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ABSTRACT: Time-domain thermoreflectance (TDTR) is a pump—probe method
typically used to measure both the cross-plane thermal conductivity (k) of thin films
and bulk materials and the thermal boundary conductance (o) of material interfaces.
Conventional TDTR relies on high-repetition-rate (MHz) ultrafast oscillators with low
per-pulse energy, which require tightly focused pump beams to generate measurable
thermoreflectance signals. This tight focusing necessitates thermal models with both
lateral and cross-plane heat diffusion components that have strong sensitivity to the
exact pump size. High repetition rates also cause heat buildup (pulse accumulation),
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requiring periodic steady-state thermal modeling, and, for thin films, modeling of heat flow into the substrate. This can be
challenging for polymeric materials that exhibit anisotropic transport and often have very low k and high surface roughness. Here, we
introduce an approach built around a standard kHz rep-rate amplified ultrafast laser transient absorption setup, which we call
femtosecond transient thermoreflectance (fs-TTR). The orders-of-magnitude higher per-pulse energy and lower repetition rate
enable a simplified one-dimensional cross-plane heat transport model without pulse accumulation. The fs-TTR thermal model
permits simultaneous fitting of k and ¢, which we demonstrate for materials spanning 4 orders of magnitude in thermal conductivity,
including very low-x polymer thin films. The direct measure of pump-on/pump-off changes in reflectivity, along with probing
transient reflectance simultaneously at multiple wavelengths, makes fs-TTR an equal or, in some cases, an improved alternative to

conventional oscillator-only TDTR.

1. INTRODUCTION

Pump—probe thermoreflectance (TR) techniques, such as the
time-domain (TDTR)"* and frequency-domain (FDTR)’
methods, are used in many fields to characterize the thermal
properties of materials as well as the thermal behavior at
interfaces. These noncontact, nondestructive methods for
determining the thermal properties of thin films and their
interfaces were first developed in the 1980s by research groups
led by Eesley," ® Rosencwaig,”® and Maris.”'® Subsequent
efforts led by Cahill''™'* and Schmidt'>'® in the 2000s
resulted in significant improvements to TR techniques that
have since become widely implemented to accurately thermally
model a variety of material types, including within multilayer
sample geometries.

Both TDTR and FDTR methods operate by utilizing a
periodically modulated pump beam to deposit heat into a
metal transducer and a probe beam to monitor the thermal
response via the temperature-dependent reflectivity of the
transducer. The TDTR method probes transient changes in
surface reflectivity by controlling the time difference between
pump and probe pulses,"” whereas FDTR probes changes in
the phase lag between periodic heating and the reflective
thermal response of the transducer as a function of the
modulation frequency of the pump.’ The pump modulation
frequency can be held constant in TDTR, but the specific
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frequency must be carefully selected to produce a thermal wave
with the necessary penetration depth to probe the sample;"
for example, probing nanometer-scale thin films requires
megahertz pump modulation frequencies.

In transient TR methods, the change in probe reflectivity as
a function of time monitors how heat leaves the transducer. At
the earliest times, this depends on how heat diffuses within the
transducer, but at longer time scales, the reflected probe signal
is a function of how heat is transferred away from the
transducer by the underlying material that is in thermal
contact. The thermal models employed to fit thermoreflective
decay data rely on either the thermal diffusivity, a, or the
thermal effusivity, r, of the underlying material, as well as the
thermal boundary conductance, o, at the interface of the two
materials. One can then use the value of « or r extracted from
the TDTR measurement with a separately measured value of
the volumetric heat capacity, C,, to determine the thermal
conductivity, k, of the underlying material via'
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k=aC,=—
C, (1)

Sometimes, it is also possible to simultaneously fit values for C,
and « if a (or r) is sufficiently uncorrelated to c,.lemv

Although TR methods are capable of reliably determining
the thermal properties of a vast array of materials, polymers
and other low-thermal-conductivity (<1 W m™' K™") materials
are more difficult to thermally characterize due to inherently
small changes in the thermoreflectance. Additionally, poly-
meric materials are often studied as thin (tens to hundreds of
nanometers thick) films that are usually deposited onto
substrates that have much higher thermal conductivities. This
means that the study of polymeric materials often requires
trilayer heat modeling to capture the heat diffusion through
each of the transducer, polymer film, and substrate layers.”
For conventional TDTR methods to be sensitive to o, a sample
must have a thickness similar to the Kapitza length, which is in
the range of 1—10 nm for very low-k polymers.”"** However,
films this thin often have their TDTR signals dominated by the
substrate response when the thermal penetration depth
(determined by the modulation frequency) exceeds that of
the film thickness." Thus, the inability to probe both k and & in
low thermal conductivity thin-film materials leads many
researchers to choose a constant value for o (rather than
treat it as a parametrized variable) when determining « is the
measurement priority,z‘?’_25 or to treat the thin film and both
interfaces as a single in-series thermal resistor.”"*”

Some limitations of the TDTR method stem from its use of
ultrafast “oscillator”-type lasers, which have high repetition
rates (a few MHz) and low per-pulse energies (~nJ). This
means that the pump and probe pulses are focused to a small
(typically a few tens of ym) spot size to generate signals that
are measured with a lock-in amplifier. As a result, the modeling
of the data needed to extract the thermal parameters of interest
is complicated as it must account for both:'"'*'> (1) the heat
that is built up within the sample due to pulse accumulation,
because the high repetition rate exceeds the kinetics of heat
loss out of the sample and into the substrate; and (2) the radial
and vertical diffusion of heat in the sample, because the small
pump spot leads to both radial and vertical heat loss. Thus,
TDTR experiments require precisely characterizing the pump
beam radius, r,, and also must differentiate the radial (x,, or a
combination of in-plane ,, and k,,) and the vertical (cross-
plane, x,,) thermal conductivity components when the probe is
sensitive to radial heat diffusion. For conventional TDTR to
assume 1-D (cross-plane) heat transport, both the modulation
frequency and the pump/probe diameter ratio must be
sufficiently high or large, respectively, depending on the
thermal diffusivity of the underlying material.”® Conversely, in
the opposite limit, conventional TDTR may be utilized to
resolve both radial and vertical thermal conductivity
components with variable-spot-size or modulation-frequency-
dependent studies.”®”**

In this paper, we present a thermoreflectance method,
femtosecond transient thermoreflectance (fs-TTR), that
utilizes a chirped pulse-amplified””>* (hereafter referred to
as just “amplified”), kHz repetition-rate, femtosecond pulse
duration laser system instead of a MHz repetition-rate
oscillator-type laser to simultaneously extract k,, and ¢ using
a universal bilayer model for both bulk and thin-film materials
beneath the transducer. Our method takes advantage of a
simple retrofitting of standard ultrafast transient absorption

(TA) setups that utilize amplified femtosecond lasers to probe
reflectance instead of absorbance. Such TA setups usually can
probe absorbance changes on the order of 10™* AOD,*™’
and here we use them to perform similarly sensitive
thermoreflectance measurements that yield robust information
about 1-D vertical heat diffusion.

As with standard TA setups, our method directly
probes pump-on, pump-off changes in reflectivity, AR =
(Roump on = Roump off)s as a function of probe delay time using a
mechanical delay stage. Although the low repetition rate is not
conducive to lock-in amplification, the high pulse energies
allow generation of a white-light continuum for the probe
beam,”**” allowing the TR signal to be acquired at multiple
wavelengths simultaneously to improve the signal-to-noise
ratio. The lower repetition rate (typically a few kHz) and
higher pulse energies (typically a few mJ) of amplified lasers
allow for complete thermal equilibration between pulses and
permit the use of a much larger pump spot size, which greatly
simplifies the thermal modeling of the TDTR signals. The
ability to isolate k, relies on the fact that we can pump a much
larger region than is probed, so that radial heat transport does
not take place on the nanosecond time scales of the overall fs-
TTR measurement.

Our fs-TTR method builds on but goes beyond the low
repetition rate TDTR method presented by Larkin et al,*
which utilized a 250 kHz repetition-rate amplified laser system
with a 4 pJ pulse energy, and detected the TR signal using
lock-in amplification. Unlike the thermal model we present
below, that used by Larkin et al. is sensitive only to the
substrate and not to any thin-film samples of interest
underneath the transducer in trilayer samples.*” Our fs-TTR
method is also distinct from previous ns- and ps-transient
thermoreflectance experiments that utilize tens of kHz pulse
repetition rates for exciting the samples of interest but employ
a continuous-wave (CW) laser as the probe.”' ~* However, all
of these previous TDTR and TTR methods, as well as our fs-
TTR method, share similar advantages over oscillator-type
TDTR, such as the elimination of heat buildup from pulse
accumulation and more strict 1-D vertical heat diffusion
sensitivity.4l’43

In what follows, we show that performing transient
thermoreflectance with an amplified transient absorption
laser system (which is what we refer to as “fs-TTR”) and
using a correspondingly derived simplified thermal model
allows accurate determination of both «, for different materials
that span 4 orders of magnitude in thermal conductivity
(~0.10-100 W m™' K™') and the ¢ of the transducer-
underlying material interface, even for low-k,, polymer thin-
film samples. Furthermore, we show that fs-TTR provides a
multiwavelength detection advantage such that the signal can
be integrated over a spectral range of wavelengths rather than
the single wavelength available to oscillator-type TDTR. fs-
TTR is capable of simultaneously determining values for both
k., and o with equal or slightly higher certainty than
measurements taken with oscillator-type TDTR. This is
primarily due to simplifications of the thermal model afforded
by using an amplified laser system, the minimization of noise-
related uncertainty in fitted values of k,, and o, and the dual-
sensitivity of the model to locate solutions for both k,, and o,
which are anticorrelated in the 2-D parameter space.
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2. THERMAL MODEL FOR fs-TTR UTILIZING AN
AMPLIFIED ULTRAFAST TRANSIENT ABSORPTION
SYSTEM

TDTR was originally developed utilizing oscillator-type laser
systems that operate at pulse repetition rates of single to tens
of MHz with pulses energies of ~1 nJ, necessitating focused
beam diameters on the order of tens or hundreds of
micrometers.’ The modeling of oscillator-driven TDTR data
thus utilizes heat diffusion equations written in cylindrical
coordinates to account for radial and vertical heat diffusion
within the multilayer sample.'"'>"> If the beam spot size, r,, is
well-characterized, the heat diffusion equations, including a
and o as fitting parameters, are solved using the thermal
quadrupole approach:"** the radial dependence of heat
diffusion is converted to radial modes, with each radial mode
becoming a separate vertical 1-D heat diffusion problem within
the multilayered sample.

To our knowledge, TR measurements performed using an
amplified ultrafast transient absorption system with a pump-on,
pump-off detection method have not been presented in the
literature. Thus, as mentioned above, our fs-TTR scheme
differs from the low-rep-rate TDTR with an amplified laser
demonstrated in ref 40; we also note that single-pulse TR
measurements like fs-TTR are not the same as baseline-
subtraction of the in-phase signal of conventional TDTR
responses (see ref 45). In what follows, we present a thermal
model for fs-TTR that incorporates the unique physics of
amplified lasers with pulse energies in the mJ regime at a
repetition rate of a few kHz. The high pulse energy allows the
use of pump spot sizes on the order of many millimeters in
diameter, while the low repetition rate prevents heat build-up
in the sample between pulses. If the probe beam diameter
remains small (less than hundreds of micrometers in
comparison to the millimeter-sized pump), then the area
around the probe is uniformly heated so that the temperature
response of the probe is no longer sensitive to lateral heat
diffusion. This means that only cross-plane heat diffusion
modifies the temperature of the transducer in the probed area.
The pump/probe beam size differences between oscillator-type
TDTR and our fs-TTR method are qualitatively shown in
Figure la and b.

TR methods rely on pumping an interband transition or
plasmon resonance to deposit heat into the selected metal
transducer. Modeling the heat delivered to the transducer by
the pump is done by applying a variation of Beer—Lambert
law, eq 2, adapted here from the work of Zhang et al.** To
model temperature along a 1-D vertical grid, as depicted in
Figure 2, the transducer is comprised of spatial depth points
indexed at positions i = 1 to k, where z; = i - Az, and at time-
steps indexed by j, where ¢, = j- At and j = 0 is the initial
condition:

o JO— R (_ )

7/’
i Cmeté-pump é-pump
v

2)

In eq 2, T is the absolute temperature at position z; at time
zero, ] is the fluence of the pump beam, RF*™ is the reflectance
of the transducer at the pump wavelength, Ci** is the
volumetric heat capacity of the metal transducer, and 6*"™" is
the optical penetration depth of the pump wavelength.
Throughout, we use the superscripts “met” and “sam” to
denote that a particular variable is associated with the metal
transducer or the underlying sample material of interest,
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Figure 1. (a) Schematic of the common oscillator-based TDTR
method. The small pump/probe spot size ratio results in the thermal
response of the probe being sensitive not only to the laser spot size
but also to heat diffusion in both the radial and vertical directions. (b)
Schematic of the proposed amplified fs-TTR method presented in this
work. The significantly larger pump/probe spot size ratio results in
the thermal response of the probe being sensitive only to 1-D vertical
heat diffusion. The rainbow coloring of the probe beam represents the
ability of fs-TTR to have the thermoreflectance signal measured
simultaneously at multiple wavelengths, as is typical in ultrafast
transient absorption experiments, providing a signal-to-noise ratio
advantage. (c) An example of fs-TTR data for an Al transducer on
bulk silicon. The signal from O until ~120 ps is dominated by
thermalization of the transducer. After ~120 ps, the signal depends
only on the k_, and ¢ of the underlying material of interest, allowing
the model described below to be fit to this portion of the data with a
high degree of precision.

respectively. Equation 2 also assumes that no light interacts
with the material beneath the transducer. Therefore, it is
important that the transducer thickness is greater than roughly
three optical penetration depths to ensure that >95% of the
pump light is attenuated by the transducer.

Due to the sufficiently large pump—probe spot size ratio
afforded by amplified systems, heat diffusion within the
transducer and underlying material can be described using
Fourier’s equations for one-dimensional heat transport along
the z-direction:
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Figure 2. Discretized depiction of the 1-D thermal model for fs-TTR at different time stages. From left to right, ¢, = 0 ps corresponds to the point
at which the transducer absorbs heat from the pump pulse, t,,, corresponds to a time delay of 120 ps when the transducer has thermalized across its
entire depth and heat is just beginning to enter the sample of interest, and t3y) corresponds to time delay of 3 ns where heat has diffused a
significant distance into the underlying sample layer. The fitting parameters of the model include the thermal boundary conductance, o, located at z
= L™, which quantifies the transfer of heat across the interface between the transducer and sample material, as well as a;;", which is the rate at
which heat diffuses within the “zz” direction of the underlying sample material (cf. eq 1).

2 2
aTmet meta Tmet Kmet 9 Tmet
o —

ot 02 C™ o7 3)
aTsam  am aZTsam a KZSZam aZTsam
ot “ 07 CE™ 0% (4)

where t is the time after the pump pulse is incident on the
transducer and T is the temperature. The cross-plane thermal
diftusivity of the underlying sample material, a3", is used as a
fitting parameter to the fs-TTR data, which, in turn, yields the
cross-plane thermal conductivity, k53", if the volumetric heat
capacity of the sample material, C{*™, is known. We assume
that the metal transducer is thermally isotropic and thus do not
place a “zz” subscript on a™" and k™.

To solve eqs 3 and 4, we rewrite the equations so that space
and time are discretized, as in eq 2, in a Crank—Nicolson finite
differences formalism:*

—ame*AA—;T}ﬁ” + 2(1 + a"‘et%)ﬂi“) - amﬂAi;Tgw
— gt A0 2(1 - a“‘e‘ﬁ)ﬂ” + qma AT
Az ! AZ2) A2 !

©)

am AL 1 am AL ) At
_azszamAizzTi(ﬁl) + 2(1 + a:zamAizz]Ti(}H) _ azs;mETi(ﬁl)

= a0 of 1= a0 4 a2,

(6)

where i indexes a particular z location with z = 0 at the top of

the transducer, and j indexes a particular time after excitation,

as shown in Figure 2. Heat transfer across the interface of the

transducer-underlying material, located at thickness z = L™, is
then described by

met oT™ met /1 met sam / 7 met
—K =o[T (L ’ t) -T (L ) t)]
0z | _ ma
_ sam aTsam
0z s

(7)

where ¢ is the thermal boundary conductance, also typically
used as a fitting parameter. In its discretized Crank—Nicolson

form, eq 7 is written as

https://doi.org/10.1021/acs.chemmater.6c01465
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(8)

where the index k denotes the depth of the interface between
the metal transducer and the underlying film, so that the spatial
depth points representing the underlying sample run from k +
1 to k + n, as also depicted in Figure 2.

Due to the low repetition rate of amplified laser systems and
the corresponding lack of pulse accumulation-induced heat
build-up, we can safely assume in our model for most materials
and thicknesses that 1) heat fully dissipates throughout the
material layer(s) underneath the transducer in both bi- and
trilayer sample geometries before the next pump pulse arrives,
and 2) heat does not reach the back of the underlying film or
substrate within the few-ns time window of the probe delay.
This is specified mathematically by the adiabatic boundary
condition:

aTSam
=0
0z s (9)

where z = L**™ is the distance coordinate of the backside of the
underlying material layer. We show in Figure S8 in the SI that
assumption (1) is easily tested by checking that the transient
signal has fully recovered to baseline before the next pulse. We
also discuss in Section S4 in the SI that assumption (2) can be
verified by using our thermal model to predict the extent of
heating through the underlying layer as a function of depth and
time if rough values for k3™ are known (see Figure S13 in the
SI).

The integrated probed temperature of the transducer, ©, is
then modeled using eq 10, which is rewritten as eq 11 in
discretized form:

Lmet Z
o(t; k", 0) = f exp| — Tz, t) dz
( ) | P( 5Pmbe] (z,t) (10)
£ z
O(t; k", 0) ~ Z exp(——i)-T-(j)-Az
)y Tz robe !
i=1 s" (11)

This time-dependent spatially integrated transducer temper-
ature is directly proportional to the fs-TTR signal, which is
based on how the reflectance changes with the transducer
temperature. The optical penetration depth of the probe light,
&P determines how sensitive the probe is to the transducer
temperature at a particular depth:

probe _ p probe
(Rpump on Rpump off)

— ARprobe(tj)

dRprobe wm
i~ [ T @(tj; K, G)

(12)

Thus, the change in reflectivity of the probe as a function of
time, AR}’“’be(tj), is proportional to ©(t;x:",0) through the

thermoreflectance coefficient of the metal transducer, dRP¢/

1™,

To fit this thermal model to experimental fs-TTR data, we
implement a nonlinear least-squares fitting algorithm (Isqnon-
lin in MATLAB) that optimizes the model fit via residual
minimization:

2z /)

N
min RSS(x,™™, o, ¢) = Z [c~y}_data - O(t; k" o)1
j=1

(13)

where min RSS is the minimized square residual, N is the
number of experimental time points, and y;iata is the amplitude
of an experimental thermoreflective signal at the jth time point.
The fitting parameters are k;," and o, plus a scaling parameter ¢
that normalizes the amplitude of the fs-TTR signal. The scaling
factor avoids having to know precise numerical values for the
laser fluence, J, and the thermoreflectance coefficient as model
inputs, both of which would be necessary only to predict the
magnitude of the signal. Because the fs-T'TR signal amplitude
scales linearly with pump power (see Figure S7 in the SI), we
can use this simple scaling factor to match the signal amplitude
generated by the model with experimentally acquired
thermoreflective data.

To fit the thermal model to data, as is also necessary in
conventional TDTR modeling, we must specify properties of
the metal transducer, such as k™, C"*, the optical penetration
depth, the percent reflectivity and the transducer thickness. For
trilayer thin-film samples, the use of a universal bilayer model
in performing fs-TTR necessitates that the thickness of the
underlying material must be precisely measured to ensure that
heat does not reach the substrate (or the second interface)
within the few-ns time window of the probe delay. The
MATLAB code that fits the model to data and solves for x;;™
and ¢ is included in the SI/repository link.

We note that the fs-TTR model we present above is not
designed to accurately account for short-time thermal
phenomena such as acoustic echoes or hot electron carrier
dynamics,***” neither of which are required for studying the
thermal behavior of the underlying material. Therefore, we fit
our thermal model to thermoreflective data starting at a time
delay of ~120 ps, after these more rapid processes are fully
complete. Our model also does not need to account for
radiative cooling, which can play a role in thermoreflectance
measurements that take place on microsecond time scales,""**
because this type of heat transfer is negligible on the few ns-
time scale of a fs-TTR experiment.

3. NOISE AND SENSITIVITY ANALYSIS OF THE fs-TTR
THERMAL MODEL

In this section, we analyze how well the 1-D thermal model can
extract k" and o from fs-T'TR data that has varying levels of
noise. We do this by generating simulated signal data with
preselected «;;" and o values, adding selected amounts of
Gaussian noise to the simulated signal, and then fitting the
thermal model to this noisy data to test how well the model
extracts the original values of k;;" and 6. We also perform a
sensitivity analysis to understand correlations between the fit
parameters, which we find differs from how these parameters
behave in oscillator-type TDTR thermal models.

We investigated the model’s sensitivity to noise across
materials with a four-order-of-magnitude range of «’s, similar to
what we measure experimentally with fs-TTR in Section 4
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Figure 3. (a) Decay trace examples of simulated noisy data for four materials of interest at the lowest noise levels analyzed. b) Similar examples of
simulated noisy data at the highest noise levels tested. c-f) k2™ and & determined from fitting the fs-TTR thermal model for simulated noisy data
emulating silicon (c), sapphire (d), fused silica (e) and polystyrene (f), each as a function of increasing percentage of added Gaussian noise. The
noisy data was generated with a time interval of 10 ps between 120 and 200 ps and a time interval of 100 ps between 200 ps and 3 ns, respectively,
as used in the experiments presented in Section 4. The red and blue dashed lines represent the initially simulated, “correct” values for x3;™ and o,
respectively, whereas the error bars represent the standard deviation of the parameters extracted from 100 fitted datasets.

(below). For the sensitivity testing, we chose parameters to
model the thermoreflectance signals of silicon, sapphire, fused
silica, and polystyrene (see Table S2 of the SI), each with a 75-
nm-thick Al transducer. After simulating the signals, we added
Gaussian noise to the simulated data and then quantified the
noise percentage (see Table S3 of the SI) as the average
magnitude of root-mean-square (RMS) residuals relative to the
noiseless simulated fs-TTR trace with the input values of k3™
and o. In total, we generated 100 datasets for each simulated
material at each of the multiple noise levels using datasets with
the same time intervals and number of data points that we use
experimentally below in Section 4. To test the reliability of the
fs-TTR model as a function of noise level, we fit the model to
the simulated noisy data and extracted «5;" and o as the fitting
parameters (see Figure S15 of the SI for a distribution of fitting
results for a given sample at a single noise level).

Figure 3 displays examples of simulated data with the lowest
and highest tested noise levels for each material (panels a,b) as
well as the average k;," and o parameters extracted from 100
fitted datasets at each noise level for each material, with the
raw standard deviation used as the error bars (panels c—f); see
Section S in the SI for further details on how the noisy
simulated data was generated and analyzed. For high-«3;™",
high-6 samples (silicon and sapphire, Figures 3c and d), our
results show that correct values (within 3% of the initially
simulated input) for both k2™ and ¢ are obtained even through
the 2%—3% noise regime. As the noise percentage level gets
smaller, the variability (the standard deviation or error bars) in
our extracted values also gets smaller and closer to the initially
simulated “correct” values. This indicates that the model
remains consistent even at elevated noise levels for high-x3;™
materials, although we suggest using data with <1.5% noise to
remain in the most accurate regime to fit ;" and 6. We also
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Figure 4. Sensitivity ratios, calculated using eq 14, for the thermal properties of C;'™, k;;", and ¢ corresponding to the fs-TTR-simulated systems in
Figure 3, including: (a) Al/silicon, (b) Al/sapphire, (c) Al/fused silica, and (d) Al/polystyrene. The sensitivity ratios for Ci* and «3™ are identical
as fs-TTR measures the thermal diffusivity, which is composed of these two parameters (cf. eq 1). For lower-k;™ fused silica and polystyrene
samples, the thermal boundary conductance, o, has the most influence on the thermoreflectance signal at early delay times, while k;;™ more strongly
controls the fs-TTR decay at longer delay times. Conversely, for higher-«;;™ silicon and sapphire samples, the thermal boundary conductance more
strongly controls the thermoreflectance decay compared to &;;™ across the entire selected probe delay range. See Figure S16 of the SI for additional

sensitivity ratio curves for all other model input parameters.

observe an anticorrelation between the extracted values: if the
average K" is slightly underestimated compared to the
simulated value, then the average o is slightly overestimated.
This anticorrelation between the &5, and ¢ parameters occurs
with materials that have high thermal conductivities is
particularly noticeable because both parameters affect the fs-
TTR signal on similar time scales.

For simulated fused silica, which has a «;™ that is 2 orders of
magnitude lower than silicon, the accuracy and reliability of the
model fit is more impacted by noise. Above the 2% noise level,
the model consistently yields values of ¢ that are higher than
the initially simulated value, as seen in Figure 3e. Despite the
overestimated average, however, the average fitted x;™ at the
same noise level is <5% below the simulated value. This is
because k2™ and ¢ become less correlated (more orthogonal)
in lower-k};" materials: as we show below, ¢ is more
determined by the early time part of the transient signal in
fs-TTR, while &3, is more reflected in the longer-time part of
the decay. We suggest only using data with <1% noise to
remain in the most accurate regime to fit the ;" and o of low
Ko materials.

Finally, for simulated polystyrene, a polymeric material with
an order of magnitude lower ;" than fused silica, even
relatively low (<1%) noise levels inhibit the ability of the
model to accurately extract o, as seen in Figure 3f. Like with
fused silica, however, the fitted 2™ is less than 1% different
from the simulated value below the 0.6% noise level and is less
than 10% different at the ~1% noise level. This observation
reinforces the idea that with fs-TTR, ;" and o become
increasingly decorrelated as the thermal conductivity of the
sample material decreases. This means that fs-TTR can obtain
accurate fitted values for k", even if it is difficult to reliably
extract ¢ due to high noise. If experimental data pertaining to
very low-k&™ (<1 W m™ K™') materials has too high of a noise
level (above 0.5%) to reliably determine 6, one may choose to
simply keep o as a preselected input value that is held constant,

as the choice of ¢ negligibly influences the fit of x};™. This
alternative approach, as mentioned above, is already the
standard when performing oscillator-type TDTR measure-
ments on very low-i;," materials.”* ™

Another way to show the dependence of the ;" and ¢
fitting parameters in the 1-D fs-TTR model is by calculating
sensitivity ratios. The sensitivity ratio (eq 14) quantitatively
reveals the influence that a specific parameter has on the model
fit with respect to the measured signal:

®x+Ax(tj) - ®x(tj) _ AG)x(tj) Ax -
) = o ( )

X (14)

where Sx(tj) is the sensitivity ratio of model parameter x at the
j™ time-step point and Ax is a small perturbation (usually
single percentages). We normalized the sensitivity ratios, which
are shown in Figure 4a—d, to allow better comparison of the
relative sensitivity ratios for each parameter for the different
simulated materials.

The sensitivity ratios we calculated using eq 14 show that, as
an absolute value, [S7™| increases as a function of fs-TTR delay
time for all simulated materials. This is very different from
oscillator-type TDTR, where IS;*™| peaks at early delay times
and then decreases as a function of time."”’™>" Additionally,
S¢™ (t) is negative in fs-TTR but is typically positive in
traditional oscillator-type TDTR."” This difference means
that, in fs-T'TR, a faster decay of the signal with time is directly
correlated with higher «3;™ values, so that longer delay times
are more important for fitting accurate values of k;," than
shorter delay times. This also means that fs-TTR provides less
sensitivity for lower-k;" materials due to shallower signal
decays, as is reflected in the S7'™ and S,, for polystyrene, both of
which are smaller in absolute value compared to materials with
higher heat conduction. However, as demonstrated in Section
4 below, with sufficiently low-noise data, we are still able to
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resolve both fitted values of ki, and o to reasonable certainties
for very low-x;" polymeric materials.

In the thermal model for fs-TTR, the sensitivities of the
thermal conductivity and volumetric heat capacity, Si™ and

sam Sam

¢ are equal because the ratio of ;7™ and ¢ is equal to a;;™,

as shown in eq 1. This fact means that fs-TTR requires C;"™ to
determine «5;", as is also the case for high-modulation-
frequency TDTR measurements.””> For example, the modu-
lated pump frequencies typically used in conventional TDTR
cause S to match SE™ as a function of probe delay time,"

although the sensitivities of the two 8parameters begin to
deviate below the 1-10 MHz regime.l'l Due to the nonzero
SE™ present in both fs-TTR and TDTR, any uncertainty in the

measured value of C;™ will be propagated directly to the
extracted fit values of k2™ and o.

Since the real-value sensitivity ratios Sy and S, are both
negative as a function of probe delay time in fs-TTR, an
overestimation of one parameter results in the other parameter
being underestimated, as shown by the spread of fitting results
for k3, and o in Figure S15 in the SI, as well as above in Figure
3. However, in conventional TDTR, an overestimation of k"
results in an overestimation in o, as shown by Jiang et al." This
is because there is a difference in the behavior of the sensitivity
ratios of the two methods: in conventional TDTR, S§§™ is a
positive value that decreases toward 0 over time and S, is a
decreasing value that turns from positive to negative as a
function of time,' whereas these ratios are both negative and
become more negative over time in fs-TTR.

We should note that both TDTR and fs-TTR share the
requirement of having well-characterized transducer properties
(L™, C** and x¥™') as model input parameters. This is
because the thermoreflective signals measured by both
methods are sensitive to the transducer properties, as shown
by the fact that the transducer property sensitivity ratio values
are on the same order or even larger than the sensitivity ratios
for ;" and 6. We provide a complete comparison of
sensitivity ratios in Figure S16 of the SI for fs-T'TR, while a
similar analysis for oscillatory-type TDTR has been presented
in work by both Jiang et al.”” and Zhang et al.**

Overall, our sensitivity analysis shows that the ability to
simultaneously extract both k;;™ and ¢ is robust with the fs-
TTR model. For fs-TTR, the fitting parameter ¢ has much
greater influence on the overall signal (larger sensitivity) than
K™ at early times (<1 ns), regardless of how well the system/
underlying material transports heat. ISg™| and IS/l are larger in
materials with higher «;;™ and o, whereas with lower thermal
conductivity materials, S, has a smaller magnitude, reaching its
plateau at earlier times. This results in IS;™ > IS, at longer
delay times for our simulated fused silica and polystyrene
systems. These differences, along with the fact that there are
fewer fitting parameters and input values that can contribute to
error, is what allows extracted values of k™ and ¢ from fs-TTR
to have similar or even lower uncertainty compared to
conventional TDTR, as demonstrated in Section 4 below.

4. EXPERIMENTAL VALIDATION OF fs-TTR USING
SAMPLES THAT SPAN FOUR ORDERS OF
MAGNITUDE IN THERMAL CONDUCTIVITY

To verify that the model developed in Section 2 and an
amplified laser can perform accurate thermal measurements,
we fabricated five samples that span 4 orders of magnitude in
thermal conductivity (~0.10 to hundreds of W m™ K™).

Simple bilayer (transducer/underlying material) samples of
silicon (Si), sapphire (Al,O;), and fused silica (SiO,) were
fabricated by evaporating 100 + 1 nm thick Al transducers
directly on top of the material (see Section S1.2 in the SI for
details). We also prepared thin-film, trilayer samples of
polystyrene (PS) and poly(methyl methacrylate) (PMMA)
by spin-casting these polymers onto silicon substrates followed
by evaporation of a 100 + 1 nm Al transducer (also see Section
S1.2 in the SI for details).

The fs-TTR experiments we performed pumped the Al
transducer at the 1.5 eV*”*® peak of the interband transition
and integrated the reflected white-light probe wavelengths over
the range 900—915 nm; the results are shown as the circles in
Figure S. We determined that the probe wavelength range of

1 o<
0.9+
o)
< 0.8f
E
0.7}
< — Model OData
K oet ® Ps
g ® PMMA
5 05 Fused silica
p= Sapphire
® Silicon
04+
0.3 5 .
10 10°

Time (ps)

Figure 5. Experimental fs-TTR signal traces for silicon (red), sapphire
(green), fused silica (aquamarine), PMMA (magenta), and PS (dark
blue) samples, each with an evaporated 100-nm-thick Al transducer.
The pump wavelength was 800 nm and the integrated probe
wavelength range was 900—915 nm. The pump/probe spot area ratio
was 70.5:1. The experimental data are the circles and the
corresponding model fits are the solid curves. The percentage noise
of each dataset, given in Table 1, was calculated using the RMS
residuals of the data and the final model fit, the same way as in Figure
3. fs-TTR traces that include the early probe time-delay window (not
included in model fits) are shown in Figure S9 in the SL The
minimized square residuals of the model fits are shown in Figure S12
in the SIL

900—915 nm was optimal for our setup due to a convolution of
the stability of the white-light continuum generated with our
laser at different wavelengths and the high thermoreflective
response of Al; we explore the use of this and other probe
wavelength ranges in Section S3.1 in the SI (see Figures S10
and S11). In Figure 5, each sample was measured at one spot
and the extracted values of the fitting parameters in Table 1 are
from a single measurement. Our integrated signals averaged
30 000 or 60 000 shots per data point for samples with x3;"> 1
W m™ K™ or 2™ < 1 Wm™ K™, respectively, across the
selected probe delay time window of 120 ps to 3 ns, with a
time interval of 10 ps between 120—200 ps and a time interval
of 100 ps between 200—3000 ps. This time window and data
point interval selection is identical to the simulated data
generated for the noise analysis of the thermal model discussed
above in Section 3.
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Table 1. Fitted Values of x;;" and o for Various Materials in Contact with Al Transducers Determined by Fitting the Data
Taken with fs-TTR Shown in Figure 5 to the Model in Section 2, along with Literature Values for These Same Materials

C™ Input
value Extracted K‘%im value
Material J em™ K1) refs (Wm™ K 1)°
Silicon (100) 1.66 18, 5§ 143 + 10
Sapphire (0001; || 3.09 16, 63, 64 414 + 14 3842
to c-axis)”
Fused Silica 1.65 18, 54, 70 1.31 + 0.0
PMMA 1.61 23, 24, 0.18(8) +
73-75 0.02(2)
PS 125 82, 83 0.15(3) +
0.01(7)

(W m™ K1)
130—152

1.27-1.39
0.18—0.22

0.14-0.16

Lit. K™ Lit. ¢
Extracted ¢° value Calculated
refs (MWm™2K"') (MWm?K") refs % Noise®
18, 19, 161 + 2 115-200 58—62 0.78%
56—58
65, 66 164 + 2 134—350 10, 16, 0.46%
67—69
20, 54, 136 + 9 100-150 20 0.52%
71, 72
23, 24, 30+ 4 No reports on Al/PMMA” 0.39%
73—81
24, 3547 ~20 82,84,85  0.41%
82—86

“The thermal conductivity anisotropy ratio range for sapphire in ref 65 was converted to values of K™ by assigning 35 W m™ K™ to the direction
perpendicular to the c-axis. “See section $6.4 in the SI for information on TBC measurements between PMMA and transducer metals other than
Al “This work; values were extracted from fitting the data in Figure S to the model in section 2.

The solid curves through the fs-TTR data points in Figure 5
are fits to the thermal model described in Section 2 (for all
model input parameters, see Table S1 of the SI), and the
extracted fit parameter values of ;" and ¢ for each material,
which are all consistent with values found in the literature, are
given in Table 1. We calculated the uncertainty (zerror)
pertaining to fitted k};" and o values using the covariance of
the Jacobian (which accounts for both noise in data as well as
how many unknown variables are parametrized in the thermal
model) from MATLAB’s Isqnonlin fitting algorithm. For
underlying materials with £2™ > 1 W m™ K™ and ¢ > 100
MW m™ K™, our errors in ™ and & are 3%—7% and 1%—
7%, respectively, which is an improvement over the 7%—12%
error typically found in traditional oscillator-type TDTR
methods.””®” In Table S4 and Figure S17 in Section S6.2 of
the SI, we perform a detailed error propagation analysis for the
fitted values of k5, and ¢ based on uncertainty in the fs-TTR
model input parameters. Additionally, we show in Table S5 in
Section S6.3 of the SI that the fitted values of k;™ and ¢ for our
samples are anticorrelated. Finally, we show in Figure S18 of
the SI that large deviations in the fitted values of «;;" for the
Al/Si and Al/sapphire samples only marginally changed the
fitted values of o, whereas for the Al/PMMA/Si and Al/PS/Si
samples, multiplicative changes in o cause &};" to change by
only a relatively tiny amount.

Our fs-TTR measurements on the very low-«5;" thin-film
polymer samples, PS and PMMA, yielded errors in &;," just
above 10%, which is comparable to conventional TDTR,>"%
and errors in o as high as 20%. However, our ability to
determine both parameters simultaneously at these uncertainty
levels is also an improvement over conventional oscillator-type
TDTR (where different modulation frequencies would be
required to achieve different thermal penetration depths that
are sensitive to the different parameters, effectively requiring
K" and o to be probed independently through separate
measurements). We also note that with the signal averaging we
implemented above, the noise percentage of our experimental
data (calculated using the RMS residuals of the data and the
final model fit) falls between 0.4%—0.8% for all five materials
(see Table 1); these noise levels are low enough to provide
very good fitting results based on the analysis in Section 3.

Silicon (cubic crystal structure) and fused silica (amorphous
SiO, network) are thermally isotropic bulk materials,**"’
which means that our measurements of k;,;" are numerically

equivalent to k measurements that involve heat transfer
through multiple axes of the material. On the other hand,
single-crystal sapphire is thermally anisotropic (k.. = k,, #
k..),"° " which means that our measurement results depend
on the orientation of the sapphire crystal. Here, we used a
crystal cut along the 0001 plane, so that the transducer surface
is perpendicular to the c-axis, meaning that our fs-TTR
experiments report only on heat transfer along the c-axis. In the
literature, k measurements of bulk sapphire fall between 32—38
W m™! K7L1O096491796 4nd the thermal conductivity
anisotropy ratio between the c- and ag-axes ranges from
1.08:1—1.18:1.°° Our k¥ measurement along the c-axis of
sapphire, 41.4 + 1.4 W m™" K7, is thus consistent with the
literature, as it is higher than reported bulk values by 10%—
20%, supporting the idea that our fs-TTR method is sensitive
only to 1-D vertical heat transfer.

To validate the efficacy of our 1-D model and the use of fs-
TTR on trilayer thin-ilm samples with low thermal
conductivities, we examined two amorphous polymeric
materials: PS and PMMA, shown as the blue and magenta
curves in Figure 5, respectively. As spin-cast thin-films, PS and
PMMA also display thermal anisotropy with in-plane thermal
conductivities that are greater than those in the cross-plane
direction.***”” Our extracted k™ values for both materials
fall well within error of values in the literature, as shown in
Table 1. Our fitted value for the ¢ of Al/PS interface, in the 30s
MW m™> K™, is slightly higher than literature values (~20
MW m™2 K),***> although variability in polymer surface
roughness and/or metal deposition conditions can change the
boundary conductance of metal—polymer interfaces by tens of
MW m™2 K™1*"**% To our knowledge, there is no reported
thermal conductance measurement for AI/PMMA (see Section
S6.4 in the SI for other studies performed on metal/PMMA
interfaces). However, our inclusion of PMMA as a sample to
compare to PS shows with fs-TTR, the k3" of polymeric thin-
films can be resolved down to hundredths of W m™" K™'. The
ability of fs-TTR to extract values for ¢ with <20% uncertainty
is a particularly notable result as our polymer films have
thicknesses that are ~10 times greater than their Kapitza
lengths, so that o would not be measurable in conventional
oscillator-type TDTR. Overall, fs-TTR allows ;™ and o values
to be extracted with equal or lower uncertainty compared to
conventional TDTR over at least four-orders-of-magnitude
range in thermal conductivity.
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Figure 6. Schematic of a standard amplified ultrafast laser transient absorption system that was modified to perform measurements of fs-TTR signal
in this work. The amplified laser beam is steered to a beam splitter to generate separate pump and probe beams. Both beams are steered into the
experimental unit, although the pump beam goes through an optical chopper that only passes every other pulse. The only change to the setup from
performing transient absorption is that the probe light is collected in reflection instead of transmission. Within the experimental unit, the probe
beam is steered onto a variable delay stage to control the time delay. The probe beam is also steered through a half wave plate—its polarization
relative to the pump beam is set to the magic angle (54.7°) and then focused into a sapphire plate to generate a white-light supercontinuum. This
white-light probe is then focused tightly onto the sample where it is overlapped with the center of the chopped large-diameter pump beam. The
transducer on the sample acts as a mirror to steer the probe beam through a focusing lens and into the multiwavelength detector. The signal is
collected as the difference between pump-on and pump-off spectra on consecutive laser shots.

5. EXPERIMENTAL DETAILS FOR fs-TTR

One of the main advantages of fs-TTR is that it can use a
standard amplified laser TA setup, where the only modification
required is to collect the signal in reflection rather than
transmission. We show a schematic of such a system in Figure
6, with specific details of our particular setup given in further
detail in Section S1.3 in the SI. As with many TA systems, our
amplified laser produces ~3 mJ pulses of ~40 fs duration at
800 nm at a 2 kHz repetition rate; the pulse energy and
duration are sufficient to allow the use of nonlinear optics for
generating other excitation wavelengths and for producing a
white-light supercontinuum for probing multiple wavelengths
simultaneously. The 800-nm output naturally generated by
amplified Ti:sapphire systems is perfect for heating aluminum
transducers as the interband transition for Al is located at 800

m.*”*¥ Additionally, the white-light probe in amplified
systems can be tuned to spectrally overlap with aluminum’s
optimally high thermoreflectance region located in the near-
infrared (850—1500 nm).””'%" The time between the pump
and probe pulses is controlled mechanically with a variable
delay stage, allowing for time delays of up to 3 ns in our setup,
which is still sufficient for TDTR even with low x5;™ materials,
as demonstrated in Section 4.

An important distinction between conventional TDTR and
the fs-TTR method we present is the way that signal is
detected. Conventional TDTR wuses a lock-in amplifier to
resolve both in-phase and out-of-phase signals at the chosen
MHz modulation frequency; the ratio of the signals (V,,/V,.)
yields a TDTR signal as a function of pump—probe delay."”
Conversely, fs-TTR directly measures the reflected probe
intensity for adjacent pump-on and pump-oft shots and the
signal directly measured is the change in reflectance, AR =
(Rpump on = Rypump o), as a function of pump—probe delay. The
low repetition rate of the pump pulse (which is optically

chopped at 1 kHz to be 50% of the probe repetition rate of 2
kHz) allows nearly every sample to return to ambient
temperature equilibrium between the pump-on and pump-off
probe pulses. The high energy of each pump pulse induces
large enough changes in reflectivity, with single AmOD signals,
that a lock-in amplifier is not necessary.

As mentioned above, the main advantage of having high
amplified pulse energies is that the pump spot size can be large
enough (many mm) to easily achieve 1-D vertical heat
transport, as modeled above in Section 2 and demonstrated
experimentally on both bulk (sapphire) and thin-film (PS and
PMMA) thermally anisotropic materials in Section 4. To
detect the point at lower pump/probe spot size ratios at which
heat transport can no longer be treated with the 1-D model
described in Section 2, we performed a series of TDTR
measurements with different spot size ratios, as shown in
Figure 7. Details of how we measured our pump and probe
spot sizes are given in Sections S2.1 and S2.2 of the SI (see
Figures S1—SS). For the measurements in Figure 7, we chose a
very low-k;," sample consisting of an Al transducer on thin-
film PMMA on a Si substrate and found that the best-
performing (largest signal) pump/probe spot area ratio was
70.5:1 (or 8.4:1 diameter ratio; red points in Figure 7). Since
this ratio yielded an accurate value of x;," for PMMA,”® we
performed fs-TTR using this ratio for each material studied in
Section 4. We also found that the 1-D amplified fs-TTR model
breaks down for the PMMA sample when the spot area ratio is
< 6.4:1 (or < 2.5:1 diameter ratio). The blue points in Figure
7 show that at this 6.4:1 spot area ratio, the fs-TTR signal
decays faster in time, producing an unphysically high fitted
value for ;,", compared to the measurement at the 70.5:1 spot
area ratio. Failure of the 1-D thermal model at smaller spot
area ratios is expected when the probe is large enough to
sample the thermal gradient caused by the Gaussian spatial
profile of the pump beam.
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Figure 7. Experimental fs-TTR traces of an Al/PMMA/Si sample
collected with different pump/probe diameter ratios; the red data are
taken at the best-performing (for high signal intensity and signal-to-
noise) diameter ratio of 8.4:1, whereas the blue data are taken using a
pump/probe diameter ratio of 2.5:1, where the probe is large enough
to experience nonflat portions of the Gaussian spatial profile of the
pump beam. Our fs-TTR thermal model, which assumes 1-D vertical
heat diffusion, can only fit correct values for 3, if the pump/probe
diameter ratio is >2.5:1. Note that the y-axis scale is highly expanded
so that the absolute signal differences seen are relatively small. In both
of these experiments, we pumped the Al transducer at 800 nm and
probed the reflected response integrated between 900 and 915 nm.
The pump diameter was fixed at 2952 pm and the diameter ratio was
controlled by changing the size of the probe.

Of course, the spot area ratio at which the 1-D model breaks
down will also depend on the thermal properties of the sample
being studied, as samples with faster in-plane heat transport
will need larger pump spot sizes. In Section S2.3 of the SI, we
derive a model that allows one to predict pump—probe beam
size ratios that are compatible with the 1-D thermal model
from Section 2:

2
(rprobe)

2 2
(rpump) + (rprobe) + Saradialtmax] (15)

)’z[

In eq 1S, y is the probe spatial averaging error fraction (i.e.,
the fraction of the temperature response being probed that is
not experiencing the maximum pump intensity), Torobe and
Toump are the 1/&* radii of the probe and pump beams,
respectively, O,g. is the radial thermal diffusivity of the
material/transducer being probed, and ¢, is the maximum
probe delay time. The larger the value of y, the worse the
induced error from the heat distribution being nonuniform in
the radial direction over the size of the probe.

As the probe beam is more tightly focused on the top of the
Gaussian profile of the pump beam, and thus more strictly
samples the peak power density of the pump, the value of y
decreases to 0. Our 1-D thermal model breaks down if the
probe: (1) becomes sensitive to lateral heat diffusion or (2)
begins sampling thermal gradients due to the Gaussian spatial
profile of the pump beam. If the pump spot radius is larger
than hundreds of micrometers, then the lateral heat diffusion
term, 8, tmap Will be small compared to (ry,y,)* and thus
will be negligible on the few-nanosecond time scale for
materials with @4y < 100 mm s~ Therefore, in the large

pump diameter regime, the probe spatial averaging error
fraction y is entirely dependent on the size of the probe beam.
In Figure S6 of the SI, we show that the probe spatial averaging
error fraction reaches the 10% threshold that we consider
acceptable for fs-TTR measurements at a pump/probe
diameter ratio of about 3:1. This is consistent with the
~2.5:1 breakdown diameter ratio that we observed exper-
imentally in Figure 7.

Another advantage of the low amplified laser repetition rate
is that it allows the bilayer thermal model in Section 2 to be
applied to thin-film (tens to hundreds of nanometers thick)
samples without having to consider heat flow into the
substrate. With the lack of pulse accumulation, a fs-TTR
experiment can be tuned to prevent heat from a single pump
pulse reaching the backside of the thin-film layer in a trilayer
sample by either controlling the film thickness or selecting an
appropriate probe delay time window. Ensuring that heat does
not reach the backside of a thin-film sample within the probe
delay window means that substrate effects will not influence
the observed signal decay. In Section S4/Figures S13a and
S13b of the SI, we show that, for very low-k;;" polymer
samples, a minimum thickness of only 50 nm is necessary to
prevent heat from reaching the substrate within the 3 ns probe
delay of our system. Higher «5;™ film samples will require larger
thicknesses, but as long as this is achieved, our bilayer fs-TTR
model does not require fitting the thermal boundary
conductance of the thin-film/substrate interface.

6. CONCLUSIONS

In summary, we presented a method for thermoreflectance
measurements that is designed around a standard amplified
ultrafast laser transient absorption system, rather than the
traditionally used oscillator-type system. fs-TTR provides the
same time resolution as traditional oscillator-type TDTR, but
the higher per-pulse pump energies and lower repetition rate
provide significant benefits in the thermal modeling in terms of
extracting the thermal conductivity and boundary conductance
from the signals. The high pulse energies of amplified lasers
allow for significantly greater pump/probe spot size ratios,
which makes the heat transport under the probed region
effectively one-dimensional, avoiding the need to incorporate
both vertical and radial heat diffusion into the model.
Furthermore, the use of a white-light probe allows the change
in thermoreflectance to be integrated spectrally across a
wavelength range, providing a signal-to-noise advantage that
helps compensate for the lower repetition rate. The low
repetition rate, however, provides the advantage that even thin-
film samples with very low « still have enough time to reach
ambient equilibrium before the next pump pulse, so that there
is no heat build-up due to pulse accumulation. This also
reduces the number of interfaces and material layers that need
to be thermally modeled in thin-film sample architectures.
To test the robustness of the simplified 1-D model for fitting
fs-TTR data, we simulated Gaussian-noise-embedded data for
a variety of materials with differing x5;™ and o across a range of
noise levels. The model allows simultaneous fitting of ;" and
o with an equal or lower uncertainty than conventional TDTR
because in fs-TTR, each of these parameters relies on distinct
probe time windows, as demonstrated by sensitivity analysis.
We also verified that the assumptions of the 1-D model are
easily met experimentally, and that we can readily measure
values of k3;" and ¢ for materials with values spanning over 4
orders of magnitude. Overall, we believe that fs-TTR, an
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experimental setup that can be constructed trivially from a lab
that is already setup to do ultrafast transient absorption
spectroscopy, provides a great alternative with potential
advantages over the oscillator-type version of this experiment.
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