P!k"G!k"J0!2"kr" k dk . !7"

The surface temperatures are measured by thermoreflec-
tance, i.e., the change in the reflectivity with temperature.
This change in reflectivity is measured by changes in the
reflected intensity of a probe laser beam. The probe laser
beam also has a Gaussian distribution of intensity although
the radius may be different than the pump beam; the 1/e2
radius of the probe beam is w1. The probe beam measures a
weighted average of the temperature distribution %!r"

&T =
4
w1
2#

0

$

%!r"exp!− 2r2/w1
2" r dr . !8"

The integral over r is the Hankel transform of a Gaussian,
leaving a single integral over k that must be evaluated nu-
merically

a)Author to whom correspondence should be addressed; electronic mail:
d-cahill@uiuc.edu

REVIEW OF SCIENTIFIC INSTRUMENTS VOLUME 75, NUMBER 12 DECEMBER 2004

0034-6748/2004/75(12)/5119/4/$22.00 5119 © 2004 American Institute of Physics

Downloaded 04 May 2006 to 128.143.46.170. Redistribution subject to AIP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp

We compare an example of a full calculation of Vf!t" /V0
to measured data in Fig. 4. The unknown layer parameters
in the fit—the thickness of the TiN layer !56 nm" and the
thermal conductance of the TiN/MgO interface
!650 MWm−2 K−1"—were measured in a fit to the ratio
Vin /Vout as described in Ref. 8. The thermoreflectance was
also adjusted to improve the fit shown in Fig. 4; we find
dR /dT=1.8!10−4 K−1. This value for dR /dT is in good
agreement with measurements by ellipsometry, 1.6
!10−4 K−1.

The deviation of the data from the fits at large delay
times, t"2 ns is caused by the changes in the radius of the
pump beam w0 with changes in the length of the optical path
of the pump beam; i.e., the model calculation assumes that
w0 is constant but in reality w0 varies with delay time t. We

have previously discussed how our approach of analyzing
the ratio Vin /Vout minimizes these errors;

6,8 the optical design
of Capinski and Maris3 provides another method for improv-
ing the accuracy of TDTR measurements at large delay
times.

This work was supported by NSF Grant No. CTS-
0319235. Data were acquired using the equipment in the
Laser Facility of the Frederick Seitz Materials Research
Laboratory (MRL) at the University of Illinois at Urbana-
Champaign.
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FIG. 4. Dependence on delay time t at fixed modulation frequency of f
=9.8 MHz for a TiN/MgO!001" epitaxial layer. Measured data are shown as
filled circles [in-phase or real part of Vf!t"] and open circles [out-of-phase or
imaginary part of Vf!t"]. The solid and dashed lines are the real and imagi-
nary parts of the model calculation, respectively, see Eq. (22).
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the pump and probe beams. The 1/e2 beam diameter at the sample
is relatively large, 15 !m for both pump and probe.
In a modulated pump-probe experiment, the differences in re-

flected probe intensity caused by the pump pulse appear at the
modulation frequency of the pump beam and are extracted with
lock-in detection. But interpretation of this lock-in signal is not
completely straightforward, particularly as the time delay be-
comes a significant fraction of the separation between pulses. Fol-
lowing Ref. "56#, the lock-in response VLI of a modulated pump-
probe reflectivity measurement is

VLI$ t %!
&

' (
q!")

)

exp$ i2* f $q'#t %%+R1$q'#t %, (2)

where the real part of VLI is the in-phase signal of the lock-in
amplifier V in and the imaginary part of VLI is the out-of-phase
signal Vout ; & is a constant, ' the time between pulses (typically
,13 ns), f the modulation frequency, t the time delay of the probe
beam, and +R1(t) is the reflectivity change at a time t following
an excitation of the sample by a single pump pulse. In Ref. "56#,
the authors state that Eq. 2 is valid only in the limit f '$1 but we
have found that Eq. 1 is an exact solution for all values of f ' as
long as the lock-in time constant 'LI satisfies f 'LI%1. Typically,
comparisons of experimental data and the prediction of Eq. 2 are
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focused pump beam "56#.
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varies weakly with t but decreases with modulation frequency f;

we choose f,10 MHz to minimize radial heat flow without sac-
rificing too much signal in Vout .
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venient: instead of starting with the time domain response to a
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the probe beam delayed by a time t, the ratio of the two lock-in
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Vin$ t %
iVout$ t %

!

(
q!")

)

$+T$q/'# f %#+T$q/'" f %%exp$ i2*tq/'%

(
q!")

)

$+T$q/'# f %"+T$q/'" f %%exp$ i2*tq/'%

.

(3)
If the pump beam is advanced instead of delaying the probe, $see
Fig. 9%, Eq. 3 must be corrected by a phase factor that is equiva-
lent to shifting the phase of the lock-in reference channel by
2* f t .
Figure 10 shows an example of this approach using data for an

epitaxial TiN layer deposited on MgO by reactive magnetron sput-
tering at 800°C. Because TiN and MgO have the same crystal
structure $fcc NaCl% and almost identical lattice constants, we ex-
pect that these TiN/MgO interfaces are more perfect than typical
metal/ceramic interfaces. TiN is a ‘‘metallic ceramic’’, a hard,
refractory material with metallic electrical properties. Our thermal
model assumes that the heating produced of the pump pulse can
be approximated by an instantaneous deposition of energy uni-
formly distributed through the optical absorption depth of TiN,
./(4*k)!16 nm. Since we assume +R(t)!(dR/dT)+T(t), the

Fig. 9 Picosecond thermoreflectance and acoustics appara-
tus at the University of Illinois using a single objective and an
integrated dark-field microscope. The pump and probe beams
are parallel at the back-focal-plane of the objective lens but
offset by É 4 mm. The aperture in front of the detector rejects
the small fraction of pump beam that leaks through the polar-
izing beam splitter. Fig. 10 Picosecond thermoreflectance data „solid circles… for

thermal transport through an epitaxial TiNÕMgO„001… structure
at room temperature. The ratio of the in-phase to out-of-phase
signals of the lock-in amplifier at fÄ9.8 MHz is plotted as func-
tion of the thermal diffusion length in TiN; the delay time t is
given on the top axis. The TiN layer thickness is 100 nm. We
assume that the thermal conductivity of the TiN film is given by
the Wiedemann-Franz law, !ÄLTÕ"Ä58 W mÀ1 KÀ1; the ther-
mal conductivity of MgO is 51 W mÀ1 KÀ1. The solid and dashed
lines are fits to the data using Eq. 3 with one free parameter, the
interface thermal conductance G. The solid line is the best fit,
GÄ0.42 GW mÀ2 KÀ1. The upper and lower dashed lines are for
GÄ0.2 and GÄ1.0 GW mÀ2 KÀ1, respectively.
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1 Introduction
The last 50 years have witnessed the transformation of solid-

state devices from objects of mere scientific curiosity to being at
the heart of information technology. Electronic and optoelectronic
devices are now so ubiquitous in modern society that their use
often goes unnoticed. One of the main factors that has enabled this
dramatic transformation is the ability to control the flow of charge
in semiconductors. While charge flows only in metals and semi-
conductors, heat on the other hand flows in all materials. It is,
therefore, natural to ask the question: What are the fundamental
and engineering limits on the control of heat flow in solids?
Heat flow in solids occurs predominantly due to two energy

carriers, namely, electrons in metals, and lattice vibrations or
phonons in insulators and semiconductors. If one has to control
their flow, one must recognize two fundamental length scales—
wavelength and mean free path—associated with both electrons
and phonons. One way to gain greater control of heat flow is to
design and fabricate solid structures that overlap in size with the
fundamental length scales. Table 1 lists the typical range of values
for the length and time scales of electrons and phonons. It is
obvious that size control of solid structures must occur at nanos-
cales. Modern manufacturing techniques allow us to fabricate

structures that are confined to 2 &films', 1 &wires', or 0 &dots'
dimensions with sizes in the 1–100 nm range. Hence, it is now
possible, to some extent, to manipulate heat flow in solids through
the interplay of confined size with electron/phonon wavelengths
and mean free paths. Although much remains to be understood
about heat flow in micro/nanostructures, significant progress has
been made over the last decade or so. This could not have been
possible without the development of new measurement techniques
that allow one to probe heat flow at length and time scales com-
parable to those listed in Table 1. The purpose of this paper is
twofold: &i' to provide a critical review of these measurement
techniques and a discussion of future areas of development; and
&ii' to present our current understanding of heat flow in micro/
nanostructures and identify areas that need further research.
While greater control of heat flow might indeed be possible

using confined structures, the following question is rather perti-
nent: Why is it important and what impact could it have? As the
demands of information technology keep increasing, new engi-
neering challenges continuously emerge. For example, the rapid
increase in power density and speed of integrated circuits requires
the use of unconventional materials. Figure 1&a' shows a micro-
graph of a polycrystalline diamond thin film grown by chemical
vapor deposition on a silicon wafer $1%. The grain size and orien-
tation, which depend on the details of the nucleation and growth
processes, influence the thermal conductivities and thereby affect
heat removal rate and response speed. Passivation materials in
integrated circuits are often chosen for their ability to reduce elec-
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techniques and a discussion of future areas of development; and
&ii' to present our current understanding of heat flow in micro/
nanostructures and identify areas that need further research.
While greater control of heat flow might indeed be possible

using confined structures, the following question is rather perti-
nent: Why is it important and what impact could it have? As the
demands of information technology keep increasing, new engi-
neering challenges continuously emerge. For example, the rapid
increase in power density and speed of integrated circuits requires
the use of unconventional materials. Figure 1&a' shows a micro-
graph of a polycrystalline diamond thin film grown by chemical
vapor deposition on a silicon wafer $1%. The grain size and orien-
tation, which depend on the details of the nucleation and growth
processes, influence the thermal conductivities and thereby affect
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The “basic flavors” of thermoreflectance

6

Figure 2. (a) A schematic for the pulsed-pump / pulsed-probe thermoreflectance experiments is
shown, as is used for TDTR, FDTR, and early TTR experiments. (b) A CW probe can be used
instead, eliminating the need for a mechanical delay stage. A pulsed pump is used for ns-TTR,
and a CW pump is used for FDTR and SSTR. Data from founding works show the data acquired
for (c) TDTR [5] (d) FDTR [12] and (e) SSTR [13].

cyclic heating and cyclic thermal response) is collected as a function of modulation frequency190

(Fig. 2.d). The CW version of FDTR has the advantage of being a simpler and cheaper191

apparatus (eliminating the need for the pulsed laser or mechanical delay stage). Care must192

be taken however to eliminate e!ects of systematic errors (e.g. an additional frequency-193

dependent phase introduced to the signal by the electronics or optics involved [17]). In the194

thermoreflectance techniques discussed thus far, the use of surface-heating yields a thermal195

decay through the depth of the sample, and surface-probing means there is diminishing196

sensitivity to parameters through the depth as well. This is often discussed in terms of197

the thermal penetration depth (TPD), which is estimated as d =
√
k → ω→1 → f→1

mod → C→1 [11]198

based on the modulation rate fmod, thermal conductivity k, and heat capacity C. Given that199

FDTR sweeps through modulation frequencies (and that the measurement depth depends200

9

the pump and probe beams. The 1/e2 beam diameter at the sample
is relatively large, 15 !m for both pump and probe.
In a modulated pump-probe experiment, the differences in re-

flected probe intensity caused by the pump pulse appear at the
modulation frequency of the pump beam and are extracted with
lock-in detection. But interpretation of this lock-in signal is not
completely straightforward, particularly as the time delay be-
comes a significant fraction of the separation between pulses. Fol-
lowing Ref. "56#, the lock-in response VLI of a modulated pump-
probe reflectivity measurement is

VLI$ t %!
&

' (
q!")

)

exp$ i2* f $q'#t %%+R1$q'#t %, (2)

where the real part of VLI is the in-phase signal of the lock-in
amplifier V in and the imaginary part of VLI is the out-of-phase
signal Vout ; & is a constant, ' the time between pulses (typically
,13 ns), f the modulation frequency, t the time delay of the probe
beam, and +R1(t) is the reflectivity change at a time t following
an excitation of the sample by a single pump pulse. In Ref. "56#,
the authors state that Eq. 2 is valid only in the limit f '$1 but we
have found that Eq. 1 is an exact solution for all values of f ' as
long as the lock-in time constant 'LI satisfies f 'LI%1. Typically,
comparisons of experimental data and the prediction of Eq. 2 are
used to optimize free parameters in a thermal model; for all but
the shortest times, the temperature is homogeneous through the
optical absorption depth of the thin metal film and +R1(t)
!(dR/dT)+T1(t). The surface temperature +T1(t) can be accu-
rately calculated using one-dimensional heat flow since the ther-
mal diffusion length is usually much smaller than the radius of the
focused pump beam "56#.
Although Bonello and co-workers "57# discuss the in-phase sig-

nal at t&0, to the best of knowledge, no prior work has made use
Vout(t). But the extra information in the out-of-phase signal may
provide a simple method of correcting for non-idealities in the
experiment: both the in-phase and out-of-phase signals will be
changed by the same amount by defocusing of the pump beam
and changes in the pump-probe overlap and so the ratio of
V in /Vout is often a more robust quantity than V in alone. Vout(t)
varies weakly with t but decreases with modulation frequency f;

we choose f,10 MHz to minimize radial heat flow without sac-
rificing too much signal in Vout .
A frequency domain version of Eq. 2 is sometimes more con-

venient: instead of starting with the time domain response to a
pump pulse +T1(t), we calculate the frequency domain response
+T(-) of a multilayer sample using matrix methods "58#. With
the probe beam delayed by a time t, the ratio of the two lock-in
signals is then

Vin$ t %
iVout$ t %

!

(
q!")

)

$+T$q/'# f %#+T$q/'" f %%exp$ i2*tq/'%

(
q!")

)

$+T$q/'# f %"+T$q/'" f %%exp$ i2*tq/'%

.

(3)
If the pump beam is advanced instead of delaying the probe, $see
Fig. 9%, Eq. 3 must be corrected by a phase factor that is equiva-
lent to shifting the phase of the lock-in reference channel by
2* f t .
Figure 10 shows an example of this approach using data for an

epitaxial TiN layer deposited on MgO by reactive magnetron sput-
tering at 800°C. Because TiN and MgO have the same crystal
structure $fcc NaCl% and almost identical lattice constants, we ex-
pect that these TiN/MgO interfaces are more perfect than typical
metal/ceramic interfaces. TiN is a ‘‘metallic ceramic’’, a hard,
refractory material with metallic electrical properties. Our thermal
model assumes that the heating produced of the pump pulse can
be approximated by an instantaneous deposition of energy uni-
formly distributed through the optical absorption depth of TiN,
./(4*k)!16 nm. Since we assume +R(t)!(dR/dT)+T(t), the

Fig. 9 Picosecond thermoreflectance and acoustics appara-
tus at the University of Illinois using a single objective and an
integrated dark-field microscope. The pump and probe beams
are parallel at the back-focal-plane of the objective lens but
offset by É 4 mm. The aperture in front of the detector rejects
the small fraction of pump beam that leaks through the polar-
izing beam splitter. Fig. 10 Picosecond thermoreflectance data „solid circles… for

thermal transport through an epitaxial TiNÕMgO„001… structure
at room temperature. The ratio of the in-phase to out-of-phase
signals of the lock-in amplifier at fÄ9.8 MHz is plotted as func-
tion of the thermal diffusion length in TiN; the delay time t is
given on the top axis. The TiN layer thickness is 100 nm. We
assume that the thermal conductivity of the TiN film is given by
the Wiedemann-Franz law, !ÄLTÕ"Ä58 W mÀ1 KÀ1; the ther-
mal conductivity of MgO is 51 W mÀ1 KÀ1. The solid and dashed
lines are fits to the data using Eq. 3 with one free parameter, the
interface thermal conductance G. The solid line is the best fit,
GÄ0.42 GW mÀ2 KÀ1. The upper and lower dashed lines are for
GÄ0.2 and GÄ1.0 GW mÀ2 KÀ1, respectively.
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frequency-dependent phase shift into the measured signal. In
order to determine the true phase of the pump laser imping-
ing on the sample, a portion of the pump light after the EOM
can be split off and sent to a reference photodetector that is
identical to the primary photodetector. The reference photo-
detector serves as the reference for the lock-in amplifier. The
optical path length between the reference detector and the
EOM should be made equal to the sum of the path length
between the EOM and the sample and the path length be-
tween the sample and the probe detector. The error intro-
duced by path mismatch scales linearly with frequency; at 10
MHz modulation, a 1 cm difference in optical paths trans-
lates to a phase error of roughly 0.1°.

The second setup, shown in Fig. 1!b", is based on a
pulsed laser and is similar to setups commonly used for
TDTR. This is the arrangement we have used to generate all
the data presented in this work. A Ti-sapphire laser emits a
train of 150 fs long pulses at a repetition rate of 80 MHz. The
center wavelength is 815 nm and the power per pulse is
roughly 15 nJ. Each pulse is split into pump and probe
pulses, and the probe pulses are delayed relative to the pump
pulses with a mechanical stage. The pump beam passes
through an EOM and bismuth triborate crystal that doubles
the pump light frequency. Dielectric mirrors and color filters

isolate the pump beam from the detector, allowing us to mea-
sure relatively rough samples since the filters are not affected
by scattering of the pump beam into different polarizations
and angles. More details on our setup are given elsewhere.14

Due to the high pulse repetition rate of the Ti-sapphire
laser, in thermal measurements there is not sufficient time for
the sample to return to equilibrium between laser pulses, and
this ultimately introduces a thermal wave into the sample at
the EOM modulation frequency.12,15,16 Like in the cw sys-
tem, a lock-in amplifier records the amplitude and phase re-
sponse of this thermal wave, and these quantities are related
to the properties of the sample. In this setup, the reference
detector approach can also be used to determine the pump
beam phase, although a sharp low-pass filter would be
needed to remove the harmonic response at the laser pulsing
frequency. An alternative method is to adjust the phase of the
lock-in at each frequency until the out-of-phase component
of the signal is constant as the stage moves across the zero-
delay time.12 This is the approach we employ in our system.
The phase correction can be determined once over the range
of modulation frequencies and then automatically added dur-
ing subsequent measurements.

III. ANALYSIS

A. Theory

The ideal lock-in amplifier measures the fundamental
harmonic component of the probe signal at the modulation
frequency !0 and rejects all other components. The output is
the amplitude A and phase " of the fundamental component
of the probe signal with respect to the reference wave. Math-
ematically, the solution can be expressed as a complex num-
ber Z!!0" such that the output of the lock-in amplifier for a
reference wave ei!0t is given by

Aei!!0t+"" = Z!!0"ei!0t. !1"
In the case of pulsed pump and probe beams12,15

Z!!0" = # #
k=−$

$

H!!0 + k!s"eik!s%, !2"

where % is the delay time between pump and probe pulses, !s
is the laser pulsing frequency, H!!0" is the thermal frequency
response of the sample weighted by the intensity of the probe
beam, and # is a factor including the thermoreflectance co-
efficient of the sample and the power in the pump and probe
beams. This result assumes the sample responds as a linear
system and behaves as a continuum; these conditions are
usually met for small temperature excursions and delay times
greater than $100 ps.

The weighted sample frequency response, H!!0", is ob-
tained by solving the heat diffusion equation for a Gaussian
heat source !the pump beam" impinging on a multilayer stack
of materials and weighting the resulting temperature distri-
bution at the top surface by the Gaussian intensity distribu-
tion of the probe beam. A full treatment of this problem can
be found elsewhere.12,15 Here we repeat the essential ele-
ments necessary to understand our results.

(a)

(b) E.O.M.
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FIG. 1. !Color online" Two possible experimental arrangements for FDTR.
!a" A system based on cw lasers. Laser 1 !the pump laser" is passed through
an EOM and provides the modulated heat source, while laser 2 !the probe
laser" measures the thermoreflectance signal. Both beams are directed co-
axially through a single objective lens onto the sample. A matched reference
detector is used to determine the true phase of laser 1 at the sample. !b" A
system based on a pulsed laser. Each pulse is split into pump and probe
pulses. Probe pulses are delayed relative to the pump pulses with a mechani-
cal stage. The pump beam passes through an EOM and a second harmonic
generation crystal before being directed onto the sample.

094901-2 Schmidt, Cheaito, and Chiesa Rev. Sci. Instrum. 80, 094901 !2009"

Downloaded 15 Sep 2009 to 134.253.26.6. Redistribution subject to AIP license or copyright; see http://rsi.aip.org/rsi/copyright.jsp

Review of
Scientific Instruments ARTICLE scitation.org/journal/rsi

FIG. 3. Schematic of the Steady-State Thermoreflectance (SSTR) experiment.
PBS: polarizing beam splitter, �/2, �/4: half- and quarter-wave plates, respec-
tively, 90:10 BS: 90% transmission/10% reflection beam splitter, PD: photodetec-
tor, BPD: balanced photodetector, ND: neutral density filter. The inset shows a
representative pump waveform vs. time.

pump onto the sample using an objective lens. The focused
pump and probe diameters were adjusted with lenses to be
equivalent sizes. Using 20⇥ and 10⇥ objective lenses, the 1/e2
diameters are 11 µm and 20 µm, respectively, as measured
via a scanning slit beam profiler (Thorlabs BP209-VIS). The
probe is back-reflected to a balanced photodetector (Thor-
labs PDB410A) along with the path-matched reference beam
to minimize common noise in the probe. The powers of the
reference and sample beams going into the photodetector
are adjusted to be equivalent via the half-wave plate to min-
imize noise. Samples tested in this study include two types
of a-SiO2, a plain glass microscope slide (Fisherbrand) and a
3 mm thick borosilicate glass (BK7) optical window (Thorlabs
WG10530); a 1 mm thick quartz wafer (Precision Micro Optics);
two types of Al2O3, a 300 µm thick wafer (UniversityWafer)
and a 3 mm thick window (Thorlabs WG30530); two types of
Si, a 300 µm thick wafer (UniversityWafer) and a 3 mm thick
window (Thorlabs WG80530); a 300 µm thick nitrogen-doped,
n-type 4H–silicon carbide (4H–SiC) wafer (MTI Corporation);
and a 300 µm thick polycrystalline diamond wafer (Element
Six TM200).

When using the 10⇥ objective lens, we typically use a
higher order ND filter to further reduce power going into
the pump photodetector. This is done to compensate for the
increased power needed to heat the sample to similar tem-
peratures to those achieved with the 20⇥ objective. Using a
lock-in amplifier (Zurich Instruments UHFLI) synced to the
chopper frequency, the magnitude (�V) of the probe signal
divided by the DC probe signal (V) is recorded simultaneously
with the lock-in magnitude of the pump photodetector (�P).
�P as determined by the LIA is proportional to the amplitude
of the sinusoidal component of the pump waveform. Likewise,
�V corresponds to only the sinusoidal component of the probe
waveform. LIA detection thus allows for modulation of the
pump with an arbitrary periodic waveform (square, sine, trian-
gle, etc.) and with any offset power to obtain the same relation
between the lock-in pump power and the lock-in probe mag-
nitude. The pump power is increased linearly so that a linear
relation between �V/V with pump power is obtained. The
slope of this relation, after determining the appropriate pro-
portionality constant, is used to determine thermal conductiv-
ity by comparing it to the thermal model given in Appendix B.
Alternatively, a PWA with a boxcar averager is used to record
both the pump and probe waveforms over several periods of
temperature oscillation by again syncing to the chopper fre-
quency. Using this approach, we can visualize the sample tem-
perature rise vs. time to determine the steady-state regime of
the temperature rise.

Comparing the two detection schemes, the LIA approach
allows for faster data acquisition, allows for full automation
of both data acquisition and analysis, and is independent
of the waveform used as only the sinusoidal component is
recorded. However, because sinusoidal modulation can only
achieve a quasi steady-state, for accurate determination of
low-diffusivity materials, (i) the modulation frequency must
be lower compared with the PWA case or (ii) the thermal
model must include the modulation frequency as an input
parameter. The PWA approach, on the other hand, extracts the
total waveform of the probe reflectivity vs. time. As such, the
square wave reflectivity waveform that results from a square
wave pump input can be deduced. Furthermore, data anal-
ysis is performed by manually choosing the time range in
which the “on” and “off” state occur, ensuring we can pick the
true steady-state temperature rise for determining thermal
conductivity.

V. SIGNAL ANALYSIS
The probe reflectivity response measured by using the

photodetector, �V/V, is proportional to the normalized
change in reflectivity, �R/R, which is related to the change in
temperature of the sample surface by the thermoreflectance
coefficient � so that

�R

R
=

 
1
R

@R

@T

!
�T = � �T. (1)

In general, � is temperature dependent. For Al, � is
1.14 ⇥ 10�4 K�1 and varies at a rate of 0.22 ⇥ 10�4/100 K21
near our probe wavelength of 786 nm. Keeping temperature
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ABSTRACT
Frequency Domain Thermoreflectance (FDTR) is a versatile technique used to measure the thermal properties of thin films, multilayer stacks,
and interfaces that govern the performance and thermal management in semiconductor microelectronics. Reliable thermal property mea-
surements at these length scales (≈10 nm to ≈10 ωm), where the physics of thermal transport and phonon scattering at interfaces both grow in
complexity, are increasingly relevant as electronic components continue to shrink. While FDTR is a promising technique, FDTR instruments
are generally home-built; they can be difficult to construct, align, and maintain, especially for the novice. Our goal here is to provide a prac-
tical resource beyond theory that increases the accessibility, replicability, and widespread adoption of FDTR instrumentation. We provide a
detailed account of unpublished insights and institutional knowledge that are critical for obtaining accurate and repeatable measurements of
thermal properties using FDTR. We discuss component selection and placement, alignment procedures, data collection parameters, common
challenges, and our efforts to increase measurement automation. In FDTR, the unknown thermal properties are fit by minimizing the error
between the phase lag at each frequency and the multilayer diffusive thermal model solution. For data fitting and uncertainty analysis, we
compare common numerical integration methods, and we compare multiple approaches for fitting and uncertainty analysis, including Monte
Carlo simulation, to demonstrate their reliability and relative speed. The instrument is validated with substrates of known thermal properties
over a wide range of isotropic thermal conductivities, including Borofloat silica, quartz, sapphire, and silicon.

Published by AIP Publishing. https://doi.org/10.1063/5.0213738

INTRODUCTION

Measuring the thermal transport properties of thin films, mul-
tilayer material stacks, and interfaces that govern the reliability and
performance of advanced semiconductor devices is especially diffi-
cult if not impossible using traditional bulk measurement methods.
Steady-state techniques are limited in spatial resolution due to the

physical size of the contacts or leads and cannot resolve the ther-
mal boundary resistance between two layers at the nanoscale.1 The
3ϵ technique is frequently used to measure thin film thermal con-
ductivity and heat capacity using lithographically patterned heaters
and passivation layers for electrically conductive materials.2–4 For
insulating materials, the thermal boundary resistance can be mea-
sured if it is sufficiently large relative to the thermal resistance

Rev. Sci. Instrum. 95, 103006 (2024); doi: 10.1063/5.0213738 95, 103006-1
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of the substrate and if the thermal properties of the film and/or
substrate are known. For metals and semiconductors, the true
thermal boundary resistance cannot be measured since a passiva-
tion layer is required between the transducer and the sample. An
overview of common thermal property characterization methods
for bulk and thin films was published in a recent review article
that highlights the advantages and disadvantages of each method.1
Recently developed optical pump–probe thermoreflectance (TR)
techniques are non-contact and non-destructive and can resolve
the thermal properties of embedded and multilayer thin film
materials.

TR measurements exploit a fundamental relationship between
optical reflectance and temperature. The Coefficient of Thermore-
flectance (CTR) relates a material’s change in temperature (T)
(increase or decrease by ωT) to the resulting change in optical
reflectance (Rω), where the relationship is defined as5

ωRω

Rω
= ⌜ 1

Rω

ωRω

ωT
⌜ωT = CTRωT. (1)

A material’s CTR is dependent on the wavelength of illumina-
tion and temperature and can have a dependence on the material
processing and surface roughness.5 Measured CTR values are avail-
able in the literature for common metals (Au, Al, and Mo) and
a few oxides, although some reports only characterize the magni-
tude of CTR at one wavelength.6–8 Au and Al are commonly used
for their large CTR since one challenge in using TR techniques
is measuring the low signal response (on the order of or below≈10⌐4 K⌐1).5 TR was initially used to characterize the optical
bandgap and optical transitions of semiconductor materials in the
1960s to the 1970s.9–15 With the maturation of ultrafast laser tech-
nology in the 1980s, Paddock and Easley were the first to use picosec-
ond pulsed laser Transient Thermoreflectance (TTR) to measure the
thermal diffusivity of thin metal films without substrate effects.16

The power of TR techniques lies in their ability to directly inter-
rogate the thermal properties of a sample. A top surface transducer
thin film with a well characterized CTR is typically deposited to mon-
itor the sample temperature changes and thermalize the electrons.
While not inherently required, the transducer layer is an expedi-
ency that significantly enhances the TR signal-to-noise ratio (SNR)
and reduces the measurement uncertainty. The pump and probe
laser wavelengths are selected to maximize pump absorption, min-
imize probe absorption, and maximize the CTR for the transducer
material.

TR can be categorized as Time Domain Thermoreflectance
(TDTR), Frequency Domain Thermoreflectance (FDTR), or Steady
State Thermoreflectance (SSTR). In TDTR, a modulated ultrafast
laser “pump” pulse heats the sample, and a delayed probe beam pulse
interrogates the thermal properties of bulk, thin film, or multilay-
ered materials as a function of the probe delay time.17–20 In-plane
and cross-plane thermal conductivity (ϵr and ϵz , respectively), vol-
umetric heat capacity (CV ), thermal interface conductance (G), and
thickness (d) of multilayered materials can then be obtained through
modeling a fit of the thermal decay signal.18,21 In general, TDTR
is more sensitive to measurements of thermal boundary conduc-
tance than FDTR or SSTR. The latest works in this area leverage
TDTR to probe phonon transport22–24 and anisotropic thermal con-
ductivity using beam offset techniques.25 A recent tutorial paper

details the background and fundamentals of TDTR with descriptions
of different configurations, including the more recently developed
FDTR.20

FDTR was initially demonstrated using both pulsed and
continuous-wave (CW) laser configurations.26 CW lasers are typ-
ically less expensive and less complex to setup and maintain. In
FDTR, a modulated pump laser periodically heats the transducer
surface/sample stack, inducing a corresponding periodic change in
surface reflectivity as dictated by the CTR of the transducer layer.26–31

A probe laser is coaxially focused and reflected from the surface; the
reflected probe beam acquires the same modulation frequency as the
pump but with a phase lag that is governed by the thermal prop-
erties of the underlying material layers. The phase of the reflected
probe beam is measured as a function of the modulation frequency
of the pump beam using a lock-in amplifier (LIA). The thermal con-
ductivity, heat capacity, and thermal interface resistance of a sample
can then be obtained by fitting an analytical model to the measured
phase lag across a wide range of modulation frequencies (≈1 kHz to≈10 MHz). Since the thermal penetration depth is dependent on the
modulation frequency, FDTR can variably and/or simultaneously
probe various depths.

Several important advancements to TR instrumentation have
been made in the past two decades, including beam-offset TDTR
for measuring anisotropic thermal conductivity,25 a heterodyne
picosecond TR (HPTR) (sometimes referred to as asynchronous
optical sampling, or ASOPS)20 approach to remove the need for a
mechanical delay stage,32 CCD-based TR microscopy,8 FDTR ther-
mal property microscopy,28 fiber-based FDTR,33 wide-bandwidth
FDTR from 1 Hz to 75 MHz,30 Broadband FDTR (BBFDTR),34,35

FDTR characterization of arbitrary geometries like Si micropillars,31

and structured illumination with thermal imaging (SI-TI), which
can measure samples in parallel with higher tolerance to rough sur-
faces.36 The HPTR configuration has enabled high-throughput mea-
surements of a combinatorial composition-spread sample, which is
a highly useful technique to rapidly screen the properties of combi-
natorial materials.37 The most recent advancement, SSTR, functions
on the same pump–probe principle but measures the steady state
heating profile of a sample at a single heating frequency and as a
function of increasing incident pump heat flux rather than mea-
suring the transient signal.38 While TDTR and FDTR are most
sensitive to cross-plane thermal conductivity, SSTR is more sen-
sitive to the determinant of the total thermal conductivity tensor,
and because of the large thermal penetration depth, more sen-
sitive to the thermal properties of the sample in comparison to
the transducer. A commercial fiber-based SSTR (SSTR-F) has now
been developed while turnkey FDTR or TDTR instruments do
not yet exist.

FDTR instruments are generally developed in academic or gov-
ernment laboratories, and there has yet to be heavy adoption by
industry; they can be difficult to construct, align, and maintain, espe-
cially for the novice. The literature primarily focuses on the theory
and the mathematical model used for data analysis and property
extraction. Our goal here is to provide a practical resource beyond
theory that increases the accessibility, replicability, and widespread
adoption of FDTR instrumentation. We present a detailed account
of unpublished insights and institutional knowledge that are crit-
ical for obtaining accurate and repeatable measurements of ther-
mal properties using FDTR. We discuss component selection and
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Measuring thermal properties of materials is not only of fundamental importance in understanding
the transport processes of energy carriers (electrons and phonons in solids) but also of practical
interest in developing novel materials with desired thermal properties for applications in energy con-
version and storage, electronics, and photonic systems. Over the past two decades, ultrafast laser-
based time-domain thermoreflectance (TDTR) has emerged and evolved as a reliable, powerful, and
versatile technique to measure the thermal properties of a wide range of bulk and thin film materials
and their interfaces. This tutorial discusses the basics as well as the recent advances of the TDTR
technique and its applications in the thermal characterization of a variety of materials. The tutorial
begins with the fundamentals of the TDTR technique, serving as a guideline for understanding the
basic principles of this technique. Several variations of the TDTR technique that function similarly
as the standard TDTR but with their own unique features are introduced, followed by introducing
different advanced TDTR configurations that were developed to meet different measurement condi-
tions. This tutorial closes with a summary that discusses the current limitations and proposes some
directions for future development. Published by AIP Publishing. https://doi.org/10.1063/1.5046944

I. INTRODUCTION

Thermal conductivity K is an important physical prop-
erty that measures the capability of a material in conducting
heat from high temperatures to low temperatures. Fourier’s
law of heat conduction states that the heat flux is proportional
to the temperature gradient by the thermal conductivity. The
thermal conductivity of a material is usually temperature-
dependent and can be directionally dependent, i.e., aniso-
tropic. A temperature difference might also exist when heat
flows across an interface of two materials. Interfacial thermal
conductance (denoted as G) is thus defined as the ratio of the
heat flux to the temperature drop across the interface to char-
acterize the resistance to the heat flow.

The thin film or membrane form of many solid materials
with a thickness ranging from one atomic layer to hundreds
of micrometers has been extensively used in engineering
systems to improve their mechanical, optical, electrical, and
thermal functionalities, for example, in microelectronics,1

photonics,2 optical coatings,3 solar cells, and thermoelec-
trics.4 When the thickness of a thin film is smaller than the
mean free paths or wavelengths of its heat carriers (electrons
or phonons), the thermal conductivity of the film is signifi-
cantly different from its bulk counterpart due to the geomet-
ric constraints. As a result, the thermal conductivities of most
crystalline thin films are thickness-dependent and anisotropic,
even if the thermal conductivities of their bulk counterparts
are isotropic. Many other factors such as sample preparation/
processing also strongly affect the thermal conductivity of
thin films. Over the last two decades, there have been quite
a few textbooks,5,6 monographs,7,8 and review articles9–15

published, indicating the vibrant research in this field driven
by the technology needs.

Measuring thermal properties of materials is not only of
fundamental importance in understanding the transport pro-
cesses of energy carriers but also of practical interest in their
wide applications relating to energy and information systems.
Extensive efforts have been made since the 1950s for the
characterization of thermal conductivity and thermal contact
resistance in bulk materials.16–21 However, most of the con-
ventional thermal conductivity measurement techniques lack
the spatial resolution to measure the temperature gradient/dif-
ference or the heat flux across a length scale below tens of
micrometers.

Over the past two decades, ultrafast laser-based transient
thermoreflectance (TTR) methods have emerged and evolved
into a powerful and versatile technique22–25 for characterizing
thermal properties of a large variety of samples including
both thin films26–31 with a thickness down to ∼20 nm26,27

and bulk materials.32–35 In particular, time-domain thermore-
flectance (TDTR) technique has been applied for measuring
materials with thermal conductivity values ranging from a
high end at ∼2000Wm−1 K−1 (like diamond36 and graph-
ite24,37) to as low as 0.03Wm−1 K−1 (e.g., disordered WSe2
films26). The heat capacity of new materials38,39 and thermal
conductance of various solid/solid interfaces40–47 have also
been frequently measured using TDTR. As a pump-probe
technique, TDTR has many advantages over other thermal
conductivity measurement techniques. For example, it
requires minimal sample preparation and no delicate design
of electrical heaters or temperature sensors, and it works
equally well in regular ambient conditions or through the
window of a vacuum chamber.48 Significant efforts have
been devoted to advance the TDTR technique itself as wella)Ronggui.Yang@colorado.edu
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But what about the limitations? And tips and tricks?

8Figure 1. A regime map of optical thermal measurements, comparing the length-scales measureable
and the temperatures that can be reached. Thermoreflectance techniques excel in the measurement
of micro- and nano-scale properties such as the thermal resistances of interfaces, but are limited
to lower temperatures as a result of issues relating to the use of a transducer.

II. REVIEW OF TRADITIONAL OPTICAL MEASUREMENTS122

Below we will outline several existing measurement techniques for determining micro-123

scale and nano-scale thermal properties optically. The advantages and disadvantages of124

each will be discussed generally here, with specific examples being provided in the following125

section. These techniques are traditionally performed at moderate temperatures (↭ 1, 000126

→C), however alternate methodologies for measurement at extreme temperatures will be127

discussed in later sections.128

A. Laser Flash Analysis (LFA)129

The first technique (in chronological order of development) is the Laser Flash Method130

[1]. In LFA, a flash of light is used to heat one side of a thin sample, and pyrometry or131

6

JRN/123-ABC

Limitations and advances in optical thermometry: nanoscale1

resistances, high thermal conductivity materials, and ultrahigh2

temperatures3

Thomas W. Pfeifer,→ Hunter B. Schonfeld,† and Ethan A. Scott‡4

Department of Mechanical and Aerospace Engineering,5

University of Virginia, Charlottesville, Virginia 22904, USA6

Henry Aller§ and Samuel Graham¶
7

Department of Mechanical Engineering,8

University of Maryland, College Park, Maryland 20742, USA9

John T. Gaskins,→→ David H. Olson,†† and Je!rey Braun‡‡
10

Laser Thermal, Charlottesville, Virginia 22904, USA11

Patrick E. Hopkins§§12

Department of Mechanical and Aerospace Engineering, University of Virginia,13

Charlottesville, Virginia 22904, USA14

Department of Physics, University of Virginia,15

Charlottesville, Virginia 22904, USA16

Department of Materials Science and Engineering,17

University of Virginia, Charlottesville, Virginia 22904, USA and18

Laser Thermal, Charlottesville, Virginia 22904, USA19

(Dated: September 19, 2024)20

1



Review of
Scientific Instruments

ARTICLE pubs.aip.org/aip/rsi

FIG. 3. Cross-section of an n layer sample with incident Gaussian pump and probe
beam 1⌜e2 radii of w0 and w1, respectively. Each layer is represented by a vol-
umetric heat capacity, CV , cross-plane thermal conductivity, ωz , in-plane thermal
conductivity, ωr , a thickness, d, and a thermal boundary conductance between the
layers G. The temperature and heat flux of the top and bottom layer are repre-
sented in Hankel coordinates by [ϵt , ft] and [ϵb, fb], respectively, where r = 1⌜k
(k is the Hankel transform variable) and z define the coordinate directions.

and the thermal conductance between two layers can be extracted.
In practice, this is performed by using literature values and known
parameters (previously characterized) to fit for unknown parameters
of interest. We developed a custom MATLAB application for visual-
ization, simplifying data correction, thermal model parameter setup
and fitting, sensitivity analysis, Monte Carlo simulation, and uncer-
tainty analysis (using MATLAB App Designer). This application
incorporates the thermal model fitting code from Warzoha et al.31

and a MATLAB nonlinear regression fitting model to minimize the
error between the experimental phase and the calculated phase. A
screenshot of the MATLAB user interface is shown in Fig. S11.

Analysis of the measured frequency-dependent phase lag data
is approached as an inverse problem, where the unknown thermal
properties of interest are fit by minimizing the error between the
phase lag at each prescribed frequency and the solution to the heat
flux diffusion thermal model.1826–28,30,31 For a multilayered system
with heat flux on the top surface, the 2D heat diffusion equation is
expressed in the time domain (t) as

CV
ωϵ
ωt
= ωr

r
ω

ωr
⌜r

ωϵ
ωr
⌜ + ωz

ω2ϵ
ωz2 , (3)

where CV = ϑCP is the volumetric heat capacity of the top surface
material (ϑ is the material density and CP is the specific heat capacity
at constant pressure), ϵ is the top surface temperature, and r = 1⌝k
(k is the Hankel transform variable) and z define the coordinate

directions for the 2D heat flow. Applying a Fourier transform, the
frequency-dependent heat diffusion equation is written as

ωz
ω2ϵ(ϖ, k, z)

ωz2 = ⌝ωrk2 + CV iϖ⌝ϵ(ϖ, k, z). (4)

The temperature and heat flux of the top surface layer (ϵt and ft ,
respectively) can be related to the temperature and heat flux of the
bottom surface (ϵb and fb, respectively) in the frequency domain
using a matrix relationship,

⌝ϵn,b

fn,b
⌝ =
⌞⌞⌞⌞⌞⌞⌞

cosh (qd) ⌐ 1
ωzq

sinh (qd)
⌐ωzq sinh (qd) cosh (qd)

⌞⌞⌞⌞⌞⌞⌟
⌝ϵn,t

fn,t
⌝, (5)

where

q2 = ωrk2 + CV iϖ
ωz

. (6)

The temperature and heat flux on the bottom of layer n can be
related to the temperature and heat flux on the top surface of the
next layer across the interface, n + 1 by

⌝ϵn+1,t

fn+1,t
⌝ = ⌝1 ⌐G⌐1

0 1
⌝⌝ϵn,b

fn,b
⌝, (7)

where G is the thermal boundary conductance across the interface
between the two layers. The top side heat flux boundary condition,
ft , is expressed as

ft = A0

2π
exp⌟⌐k2w2

0

8
⌟, (8)

which is a Hankel transform of a Gaussian beam with a power A0
and a 1⌝e2 radius of w0. If there are multiple layers, the solution can
be found with

⌝ϵb

fb
⌝ =MnMn⌐1 . . .M2M1 = ⌝A B

C D
⌝⌝ϵt

ft
⌝, (9)

where Mn is the matrix component from the bottom layer of the
stack. If the bottom layer is treated as adiabatic or semi-infinite, then
the surface temperature can be found using

ϵt = ⌐D
C

ft. (10)

The resulting real-space frequency response of the top surface,
denoted as H(ϖ), is determined by applying an inverse Hankel
transform to Eq. (10) and then weighting with the probe Gaussian
spot with a 1⌝e2 radius of w1 to yield18,26

H(ϖ) = A0

2π⩀
∞

0
k⌜⌐D

C
⌜ exp⌟⌐k2⌝w2

0 +w2
1⌝

8
⌟dk. (11)

Equation (11) is solved at each frequency using numerical integra-
tion. The measured phase lag is related to Eq. (11) through

Ϛ(ϖ)LI = tan⌐1⌟ I(H(ϖ))
R(H(ϖ))⌟ + Ϛ(ϖ)system, (12)
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ABSTRACT
Frequency Domain Thermoreflectance (FDTR) is a versatile technique used to measure the thermal properties of thin films, multilayer stacks,
and interfaces that govern the performance and thermal management in semiconductor microelectronics. Reliable thermal property mea-
surements at these length scales (≈10 nm to ≈10 ωm), where the physics of thermal transport and phonon scattering at interfaces both grow in
complexity, are increasingly relevant as electronic components continue to shrink. While FDTR is a promising technique, FDTR instruments
are generally home-built; they can be difficult to construct, align, and maintain, especially for the novice. Our goal here is to provide a prac-
tical resource beyond theory that increases the accessibility, replicability, and widespread adoption of FDTR instrumentation. We provide a
detailed account of unpublished insights and institutional knowledge that are critical for obtaining accurate and repeatable measurements of
thermal properties using FDTR. We discuss component selection and placement, alignment procedures, data collection parameters, common
challenges, and our efforts to increase measurement automation. In FDTR, the unknown thermal properties are fit by minimizing the error
between the phase lag at each frequency and the multilayer diffusive thermal model solution. For data fitting and uncertainty analysis, we
compare common numerical integration methods, and we compare multiple approaches for fitting and uncertainty analysis, including Monte
Carlo simulation, to demonstrate their reliability and relative speed. The instrument is validated with substrates of known thermal properties
over a wide range of isotropic thermal conductivities, including Borofloat silica, quartz, sapphire, and silicon.

Published by AIP Publishing. https://doi.org/10.1063/5.0213738

INTRODUCTION

Measuring the thermal transport properties of thin films, mul-
tilayer material stacks, and interfaces that govern the reliability and
performance of advanced semiconductor devices is especially diffi-
cult if not impossible using traditional bulk measurement methods.
Steady-state techniques are limited in spatial resolution due to the

physical size of the contacts or leads and cannot resolve the ther-
mal boundary resistance between two layers at the nanoscale.1 The
3ϵ technique is frequently used to measure thin film thermal con-
ductivity and heat capacity using lithographically patterned heaters
and passivation layers for electrically conductive materials.2–4 For
insulating materials, the thermal boundary resistance can be mea-
sured if it is sufficiently large relative to the thermal resistance
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ABSTRACT
Time delayed pump–probe measurement techniques, such as Time Domain Thermoreflectance (TDTR), have opened up a wealth of oppor-
tunities for metrology at ultra-fast timescales and nanometer length scales. For nanoscale thermal transport measurements, typical thermal
lifetimes used to measure thermal conductivity and thermal boundary conductance span from sub-picosecond to ∼6 nanoseconds. In this
work, we demonstrate a simple rearrangement and validation of a configuration that allows access to the entire 12.5 ns time delay available
in the standard pulse train. By reconfiguring a traditional TDTR system so that the pump and probe arrive concurrently when the delay
stage reaches its midpoint, followed by unwrapping the temporal scan, we obtain a dataset that is bounded only by the oscillator repetition
rate. Sensitivity analysis along with conducted measurements shows that great increases in measurement sensitivity are available with this
approach, particularly for thin films with low thermal conductivities.

Published by AIP Publishing. https://doi.org/10.1063/5.0089075

I. INTRODUCTION

Optical pump–probe measurements have been invaluable tools
for insight into fast carrier dynamics and energy scattering mech-
anisms over the past few decades.1–3 In particular, the field of
nanoscale thermal transport owes much of its development to the
insights provided by the technique known as Time Domain Ther-
moreflectance (TDTR).4–7 The standard TDTR configuration relies
on a train of ultra-fast pulses emanating from a Ti:sapphire oscillator
that is split into separate pump and probe beams. Each beam has a
pulse width (and thus time resolution) on the order of 100 fs, which
allows access to measurements of hot electron carrier dynamics,8–10

electron–phonon coupling,11–15 and electron–magnon–phonon
coupling.16–20

While short time delays offer an interesting view into thermal
transport, the longer time delays have allowed access to metrology
capabilities that were previously inaccessible. A thermal decay sig-
nature that extends into the nanosecond time regime allows us to
hone on thermal conductivity in materials that are mere nanometers

thick and isolate contributions from individual boundaries between
them.

Typically, the data collected in these measurements span from
10 ps to about 6 ns. This is most often limited by optical delay line
lengths, partially in terms of equipment availability but also with
respect to the difficulty in reliable and consistent alignment with reg-
ular operation down a long variable optical path. While this time
span allows for the measurement of a wide array of thermally rele-
vant samples, it does not capture the entire set of the temporal data
available from the pulse train used to establish this pump–probe sig-
nal, which is most often a Ti:sapphire oscillator emitting pulses every
12.5 ns.

Despite only using the first half of the thermal decay
between pump pulses, the data often contain enough curva-
ture for a confident fit to a multi-layer thermal model, result-
ing in measured values with less than 10% error. A time-
dependent sensitivity analysis is used to confirm that this range
of times is appropriate to characterize thermo-physical properties
of interest.21 The sensitivity analysis indicates the change in the
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ABSTRACT
We demonstrate a steady-state thermoreflectance-based optical pump-probe technique to measure the thermal conductivity of
materials using a continuous wave laser heat source. The technique works in principle by inducing a steady-state temperature
rise in a material via long enough exposure to heating from a pump laser. A probe beam is then used to detect the resulting
change in reflectance, which is proportional to the change in temperature at the sample surface. Increasing the power of the
pump beam to induce larger temperature rises, Fourier’s law is used to determine the thermal conductivity. We show that this
technique is capable of measuring the thermal conductivity of a wide array of materials having thermal conductivities ranging
from 1 to >2000 W m�1 K�1, in excellent agreement with literature values.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5056182

I. INTRODUCTION

Measurement techniques used to characterize the ther-
mal conductivity () of materials can be broadly categorized
into steady-state and transient techniques. The former, based
on Fourier’s law, allow for direct measurements of thermal
conductivity, whereas the latter rely on the heat diffusion
equation such that volumetric heat capacity and thermal
conductivity are coupled through the thermal effusivity or
thermal diffusivity, depending on the time and length scales
of the measurement. Some examples of transient tech-
niques include transient hot-wire,1 transient plane source,2
the 3! method,3 and non-contact pump-probe techniques
such as laser flash,4 time-domain thermoreflectance (TDTR),5
and frequency-domain thermoreflectance (FDTR).6 The 3!
method, TDTR, and FDTR have proven to be robust techniques
capable of measuring thermal properties of both bulk and thin
film materials. TDTR and FDTR, specifically, have the advan-
tage of being non-contact techniques requiring a very small
experimental surface area to heat and probe. However, these
techniques can be expensive and difficult to operate as they
generally require detection of the phase shift of a signal that
needs to be separated from instrument electronic phase shifts

along with additional knowledge of the heat capacity of the
material under study.

Steady-state techniques include the absolute technique,
the comparative cut bar technique, the radial heat flow
method, and the parallel thermal conductance technique.
Zhao et al. provide an extensive review of these techniques.7
While these techniques are straightforward and require only
variations of Fourier’s law to analyze experimental data, they
have practical limitations that make them undesirable com-
pared to the aforementioned transient techniques. For exam-
ple, all of these techniques are designed for bulk materi-
als, so they require relatively large experimental volumes
and heater/sensor areas. This makes them highly suscep-
tible to radiative and convective losses, often necessitating
vacuum conditions during measurements.8 Moreover, tech-
niques requiring contact between a sensor and a sample
generally include the undesired artifact of contact thermal
resistance that can obscure the measurement of intrinsic
thermal conductivity. Additionally, they can require waiting
times up to several hours to reach steady-state temperatures.
Finally, these techniques fundamentally measure the thermal
conductance across a bulk specimen rather than within a
locally probed area as has been shown in FDTR9,10 and
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FIG. 9. Measured thermal conductivity vs. literature thermal conductivity. Results
are shown for all samples using both the lock-in amplifier analysis (open circles)
and periodic waveform analysis (open squares) methods. References are listed in
Table I.

both the PWA/boxcar and LIA signal analysis approaches to
reveal that the two approaches agree with one other. To con-
firm the accuracy of these measurements, Table I also shows
the thermal conductivities for the same samples obtained
using TDTR as well as reported thermal conductivities in the
literature. Figure 9 shows the measured thermal conductivi-
ties vs. literature thermal conductivities spanning over three
orders of magnitude. Overall, we observe excellent agreement
between literature values and our measured thermal con-
ductivities using both SSTR and TDTR. Because SSTR funda-
mentally measures pzr, for the case of anisotropic mate-
rials, the reported values for  are equivalent to pzr. To
obtain z and r independently in TDTR, for 4H–SiC, we
followed the methodology outlined by Qian et al.,27 using
a relatively large pump diameter of ⇠20 µm and a high
modulation frequency of 8.4 MHz to determine z, fol-
lowed by a smaller pump diameter of ⇠10 µm and a low
modulation frequency of 1.0 MHz to determine r. Using
this approach, we find that z = 299 ± 33 W m�1 K�1
and r = 350 ± 64 W m�1 K�1. Noting that the 4H–
SiC sample measured in this study is N-doped at a level
somewhere between 1018 and 1019 cm�3, this measured
z agrees almost perfectly to that reported by Qian et
al.,27 whereas our measured r is roughly 25% lower than
the reported value. This difference could be due to the
sample-specific attributes such as doping level or defects.
Nonetheless, the measured  for TDTR agrees well with
that of SSTR. For quartz, the thermal diffusivity is too
low to enable sensitivity to r; instead, we determined 
with TDTR using two samples: z-cut and y-cut quartz. We
find that for z-cut quartz, z = 11.63 ± 0.80 W m�1 K�1,
while z = 6.45 ± 0.46 W m�1 K�1 for y-cut quartz (equal to
r for z-cut quartz), both in agreement with values reported
by Feser et al.26 Thus,  is equal to 8.66 ± 0.61 as deter-
mined by TDTR, in excellent agreement with that determined
by SSTR.

One possible discrepancy between SSTR and literature is
observed in the case of a-SiO2. Although we reference a com-
monly accepted literature thermal conductivity for glass of
1.3 W m�1 K�1, we note that reported values range from 1 to
1.4 W m�1 K�1 for glass depending on the chemistry and den-
sity; in our case, we measure a negligible difference between
our glass microscope slide and our BK7 window. In TDTR, we
measure 1.37 Wm�1 K�1 for a-SiO2, but because TDTR requires
a known heat capacity to determine thermal conductivity,
any discrepancy between our assumed value for volumetric
heat capacity (1.66 MJ m�3 K�1) and the actual value (which
is density-dependent) could explain the difference in values
obtained between the two techniques. To prove this point,
TDTR and SSTR provide a similar thermal conductivity for BK7,
but BK7 has a higher volumetric heat capacity than a-SiO2.25

Finally, we note that the thermal conductivity of diamond
has relatively large uncertainty. This is in part due to the lim-
ited temperature rise achievable in the material, resulting in a
relatively low signal-to noise ratio. However, by taking multi-
ple measurements at the same spot on the sample, we deter-
mine that this alone would only account for ⇠5%–10% of the
uncertainty. Uncertainty in thermal boundary conductance
adds another significant contribution, as revealed in Fig. 8.
Finally, we note that there is significant variation between dif-
ferent spots on the sample; measured thermal conductivities
varied as much as ⇠25% from themean. This variation could be
due to local thermal conductivity reduction from grain bound-
aries. Sood et al.12 showed that local thermal conductivities in
CVD-grown boron-doped polycrystalline diamond (an average
grain size of 23 µm) can decrease  by nearly 60% near grain
boundaries. Because grain sizes in the diamond measured in
this study range from 10 to 100 µm, we do not expect to see
the same extent of variation observed by Sood et al.

VII. SOURCES OF UNCERTAINTY
Because SSTR relies on the proportionality constant, �,

it is highly important to characterize � and its uncertainty
with accuracy. To determine uncertainty in �, we use a Monte
Carlo approach to randomly vary input parameters to the
thermal model based on their corresponding uncertainties.
These parameters include the transducer thickness, d1 (80
± 3 nm); transducer thermal conductivity, r ,1 (100 ± 5 W
m�1 K�1); substrate thermal conductivity, 2 (for Al2O3, 35 ± 2
W m�1 K�1); transducer/substrate thermal boundary conduc-
tance, G (for Al/Al2O3, 250 ± 30 MW m�2 K�1); and effective
radius, r01 (assumed 5% uncertainty). Additionally, we include
experimental uncertainty in determining (�V/V �P). For the
LIA analysis, this was determined by the standard deviation
of the best fit slope to the experimental data, while in the
PWA case, it was determined by the standard deviation of the
signal in both the “on” and “off” states. Iterating over 105 sim-
ulations, we obtain a standard deviation of <5% of the mean.
The same approach was used to characterize uncertainties of
the samples tested in this study. Assuming the independence
of parameters simplifies the uncertainty analysis so that the

uncertainty is � ⇡
qP

i �
2
i
, where �i is the uncertainty in 
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FIG. 4. (a) Calibration scans on the long time delay TDTR system show smooth data (blue squares) and fitted models (blue lines), which match the standard system
data (red circles) and model fits (black dashed lines). This comparison is shown for a relatively high thermal conductivity calibration material, silicon, and a low thermal
conductivity material, SiO2. (b) The measured thermal conductivities are well within 10% of literature values.27

of errors could easily lead to reported values in the literature that
are not physically accurate. There is, of course, some utility in being
insensitive to certain parameters if they are distinctly not of interest;
however, this must be tread upon with great care so as to not influ-
ence the overall conclusions of a complex measurement like time
domain thermoreflectance.

FIG. 5. Fitted data of 22.5 nm thick film of amorphous GeTe on sapphire. We fit both
the thermal conductivity of the film as well as the thermal boundary conductance
of the transducer–film interface. In the unwrapped full time delay scan, we are able
to confidently resolve both parameters. In the typical pump–probe delay time, the
thermal boundary conductance cannot be confidently resolved separately from the
thermal conductivity (output of our model and fitting result in parameters at the top
of our fitting bounds).

V. DISCUSSION AND CONCLUSION
Overall, we see that there is distinct motivation in accessing the

last 6 ns of pump–probe delay time in a TDTR scan when working
with thin films of low thermal conductivity materials. We show this
for the exemplary system of boundary scattering limited amorphous
GeTe films, but we would expect other low thermal conductivity
systems (disordered materials,28 polymer films,29 complex frame-
work molecules,30–32 multilayered materials,33 etc.) to also benefit
from this analysis. Sensitivity analysis shows that for a significant
enough thermal barrier, we become much more sensitive at the
long pump–probe delay times to the thermal dynamics in our sys-
tem, which makes sense from a thermal diffusion perspective. The
sensitivity parameter, then, is yet again a critical metric to under-
stand the best approach for conducting our TDTR measurement.
We have laid out a clean optical configuration for this long time
delay TDTR system that is designed to easily be switched back and
forth between a conventional TDTR scan and this novel technique.
Our technique relies on the repetitive nature of the pulse train and
works via unwrapping pre-heating event data in order to create one
long thermal decay to fit our model. We have clearly shown that the
gap that arises in this approach does not negatively impact the ability
to fit our data regardless of thermal conductivity.

Beyond verification that we can access these long thermal decay
times without compromising the accuracy of our measurement, this
technique sets the stage for a variety of novel measurements. When
measuring novel low thermal conductivity materials and configura-
tions, small errors can make a big difference.30,31 Therefore, it can be
critical to ensure that the measurement technique you are using is
optimized for maximum sensitivity.
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ABSTRACT: Thermomagnetic and magneto-optical effects are two fundamental but
unique phenomena existing in magnetic materials. In this work, we demonstrate ultrafast
time-resolved magneto-optical Kerr effect (TR-MOKE) as an advanced thermal
characterization technique by studying the original factors of the MOKE signal from
four magnetic transducers, including TbFe, GdFeCo, Co/Pd, and CoFe/Pt. A figure of
merit is proposed to evaluate the performance of the transducer layers, corresponding to
the degree of the signal-to-noise ratio in TR-MOKE measurements. We observe
improved figure of merit for rare-earth transition-metal-based TbFe and GdFeCo
transducers and attribute this improvement to their relatively larger temperature-
dependent magnetization and the Kerr rotation angle at the saturated magnetization
state. Furthermore, an optimal thickness of TbFe is found to be ∼18.5 nm to give the
best performance. Our findings will facilitate the nanoscale thermal characterization and
the device design where the thermo-magneto-optical coupling plays an important role.

Synthesis and processing of magnetic materials with
controlled structures on the nanometer scale have rapidly

advanced progress in various spintronic applications,1,2

including spin-transfer torque magnetic random-access memo-
ry,3 spin-logic devices,4 magnetic field sensing,5 and magnetic
data storage.6,7 Understanding the ultrafast thermo-magneto-
optical dynamics in magnetic nanostructures has also initiated
and motivated the development of cutting-edge technologies,
such as heat-assisted magnetic recording8,9 and all-optical
switching (AOS) spintronics.10,11 Device fabrication based on
such technologies relies on materials with good perpendicular
magnetic anisotropy and magneto-optical properties. Amor-
phous rare-earth transition metal (RE-TM) alloys have been
investigated as magneto-optical recording media in past
decades.12−14 Recently, it has also been demonstrated that
the magnetization of RE-TM alloys can be switched by
femtosecond laser pulses at ultrafast time scales in the absence
of external magnetic fields.15 This makes RE-TM alloys great
candidates for AOS applications.
The use of a femtosecond laser to manipulate the

magnetization of magnetic materials also introduces thermal
effects due to the heat generation resulting from the light
absorption by the magnetic materials. Such a heating effect can
be detrimental since it may affect the thermal stability and
lifetime of the devices. However, this ultrafast thermo-magneto-
optical effect, on the other hand, has also enabled new
capabilities in the thermal characterization of nanomaterials by
time-resolved magneto-optical Kerr effect (TR-MOKE).16,17

These new capabilities hold promise for a wide range of

applications in micro/nanoscale thermal mapping with
significantly improved measurement sensitivity and accu-
racy.18−22 TR-MOKE allows the use of much thinner magnetic
transducer films with lower thermal conductivities compared
with the nonmagnetic transducer films used in the standard
time-domain thermoreflectance (TDTR) method.23−26 This
minimizes the in-plane thermal transport in the TR-MOKE
transducers and thus enhances the measurement sensitivity to
the in-plane thermal conductivity of the underlying materials.27

Here, we study four kinds of magnetic transducer films, TbFe
and GdFeCo ferrimagnet alloys and Co/Pd and CoFe/Pt
ferromagnetic multilayers with Ta capping layers, using the TR-
MOKE approach. We have experimentally verified all the
original factors of TR-MOKE signals taken from these magnetic
structures, which reinforces our understanding of the
fundamental physical mechanisms of the ultrafast thermo-
magneto-optical effect.
In TR-MOKE measurements (Figure 1), absorption of the

pump pulse by the sample induces a temperature change, which
affects the magnetization of the transducer layer. The rotation
of the polarization of the probe beam reflected from the
magnetic transducer follows its temperature-dependent mag-
netization and thus contains the information about the
temperature variation due to pump heating.28−32 The thermal
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ABSTRACT: Confined geometries are used to increase measurement
sensitivity to thermal boundary resistance at buried SiO2 interfaces with
frequency-domain thermoreflectance (FDTR). We show that radial confine-
ment of the transducer film and additional underlying material layers prevents
heat from spreading and increases the thermal penetration depth of the thermal
wave. Parametric analyses are performed with finite element methods and used
to examine the extent to which the thermal penetration depth increases as a
function of a material’s eRective thermal resistance and the degree of material
confinement relative to the pump beam diameter. To our surprise, results
suggest that the measurement technique is not always the most sensitive to the
largest thermal resistor in a multilayer material. We also find that increasing the degree to which a material is confined improves
measurement sensitivity to the thermal resistance across material interfaces that are buried 10s of μm to mm below the surface.
These results are used to design experimental measurements of etched, 200 nm thick SiO2 films deposited on Al2O3 substrates, and
oRer an opportunity for thermal scientists and engineers to characterize the thermal resistance across a broader range of material
interfaces within electronic device architectures that have historically been di)cult to access via experiment.
KEYWORDS: thermal boundary conductance, SiO2, Al2O3, sensitivity, pump−probe thermoreflectance, microscale confinement,
thermal resistance

1. INTRODUCTION
Many recent studies have focused on the development of
techniques to characterize the thermal resistance across
interfaces that are 10s to 100s of μm below the surface of a
material.1−4 Such interfaces are abundant in modern devices,
including multilayer microelectronics packaging,3,5 wide
bandgap materials and devices,6,7 power electronics architec-
tures,5,8,9 and memory storage systems,10 and are fast
becoming the largest bottleneck to su)cient heat dissipation
in the next generation of these applications. Critically,
interfaces at these depths are extremely challenging to
characterize using existing steady-state techniques,11−13

which are limited to spatial resolutions above several hundred
μm’s, or with advanced optical pump−probe thermoreflec-
tance techniques, which probe at depths that range between
nm’s to single-digit μm below a sample surface.14,15 Most
recent techniques have relied on augmentations to existing
thermoreflectance systems; for instance, several studies achieve
larger thermal penetration depths by extending the range of
modulation frequencies applied to the pump beam.16−19 In
general, improvements in thermal penetration depth (

= f2 / ; α is thermal diRusivity, f is modulation frequency)
have been limited to <10 μm due to spreading in the upper
transducer layer.15

Of particular interest in this work is the characterization of
heat flow across interfaces adjacent to SiO2 films. SiO2 is fast
becoming a prolific material in modern micro- and
optoelectronic devices. For example, glass has been proposed
as an interposer in modern 2.5D and 3D packaging
architectures due to its large electrical resistivity and ease of
manufacturing across large surfaces.20−22 Typically, metal
thermal vias (e.g., copper traces) are fanned out across the
interposer structure, and connected within a dielectric
redistribution layer. Because the glass interposer represents a
large fraction of the area across which heat can be dissipated
from the active components in a chip, and materials are
relatively thin, the metal-glass and glass-dielectric interfaces
may be thermal bottlenecks for thermal management. Often,
the thermal resistance across the glass-dielectric junction goes
unused in simulations due to the large uncertainty associated
with experimental measurements.23 Likewise, glass−glass
interfaces play an important role in optoelectronic and
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properties of materials are determined by comparing the
measured temperature change of the transducer layer after
being stimulated by a pump pulse with the calculated results
based on a diffusive thermal model.24 Details about the TR-
MOKE measurement and data analysis are provided in the
Supporting Information (SI).
From the polarization state of the reflected probe beam, the

change of magnetization dM can be correlated to the change of
the Kerr rotation angle (dθk) via the MOKE effect. The signal
(S) collected from the TR-MOKE measurement is corrected as
the differential signal of two measurements with opposite
magnetization directions, which is proportional to a small
change of the sample temperature (ΔT)

θ∝ Δ =S R
M M

T
T p

d /
dks

s
(1)

where R is the total reflectivity; θks is the Kerr rotation angle for
the magnetic transducer at the saturated magnetization state; M
and Ms are the magnetization and saturation magnetization of
the magnetic transducer, respectively. Here, we define p as the
figure of merit to evaluate the performance of the magnetic
transducer for TR-MOKE (Section S1 of the SI). The
temperature rise of the sample, ΔT, is usually required to be
within a small range in TR-MOKE measurements to prevent
any nonlinear effect(s) in the T ∼ θk relation. Hence, increasing
either R, θks, or [dM/Ms]/dT can improve p according to eq 1.
All the films were prepared at room temperature under

ultrahigh vacuum (base pressure <5 × 10−8 Torr) with a six-
target Shamrock magneto-sputter system (Section S2.1 of the
SI). The films have the following structures: (A) TbFe alloys,
Ta(1.5)/Tb36.8Fe63.2(7)/Ta(3); (B) GdFeCo alloys, Ta(4)/
Gd28Fe63Co9(20)/Ta(4); (C) Co/Pd multilayers, Ta(3)/
Pd(3)/[Co(0.4)/Pd(0.7)] × 5/Ta(2); and (D) CoFe/Pt
multilayers, Ta(2)/Pt(2)/[Co90Fe10(0.4)/Pt(0.7)] × 5/Ta(2).
All the thicknesses are denoted by pairs of parentheses with
numbers in nanometers. Figure 2A shows the magnetic
hysteresis loops of four different films with an external
magnetic field applied along the through-plane direction. All
films have good perpendicular magnetic anisotropy with nearly
100% remanance. The temperature-dependent remanent
magnetization Mr(T) is measured by a vibrating sample
magnetometer (VSM) from 300 to 850 K to determine the
Curie temperatures (Tc) of individual thin films. We extract the
temperature-dependent Ms from the hysteresis loops measured
at temperatures ranging from 270 to 340 K. The normalized

values of M(T)/Ms(300K) are shown in Figure 2B. The values of
d(M/Ms)/dT are then determined from the slope of M(T)/
Ms(300K) plots at 300 K. All the magnetic, structural, and optical
parameters are summarized in Table I.
Generally, theM(T) of a thin film should decrease faster with

temperature as compared with that of a bulk material, due to
the large surface magnetic moment fluctuations.33 As shown in
Table I, the thickness (t) of all films ranges from 11.5 to 28 nm.
The difference in M(T) for individual films is correlated with
the Curie temperature (Tc) of each material system. The M(T)
for TbFe and GdFeCo films decreases much faster than that of
Co/Pd and CoFe/Pt, resulting from their amorphous features
and lower Tc.

12 The magnetization of these thin films decreases
with the increase of temperature when it is well below Tc. This
has been explained with the theory of spin-wave fluctuations,
which is usually described by the Bloch law34,35

= = −M M T
M

BT( ) 1 n

0 (2)

where B is the Bloch constant and n is the three-dimensional
Bloch exponent. The differential form of eq 2 gives the
temperature-dependent magnetization dM/dT = −BnT(n−1).
Because magnetization is an intrinsic material property, the

values of B and n vary with materials leading to different values
of dM/dT at a certain temperature depending on the material
systems.35 Thin-film TbFe has a large dM/dT at room
temperature since disordered Fe atoms in amorphous TbFe
do not exhibit strong ferromagnetism, but show spin-glass-like
behavior instead, resulting in very low Tc.

14 However, for a thin
film of GdFeCo, when a small amount of Fe is replaced with
Co, it becomes a stronger magnet and shows a higher Tc and
smaller dM/dT, as can be seen in Figure 2B. On the other
hand, θks = θks

Gd − θks
FeCo for the GdFeCo film because the

sublattices of Gd and FeCo are antiparallel. Unlike Tb, Gd
exhibits positive values of θks

Gd in a wide spectral range (typically
250 to 2500 nm, including the laser operating wavelength of λ
= 783 nm). In contrast, θks

FeCo has consistently negative values,
which results in a very large θks for GdFeCo films.12 The
measured θks by static MOKE (Section S2.3 of the SI) on all
the magnetic films in this study are listed in Table I. Figure 3A

Figure 1. Schematic of TR-MOKE measurement mechanisms and the
sample structures of four kinds of magnetic thin-film transducers. FM
stands for ferromagnetic or ferrimagnetic thin films that can be either
multilayers (elements are separated by “/”) or alloys. Sample
dimensions are not drawn to scale. Figure 2. Magnetic property characterizations of four transducer films:

(A) magnetic hysteresis loops of TbFe, GdFeCo, Co/Pd, and CoFe/
Pt films with an external magnetic field applied along the through-
plane direction; and (B) the normalized temperature-dependent
M(T)/Ms(300K) from 270 to 340 K.
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