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ABSTRACT

Heat exchange between a solid material and the gas environment is critical for the heat dissipation of miniature electronic devices. In this
aspect, existing experimental studies focus on non-porous structures such as solid thin films, nanotubes, and wires. In this work, the pro-
posed two-layer model for the heat transfer coefficient (HTC) between a solid sample and the surrounding air is extended to 70-nm-thick
nanoporous Si thin films that are patterned with periodic rectangular nanopores having feature sizes of 100-400 nm. The HTC values are
extracted using the 3w method based on AC self-heating of a suspended sample with better accuracy than steady-state measurements in
some studies. The dominance of air conduction in the measured HTCs is confirmed by comparing measurements with varied sample orien-
tations. The two-layer model, developed for nanotubes, is still found to be accurate when the nanoporous film is simply treated as a solid
film in the HTC evaluation along with the radiative mean beam length as the characteristic length of the nanoporous film. This finding indi-

cates the potential of increasing HTC by introducing ultra-fine nanoporous patterns, as guided by the two-layer model.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0099312

Thermal transport within various micro- to nano-structures has
been intensively studied for applications in thermal management,' ther-
moelectrics,”’ and electronic devices." Although thermal conductivity
measurements are usually carried out in high vacuum,” the real applica-
tions of these structures are in ambient conditions, where the heat loss
to the surrounding air becomes critical due to its ultrahigh surface-to-
volume ratios. This issue is even more critical when the micro- and
nano-structures are suspended as the active device component, e.g,
microelectromechanical (MEMS) systems,(’ sensors,”” and field emit-
ters.” A better understanding of the solid-gas energy exchange at small
scales is important for both fundamental studies and practical applica-
tions. Currently, it is still challenging to accurately predict the corre-
sponding heat transfer coefficient (HTC) at the solid-gas interface.
Although the HTC is often attributed to natural convection for macro-
scale samples, the dominant heat transfer mechanism is considered to
be gas conduction for nano- to micro-structures.'’ With a short length
scale associated with the heat conduction of the gas, the thermal con-
ductance of the gas can be orders of magnitude higher than the natural
convection HTC when the scale is below a few micrometers."'

The HTC modeling at a gas-solid interface at small scales has
been treated differently in the literature. For a suspended thin film, the
HTC (h) was treated as pure heat conduction by the surrounding air.

This value h depended on the air thermal conductivity, the heat-
conduction shape factor, and sample geometry.'’ Another report evalu-
ated the HTC of a microbeam by considering the air conduction from a
specimen to the nearest solid surface and the competition between in-
sample heat conduction and the surface convection.'” In more advanced
modeling, a two-layer heat transfer model was developed to predict the
HTC (see the supplementary material for details).'"'”'® Fuchs first pro-
posed this model for heat transfer between the gas environment and iso-
lated particles at sub-microscales. "> The model was improved by
Klein ef al."” and extended to cylindrical carbon nanotubes (CNTs)
by Wang et al.""'® The inner non-continuum layer around the solid
surface has thickness comparable to the mean free path (MFP) of gas
molecules. Inside this layer, the solid-gas molecule interaction and inter-
molecular collision are considered to evaluate the net heat flux from the
solid surface. In the outer continuum layer, heat conduction is assumed
to be the major heat transfer mode, and Fourier’s law analysis is
employed. For other nano-structures such as solid or nanoporous thin
films, the two-layer model should be modified to account for more com-
plicated interactions between gas molecules and nano-structured
surfaces.

Different techniques have been employed for HTC measure-
ments, including the 3o method,'”'”"* steady-state laser/Joule heating
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and Raman temperature reading,"'”*" Joule heating and infrared

thermal microscopy, ” the thermal response of a microcantilever
under sinusoidal heating,”” laser thermography based on the observed
one-dimensional domain structure,”” and the “hot wire” method based
on the sample self-heating.”* " The size of measured samples expands
a wide range from a few nanometers to tens of micrometers with more
studies focusing on wires. The reported HTC is ~10*> W/m” K for con-
ventional metal wires with a diameter from 10 to 100 um."***”° In the
sub-micrometer regime, extremely high HTCs with magnitudes from
10° to 10* W/m? K were observed for nanowires (NWs) and carbon
nanotubes (CNTs).!?" Among those, a 1.47-nm-diameter CNT
exhibited an HTC of 0.9 x 10° W/m*> K in air.'' The value is
approaching the limit of h,,, = 5nuky/8 = 1.1 x 10> W/m> K as pre-
dicted by the classical gas kinetic theory.”* Here, k is the Boltzmann
constant, # is the molecular density, and u is the root mean square
(RMS) velocity. In estimation, u = y/3kgT /m, where m is the gas-
molecule mass and T is the absolute temperature. Similarly, the two-
layer model predicts 4, = 1.08 x 10> W/m* K."" For suspended
samples fabricated from thin films,'”'>"” the reported HTCs are at
least two orders of magnitude higher than that of the natural convec-
tion at the macroscale. Experimental studies were also extended to
arrays of CNTs or NWs. Enhanced heat dissipation to the ambient
was found in vertically aligned CNTs due to the increased surface area
added by individual CNTs.”””"” The influence of the nano-structure
gap was further reported for a row of parallel nickel microwires.””
With the same self-heating of microwires, the temperature rise AT of
the microwires started to increase when the gap between adjacent
microwires became less than double the MFP of an ambient medium.
For systematic studies, periodic nanoporous thin films widely studied
for thermoelectrics’ ** can be used as the test bed. In the geometry,
such nanoporous thin films can be viewed as two-dimensional net-
works of NWs. Compared with individual NWs, nanoporous thin
films can transport significantly more heat. To achieve a high surface-
to-volume ratio, ultra-fine nanoporous patterns can be exactly defined
across such thin films with electron beam lithography (EBL). A wide
range of nano-structure sizes can be fabricated for fundamental
studies.

In this work, the HTCs of representative nanoporous 70-nm-thick
Si films were measured using the 3 method.” The method was
adopted to separately measure the intrinsic thermal conductivity of a
thin film and its HTC with the surrounding air. Different rectangular
nanopores (ie., nanoslots) were patterned to investigate the impact of
the surface-to-volume ratio on the HTC. The smallest feature size was
around 100-200 nm to represent the device resolution that can be easily
achieved by techniques such as extreme UV lithography™ or nano-
sphere lithography™” for mass production. Our measurement result
agrees well with the theoretical prediction based on the two-layer heat
transfer model that is developed for tubes and wires.'" By etching
smaller and denser nanopores, the HTC could be further increased. The
probability of the gas molecule collision with the solid surface can be
enhanced with higher surface-to-volume ratio. The predicted 1.08 x 10°
W/m?® K peak h value'' can be potentially approached with ultra-fine
nanoporous patterns for heat dissipation purposes.

Suspended silicon thin films with rectangular nanopores were
prepared for thermal measurements. The device was fabricated from a
silicon-on-insulator (SOI) wafer with a 70-nm-thick device layer and a
2-um-thick buried oxide (BOX) layer. Rectangular nanopores were
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defined with EBL and drilled with reactive ion etching (RIE). The
device was then suspended by removing the underneath BOX with
diluted hydrofluoric (HF) acid. Due to the low intrinsic electrical con-
ductivity of the undoped Si, a metal layer consisting of Cr (20 nm) and
then Pt (40 nm) was deposited on top of the device with electron beam
evaporation. This layer was used as both the heater and electrical resis-
tance thermometer in thermal measurements. Figure 1 shows the
scanning electron microscopy (SEM) image of a suspended device
with four electrical probes. The measured region is 20 um in length
and 2 um in width. Compared with other measurement techniques,
the integrated device here eliminates the sample-device thermal con-
tact issue that becomes critical for similar measurements.”>*" Tt is
now acknowledged that an integrated device fabricated from the same
thin film can be an ideal choice for such thermal studies.”' *’

In measurements, an AC heating current of an angular frequency
 was passed through the metal coating, and the 3w voltage (V)
across the sample was measured with a lock-in amplifier. For in-air
measurements, the root mean square (RMS) value of V3, is derived by
Luetal as”’

4PLR(dR/dT)

V3w ~ > .
Tt Ackapy /1 + (Zwyap)

1)

Here, the apparent thermal conductivity (k) and time constant (Vap)
can be extracted by fitting the V3, () curve with Eq. (1). In particular,
the value k4, is mostly determined by the V3, value or the slope
dVs,,/d(I?) at the limit ®Yqp — 0. Other parameters are RMS current
I, sample length L, electrical resistance R, and cross-sectional area A..
In the derivation, k,p and y,, are given as

kep = (1 + Hy)k, (2a)
Yap = /(1 +Hy). (2b)

Considering air conduction instead of radiation loss in the original
work by Lu et al, H = Ash/p VC, can be derived, where A, is the sur-
face area of the sample sidewall, /1 is the HTC, p is the density, V is the
volume of the sample, and C, is the heat capacity.

For high-vacuum measurements, Eq. (1) is simplified with
H=0, kup =k, and Vap =P which leads to the original equation
given by Lu et al” In Eq. (2), k and y can be first fitted from the

FIG. 1. SEM image of a typical four-probe device with the suspended nanoporous
Si thin film in the middle. The inset shows the detailed structure with major geome-
try parameters defined.
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TABLE I. Room-temperature thermal properties measured for different samples. The
definition of geometry factors (pitches / and p, depth b, and neck width w) is given in
Fig. 1. Samples 2, 3, and 6 have offset nanopores as shown in Fig. 1, whereas sam-
ples 4 and 5 have aligned nanopores.

Sample I p b w k Solid C
index (nm)  (nm) (nm) (nm) (W/mK) (kJ/m’K)
1 Solid film 58.28 2188.4
2 1000 500 120 160 18.85 2095.9
3 1000 500 200 80 13.36 2100.9
4 500 500 200 80 7.83 2312.8
5 250 500 100 160 9.85 2322.7
6 250 500 100 160 6.96 2267.9

V3w () curve obtained from in-vacuum measurements. Again, the
value k is mostly determined by the V3, value at the limit wy — 0.
The h value can then be calculated with Eq. (2a) as

~(kap pC, V
”—(7*1)71 3)

The employed 3w technique can yield k and h for the same sam-
ple. Similar measurements can be found in previous 3« measurements
by Nguyen et al'” and steady-state thermal measurements using a
Joule-heating-Raman-mapping technique by Li et al.”’ Here, Li et al.
further measured the specific heat of CNTs with the transient electro-
thermal technique. In this work, the volumetric specific heat C of the
metal-coated film can also be computed as C = n?ky/L?,” which was
well calibrated in our previous studies."'

The k and C values for all measured samples are listed in Table 1.
For a solid film, the room-temperature in-plane k ~ 58 W/m K was
close to the computed k = 64 W/m K.** The metal-layer contribution
was subtracted with the calibrated Lorenz number for the metal coat-
ing and the measured electrical conductance of this metal layer."" Tt
should be noted that the Lorenz number may largely vary among
nano- and micro-structures.”” "’ In this work, the metal-layer thick-
ness and its deposition condition exactly followed those in the previ-
ous work'' so that the pre-calibrated temperature-dependent Lorenz
number was still accurate. Nevertheless, the Lorenz number was not
required in the calculation of 4 in Eq. (3), as the effective in-plane k,,
and k of the whole metal-coated film were used. In calibrations with a
solid film at 77-300 K,** the divergence was within 2.2% between three

ARTICLE scitation.org/journal/apl

samples measured with: (1) 3w measurements for a suspended
beam;"' or (2) a T-junction device with a long heating/sensing beam
and its perpendicular short beam as “the sample.”"” " Corrections for
the porosity ¢ should be considered to compare different samples.
The solid specific heat C, as measured specific heat divided by (1 — ¢),
was consistent with predicted solid C = 2194.4kJ/m’ K using bulk C
value for different layers of a coated thin film. Some of the <6% diver-
gence here is attributed to the accuracy in the estimated ¢."' The
above mentioned comparisons ensure highly accurate measurements
for the studied nanoporous films.

The detailed measurement result of a solid film is presented in
Fig. 2. Following Eq. (1), linear fittings for V3, ~ I’ at a fixed w all
exhibit R? > 0.99995 [Fig. 2(a)]. The k,p/k ratio in Eq. (3) can be
obtained from the ratio between dVs,,/ () slopes at a fixed low .
The low-frequency k,y/k ratio is very close to 1.5113 obtained by
extracting the exact value of k and k, from the full V3, — w curve fit-
ting in Fig. 2(b). The V3, (w) response of the sample in air and a high
vacuum are compared in Fig. 2(b). For the same heating current, | V3|
is much lower for the in-air measurements due to the significant heat
loss by the air conduction. Similar to the work by Hu et al,'’ the in-air
measurement was further repeated with different sample orientations
to check the impact of the natural convection. Variation of less than
1% was found in Fig. 2(b), indicating negligible influence of the natural
convection.

For the nanoporous film, the HTCs can be defined in two ways
based on the effective surface area for heat exchange. In Eq. (3), an
effective HTC (hyy) can be calculated when A (ie., 20 x 2 um? for
top/bottom surfaces) for the corresponding solid film is used, i.e., no
correction for the porosity. In real applications, using such a
“nominal” surface area allows direct comparison between different
devices for heat loss estimation. The true HTC hy,,, can be computed
when A; is replaced by the true surface area A; 4., including the side-
wall surface area of nanopores. In this treatment, the pore sidewalls
are treated equally as the top/bottom film surfaces though the latter
one may have more efficient energy exchange with the gas molecules.
It can be expected that hyy,. should decrease when the pore sidewalls
account for a larger percentage of the total surface area, particularly
for high-aspect-ratio nanopores. For a very long and narrow rectangu-
lar nanopore with depth b (Fig. 1 inset), it can be proven that A; s,
would increase by adding nanopores with b smaller than the film
thickness. Similar discussions can be found for cylindrical pores. The
associated surface energy variation determines whether a nanopore

would shrink or expand under high-temperature annealing,””

~ — 160
® Air,55Hz yd 7 -
300 | v Air, 18055 Hz e 7 /,/
®  Vacuum, 55 Hz P e 140 FIG. 2. Measurement results of a solid
e ' " . . .
v Vacuum, 18055HZ’/ s el . film. (a) Linear relationship between Vs,
_ 7 3 i .
S 200 e s 420 |° —AI and £°. (b) Comparison of the Vs, signals
B oA g v Adr, 90° rotate along long edge between in-vacuum and in-air measure-
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Two-layer model by Wang et al. (2013)
Cheng et al. (2011) VO, NW

Wang et al. (2013) CNT

Hsuetal. (2011) CNT

Peinado et al. (2021) Al wire
Wang and Tang (2013) Pt wire
Wang et al. (2019) Microwire

Gao et al. (2018) Pt wire

*Nguyen et al. (2020) Glass fiber
Hu et al. (2008) Nitride membrane
Kim and King (2009) Si cantilever
Alam et al. (2013) Doped Si beam
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FIG. 3. Comparison between measured
HTCs of various micro- to nano-structures
and the two-layer model by Wang et al."
As one exception, measurements by
Nguyen et al.'” are in nitrogen instead of
the air. Inset shows the detailed compari-
son for samples measured in this work,
where blue symbols are added for the cor-
responding hy,,. values.

® 0 B 0Om O @ @@ 0 0 e o
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Our experimental results are further compared with the two-
layer model'' and existing measurements (Fig. 3). These measure-
ments include VO, NWs by Cheng et al,” CNTs by Wang et al."’
and by Hsu et al,”" Al wires by Peinado et al.,”® Pt wires by Wang and
Tang'® and Gao et al,”” various microwires by Wang et al,”* glass
fibers by Nguyen et al.,'” nitride membranes by Hu et al.,'’ Si cantile-
vers by Kim and King,”* and doped Si beams by Alam ef al.'* In one
study, air conduction from a suspended film to the experimental
chamber is considered.'” However, the current 2-um gap as the BOX
thickness is much larger than the air-molecule MFPs (~68nm at
room temperature’) so that the two-layer model s still valid. To unify
the data of different sample geometries for the two-layer model, an
equivalent diameter, Doy = 4Viyjig/As irues is used as the characteristic
length. Here, Vg is the solid volume of the structure. This Dy, is sim-
ply the radiative mean beam length of a structure.”” " It should be
pointed out that the hey for the nanoporous thin film is used here.
Divergence between the two-layer model and k.. (blue symbols) is
further shown in the inset.

Attention should be given to the use of the nominal surface area
for the heat-exchanging surface area. For high-aspect-ratio and narrow
nanopores, the chance for a gas molecule to directly pass through the
nanopore is very limited, particularly when the film thickness is also
larger than the gas-molecule MFP. Most gas molecules moving into
the nanopores will be captured by the nanopore sidewall and eventu-
ally scattered out of the nanopores. The effective area to “receive” inci-
dent gas molecules from the surrounding should be the “opening”
regions on the top/bottom surfaces of the thin film, instead of the

sidewall surface area of the nanopores [Fig. 4(a)]. Compared with gas
molecules directly reflected by the top/bottom film surfaces, these gas
molecules are simply trapped in the nanopore for some time and then
released to the surrounding. In this aspect, the number of gas mole-
cules traveling into nanopores per unit time, known as the molecular
impact flux'" into nanopores, is weakly affected by the nanopore size
and film thickness. However, the exact nanoporous pattern and film
thickness can still influence D, used in the derived h(D,;) expression
(see the supplementary material).“’l(’ In physics, Dy and, thus, the
Knudsen Number A/D,, determine the relative importance between
the intermolecular collisions and solid-gas scattering. Because the
non-continuum layer has a fixed thickness comparable to A, the Dy,
also affects the geometry of the continuum and non-continuum layers
and the corresponding heat-conduction process. Following this, D,
around 10nm is required to approach the hy,, value in Fig. 3. A
square period with a square pore in the middle is considered to achieve
this D, value with p = [ and porosity ¢ = 25% [Fig. 4(b)]. With
p =1=>5nm and a film thickness t =70 nm, D,,; around 7.1 nm can
be achieved.

In summary, a modified 3c» method is used to measure the HTC
of nanoporous Si thin films with rectangular pores. Based on the nom-
inal surface area, the hey values for such nanoporous structures still
follow the predictions by the two-layer model developed for CNTs.
The radiative mean beam length is used to define the equivalent diam-
eter D, in the modeling. This important modification allows us to
predict the HTC of suspended structures with arbitrary shapes and
porosity, which is verified with the experimental results from this

(b)

,, (nm)

D

FIG. 4. (a) Gas molecules incident onto a
nanoporous film. The number of mole-
cules trapped by a nanopore is mainly
dependent on the opening area on the
top/bottom surfaces of the thin film. These
gas molecules will eventually leave the
nanopore after being scattered by the
sidewall. (b) Dy as a function of the pitch
p = | and film thickness t. The porosity is
fixed at ¢ = 25%.

50

100 150 200

© Gas molecules

p (nm)
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work and previous studies. It should be noted that qualitative models
for HTCs have been proposed for suspended solid thin films'’ and
rectangular beams,'” mainly based on air conduction from the sample
to the surrounding solid surfaces. The non-continuum layer is not
considered in such simplified models. In contrast, the two-layer model
can provide accurate predictions when the suspended sample is away
from other surfaces (e.g,, its underlying substrate) by a distance much
longer than the gas-molecule MFPs. For nanoporous thin films, the
solid-gas interaction is enhanced due to the increased surface-to-
volume ratio, leading to a smaller D,. Attention should be paid to the
less effective energy exchange on the nanopore sidewall, especially for
a high aspect ratio of such nanopores. When such nanoporous films
are used as fins, the film thickness and nanoporous patterns should be
optimized to have both strong surface cooling and sufficient in-plane
heat conduction for heat dissipation. Aside from its applications in
thermoelectric cooling of a device,”® a nanoporous thin film can be
easily integrated into electronic devices as fins. Fundamentally, solid-
gas energy exchange for more complicated three-dimensional nanopo-
rous structures should also be studied to better understand this critical
problem. Some studies may be further carried out on the pressure
dependence of hp. 17232527

See the supplementary material for the derivation of the two-
layer heat transfer model.
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