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Abstract

This article presents inelastic thermal neutron scattering experiments probing
the phonon dispersion in mesoporous silicon with pores 8 nm across. Scattering
studies reveal the energy-momentum relation for transverse and longitudinal
phonons along the high symmetry directions T'L, T K and TX in the Brillouin
zone. The dispersion up to phonon energies of 35 meV unambiguously proves
that the phonon group velocities in highly-crystalline silicon are not modified by
nanostructuring down to sub-10 nanometer length scales. On these length scales,
there is apparently no effect of structuring on the elastic moduli of mesoprous
silicon. No evidence can be found for phonon-softening in topologically complex,
geometrically disordered mesoporous silicon putting it in contrast to silicon
nanotubes and nanoribbons.
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1. Introduction

Inorganic and organic thermoelectric materials exploit the Peltier and See-
beck effect to directly convert thermal energy into electrical energy and wvice-
versa [12]. BixTes and PbTe are classical thermoelectric materials (TE) with
market-ready technological applications [41, 23] but have the obvious draw-
back of not being environmental friendly. More contemporary TE materials
are skutterudites [32], clathrates, half-Heusler alloys, thermoelectric oxides and
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nanostructured systems [38]. However, most of these state-of-the-art TE mate-
rials are not yet efficient enough, too expensive, not scalable in synthesis or too
toxic to play a key role in a future, sustainable and green energy infrastructure.
The development of novel TE’s is one pillar of modern energy research next to
photovoltaic, catalysis and fuel cell technologies. Scientists and material engi-
neers are heavily guided by the figure of merit 27" = Hpi_iﬁlT in their quest
for novel materials. It manifests the insight that a high performing TE should
provide at operating temperature 7" a high electrical conductivity o, a high See-
beck coefficient S and low electronic and lattice thermal conductivities ke /pp,-
The material properties that define zT" are strongly and not necessarily favorably
correlated, e. g., by the Wiedemann-Franz law or the Mott equation [19]. Thus
find the perfect phonon-glass and electron crystal [37, 29] for TE applications is
a challenging optimization problem. Doping and electronic band structure en-
gineering [30] are intensively studied to optimize for instance the power factor
05? whereas nanostructuring and phonon-dispersion engineering [18, 27, 20] are
considered approaches to impair the lattice thermal conductivity k.

The effect of nanostructuring on s,y is typically probed in macroscopic thermal
conductivity measurements. Increased phonon boundary scattering at inter-
faces is the accepted theoretical explanation for modified thermal conductivities
in nanostructured materials compared to the respective bulk systems. phonon-
softening induced by structuring is also considered. It is a more subtle effect [16]
and experimental evidence remains mostly elusive [35] for monolithic samples
but is confirmed to some extent for individual nanowires [40, 42]. Experimental,
microscopic studies that directly probe phonon scattering rates or the phonon
dispersion modification upon nanostructuring are missing.

Anodized silicon with 2 nm to 200 nm wide pores is one form of nanostructured
silicon that offers easy and scalable synthesis routes. Commonly referred to as
mesoporous silicon (pSi) it is the perfect model system to study the effect of
nanostructuring on the phonon dispersion in an academic as well as technological
relevant model system. Its highly-crystalline nature [15] makes it particularly
suited for structural and dynamical scattering studies.

It is necessary to employ a suite of experimental techniques that probe differ-
ent length scales in the material to achieve a comprehensive understanding of
lattice vibrations in pSi [1, 2, 16]. One is well advised to carefully distinguish
between the properties of the nanostructured silicon itself and the properties of
the effective medium that includes crystalline silicon and vacant pore space. In
other words, it is essential to distinguish between properties on microstructural
and macrostructural length scales.

Inelastic thermal neutron scattering provides microscopic information about
phonons across the entire Brillouin zone. It must be considered solely sensitive
to the properties of the silicon skeleton when the probed phonon wavelengths
become smaller than the length scale of structuring. However, the experimental
demand for macroscopic amounts of nanostructured material (~ 1 cm?) with
well-aligned crystallographic orientation is a formidable obstacle.

This article presents the phonon dispersion of pSi with pores roughly 2R ~ 8 nm




across at a porosity of ¢ & 50% that is obtained by thermal neutron scattering
experiments. It is a direct continuation of the inelastic cold neutron scattering
study presented in Ref. [16]. The recent data are discussed in the context of the
influence of nanostructuring on the elastic properties of a crystalline material
and put into perspective of contemporary studies on this subject [13, 11, 1].

2. Experiment

2.1. Samples

The synthesis of pSi relies on the anodization of single-crystalline, p- or n-
doped silicon wafers in electrolytes that contain hydrofluoric acid (HF) [44, 7,
33]. The most important control parameters of this anodization process are the
HF concentration, current density, illumination and etching time. With the ap-
propriate resistivity and crystallographic orientation of the used silicon wafers,
it is possible to control pore sizes, porosity and inter-connectivity of the etched
pore networks.

Samples for this study are synthesized by electrochemical etching of p-type [001]
silicon wafers with a resistivity of 0.01-0.02 Qcm™!. Wafers are anodized in a
4 : 6 electrolyte composed of HF (48 vol-%) and ethanol (99 vol-%) utilizing
an etching current density of j = 12 mA/cm?. After 4h of etching, an in-
creased current density of j = 216 mA /cm? is applied for 40s to detach 160 pum
thick, self-supporting membranes with a diameter of roughly 5 cm from the bulk
wafers.

38 membranes are etched under identical anodization conditions for the scatter-
ing studies. Prior to the scattering experiments, the membranes are laser-cut
along the crystallographic [110] and [110] directions. A stack 30 x 30 x 6 mm?
in size is assembled in a sealed sample cell under a dry nitrogen atmosphere
with a crystallographic misalignment of less than 0.5° [16]. An identical stack
of 38 stack of thin bulk silicon (bSi) plates is assembled for the bulk reference
measurements. The highly-crystalline nature of the synthesized membranes is
documented in reference [15].

2.2. Characterization

The etched pSi membranes are extensively characterized by scanning elec-

tron microscopy and nitrogen Ny sorption isotherms, which provide information
of the morphological properties of the samples. We briefly discuss the relevant
results of these measurements. More details on the characterization can be
found in Ref. [16].
Fig. 1(a) shows a representative No sorption isotherm of a single membrane. It
shows at T' = 77 K the volumetric liquid- N2 uptake f = N/Ny in porous silicon
upon increasing or decreasing the partial vapor pressure P..q = P/Py. N and
Ny are the number of physisorbed N; molecules at partial and complete pore
filling whereas P and Py refer to the Ny vapor pressure below and at saturation
(Po(77 K) = 1013 mbar).



The Barrett-Joyner-Halenda analysis [4] of the desorption measurements as de-
picted in Fig. 1(b) identifies an average pore radius of R = 4 nm for the meso-
porous membranes. Given for instance pore blocking effects, this might be
considered a conservative estimate for the pore size [22, 10, 34]. A specific sur-
face of A = 157 m?/g is inferred from a Brunauer-Emmet-Teller analysis [5]
of the low pressure part of the isotherm before onset of capillary condensation.
Membrane volume and Ny allow finally a porosity estimate of ¢ = 50%.

The SEM micrographs in Fig. 2(a),(b) show the sample top view and cross sec-
tion illustrating the polygonal pore cross section [9] and the dendritic growth of
the pores along the [100] direction. The top view in panel (a) shows a random
array of pores without long-range order contrasting highly-ordered mesoporous
thin-films synthesized by polymer-templating [26]. It provides a direct route
towards a pore size distribution (PSD) for the front (electrolyte exposed) side
of the membrane. A dedicated algorithm [24] identifies the polygonal contour
lines of the pores and uses the enclosed area to calculate the equivalence radius
of a circular pore. The resulting PSD is shown in the inset. Despite an average
pore radius comparable with the isotherm result, this PSD should be considered
surface and not bulk representative. In particular, close inspection of PSD’s ob-
tained from the front and back side of the membrane differ in average radius
up to 50% indicating an expected, etching-induced porosity gradient along the
[100] direction.
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Figure 1: (Color online) (a) N2 sorption isotherm measured at 7' = 77 K in pSi. (b) Pore
size distribution in pSi estimated from the desorption branch of the Ng isotherm employing a
BJH-analysis. Reprinted from Ref. [16] with permission from Elsevier.

2.3. Neutron scattering

Inelastic neutron scattering data are collected with PUMA, a thermal triple-
axis spectrometer at the high-flux neutron research reactor FRM II in Garching,
Germany. It is designed to probe the scattering function S (C,j, w) of elementary



Figure 2: (Color online) SEM micrograph of pSi recorded with a SEM LEO GEMENI mi-
croscope employing electron energies of 15 keV: (a) Top view of the pores in etched silicon.
The inset illustrates the pore size distribution as inferred from a contrast analysis of the SEM
image. (b) Side view of the pores. Reprinted from Ref [16] with permission from Elsevier.

excitations such as phonons and magnons in single-crystalline materials. De-
pending on the lattice parameters and crystal structure of the system under
investigation, excitations with energies up to hw =100 meV and wavevectors of
|7l = 12 A~' can be measured [39].

All scattering experiments are performed at room temperature. Two types
of scans are utilized to measure the phonon energy versus phonon wavevec-
tor dispersion relation hw(q) in pSi and bSi along well-defined crystallographic
directions. So-called constant-energy scans measure the intensity of scattered
neutrons with fixed energy loss for different wavevector transfers ¢. They are
suited to probe the low energy dispersion where the phonon energy hw depends
strongly on the probed phonon wavevector ¢. So-called constant-¢ scans record
the neutrons depending on the energy loss hw at fixed wavevector transfer .
They are typically performed closer to the boundary of the Brillouin zone where
a weak w(q) dependence is evident. PUMA measures neutrons with a fixed fi-
nal wavevector |k}| = 4.11A~! and varies the incident wavevector k; for the

constant-g scans. For the constant-energy scans both |l;| and |k}| are fixed.
Representative scans are shown in Fig. 3.
The neutron scattering experiments are conceived to elucidate phonons along



high symmetry directions in the Brillouin zone of silicon as depicted in Fig. 4.
Probed are specifically 'L, TK and T'X directions. All information about the
phonon dispersion are of course contained within the first Brillouin zone and
depend solely on the reduced phonon wavevector ¢ [3]. However, inelastic scat-
tering of neutrons on phonons increases with the absolute wavevector transfer
C} = Cj Bragg + ¢ [36] between neutron and lattice. Consequently, phonons are
best measured in the highest instrumentally accessible Brillouin zones to max-
imize scattering intensity and consequently to improve signal-to-noise ratios.
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Figure 3: (Color online) (a) A 10 meV transverse phonon becomes evident in a g-scan along
the [110] direction that is measured around the 004 Bragg reflection (black symbols). The
instrumental configuration of the triple-axis spectrometer PUMA probes the phonon in a
defocusing condition (q < 0) and a focusing condition (q > 0). Non-linear least squares fitting
employing two Gaussians is utilized to extract the wave-vector g of the 10 meV phonon (red
line) (c) For a wavevector transfer of ¢ = 1.06 A~! the [110] transverse phonon becomes
evident in an w-scan for an energy transfer of approximately 28 meV. Non-linear least squares
fitting employing one Gaussian and a polynomial background is utilized to extract the energy
of the phonon (red line) (b)+(d) Residual between non-linear least squares approximation and
the data.

2.4. Data analysis

The arguably most intuitive approach to analytically describe the transverse
and longitudinal phonon dispersions along the high symmetry directions of sil-
icon are one-dimensional chain-like models. These models readily predict the
collective motions of entire netplanes. Depending on the desired degree of ap-
proximation, they account for the interaction between neighboring netplanes up
to an arbitrary order that are for instance nearest neighbor and next nearest
neighbor interactions. The entire approach, although simplified, bears a strik-
ing resemblance to more fundamental Born-Karman calculations [43] and is used



here.
The phonon dispersion for a linear chain of netplanes is given by

w? = ZDi(l — cos(qia)). (1)

i=1

Here, a is the distance between adjacent netplanes, w is the frequency of the
phonons, and D; encodes the interaction between netplanes.
From Eqn. 1 the sound velocity is inferred in the low ¢ limit to be

There are three independent components c;; of the stiffness tensor in crystals
with cubic symmetry. These elastic moduli ¢11, ¢12, and cyq4 relate to the sound
velocities in the crystallographic directions [hkl] via the general expression

[hkl] f[Th/kLl] (c11,C12, Ca4)
Yryp = , : (3)

where p = 2.33 gecm 3 is the silicon mass density and f[Th/kLl] are functions of the
three independent elastic constants [16]. It is

féloo] .
f[Tloo] = C44
[110] _ €11+ C12 +2¢44
e
4
f[THO] = C44 )
[111] _ ¢11 + 2¢12 +4cay
I = 3
[111] _ €11 — €12 + Caq
Ir = — 3

Knowledge of transverse and longitudinal sound velocities in different crystal-
lographic directions allows employing an optimization scheme [16] to determine
directly the three elastic constancts or related quantities like Young moduli
ylhkl]

For the non-linear least squares approximation of the phonon dispersion (Fig. 5),
the limited number of data points necessitates a conservative approach of min-
imal number of fitting parameters. Consequently, for transverse phonons, the
sum in Eqn. 2 is truncated at ¢ = 2 and for longitudinal ones already at i = 1.



3. Results and discussion

It is important for nanostructured materials like pSi to distinguish between
micro- and macrostructural properties. Experiments often probe effective quan-
tities averaged and homogenized over length scales [ that are significantly larger
than the structuring length d. In such a case [~!'d < 1 and experiments do not
necessarily provide access to microscopic properties on the nanoscale.

Acoustic transmission spectroscopy [1] is employed to study acoustic sound
waves in the limit of long wavelengths ¢ — 0 A~1, where ¢ refers to the wavevec-
tor of the respective vibrational mode. In the analysis of these experiments, pSi
is inherently treated as an effective medium that consists of a single-crystalline
silicon skeleton penetrated by nanometer sized pores. The technique provides
consequently insights into the porosity dependent sound velocities and elastic
properties of the compound material. Brillouin scattering [2] probes phonons
close to the center of the Brillouin zone and data analysis again treats pSi as
continuum to obtain averaged material properties.

If at all, macroscopic measurements allow inferring microstructural properties
only indirectly from more or less complex data modeling [11, 13, 31, 25]. Ther-
moelectric transport measurements on pSi provide effective thermal conductivi-
ties, effective electrical conductivities and effective Seebeck coefficients. Relating
these effective quantities to microscopic properties requires at least spatial av-
eraging over interconnected Si-walls and a geometrically complex pore space to
properly account for the sample morphology.

However, in general it is not sufficient to treat properties within effective medium
theories [28] that relate heterogeneous systems to the properties of a homoge-
nized “bulk” reference system. On nanometer-sized length scales matter be-
haves fundamentally different than on macroscopic length scales characteristic
for bulk systems. In the case of lattice thermal conductivity for instance novel
aspects like phonon confinement and additional phonon boundary scattering at
interfaces have to be considered carefully on the nanoscale [25].

The interpretation of macroscopic, mechano-elastic experiments [11, 13, 31] to
obtain the elastic moduli of the nanostructured Si-skeleton in pSi is similarly
challenging. Macroscopic deformation experiments can be analyzed by means
of finite element calculations that include the microscopic properties of the Si-
skeleton as adjustable parameters. However, the implementation of the complex
sample topology is an obvious obstacle to overcome.

This study does not follow the approach to determine the elastic properties of
the pSi-skeleton indirectly from macroscopic measurements. In contrast, it uti-
lizes inelastic thermal neutron scattering as a microscopic probe to determine
the elastic moduli directly. The neutron scattering experiments elucidate the
dispersion for phonons with wavelengths smaller than 2 nm that is well below
the structuring length scale of pSi (¢ =~ 50%, R =~ 4 nm). An analysis of this
dispersion within the framework of Born-Karman models allows inferring sound
velocities in the Si-skeleton and subsequently the differences between bulk and
nanostructure elasticity.

Fig. 5 exhibits the bona-fide indistinguishable phonon dispersions of pSi and



o fm/s] [ o™ fm/s] | o™ mys] [ of™ m/s] [ of T [m/s] | ol [m/s]
bSi 5485 £+ 29 8992 + 18 5350 4+ 39 8339 + 48 5124 + 37 10105 + 35
pSi 5454 + 40 8999 + 16 5425 + 52 8275 4+ 50 4971 £ 79 10197 + 41
bSizie. [16, 17] | 5844 8433 5844 9134 5094 9356
pSi/bSi 0.99 1.00 1.01 0.99 0.97 1.01

Table 1: Sound velocities for transverse and longitudinal phonons in bSi and pSi in the [100],
[110], and [111] directions.

c11 [GPa] | c1o [GPa] | cay [GPa] | YOOI [GPa] | YOI [GPa] | YOI [GPa]
bSi | 181+£1 [68+2 69 + 1 145 £ 2 162 £ 1 169 + 1
pSi | 178 £2 | 73£3 69 + 1 135+ 5 160 + 2 170 + 1.5

Table 2: Elastic moduli and uniaxial Young moduli for pSi and bSi as obtained from inelastic
thermal neutron scattering experiments.

bSi for longitudinal and transverse phonons (symbols) along the high symmetry
directions 'L, TK and T'X. The dashed lines represent data modeling accord-
ing to Eqn. 1. An excellent agreement between data and the non-linear least
squares approximation of Eqn. 1 is evident.

Tab. 1 lists sound velocities for pSi and bSi, which are calculated with Eqn. 2
using the optimized model parameters D;. The sound velocities in the pSi-
skeleton with 8 nm wide pores and bSi differ by less than 1% in average. The
experimentally estimated sound velocities in bSi however deviate systematically
by 5 - 10% from accepted literature values. This systematic error in the sound
velocities forbids the discussion of the elastic moduli in terms of absolute values
but does not affect not the direct comparison between pSi and bSi.
Components of the stiffness tensor ¢;; and uniaxial Young moduli for pSi and
bSi in Tab. 2 are derived with Eqn. 3. These results refine previous estimates in
Ref. [16] for the effect of nanostructuring on the microstructural elastic proper-
ties of Si. Elastic moduli in pSi are reduced in average by less than 5% compared
to bSi. Given the fairly conservative error estimates, one is indeed inclined to
dispute any effect of nanostruturing on the elastic properties at all.
phonon-softening refers to the reduction of a phonon group velocity ,e. g., upon
approaching a phase transition, a characteristic temperature or system size.
In this sense, Wingert and Yang et al. [40, 42] report reduced elastic moduli
that correspond via Eqn. 3 to soft phonon modes for Si nanotubes smaller than
tnyT = 25 nm in diameter [40] or Si nanoribbons with a surface to volume ratio
S/V > 0.11 nm~! [42].

In analogy with the nanotubes and -ribbons, one can readily characterize pSi
by a locally defined, averaged pore-wall thickness ¢ or the well-defined surface-
to-volume ratio S/V. A simple geometrical model [16] allows estimating ¢ from
porosity and average pore radius. Surface-to-volume ratios can be extracted
from the BET-analysis and the Si density p.

With values of t & 2 nm < tyr and S/V = A% p ~ 0.366 nm~! > 0.11 nm ™!
both quantities imply phonon-softening in pSi. However, no indications are
found in the thermal neutron scattering experiments that indicate an influence



of nanostructuring on the phonon dispersion. Whether this difference between
pSi and Si nanotubes and nanoribbons relates to the more complex, not-simply
connected topology of pSi or the heavily disordered pore array is a fascinating
question that remains unanswered and requires further experimental and theo-
retical studies beyond the scope of this work.

But as a matter of fact, this result puts a practical limit on the minimum
thermal conductivity for anodized pSi membranes. Excluding unrealistic ap-
proaches like phonon dispersion engineering, nanostructuring induced phonon-
softening appears as prerequisite to beat the so-called amorphous limit [6] of
kipr, = 0.1 Wm™'K~! in pSi. In retrospective of the presented results, this ne-
cessitates samples with even higher porosity and smaller structural feature sizes,
samples whose mechanical stability cannot be guaranteed.

It appears in order, to conclude this section with a brief review of results on
phonon-softening in pSi as presented in Ref. [16]. There, Hofmann et al. study
phonons with wavelengths between 2 nm and 10 nm to determine the elastic
properties of pSi. Assuming to probe dominantly the properties of the pSi-
skeleton a sizable phonon-softening in the range ci?jSi > cijz > 0.750%31' is in-
ferred from scattering experiments. These results are clearly refined within the
present study.

The cold neutron scattering experiments presented in Ref. [16] start the tran-
sition from microscopic probes like thermal neutron scattering to macroscopic
probes like acoustic transmission spectroscopy. This troubling and admonishing
tale of length scale dependent experimental results is unfortunately not new and
known from diffusion experiments in confinement [8, 21] where different probes
seemingly give different answers to the same question.

A
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Figure 4: (Color online) First Brilloin zone of a fcc lattice: Dotted Arrows mark the cubic
{100} directions. Red arrows show the high symmetry directions I'L, 'K and I'’X.

4. Conclusion and Outlook

The inelastic neutron scattering studies presented in this article and in
Ref. [16] are first steps towards a thorough understanding of the influence of
nanostructuring on the phonon dynamics in phonon-softening silicon. Nanos-
tructuring on sub-10 nanometer length scales does not have an effect on the
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Figure 5: (Color online) Dispersion of longitudinal and transverse phonons in bSi (open sym-
bols) and in porous silicon (filled symbols) along high symmetry directions [100](TL) ,[110]
(TK) and [111] (TX): Labels indicate the Bragg reflection at which the phonons were mea-
sured. Colored lines (dashed, solid) represent Born-Karman approximations of the different
dispersion branches.

phonon dispersion. In contrast to Si nanoribbons and nanotubes, no sizable
phonon-softening in pSi is observed in the inelastic neutron scattering experi-
ments.

Macroscopic thermal conductivity measurements evidence a strong effect of
nanostructuring on phonon scattering rates in pSi. Deeper insights are expected
from studies that probe the phonon life times respectively the scattering rates
of phonons in structured silicon. Neutron resonance spin-echo spectroscopy
appears as appropriate scattering technique to gain these insights [14]. Tt is
however experimentally very challenging and comes along with new demands
for sample quality and quantity. So this topic is left for now, with the prospect
of tempting studies ahead.
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