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We report measurements of the temperature dependence of the optical reflectivity, i.e., the
thermoreflectance dR /dT, of 18 metallic elements at two laser wavelengths commonly used in
ultrafast pump-probe experiments, 1.55 �m and 785 nm. The thermoreflectance is determined
using time-domain thermoreflectance combined with measurements of the laser power and spot size
and comparisons between the data and quantitative modeling of the temperature evolution at the
surface of the sample. At a laser wavelength of 1.55 �m, four elements within this set of samples,
Nb, Re, Ta, and V, have dR /dT comparable to or larger than 0.6�10−4 K−1. At a laser wavelength
of 785 nm, the highest thermoreflectance is found in Al and Ta, dR /dT�2.1�10−4 K−1 and 2.2
�10−4 K−1, respectively. Alloying Au with 5% Pd increases the optical absorption by a
factor of 3 and the thermoreflectance by a factor of 2. © 2010 American Institute of Physics.
�doi:10.1063/1.3457151�

I. INTRODUCTION

The rate of change in the optical reflectivity of a metal
film as a function of temperature1–7—i.e., dR /dT, or
“thermoreflectance”—is widely employed as a thermometry
in measurements of the thermal transport properties of
materials,8–11 high spatial resolution imaging of heat
dissipation,12 and analytical methods based on the propaga-
tion of thermal waves.13,14 Our main interest is in the use of
metal film transducers in ultrafast measurements of thermal
transport by time-domain thermoreflectance �TDTR�. TDTR
is a pump-probe optical technique based on mode-locked
laser oscillator as the light source.15–18

Ti:sapphire lasers paired with Al films are a common
combination of laser wavelength and metal film transducer in
TDTR studies of the thermal conductivity of materials.19 Al
has an exceptionally large thermoreflectance at optical wave-
lengths near 800 nm.6 The other desirable properties of Al
thin films are high thermal conductivity and good adherence
to most substrates. On the other hand, the low melting point
of Al prevents its use at high temperatures and even at tem-
peratures far below the melting point of Al, Al may chemi-
cally react or form alloys with many materials of interest.
Furthermore, we have recently observed that the thermore-
flectance of Al has an undesirable high sensitivity to pressure
and crosses through zero at hydrostatic pressures near 6
GPa.20

The principal goals of this work are �i� to identify prac-
tical alternatives to Al for TDTR measurements at high tem-
peratures and high pressures and �ii� to identify which me-
tallic elements provide high thermoreflectance near the
fundamental wavelength of ultrafast Er:fiber lasers,
1.55 �m. Measurements of how the thermoreflectance
changes as a function of optical wavelength have been re-
ported in the literature1–7 but in most cases, dR /dT has not
previously been reported on an absolute scale. �Refs. 6 and 7

are notable exceptions.� The relatively low-cost, small foot-
print, and high reliability of Er:fiber lasers make this tech-
nology an appealing option for TDTR measurements. If high
thermoreflectance transducers can be identified, then inex-
pensive low-power Er:fiber lasers could be utilized as com-
pact laser sources for TDTR experiments.

II. EXPERIMENTAL DETAILS

The 17 high-purity bulk metal samples are components
of commercially available “element standards” that are used
for calibration in x-ray emission intensity in analytical scan-
ning electron microscopy. �Typically these types of element
standards are supplied with a thin carbon coating; we re-
moved the carbon films by mechanical polishing: the final
polishing step uses 20 nm colloidal alumina.�. We supple-
mented these bulk samples with �100 nm thick films of Al,
Au, and an Au�Pd� alloy �5 at. % Pd� deposited on thermally
oxidized Si wafers. We use the Wiedemann–Franz law and
measurements of the in-plane electrical conductivity to de-
termine the thermal conductivities of the thin film samples:
�200, 200, and 80 W m−1 K−1, for Al, Au, and Au�Pd�, re-
spectively.

We use TDTR to measure the thermoreflectance coeffi-
cient dR /dT of the bulk and thin film samples.15–18 We use a
Ti:sapphire laser as the light source for measurements at �
=785 nm and Er:fiber laser for measurements at �
=1.55 �m. In a TDTR experiment, the output of the laser is
split into pump and probe beams. The pump beam is modu-
lated by a 50% duty cycle at �10 MHz by an electro-optical
modulator; a mechanical delay stage advances the arrival
time of the pump optical pulses relative to the probe optical
pulses. The probe beam is mechanically chopped at audio
frequency so that lock-in detection can be used to eliminate
background created by coherent rf pick-up and diffusely
scattered light from the pump beam.

The pump and probe beams are focused on the sample
surface by a 10� microscope objective. Using our Ti:sap-a�Electronic mail: wang160@uiuc.edu
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phire laser system, the 1 /e2 radii of the focused laser beams
are 8 �m; with the Er:fiber laser, the 1 /e2 radii are 12 �m.
Pump and probe powers incident on the sample surface were
varied depending on the signal strength. For most samples
and the Ti:sapphire laser system, the average pump power is
16 mW and the average probe power is 8 mW; for the Er:fi-
ber laser, the typical combination of pump and probe powers
is 21 mW and 6.3 mW, respectively. The reflected probe
beam is recollimated by the microscope objective and then
weakly focused on a small area photodiode detector. The
output of the photodiode passes through a resonant band-
pass filter and then an rf preamplifier with a voltage gain of
five before connecting to the input of the rf lock-in. The rf
lock-in amplifier is synchronized to the modulation fre-
quency of the pump beam. The output of the rf lock-in is
measured by two computer-based audio frequency lock-in
amplifiers that are synchronized to the chopping frequency
of the probe.

III. RESULTS AND DISCUSSION

We have previously described how the signals acquired
in a TDTR measurement can be accurately modeled if the
optical and thermal parameters of the experiment are
well-characterized.17 We determine the thermoreflectance
dR /dT from the following relationship:

dR

dT
= � �2

GQ
	
V�t�

V0
�
 R

�T�t�� , �1�

where G is the gain of the preamplifier, Q is the quality
factor of the resonant circuit, V�t� is the voltage signal mea-
sured by the rf-lock-in amplifier at a delay time between
pump and probe of t, and V0 is the average dc voltage gen-
erated by the photodiode detector. R is the optical reflectivity
of the metal and �T�t� is the temperature excursion calcu-
lated using the thermal model described in Ref. 17. �In this
calculation, the absorbed energy at frequency f is given by
Af =2A0 /� where A0 is the average power absorbed by the
metal due to illumination from the pump beam.�

The reflectivity of the sample is a critical parameter in
this calculation, especially when the reflectivity is high, be-
cause A0= �1−R�P0, where P0 is the average power of the
pump beam incident on the sample. In principle, if the
samples were perfectly specular, we could measure R by
measuring the power in the reflected probe beam and cali-
brating this measurement using a sample with a known
specularly reflectivity. In practice, however, the morphology
of the element standard samples is not perfect and some frac-
tion of the probe power is reflected diffusely. Therefore, we
have chosen to use values for �1−R� from previous studies
of the optical properties of the elements.21–25 We choose the
reflectivity of Au at room temperature from Ref. 25. Most of
the other reflectivity values of metals at 785 nm are taken
from Ref. 21; in these measurements, a calorimetric method
was used to directly measure the optical absorption at 4.2 K.
At 1.55 �m, we used data from Refs. 23 and 24 when avail-
able: in this case, the reflectivity and transmission coeffi-
cients of evaporated thin films were measured by a spectro-
photometer at room temperature.

Figure 1 makes a comparison between our measure-
ments of �1−R� using the specular reflectivity of the element
standard samples and values of the optical absorption drawn
from the literature.21–25 For the most part, we find good
agreement; this result indicates that diffusely scattered light
is a small fraction of the specularly scattered light. For a few
samples, e.g., Mo at both wavelengths, our measurements of
�1−R� exceed the accepted values, indicating some degree of
surface roughness and diffuse scattering. For a few other
samples, e.g., Pt at 1.55 �m and Ru at 785 nm, our mea-
surements of �1−R� fall below the accepted values. We do
not yet know the cause of this discrepancy.

The absolute strength of the signals acquired in the ex-
periment �V�t�� with t=300 ps are summarized in Figs. 2�a�
and 3�a�. For the cases where V�t� was measured with other
laser powers, we rescale the measured value of V�t� by the
product of the pump and probe powers relative to the typical
value of 16 mW pump and 8 mW probe. We choose a pump-
probe delay time of t=300 ps as a trade-off between small
signal strength at long delay times and difficulty in properly
accounting for ballistic carrier effects at short delay times.28

In some types of experiments—e.g., experiments that are
limited by the available laser power and not by sample
heating—the absolute magnitude of V�t� provides a figure of
merit for the metal film transducer. Based on this consider-
ation alone, the best metal film transducers at a wavelength
of 1.55 �m are Bi, V, Ti, and Zr; and at a wavelength of 785
nm, Bi, Ta, Nb, and V.

We convert the raw data of V�t� to dR /dT using Eq. �1�
and plot the results as Figs. 2�b� and 3�b�. The thermoreflec-
tance, dR /dT is the appropriate figure of merit in a more
typical TDTR experiment where sample heating by the laser
beams is a concern or artifacts created by surface roughness
and thermal expansion might contaminate the signal. At a
wavelength of 1.55 �m, Nb, Re, Ta, and V have high values
of thermoreflectance, dR /dT�6�10−4 K−1. At a wave-
length of 785 nm, Al and Ta have the largest thermoreflec-
tance, dR /dT�2.1�10−4 K−1.

(a) (b)

FIG. 1. Comparison of measured values of �1−R� where R is the specular
optical reflectivity with accepted values of the optical absorption for wave-
lengths �a� 1.55 �m and �b� 785 nm. The notation “tf” denotes a thin film
sample; all other samples are high purity bulk metals that are components of
an element standard intended for calibration of x-ray emission in analytical
scanning electron microscopy. The Au�Pd� alloy thin film has a composition
of 5 at. % Pd; since there is no literature value for this composition, we use
our measured value of �1−R� also as the accepted value �Ref. 26�. Filled
circles denote data that were drawn from the compilation of Refs. 21 and 27.
Open circles denote data that were drawn from other sources: Bi �Ref. 22�;
Cr, Mo, Nb, Ta, V, and W �Ref. 23�; Co, Ni, Pd, and Ti �Ref. 24�; and Au
�Ref. 25�.

043507-2 Wang et al. J. Appl. Phys. 108, 043507 �2010�

Downloaded 14 Feb 2011 to 128.174.228.163. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



Our measurements of dR /dT for Al are in good agree-
ment with a prior quantitative study.6 We do not expect per-
fect agreement between our results and Ref. 6 because the
state of strain in our experiment is not the same; in Ref. 6,
the Al sample is unstrained while in our experiment, heating
of the near-surface region of the Al sample produces a biax-
ial compressive stress in the near-surface region due to ther-
mal expansion. Since this strain also has some effect on op-
tical reflectivity, our measurements of dR /dT include a small
strain component. We can gain some insight about the mag-

nitude of the strain component from the size of echo signals
in picosecond acoustics experiments. For an Al film depos-
ited on a substrate with a very small or very large acoustic
impedance, the magnitude of the acoustic echo is approxi-
mately 20% of the thermal signal. We expect that our mea-
surement of dR /dT of Al includes a strain component of a
similar magnitude.

The combination of high melting point and high dR /dT
of Ta will be useful attributes for application at high tem-
peratures. We point out, however, that room temperature
deposition of Ta thin films typically produces the � phase of
Ta and the � phase has an undesirably small thermal conduc-
tivity for TDTR measurements. The 	 �bcc� phase of Ta
requires either high temperature annealing, deposition at el-
evated temperatures, or the use of a less refractive bcc metal
as a nucleation layers.29–31 At a wavelength of 785 nm, the
thermoreflectance of Ta is close to its maximum value.1

Our measurement of the thermoreflectance of Au, 0.3
�10−4 K−1, is in reasonable agreement with the value of
0.2�10−4 K−1 reported in Ref. 7. Au has many desirable
properties for TDTR experiments—oxidation resistance,
high thermal conductivity, and high reflectivity but the ex-
tremely small optical absorption demands the use of high
laser powers. We have previously discussed the use of dilute
Au�Pd� alloys in ultrafast transient absorption experiments.32

By adding 5 at. % Pd to Au, the thermoreflectance doubles,
the absorbance triples, and the absolute magnitude of V�t�
increases by a factor of 6. This improvement in the TDTR
signal level makes dilute Au�Pd� alloy a practical transducer
in TDTR experiments.

IV. CONCLUSION

We used TDTR to measure the values of dR /dT for 18
elements at 1.55 �m and 785 nm. We anticipate that this
compilation of data will assist in the design and selection of
materials for TDTR experiments that employ Er:fiber and
Ti:sapphire laser sources.
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FIG. 2. �a� Absolute value of the signal detected by the rf lock-in in the
TDTR measurements at a time-delay between pump and probe of t
=300 ps. The laser source is an Er:fiber laser operating at a wavelength of
1.55 �m. �b� Absolute value of the thermoreflectance dR /dT based on the
signal strength plotted in panel �a� in combination with Eq. �1�. Filled circles
denote negative values of dR /dT and open circles denote positive values of
dR /dT.
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FIG. 3. �a� Absolute value of the signal detected by the rf lock-in in the
TDTR measurement at a time-delay between pump and probe of t
=300 ps. The laser source is a Ti:sapphire laser operating at a wavelength of
785 nm. �b� Absolute value of the thermoreflectance dR /dT based on the
signal strength plotted in panel �a� in combination with Eq. �1�. Filled circles
denote negative values of dR /dT and open circles denote positive values of
dR /dT.
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