Measuring the thermal properties of anisotropic materials using
beam-offset frequency domain thermoreflectance

Mizanur Rahman?, Mohammadreza Shahzadeh?, Philipp Braeuninger-Weimer?, Stephan Hofmann3, Olav
Hellwig*°, Simone Pisana®%"

1. Department of Physics and Astronomy, York University, Toronto, Canada

2. Department of Electrical Engineering and Computer Science, York University, Toronto, Canada

3. Department of Engineering, University of Cambridge, Cambridge, United Kingdom

4. Institute of Physics, Chemnitz University of Technology, Chemnitz, Germany

5. Institute of lon Beam Physics and Materials Research, Helmholtz-Zentrum Dresden-Rossendorf,

Dresden, Germany

*. Corresponding author: simone.pisana@lassonde.yorku.ca

Thermoreflectance techniques have become popular to measure the thermal properties
of thin films such as thermal conductivity and thermal boundary conductance (TBC).
Varying the focused spot sizes of the beams increases the sensitivity to in-plane heat
transport, enabling the characterization of thermally anisotropic materials. However,
this requires realignment of the optics after each spot size adjustment. Offsetting the
probe beam with respect to the pump beam and modulating over a wide range of
frequencies (5 kHz to 50 MHz) yields better sensitivity to the thermophysical properties
of anisotropic materials without varying the spot sizes. We demonstrate how beam-
offset frequency domain thermoreflectance can be used to measure the in- and out-of-
plane thermal conductivity as well as the TBC simultaneously from a single data set by
working at reduced spot sizes. Lowering the laser spot size allows us to detect signals
over a wide range of frequencies and use larger beam offsets, thanks to the increase in
the thermoreflectance signal. We measure the anisotropic thermal properties of a range
of materials, including single layer Graphene on SiO,, which is of interest for novel
electronic devices.

Introduction

Thermophysical properties of thin film materials are of great importance for thermal management in
devices including transistors, lasers, sensors and plasmonic structures. Fundamentally, conductive heat
transfer mechanisms at submicron length scales are still not completely understood, as they can involve
non-equilibrium phenomena, multiple energy carriers, and are difficult to probe. In order to measure
the thermal properties of thin films, optical pump probe methods including time-domain

)12 )*>*> are well recognized®.

thermoreflectance (TDTR)"* and frequency-domain thermoreflectance (FDTR
TDTR measures the temperature on the surface of a sample as function of the temporal delay between
ultrafast pump and probe pulses, whereas FDTR measures the thermal lag on the surface of a sample
with respect to the imposed heat flux from a modulated laser source. Both methods measure the
surface reflectivity with a probe beam, which is related to the surface temperature through the principle
of thermoreflectance. FDTR does not require the use of ultrafast lasers, electro-optic modulators and
long optical delay stages, which makes it cost effective and simpler to implement. In both methods, the

measured response is used to extract the thermal properties of the sample by fitting it to the solution of



the diffusive heat equation®?. When the transport is non-diffusive, the model can either be interpreted
to yield the effective property of interest, or be coupled to other models, such as the two-temperature
model’. Typically thermoreflectance techniques are sensitive to out-of-plane thermal properties, but
this is not a limitation when dealing with thermally isotropic materials.

2D layered materials are attractive candidates for device applications due to their unique combination
of electrical, thermal and optical properties, and the great flexibility they provide in the creation of
complex heterostructures®®°. Their intrinsic thermal properties are highly anisotropic and are still being
investigated!'3, In spite of the high thermal conductivity commonly observed along the basal plane of
2D materials, out-of-plane thermal transport across a metallic contact or an insulating support is
typically poor'*®8, leading to heat dissipation bottlenecks in electronic devices. Hence the investigation
of heat transport in device-like structures is especially important.

The determination of the in-plane thermal conductivity of some anisotropic materials has been
demonstrated using FDTR'* and TDTR®. However, in order to increase the sensitivity to in-plane heat
transport, the spot size of the beams needs to be varied’®, which requires the realignment of the optics.
This can be a tedious task in systematic studies, and the accuracy obtained when performing a global fit
to a spot size-dependent data set, which is necessary to obtain self-consistent results, is reduced by the
overall experimental error. Alternatively, collecting data over a wide range of modulation frequencies
also improves the sensitivities to in-plane transport, as this becomes important at relatively high
frequencies (~10 MHz). Beam-offset approaches, where the pump and probe beams are no longer
coaxial, also increase the sensitivity to in-plane heat transport by directly sampling the surface
temperature of the sample in the radial direction?. To obtain a more complete picture of the heat
transport, the in-plane and out-of-plane thermal conductivities as well as the thermal boundary
conductance (TBC) of these materials should be measured. Therefore, combining different approaches
that increase the sensitivities to the various parameters of interest, as well as enriching the data sets by
increasing the number of independent measurements, can provide a sufficiently complete data set to
extract these unknowns simultaneously. Despite the importance of in-plane heat transport in 2D
materials, there are only a few reports that demonstrate the determination of anisotropic thermal

351% or on beam

conductivity using FDTR*>%2°, These rely on either working with small spot sizes
offsetting?®. However, if the experimental parameters are not associated with sufficiently high
sensitivities, or the measurements do not span a sufficiently wide parametric range, the results can be

plagued with relatively large error bars®.

In this paper, we present a beam-offset FDTR (BO-FDTR) approach in which we combine the schemes
outlined above in order to measure the thermal conductivity anisotropy and TBC from a single data set
obtained at multiple beam offsets. We employ small spot sizes and modulate the pump beam over a
wide range of frequencies up to 50 MHz. At high frequencies the signal to noise ratio is typically very low

due to the thermal response of the sample (proportional to f~1/2

, Where f is the modulation
frequency), and the presence of coherent RF noise. The maximum reported modulation frequency in
FDTR is 50 MHz for a coaxial geometry!?, though the use of heterodyne measurement techniques have
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extended detection frequencies to 200 MHz>*". In BO-FDTR, the maximum reported modulation

frequency is only 6 MHz because the signal strength further decays when the probe beam samples only
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a portion of the thermal footprint given by the pump beam?. Here, we use spot sizes of about 1.4 um,
which yield high enough signals to allow measurements up to 50MHz at large beam offset values
without the need of heterodyne measurement techniques. The coherent RF noise at high modulation
frequencies can be reduced when necessary by taking reference noise measurements concurrently and
subtracting the noise from the thermal signal, avoiding more complicated techniques such as
heterodyning®. This approach allows us to reach large offsets above 1.4w (where w is the root-mean-
square (RMS) beam radius at 1/e?).

Modeling and sensitivity analysis

The diffusive heat transport modeling framework used to determine the thermophysical properties of
layered materials from thermoreflectance measurements is well established®*!°. Here we only briefly
outline the salient points that are more specific to BO-FDTR. The temperature fluctuation detected by
the probe beam is given by 12

AT(f) =5 [ G(f, )P()S()kdk (1)

where P(k) and S(k) are the Hankel transforms of the intensity profiles of the Gaussian pump and
probe beams, A; is the total intensity of the sensing beam, and G(f, k) is the Hankel transform of the
frequency domain solution of the heat equation in multilayered media, with k being the Hankel
transform variable. G(f, k) is obtained iteratively using the thermophysical properties of all the layers
comprising the sample, namely the thickness t, volumetric heat capacity C, and cross-plane and in-plane
thermal conductivities K; and K;'°. Thermal boundaries are modeled as layers having t =1 nm,
negligible heat capacity and equivalent K, = ht, where h is the boundary conductance®. The pump
beam is expressed as!
P(k) = A, exp (ﬂ) 2)
where A, and w,, are the total intensity and spot size of the pump beam. In the case of coaxial pump
and probe beams the expression for S(k) is equivalent to P(k). In the case of sensing with an offset
probe beam, S(k) is defined as?

st = oo [(5) (5[ 2R (290 () g

where, x, is the offset between pump and probe beams, w; is the probe spot size and [,,(x) is defined

recursively as

1

s () = =2 [(@223 = ) () + (5 = 22) 1,60 + 5 1 () (4)

where [, (x) and L;; (x) are the first and second derivative, respectively of 1,,(x), and [, = 7.

We note that this model considers only diffusive heat transport. Small spot sizes and high modulation
frequencies can lead to non-diffusive (quasi-ballistic) heat transport. Non-diffusive heat transport can
take place when the heat carrier’s mean free path becomes comparable with, or exceeds, the pump



spot size or the diffusive heat penetration depth £ = \/WZZ'B. Predicting when a departure from
diffusive transport occurs can be complicated, as non-diffusive transport may take place
anisotropically??, according to heater geometry?3, or depend on the nature of the interface between two
materials?*. Analysis of experimental data in which non-diffusive transport takes place using a model
that only considers diffusive heat transport often leads to obtaining thermal conductivities that fall
below that of bulk values or frequency-dependent thermal properties. Therefore, care must be taken in
interpreting the results of experiments when non-diffusive transport may take place.

The sensitivity to measurements to the parameters of interest, such as K, , K and TBC depends in a
complex way on the thermophysical properties of the layers comprising the sample, and insight on
which property can be determined through measurement can be obtained by analysis of the
measurement sensitivity as described below. For the case of a high thermal diffusivity thin film on a
thermally isotropic bulk medium, sensitivity to measuring K, is enhanced at low modulation frequencies
and large spot sizes, given the 1D out-of-plane isotherms obtained in this regime??®. On the other hand,
at high frequencies and small spot sizes, the isotherms are more spherical and the heat transport is
more 3D, allowing for the determination of K|. The sensitivity to in-plane transport will be further
enhanced when the thermal diffusivity of the substrate is much smaller than that of the thin film,
leading to 2D in-plane transport. In most cases, sampling the in-plane transport will be enhanced when
the pump and probe beams are offset.

The sensitivity of the measured phase signal 8 (the phase of the complex temperature in eq. 1) due to a
change in parameter x is defined as

S = do (5)

dlnx

We considered at first a simple Al/Graphite system for sensitivity analysis as shown in figure 1 using the
input values from table I. The sensitivity of the measured thermal phase signal due to various thermal
parameters of a nominal Al/Graphite sample is shown in figures 1(a) and 1(b), for the concentric and 2
um beam-offset cases, respectively, using an RMS spot size of 1.4 um. By comparing the sensitivities at
different offset values, we can determine that there is a high sensitivity to the anisotropic thermal
conductivity of Graphite over a wide range of frequencies, as well as the TBC of Al/Graphite. These three
parameters are distinguishable due to their dissimilar spectral sensitivity as the beam offset is varied.
The sensitivity to K| is enhanced at lower frequencies with respect to K; when the beams are offset,
since the heat will diffuse with a longer thermal penetration depth in the radial direction where the
probe beam can detect it. This is a common feature of BO-FDTR sensitivity curves. Without beam-
offsetting, lateral heat spreading would only be sampled by the periphery of the probe beam, where the
light intensity is low and the detected thermal phase changes by a small amount. Figures 1(c) and 1(d)
show the sensitivities of the thermal phase signal to the in-plane thermal conductivity and out-of-plane
thermal conductivity of Graphite, respectively, as the beam offset is varied from 0 to 2 um. As shown,
larger beam offsets comparable to the spot size are desirable to significantly increase the sensitivities to
the in-plane transport.

Sample preparation



Graphene was synthesized by chemical vapor deposition (CVD) using Cu as catalyst and the subsequent
transfer to SiO,/Si substrates was performed using PMMA (poly(methyl methacrylate)) as a support and
FeCls chemical etching to remove the Cu?’. Sapphire crystals (Crystech) were annealed in an oxidizing
atmosphere before transducer deposition. A clean surface of highly-ordered pyrolytic Graphite crystals
(SPI Supplies) was obtained by exfoliating the top layers with adhesive tape before transducer
deposition. Al transducers were deposited by thermal evaporation or sputter deposition. White light
interferometry or X-ray reflectivity was used to determine layer thickness, and 4-point probe electrical
measurements for thermal conductivity via the Wiedemann-Franz law, respectively. The Al transducers
for the Graphene and Graphite samples were 52 and 59 nm thick, respectively, and had thermal
conductivities of 35.5 W/mK and 33 W/mK, respectively. These values may have been affected by small
grain sizes and the presence of residual oxygen in the deposition chamber. We compared the results
presented below with another Graphite sample having an Al transducer deposited elsewhere with
thermal conductivity of 80 W/mK and obtained identical results within the experimental error. The Al
transducers for the Sapphire samples were 55 nm thick and had a thermal conductivity of 170 W/mK.

Experimental setup

The experimental setup of BO-FDTR is shown in figure 2; it is based on two CW lasers operating at 515
nm (pump) and 785 nm (probe). Al transducers are used due to the high coefficient of
thermoreflectance at the probe wavelength. The pump laser is directly modulated through its analog
input and focused onto the surface of the sample using a 40X objective, whereas the probe beam
remains unmodulated. Both beams pass through optical isolators to prevent back reflections into the
lasers. A polarizing beam splitter (PBS), in conjunction with a quarter wave plate (QWP) maximizes the
amount of light reaching the detector. To offset the probe beam, we use an actuator to steer a mirror.
Care must be taken to ensure that the reflected probe beam is not cropped by optical elements in the
sample-to-detector trajectory, and that it remains centered on the photodetector. Proper optical
alignment and a focusing lens before the detector mitigate these issues. Alternatively, the pump beam
can be steered with respect to the static probe’s position.

After the absorption of the modulated pump beam, the periodic heat flux causes the surface
temperature to change periodically at that frequency, but with an additional thermal phase 6.;.rmai-
Similar to other FDTR measurements we compare two measurements to extract the desired thermal
phase from additional instrumental contributions that make up the measured phase. We refer to the
first measurement as the thermal measurement (6,), performed by detecting the probe beam, and the
second as the reference measurement (8,), performed by detecting the pump. Two optical band pass
filters are used to separate the pump and probe beams before the photodetector. The contributions to
the two FDTR measurements are: 60; = Otnermar + Oopticar T Oetectricat + Orefernce and 0, =
Ooptical T Oetectricar T Oreference- Therefore, Oipermar = 61 — 02, since both signals travel through the
same optical and electrical paths.

Given that we work with small spot sizes, the accurate determination of spot sizes and beam offsets is
critical to reduce sources of experimental error. Beam offsets and spot sizes are first characterized by



razor profiling using a piezoelectric stage. Pump and probe spot sizes are comparable, with w = 1.4 um.
However, since the focal position may vary slightly every time a sample is repositioned, we find that
sufficient accuracy is obtained only when the spot sizes are determined at the focal position where a
measurement is to be made. This is achieved by offsetting the probe beam with respect to the pump at
high modulation frequencies to measure the combined response to the thermoreflectance signal, and
finally fitting the obtained profile to a Gaussian curve to extract RMS spot sizes.

Results

We have measured the thermal properties of several anisotropic samples by modulating over a wide
frequency range from 5 KHz to 50 MHz, and fit K, , K and TBC concurrently at 2 um beam offset. All of
the fitted results in this work are summarized in table Il. The experimental data for Al/Graphite with
fitted analytical solution is shown in figure 3(a). The figure also shows the result of the model in the
absence of the thermal boundary at the Al/Graphite interface, which shows a deviation from the data
mirroring the shape of the sensitivity curve for TBC in fig 1(b). The fit yielded K,=8+2 W/mK,
K;=1,337+176 W/mK and the TBC of Al/Graphite of 41+5 MW/m?K. These values agree well with
literature data®!%?®. We check that there are no dependencies among the fit parameters by operating on
the Variance-Covariance matrix. Note that all error bars indicated in this work are the standard errors
obtained from the goodness of fit, and do not incorporate the propagation of uncertainties in the
parameters that were held constant during the fit. To improve the standard error of the fit while
maintaining self-consistent results, we concurrently fit measurements obtained at multiple offsets as
shown in figure 3(b), yielding K, =6.5+1 W/mK, K;=1,455+148 W/mK and TBC=47+1 MW/m?K. As can be
seen in figure 3(b), the thermal phase lag increases with increasing beam offset value, as indicated in the
sensitivity curves of figure 1, in which all sensitivities are positive and increase with beam offset, i.e.
given a set of thermal parameters, increasing the offset increases the change in thermal phase.

Similar measurements were performed on c-plane, a-plane and r-plane Sapphire to extract the
anisotropic thermal conductivity and TBC. Sapphire is anisotropic with a larger thermal conductivity
along the c-axis, the value depending on the level of impurities in the crystal. The sensitivity curves in
figure 4(a) show frequency dependencies for the thermal parameters of interest to be quite distinct
from each other and increasing with beam offset, indicating that each parameter can be individually
determined. The data of figure 4(b) shows the development of a saddle point before 10 MHz for larger
beam offsets, mimicking the increase in sensitivities of opposite sign for K and the TBC. There is a slight
feature in our data at 5 MHz which coincides with the onset of coherent RF noise correction (which is
performed for this sample at frequencies higher than 5 MHz). Our results for c-plane Sapphire, figure 4,
show a larger K,=50+1.2 W/mK as expected, the value being comparable to that obtained for high-
quality crystals®®3°, On the other hand, the values obtained for the a-plane and r-plane on two other
crystals (Table Il) do not show an appreciable anisotropy, as expected, since the in-plane and out-of-
plane conductivities for these crystal planes are not aligned along the c-axis. The values of TBC of
Al/Sapphire are in line with earlier reports®, and indicate a lower conductance across the Al/r-plane
interface, which is consistent with lower sound speeds recorded for this crystal face3!. Lower sound



speeds indicate a flatter acoustic phonon dispersion relation, which dominates the contribution to the
TBC.

Finally, we present the in-plane thermal conductivity measurements of single layer CVD Graphene
(figure 5). The sample structure is Al/Graphene/Si0,(296nm)/Si. The possibility of measuring the
presence of monolayer Graphene between Al and the SiO,/Si support is demonstrated in figure 5(a)
where data in a region of the sample without Graphene is compared with a region with Graphene,
yielding an appreciable difference as high as ~5°, well above the noise of the measurement. Figure 5(b)
shows the sensitivity to measuring the K of Graphene and the TBC of the combined Al/Graphene/SiO,
interface. Given the large anisotropy in Graphene favoring in-plane transport, the presence of the
underlying thick, low-conductivity SiO, layer beneath it enhances the ability to assess Kj. From the
region where no Graphene was present we determine the TBC at the Al/SiO; interface (92 MW/mZ3K)
and at the SiO,/Si interface (28 MW/m?2K), then we fix the TBC at the SiO,/Si interface and all other
parameters to fit K; of Graphene and the combined TBC across the Al/Graphene/SiO; interfaces by
performing beam-offset measurements at different locations of the sample (figures 5(c) and 5(d)). The
TBC values at the Al/SiO2 and SiO,/Si interfaces are consistent with those of other reports!>?>3%33, We
model the Graphene layer as having a thickness of 0.35 nm and negligible out-of-plane thermal
resistance, and treat this together with the TBC of Al/Graphene and the TBC of Graphene/SiO,. The TBC
across Al/Graphene/SiO; fit from the data at 9 different locations is 28+0.5 MW/m?ZK, in line with other
measurements?*3*, This can be decomposed into a contribution of 47 MW/m?K for the Al/Graphene
interface (approximated from the TBC of Al/Graphite measured here), and 69 MW/mK for the
Graphene/SiO; interface, in accordance with literature values'**. The average value for K| of Graphene
obtained over 9 locations across the sample is 707+39 W/mK, which is very similar to the values

reported in the literature for supported Graphene!#3637

. In all cases referenced, the single layer
Graphene was supported on SiO,, whereas in the work by Yang the Graphene was also covered by Al or
Ti*. It's interesting to note that our reported value for K| is in line with the literature in spite of the fact
that the Graphene in this work was obtained by CVD growth, rather than mechanical exfoliation from
Graphite. The similar values among these studies suggest that K in supported Graphene is
predominantly limited by phonon scattering induced by the SiO; substrate, rather than grain boundary
scattering within the Graphene layer or the presence of a metallic top layer. This is supported by Yang's
observation that K| was independent of Al or Ti contact metal', and their estimate that for K;~700
W/mK the phonon mean free path in Graphene is ~55 nm. This is substantially lower than the crystal
domain size of 10-25 um for the CVD Graphene sample used here or the flake sizes in the references
cited, supporting the argument that the phonon mean free path is dominated by scattering induced by
the SiO; substrate.

The results obtained here for Graphene demonstrate how BO-FDTR can be effective in determining K| in
substrate-supported 2D materials, which is typically challenging. We note that by beam-offsetting and
high-frequency measurements we markedly reduced the uncertainties of the derived values. Yang’s
FDTR approach did not use beam-offsetting, and given the lower sensitivity in the coaxial geometry, it
relies on a large number of measurements to reduce the statistical uncertainty of the derived values.
Other techniques that have been used to determine the K| in supported Graphene include suspended



microbridge geometries that are not amenable to systematic studies®®, or Raman/IR thermometry that
do not independently measure the TBC'®**3° which affects the value and uncertainty of K.

Conclusions

We have measured the in-plane, out-of-plane thermal conductivity and TBC simultaneously over a large
range of thermal conductivity values (~5 W/mK to ~1,500 W/mK) in anisotropic samples. High
sensitivities are obtained by modulating at high frequencies even at large beam offsets. We note that
modulation frequencies of 50 MHz while at an offset of 1.4 times the spot size are the largest reported
for beam offset FDTR and facilitate measurement of in-plane transport. The proposed approach to
assessing the thermal properties of anisotropic materials will be helpful for device applications that take
advantage of the promising qualities of emerging 2D materials.
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Tables

Table I: Nominal values for fitting and sensitivity analysis. Thickness values are obtained by white light
interferometry or X-Ray reflectivity. The K for Al is assumed isotropic and determined by four point probe. *:
the value of K for Al for these samples may have been affected by small grain sizes and the presence of
residual oxygen in the deposition chamber. Blank values indicate a property that was obtained from fits to the

experimental data.

Property Graphite Sample Graphene Sample Sapphire Samples

Thickness of Al (nm) 59 52 55

C,of Al (MJ/m3K) 2.42% 2.42% 2.42%

K, of Al (W/mK) 33% 35.5% 170

K, of Al (W/mK) 33* 35.5% 170

C, of Substrate (MJ/m3K) 1.6% Si0,=1.59%, Si=1.64* 3.03%

K, of Substrate (W/mK) 5.7% Si0,=1.32%, Si=145% -

K Substrate (W/mK) 1950%° Si0,=1.32%, Si=145% -

TBC of Al/Substrate (MW/m?K) 50% - -

Table II: Measured values for different anisotropic samples. *: the error bar here represents the confidence
interval obtained from 9 measurements. 1: the TBC in this case is that of the Al/Graphene/SiO; structure.

Sample K, (W/mK) | K, (W/mK) | TBC with Al (MW/m?K)

Graphite 6.5+1 1,455+148 47+1
c-plane Sapphire

P PP 50+1.2 35+0.6 13443
a-plane Sapphire

P PP 39+2 37+1.1 167+11
r-plane Sapphire

P PP 41+2 37+1.2 11844
Single layer Graphene 707+39* 28+0.57
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Figure Captions

Figure 1: (a) and (b) depict the sensitivity of the measured thermal phase to changes in various parameters at 0 um
and 2 um beam offsets respectively, (c) and (d) show the sensitivities to in-plane and out-of-plane thermal
conductivity of Graphite, respectively, for several values of beam offsets.

Figure 2: Schematic diagram of Beam-Offset FDTR.

Figure 3: (a) Experimental phase data (symbols) with fitted analytical solution (solid lines) of the Al/Graphite
sample at 2 um beam offset. For comparison, the dashed line is the model prediction for the same structure, but
without the TBC present at the Al/Graphite interface. Panel (b) shows aggregate data and global fit using 3 beam
offset values: 0 um (black), 1.5 um (red) and 2 um (navy).

Figure 4: (a): Sensitivity to K, K|, of c-Sapphire and TBC across Al/c-Sapphire interfaces, for several values of beam
offsets. (b) Experimental phase data (symbols) with fitted analytical solution (solid lines) for the Al/c-Sapphire
sample. The beam offset values were 1 um (black), 1.5 um (red) and 2 um (navy).

Figure 5: (a) Experimental phase data at 0 um beam offset for the Al/Graphene/SiO,/Si sample on an area
containing Graphene (black symbols) compared with an area that does not contain Graphene (red symbols). (b):
Sensitivity to K| of Graphene and TBC across Al/Graphene/SiO; interfaces for the Al/Graphene/SiO,/Si sample, for
several values of beam offsets of 1 um (black), 1.5 um (red) and 2 um (navy). (c): Experimental phase data
(symbols) with fitted analytical solution (solid lines) for the Al/Graphene/SiO,/Si sample. The beam-offset values
were 0 um (black), 1 um (red) and 1.5 pm (navy). (d): K of single layer Graphene for the structure
Al/Graphene/SiO,/Si extracted from different locations in the sample.
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