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The thermoreflectance-based techniques time- and frequency-domain thermoreflectance (TDTR and
FDTR, respectively) have emerged as robust platforms to measure the thermophysical properties of
a wide array of systems on varying length scales. Routine in the implementation of these techniques
is the application of a thin metal film on the surface of the sample of interest to serve as an
opto-thermal transducer ensuring the measured modulated reflectivity is dominated by the change
in thermoreflectance of the sample. Here, we outline a method to directly measure the thermal
conductivities of bulk materials without using a metal transducer layer using a standard TDTR/FDTR
experiment. A major key in this approach is the use of a thermal model with z-dependent heat source
when the optical penetration depth is comparable to the beam sizes and measuring the FDTR response
at a long delay time to minimize non-thermoreflectivity contributions to the modulated reflectance
signals (such as free carrier excitations). Using this approach, we demonstrate the ability to measure
the thermal conductivity on three semiconductors, intrinsic Si (100), GaAs (100), and InSb (100), the
results of which are validated with FDTR measurements on the same wafers with aluminum trans-
ducers. We outline the major sources of uncertainty in this approach, including frequency dependent
heating and precise knowledge of the pump and probe spot sizes. As a result, we discuss appropriate
pump-frequency ranges in which to implement this TDTR/FDTR approach and present a procedure to
measure the effective spot sizes by fitting the FDTR data of an 80 nm Al/SiO, sample at a time delay
in which the spot size sensitivity dominates an FDTR measurement over the substrate thermal prop-
erties. Our method provides a more convenient way to directly measure the thermal conductivities of

semiconductors. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4962711]

. INTRODUCTION

Thermoreflectance-based techniques,"4 such as time- and
frequency-domain thermoreflectance (TDTR® and FDTR,®
respectively), have emerged as powerful thermometry plat-
forms to measure and interrogate the thermal properties of a
wide range of bulk materials and nanosystems.’~* For example,
TDTR and/or FDTR have been used to measure the thermal
conductivity of bulk solids,'®!! exceptionally low thermal
conductivity thin films,'>"!” vibrational heat capacity,'’"'
and thermal transport properties of nanocomposites, such as
superlattices,”>* alloys and nanowire matrices,>’ and the
thermal boundary conductance across material interfaces,®
including structurally/compositionally varying interfaces, >’
interfaces adjacent to low dimensional structures (e.g., self-
assembled monolayers and graphene),*®*? and solid/liquid
interfaces.**~*¢ Tterations of these TDTR and/or FDTR tech-
niques have demonstrated potential promise to go beyond
thermal property measurements of systems, and gain insight
into the vibrational mean free path spectra of solids (relating
to the “thermal conductivity accumulation function”),*-> the
spectral coupling of phonons across interfaces (relating to the
“thermal boundary conductance accumulation function”),m
and the spatial variation of thermal conductivity in composite
systems (resulting in spatial “mapping” of the thermal
conductivity with micron resolution).’%>%
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Thermoreflectance techniques, by definition, rely on
the principle of thermoreflectance in their metrologies.!-°-!
Stated differently, the measurements of thermal properties
using TDTR or FDTR rely on a material’s change in reflectiv-
ity due to the change in its temperature. More specifically,
these pump-probe metrologies embrace thermomodulation
reflectivity in which a small oscillating temperature rise is
induced at some frequency caused by a modulated pump beam,
while the reflectivity is monitored with the probe beam through
electronic detection that is synced to the pump modulation to
measure the change in reflectivity at this frequency. Hence, the
most fundamental assumption of TDTR and FDTR for use as
a metrology of strictly thermal transport properties is that the
measured reflectivity of the probe is related to the temperature
change induced by the modulated pump pulses.

Due to this fundamental necessity, it is common practice
to deposit a thin metal film on the surface of any material
system to be measured with TDTR and/or FDTR in order
to relate the optical reflectivity to a temperature change,”*>
and thereby relate this measured reflectivity to the thermal
properties of interest. This ensures that the thermoreflectivity
can be directly and linearly related to the temperature
change, since the primary component driving the reflectivity
in metals is the electronic distribution, which is mainly
related to the temperature of the material (assuming relatively
small electron-phonon nonequilibrium—which can lead to

Published by AIP Publishing.
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nonlinear reflectivities’>**%—and relatively small strain—
which can lead to changes in the piezoreflectance coefficient
that will also impact the changes in reflectivity).®*% This
is unlike non-metals where not only temperature but also
conduction band carrier population can change the reflectiv-
ity,®’-% and therefore, the pump excitation in a TDTR and/or
FDTR measurement will change both of these components to
the modulated reflectivity (i.e., both the thermo- and carrier-
reflectivity contributions in the measured signal).

However, the advantage of using a metal film as a
thermoreflectivity transducer goes beyond just this optical-
thermal transduction. This configuration ensures a relatively
small optical penetration depth (on the order of ~10-20 nm
for most metals over a wide swath of near-UYV, visible, and IR
wavelengths),”” validating the assumption of a surface heating
event, which facilitates traditionally used models for modu-
lated heat transfer in composite media.>’'~’4 Furthermore, due
to the relatively fast equilibration of electrons into a Fermi
distribution and with the lattice,”>~’” a single temperature on
the surface of the metal-coated sample can be assumed.

Taken together, the advantages of using a metal film in
TDTR and/or FDTR measurements lie in:

(i) near surface optical absorption;

(ii) direct relationship between reflectivity change and
temperature change (i.e., nearly entirely thermore-
flectance dominated signal);

(iii) single temperature assumption among excited states.

Addressing assumption (i), recent work by Yang et al.”®
incorporated a finite pump and probe penetration depth into
FDTR analysis and demonstrated the ability to implement this
model in thermal conductivity measurements of amorphous
silicon coated SiO, and Si by fitting the thermal conductivity
of the amorphous silicon and the combined optical penetration
depth of the pump and probe. This advancement demonstrates
promise in the quest for wider implementation of FDTR,
but still is limited in the fact that (ii) and (iii) must
be assumed, which is strongly dependent on the material
system of interest; furthermore, the approach of Yang et al.”®
exemplifies the fitting of both the thermal property of interest
and the combined penetration depth. As we demonstrate
in this work, for bulk systems, the sensitivities of FDTR
measurements to the optical and energy penetration depths and
the thermal conductivity can be of similar magnitudes, thereby
increasing measurement uncertainties if both quantities are
simultaneously fit.

Assumptions (ii) and (iii) are relatively similar when
considering non-metals, and these were addressed previously
by Hurley et al.”® and Khafizov et al.® for pump-probe time
domain thermoreflectivity-based measurements with pulsed
lasers. In these works, the authors used a time-domain
approach (as opposed to the strictly frequency domain demon-
stration of Yang et al.”®) with spatially varying offset pump and
probe beams to measure the thermal conductivity of various
silicon samples by directly probing the silicon without a metal
transducer. Their approach analyzed the thermoreflectivity
data at time scales after electronic recombination occurred
in their silicon samples, thereby validating assumption (iii)
(nonequilibrium), and ensuring that the measured change
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in reflectivity in silicon was dominated by the temperature
change and not the excited carrier distribution (since the
carriers had recombined), thereby validating assumption (ii).
These works enhanced recombination on the surface of their
Si samples by mechanically roughening the surface.

Even taking into account these previous advances of
TDTR or FDTR in Refs. 78-80, there still lacks a standard
approach to measure the thermal conductivity of solids using
TDTR and/or FDTR without the use of a metal film transducer,
as some combination of assumptions (i)—(iii) must be applied
via either modification to the sample, which is not ideal
for nondestructive evaluation, or fitting for the absorption
profile, which can lead to decreased sensitivities (increased
uncertainties) in thermophysical property determination. In
response, our present work details a metrology to directly
measure the thermal conductivity of non-metallic systems
through a combined TDTR/FDTR method (FDTR at judi-
ciously chosen pump-probe delay times) without the use of
a metal film transducer. A major advance in this approach is
the ability to use TDTR in its standardized and well-adopted
configuration® to choose delay times in which the majority
of electronic recombination has occurred, thereby ensuring
that the measured change in reflectivity is dominated by the
thermoreflectance and not the change in carrier density or
strain. We identify this thermoreflectance dominated delay
time via examination of the in-phase component of our TDTR
signal using different pump and probe powers, with additional
theoretical considerations of carrier effects on the change in
reflectivity described in Section III. Furthermore, we establish
a rule-of-thumb that can be checked using the standard
TDTR/FDTR configuration to ensure that measurements are
conducted in the thermal-dominated regime (as opposed to the
carrier regime), a procedure for which has been established in
the transient thermal grating technique;®'~®3 note, the transient
thermal grating technique has demonstrated the ability to
measure in-plane thermal conductivity of materials without
the use of a metal layer.’-3?

Following the identification of the thermoreflectance-
dominated delay time, we then analyze the FDTR signal at
this set time, allowing for standard TDTR/FDTR analyses to
be applied (i.e., the use of the out-of-phase signal and the
ratio of the in-phase to out-of-phase signals), regardless of
the lack of a metal transducer. To permit this approach, we
derive a thermal model with a z-dependent heat source and
probe depth that is used to fit the experimental data in order to
extract the thermal conductivities; we do not fit for these depths
and use literature values thereby ensuring maximal sensitivity
(minimal uncertainty) in our thermal conductivity fits, which is
the only fitting parameter applied to our non-metallic systems
using this approach.

Our paper is organized as follows: first, we describe
our TDTR/FDTR experimental setup. Second, we present a
detailed discussion of this technique, including carrier and
thermoreflectivity calculations, the thermal model, and the
delay times to which we fit the FDTR data, along with the
frequency range to perform these FDTR measurements. We
then present our FDTR results on bulk Si, GaAs, and InSb
wafers and compare the results with the thermal conductivities
measured on the same semiconductor wafers with a thin



094902-3 Wang et al.

aluminum transducer layer deposited on top. Finally, we
perform a sensitivity analysis and discuss the potential sources
of error that should be taken into account, which identifies the
limitations of this method.

Il. EXPERIMENTAL SETUP

In this work, we develop the methodology to measure
the thermal conductivity of silicon (100), GaAs (100), and
InSb (100) wafers using our combined TDTR/FDTR approach
without the use of a metal transducer; we purchased the GaAs
(100) wafers from two different vendors: University Wafer and
MTI Corporation. For comparison, we also deposited ~80 nm
Al film (precise thicknesses verified with picosecond acoustics
and mechanical profilometry)®*-%® on the same semiconductor
wafers with electron beam evaporation and measured the
thermal conductivities with FDTR. Our various TDTR/FDTR
measurements described in this work are performed using a
typical optical pump-probe thermometry experiment’*% in
a nearly identical geometry to the now standardized, well-
adopted TDTR configuration.” A mode-locked Ti:Sapphire
laser produces a series of sub-picosecond optical pulses at
a central wavelength of 800 nm and a repetition rate of
80 MHz. The laser output is split into a pump beam and a
probe beam by a polarizing beam splitter. The pump pulses
are sinusoidally modulated by an electro-optic modulator
(EOM) at frequencies up to 10 MHz, and then passed
through a Bismuth Triborate (BiB3Og, or “BiBO”) crystal that
applies a second harmonic generation to the incident light,®
therefore converting the pump pulses to 400 nm. The probe
pulses are delayed up to 7 ns relative to the pump pulses
with a mechanical delay stage—in our current approach to
TDTR/FDTR measurements without metal transducer, this
delay is the first step used to assess the time after pump
excitation in which the majority of the excited carriers have
relaxed, thereby ensuring the measured change in reflectivity
is dominated by the thermoreflectivity component. To achieve
these time delays, we use a doubling approach of the probe
path on the delay stage as shown in Fig. 1, as opposed to the
common approach of using multiple retroreflectors. A A/2-
wave plate is adjusted to ensure the probe beam is p-polarized
and gets fully transmitted through a polarizing beam splitter.

circularly
polarized ~Zero degree
Delay Stage Mirror
> Polarizing
N \/ Beam
Splitter

r___Cc. 1 7 l
ooy, NV l

circularly )
polarized p-polarized
N4 waveplate (

Retro-reflector

M2 waveplate
) s-polarized

FIG. 1. A schematic showing the method of doubling the probe path over
the delay stage in our TDTR/FDTR setup. A A/2 wave plate sends the
p-polarized light into a polarizing beam splitter. Then a A/4 wave plate
converts the linearly polarized light into circularly polarized light. The light
is reflected by a retro-reflector and then reaches a zero-degree mirror, which
reflects the light back along the same path. By adjusting the A/4 wave plate,
the reflected light can be converted into partially s-polarized, so that this
component is reflected by the beam splitter.
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A \/4-wave plate is adjusted so that its fast axis is at 45° with
probe polarization to convert the linearly polarized light into
circularly polarized light. The probe is reflected by the retro-
reflector to reach a zero-degree mirror, which reflects the light
back along the same path, doubling the distance traveled and
the resulting time delay. The circularly polarized probe is then
converted to s-polarized light and is totally reflected by the
polarizing beam splitter after passing through the A/4-wave
plate. In practice, we find that sending the probe beam back
along its same incident path helps to minimize unintentional
misalignment in the delay stage. A dichroic mirror is then
used to reflect the 400 nm pump light and transmit the 800 nm
probe light onto the sample. Both the pump and the probe
are coaxially focused on the sample by an objective lens. The
change in reflectivity of the probe off the sample surface,
which is coaxially aligned with the pump, is monitored with a
balanced amplified photodetector (Thorlabs PDB450A-AC),
and the resulting converted voltage is directed to a lock-in-
amplifier that is synced to the pump-modulation frequency. We
monitor the in-phase (Vi) and out-of-phase (V) components
of this lock-in signal.

lll. DIRECT TDTR/FDTR PROBING PROCEDURE
A. Thermal and carrier effects

Photothermal reflectance signal generation in semicon-
ductors can be understood in terms of the induced modulation
of the refractive index. There are two mechanisms that
contribute to the modulation of refractive index: the thermal
effect due to the local temperature change and the plasma effect
due to excited carrier density. Thus, the total photoreflectance
signal change can be expressed as the sum of these two
components3®

OR OR
AR = aTAT+ éWAN, 1)
where OR/OT is the temperature reflectance coefficient and
OR/ON is the free-carrier reflectance coefficient. These two
coefficients of reflectance can be opposite in sign,%*# resulting
in a partial net cancellation of the observed signal. In order
to satisfy assumption (i) in nonmetals, an appropriate delay
time must be determined at which to perform FDTR such that
the carrier contribution to the reflectance signal is negligible
compared to the thermal contribution.

Several prior works have studied the variations in
reflectivity caused by the relative contributions from the
thermal and plasma effects. Previous works by the Mandelis
group®”#® have discussed that the relative importance of
the two mechanisms, which in the first approximation is
determined by the wt product, where w = 2x f is the angular
modulation frequency, and 7 is the lifetime of the photoexcited
free carriers. For wt <« 1, the change in reflectivity is
mainly due to the local temperature rise since the excited
carriers have decayed. Therefore, at low frequencies, the
photothermal reflectance signal has predominantly thermal
origins. In our work, the measurements on the samples without
a metal film transducer were carried out in the frequency
range of 10 kHz—1 MHz, which is in the regime where
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the thermal effects dominate the photothermal response and
the plasma contribution to the response is negligible in our
samples.

Furthermore, Guidotti and van Driel®” have shown that
the photoexcited carriers thermalize to the lattice temperature
within a few picoseconds in Si; therefore, after relaxation
of these photoexcited carriers in which a temperature can
be defined, any excess energy contributed by non-radiatively
recombined phonons is thermalized into the Bose-Einstein
distribution during the time prescribed by our FDTR/TDTR
measurements. Regardless, it is important to note that we
conduct our measurements in the “low temperature perturba-
tion” regime, so any deviation from equilibrium distributions
is assumed small, as we validate with various pump and probe
powers, described in more detail in Section III D.

Another consideration when determining the delay time
is laser wavelength. Salnick and Opsal® demonstrated the
role of the pump and probe wavelengths on the thermal and
plasma wave behavior, concluding that with a400 nm (3.1 eV)
pump and 800 nm (1.55 eV) probe (the wavelengths we
applied for our TDTR/FDTR measurements), thermal wave
effects are the primary mechanism affecting the change in
reflectivity. Therefore, our proposed approach ensures that
our TDTR/FDTR measurements are always directly probing
the thermal transport (and not carrier transport) in our systems
since: (1) the modulation frequency that we employ during
our measurements ensures wt < 1; (2) the pump and probe
wavelengths we use ensure the thermal wave effects are
dominated in our measured reflectivity; and (3) the pump-
probe delay time that we select to conduct our measurements
is a time that is greater than the carrier relaxation time.

While these aforementioned studies provide rough criteria
for minimizing carrier effects on reflectance, the choice of
time delay ultimately depends on material properties and
pump/probe properties. Since the technique described here
relies on pulsed-pulsed (pump-probe) FDTR, we make use of
the fact that pump pulses arriving at the sample are separated
temporally by 12.5 ns. Thus, it is sufficient to study the time
domain solution to the coupled thermal and carrier responses
described in Refs. 4 and 86. As such, we follow the approach
outlined by Tanaka et al. (Eqs. (14)—(18) in Ref. 69). Figure 2
shows that for Si and GaAs, the carrier relaxation occurs on
the order of 10-100 ps such that reflectivity is dominated
by thermal response thereafter. The parameters used in the
calculations are listed in Table I. Moreover, a previous report
also shows that the relaxation time for silicon is on the order of
200 ps for similar experimental conditions as ours (including
pump and probe wavelengths).” As such, in the following
experiments, we performed the FDTR measurements at a time
delay of 5 ns, sufficiently long enough to avoid any carrier
effects on reflectivity.

Finally, previous report by Johnson et al.®' shows that
the carrier recombination time measured is on the order of
1.7-10 ns for Si depending on the period spacings of the
gratings in their work. They assert that since the ambipolar
carrier diffusion coefficient in Si is about an order of magnitude
greater than the thermal diffusivity, the electronic and thermal
relaxations are well separated in the time domain. In this
context, they use a biexponential fit to their experimental
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FIG. 2. Thermal and carrier contributions to the measured reflectance
change during the pump-probe measurement. The calculations are based on
Eqgs. (14)—(18) in Ref. 69.

data and characterize the faster transient decay as due to
carrier relaxation effects, which depends strongly on the carrier
concentrations. The longer decay is related to thermal effects
and most significantly the measured decay rates are shown to
not depend on the different pump energies and initial carrier
concentrations. Their findings along with other prior works
suggest that carrier dynamics in semiconductors are not an
intrinsic property of the material but highly depend on extrinsic
variables such as laser fluence, photonic energy, and laser
excitation pulse-width, as we discussed above. Therefore,
a direct “apples-to-apples” comparison between the carrier
relaxation rates in the work of Johnson er al®' and that
reported in our work cannot be made; as we point out above,
the calculated relaxation time in Si with the experimental
parameters in our work is <1 ns. However, in line with
the work of Johnson et al., we find that with the judicious
choice of pump and probe powers, the FDTR signals at
longer time delays (5 ns) with varying powers are relatively
constant (within experimental uncertainty, as described later

TABLE 1. Parameters used in the calculations of Figure 2: y; is the Auger
recombination coefficient,’%2 Dy is the ambipolar diffusion coefficient,”
S is the surface recombination velocity,®”** E ¢ is the bandgap,” D is the
thermal diffusivity,” 7i is the complex refractive index,’® n; is the real part
of /1,20 N is the carrier density,69 and 7T is temperature.

Parameter Silicon GaAs

v3 (cm%/s) 7 % 10730 4x1073
Dy (cm?¥/s) 20 10

S (cmy/s) 24 x10° 5% 10°
E; (eV) 1.1 1.43
D7 (cm?¥s) 0.85 0.28

il 5.57+0.39; 4.46+2.08i
on1/dN (cm?) —4.4%10722 —4.4%10722
on1/dT (K1) 5.1%x10™* 2.0x 107
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in Section I D—f., Fig. 5), even though the signals at shorter
time delays (~200 ps where carrier concentration effects
are dominant) demonstrate statistically significant different
signals at varying pump energies. Therefore, using the same
procedure as Johnson et al.,}" we support that at the time scales
and laser powers studied in this work, the reflectivity change in
the data presented in our manuscript is strictly in the thermally
dominated regime and the carrier induced reflectivity change
has negligible effect.

B. Thermal model with finite optical penetration

The thermal model traditionally used for analyzing TDTR
or pulsed FDTR data is based on solving the classical heat
diffusion equation while accounting for the pulse accumula-
tion effect due to the high repetition rate of the laser.>%7%7397
As previously discussed, usually, with a metal transducer, the
optical penetration depth of metals is very small (~10 nm)
and the heat source can be considered as a surface heat source.
As outlined in Section I, Yang et al.”® have discussed the
limitations of using a surface heat source in this traditionally
assumed thermal diffusion model and utilized a convenient
simplification when the probe’s optical penetration depth is
less than the heater penetration depth. In our case, we do
not make this assumption regarding the relative pump and
probe penetration depths in our implementation for data
fitting, as some of the semiconductors of interest exhibit
optical penetration depths that are comparable to the radius
of our pump and probe beams (e.g., in silicon, the optical
penetration depth at 800 nm is ~9.73 um; note, the optical
penetration depth is the inverse of the optical absorption
coeflicient).”® Therefore, we implement a generalized thermal
diffusion model applied in TDTR/FDTR analyses to include
a z-dependent heat source and probe sampling depth. As a
result, the heat diffusion equation in cylindrical coordinates is
given by

ke O rﬁT(z,r,t) e 9T (z,r,1)
r Or or ©az2

1 -z oT (z,r,1)
+ ES(r,t) exp (?) =Py

where «, and «, are the in-plane and cross-plane thermal
conductivities, respectively, p is the mass density, ¢, is the
specific heat capacity (and the volumetric heat capacity is
C = pcp), and ¢ is the optical penetration depth of the pump
beam; in the remainder of this work, we refer to ¢ as the heat
penetration depth to distinguish it from the optical penetration
depth of the probe beam.”® We note that the heat penetration
depth is the depth to which the laser energy is deposited
into the sample and is not the thermal penetration depth,
which is related to the depth in which the modulated thermal
wave extinguishes into the sample (the thermal penetration
depth, which is modulation frequency dependent, is given by

Othermal = A/ K/mpcy, f, where f is the modulation frequency of

2
the heat source). S (r,7) = 25 exp (’25
7rr0 VO

@

)go(t) is the source

term resulting from the heat flux across the top surface,®
where rq is the 1/e?> Gaussian pump beam radius and go(¢)
is a function of time that includes the power absorbed by the
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sample at the pump wavelength. Taking the Fourier transform
and Hankel transform of Eq. (2), we obtain

0T (z,k,w)
072

1 —
+ S (kw)exp (?Z) = pepioT (z.kw),  (3)

—k, kT (z,k,w) + K,

where w is the angular frequency, k is the Hankel transform
variable, and T'(z, k,w) and S(k,w) are the Fourier and Hankel
transform of T(z,r,t) and S(r,t), respectively. By solving
Eq. (3) with an adiabatic boundary condition at the top surface
and a semi-infinite boundary condition at the bottom surface,
we can obtain the temperature profile function 7(z, k, w).

The reflectance change AR due to the heating events
can be assumed to be linearly proportional to the surface
temperature change: AR = BT (r, t), where 3 is the thermore-
flectance coefficient, assuming this is the primary mechanism
driving the reflectivity change. Stated differently, the change
in surface temperature is monitored by the change of the
reflectance of the probe beam, assuming the modulated
reflectivity of the probe beam is driven by temperature. Then
the reflected probe beam intensity, p: (r, t), can be expressed as
weighting the incident probe beam intensity function through
the temperature variation and integrating it over the film
thickness®78

00

pr(rit) = / pitnexn ()T @rndz @

0

where ¢ is the optical penetration depth of the probe. p; (r,t)
= nirlz exp (_fl; :
beam radius and g;(¢) is a function of time that includes the
power in the probe beam. Finally, the frequency response of
pr (1, 1), denoted as p; (r, w), can be obtained by performing
a Fourier transform Eq. (4). The pulse accumulation effect of
the model is evoked in identical fashion as that outlined in
Refs. 6 and 78.

In Figure 3, we show a representative TDTR/FDTR
measurement of an intrinsic silicon (100) wafer that was
probed directly with our system (i.e., no metal transducer),
and the resultant fits with both a surface heat source model
and with z-dependent heat source model; for these analyses,
we fit only the radial (in-plane) thermal conductivity of
the silicon («,), where all other inputs to the model are
assumed constant (listed in the caption of Figure 3). We
note that silicon is isotropic, so we expect k, = k, in this
system. For relatively high thermal conductivity materials,
this approach of TDTR/FDTR without the use of metal
transducer will consistently sample «,., as we discuss in detail
in Section IV B. If the sample is isotropic, such as those
studied in this work, then our measurement provides a unique
metrology to measure k = k, = k, and also provides a method
to measure the thermal conductivity of materials without the
potential for anisotropic failure of Fourier diffusion around the
metal transducer/sample interface.'”’ In the situation where
the material is anisotropic, our described implementation
of TDTR/FDTR is most sensitive to in-plane transport for

) g1(t),> where ry is the 1/e*> Gaussian probe
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FIG. 3. Model fits to TDTR/FDTR measurements of an intrinsic silicon
(100) wafer without a metal transducer (henceforth referred to as “bare”)
at a TDTR delay time of 5 ns. Fitting with z-dependent heat source
(solid line) results in an in-plane thermal conductivity best fit value of «,
=149.8 £ 15.1 W m~! K!, while fitting with surface heat source (dashed
line) results in poor goodness of fit for silicon. The parameters used in
fitting our model to the data are as follows: volumetric heat capacity of Si
C=1.63x10° T m™3 K~! (Ref. 95), pump beam radius = 11.3 gm, probe
beam radius = 9.5 pm, optical penetration depth & and heat penetration depth
¢ are calculated with 6 = A/4nn;, where A is 800 nm and 400 nm for
probe beam and pump beam, respectively, n, is the extinction coefficient.
From this, § =9.73 um and ¢ = 97.90 nm.'92 The uncertainty of the thermal
conductivity value comes from +5% variations of the pump and probe beam
radii used in the fitting model.

relatively high k, systems, as discussed in more detail in our
sensitivity analysis and limitations outlined in Section IV.

The data in Figure 3 were collected at a TDTR delay time
of 5 ns, and the selection of this time is discussed in detail
in Sec. III C. The z-dependent heat source model provides
a good fit to the experimental data and results in a best fit
thermal conductivity of Si of «, = 149.8 + 15.1 W m~! K™!
(uncertainty comes from +5% variations of pump and probe
beam radii used in fitting the model to the data), consistent
with literature.'®! Performing a fit with the model assuming a
surface heat source results in a poor goodness of fit.

The results in this section demonstrate the ability to
perform FDTR measurements at a specified TDTR delay
time (i.e., a hybrid TDTR/FDTR approach) without the use
of a metal film transducer (henceforth, these samples are
referred to as “bare” to indicate the lack of metal coating).
The intricacies and procedures to this approach are outlined
in Secs. III C and III D.

C. Fitting at different delay times

Our analysis relies on the fact that the measured change in
modulated reflectance is dominated by the thermoreflectance
component, as discussed in Section IIT A. Therefore, we select
delay times in which to perform our FDTR measurements
that ensure that the non-thermoreflectance contributions to
the modulated reflectivity signal are minimized. This is the
same principle that was used in previous TDTR7*# and
transient grating procedures.!83 However, unlike in these
works, we posit that we can utilize the frequency domain
response (i.e., FDTR) at these judiciously chosen time delays
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in which the non-thermoreflectivity components to modulated
reflectance have been minimized, thereby generalizing our
approach to any non-metal without the use of surface
modification in a standardized TDTR geometry. Therefore, by
performing FDTR measurements at much longer delay times
and accounting for the out-of-phase response of the FDTR
signal, which, given low enough modulation frequencies,
will be dominated by the heating of the pump, we can
relate the FDTR signal to the thermal diffusion equation
outlined in Sec. III B. This forms the basis of our hybrid
TDTR/FDTR approach. Hence, in practice, our approach
is based on performing TDTR measurements at different
frequencies.

We show examples of this fitting approach for GaAs (100)
wafers. Figure 4(a) shows the normalized in-phase component
of the lock-in amplifier signal (V},) as a function of pump-probe
delay time collected at a pump frequency of 10 MHz. The
changes in this measured signal near time ¢ = 0 ps correspond
to the hot carrier dynamics from the absorption of the pump
beam. After a few hundred picoseconds, this component of
the signal relaxes, which corresponds to the extinction of
the excited carrier portion of the reflectivity.!> While the
thermoreflectivity component is also relaxing during this time,
the carrier portion has been shown to relax more rapidly than
the thermal portion. At ~1 ns, the real component of the
signal is nearly fully relaxed, and the lock-in amplifier signals
will be dominated by the thermoreflectivity component of
the modulated reflectivity measurements. Therefore, FDTR
measurements should be performed at a delay time after this
time regime when the in-phase component is minimized.
As typical with TDTR and FDTR analyses, after this time,
we then analyze the ratio of the in-phase to out-of-phase
signal (=Vin/Vou), since the out-of-phase component is still
appreciable due to the thermomodulation component of the
reflectivity, which is driven by the thermal properties of the
samples. Due to this, we perform FDTR measurements at
relatively low modulation frequencies to induce a larger out-
of-phase signal; we discuss the implications of this selection
in more detail in Section IV.

Figures 4(b)-4(f) show the FDTR measurements of the
same GaAs wafer at delay times of —10 ps, 200 ps, 1 ns,
3 ns, and 5 ns, respectively. The corresponding fitted thermal
conductivities using the model discussed in Section III A
are listed in the plots; we note, again, that these thermal
conductivities are «,, as we are insensitive to k, for GaAs
over the frequency domain utilized in this work, as discussed
in more detail in Section IV B. At all sampled delay times,
except for r = 200 ps, the model fits the data well and results
in best fits to the thermal conductivity that are consistent
among each other and with previous reports in the literature. At
200 ps, the measured GaAs signal is not entirely dominated
by the thermoreflectivity component, rendering our thermal
diffusion model invalid to analyze the data. The monitoring of
the in-phase component of the signal as a function of time to
determine when to fit —Vi,/ Vo, in the FDTR analysis is key to
this approach. In the following discussions, we fit all FDTR
data at a delay time ¢ = 5 ns.

To further validate our approach of analyzing the FDTR
signal at time-delays after the carrier reflectivity has relaxed,
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FIG. 4. (a) In-phase TDTR signal on a “bare” (non-metal coated) GaAs (100) wafer at a modulation frequency of 10 MHz. Five delay times are chosen to perform
FDTR measurements as shown in (b) # =—10 ps (£ = 12.490 ns), (c) t =200 ps, (d) # =1 ns, (e) # =3 ns, and (f) =5 ns. The thermal conductivities fitted at
different delay times are shown in each figure. The data at # =200 ps result in a poor fit due to the measured modulated reflectivity exhibiting components that are
not dominated only by the thermoreflectivity of the GaAs. The parameters used in the fitting model: volumetric heat capacity of GaAs C = 1.76 x10°J m~3 K~!

(Ref. 104) pump beam radius = 11.3 um, probe beam radius =9.5 pum.

we performed the same analysis on lightly doped p- and n-
type silicon wafers (resistivities around 1-10 Q-cm). For these
doped wafers, at a short time regime (a few picoseconds),
the TDTR signals are different than those of intrinsic
semiconductors due to different carrier excitation responses.
However, fitting these doped Si data at 5 ns results in the
same best-fit thermal conductivities (within uncertainty) as
the intrinsic sample shown in Figure 3, further validating the
strength of our approach.

D. Ensuring perturbative temperature rise
and power independence

We perform the FDTR measurements over the frequency
regime shown in Figures 3 and 4 to ensure a large enough
out-of-phase signal to confidently fit —V;,/Viu, even though
the time-delay is large enough such that V;, is relatively
small compared to that at earlier delay times. However, with
decreasing modulation frequency, the steady-state temperature
rise created by the average laser power as well as the
temperature oscillations created by the modulation of the
pump beam can lead to a non-negligible heating event that
can lead to sources of error in the FDTR analysis. In our

FDTR measurements, the probe power is 2 mW, and the pump
power is carefully chosen to achieve an acceptable signal
while avoiding too large of a temperature rise (<8 K for the
GaAs data). For the samples interrogated in this work, the
temperature rise from the average steady state laser power
is relatively negligible due to the high thermal effusivity of
the wafers; however, the modulated temperature rise must be
monitored.

Following the work by Cahill ef a the temperature
rise induced by the modulation of the pump beam of a ther-
mally thick layer can be estimated as AT = A/ ﬂrg\/27r fkCin
the high frequency limit (f > D/ 2nr?) and AT = A/2\7rok
in the low frequency limit (f <« D/2nry?), where A is the
amplitude of the absorbed power from the pump beam,%? r
is the pump beam radius, f is the modulation frequency, «
is the thermal conductivity, C is the volumetric heat capacity,
and D is the thermal diffusivity. Therefore, as the frequency
is lowered, the temperature rise induced by the modulated
pump train becomes more pronounced. In Fig. 5(a), we show
FDTR measurements on GaAs with different pump powers in
the low frequency range from 1.0 to 100 kHz. The measured
FDTR signals clearly change with different pump powers.
With low powers (4 mW, 12 mW, and 30 mW), the signals

15,105
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FIG. 5. (a) Experimental FDTR data of a bare GaAs (100) wafer measured
with different pump powers. (b) Fitted thermal conductivities of GaAs wafer
by varying probe power with pump power of 10 mW. (c) Fitted thermal
conductivities of GaAs wafer by varying pump power with probe power of
4 mW.

diverge at low frequencies yet converge at high frequencies
(>7 kHz), consistent with the discussion of non-perturbative
heating as frequency is lowered. So we performed FDTR
measurements with frequency range starting from 10 kHz.
For the data collected at the highest power shown in this
figure (50 mW), the shape of the signal changes substantially
and cannot be fit with our thermal model, indicating that
the average temperature oscillations are too high to assume
a relatively constant temperature over the entire frequency
range, in addition to other potential factors that are not
accounted for in our linear perturbation thermal analysis,
such as increased carrier lifetimes that would lead to the wt
product not <« 1. From this, we assert that when collecting
FDTR data, several powers should be used to ensure that
the fitted data lie in a regime of a relatively small and
linear temperature perturbation. This can also be checked by
comparing the normalized in-phase response as a function
of time. The importance of pump power in measuring the
FDTR in the linear perturbation thermoreflectance-dominated
response regime is also exemplified in our previous discussion
regarding the carrier dynamics (Section III A). Figures 5(b)
and 5(c) show the measured thermal conductivities of GaAs
at various pump and probe powers. As shown in these figures,
within uncertainties, the measured thermal conductivities do
not show a dependence on the pump and probe powers.

Rev. Sci. Instrum. 87, 094902 (2016)

This check should be performed to ensure that the data are
collected in a regime where the thermal signal dominates
the measured reflectivity (negligible carrier component);
note, this procedure is consistent with the similar check
used in the transient grating experiments described by
Johnson et al.®!

IV. DATA ANALYSIS AND SENSITIVITIES

A. FDTR data and calibration with and without
a metal transducer

We demonstrate the applicability of this approach by
performing this TDTR/FDTR procedure on both bare intrinsic
Si (100), GaAs (100) (from MTT corporation and University-
Wafer), and InSb (100) wafers along with a portion of the same
wafers coated with ~80 nm of Al (a more traditional FDTR
approach), as shown in Fig. 6. The only difference between
these two measurements shown in each plot is the aluminum
metal transducer layer. The measurements were performed
over a frequency range of 10 kHz—1 MHz at a delay time of
5 ns. Fitting was performed using a nonlinear least-squares
minimization routine. The spot radii used in the fitting were
11.3 um for the pump beam and 9.5 um for the probe beam,
which were calibrated with FDTR measurements, as discussed
in more detail in Section IV B. We assumed literature
values for the volumetric heat capacity C for Si (C = 1.63
x 10T m3 K™),% GaAs (C = 1.76 x 10° T m™3 K1),'%* and
InSb (C = 1.15 x 10% J m™ K=!).!% The optical penetration
depths for each sample 6§ were calculated as & = A/4nn,,
where A is 400 nm and 800 nm for pump beam and probe
beam, respectively, n; is the extinction coefficient. We assume
that the optical penetration depth of the pump is equivalent to
the heat penetration depth, ¢.”8

We find that only Si needs to be fitted with a z-dependent
heat source model due to the large optical penetration depth
of the probe compared to the heat penetration depth (Js;
=9.73 um, ¢si = 97.90 nm). 102 For GaAs and InSb, the optical
penetration depths are smaller and the heat penetration depths
are near surface and metal like at 400 nm (dgaas = 0.74 um,
SGaas = 14.84 nm, Spusp = 91.26 nm, ¢pgp = 15.79 nm),'*?
and in this limit, a surface heat source can be assumed in
the solution to the diffusion equation (similar to a traditional
FDTR/TDTR analysis with a metal film transducer). As
an example, take GaAs; the fitted thermal conductivity
of GaAs (100) wafer from MTI corporation is «, = 45.1
+4.9 W m™! K™ when using surface heat source model,
and k, = 45.0 + 4.7 W m~! K~! when using z-dependent heat
source model. As a result, the surface heat source solution can
be assumed for fitting the data of GaAs and InSb. The free
parameter in all measurements on the bare samples is only the
thermal conductivity of the sample. For samples with the Al
transducer layer, the Al/semiconductor interface conductances
used as input parameters in the FDTR fits are measured with
TDTR at 10 MHz.

Figure 6 shows experimental data and the best-fit curves.
The fitted thermal conductivities for each sample are shown in
each figure. As shown in figure, the thermal conductivities
measured with the Al layer and direct FDTR probing
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FIG. 6. Data points (symbols) and best fit curves (solid lines) for the FDTR measurements on (a) intrinsic Si (100), (b) GaAs (100) (MTI), (c) GaAs (100)
(University Wafer), and (d) InSb (100). The FDTR measurements of the same wafers with 80 nm Al layers are also shown in figure. The fitted thermal
conductivities are shown for each case. The FDTR measurements are performed in a frequency range of 10 kHz—1 MHz and at a delay time of 5 ns. For samples
with Al layer, the Al/semiconductor interface conductance h used in FDTR fits is measured with TDTR method at 10 MHz: haj/si=2.0% 108 W m2 K,

hAl/GaAs =8.5%x10" W m™2 Kil, and hAl/InSb: 5.1x10" Wm2K L.

agree within experimental uncertainty, indicating the potential
for this procedure to measure the thermal conductivity of
materials without a metal transducer.

B. Sensitivity analysis and sources of error

To quantify the sensitivity of the various experimental
parameters in this direct probing TDTR/FDTR method, we use
the approach by Costescu et al.,'” where the sensitivity of the
ratio to a parameter x is defined by S, = 0(=Vi,/V,ur)/0 In(x).
We calculated the sensitivities for the in-plane thermal
conductivity, cross-plane thermal conductivity, and spot size.
For Si, since we applied the z-dependent heat source model, we
also show the sensitivity analysis of optical penetration depth
and heat penetration depth. The results are shown in Fig. 7
for (a) InSb, (b) GaAs, and (c¢) Si. The sensitivity analysis is
performed over a frequency range of 1 kHz—10 MHz with a
delay time of 5 ns. Clearly, direct FDTR probing is sensitive
to the in-plane thermal conductivity while insensitive to the
cross-plane thermal conductivity, since there is no significant
temperature gradient in the cross-plane direction compared
to the in-plane direction at these heat penetration depths and
modulation frequencies. As aresult, this technique can be used

to measure in-plane thermal conductivities. Although for the
isotropic samples interrogated in this work, the in- and cross-
plane thermal conductivities can be assumed identical, for
anisotropic samples or layered structures, our approach could
present a method to measure the in-plane thermal conductivity.
We do not pursue this approach in our current work but offer
this as a potential future direction.

We also note that the samples examined in this work
have relatively high thermal conductivities when compared
to glassy/disordered or nanostructured samples designed
to minimize phonon thermal transport. For relatively low
thermal conductivity samples, the heating induced by the
pump power could lead to non-negligible heating, rendering
our assumption of a relatively constant temperature invalid.
While in principle this heating could be accounted for via
more sophisticated analyses, it is beyond the scope of this
present work. However, as the thermal conductivity of the
sample is reduced, the temperature gradients in the cross-plane
direction become more pronounced, and if the penetration
depths are relatively shallow, this approach can be applied
to measure the cross-plane thermal conductivity. Again, we
leave this as a potential future direction of this TDTR/FDTR
procedure.
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FIG. 7. FDTR measurement sensitivity of the ratio (=Vin/Vour) to the in-
plane thermal conductivities, cross-plane thermal conductivities, and the laser
spot size for (a) InSb, (b) GaAs, and (c) Si. Since the fitting model used for Si
includes the z-dependent heat source, the sensitivities to the heat penetration
depth and optical penetration depth are included.

As apparent from Fig. 7, direct FDTR probing is very
sensitive to the spot size and optical penetration depth. In fact,
for the Si, the penetration depths offer very similar sensitivities
(opposite and similar magnitudes) to the thermal conductivity.
In the fitting of our model to the data, we assumed literature
values for the penetration depths, as fitting of this quantity
can substantially increase the measurement uncertainty in
determining the thermal conductivity. As we do not treat the
penetration depths as free parameters, the main source of error
in our technique is in the spot size.

In Fig. 8, we plot the best-fit curves for Si (fit curve
shown in Fig. 6(a)), and also the curves by varying the
thermal conductivity «, + 10% (Fig. 8(a)), pump and probe
beam spot sizes 5% (Fig. 8(b)), and optical penetration
depth 6 = 10% (Fig. 8(c)). We can see 10% variation in §
negligibly affects the best fit thermal conductivities; however,
the fitting curves of 5% variations in spot size are almost the
same as those of 10% variations in thermal conductivity. As a
result, 5% variation in spot size will cause around 10% error
in the thermal conductivity measurements. To obtain accurate
thermal conductivity values with direct FDTR probing, precise
spot sizes are crucial.

We calibrated the spot sizes by performing FDTR
measurements at a time delay of 5 ns on a SiO, substrate
coated with 80 nm Al layer and fit the effective spot size with
the data. FDTR measurements performed at this time delay
are most sensitive to the effective pump and probe spot sizes
assuming the metal film thickness is well known (which we
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FIG. 8. Best-fit curve for Si and curves varied by (a) thermal conductivity
k +£10%, (b) spot size +5%, and (c) optical penetration depth 6 +10%. 5%
variations in spot size cause nearly 10% off in thermal conductivities. All
plots are at a time delay of 5 ns.

measure with profilometry and picosecond acoustics using
TDTR at the same measurement location). In Fig. 9(a), we
show the sensitivity of the solution to the spot size, and for
reference, substrate thermal conductivity at this time delay.
Over this frequency range (200 kHz—-10 MHz), the sensitivity
of an FDTR measurement to the spot size dominates that
of the thermal conductivity. As a result, we fit the effective

spot size ,/rg+r{ from the FDTR measurements in this
frequency range as shown in Fig. 9(b), where ry and r;
are the pump and probe radii, respectively. The fitted radii
result in 13.6 pym for the pump beam spot and 5.5 um
for the probe beam spot. For comparison, the measured
pump and probe radii with the knife-edge technique are 14.0
(£0.5) um and 5.5 (£ 0.5) um, respectively. The difficulty in
interpreting these measurements originates from the fact that
there is high uncertainty in precisely knowing the position
of the exact sample plane at focus (during the TDTR/FDTR
measurements) and that in the knife-edge. In this regard,
the highest accuracy in precisely determining the spot size
at the sample focus in our TDTR/FDTR measurements is
with the method by using FDTR measurements at relatively
low frequencies where the thermal model is highly sensitive
to the effective spot size. Therefore, we assert that this
method of using FDTR at long time delays when the
measurement sensitivity to the spot size is relatively large
provides a unique method to determine the spot sizes during
thermoreflectance techniques via a self-consistent and in situ
approach.
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FIG. 9. (a) FDTR measurement sensitivity of the ratio (—Vin/Vou) to the thermal conductivities and the laser spot size of 80 nm Al/SiO; at a time delay of 5 ns.
(b) FDTR fitting of beam spot sizes for 80 nm Al/SiO,. All plots are at a time delay of 5 ns.

V. SUMMARY

The major results of our work are summarized in
Fig. 10, which shows the thermal conductivities measured
on bare wafers and on wafers with Al coatings by FDTR.
The error bars in this figure comes from 5% variations of
pump and probe beam sizes. In addition to our approach
of probing the semiconductors directly without the use of
a metal transducer agreeing with a more traditional FDTR
approach with the metal film, our values also agree well with
literature.”>101:108.109 We note that the thermal conductivities
of the GaAs purchased from two different vendors vary in
magnitude, and this difference is captured with our procedure
for FDTR without a transducer (and confirmed with a
transducer). This difference in thermal conductivity of wafers
from different manufacturers is not surprising, as the thermal
conductivity of crystals is strongly influenced by defects

180 T T T T T T T T d T 7

jx o FDTR with 80 nm Al .7

£ 150F o FDTR direct probing Si L7 ]
E 7’

> .7

5 1201 P T
5] 7

3 7

2w} .’ ]
o 7

3 g

E eof GaAsMTI) .~ -
2ot |

7

hel L InSb ,~ N\ .
g 30 5’ ” GaAs (UniversityWafer)

% 7

& 0 7’ . R . ' N 1 N 1 N 1 "

= 0 30 60 90 120 150 180

Literature Thermal Conductivity (Wm'K™)

FIG. 10. Thermal conductivities of intrinsic Si (100), GaAs (100) (MTI and
UniversityWafer), and InSb (100) measured on bard wafers and on the same
wafers coated with 80 nm Al layers. The dashed green line is the reference
line for literature values. The error bars come from 5% variations of pump
and probe radii used in the fittings.

that could be present in different companies’ fabrication
procedures.

This work outlined a method to directly measure the
thermal conductivities of bulk semiconductors without using
a metal transducer layer using a standard TDTR/FDTR
experiment. A major key in this approach was the use
of a thermal model with z-dependent heat source when
the optical penetration depth is comparable to the beam
sizes, and measuring the FDTR response at a long delay
time to minimize non-thermoreflectivity contributions to the
modulated reflectance signals (such as free carrier excitations).
We also discussed the frequency range and the pump power
used in this method in order to avoid significant temperature
rises due to pulse accumulation and modulated heating, while
also checking to ensure the measured change in reflectivity
is dominated by the thermal component with negligible
influence from the carrier component. Using this approach, we
demonstrated the ability to measure the thermal conductivity
on three semiconductors, intrinsic Si (100), GaAs (100), and
InSb (100), the results of which were validated with FDTR
measurements on the same wafers with 80 nm Al transducers.
Our sensitivity analyses show that the beam spot sizes are the
main source of uncertainty when implementing this method;
as aresult, we also present a procedure to measure the effective
spot sizes by fitting the FDTR data of an 80 nm Al/SiO; sample
at a time delay in which the spot size sensitivity dominates an
FDTR measurement over the substrate thermal properties. In
this way, we can obtain accurate spot sizes via a self-consistent,
in situ approach during our FDTR measurement.

The thermal conductivities that we measure on these
samples in this work are technically the radial thermal
conductivities; however, due to the cubic symmetry of the
Si, GaAs, and InSb, we expect «, = k,. This, however, is
not the case for samples with anisotropic crystal structures or
layered nanostructures. While we do not pursue measurement
of the in-plane thermal conductivity separately from the cross-
plane for these aforementioned anisotropic samples, this is a
potential direction for future works. Similarly, it is beyond the
scope of this work to apply this measurement procedure to
lower thermal conductivity samples due to the advent of large
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temperature excursions and therefore a more complicated
thermal model accounting for temperature dependent thermal
properties. However, we note that as the thermal conductivity
of the sample is reduced, the temperature gradients in the
cross-plane direction become more pronounced, and if the
penetration depths are relatively shallow, this approach can
be applied to measure the cross-plane thermal conductivity.
Again, we leave this as a potential future direction of this
TDTR/FDTR procedure.

The experimental analysis presented in this work requires
that the time scales associated with the plasma/excited carrier
density effects on AR can be separated from the thermal
effects on AR. As discussed in this work, the time scale of the
plasma contribution depends significantly on the wavelength
and modulation frequency used during a TDTR/FDTR experi-
ment. For example, the fact that the photoexcited carriers in Si
thermalize to the lattice temperature well before the time-delay
chosen for our FDTR measurements allows for the correct
interpretation and implementation of the thermal model used
to analyze the data. However, it is important to note that for
a material with unknown time scales of plasma contributions
to the change in reflectivity (for the experimental parameters
used), the uninformed implementation of this technique could
result in erroneous measurements of thermal properties of
the material. Therefore, for the correct implementation of the
technique presented in this work, it is essential to characterize
the effect of the plasma/excited carrier density effects on AR
to ensure that the decay of the in-phase signal of the TDTR
experiment can be an indicator of a pertinent time scale in
which to conduct the FDTR thermal measurement; typically,
this means conducting the TDTR/FDTR experiments at
low modulation frequencies and at photon energies much
greater than the bandgap. The extent to which the photon
energies should be greater than the bandgap is material
dependent.
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