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The lattice dynamics in an array of 56 nm diameter Bi,Tes nanowires embedded in a self-ordered

amorphous alumina membrane were investigated microscopically using '*Te nuclear inelastic
scattering. The element specific density of phonon states is measured on nanowires in two
perpendicular orientations and the speed of sound is extracted. Combined high energy synchrotron
radiation diffraction and transmission electron microscopy was carried out on the same sample and the
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crystallinity was investigated. The nanowires grow almost perpendicular to the c-axis, partly with

twinning. The average speed of sound in the 56 nm diameter Bi,Tes nanowires is ~7% smaller with
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1 Introduction

Theoretical foundations of nanoscale systems exist' and are
routinely used to predict enhancement in thermal,* electrical,?
and mechanical* properties of the investigated systems.
Recently, owing to rapid progress in nanostructuration tech-
nology the attention of the scientific community was drawn
anew to the microscopic characterisation of low dimensional
structures. Among the nanoscale systems, 2D nanomaterials
such as graphene® and transition metal oxide nanolayers® are of
great technological importance. The traditional 2D nano-
materials” have a thickness on the order of a few nanometers
and length on the order of microns which makes them candi-
dates not only for direct applications but also as building blocks
of artificial structures.

In 1993, Hicks and Dresselhaus®® predicted a significant
enhancement in the thermoelectric figure of merit,' zT, due to
the effective mass of charge carriers both in two- and one-
dimensional nanostructures below d = 3 nm, where d is the
dimension of confinement. After this prediction a great number
of experimental studies were dedicated to the realisation of the
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respect to bulk Bi;Tes and a decrease in the macroscopic lattice thermal conductivity by ~13% due to
nanostructuration and to the reduced speed of sound is predicted.

asymptotic d~> enhancement of z7T. Soon after, phonon
confinement effects were proposed in the thermal-thermo-
electric context."*™* However, a definitive experimental confir-
mation is nevertheless still lacking. In a recent theoretical study
Cornett and Rabin' have investigated the electrical properties
of semiconducting nanowires but no clear enhancement of the
electrical properties was suggested for nanowires with several
nanometers diameter. Arguably, the electronic mean free path
is orders of magnitude shorter than that of phonons, thus in the
first approximation no clear effect of electronic properties is
expected for d ~ 100 nm.*>™"”

Tetradymite structured chalcogenides exhibit, in addition to
good thermoelectric conversion properties, a reversible phase
change from crystalline to amorphous phase induced by
temperature or an electric field.'®*” Because the phase change is
accompanied by a large resistance or reflectivity change such
materials are considered candidates for future nonvolatile
memory applications.” When such chalcogenides are used in
phase change applications® their thermal conductivity plays an
important role as it ultimately limits the read-write time.
Hence, tailoring the macroscopic properties of these materials
by tuning their dimensions is not only of importance for
fundamental reasons but also has a potential impact in infor-
mation technology and power conversion.

Previous studies of thermal transport in nanowires with
diameter in the range of several nanometers revealed phonon
confinement due to nanostructuration®** as well as by surface
roughness.”* Finite size effects were predicted to cause a
significant frequency shift or a lineshape broadening® for the
phonon modes. Nevertheless, misleading artifacts of instru-
mental origin resulting in such effects were identified and
explained in germanium nanowires.”® To the best of our
knowledge, no complete experimental study exists on the
density of phonon states in nanowires due to experimental
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limitations. The limited amount of material and the complexity
in handling, makes inelastic X-ray scattering probably currently
the only choice for investigating microscopically the lattice
dynamics, and more precisely the density of phonon states of
oriented nanowires.

The phonon properties in an ensemble of 56 nm diameter
nanowires embedded in a self-ordered amorphous alumina
membrane are the focus of this study. The lattice dynamical
characterization was based on nuclear resonance inelastic scat-
tering”” using the '*Te resonance.?® In order to enable correct
mode attribution and complement the dynamical properties in
the nanowire ensembles a combined detailed structural charac-
terization was conducted using both high energy synchrotron
radiation and electron scattering. According to our results a
possible reduction in thermal conductivity should primarily be
related to the reduced speed of sound as no measurable mode
broadening is observed.

2 Materials and methods

We prepared '**Te enriched Bi,Te; nanowires, NW, embedded
in an anodic self-ordered alumina membrane® using a novel
pulsed electrodeposition technique described elsewhere.*® In
this work, the alumina membrane had a nominal pore diameter
of 50 nm with a nominal interpore distance of 100 nm. The
aqueous electrodeposition solution was formed by dissolution
of bismuth(ur) nitrate pentahydrate and 80% '**Te enriched
tellurium powder in the appropriate ratio. Based on previous
studies,* the reduction potential was set to —200 mV in fixed
pulses of 10 ms and the relaxation potential to 80 mV for 50 ms.
All measurements reported in this study were carried out on
small fragments taken from the same alumina membrane, see
Fig. 1a.

In order to verify the crystallographic phase, diffraction
using synchrotron radiation was performed at the 6-ID-D
station of the Advanced Photon Source on bundles of nanowires
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inside the intact template. Measurements were carried out at
295 K in two orientations, (i) with the incident k vector parallel
to the nanowire axes, called transmission geometry and (ii) with
the incident k vector perpendicular to the nanowire axes, called
grazing incidence geometry. Data were collected using an
amorphous Si area detector of 2048 x 2048 pixels (pixel size:
200 pm). The wavelength was 0.142519 A and the sample
detector distance of 1715.5 mm was calibrated using diffraction
from NIST Si 470c. The reflection positions were extracted after
fitting the data with a Lorentzian profile. Both detector patterns
should be interpreted as follows: the radial distance from the
beam center corresponds to the scattering angle 26 and the
circular angle at certain radius corresponds to the azimuthal
angle ¢. Thus, apart from typical information related to struc-
tural properties, insight in preferential wire growth was
obtained. From both detector patterns the one dimensional
diffractograms were extracted after radially integrating the
intensities at all azimuthal angles for a certain 26. In order to
understand our raw data of the detector images the texture
simulation program Anaelu®* was used and a rotational system
composed of three angles, namely x, y, z, around the corre-
sponding coordinate system was introduced.

Structure and chemical composition of single nanowires for
the same sample were characterized by Scanning and Trans-
mission Electron Microscopy (SEM and TEM). For TEM anal-
ysis, the alumina matrix was selectively dissolved using a
mixture of 6 wt% H3;PO, and 1.8 wt% H,CrO, for several days at
40 °C. The nanowire suspension was deposited on holey grids
and dried at room temperature.

A Zeiss 912 Q TEM with a LaBg gun was used and operated at
120 kV. Crystallinity and grain orientation were analyzed by
electron diffraction patterns for which a Selected Area Electron
Diffraction, SAED, aperture was used selecting regions with a
diameter of 750 nm.**** The size of the crystallites was deter-
mined by bright- and dark-field images of nanowires under two-
beam diffraction conditions.*® The chemical composition was
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Fig. 1 (a) The alumina membrane (transparent area) inside an aluminium frame filled with Bi,Tes nanowires (dark area). (b) A cross-section of the alumina membrane.
(c) Low magnification SEM image by a fragment of the alumina membrane which shows the quality and uniformity of nanowires. (d) Overview of a TEM bright-field
image. (e) High-magnification dark-field TEM image obtained with strongly excited reflections {0 0 15}, acquired at the nanowire region indicated by a dashed arrow in
(d). (f) TEM bright field image of another nanowire with the twin boundary parallel to the basal plane in the center. (g) Appropriately rotated electron diffraction
pattern obtained on the nanowire shown in (d). EDX spectrum acquired in the TEM on a Bi,Tes nanowire with a Te mole fraction of 64.4 at.%, shown in (h) linear and (i)

logarithmic scales.
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analyzed by energy-dispersive X-ray spectrometry, EDX, in the
TEM. Details of the spectral resolution, lateral resolution,
acquisition conditions, and accuracy of quantitative chemical
analysis by EDX were described elsewhere.*'**

The diameter and chemical composition of the single
nanowires were also measured in a SEM combined with EDX
spectrometry with an accuracy of 0.5 at.% using bulk Bi,Te;
calibration standards. Chemical analysis by EDX in the SEM was
in agreement with TEM.

The lattice dynamics were investigated by means of Nuclear
resonance Inelastic Scattering, NIS, using a backscattering
sapphire single crystal monochromator**** with a resolution of
1.1 meV for, 35.49 keV, '**Te resonance. Several spectra, on the
same sample and orientation for which diffraction patterns
were acquired, were recorded in 16-bunch mode at the nuclear
resonance station ID18 (ref. 36) of the European Synchrotron
Radiation Facility. In order to minimise multiphonon contri-
butions the measurements were carried out at 40 K. The elastic
peak in the spectra was subtracted and a modified version of the
program DOS* for reconvoluting the extracted Density of
Phonon States, DOS, with a Gaussian profile with the same Full
Width at Half Maximum, FWHM, as the measured time inte-
grated NFS was used to extract the density of phonon states. The
self-consistency of the procedure was confirmed by applying the
conventional sum rules.*® The DOS in transmission geometry
shows enhanced statistical noise and increased errorbar
compared to grazing incidence geometry due to the limited
amount of material defined by the nanowire length.

3 Results
3.1 Morphology and crystallinity

It was found that the average wire length was 16 pm and
appeared relatively homogeneous with no hint of overgrowth of
the template pores as well as surface roughness, see Fig. 1.

The diameters of the nanowires were determined by TEM
and varied between 53 and 59 nm, in agreement with SEM
analysis. Fig. 1g shows an electron diffraction pattern of a wire
in a pole orientation (Fig. 1d). The {0 0 [} reflections are clearly
seen and an angle of 85° between the crystallographic c-axis and
the nanowire axis was determined. Electron diffraction patterns
observed at different points of single nanowires® revealed
single crystallinity over a length of 15 um. In addition to single
crystalline nanowires, see Fig. le, twinned nanowires coming
from the same template were observed with the twinning plane
located at the center of the nanowire, see Fig. 1f.

The precise chemical composition was measured by EDX in
the TEM. Fig. 1h and 1i show the expected Bi and Te lines and in
addition Cu, Fe, C, Cr, and Al X-ray lines. The additional X-ray
lines are coming either from well-known instrumental artifacts,**
i.e. Cu, Fe and C, or from dissolving the alumina template, i.e. Cr
and Al. An oxygen peak was not observed and therefore there is no
sign of surface oxidation. EDX spectra were acquired on several
nanowires and average Te and Bi mole fractions of 64.6 at.% and
35.4 at.% were determined, respectively.

X-ray diffraction by a fragment of the alumina template filled
with Bi,Te; nanowires was obtained in two perpendicular

This journal is © The Royal Society of Chemistry 2013
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orientations. Note that because the template is amorphous no
contribution is expected in the diffractograms. Fig. 2a and ¢
show the detector patterns in circular coordinates obtained in
both orientations. For the sake of simplicity half a detector
image is shown. The diffraction patterns in both orientations
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Fig. 2 Diffraction of synchrotron radiation obtained on an array of Bi,Tes
nanowires embedded in a self-ordered amorphous alumina membrane.
Top: the diffraction configuration. (a) The pattern recorded using a two
dimensional area detector in grazing incidence geometry versus the
azimuthal angle ¢. (c) The azimuthal projection of the Debye—-Scherrer rings
measured in transmission geometry. (b) The extracted diffractograms (red
points).
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are indicative of a rhombohedral lattice (R3m, #160). The lattice
parameters obtained at 295 K are a = 4.3824(1) A and ¢ =
30.2588(1) A. Although the lattice parameter along the a-axis is in
excellent agreement with that of bulk Bi,Te;* the lattice
parameter along the c-axis appears ~1% reduced compared to
the bulk. In transmission geometry the observed Debye-Scherrer
rings reveal azimuthally isotropic scattering. In grazing incidence
geometry a strongly anisotropic intensity distribution is
observed. The detector pattern appears highly symmetric with a
mirror plane around 270°. For the (0 0 6) reflection a triplet of
equal intensity peaks at 264.5(1)°, 269.8(1)° and 275.2(1)° is
observed. Even with the additional information of unit cell
twinning the reflection indexing of our detector pattern, see
Fig. 2a, using only the interplanar angles between the detected
reflections and the (0 0 6) reflection appears puzzling. For
example, the nominal angles between the {0 0 /} and the (1 0 1) or
the (0 1 5) type of reflections are 82.9° and 58.1°, respectively.
However, in our diffraction pattern additional reflections with
different azimuthal angles belonging to (1 0 1) and (0 1 5) types of
reflections are visible. In diffraction of high energy synchrotron
radiation, due to very large attenuation length, i.e. ~700 um at
86.9 keV, a superposition of diffraction patterns is obtained from
different single crystalline nanowires embedded in the same
template. In grazing incidence geometry, the c-axis was found
almost perpendicular, between 89 and 91° relative to the nano-
wire axis. The detector pattern in transmission geometry indi-
cates that the (0 0 6) reflection is isotropically distributed in the
scattering plane, see Fig. 2c.

View Article Online

In summary, the array of 56 nm diameter and 16 pm long
Bi,Te; nanowires embedded in an amorphous alumina
membrane exhibits a complex diffraction pattern due to
preferred orientation during sample growth as well as due to
twinning which might be related either to chemical composi-
tion or effective conditions during electrodeposition. The
nanowire growth is along the (1 0 1) direction and the c-axis is
within 5° perpendicular to the wire axis. The nanowire array
shows a powder like diffraction pattern in one orientation and a
composite single crystal like diffraction pattern in the perpen-
dicular one. It, thus, gives us the possibility to study the influ-
ence of phonon transport due to nanostructuration and to
clarify preferred orientation issues on the same sample.

3.2 Lattice dynamics

The nuclear inelastic scattering spectra and the density of
phonon states from '**Te enriched bulk ceramics and single
crystalline Bi,Te; have been reported earlier.* The **Te specific
projected DOS, g(E), on the nanowire ensemble extracted in
both orientations, ie., transmission and grazing incidence
geometry, are shown in Fig. 3. In NIS only vibrations of the
resonant nuclei along the direction of the incident beam are
recorded.”* In isotropic materials the direction dependent
information is lost, however, in single crystals of anisotropic
materials phonon polarization analysis can be carried out, e.g.
as was done* in bulk Bi,Te;.

For a given propagation direction there are two transversely
and one longitudinally polarized modes per atom in the
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Fig. 3 Te specific DOS measured in two geometries, (panel A) with the incident beam parallel (blue points) and (panel C) perpendicular (black points) to an array of
Bi>Tes nanowires. Typical error bars are given. For comparison, reference data® (highlighted areas) measured on a Bi,Tes single crystal are depicted. In panel B the
averaged DOS in Bi;Te3 NW and a single crystal are depicted. Panel D shows the Debye representation,g(E)/Ez, and the extracted Debye level (color lines), Iimgﬁog(E)/E2

for data depicted in panel B.
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primitive unit cell and, conversely, for a given phonon polari-
zation there are two transverse and one longitudinal modes.
Specifically, when the incident beam is parallel to the NW axis,
i.e., kin||NW, and the crystallographic c-axis is distributed iso-
tropically perpendicular to the NW then the measured spectra
correspond to the DOS perpendicular to the crystallographic c-
axis, i.e. DOSF" ¢, In case the incident beam is perpendicular to
the NW axis, ie., ki; L NW, the measured DOS is (DOSkin“ +
DOS 192, Hence, in order to extract the DOS™I° we have to
use the formula DOSA™I® = 2pOs N _ pogknLtNW  Both
DOS* "¢ and DOS*MI¢ extracted from NIS data on Bi,Te,
nanowire ensembles as well as comparison to the correspond-
ing single crystal data* are shown in Fig. 3. We averaged our
orientation dependent DOS obtained on NW and compared it
with the one extracted on a similar single crystal. All features in
both DOS essentially match.

From the DOS a series of thermodynamical parameters can be
obtained.*” The Te specific mean force constant, (F;), is obtained
from the expression (F,) = my [,” g(E)E*dE/H, where my is the
resonant nuclear mass. The obtained value, 59(1) N m™", is
practically the same with the one obtained earlier* on bulk
Bi,Tes, i.e. 58(1) N'm . The speed of sound, v, is obtained, in the
Debye approximation, from the long wavelength vibrational
modes - herein assumed as E < 4 meV or A = 3 A. Fig. 3D shows
the average Debye level, lim;_, ,g(E)/E%, in the nanowire array as
compared to bulk samples. The average Debye level in 56 nm
diameter nanowires increases by ~19(2)%, by 312(2)% for vibra-
tions along the c-axis and by ~13(1)% for vibrations along the
a-axis. The average speed of sound can be extracted by using the
formula,®® limg_, og(E)/E>=mg/2m*R’pvs’, where p is the mass
density. Having almost the same mass density in the case of a
bulk single crystal and single crystalline nanowires, the extracted
average speed of sound in NW decreases by 6.5(1)%.

4 Discussion

The binary system Bi,Ch, (Ch = Te or Se) displays several phases
in the compositional range between 40 and 70 at.% Bi.** This
wide variation of chemical composition has been theoretically
explained in Bi,Se, by the approximately zero formation energy
difference between all phases.*” Remarkably, all Bi,Te, phases
crystallise in rhombohedral symmetry with a very similar
in-plane lattice parameter, a, however, the out-of-plane lattice
parameter, c, is distinctive.*® This effect is confirmed by our
measurements and only the lattice constant along the c-axis
appears ~1% reduced compared to the bulk counterpart.

The chemical composition does not only affect the phase in
which the material crystallizes but also the sample treatment,
e.g. shear deformation during hot-pressing® is a key factor. In
this study, we identified twins by TEM on several wires formed
during sample growth. The twinning plane corresponds to 180°
rotation of the unit cell around the c-axis.*” A similar twinning
plane has been reported earlier by Medlin et al.** on Bi,Te;
nanocomposite samples prepared using current assisted sin-
tering, however, the precise chemical composition after sinter-
ing is not given. Thus, we can attribute the formation of twins
neither to off stoichiometry nor to sample growth conditions.

This journal is © The Royal Society of Chemistry 2013
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The influence of defects and doping on the phonon lifetime
of optical phonons has been studied in carbon nanotubes.*® The
shift of the vibrational mode around 13 meV between grazing
incidence geometry and transmission geometry is attributed to
geometrical effects, i.e. probing of different phonon modes in
the Brillouin zone. This is substantiated by our averaged DOS
obtained on NW and its comparison to the one obtained on a
similar single crystal where such a shift is not present. However,
a moderate decrease in the speed of sound by 6.5% has been
observed in the long wavelength-low energy-limit between our
nanowires at 40 K and bulk samples measured at 20 K.
Temperature effects do not alter significantly the elastic
constants® of bulk Bi,Te; between 20 and 40 K and thus prac-
tically no change in the speed of sound is expected at such low
temperatures. Hence, the observed difference in the speed of
sound between bulk and Bi,Te; nanowires is solely attributed to
confinement due to nanostructuration.

In this study the NW were embedded in an amorphous
alumina template. Semiconducting NW with lateral dimensions
in the range of few nanometers, i.e. GaN, covered with barrier
coatings with higher - e.g. AIN- or lower - e.g. plastic-sound
velocities with respect to the NW have been studied theoretically
by Balandin et al.>* It was found that acoustically softer coatings
lead to strong reduction of the phonon group velocities whereas
the acoustically stiffer coatings increased the group velocity of
NW. In our case, the NW have diameter of 56 nm and are
embedded in an acoustically harder amorphous alumina
membrane. According to a recent theoretical investigation of
such templates® the Debye law is preserved until 20 meV where
the first phonon peak appears. The optical modes of the template
rise between 24 and 120 meV. The speed of sound in the alumina
membrane, 6.76 km s™*, is almost four times larger than in bulk
Bi,Te;, 1.75 km s '. One might reasonably expect that the
acoustic part in the density of phonon states of the embedded
nanowires is stiffer than for the free standing nanowires. The
relevant energy scale for observing strong template/wire interac-
tions can be estimated using the diameter and the speed of sound
as E = h/(1500 m s™') x 50 nm ~ 120 peV and is presently
inaccessible by our method, although within reach for future
inelastic neutron scattering studies. The alumina template in this
case is considered to behave as an isotropic elastic medium
without interference with the bismuth telluride phonons.

Note that although phonon interactions between the
template and NW are practically not taking place in the
observed energy range, the thermal conductivity at room
temperature of the alumina template,® 1.3 Wm ™" K™, is in the
same range like the thermal conductivity measured on similar
Bi,Te; nanowires® and thus direct integration of nanowires in
functional devices inside the template is not desirable because
of the additional heat leakages.

Thermal conductivity data on bulk polycrystalline and single
crystalline Bi,Te; have been measured and show not only a
variation as a function of Te composition® due to electronic
part of thermal conductivity but also significant variations for
different crystallographic orientations, i.e. the lattice thermal
conductivity in Bi,Te; is almost 3 times larger when measured
perpendicular than parallel to crystallographic c-axis.>® Thus,
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slight off-stoichiometry does not significantly influence the
lattice part of the thermal conductivity as much as the crystal-
lographic orientation does.

Nuclear inelastic scattering does not directly study phonon
transport, however, it does provide direct access to the element
specific density of phonon states from which all essential
macroscopic properties, such as heat capacity or the speed of
sound, related to phonon transport can be accessed except for
the phonon mean free path. In the first approximation, the
lattice thermal conductivity, k;, depends on the specific heat at
constant volume, Cy, the sound velocity, vs, and the phonon
lifetime, 7, and can be expressed by the simple kinetic gas
theory as ky = Cyv?1/3. The low thermal conductivity in bulk
bismuth telluride is ascribed to the combination of low speed of
sound and low acoustic cut-off energy*® and yields 1.6 W m™"
K ' at room temperature.”’ In this study, no change in the
phonon lifetime was identified and thus was assumed the same
between bulk and Bi,Te; NW. The heat capacity at constant
volume, C,, in bulk Bi,Te; essentially reaches the Dulong-Petit
limit at 295 K.*® Given that only tiny differences are seen in the
Te specific density of phonon states between bulk and Bi,Te;
nanowires, at 295 K, which is above the Debye temperature,
similar C, is reasonably expected. However, a 6.5% decrease in
the average speed of sound has been identified in 56 nm
diameter nearly stoichiometric Bi,Te; NW compared to the bulk
counterpart. Thus, in the first approximation, due to the
quadratic dependence of thermal conductivity on the speed of
sound, a reduction of 13% is expected with respect to the bulk
value. A decrease between 28 and 57% in the macroscopically
measured thermal conductivity was reported® for similar
diameter but different stoichiometry nanowires, ie.
Big 485T€0.515, as well as for mechanically exfoliated stacks of
Bi,Te; thin films and ribbons.***" The macroscopically avail-
able data do not match our prediction. However, in macro-
scopic studies lattice thermal conductivity is not measured
directly but is extracted from a combination of measurements -
i.e. macroscopic thermal conductivity and electrical conduc-
tivity - and assumptions, i.e. estimation of the Lorentz number,
L, in the Wiedemann-Franz law. Experimental artifacts and
theoretical concerns have been invoked, notably that the Lor-
entz number in the Wiedemann-Franz law is significantly lower
for low dimensional structures®*® compared to bulk samples.
Thus, in order to further clarify the contribution of nano-
structuration in macroscopic thermal conductivity combined
microscopic and macroscopic measurements as a function of
diameter and composition are required.

5 Conclusions

Microscopic lattice dynamic measurements on an array of
56 nm diameter nearly stoichiometric Bi,Te; nanowires using
nuclear inelastic scattering by '**Te have been reported. We
demonstrate a robust way of measuring the speed of sound in
nanowires. No effect related to confined dimensions in the
phonon lifetime has been measured. The extracted density of
phonon states shows that nanostructuration leads to a reduc-
tion in the speed of sound as compared to the bulk counterpart
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which is predicted to result in a 13% reduction in the lattice part
of thermal conductivity. Thus, nanostructuration indeed
favourably impacts properties required for the thermoelectric
and phase change applications.
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