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ABSTRACT

Nanostructured silicon and silicon-aluminum compounds are synthesized by a novel synthesis strategy based on spark plasma
sintering (SPS) of silicon nanopowder, mesoporous silicon (pSi), and aluminum nanopowder. The interplay of metal-assisted
crystallization and inherent porosity is exploited to largely suppress thermal conductivity. Morphology and temperature-
dependent thermal conductivity studies allow us to elucidate the impact of porosity and nanostructure on the macroscopic heat
transport. Analytic electron microscopy along with quantitative image analysis is applied to characterize the sample morphology
in terms of domain size and interpore distance distributions. We demonstrate that nanostructured domains and high porosity can
be maintained in densified mesoporous silicon samples. In contrast, strong grain growth is observed for sintered nanopowders
under similar sintering conditions. We observe that aluminum agglomerations induce local grain growth, while aluminum diffusion
is observed in porous silicon and dispersed nanoparticles. A detailed analysis of the measured thermal conductivity between 300
and 773 K allows us to distinguish the effect of reduced thermal conductivity caused by porosity from the reduction induced by
phonon scattering at nanosized domains. With a modified Landauer/Lundstrom approach the relative thermal conductivity and
the scattering length are extracted. The relative thermal conductivity confirms the applicability of Kirkpatrick’s effective medium
theory. The extracted scattering lengths are in excellent agreement with the harmonic mean of log-normal distributed domain
sizes and the interpore distances combined by Matthiessen’s rule.
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and theoretically modeled for decades. On the other hand, silicon
is a prominent candidate that is abundant, non-toxic and, due to
its ubiquity, comes along with well-established industrial
processes [7]. While the thermal conductivity of bulk silicon [8] is
far too large for applications demanding thermally insulating
properties, nanostructured silicon is an excellent candidate that is
of immediate technological relevance. Tons of waste silicon from
the kerf of the semiconductor industry [9] and defective solar cells
are potential base materials for thermoelectric applications. Such
silicon thermoelectric generators have been demonstrated as
micro devices [10,11] and high-temperature modules [12]
benefiting from the advanced level of silicon technology. However,
to be useful in a competitive application, a fundamental
understanding of the underlying heat transport mechanisms must
be achieved in order to guide further material optimization.

Recent efforts succeeded to improve the thermoelectric

1 Introduction

Reducing the thermal conductivity of technologically relevant
materials is mandatory for a manifold of applications to improve
device-related thermal management capabilities or to optimize
energy-conversion functionality as for example in thermoelectric
devices. Among the most promising routes to achieve low thermal
conductivity are nanostructuring approaches [1-3] next to
porosification [4-6]. While a combination of these strategies
seems most natural, a quantitative understanding of the thermal
conductivity remains challenging in composite systems in which
grain boundaries and pores coexist. Due to reduced phonon mean
free paths, these systems are expected to show a suppressed
thermal conductivity if grain sizes and interpore distances cover
comparable length scales in the range of several nanometers.
However, separating the underlying effects is a formidable task.
Tackling this challenge, we have chosen to study

nanostructured porous silicon, which is a prominent model
system, to investigate thermal transport at the nanoscale from a
fundamental point of view. The model system status is justified
because of the well-known crystal structure, resulting phonon
dispersion, and thermal properties, which have been measured

performance in silicon-based devices by a strong reduction of the
thermal conductivity [13]. A reduced thermal conductivity was
observed in nanostructured bulk silicon [9, 14-18], holey ribbons
[19], porous silicon [20], nanowires [21-24] as well as in
isotopically controlled silicon nanostructures [25]. Neutron

Address correspondence to danny.kojda+NARE@gmail.com

TSINGHUA
N UNIVERSITY PRESS

@ Springer



5664

scattering on single crystalline nanostructured mesoporous silicon
(pSi) provided direct microscopic evidence that the elastic
properties and therefore the phonon group velocity remain
essentially unchanged compared to bulk single crystalline silicon
and cannot explain the reduced thermal conductivity [26, 27]. As
possible quantum confinement effects do not modify the phonon
dispersion relation down to 10 nm [27], the reduction of the
thermal conductivity in silicon most likely originates in the
reduction of the phonon mean free path.

In bulk single crystalline silicon impurity scattering, boundary
scattering and Umklapp scattering are the main temperature-
dependent mechanisms limiting the phonon mean free path [8].
For single crystalline silicon nanowires and thin films, the thermal
conductivity is substantially decreased due to increased surface
scattering that also depends on surface roughness [22, 24]. Grain
boundary scattering is identified as main mechanism for the
reduction of thermal conductivity in  polycrystalline
nanostructured bulk silicon [9, 17]. The materials studied in our
work are polycrystalline nanostructured Si bulk samples with
extensive inner surfaces, which are given by the pore distribution.
Hence, the thermal conductivity is strongly dominated by both,
grain boundary scattering and surface scattering at the pores.

In this study, a novel synthesis strategy for nanostructured Si
bulk samples with high porosity is demonstrated by spark plasma
sintering (SPS) of mesoporous silicon. We investigate the
nanostructure, porosity, and thermal conductivity of sintered
silicon synthesized from silicon nanopowder, crushed pSi, and
nanostructured aluminum as additive. The motivation to use pSi
as base material is to start with a material of high well-defined
intrinsic porosity. In contrast, the nanopowder’s initial porosity
can depend on mixing and drying conditions. Further, as pSi is
made of silicon wafers, the base material’s purity and doping are
well-defined and controllable for further optimization. At the time
of this study, the purity of wafer grade silicon (9N) is much higher
than of commercially available Si-nanopowders (2N), that may be
refined by extra steps [28].

Aluminum affects the grain growth due to the reduced melting
point of the binary silicon-aluminum system [29]. A reduced
melting point of this system is also reported as metal-induced
crystallization (MIC) in thin film fabrication [30]. Our material
interfaces consisting of silicon-alumina and/or silicon-aluminum
are very similar to the sputtered layers for MIC, so that similar
processes to MIC may appear during ramping to the final
temperature that for our experiments is much higher than for
MIC. Using sinter temperatures higher than 1,000 °C the
aluminum will melt, allow Si particles to glide, likely fill inter-
particle gaps during compaction and give mechanical stability to
the structure after cooldown as known from liquid phase sintering
by SPS [31].

After cooldown of the hypereutectic silicon-aluminum system,
the observation of individual silicon grains and eutectic phase
solidification is expected. The microstructures of near eutectic
compositions containing about 12.6% silicon are well
characterized and exhibit lamellar structures that could introduce
additional grain boundaries [32]. The structure of the alloyed
hypereutectic Al-50Si has grain sizes of several micrometers [33].
The microstructures of higher silicon concentrations, as used in
our study, are not yet reported. Since our silicon concentration is
far from the eutectic concentration, a small amount of the eutectic
could occur, but is not observed in the samples after the SPS.

For nanostructure characterization, quantitative analysis is
applied to images obtained by scanning electron microscopy
(SEM). We demonstrate that the morphology of spark-plasma-
densified binary silicon-aluminum nanomaterials can be modified
to a large extent by the aluminum concentration, the dispersion
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method, and sinter conditions. We employ advanced image
processing algorithms adapted to our specific task aiming at
unambiguously characterizing the sample morphology in terms of
domain size and interpore distance distributions. This analysis
plays a key role to confirm the results of the entirely different and
thus complementary thermal conductivity analysis. In the latter,
the contributions of the porosity and the nanostructure to
drastically reduce the thermal conductivity of the nanocomposites
are separated by applying a modified Landauer/Lundstrom
approach to our multi-parameter-dependent thermal conductivity
data. With this quantitative model, the temperature-dependent
reduction of the thermal conductivity caused by porosity can be
disentangled and analyzed separately from the effect of the
nanostructure. In particular, we show that the mean free path,
which is treated as free fit parameter in the modified
Landauer/Lundstrom model, is in excellent agreement with the
effective domain size from SEM analysis over a large range of
length scales extending from 7 nm to 1 um. In addition, we find
that the dependence of the thermal conductivity on sample
porosity is well described by the effective medium model put
forward by Kirkpatrick [34-36].

2 Experimental

2.1 Sample preparation

Weighing-in of silicon nanopowder (99%, particle size: < 100 nm,
supplier: Sigma-Aldrich) and aluminum nanopowder (99.9%,
particle size: 18 nm, supplier: Ionic Liquids Technologies GmbH)
with aluminum contents up to 20 wt.% were performed in inert
atmosphere. Subsequently, oxygen-free solvents were added to the
nanopowder mixtures, using either pentane (C;Hj,) or octane
(CgHg). The homogenization of the nanoparticles was performed
in gas-tight bottles in an ultra-sonic bath (USB) outside the inert
atmosphere for 1 h and by ultra-sonic dispersion (USD) for
3 x 15 s with a UP200Ht homogenizer (Hielscher Ultrasonics
GmbH) in inert atmosphere. For USD, CgH;; was used as
dispersant because its higher boiling point results in a better
energy intake. The dispersions were vacuum dried and filled into
12.7 mm graphite dies covered with graphite foil.

To obtain silicon powder of high purity and well-defined initial
porosity as base material for the SPS, pSi of different porosity was
prepared from boron doped wafers by a two-step electrochemical
etching process [26, 37]. To vary the initial porosity different wafer
resistivity and different electrolyte concentrations were used. The
wafers’ specification, etching and membrane detaching conditions
are summarized in Table 1 and sketched in Fig. S5 in the
Electronic Supplementary Material (ESM). For wafer types I and
IIT a two-step processing was chosen resulting in freestanding
membranes with a thickness of 380 um (Fig. S5(a) in the ESM).
To scale up the powder production, silicon wafers of 1,500 pum
thickness were used (types II and IV). The wafer of type II was
etched from both sides with a residual silicon layer of about 20 um
(Fig. S5(b) in the ESM). The pSi of wafer type IV self-detached
during the etching after the given time resulting in a 500 pm thick
membrane (Fig. S5(c) in the ESM).

After pSi synthesis, the membranes were flushed with water,
rinsed in hydrofluoric acid (HF) for 2 min to remove surface
oxides, and finally rinsed 3 x 2 min in dry CgH;g. The sample
within the last CgH,¢ bath was transferred into the glovebox and
the membrane was dried in inert atmosphere. Herein, the
membranes were powdered in an agate mortar and filled into
graphite dies, as described above.

For pSi 18 nm aluminum nanopowder was added during the
mortaring (MOR). As an alternative aluminum source, a 100 nm
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Table1 Different doping and electrolyte concentrations are used to vary the
initial porosity of the silicon starting material. Thick wafers are used to increase
the powder yield. Electrolyte ratios are given volumetric. The porosities of the as-
etched membranes were measured by nitrogen sorption isotherms

Wafer type I II 111 v
Thickness (m) 380 1,500 380 1,500
Resistivity ((/cm) 0.01 0.01 0.001 0.01
Etching:
HF (48%):ethanol 4:6 8:2 7:1 4:6
Time (min) 400 2 x 1,155 60 830
Current density (mA/cm?) 10.2 10.2 150 10.2
Detaching:
HF (48%):ethanol 4:6 — 1:1 —
Time (s) 40 — 120 —
Current density (mA/cm?) 121.8 — 213 —
As-etched porosity 70% 53% 84% 79%

thick aluminum film was sputtered on top of freestanding
membranes before MOR. To minimize the oxygen
contamination, the samples were handled in inert atmosphere all
time.

All powders were compacted by SPS [38] in a FCT HP D10-GB
system (FCT Systeme GmbH). This system combines a SPS
furnace with a glovebox. We emphasize, that all powder
preparation was performed in the absence of air or moisture in
order to reduce the effect of possible surface oxides during the
synthesis. The samples were densified in vacuum at an uniaxial
pressure of 34 MPa at 1,000 and 1,200 °C and with holding times
of 5 and 10 min. Details on the experimental conditions are
summarized in Section S5 and in Table S1 in the ESM. The
graphite foil was removed by sandblasting and grinding. The
samples were high-end polished to allow for visualization of the
nanostructure by SEM.

2.2 Characterization methods

The specimen mass and its volume including pore voids provide
the apparent density p,. The enveloping surface and thus the
volume of nonuniform samples were determined from optical
microscope images using chroma keying and thickness
measurements. The porosity @ of a specimen is determined by

o=1-F (1)
p t
with p, = cgp; + capa the theoretical density and c; and ¢y the
mass fractions of the silicon aluminum composite. The densities of
the solid materials are pg; = 2.336 g/cm’ and p,, = 2.6878 g/cm”.

The samples’ morphology and chemical composition were
investigated by SEM and simultaneous energy dispersive X-ray
spectroscopy (EDX) with a LEO GEMINI 1530 UltraPlus (Zeiss)
on high-end polished surfaces. The channeling contrast obtained
at 5 kV, largest aperture, high-current mode, and highest contrast
settings allow to image individual grains of the nanostructured
bulk material.

The microscopic chemical composition was analyzed with two-
dimensional (2D) micro X-ray fluorescence (XRF) in a M4
TORNADO setup (Bruker Corporation) with a spatial resolution
of 25 um. At the center of the sample, 2.5 mm X 2.5 mm maps
were taken with a resolution of 300 x 300 points and a dwell time
of 2 ms.

Temperature-dependent thermal diffusivity D was measured
with the LFA 457 MicroFlash (NETZSCH-Geritebau GmbH) in
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the temperature range between 300 and 773 K. The effective
thermal conductivity was calculated by A = p,C,D, with p,, the
measured apparent density and C, the specific heat capacity.

3 Results

3.1 Sample morphology and porosity

3.1.1 Powder processed samples

Domain size distributions and interpore distance distributions are
extracted from SEM images as described in Section S1 in the ESM.
We find that the domain sizes are well described with log-normal
distributions while interpore distances show I'-distributions. The
arithmetic mean of the domain size distribution A, ., sp is used
to discuss domain size compared to the averaged particle size of
the original powder. Figure 1 summarizes the sample
morphologies described by porosity @ and domain size Ao sem
for sintered powder and pSi samples. The aluminum
concentration,  synthesis conditions, and morphological
classification are encoded by color, symbol filling, and symbol
shape.
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S 3 Color: ¢y (Wt.%) O L I I I I e
- o e ||y %0F EE
MOR [Bs mmm4r s || &£4of 11
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Figurel Measured domain size A, spv as function of the porosity @ for
samples processed from nanopowders and pSi. The aluminum concentration is
color coded, the symbol filling gives the main process parameters. The symbol
shape describes the sample morphology as determined by SEM images of highly
polished samples. The powder mixing procedures are indicated as USB, USD,
and MOR. The solid line is a guide to the eye for samples mixed by USB. The
inset compares the porosity of the pSi before and after the SPS process showing
alinear dependency.

We observe that powder samples sintered at 1,000 °C (Fig. 1
(left), solid filling) span a porosity range from 9% to 37%. Samples
with aluminum concentration ¢y < 5% show a morphology
comprising individual particles (square symbols) with initial neck
growth, a fine pore structure, and a domain size consistent with
the initial particle size (Fig. 2(a)).

Aluminum concentrations in the range 5% < c, < 10% cause
slightly larger domain sizes, larger pores and larger interpore
distances (compare Fig. 2(b) vs. Fig. 2(a) and Fig. 1). Particles melt
together leaving larger pores compared to samples with low
aluminum concentrations. We label this morphology as transient
state because it cannot clearly be classified as particle-like or grain-
like structure (circle symbols). Among powder-sintered samples,
these samples have highest porosity. The high porosity compared
to particle-like morphology is unexpected, as the transient samples
show stronger grain growth that should lead to better
compactability. Possible origins may be a lower tap density of the
dried initial powders or a lower sinter temperature at the sample
position that could be caused by temperature gradients along the
die and a slightly off-center position of the sample in the die.

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research



Figure2 SEM images of a selection of powder-processed samples sintered at
1,200 °C. The aluminum concentration increases from (a) to (c). Silicon (gray)
includes pores (black) with irregular shape (a) and (b) and round shape (c). The
bright particles (white) remain from the last polishing step and are made of
silicon as evidenced by EDX. On the length scale shown here, aluminum
agglomerations were not observed.

Aluminum concentrations above 10% lead to grain growth and
reduction of the porosity. These samples show grained (triangle
symbols in Fig.1), polycrystalline morphology with a mean
domain size of about 400 nm and a low porosity of 9% (Fig. 2(c)).
As additional proof for aluminum-induced grain growth, large
silicon grains are found around an aluminum agglomeration
(Fig. S3(a) in the ESM).

Sintering at 1,200 °C leads to strong grain growth. All powder
samples sintered at 1,200 °C (open and crossed symbols) show a
grained morphology with domain sizes ranging from 300 nm to
4 ym and a porosity @ < 13%. The reduced porosity shows that
particle densification and/or pore migration to the outside of the
sample is more efficient. However, some macro pores remain in
the polycrystalline matrix as shown in Fig. 3(a). The round shape
of the pores indicates liquification of silicon during the
sintering [39].

Figure3 Influence of the mixing method on the microstructure and
aluminum distribution. Gray areas are silicon, black areas with white corona
represent aluminum agglomerations, purely black areas are pores with mainly
round shape (a) and irregular shape (c) and bright particles (white) remain from
the last polishing step. The insets show X-ray fluorescent maps of the lateral
aluminum distribution (scale bar: 500 pm). Best homogeneity is reached by
USD.

The initial particle distribution has significant impact on the
final morphology. Figure 3 reveals the effect of different powder
mixing methods on the resulting aluminum distributions and on
the microstructure. Samples mixed by USD show lower porosity,
smaller domain sizes, more homogeneous aluminum
concentration, and smaller aluminum precipitates compared to
samples mixed by USB or MOR (Fig. 3(a) vs. Fig. 3(b) and Fig. 3(c)
vs. Fig. 3(d)). XRF on the millimeter scale (Fig. 3 insets) indicates
aluminum agglomerates for USB mixed samples. In contrast, a
uniform composition is achieved by MOR and USD.
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The expected lamellar and/or fine structured features from
eutectic solidification are not observed in our samples. The
microstructure that we observe for ¢y < 10% consists of silicon
grains and pores. For samples with ¢, = 20%, individual round-
shaped Al agglomerations were identified (Figs. 3(c) and 3(d)).
Our micro structure analysis does not provide a stringent proof
for grains that originate from the hypereutectic growth, but most
likely from crystallization of individual particles of the base
material. The lack of eutectic features may be related to the short
processing times and rapid temperature changes by SPS, which are
known to preserve the nanostructure of the base materials.

3.1.2 Mesoporous silicon processed samples

Sintered pSi samples are up to 52% porous and domain sizes
range from 50 to 400 nm even though sintered with 1,200 °C (Fig.
1 (right)). Thus, pSi samples show higher porosity and lower
domain size compared to powder processed samples sintered with
comparable conditions. The main difference is that individual
nanoparticles of the powders can easily move against each other
during the compaction, while the crushed pSi consists of
micrometer sized particles that contain a dense mesoporous
network in a rigid single crystalline system. Therefore, the stability
of the pSi system with respect to external pressure and
temperature determines the resulting porosity.

The inset of Fig. 1 compares the porosity of pSi samples before
and after SPS. The post-SPS porosity decreases with increasing
initial pSi porosity. This behavior can be understood as increasing
porosity goes along with decreasing fracture toughness. The
analysis of the relative piston position as function of temperature
in Fig. $4 in the ESM confirms that samples of high initial porosity
are densified by pressure rather than by temperature.

Figure 4 exhibits the microstructure of sintered pSi samples. In
the following, we use the nomenclature pSi(I) to pSi(IV) to
indicate the pSi base material and the process route by use of the
Roman numerals equivalently used for the wafer type. The open
pore network of samples made from pSi(I) and pSi(II) compares
with sintered powder samples in the transient state.

L psiny
Len=0%

pSi(IV)
Cp |08
¢ =19%:

Figure4 SEM micrographs of pSi samples processed at 1,200 °C. (a) and (b)
Bright gray contrasts represent silicon in the polished plane. The pore network
is shown by dark gray to black contrasts. (c) and (d) Individual grains (bright
gray to dark gray contrast) embed circular pores (black contrast). The
microstructure is mainly determined by the initial porosity that is 70%, 53%,
84%, and 79% for pSi(I) to pSi(IV).

Samples made from pSi(Il) show the lowest relative change of
porosity before and after the SPS as well as no significant change
to the nanostructure of as-grown pSi. In contrast nano-grained
facets that embed spherical pores grow in samples made from
pSi(III) and pSi(IV). Here, the grain growth may be favored due to
better energy intake on the collapsed and compacted host network
due to the high initial porosity.

For pSi(I) the additional aluminum is added by a sputtered
aluminum film before crushing the membrane. Due to the
aluminum, the densification onset is decreased from 1,000 to 800 °C
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(Fig. S4 in the ESM). The sinter results have a higher domain size
and lower porosity in agreement with sintered powder samples
(Fig. 1).

The pSi(II) samples with 5% aluminum powder mixed by USD
and MOR do not significantly change their morphology and
porosity. The compaction onset for all pSi(II) samples, with and
without aluminum, is around 1,100 °C which is much higher than
for the other pSi samples (Fig. $4 in the ESM).

The onset of the compaction at higher temperature may be
related to the high fracture toughness given by the lowest pre-SPS
porosity. Surprisingly, EDX reveals that the aluminum diffused
around the individual micrometer sized grains. The diffusion
depth of 3 um (Fig. S3(b) in the ESM) is in agreement with the
expected diffusion length of aluminum in silicon for the applied
synthesis conditions [40]. We see the applied USD as main reason
for this observation, as the mortared reference sample does not
show aluminum surrounded grains. USD leads to the
homogeneous particle distribution around individual grains.
However, it remains an open question why diffusion is seen
instead of increased grain growth.

3.2 Temperature-dependent thermal conductivity

The quantitative analysis of porous materials’ thermal
conductivity is challenging because voids and grains are part of the
nanostructure and simultaneously reduce the macroscopic
effective thermal conductivity Az We follow the approach to
separate the effective thermal conductivity by A = A, [41]. A, is
the intrinsic thermal conductivity of the dense material that
depends on the grain size. The relative thermal conductivity
0 <, < 1lisa function of porosity @ [41].

Different models for the relative conductivities have been put
forward in the past [36,41,42]. The simple models only include
the porosity @ [41], while recently developed models include pore
size distribution, pore shape, pore randomization, and surface
properties [43, 44].

Figure 5 classifies the temperature-dependent Az of powder
processed samples according to maximum sinter temperature,
porosity, aluminum concentration, morphology, and mixing
method. Porosity and microstructure vary from sample to sample.
Consequently, a cross-sample comparison of A is challenging.
However, general trends are evident.

The thermal conductivities of powder samples with particle or
transient morphology are lower than for grained morphology.
Thus, almost all samples sintered at 1,000 °C have a smaller A4
than samples sintered at 1,200 °C. This behavior is expected, as
higher sinter temperatures yield lower porosity and larger domain
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sizes (Fig.1). Taking samples with particle and transient
morphology into account, an increasing @ results in a decreasing
Ao As particle and transient samples have a similar domain sizes,
this reduction is attributed within the framework of our model
Aet = AoA; to the increased porosity. As discussed below (Eq. (2)),
Ay only depends on the domain size whereas A, depends on the
porosity.

The thermal conductivity of grained samples synthesized at
1,000 °C with ¢y = 4% and 10% compare with USD mixed
samples sintered at 1,200 °C. This can be explained by similarities
in domain size and porosity (Fig. 1).

The samples sintered at 1,200 °C and mixed by USD show
lower thermal conductivities than samples synthesized by mixing
methods other than USD. As the @ of USD mixed samples is
lower than for the others, the mixing procedure indirectly
influences the thermal conductivity by modification of the
nanostructure. Grain sizes are smaller in USD samples (Figs. 1,
3(c) and 3(d)), so that the lower thermal conductivity is explained
by the reduced domain size.

The highest effective thermal conductivity at all temperatures
was observed for the sample of largest grains and lowest porosity
made of the pure silicon powder.

The effective thermal conductivity of sintered pSi samples (Fig. 6),
even though sintered at 1,200 °C, is lower than of identically
sintered silicon powder samples. The thermal conductivities’
dependence on porosity cannot be explained by the nanostructure
alone (Figs. 4 and 6). The combination of both, high porosity and
small domain size results in the lowest thermal conductivity for
pSi(I)-samples. As previously discussed, sintered pSi(II) samples
almost preserved the micro and nanostructure also with
aluminum present.

4 Discussion

4.1 Relative thermal conductivity and phonon mean free
path

In order to decouple the effect of porosity and the domain size, A4
is fitted with a modified Landauer/Lundstrom model [45, 46]
given by

ki w 4
Ar(T) = Ao =A,( 5 T) [ 2 A @) M (@) W (@) (2)
6 o 3
with the relative thermal conductivity A,, the lattice temperature T,
the frequency dependent phonon mean free path A(w), the
number of modes M,(w), and the window function Wy (w).

Ta (°C) 1,000 1,200
D (%) 8 9 12 16 18 19 29 31 34 I 37 1 2 4 8 1 13
cy (%) 4 10 0 8 1 6 2 6 5 7 20 0 4 I 5 20 5 4
Morphology GRAIN PAR GRAIN PAR |TRAN| PAR TRAN GRAIN
Mixing UsB none usB USD | none usD MOR USB

A

0
0 250 0 250 0 250 0 250 0 250 0 250 0 250 0 250 0 250 0 250 0 250 0 250 0 250 0 250 0 250 0 250 0 250 0 250

T(°C)

Figure5 Effective thermal conductivity A4 as function of temperature for sintered powder samples. The samples are grouped together by the maximum sinter
temperature T, and ordered by increasing porosity @ and increasing aluminum concentration c,, Morphology (grained (GRAIN), particle (PAR), and transient
(TRAN)) and the mixing method (USB, USD, and MOR) are indicated. Red solid lines represent non-linear least square fits applying the model described in Section S2

in the ESM with A, and A, as the only free parameters.
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Figure6 The effective thermal conductivity of sintered pSi. Red solid lines

represent non-linear least square fits applying the model in Section S2 in the

ESM.

Details about the frequency-dependent terms are given in Section
S2 in the ESM.

For fitting, the only free parameters are the relative thermal
conductivity A, and the phonon mean free path Ap. As evident in
Figs. 5 and 6 these non-linear least square fits describe the
measured thermal conductivity very well.

The extracted relative thermal conductivity A, is shown as
function of the porosity @ in Fig. 7(a). Values with a porosity
below 15% scatter heavily. Taking data of @ > 15% into account
the effective medium models by Lewis-Nielsen [47] and
Kirkpatrick [36] describe A, well. In contrast, the classical models
given by Maxwell, Rayleigh, or Bruggemann [47] fail to describe
our data.

The obtained parameters of the Lewis—Nielsen model are the
maximum packing fraction @,, = 20% and the shape coefficient
A = 383. The maximum pore filling fraction of 20%
underestimates our observed maximum porosity and thus queries
the application of this model.

For the Kirkpatrick model, our data gives a thermal percolation
threshold @. = 60%. This is comparable to the percolation
threshold of 57% found in electrical transport studies in pSi [48].

One observes excellent agreement between Apg and the
effective domain size Aggy (Fig. 7(b)). This is extraordinary as
both originate from two fundamentally different characterization
methods, that are the analysis of the temperature-dependent
conductivity and quantitative image analysis. Ay is calculated

by
At g = Ay

eff, SEM D,SEM + A;olre.SEM (3)

As demanded by Matthiessen’s rule for independent scattering
channels A s and Apgpy are taken as the harmonic means of
the interpore distance distribution and domain size distribution
[49, 50]. Neglecting scattering at pores (A, gz = 0) results in a
shift from the identity (gray points in Fig. 7(b)), proving this is an
oversimplification.

4.2 The intrinsic thermal conductivity

Ay is predicted by the original Landauer/Lundstrom model. For
T =300 K, Fig. 8 exhibits Aj(A) based on the Landauer/Lundstrom
model (red curve), that is in exceptional agreement with
Ao(Apg) = AfA, the data found within this study (black squares).
In Fig. 8, we add data from as-etched pSi and a size-dependent
estimation from de Boor [51]. He used a simple parallel thermal
resistance model (4 = A.4/(1 — @)) for the effect of porosity and
considered the structure size d as the relevant scattering length.
The deviation (green symbols and line) from our data can be
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Figure 8 Intrinsic thermal conductivity Ao(Apg) = Ag/A, as function of the
mean free path Apg and the modified Landauer/Lundstrom model of this
study. Literature data of de Boor [51] (green points and line) are in agreement
with our model considering the here found relative thermal conductivity
relation and the effective mean free path of the structure and interpore distance
(blue stars).

easily resolved (blue stars) by consideration of the here found
relative thermal conductivity relation (Fig.7) and a scattering
length given by the structure size and pore distance. We cannot
translate all data points from de Boor [51] because of missing
geometric data or @ > 0.6 for which the effective medium model

fails.
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4.3 Model assumptions and applicability

The basic assumption in Eq. (3) is the separability of A4 for
contributions due to porosity and different phonon scattering
mechanisms in the nanostructured samples. The porosity-
dependent part is treated within the framework of well-established
effective medium models [36]. The phonon scattering dependent
part is treated within the model of Landauer/Lundstrom [46]. The
latter assumes the existence of different scattering channels, like
boundary scattering, impurity scattering, Umklapp scattering,
scattering at nanosized domains, and the applicability of
Matthiessen’s rule.

On a technical note, the main assumption about separability is
not unprecedented [52]. One might even consider it as a necessity
to conceive a tractable analytical model. Similarly, the application
of Matthiessen’s rule is a helpful simplification. Like any
theoretical model, these and other assumptions obviously can find
their justification in different ways. Of course, a comparison with
ab initio calculations of the thermal conductivity with our model is
desirable, but clearly beyond the scope of this experimental work.
However, we consider equally convincing the excellent agreement
between Agsy and Apg as a valid experimental justification for
our approach. Finally, our model allows to describe the thermal
conductivity for porous silicon samples in the porosity range
0 < @ <0.6 and mean free paths A > 7 nm.

5 Conclusions

In summary, we have presented a detailed study of the thermal
conductivity of spark plasma synthesized porous nanostructured
silicon and silicon-aluminum compounds with well characterized
porosity, domain size, and interpore distance distributions. Our
synthesis strategy to prepare nanostructured bulk monoliths of
silicon employs metal-assisted crystallization in bulk samples and
builds on the porosity inherent to the nanoporous starting
material prior to SPS. Quantitative SEM image analysis
demonstrates morphology control of spark plasma sintered binary
silicon-aluminum nanomaterials synthesized by different USD
methodologies. Since the high porosity is maintained after SPS
processing and excessive grain growth is suppressed, both,
nanostructure and porosity simultaneously lead to a strong
reduction of thermal conductivity. Temperature-dependent
measurements allow to disentangle the effect of porosity and size
effects to explain the reduction of the thermal conductivity
compared to bulk. The proposed model, a modified
Landauer/Lundstrom model incorporating the porosity, describes
the temperature-dependent thermal conductivity as function of
the porosity, domain size, and temperature for effective mean free
paths ranging between 7 nm and 1 um and porosities up to 60%.
The model is applicable to a broad range of materials based on
porous nanomaterials beyond the specific material system studied
in the present work. Due to the close correspondence of heat
transport by phonons to charge carrier transport, the proposed
model provides a pathway to a thorough understanding of
electronic transport in porous nanostructured material systems as
well.
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