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ABSTRACT: Enhancing thermal energy transport across
solid interfaces is of critical importance to a wide variety of
applications ranging from energy systems and lighting devices
to electronics. Nanoscale surface roughness is usually
considered detrimental to interfacial thermal transport
because of its role in phonon scattering. In this study,
however, we demonstrate significant thermal conductance
enhancements across metal−semiconductor interfaces by as
much as 90% higher than that of the planar interfaces using
engineered nanostructures fabricated by Au nanoparticle
(NP)-assisted lithography, where self-assembled Au NPs are used as an efficient etching mask to pattern solid substrates
over large surface areas. The enlarged interfacial contact area due to the presence of nanostructures is the main reason for the
significantly enhanced thermal transport. It is further demonstrated that the conductance can be systematically tuned over a
wide range through the use of the Au NP self-assembly process that is regulated by a sacrificial Sb layer whose thickness
determines the size and density of the nanostructures produced. This strategy is tested on two technologically important
semiconductors, Si and GaN, and their interfacial thermal conductance with Al being measured using the time-domain
thermoreflectance technique. Moreover, the nanostructured interfaces can maintain the enhanced conductance for a
temperature range of 30−110 °Cthe operating temperatures commonly experienced by energy, lighting, and electronic
devices. Our results could provide a wafer-scale and low-cost strategy for improving the thermal management of these devices.

KEYWORDS: thermal management, thermal boundary resistance, Au nanoparticles, low-cost lithography,
thermal transport enhancement, nanostructures

1. INTRODUCTION

Manipulating charge transport using nanoscale multilayered
structures has fundamentally improved the performance of
energy, optical, and electronic devices. In electronics, this is
also accompanied by the miniaturization of transistors and
their ever-increasing number density,1,2 which leads to
unprecedented high-power density. The large number of
interfaces in the multilayer structures present large thermal
resistances to heat dissipation from the channel region to the
external thermal package,3−5 adversely impacting the device
performance and reliability.6,7 For example, power electronics
can now reach a power density as high as 1 GW m−2,5,8,9 a
value that exceeds the energy flux at the surface of the sun. The
resultant temperature rise at the device channel can be over
100 °C, where half of it is caused by the thermal boundary
resistance (TBR) of the interfaces.8,9 This leads to the
decrement of the drain current level or the on/off ratio,
critically degrading device performances.5 Researchers and
industries are searching for a new strategy to cope with
extremely high heat flux, especially in power electronics. One
of the strategies involves completely etching away the substrate

on which GaN is grown and then growing high thermal
conductivity materials (e.g., CVD diamond) on the back side
for better thermal management.10 It has been estimated that
the diamond−GaN interface can contribute up to ∼50% of the
total thermal resistance of the whole device.8 Minimizing this
interfacial thermal resistance is thus imperative. There are also
different metal−semiconductor interfaces at the metallization
surface, electrode contacts, and thermal vias, where interfacial
thermal transport is important for device thermal management.
Similar thermal management challenges also exist in other
technologically important systems such as energy devices and
lighting devices. For example, in light-emitting diodes (LEDs),
∼90% of the generated thermal energy from the luminescent
layers needs to be dissipated into the heat sink by thermal
conduction across numerous interfaces.11 The large TBR of
solid interfaces in LEDs, as well as between the die and the
LED arrays, can lead to an increase in the temperature of the
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luminescent layers, diminishing luminous efficiency, shortening
lifetime, and shifting emission spectra.12−14 Therefore,
improvements in interfacial thermal transport is imperative
for more effective thermal management.5−7

TBR is inherent to any interface between two dissimilar
materials because of incomplete phonon energy trans-
mission.15,16 Typically, TBR of intimately contacted solid/
solid interfaces is above 3 m2 K GW−1,3,4,16−20 which is
equivalent to the thermal resistance of hundreds of nanometers
of semiconductor layers (e.g., a ∼500 nm-thick Si layer).
Among the different factors that can impact TBR, surface
roughness on the order of a few nanometers is usually found to
be detrimental to interfacial thermal transport.21−25 However,
previous works26−29 have implied that phonons with different
characteristic length scales (e.g., wavelength and mean free
path) can react to interfacial structures differently. Indeed,
recent experiments have shown that introducing periodic
nanopillar arrays with characteristic dimensions (size and
spacing) of 50−200 nm can significantly increase thermal
boundary conductance (TBC, inverse of TBR), mainly because
of the enlarged effective contact area at the interface.30,31

These results are consistent with several simulations showing
that nanostructured interfaces can have a higher TBC than
their planar counterparts.32−34 In most device applications, the
thicknesses of active layers are on the order of microns and
sometimes submicrons, and thus nano-sized pillars, which are
much smaller than the structure dimensions, are more
favorable over micro-sized pillars to preserve the overall device
structures.
Although improvements to the TBC are achievable, the

fabrication of ordered periodic nanostructures at the interface
presents a key barrier for the practical application because
structures with the desired length scale (<200 nm) were
fabricated using electron beam lithography (EBL), a serial
technique that is time consuming, difficult to scale up, and
expensive.35 For example, if we consider a typical EBL writing
speed of 0.041 cm2 h−1 and a 5 year-averaged price of US
$200k/yr for the EBL system,36−38 we can estimate the EBL
cost to be US $556 cm−2. To overcome the drawbacks of EBL,
low-cost alternatives have been developed35,39−42 such as
microcontact printing,39 capillary force lithography,40 and self-
assembled polymer or metal masks.41,42 Among them, the

thermal solid-state dewetting (TSSD) property of metals has
been leveraged to form self-assembled metallic nanoparticles
(NPs) on substrates, which can act as an etching mask.42−44

These metallic NPs can have sizes from ten to several hundred
nanometers, and they can be formed over a large area in a
parallel manner. Moreover, geometric characteristics (e.g.,
distributions, size, and density) of the metallic NPs can be
controlled by placing a sacrificial layer beneath the metal layer
during the NP formation process.42 This metallic NP-assisted
lithography can have much lower costs than EBL. If we
consider a 5 year-averaged sputtering machine cost of US
$10k/yr,45 a processing time of 3 min for a 1 inch wafer, and
additional processing costs (e.g.,, metals) of 0.083 cents, a
fabrication cost ∼US $0.012 cm−2 is estimated, which is four
orders of magnitude cheaper than EBL. The drawback of this
method is that it is difficult to produce the well-ordered
periodic nanostructures achievable through EBL. However, an
important question is this: does periodicity even matter for
nanostructured interfaces to enhance TBC? If not, can TBC be
enhanced using random nanostructures derived from the more
efficient and cost-effective TSSD process?
In this study, we first show that TBC at metal/semi-

conductor (Si and GaN) interfaces can be enhanced equally
well by EBL-fabricated nanostructures disregarding their
orderliness (i.e.,, periodical or random)a finding that
opens up the possibility of using TSSD as a cost-effective
approach for enhancing TBC. We then employ the TSSD
technique to fabricate random nanostructures with character-
istic lengths ranging from 10 to 70 nm on Si substrates and use
the time-domain thermoreflectance (TDTR) technique to
measure the TBC of the substrate interfaced with a metal (Al).
The TBC of these nanostructured Si/Al interfaces is found to
be as much as 90% higher than that of the planar interfaces,
and this enhancement remains almost unchanged from 30 to
110 °Ca temperature range in which most energy, lighting,
and electronic devices operate. Lastly, we successfully general-
ize this process to GaN surfaces and demonstrate similar TBC
enhancements as those achieved for Si/Al interfaces.

2. RESULTS AND DISCUSSION

2.1. Thermal Transport across Periodically and
Randomly Nanostructured Interfaces by EBL. The

Figure 1. SEM images of the (a) periodic and (b) random nanopillars fabricated on Si substrates using EBL. (c) Schematic of a nanostructured Si
surface capped with a 100 nm Al layer as the TBC is being monitored with TDTR. (d) Schematic illustration of thermal transport enhancement by
a nanopillar in comparison to the case of a planar interface. Dotted lines indicate that heat can also pass through the side wall of the nanopillar to
cross the interface. (e) Normalized TBC as a function of the number density of nanopillars for the periodic (circle) and random (square)
nanostructured Si/Al interfaces. The error bars depict the calculated uncertainty of the extracted TBC when the input parameters have 10%
uncertainties. The black solid line indicates the area enlargement factor calculated using eq 2. The data points indicated by the black arrow are from
those samples shown in panels (a,b).
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prerequisite for TSSD to function is that the TBC enhance-
ment does not depend on the periodicity of the nanostructures.
To demonstrate this, EBL is first used to fabricate periodic and
random nanostructured Si surfaces where the number density
and dimensions of the nanopillars can be precisely controlled.
Scanning electron microscopy (SEM) indicates that, in all
cases, the nanopillars have the same truncated cone shape with
a top diameter of ∼58 nm, a bottom diameter of ∼87 nm, and
a height of ∼50 nm (Figure 1). Representative SEM images of
the periodically and randomly nanostructured Si surfaces are
shown in Figure 1a,b, respectively. The images clearly show
that the two cases have nearly identical pillar shapes and
dimensions, but there are distinct pillar spatial distributions.
To form semiconductor/metal interfaces, the nanostructured
surfaces are capped with a 100 nm-thick Al layer (Figure 1c).
This metal film, which is slowly deposited using e-beam
evaporation, forms an intimate contact with the nanostructured
surface and also acts as a transducer that converts laser energy
to thermal energy in TDTR measurements. It is noted that
TDTR has been widely used to measure the thermal
conductance across different types of interfaces.24,46−48

Recently, we have shown using a 1D heat transfer model30 a
nominal TBC (Geff) at the nanostructured interfaces can be
extracted, where Geff corresponds to

∫ ξ ξ=G
A

G
1

( )d
A

eff
nano (1)

where G(ξ) is the TBC at a position ξ on the nanostructured
interface and Anano is the contact area of the nanostructured
interfaces. This nominal TBC (Geff) can be used to evaluate
the TBC enhancement effect.
For nanostructured interfaces, the thermal transport

enhancement can be mainly attributed to the enlarged
interfacial area,30,32−34 where heat can pass through the side

walls of the nanopillars to cross the interface besides the top
and bottom surfaces (Figure 1d). To illustrate this feature, the
TBC measured from TDTR (Figure 1e) is plotted against the
number density, n, of the nanopillars, which is proportional to
the effective interfacial area. To highlight the enhancement
effect, the TBC values are normalized against that of the planar
Si/Al interfaces as plotted in Figure 1e. Regardless of whether
the pillars are periodic or random, the TBC monotonically
increases as the pillar density increases. The enhancements,
however, are always smaller than those predicted by the
interfacial area enlargement factor (Narea, black solid line in
Figure 1a) calculated as

= + − +N n a a a( ) 1area t w b (2)

where n is the number density of nanopillars, and at, aw, and ab
are the top, wall, and bottom areas of a nanopillar, respectively.
As previously detailed in ref 30, the discrepancy between the
TBC enhancement and contact area enhancement factors can
be attributed to the fact that some low frequency phonons are
not affected by the nanostructures and, therefore, do not
benefit from the enlarged contact area. More importantly, we
find that for a given n (e.g., n = 25 and 44 μm−2), the random
nanostructured interfaces have Geff values almost identical to
those of the periodic cases. This important finding confirms
that the enhancement of TBC only depends on the effective
contact area but not on the spatial distribution of
nanostructures.

2.2. Thermal Transport across Random Nanostruc-
tured Interfaces by Au NP-Assisted Lithography.
2.2.1. Self-Assembled Au NP Etching Mask for Random
Nanostructures. The finding in section 2.1 motivates us to
explore TSSD as a large scale, inexpensive process for
fabricating randomly distributed nanopillars to enhance TBC.
The procedures used for TSSD and etching are shown

Figure 2. (a) Schematics of the process used to fabricate nanostructured surfaces using TSSD-assisted lithography. (i) Deposition of Sb (30−90 Å)
and Au films on the substrate; (ii) heating the substrates, where the Sb layer sublimates and its thickness-dependent sublimating rate determines
the size and density of the resultant Au NPs; (iii) dry etching of the substrate with Au NPs as an etching mask; (iv) etching Au NPs from the
substrate to complete the lithography; the optical image of the nanostructured Si substrate with a size of 1 cm × 1 cm (“Nanopillars”) is shown,
which is uniformly darker than the planar Si substrate (“Planar”). SEM images of the (b) Au NPs formed on the Si substrates when different Sb
layer thicknesses are used, and (c) nanostructured Si substrate using the Au NP mask formed with a Sb thickness of 55 Å. (d) Average diameter and
(e) number density of Au NPs formed on Si substrates as a function of Sb thickness. (f) Area enlargement factor (Narea) as a function of Sb
thickness. In (d−f), the black solid lines are used as a guide to the eye.
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schematically in Figure 2a. It takes advantage of a self-assembly
process42,43 that is most closely related to solid-state
dewetting,44 but our process further leverages a sacrificial Sb
layer to regulate the size and spacing of the produced NPs. It
begins with the sequential deposition of Sb and Au films on the
target substrate. When heated to sufficient temperatures,
instabilities in the Au film cause it to rupture at numerous
locations, exposing the underlying Sb film. Where the Au
overlayer is absent, Sb rapidly sublimates, exposing the
substrate surface and the edges of the Sb film still covered
by Au. These edges then act as sublimation fronts that
propagate parallel to the substrate surface and, in the process,
cause a forced migration of the Au atoms into island structures.
Thicker layers of Sb can prolong the assembly process and give
rise to larger islands of Au spaced further apart. Thus, it is
possible to realize Au NPs with a desired size and spacing by
tuning the thickness of the Sb layer, a capability of fundamental
importance to the present study. After forming Au NPs on the
substrate, inductively coupled plasma (ICP)−reactive ion
etching (RIE) is used to pattern the substrate, where the Au
NPs function as an etching mask. This etching process
effectively transfers the spatial characteristics of the Au NPs
(e.g., size, interparticle distance, and shape) directly to the
substrate. In the final step, the nanostructured substrate is fully
exposed through the removal of the Au NPs by an iodine-
based solution. We use a substrate size of 1 cm × 1 cm for
fabricating the nanostructures. As shown in the right-most
image in Figure 1a, the nanostructured substrate has a
uniformly darker color compared to the planar substrate,
confirming that the nanostructures fully cover the substrate. It
is worth noting that the size of the substrate here is restricted
by only the limited space of our metal deposition chamber.

This process can be easily scaled to the wafer or multiwafer
level in practical applications. Other details of this process can
be found in the Experimental Section.

2.2.2. Tuning Nanostructure Surface Area by Controlling
Sacrificial Sb Layer Thickness. Figure 2b shows SEM images
of the Au NPs on the Si substrate assembled from 20 Å-thick
Au films deposited on Sb layers with thicknesses of 30, 55, and
60 Å. The progression shows the dramatic influence Sb has on
the assembly process, with thinner layers giving rise to smaller
structures that are more closely spaced. Through image
processing, a statistical analysis of the average Au NP diameters
(Figure 2d) reveals steadily increasing NP sizes and a more
than four-fold increase in diameter as the Sb thickness is
increased from 35 to 90 Å. In the meantime, the NP number
density of small pillars (<50 nm) decreases by more than two
orders of magnitude, whereas that for large pillars (>50 nm)
remains relatively constant (Figure 2e). It is these differences
that allow for a wide variation in the effective surface area.
An SEM image of a representative nanostructured Si surface

is shown in Figure 2c. The nanopillars for all cases have a
similar average height of ∼100 nm. At the top of the
nanopillars, the diameters are similar to those of the Au NPs,
whereas at the bottom, the sizes are slightly larger because of
the anisotropic etching. Because the nanostructured surface
fabricated by Au NP-assisted lithography consists of nano-
pillars with different sizes, we redefine Narea in eq 2 as

=
∑

+=N
h l

A
( )

1i
n

i
area

1
(3)

where h is the height of nanopillars, li is the perimeter
measured at the top of the “i” th nanopillar, and n is the

Figure 3. (a) Schematic showing the pump and probe beams impinging on the sample in the TDTR measurement. (b) Measured phase as a
function of the delay time for the planar and nanostructured (Narea = 2.2) Si/Al structures. Solid lines are the modeling results using the 1D heat
transfer model. The numbers are the fitted TBC values for the Si/Al interfaces. The green and blue lines correspond to the modeling results when
the TBC is varied by ∓20 (c) effective TBC (Geff) and area-normalized TBC (G̅av) of the nanostructured Si/Al interface as a function of Narea. TBC
of the planar Si/Al interface is shown as the black solid line. (d) Cross-sectional SEM images of nanostructured Si/Al structures with Narea = 1.9,
2.5, and 4.1. The Pt layer is used to protect the structure from the focused ion beam during the preparation of the cross section. Red arrows indicate
voids between the nanostructured Si and the deposited Al layer. (e) TBC of the planar and nanostructured Si/Al interface (Narea = 2.1) as a
function of temperature. In (c,e), the error bars indicate the calculated uncertainty of the extracted TBC when the input parameters have 10%
uncertainties.
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number of nanopillars in an area of A. To calculate li, we
process and analyze the SEM images of the Au NPs on the
substrates. Figure 2f shows a plot of Narea as a function of the
Sb thickness. It indicates that, when using the TSSD-assisted
etching process, it is possible to increase the surface area by as
much as ∼4.1 times, which is mainly from the controlled
number density of sub-50 nm Au NPs. We note that because of
the slope of nanopillar side walls, the calculated Narea may have
slightly underestimated the actual surface area enlargement.
Because most of the nanopillars are relatively steep, such
discrepancies should be relatively small. We noted that h can
be another parameter to tune Narea and thus TBC, which has
been experimentally demonstrated in ref 30. In this study,
however, we focus on tuning Narea with a fixed h value while
knowing that tuning h can lead to similar results.
2.2.3. Significant Enhancement of Thermal Transport

Across the Randomly Nanostructured Si/Al Interfaces. After
the nanostructured Si surfaces are coated with a 100 nm-thick
Al layer, TDTR experiments are performed to measure the
TBC (Figure 3a). The nominal TBC, Geff, is then extracted
from this measured phase signal using a heat transfer model. In
Figure 3b, representative TDTR curves (phase signal as a
function of delay time) are plotted for the planar and
nanostructured Si/Al interfaces with Narea = 2.2. The two
curves are clearly distinguishable and well-fitted with the
modeling curves using the heat transfer model, which is
attributed to the high sensitivity of the TDTR measurement to
the TBC of the Si/Al interfaces. To show such sensitivity,
modeling results using +20 and −20% of the fitted TBC are
visualized as blue and green curves in Figure 3b, which are
well-separated. According to the uncertainty analysis,49,50 a
∼10% error in the input parameters (see the Experimental
Section for details) results in an uncertainty of ∼7.4% for the
fitted Geff. The extracted Geff of the nanostructured Si/Al
interface is 356 MW m−2 K−1, which is ∼90% higher than the
TBC (187 MW m−2 K−1) of the planar Si/Al interface (Figure
3b). This enhancement is comparable to the largest achieved
from periodic nanopillar Si/Al interfaces fabricated by EBL,30

demonstrating that TSSD can be an effective, yet inexpensive,
technique for fabricating large-area nanostructured interfaces
to significantly enhance TBC. In the meantime, for similar
Narea values, the nanostructured Si/Al interfaces from the
TSSD technique has TBC enhancement comparable to that
with the more expensive EBL technique. For example, the
nanostructured Si/Al interface with the EBL has a TBC
enhancement of 16−24% at Narea = 1.37 as shown in Figure 1e,
which is similar to that of the TBC enhancement of 15−22%
from the TSSD method at Narea = 1.44. These values are
actually within the error bars of each other, suggesting that in
practical applications, nanostructured interfaces from either the
EBL or the TSSD methods can similarly benefit the TBC.
To study the dependency of the thermal conductance on the

interfacial area, we plotted Geff as a function of Narea (Figure
3c). For the low values of Narea (<2.2), it is seen that Geff
monotonically increases with increasing Narea, reaching a
maximum Geff at Narea = 2.2. This characteristic, where the
TBC of solid/solid interfaces has a linear relationship with the
interfacial area, is in good agreement with previously reported
simulations and experimental results on nanostructured
interfaces.30,33,34 By further increasing Narea to 2.5, it is
observed that Geff decreases slightly to 315 MW m−2 K−1. As
Narea approaches 4.3, Geff continues to decrease to 223 MW
m−2 K−1, a value which is close to that of the planar Si/Al

interface. These results indicate that the interfacial area
enlargement is a dominant factor in determining the thermal
conductance for Narea < 2.2, but the benefit is weakened as the
nanopillars become denser (i.e., Narea > 2.2).
To characterize how Narea can affect the TBC, we defined the

area-normalized TBC (G̅av) of the nanostructured interfaces as

∫ ξ ξ̅ = =G
A

G
G
N

1
( )d

A
av

nano

eff

areanano (4)

The calculated G̅av as a function of Narea is shown in Figure
3c as blue squares. For the cases with Narea less than 2.2, the
G̅av values are nearly constant and slightly lower than the TBC
of the planar Si/Al interfaces. G̅av can be the same as the TBC
of the planar interface if all phonons are diffusive at the
interface and they transmit through every part of the
nanostructured surfaces (e.g., sidewall and top surface of the
nanopillars) with the transmission coefficients equal to those of
the planar interfaces. However, it has been previously shown
that some low frequency phonons, which transmit across
interfaces ballistically, cannot benefit from the nanostructure-
induced contact area enlargement,30 and thus the TBC
enhancement factors are smaller than the contact area
enlargement factors. By further increasing Narea beyond 2.2,
the calculated G̅av values show a monotonic decrease, leading
to a G̅av of 53 MW m−2 K−1 at Narea = 4.1. One factor that may
decrease G̅av is the physical contact between Si and Al at the
nanostructured interfaces. The cross-sectional SEM images in
Figure 3d for the nanostructured Si/Al interfaces with Narea =
1.9, 2.5, and 4.1 provide support to such an argument. For the
cases of Narea = 1.9 and 2.5, the Al layer completely fills the
gaps between the nanopillars and intimately conforms to the
nanostructured surfaces. However, for Narea = 4.1, the contacts
are not perfect and voids emerge at the nanostructured Si/Al
interfaces (see the red arrows in Figure 3d). Such voids can
provide scattering centers for phonons and thus present a large
resistance to interfacial thermal transport.51 This should be the
primary reason for the decrease in G̅av.

2.2.4. Temperature Effect on TBC Enhancement. We
further measured the temperature-dependent TBC from 30 to
110 °C because this temperature range can be present in the
active layers of energy, lighting, and electronic devices.8,9,12

The enhancement in TBC of the nanostructured Si/Al
interfaces is well sustained at high temperatures. As temper-
ature increases, there is a slight increase in TBC for both the
planar and the nanostructured interfaces (Figure 3e). The
increase originates from the increased phonon population at
higher temperatures according to Bose−Einstein statistics. We
note that the room temperature TBC of the planar Si/Al
interface agrees well with that from ref 22, and the temperature
trend is similar to that in ref 21.
It is worth mentioning that at low temperatures (<150 K), it

has been reported that even periodic nanostructures provide
little benefit to the interfacial thermal transport, but the
enhancement in TBC due to nanostructures becomes more
pronounced as temperature increases to room temperature.30

Such an observation was attributed to two factors: (1) at low
temperatures, low frequency phonons (<∼4 THz) are the
dominant heat carriers because higher frequency modes are
not fully excited based on the Bose−Einstein distribution, and
these low frequency phonons have very large transmission
coefficients;52,53 and (2) phonons can be largely in the quasi-
ballistic transport regime52,54,55 and their transport can be
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more directional along the temperature gradient direction
(instead of isotropic in the fully diffusive transport regime).
Thus, it is likely that the phonon flux passing through the side
walls of the nanopillar is much smaller compared to that across
the top (or bottom) side of the nanopillar. In such a scenario,
phonon transport near the interface behaves like ray
propagation. Together with the high transmission coefficients,
the low frequency phonons, which are dominant at low
temperatures, can only see the projected area of the
nanostructured interface to the interface plan, which is the
same as the planar interface. It is the diffusive phonon
transport at high temperatures, which makes phonon transport
direction more isotropic, that leads to the benefit from the
enhanced effective surface area from the nanostructures. We
further note that the dominant phonon wavelengths (∼O(10)
nm) at low temperatures is on the same order as the
dimensions of the nanopillars, which might lead to special
interference between the periodic nanostructures and phonon
waves.56 However, the lack of TBC enhancement at low
temperatures for the periodic nanostructured interface as
mentioned above suggests that such interference does not exist
or is not important to thermal transport. This leads us to
believe that the low temperature behavior of the random
nanostructures would be the same as that of the periodic
nanostructures. Nevertheless, most electronic, energy, and
optical devices operate at a temperature above the room
temperature, where the nanostructure-enabled TBC enhance-
ments are evident.
2.2.5. Enhanced TBC of Random Nanostructured GaN/Al

Interfaces. To ensure that the Au NP-assisted lithography
technique can be generalized to benefit other technologically
important interfaces, we further fabricate nanostructures on a
GaN surface because it is the most important compound for
power electronics (e.g., high electron mobility transistors).2

Using the same TSSD process, Au NPs can be successfully
formed on the SiO2/GaN substrate (Figure 4a), where the
SiO2 layer is intentionally grown on the GaN substrate to
provide a surface energy similar to the native oxide on the Si
substrate. According to the SEM characterization, the formed
Au NPs has an average diameter of ∼19 nm and a number
density of ∼371 and ∼46 μm−2 for NPs with sizes smaller and
larger than 50 nm, respectively. After etching and stripping the
SiO2 overlayer, randomly distributed nanopillars (Narea = 3.12)
are successfully produced on the GaN surface (Figure 4b).
These results agree well with those shown in Figure 2d−f.
After capping the nanostructured GaN surface with a 100 nm-
thick Al layer, TDTR experiments are performed to measure
the TBC at 30 and 110 °C. The results confirm that the
randomly nanostructured GaN/Al interface can have higher
Geff values compared to those of the planar GaN/Al interface
(Figure 4c,d). The extracted Geff is 182 MW m−2 K−1 at 30 °C
and 183 MW m−2 K−1 at 110 °C, which are respectively 50 and
34% higher than those of the planar case. These results
demonstrate that the TSSD-assisted etching technique and the
induced enhancement in interfacial thermal transport may be
generally applicable to many different materials and
applications.

3. CONCLUSIONS
In conclusion, we have shown that when considering the
thermal transport across nanostructured interfaces, the
enlarged effective contact area is the main reason for the
TBC enhancement, whereas the spatial distribution of

nanopillars is not critical. On the basis of these findings, we
leverage the TSSD-assisted process to produce random Au
NPs as the etching mask to pattern two representative
semiconductor substrates (i.e., Si and GaN) and confirm that
the fabricated nanostructures can significantly increase TBC by
as much as 90%. The TBC increases with the number density
of the produced nanopillars until voids start to emerge at the
interfaces. The nanostructure-induced enhancement in TBC is
effective over the 30−110 °C temperature range where most
energy, electronic, and optical devices operate. TSSD-assisted
lithography can be a high-throughput and low-cost technique
that is applicable to large surface areas and, therefore, has the
potential to be directly incorporated into commercial nano-
fabrication processes to enhance interfacial thermal transport
and improve thermal management.

4. EXPERIMENTAL SECTION
4.1. Etching Mask by EBL. The EBL process begins with

sequentially cleaning Si substrates with acetone and isopropyl alcohol
in an ultrasonic bath. The substrates are then dipped in buffered HF
(10:1) for 3 min to remove the native oxide from the substrates. The
cleaned substrates are baked on a hotplate at 140 °C for 10 min and
then coated with an 80 nm thick negative tone electron beam resist
(ma-N 2401, micro resist technology) using a conventional spin
coater. The substrates are then baked on a hotplate at 90 °C for 1
min. The resist-coated substrates are then placed in a chamber with a

Figure 4. SEM images of (a) Au NPs on a GaN substrate coated with
50 nm of SiO2 and (b) nanostructured GaN substrate after TSSD-
assisted etching. The measured phase signal as a function of the delay
time for planar and nanostructured GaN/Al structures at (c) 30 and
(d) 110 °C. The red lines are the modeling results obtained using a
1D heat transfer model, and the numbers are the fitted TBC values.
The errors indicate the calculated uncertainty of the extracted TBC
when the input parameters have 10% uncertainties.
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base pressure of ∼10−8 Torr and exposed to an electron beam (Raith/
Vistec EBPG-5200 100 kV, 0.05 nA, 200 μm aperture, and dose levels
of 400−600 μC cm−2) that is scanned according to a predefined
layout. The processed substrates are developed by immersing them in
a developer (ma-D 525, micro resist technology) for 32 s followed by
2 min of soaking in deionized water. The final step involves a
postbaking process in which the developed substrates are placed on a
hotplate set to 110 °C for 10 min.
4.2. Etching Mask by the TSSD Process. Randomly distributed

Au NPs are prepared on Si/native oxide or GaN/50 nm SiO2
substrates using techniques described in ref 42. Briefly, bimetallic
layers of Sb and Au are sputter-deposited onto the substrate surface
followed by a heating regimen that results in the assembly of Au
nanostructures and the loss of the Sb layer to the vapor phase. The
thickness of the deposited Au film is 20 Å for all samples, whereas the
Sb thickness is varied from 30 to 90 Å. All samples are heated in a
quartz tube furnace to 630 °C in 9 min in flowing Ar (100 ccm) and
then cooled to room temperature in 2 h.
4.3. Dry Etching Process. The Si/native oxide substrates are

etched in an ICP−RIE instrument (Oerlikon ICP 790) using Cl2 gas
at a flow rate of 15 sccm, a pressure of 4 × 10−3 Torr, a temperature of
28 °C, an ICP power of 350 W, and an RIE power of 20 W. The
etching time for the Si/native substrate is 9 s. For the GaN/SiO2
substrate, it is first etched by CF4 gas for 30 s to pattern the SiO2 layer
using the Au NPs as an etching mask, and then by a Cl2/BCl4 gas
mixture for 15 s to further pattern the GaN substrate. After etching,
Au NPs are stripped using an iodine-based Au etchant (Sigma-Aldrich
651818), followed by immersing the substrates in buffered HF (10:1
deionized-water) to remove the SiO2 layer from the substrates. For
the Si substrates, the surface is etched a second time in the ICP−RIE
chamber to remove any Au atoms that diffused into the Si surface. For
the case of EBL fabricated samples, any organic residues, including
those from the resist, are removed using acetone, isopropyl alcohol,
and an O2 plasma.
4.4. Characterization of Nanostructured Interfaces. For the

TDTR measurements, the Al layer is deposited on the nanostructured
substrates at a rate of 0.1−0.5 A s−1 using an electron beam
evaporator with a base pressure of ∼10−7 Torr. The nanostructured
substrates are characterized using SEM (FEI-Magellan 400 FESEM
for the Si substrate and Hitachi S-4500 FESEM for the GaN
substrate). The cross-sectional images of the nanostructured Si/Al
interface are obtained using SEM, where the samples are prepared
using a focused ion beam (FIB, FEI-Helios Dual Beam FIB)
instrument.
4.5. TDTR Measurements. A pump and time-delayed probe laser

system, which is similar to that developed by Cahill et al.46 and
Schmidt et al.,47 is used to measure TBC. The light sources emitted
by a Ti:Sapphire crystal are mode-locked by a cavity to generate a
femtosecond pulsed laser, which has a center wavelength of 800 nm, a
full-width half maximum of 10 nm (corresponding to a duration of
∼200 fs), and a repetition rate of 80.7 MHz. A beam splitter divides
the laser pulses into pump and probe beams. For the pump beam, the
laser is first modulated by a sinusoidal envelope with a frequency of 3
MHz and then tightly focused onto a frequency-doubling crystal
(bismuth triborate, BIBO), which results in the emission a pulsed
beam with a center wavelength of 400 nm. The probe beam travels
along an alternate path with a mechanical translational stage, whose
purpose is to impose a time delay on the probe pulse with respect to
the pump pulse. When the pump pulse hits the sample, it increases its
surface temperature. After that, the time-delayed probe pulse hits the
surfaces and is reflected into a photodetector connected to a lock-in
amplifier (3 MHz of lock-in frequency), allowing one to monitor the
decay of the temperature as a function of the delay time.
The pump and probe beams are focused onto the metal surfaces

using an objective lens to realize Gaussian intensity profiles with e−2

diameters of 25 and 5 μm, respectively. The positions of the pump
and probe beams are optimized so that their centers overlap on the Al
surface. The hot electrons absorbing energy of a pump pulse within
the skin depth (∼10 nm) can quickly spread throughout the Al film,
and the electrons transfer the absorbed optical energy to the lattice

within ∼100 ns.43 Such fast electron-to-lattice energy transfer make
the phonons the dominant carriers for the subsequent heat dissipation
process into the substrates for the delay time between 500 ps and 6 ns
that are most relevant to TDTR analysis.46,47

The phase signals, which are given by tan−1(Y/X), is measured as a
function of the delay time, where X and Y are the in- and out-of-phase
signals from the lock-in amplifier of the TDTR system, respectively.
To analyze the measured TDTR signals, we use a heat transfer
model.46,47 In the process of fitting the heat transfer model to the
measured phase-delay time curves, the thickness of the Al layer and
the TBC of the Si/Al (or GaN/Al) interfaces are set as free fitting
parameters, where the other variables (e.g., heat capacity and thermal
conductivity of Si, GaN, and Al) are fixed. For the uncertainty
analysis, we used the error propagation formula from the uncertainties
of input parameters of Wei et al.49
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where δp is the uncertainty of the parameter of interest “P”, δi is the
uncertainty of the input parameter “i”, and Si is the sensitivity of

parameter “i” to the phase φ, given by = φSi i
d

dln
.
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