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THERMAL BOUNDARY RESISTANCE
MEASUREMENTS USING A TRANSIENT
THERMOREFLECTANCE TECHNIQUE

Andrew N. Smith, John L. Hostetler, and Pamela M. Norris
Department of Mechanical and Aerospace Engineering, University of Virginia,
Charlottesville, Virginia, USA

A transient thermoreflectance technique, using a 200-fs laser pulse, is demonstrated as a
nondestructive method for measuring the thermal boundary resistance between a thin
metallic film and dielectric substrate. Experimental results are presented for Au deposited on
silicon and silicon dioxide substrates taken at room temperature and compared to a thermal
model. The relevant thermal properties of the metal film and the substrate are known,
leaving the thermal boundary resistance as the only free parameter in the least-squares
fitting routine. It is shown that the sensitivity of this technique is related directly to the
thermal diffusivity of the substrate. A comparison between the diffuse mismatch model, the
phonon radiation limit, and the experimental results indicates that the phonon dispersion
relations of the materials can be utilized to give a qualitative prediction of the thermal
boundary resistance.

( )The transient thermoreflectance TTR technique using ultrashort pulsed

lasers has recently been demonstrate d as an effective tool for measuring the

w xthermophysical and mechanical properties of thin metallic materials 1 ] 3 . The

thermal properties of thin films can be distinctly different from the bulk properties.

Metallic films play an important role in the heat dissipation process in thin-film
structure s. The thermal properties of dielectric materials, used to isolate electrical

components, are also extremely important, and a variety of techniques have

focused primarily on determining the thermal properties of dielectric materials.

Even when the thermal properties of the metallic and dielectrics materials are

known, thermal boundary resistance can dominate the overall heat transfe r process

w x4 . In these cases it is important to be able to estimate and measure the local
thermal boundary resistance.

Interfacial regions between dissimilar materials, both solid ] solid and

solid ] liquid, have been shown to resist the flow of thermal energy. Some reasons

for this effect include the presence of an extremely thin disordered region between

the materials, scattering of the heat carrier at the interface, and differences in the

phonon dispersion relations of the materials. This phenomenon is commonly
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NOMENCLATURE

c sound velocity r reflectivity

C volumetric heat capacity s thermal conductance

d film thickness v phonon frequency

D phonon density of states

" Planck’s constant Subscripts
j acoustic branches

J laser fluence 1 material with lower phonon density

k Boltzmann constant 2 material with higher phonon densityB

K thermal conductivity b boundary

N Bose-Einstein distribution ch characteristic

R thermal resistance f metal film

T temperature l longitudinal

x direction normal to the interface m mean

a phonon transmission probability s substrate

u Debye temperature t transversed

accounted for by a measured quantity called the thermal boundary resistance .

Defining a thermal boundary resistance assumes that a finite resistance can be

applied to an abrupt interface . The result is a discontinuity in the temperature

across the boundary when a heat flux is applied, first measured by Kapitza at a

helium ] solid interface.

Since the primary heat carriers in insulating materials are phonons, the
metal ] dielectric interfacial properties are related to the phonon transmission

probability and the effects of scatte ring at the interface. The classical approach has

been to neglect scattering at the interface and use continuum acoustical theory to

calculate the transmission probability. This acoustic mismatch model was first

w xapplied to solid ] solid interfaces by Little 5 . The diffuse mismatch model was

w xproposed by Swartz and Pohl 6 , and assumes complete diffuse scattering at the
interface . Experimental investigations of the thermal boundary resistance at low

w xtemperatures were conducted by Swartz and Pohl 7 and results were compared to

the diffuse and acoustic mismatch models. At higher temperature s, the effects of

diffuse scattering can be more important. The diffuse mismatch model has been

investigated with application to the thermal boundary resistance of high-tempera-

w xture superconductors 8 .
The most common technique for measuring the thermal boundary resistance

between thin metal films and dielectric substrates is that proposed by Swartz and

w xPohl 6 . The technique uses two thin-film microbridges, which are deposited on

the dielectric substrate in close proximity. One of the microbridge s is used as both

the heat source and thermal sensor on the metal side of the interface , while the

other is the thermal sensor on the dielectric side. The TTR technique has
previously been used to measure the thermal boundary resistance between a thin

w xfilm of Au deposited on glass 9 . Stoner and Maris measured the thermal

boundary resistance of Pb, Al, Au, and Ti deposited on diamond, sapphire , and

w xBaF , over a temperature range of 50 ] 300 K 2 . The investigation reported here2

employed a similar TTR technique, and a comparison of the experimental results is

made.
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EXPERIMENTAL SETUP

The TTR method uses an intense, ultrashort laser pulse to generate a

transient thermal response , and a weaker probe pulse to monitor the reflectivity
response of the surface. The change in reflectively can be related to the change in

temperature for most metals. A schematic of the experimental setup is shown in

Figure 1. The pulses from a 76-MHz Ti:sapphire laser with a FWHM pulse width

of 200 fs are separated into two beams with an intensity ratio of 20:1 by a
( )nonpolarizing beam splitter. The intense `̀ pump’ ’ beam ; 6 nJ rpulse is used to

heat the film, while the low-power `̀ probe’ ’ beam is used to monitor the reflectivity.
The pump beam passes through an acousto-optic modulator, which creates a pulse

train at a frequency of 1 MHz. A half-wave plate rotate s the heating beam’ s

polarization parallel to the plane of incidence. The pump beam is focused to ; 40

m m at an incident angle of 30 8 with an estimated fluence of ; 20 J rm2. The

s-polarized probe beam passes through a dove tail prism mounted on a variable

delay stage that is used to increase the optical path length of the probe beam and
hence the time delay between the pump and probe pulses. The probe, which is

centered in the heated area, is focused to ; 5 m m at near-normal incidence to

minimize the illuminated area. A polarizer, oriented such that only s-polarized

light passes, is positioned before a silicon photodiode, which monitors the probe

beam’s reflection off the sample. Since the reflectivity of metals is linearly related

to temperature for small changes in temperature , the detector’ s response is
monitored by a lock-in amplifier at a frequency of 1 MHz. The probe pulse is

delayed in time allowing for the temporal cooling profile of the sample to be

recorded.

( )Figure 1. Experimental setup for the transient thermoreflectance TTR technique.
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SAMPLE PREPARATION

The gold films were prepared using an e-beam evaporator to deposit on

single crystalline silicon and silicon dioxide under a high vacuum of ; 7 = 10y7

torr. The silicon dioxide substrate was thermally grown on a single crystalline

silicon wafer and the thickness was measured using an ellipsometric technique as
; 630 nm. The samples were evaporate d to a thickness of approximate ly twice the

Êoptical penetration depth at a rate of 1 A rs as monitored by a vibrating quartz
crystal. The Au film on Si was 30 " 5 nm, and the Au film on SiO was 21 " 5 nm2

thick, as measured using a profilometer.

THERMAL MODEL

The results obtained from the TTR responses, which are linearly related to
the change in temperature , are compared to a thermal model. The underlying

( )thermal model for the case of very thin films ; 10 ] 30 nm is relative ly simple,

even when considering an ultrashort heating source. The heat conduction model

appropriate for laser heating of metals with 200-fs pulse duration is the parabolic
( ) w xtwo-step PTS model 10 . The PTS model accounts for a period of nonequilibrium

that occurs just after the electrons absorb the photon energy and lasts until the
electrons reach thermal equilibrium with the lattice. The hot electrons are highly

mobile during this nonequilibrium period; therefore, once the film reaches thermal

equilibrium, the thermal gradient across the film is negligible . The subsequent

diffusion can be treated as Fourier, where the interfacial boundary resistance is

taken into account. It is assumed that within the first few picoseconds the diffusion

of energy into the substrate is negligible. Therefore, the following initial condition
exists just after the nonequilibrium period:

( )J 1 y r
( ) ( )T 0, x s 0 F x F d 1f C df

( ) ( )T 0, x s 0 d - x - ` 2s

where T and T are the temperature of the film and substrate , J is the laserf s

fluence, r is the reflectivity of the metal film, C is the heat capacity of the metalf

film, and d is the thickness of the metal film.

The standard Fourier heat-diffusion equation was solved numerically using
the Crank-Nicolson algorithm for both the metal film and the dielectric substrate .

The metal surface is treated as insulating, since convection and radiation from the

surface are negligible on the picosecond time scale. The substrate was considered

to be semiinfinite. The thermal boundary resistance between the metal film and

the dielectric substrate is accounted for with the following boundary condition

between the materials:

 T  Tf s
( ) ( ) ( )yK s yK s s T d , t y T d , t 3f s b f y s q x  xxs dy xs d q
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where K and K are the thermal conductivitie s of the metal film and thef s

substrate, respective ly, and s is the thermal boundary conductance. This solutionb

assumes an initial condition where the metal film has reached thermal equilibrium

before any diffusion into the substrate ; this is not the case for thicker films, and

the solution of the parabolic two-step model is required.

MEASUREMENT SENSITIVITY

The TTR response of a thin metal film on a dielectric substrate depends on

the film thickness, the heat capacity of the metal film, the thermal boundary

resistance , and the thermal diffusivity of the substrate. Figure 2 a shows the

predicted cooling response of a 21-nm-thick film of Au on glass using the thermal
y8 2 w xboundary resistance reported by Young et al. of 1.45 = 10 m K rW 9 . The

dashed lines show the change in the cooling profile resulting from a change in the

boundary resistance of " 50% . This technique relies on the shape of the cooling

profile , since the signal is proportional to the change in temperature and the

proportionality constant is not known precisely. The thermal model must be scaled

to the experimental data at some point. Ideally the scaling point will not effect the

results, although a variance of " 5% in the measured values was found when the
scaling point was changed throughout the data used in the curvefit. The first 15 ps

are not used in the least-square s fitting routine because the presence of strain can

influence the reflectivity response within this period. The thermal models in

Figures 2 a and 2b have been scaled at 1,000 ps to demonstrate the difference in

the shape of the thermal response.

Figure 2b shows the same analysis for a 30-nm Au film on Si using the
boundary resistance found with this technique and reported in Figure 4. The

thermal diffusivity of the Si substrate is an order of magnitude greater than SiO .2

The additional cooling through the substrate causes a greater change in the signal.

Figure 2b shows that the thermal model is sensitive to the thermal boundary

resistance for ; 700 ps for the Au-on-Si sample. This allows for the accurate

( ) ( )Figure 2. Thermal response of a 21-nm Au film deposited on SiO , and b 30-nm Au film deposited2

on Si.
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Figure 3. Experimental results for Au on SiO and the resulting value for the thermal boundary2

resistance.

detection of the thermal boundary resistance even when the signal-to-noise ratio is
; 10% . In the case of SiO , the thermal model is only sensitive to the thermal2

boundary resistance for ; 350 ps, due to limited diffusion within the substrate. For
the SiO sample, the signal changes by only ; 10% during the initial 350 ps. Thus,2

a small signal-to-noise ratio would be required for resolution of the thermal

boundary resistance.

The thermal boundary resistance was found with a least-squares fitting

routine where the thermal model was compared to the experimental results. The

thermal diffusivity of the substrate was assumed to be a known bulk value , and the
thermal diffusivity of the film was not critical since the thermal gradient across the

film was negligible . This left the boundary resistance as the only free parameter.

Figures 3 and 4 show the experimental results for the thermal boundary resistance

of Au on SiO and Si. The curvefit for Au on SiO was performed using only the2 2

Figure 4. Experimental results for Au on Si and the resulting value for the thermal boundary

resistance.
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first 350 ps of the scan and was matched to the data near 350 ps. Similar analysis

was performed for the Au-on-Si sample , but the first 700 ps of the scan was used in
the least-squares fitting routine .

THEORETICAL PREDICTIONS

An estimate of the conductance across an interfacial boundary can be

established, assuming the phonons cannot change frequency across the interface .
The equation for the conductance per unit area across an interface can be written

w xas follows, assuming the temperature difference across the interface is slight 7 :

( )v D v  Np r2 2 p max 1 , j
( ) ( )s s " v a v , u , j v , T cp H H Hb 1 ª2 1, j

4 p  T0 0 0j

( )= cos u sin u d u d c d v 4

where s is the thermal boundary conductance , which is the reciprocal of theb
( )thermal boundary resistance, a v , u , j is the phonon transmission probability1 ª2

( )across the interface from material 1 to 2, D v is the phonon density of states,1, j
( )N v , T is the Bose-Einstein distribution, and c is the speed of sound. The1, j

summation is over the three acoustic branches, while the integration is over all

incident phonons arriving at the surface from material 1 up to the maximum
frequency present in both materials. An upper limit on the phonon conductance

can be established, assuming that all the phonons from the side with a lower

phonon density that have a component of velocity in the direction of the interface

are transmitte d across the interface. Therefore, the phonon transmission probabil-

w xity for the phonon radiation limit can be expressed in the following form 2 :

( )a s 1 51 ª2

where material 1 is the material with the lower phonon density.

The diffuse mismatch model assumes that all phonons arriving at the surface
scatter diffusely. This assumption is reasonable at high temperatures, since the

roughness of the interface is of the same order of magnitude as the typical phonon

wavelength. The phonons retain the same energy as they are transmitted, which

implies that the frequency does not change . However, they have no memory of

their origin and scatter into the two materials at a rate that depends primarily on

the available state s. The following equation was presented for the phonon trans-

w xmission probability, assuming the Debye model for the phonon density of state 8 .
( )In the limit of c 4 c , this equation reduces to Eq. 5 for the phonon1, j 2, j

radiation limit.

cy2p 2 , j
j

( )a s 61 ª2 y 2 y 2c q cp p1, j 2, j
j j
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If the assumption is made that the phonon transmission probability is

independent of the incident angle and frequency, the following equation can be

w xused to calculate the phonon radiation limit and the diffuse mismatch model 2 :

4 4 x" k T 1 x eu rTB d , 2 ( )s s a dx 7p Hb 1 ª22 2 2( ) x"16p T c ( )0 e y 11, jj

where " is Planck’ s constant, k is Boltzmann’s constant, and u is the DebyeB d, 2

temperature of material 2. The experiment was performed at room temperature ,

T s 300 K. In order to present the results, the following characteristic sound

velocity, c , is defined.ch

3 1
( )s 8p2 2c cch 1, jj

The calculated results for the thermal boundary conductance for Au based on
the phonon radiation limit and the diffuse mismatch model are shown in Figure 5

as a function of a characte ristic sound velocity. The material with the lower

maximum phonon frequency is Au for each case shown in Figure 5. Therefore, the
( )Debye temperature for Au, u s 170 K, was used in the integration of Eq. 7 .d

Experimental results are shown for Au on silicon and silicon dioxide, along with

w xthe results of Stoner and Maris for Au on sapphire and diamond 2 . The measured
thermal boundary conductance values were all in excess of the phonon radiation

limit. This is partially related to the fact that the Debye frequency is not really the

maximum frequency present in Au. The theoretical predictions of the diffuse

mismatch model could be improved by accounting for the realistic densities of

states. Using a realistic density of states would decrease the mismatch in the

phonon density of states, which would increase the predicted values for the thermal
boundary conductance.

Figure 5. Theoretical predictions compared to experimental results for Au on silicon, silicon dioxide,

sapphire, and diamond.
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The discrepancy between the measured and predicted values could also be

the result of multiphonon and electronic effects. Electron conduction across the
interfaces was neglected, which should be reasonable even in the case of Si since

the barrier height is of the order of tenths of electron-volts. However, electron ]
w xphonon coupling at the interface may contribute to the overall conductance 2, 5 .

Finally, Au on SiO should have less of an acoustic mismatch and less of a density2

of state s mismatch than Au on Si. Therefore, the conductance was expected to be

less for Au on Si than for Au on SiO . The actual measurements were contrary to2

this anticipated result. This may indicate that the current models are not sufficient

to explain some general trends in the thermal boundary conductance of different

interfaces. The assumptions made when estimating the phonon radiation limit and

the diffuse mismatch model are more reasonable when the phonon dispersion

relations are dissimilar, as in the case with Au on diamond and sapphire.

CONCLUSIONS

The transient thermoreflectance technique has been used to measure the

thermal boundary resistance between metal films and dielectric substrate s. In the

case of a substrate with a low thermal diffusivity, only the early portion of the
cooling profile is strongly affected by the thermal boundary resistance. The amount

of cooling within this period can be slight and therefore the technique requires a

lower signal-to-noise ratio in order to be accurate. The thermal boundary resis-

tance has a more significant effect on the cooling profile when the substrate has a

high thermal diffusivity, and the proportional change in the signal is much greater,

allowing for a larger signal-to-noise ratio.
Experimental results for the thermal boundary resistance of thin Au films

deposited on silicon dioxide and silicon were presented. The phonon radiation limit

and the diffuse mismatch model both give a basic prediction of the experimental

results. However, the realistic phonon dispersion relations of the materials and

electron effects should be taken into account at higher temperatures.

REFERENCES

1. C. A. Paddock and G. L. Eesley, Transient Thermoreflectance from Thin Metal Films,

J. Appl. Phys., vol. 60, pp. 285 ] 290, 1986.

2. R. J. Stoner and H. J. Maris, Kapitza Conductance and Heat Flow between Solids at

Temperatures from 50 to 300 K, Phys. Rev. B, vol. 48, pp. 16373 ] 16387, 1993.

3. J. L. Hostetler, A. N. Smith, and P. M. Norris, Thin-Film Thermal Conductivity and

Thickness Measurements Using Picosecond Ultrasonics, Microscale Thermophys. Eng.,

vol. 1, pp. 237 ] 244, 1997.

4. K. E. Goodson, O. W. Kading, M. Rosler, and R. Zachai, Experimental Investigation ofÈ È
Thermal Conduction Normal to Diamond-Silicon Boundaries, J. Appl. Phys., vol. 77, pp.

1385 ] 1392, 1995.

5. W. A. Little, The Transport of Heat between Dissimilar Solids at Low Temperatures,

Can. J. Phys., vol. 37, pp. 334 ] 349, 1959.

6. E. T. Swartz and R. O. Pohl, Thermal Resistance at Interfaces, Appl. Phys. L ett., vol. 51,

pp. 2200 ] 2202, 1987.



A. N. SMITH ET AL.60

7. E. T. Swartz and R. O. Pohl, Thermal Boundary Resistance, Rev. Mod. Phys., vol. 61,

pp. 605 ] 668, 1989.

8. R. S. Prahser and P. E. Phelan, Review of Thermal Boundary Resistance of High-Tem-

perature Superconductors, J. Superconducti vity, vol. 10, pp. 473 ] 484, 1997.

9. D. A. Young, C. Thomsen, H. T. Grahn, H. J. Maris, and J. Tauc, Heat Flow in Glasses

on a Picosecond Timescale in Phonon Scattering in Condensed Matter V , pp. 49 ] 51,

Springer, New York, 1986.

10. S. I. Anisimov, B. L. Kapeliovich, and T. L. Perel’man, Electron Emission from Metal

Surfaces Exposed to Ultrashort Laser Pulses, Sov. Phys. JETP, vol. 39, pp. 375 ] 377,

1974.


