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Strong anisotropic thermal conductivity of nanoporous silicon
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Nanoporous silicon is known to have a thermal conductivity that is orders of magnitude smaller
than the bulk crystalline silicon from which it is formed. Even though the strong columnar
microscopic structure of porous silicon indicates the possibility of highly anisotropic thermal
properties, there have been no measurements. We report here an experimental investigation of this
anisotropy. An analytical heat spreading model with 3 thermal conductivity measurement method
was used to derive both in-plane and cross-plane conductivities. Additionally, we describe a finite
element analysis that supports the experimental measurements. Our measurements reveal that
because of the nanoscale columnar nature of the material, the in-plane thermal conductivity of
nanoporous silicon is 1-2 orders of magnitude smaller than the cross-plane thermal conductivity
and 2-3 orders of magnitude smaller than that of crystalline silicon, making it comparable to the
best thermal insulators available. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4933176]

I. INTRODUCTION

Nanoscale materials often exhibit optical, electrical,
thermal, and mechanical properties that are significantly dif-
ferent from the bulk materials from which they are formed.
The ability to control or tailor the macroscopic properties of
these materials by engineering them at the nanoscale makes
them attractive candidates for a variety of devices and appli-
cations. Nanoporous materials are especially promising for
thermal insulation and isolation, because they provide the
unique capability to use the microscopic structure to control
or inhibit the flow of heat."* Nanoporous silicon is of partic-
ular technological significance because it can be directly
integrated atop conventional silicon microfabricated devices
as a thermal, structural, or optical material.

Porous silicon is a composite of crystalline silicon inter-
spersed with irregular nanoscale inclusions of air that are
formed by electrochemical etching. The typical pore size
formed in this process can be controlled by the dopant con-
centration and electrochemical current density but is typi-
cally 10-100nm, and the porosity can range from 20% to
80%.>* Nanoporous silicon has unusual optical properties
and can exhibit visible photoemission as a result of quantum
confinement in the nanoscale structure. Its large surface area
to volume ratio and permeability make porous silicon attrac-
tive for integrated optical or electrical sensors and for high-
capacity batteries.”™ Porous silicon is being investigated as
a thermoelectric material, where because of its low thermal
conductivity, it could outperform traditional thermoelectric
materials such as Bi,Te;.”!°

Porous silicon is unique among nanocomposites because
it remains monocrystalline during fabrication, which makes
it mechanically compatible with the silicon substrates widely
used in fabricating electrical and optical devices. Unlike tra-
ditional thermal insulation layers, porous silicon has a
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coefficient of thermal expansion that is matched to the sili-
con substrate—an essential feature in any device that
requires thermal cycling or cryogenic operation.

Figure 1 shows a top-down and cross-sectional scanning
electron micrograph of a representative porous silicon mate-
rial characterized here. The electrochemical etching process
produces columnar pores that are preferentially oriented in
the out-of-plane direction, causing anisotropy in the macro-
scopic properties. Infrared optical measurements reveal that
nanoporous films have significant form birefringence and
polarization-dependent loss.'' Cross-plane and in-plane elec-
trical measurements show a similar anisotropy in the conduc-
tivity of porous silicon.'? Several techniques have been used
to characterize the thermal conductivity of porous silicon,
including the 3w method, micro-Raman spectroscopy, scan-
ning thermal microscopy, and photoacoustic measure-
ments.">~"® In all cases, the thermal conductivity of porous
silicon was shown to be in the range of 0.2-4Wm 'K’
with the substrate resistivity of 0.01-0.2 Q cm, which is
about 2 orders of magnitude smaller than that of crystalline
silicon. The thermal conductivity tends to decrease as the re-
sistivity increases. However, prior measurements have only
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FIG. 1. Scanning electron micrograph of porous silicon. Top down (a) and
cross section (b).
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characterized thermal conduction in the out-of-plane direc-
tion and often have relied on the assumption that the thermal
properties are isotropic.

Direct measurement of the in-plane thermal conductivity
requires fabricating samples with suspended film structure or
encapsulating the film between insulating layers.'®?
Preparing free-standing porous silicon samples for those
methods and with additional heating and sensing structures
is extremely challenging process. Non-contact optical meth-
ods that do not require electrical heaters or sensors have
been recently developed for thermal characterization, but
these methods require extensive thermal and optical analysis
and simulation to extract the thermal properties. Moreover,
optical illumination has the potential to oxidize the nano-
scale surfaces, which can modify the thermal properties.?’

Here, we describe a new measurement to characterize the
anisotropy of thermal conductivity in nanoscale porous silicon
films. We use a modification of the tradition 3 method that
accounts for the anisotropy in the film, and by varying the ra-
tio of the heater width to the film thickness, we show that it is
possible to separately determine both independent tensor ele-
ments of the thermal conductivity. We further employ direct
numerical simulation of the heat flow to match the experimen-
tal observations, thereby confirm our measurement of the in-
plane thermal conductivity. The in-plane conductivity of
nanoporous silicon is found to be 0.4-0.5Wm 'K ', which
is 1-2 orders of magnitude lower than the cross-plane conduc-
tivity. This extraordinarily low conductivity is obtained in a
nanoscale material that is expansion matched and lattice-
matched to the crystalline silicon substrates that are com-
monly used in electronic, optical, and thermal devices.

Il. SAMPLE FABRICATION

Figure 2 shows the structure of the device used to study
the thermal properties of porous silicon. The nanoporous
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FIG. 2. (a) Top down view of aluminum heater. (b) Cross sectional view of
3w measurement sample (not in scale).

J. Appl. Phys. 118, 154304 (2015)

film was prepared by electrochemical etching of p-type (1-5
mQ cm) (100) silicon wafers with thickness of 500 um in an
electrolyte solution of hydrofluoric acid, water, and ethanol
in 1:1:2 volume ratio. Note that the silicon wafer we used in
this work has lower resistivity compared to previous porous
silicon thermal conductivity studies. An electrochemical cur-
rent of 38.3 mA/cm?” was applied to produce a porous silicon
layer with a volume porosity of 59.7%. Three different sam-
ples were produced, with layer thicknesses (d) of 5, 15, and
35 um. The etching current density was held constant
throughout the duration of each etch, and from sample to
sample, in order to ensure homogeneous and identical poros-
ity and morphology for all film thicknesses. We therefore
assumed that the effective thermal conductivity remains
unchanged when the film thickness is changed from 5 to
35 um. This assumption was supported by optical reflectivity
measurements, which indicated that all three film thicknesses
have identical refractive indices. A 200 nm layer of SiO, was
deposited on top of porous silicon layer using PECVD im-
mediately after the etching process. The SiO, layer provides
electrical insulation between the heating element and the po-
rous film and silicon substrate, and inhibits oxidization of as-
etched pore surface in the ambient air. The metal heating
strip pattern was exposed with a custom-built scanning laser
lithography system, using 1.3 um of photoresist and subse-
quent thermal evaporation and liftoff of a 200 nm aluminum
film.>? The lithography system avoids the use of a contact
photomask mask that may otherwise damage the fragile po-
rous silicon structure. The aluminum heating strips were
4mm long and had widths (2b) of 4, 10, 16, 22, 28, and
34 um. The two contact pads at opposite ends of the heater
were used to apply a sinusoidal heating current to the ele-
ment, while the two intermediate pads allowed for sensing of
the resulting voltage.

lll. ANALYTICAL MODEL

The 3w method uses a thin metal strip patterned atop a
sample surface to serve as both a heater and thermometer, as
shown in Figure 2. A sinusoidal electrical current /(7) at fre-
quency o drives the resistive heating element and thereby
produces a temperature change AT that is linearly related to
RI*(1), which has a frequency component at 2. The resist-
ance R of the device also depends on the temperature as

R = Ry(1 + oAT), (1)

and therefore has both a DC and 2w component. The meas-
ured voltage V(¢) =RI(¢) then includes a frequency compo-
nent at 3w that can be precisely measured using a lock-in
amplifier tuned to the third-harmonic of the driving
frequency.

The 3w component is caused solely by the thermally
induced temperature variation and is directly proportional to
the temperature rise of metal strip. The amplitude of the tem-
perature oscillation AT, on the heater is related to the in-
phase component of the measured amplitude V5, by

ATy = ———F—, @)
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where I, is the RMS amplitude of the sinusoidal heating cur-
rent, and o is the temperature coefficient of resistance
described in Equation (1).>*** In order to evaluate the role of
anisotropy in the thermal conduction, we performed meas-
urements of V3, with several different aspect ratios b/d while
holding the areal thermal power density constant.

The temperature oscillation AT»,, can also be calculated
by directly numerically solving the heat equation in two
dimensions

a1

o oC 3)

o o
Tox2 T oyr|’

where p and C represent density and heat capacity of porous
silicon, k, and k, represent in-plane and cross-plane thermal
conductivity of porous silicon, respectively. By comparing
the numerical simulations with the experimentally deter-
mined temperature fluctuation given by Equation (2), it is
possible to estimate the degree of anisotropy needed to best
reproduce the experimental measurements.

Variations of the 3w technique have been introduced
depending on the sample configurations and film geometry.
The “differential 3c» method” is commonly used to measure
the cross-plane thermal conductivity of a thin film. In this
method, the metal strip is much wider than the film thickness
(b > d), so that the flow of heat into the substrate is primarily
in the vertical direction, and the lateral heat spreading at the
edges of the heater can be neglected. By performing meas-
urements with and without the thin film present, one can
determine the cross-plane thermal conductivity by modeling
the film as a simple one-dimensional thermal resistance,
from which one obtains the following simple relation:*

273
k= adRylY 7 @
4bLR{V3@ - “”}

3w

where V and Vg(()l)) represent the measured third-harmonic
RMS voltage amplitude with and without the thin film pres-
ent, k, is the cross-plane thermal conductivity. In practice,
one typically measures V3, and Vg(()u) as a function of fre-
quency o and uses the difference between the curves to
determine k,,.

When the metal strip width is comparable to or smaller
than the film thickness, the heat diffusion in the in-plane
direction cannot be ignored, and the induced temperature
variation depends on both tensor components of the thermal
conductivity and the ratio of b to d. Borca-Tasciuc et al.
showed that in this case Equation (4) can be generalized to

obtain
B ocdR(z)I (30
4bLR{V3w v

w

ky

F(p), Q)
j

where the dimensionless function F(f}) is given by

F(p) = gJ” sin”  tanh(1p3) &

)y 2 B

(6)
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The argument f3 is given as

B=\l> )

where k, and k, represent the in-plane and cross-plan thermal
conductivity.?®

We note that limg_o F(ff) = 1, so that in the limit that
either d < b or k,> k, Equation (5) approaches Equation
(4). Because the function F(f) is not invertible, the anisot-
ropy factor must be determined by empirically finding the
condition for which Equation (5) gives a consistent value for
ky, for all possible values aspect ratios b/d considered in the
experiments.

IV. MEASUREMENT

Figure 3 illustrates the experimental configuration of
the 3w measurement used to measure the thermal proper-
ties of porous silicon.”> A dual-phase digital lock-in ampli-
fier (Signal Recovery 7270) was used both as the current
source and to measure the resulting third-harmonic voltage
V3. The sinusoidal driving signal produced by the lock-in
amplifier was found to contain a small amount of harmonic
distortion at 3w that interferes with the thermal signal to
be measured. To eliminate this distortion, we connected a
wire-wound variable resistor in series with the device under
test and used the lock-in amplifier to record the voltage dif-
ference between the two resistors. The variable resistor was
tuned to have a DC resistance that is matched to the sens-
ing resistance of the device. This was accomplished by
adjusting the resistance until the lock-in amplifier produces
minimal response at the drive frequency w. The variable
resistor produces negligible heating in comparison to the
device under test, and therefore its third-harmonic voltage
component reflects only the harmonic distortion of the driv-
ing source, which is then subtracted when the two voltages
are differentially detected in the lock-in amplifier. For each
sample and for the reference substrate, the third harmonic
voltage V3, was measured for frequencies ranging from 50
to 1000 Hz. In order to provide a comparison with finite-
element time-domain simulations, separate measurements
at 500 Hz were conducted for each sample, with the electri-
cal power density adjusted in each case to achieve a fixed
Joule heating density of 1 x 10°W m 2.

Lock-In Amplifier | V,,=V, -V,

V, : voltage across R,/2
V, : voltage across R,
In-Amp

Sample R,

FIG. 3. Diagram of 3 measurement system.
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FIG. 4. (a) Comparison of heat spread-
ing inside sample between isotropic and

anisotropic case by numerical simula-
tion. Temperature difference between
the two adjacent contour lines is 0.02 K.
(b) Normalized heat flow and tempera-
ture response of the heater. (Multimedia

Isotropic (k, = k) Anisotropic (k, = 0.01k )

V. NUMERICAL SIMULATION

Thermal simulations were performed using a finite-
element time-domain solver (CST Multiphysics Studio) to
numerically calculate the temperature oscillation on the
heater when excited by a sinusoidal heat flow at 1 kHz. We
employed a two-dimensional computational window that
encompassed one half of the cross-section of the heater struc-
ture. The mesh size was chosen to be approximately 1/10 of
the narrowest heater width, and simulations confirmed that
further reduction did not appreciably change the results. The
thermal boundary condition at the mid-plane of the heater
accounts for the symmetry of the structure, while all the
other edges are defined to have open boundary conditions
indicating that the material at the boundary extends to the in-
finity. The size of the computational domain was adjusted to
ensure that the open boundaries did not affect the result.

The thermal conductivity of the substrate was taken to
be 130Wm ™' K_l, which was obtained from separate meas-
urements. Likewise, the cross-plane thermal conductivity of
the porous silicon was taken to be k, = 10Wm 'K, which
was separately determined from large-area 3w measure-
ments. Thus, the only adjustable parameter in the simulations

view) [URL: http://dx.doi.org/10.1063/
1.4933176.1]

Time (ms)
(b)

was the anisotropy ratio y =k./k,. The heat flow density at
the surface was held constant, to reflect the experimental
conditions, and for each simulation the temperature variation
at the surface was numerically determined, for comparison
with the experimental measurements.

VI. RESULTS

Figure 4(a) (Multimedia view) shows the numerically
simulated temperature distribution for y =1 (isotropic con-
ductivity) and y=0.01. In the Ilatter case, the strong
thermal-conduction anisotropy causes the temperature gra-
dient to be preferentially oriented in the vertical direction.
Simulations were performed as a function of heater width
2b, and for anisotropy ratios of k/k,=1, 0.1, and 0.01.
Figure 4(b) shows a phase difference between the normal-
ized heat flow and the temperature response of heater. In
the 3w measurement, the phase difference increases as
driving frequency increases, but for the frequency consid-
ered here, the temperature is essentially in phase with the
heat input. Figures 5(b)-5(d) plot the numerically simulated
temperature amplitude as a function of the heater width,
for porous silicon thicknesses of d=35, 15, and 35 um,
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FIG. 6. k, with y=0 (1-D assumption), y=0.045 and y=1 (isotropic
assumption).

along with the measured temperature amplitude calculated
from Equation (2). Figure 5(a) shows the reference simula-
tion when the porous film is absent, which agrees with the
experimental observations, thus confirming the validity of
the numerical simulation. For all cases, simulation results
clearly show that AT, rises as y decreases for given ge-
ometry. For the 5 um thick case (Figure 5(b)), the y=0.1
and y=0.01 are close together, because for this sample the
geometric aspect ratio alone dictates that the conduction is
primarily in the vertical direction, thus providing little sen-
sitivity to the film anisotropy. By contrast, the 35 um case
(Figure 5(d)) shows a clear dependence on the film anisot-
ropy. Although the matching between experiment and sim-
ulation does not allow one to precisely determine the
anisotropy factor ), for the three cases considered, the sim-
ulations performed with y=0.01 provide the closest agree-
ment with the experimental data, indicating that the in-
plane thermal conductivity is approximately 2 orders of
magnitude smaller than the cross-plane conductivity.

We also considered the analytical model described by
Equation (5), which gives an implicit expression for &, if the
anisotropy parameter 7 and aspect ratio (b/d) are known. To
find a self-consistent solution to this equation, we used the
experimentally measured voltage differences V3(U—V§?D) to
calculate k, according to Equation (5), while assuming a con-
stant value for the anisotropy factor y. We then adjusted the
value of y in order to achieve the smallest variation in the
computed values of k,. The blue diamonds in Figure 6 show
the computed value of k, as a function of the aspect ratio b/d
obtained by ignoring the thermal spreading, i.e., under the
assumption that y =0. In this case, the assumption of strictly
one-dimensional heat flow leads to an overestimate k, for
low aspect ratio structures, but the result asymptotically
approaches the correct measure in the limit that 5> d. The
green circles show the computed value of k, obtained by
assuming isotropic heat spreading (y=1). In this case,
Equation (5) underestimates cross-plane thermal conductiv-
ity, but again approaches the same asymptote in the limit
b>d. We found that by assuming an anisotropy factor of
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y»=0.04—0.05, Equation (5) predicts a consistent value of
10Wm 'K~ ! for all of the samples measured, as indicated
by the filled squares in Figure 6. The corresponding in-plane
thermal conductivity is in the range 0.4-0.5Wm 'K,
which is consistent with the numerical results, and on par
with the best available thermal insulators.

Finally, we note that the pore size and porosity in porous
silicon are known to depend on the dopant concentration and
electrochemical current density. Although the measurements
reported here were conducted for only one type of porous
layer, we anticipate that the thermal anisotropy will also
depend on the electrochemical etching parameters.

Vil. CONCLUSION

In conclusion, porous silicon is an interesting material
with directional nanoscale pores that exhibits low thermal
conductivity. We measured the cross-plane and in-plane
thermal conductivity of porous silicon thin film using a com-
bination of the 3w method and numerical simulation. Our
measurements show that the in-plane thermal conductivity is
a factor of 20 to 100 smaller than the cross-plane compo-
nent, indicating that the columnar pores greatly inhibit the
flow of heat in the direction perpendicular to the columns.
These results show that nanoporous silicon can have excep-
tionally low in-plane thermal conductivity, which could
have applications in thermoelectrics, bolometry, and energy
storage.
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