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Abstract. Understanding heat transport on nanoscale dimensions is important for
fundamental advances in nanoscience, as well as for practical applications such as thermal
management in nano-electronics, thermoelectric devices, photovoltaics, nanomanufacturing,
as well as nanoparticle thermal therapy. Here we report the first time-resolved measurements
of heat transport across nanostructured interfaces. We observe the transition from a diffusive
to a ballistic thermal transport regime, with a corresponding increase in the interface
resistivity for line widths smaller than the phonon mean free path in the substrate.
Resistivities more than three times higher than the bulk value are measured for the smallest
line widths of 65 nm. Our findings are relevant to the modeling and design of heat transport
in nanoscale engineered systems, including nanoelectronics, photovoltaics and thermoelectric

devices.



Rapid advances in nanoscale manufacturing have enabled control, at the quantum level, of
the optical, electronic, and magnetic properties of nanostructures. Understanding thermal
transport in nanostructures is very important because the flow of information and energy are
often coupled [1, 2]. In particular, in the nano-electronics industry, transistors with gate
widths of 45 nm are already in production, and Moore’s law predicts still further reduction
every two years [3]. The rapidly shrinking scale of these devices, however, fundamentally
changes the way that heat is dissipated in nano devices. When the characteristic length scale
(L) of a heat source is much smaller than the mean free path of energy carriers (A1), heat flow
becomes ballistic, and the magnitude of the heat flux deviates significantly from the Fourier
law of heat conduction q = -k V/(T), that describes normal diffusive thermal transport [1, 2].
Heat conduction beyond the Fourier regime has been studied in a number of
experiments that demonstrated a reduction in thermal conductivity through nm-thickness
films, superlattices, nanowires and nanocomposites [1, 2, 4-9]. However, despite its strong
relevance to the practical issue of thermal management in nanoscale electronics [10],
nanomanufacturing [11] and nanoparticle thermal therapy [12], the nanoscale “heat sink”
problem (i.e. heat transport from a nanoscale heat source into its (bulk) surroundings) has
received much less attention. When heat flows from a hotspot with dimension smaller than
the phonon mean free path, the thermal energy phonon carriers travel ballistically away from
the source for a significant distance before experiencing collisions, leading to a non-local (i.e.
non-diffusive) thermal energy distribution [13, 14] (see Fig. 1A). The Fourier law is no
longer valid at such short length scales and over-estimates the actual heat flux [1, 14]. This
error can be corrected by including an additional thermal resistance, in a manner similar to
what is done to account for the ballistic constriction resistance of rarefied gas [15] and

electron flow [16]. Models of nanoscale heat flow have predicted such an increased thermal



resistance in the ballistic regime - however, there is currently very poor numerical agreement
between different models [14, 17, 18-21].

Since phonon mean free paths in materials are in the sub-micron range even in
extreme cases, experiments that address the question of ballistic transport from a nanoscale
heat source must necessarily involve heated nanostructures that are coupled to a bulk
substrate. The need for simultaneously high spatial and temporal resolutions make time-
resolved nanoscale heat transport measurements very challenging. Moreover, the heat flow is
expected to exhibit a size-dependent interface resistance, which has contributions from both a
bulk interface resistance and a ballistic component from the nanoscale heat source. Sverdrup
et al. used electrical resistance thermometry to measure steady-state temperature distributions
in a thin 5 pm silicon membrane near a 300 nm-wide highly doped silicon resistor and
observed a slight deviation from Fourier heat conduction at temperatures below 200 K [22].
However, since this experiment was not sensitive to interfacial thermal flow, it allowed a
limited comparison between experiment and theory. Interface thermal flow can be very
successfully measured on bulk length scales and in thin films using time-resolved optical
pump-probe methods [4, 23, 24]. However, the diffraction limit for the probe light limits this
technique to structures with dimensions on order of ~1 micron or greater.

In this work, we use ultrafast coherent soft x-ray beams, at a wavelength of 29 nm, to
directly and accurately measure the ballistic contribution to the transport of thermal energy
from a nanoscale heat source into its surroundings. The coherent short-wavelength beams —
with a wavelength more than an order-of-magnitude shorter than used in past experiments in
this area — were generated using a high-order harmonic generation process. In this
experiment, nanoscale nickel lines deposited on a transparent substrate (sapphire or silica) are
heated by a visible laser pulse, making it possible to heat a confined area (see Fig. 1). The

response (i.e. thermal expansion and acoustic response) is observed by monitoring the



diffraction of a coherent soft x-ray beam from the nanostructure. This allows us to observe
heat propagation through the interface and into the substrate. When the size of the interface
(L) is much larger than the phonon mean free path (A), our measurement yields the bulk
thermal boundary resistivity, as can be measured in a typical transient thermal reflectance
(TTR) experiment [4, 23, 24]. However, at the smallest line widths of 65 nm, the interface
dimension is much smaller than the phonon mean free path in the sapphire substrate (L <<
A = 120 nm). In this case, we measure an interfacial resistivity that is as much as three times
higher than the bulk value. In contrast, measurements of heat flow in nanostructures
deposited on fused-silica (with shorter mean free path A = 2 nm) yield no deviation from the
bulk thermal resistivity. This confirms that we have directly observed quasi-ballistic transport

of phonons in the sapphire substrate near the nanostructured interface.
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Fig. 1. Experimental setup for heat transport measurements through a
nanoscale interface. (A) Schematic illustrating the difference between
diffusive and quasi-ballistic interfacial transport. When the size of the
interface is less than the phonon mean path in the substrate, Fourier diffusive
heat transport breaks down. (B) Sample geometry showing IR laser
illumination and soft x-ray detection scheme. (C) Experimental geometry,
which uses an IR laser beam at 800 nm light to heat the nano-structure, and



soft x-ray beams at 29 nm to monitor the heat flow from the nanostructure into
the substrate.

Figure 1A illustrates the difference between diffusive and ballistic heat transport, while Figs.
1B and C show the sample geometry and overall experimental setup. Nickel lines with a
height of 20 nm and length 120 um, and with widths L varying from 65 to 2000 nm, were
fabricated onto a sapphire substrate using electron beam lithography and lift-off (at a fixed
duty cycle of 25%). An identical sample was prepared on a fused silica reference substrate,
which has a significantly shorter phonon mean free path (Aps~2 nm at room temperature,
compared with sapphire Ag,,,~ 120 nm). The nickel lines were first impulsively heated by
ultrafashort, 25 fs, pulses from a high-power Ti:Sapphire laser-amplifier system [25]. Pump
pulses at a wavelength of 800 nm and with an energy of ~15 uJ energy were focused to a
fluence of 2.5 mJ/cm?, in a spot ~5x the size of the nanostructured nickel sample to ensure
uniform heating. Only the nanostructure was heated due to the high transmission of the
sapphire and silica substrates to the 800 nm light.

To probe the heat flow dynamics between the nanostructure and substrate, an
ultrafast, coherent, soft x-ray beam was diffracted from the nanostructure at a varying pump-
probe time delays. The soft x-ray beam was generated through the high-order harmonic
generation (HHG) process [26, 27] by focusing ~1 mJ pulses from the Ti:sapphire amplifier
into a hollow waveguide filled with Argon gas. The resulting nonlinear interaction between
the intense laser pulses and the atoms in the gas generates odd harmonics of the driving laser
frequency. Absorption of the Argon gas and aluminum filters (used to block the residual
800 nm light) eliminate all but the 25", 27" and 29" harmonic orders, with a spectrum
peaked at 29 nm. The full spatial coherence and short wavelength of the soft x-ray beams
from the waveguide make it ideal for highly-sensitive interferometric measurements of

nanoscale surface deformation [29, 30]. Furthermore, the very short duration of the HHG
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pulses (sub-10 fs) [28] makes possible unprecedented temporal resolution for dynamics
experiments. The soft x-ray harmonics are refocused onto the sample using a grazing-
incidence toroidal mirror to a ~100 pm spot size. The reflected and diffracted HHG beams
from the nanostructure are then recorded using a CCD camera (Fig. 1B). We then record the
change in the soft x-ray probe diffraction signal as a function of delay after the IR heating
pulse, as shown in Fig. 2, for varying nickel line widths. The rapid oscillations in the signal
are due to surface acoustic wave (SAW) propagation in the nanostructure. Periodic surface
strain caused by the patterned heating generates the SAW; we confirm that this is the source
of the oscillations by comparing the measured frequency of oscillation with the Rayleigh
velocity for SAW propagation in the substrate [31]. The signal of interest here, however, is
the decay of the signal as the heat in the nickel nano-lines dissipates into the substrate. The
rate of this thermal decay depends on the thermal conduction of the sapphire and the thermal

energy transport rate across the interface between the nickel lines and the sapphire substrate.
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Fig. 2. Normalized dynamic soft x-ray diffraction signal for Ni linewidths of
A. 810 nm, B. 350 nm, C. 190 nm, and D. 80 nm on sapphire. The signal in
each case consists of a sharp rise due to impulsive laser heating, a thermal
decay due to interfacial thermal transport, and an oscillation due to surface
acoustic wave propagation. The best fit for the interface resistivity for each
linewidth is shown as a red line, while the blue line shows the fit obtained by
neglecting ballistic effects and simply using the bulk value. The difference
between the two fits increases with decreasing linewidths.

To interpret our results, we use an analysis similar to that used for transient
thermoreflectance (TTR) measurements of interfacial thermal resistivity [4, 23, 24]. In order
to extract the cooling dynamics of the nickel nanostructure from data shown in Fig. 2, we
used a multiphysics model including thermal transport, thermomechanics, and Fresnel optical
propagation. Thermal transport across the interface is determined by the boundary condition -
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dTs(z,t Tz, t) — Tu(z,y =0,1)
0hC; fd(t ) _ (T L )

: (1)
where pr and Cy are the density and volumetric specific heat in the film and Ty and T are the
time and position-dependent film and substrate temperatures. Heat propagation is modeled by

numerically solving the heat equation -

T, (z,y,t)

ot = asV2Ts(my U, t)

)
in the substrate beneath a single nickel line, using periodic boundary conditions to account
for the neighboring lines. Thermal expansion in the sapphire substrate Ahs is calculated from
the thermoelastic equation assuming a stress-free interface [32], which involves a weighted

sum over the temperature distribution at each point -

(1+V_,)asf f ydzdy
Ah,(zg) = 232 V2/% T(zy,
o) =2 TN Gy o

where o5 and vs are the diffusivity and coefficient of linear thermal expansion of the substrate.
Fresnel optical propagation and diffraction from the resulting surface profile gives the
relative signal contributions from the nickel lines and the substrate. We parameterize the
results of this numerical model in terms of a total boundry resistance rgp, and fit to the time-
resolved thermal decay data. We note that we use the resistivity (r, units m*K/W) rather than
the resistance (R, units K/W), since the latter depends on the contact area of the interface.

At large line widths, heat is transported by phonons that undergo multiple scatterings
on a length scale smaller than the dimension of the structure and therefore the Fourier
diffusive heat transport model fits our data very well. This assumption cannot be expected to
be valid when the dimension of the heated interface is comparable to the phonon mean free
path in the substrate. The reduced scattering events in this case means that the Fourier Law
over-predicts the heat flux (or under-predicts the resistivity), and therefore the heat transport
should be modeled including ballistic effects. Moreover, the non-local nature of the phonon

transport means that the temperature is not well defined near the interface.

8



To understand the nature of ballistic heat transport, we modified Chen’s model for
thermal flow between a nanoscale sphere and an infinite boundary [14], which calculated the
diffusive and radiative components of the flux, and then combined them to obtain the total
quasi-ballistic heat flux. In our case we implemented the model using a cylindrical geometry
and extracted the resistivity which is inversely proportional to the heat flux. The results,
shown in Fig. 3, illustrate the nature of the quasi-ballistic heat transfer effect. For large
linewidths, the Fourier law predicts an increasing resistivity and the ballistic resistivity is
negligible. However, for linewidths less than = 100 nm, the ballistic resistivity dominates.
Since our thermal model was based on Fourier diffusive heat propagation in the sample, we
introduce a corrective ballistic resistance r, with an appropriate A/L dependence, which is
extracted from the experimental data:

rep = rrBR +TB(A/L) (4)
Physically, ballistic heat transport would correspond to phonons traveling from the interface
and into the substrate without scattering on a length scale comparable or greater than the
dimension of the interface. In our analyses, we extract the total resistivity rgp from the fits to
our data. The bulk resistivity rrpg is extracted from the large linewidth measurements (L > 1
um), while the ballistic contribution rz given by the difference between the measured and

bulk values of the resistivity.
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Fig. 3. Predicted Fourier and ballistic resistivities for heat flow from a half-
cylinder. The total quasi-ballistic resistivity is the sum of the two components,
and the ballistic correction term rz 1s measured for the first time in this
experiment. The model is based on the spherical case discussed in Ref. 14

The fits to the data shown in Fig. 2 demonstrate that the measured interface resistivity
increases as the heated interface gets smaller. The extracted values of the thermal interface
resistivity for all linewidths deposited on both sapphire and fused silica substrates is shown in
Fig. 4. As expected, large-linewidth measurements on both samples yield the bulk values of
thermal interface resistivity r7zg, as shown by the horizontal dashed lines in Fig. 3. Heat
transport measurements from nanostructures into the fused silica substrate for small
linewidths show a small deviation from rzzg. This is because the phonon mean free path in
fused silica Ars~2 nm is much shorter than the smallest nickel linewidths. However, in the
case of heat transfer from nanostructures deposited on sapphire substrates, the extracted
values of the interface resistivity are much higher than the bulk value at the smallest
linewidths— more than three times higher than the bulk value. The blue dotted and red
dashed lines in Fig. 4 show the predicted resistivity values rg (proportional to A/L) based on
Eqn. 4 for phonon mean free paths of Az =2 nm and 45, = 120 nm, in excellent agreement

with average phonon mean free path estimates for fused silica and sapphire.
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From our data we can conclude that high harmonic based pump-probe has sufficient
time and spatial resolution to measure the transient thermal behavior, including the surface
acoustic wave propagation of a patterned nanostructure and that the thermal interface
resistivity increases as the nanostrcture characteristic length shrinks below the mean free
phonon path length of the substrate. Our quantitative measurement of the ballistic resistivity
surrounding a nanoscale heat source is particularly significant for nanoelectronics,
thermoelectrics and photovoltaics because the strength of the ballistic resistivity is
proportional to the Knudsen number 4/L. Therefore, ballistic effects are expected to get even
stronger for silicon substrates with even longer mean free paths (4s; ~ 250 nm) and must be

included in heat sink models.
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Fig. 4. Measured thermal interface resistivity for nickel nanostructures of
width L on fused silica (blue hollow dots) and sapphire (red solid dots)
substrates. The blue dotted and red dashed curves show model predictions
assuming Ars =2 nm and Ag, = 120 nm, respectively.
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In summary, we have observed the transition from diffusive to quasi-ballistic heat
transport from nanoscale interfaces into a substrate. Quasi-ballistic heat transport dominates
when the dimension of the interface is smaller than the phonon mean free path in the
substrate. We measured the interfacial ballistic resistivity for various linewidths and found
that for linewidths of order or less than the phonon mean free path in the sapphire substrate,
the quasi-ballistic interface resistivity can be up to three times higher than the bulk value. Our
data is in excellent agreement with analytical models that combine ballistic and diffusive
contributions to the thermal transport, providing reliable benchmark nanoscale resistivity
measurements for the numerical models. These experiments advance understanding of heat
transport fundamentals, and are important for the design and manipulation of nanoscale
thermal transport in circuits, thermoelectrics, photovoltaics and other structures of interest in

nanotechnology.
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