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InAs—InP Superlattice Nanowires with Tunable Phonon

Frequencies

V. Zannier,* J. Trautvetter, A. K. Sivan, F. Rossi, D. de Matteis, B. Abad, R. Rurali,

L. Sorba, and I. Zardo*

The control of heat conduction through the manipulation of phonons in solids
is of fundamental interest and can be exploited in applications for
thermoelectric conversion. In this context, the advent of novel semiconductor
nanomaterials with high surface-to-volume ratio, e.g. nanowires, offer exciting
perspectives, leading to significant leaps forwarding the efficiency of
solid-state thermoelectric converters after decades of stagnation. Beyond the
high aspect ratio, the nanowire geometry offers unprecedented possibilities of
materials combination and crystal phase engineering not achievable with 2D
counterparts. In this work, the growth of long (up to 100 repetitions) wurtzite
InAs/InP superlattice nanowires with homogeneous segment thicknesses is
reported, with control down to the single digit of nanometer. By means of
Raman scattering experiments, clear modifications of the phonon dispersion
in superlattice nanowires are found, where both InAs-like and InP-like modes

dislocation-free  heterostructures  of
highly mismatched materials can be
obtained in free-standing NWs, thanks
to the strain relaxation on the sidewalls,
along the growth axis.’) This is partic-
ularly interesting for the realization of
quantum dots (QDs) and superlattices
(SLs), providing a great opportunity
to explore new optical, electrical, and
vibrational properties.

Superstructures consisting of a pe-
riodic arrangement of two materials,
ie., SLs, can successfully exploit wave
interference phenomena, such as the
formation of forbidden electronic and
phonon bandgaps and the modifica-

are present. The experimentally measured modes are well reproduced by
density functional perturbation theory calculations. Remarkably, it is found
that the phonon frequencies can be tuned by the superlattice periodicity,
opening exciting perspectives for phonon engineering and thermoelectric

applications.

1. Introduction

Semiconductor nanowires (NWs) offer many possibilities to en-
gineer systems at the nanoscale by controlling the size, the crystal
structure, the chemical composition, and by combining different
materials or crystal phases in heterostructures that cannot be re-
alized in conventional geometries.['2] Remarkably, the growth of

tion of the density of electronic states
and group velocities of phonons, rep-
resenting a promising platform to con-
trol and tune the thermal properties of
materials.l7) However, the lattice mis-
match has strongly limited their devel-
opment in 2D growth. In fact, bulk SLs
have been realized by combining lattice-
matched materials like GaAs/AlAs,!]
GaAsSb/InGaAs!®! or InP/InGaAs!®! and nearly-lattice-matched
systems like InAs/GaSh,!!% and InAs/InAsSb.l'!l Nevertheless,
very few reports can be found on InAs/InP SLs,213] due to the
lattice mismatch between InAs and InP (3.2%). On the other
hand, InAs/InP SLs are very attractive both for fundamental stud-
ies and for applications in long-wavelength (1-2 um) optoelec-
tronic devices.!141]
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Figure 1. SL NW structure and morphology. a) Schematic representation of the SL NW structure composed of the InAs stem, the InAs/InP SL, and the
InAs tip. Blue color represents InAs, while red color represents InP. b) SEM image of an individual NW of the calibration samples, transferred on a Si
wafer. Red arrow indicates the SL portion, where the InP segments appear with darker contrast. c) 45°-tilted SEM image of the as-grown sample of NWs

with SL made of 100 repetitions and periodicity of 4.8 nm.

The growth of dislocation-free heterostructures in NWs
has been demonstrated also for highly lattice-mismatched
materials,['®!7] representing an important degree of freedom
in designing materials with tunable properties. Moreover, het-
erostructures with group V interchange having sharp interfaces
can be obtained in NWs by means of the Au-assisted vapor-liquid-
solid (VLS) growth,[’®! thanks to the low solubility of group V
elements into Au. Indeed, InAs/InP QD NWs with sharp in-
terfaces between the two materials with outstanding opticall'’!
and electrical?®?!l properties have been achieved. Therefore,
InAs/InP SL NWs of high crystal quality and variable periodicity
represent a new class of materials for optoelectronic and thermo-
electric applications. Remarkably, the high aspect ratio of NWs
leads to an increase of phonon scattering at the lateral bound-
aries, strongly reducing the effective phonon mean free path with
respect to the intrinsic value of the bulk material [??] yielding an
effective reduction of the thermal conductivity.>~* Moreover,
the introduction of interfaces perpendicular to the growth axis
should enhance the phonon scattering, while keeping unchanged
the electron transport mechanisms, globally increasing the ther-
moelectric Figure of merit ZT.[2*%-27] To further investigate the
impact of interface and surface scattering on the thermal prop-
erties of NWs, thermal conductivity measurements on SL NWs
can be performed by the thermal bridge method!?*?°! or the 3-
® method.3%311 Also, the thermoelectric Figure of merit ZT of a
NW can be quantified by combined micro-Raman (u-Raman) and
electric transport analysis.?]

Here we report on the growth of Au-assisted InAs/InP SL NWs
with well-defined segment thicknesses and periodicity, and we
demonstrate the tunability of their phononic properties by inelas-
tic light scattering experiments corroborated by ab initio calcula-
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tions. We observe clear modifications in the dispersion relation,
and we find that by controlling the superlattice periodicity we can
achieve tunability of the phonon frequencies.

2. Results

It is known that both InAs/InP and InP/InAs interfaces in Au-
assisted NWs suffer from growth delays and advances, due to the
catalyst nanoparticle reconfiguration when switching from one
material to the other one.*3] Therefore, initially, we grew several
calibration samples with only 10 repetitions of the InAs/InP alter-
nating segments, for different times, and we measured the seg-
ment thicknesses by scanning electron microscopy (SEM) imag-
ing, to have an estimate of the actual growth rate of the two ma-
terials in thin alternating segments. Once calibrated the depo-
sition times for both materials in the SL segment, we grew the
final samples having 100 repetitions of the InAs/InP alternating
segments in the SL. Figure 1a shows a schematic of the general
NW structure. Figure 1b is a magnified image of a single NW of
a calibration sample, transferred onto a Si substrate for perform-
ing high-resolution SEM imaging and thickness measurement.
Figure 1c is instead a 45°-tilted SEM image of an as-grown fi-
nal sample with the NWs having 100 InAs/InP repetitions in the
SL segment. Depending on the SL periodicity, the average length
of the NWs of the final samples varies between 1.9 and 2.5 pm,
while the tip diameter of all of them is 30 + 5 nm. Instead, the
base diameter can be significantly different from sample to sam-
ple, because of the parasitic radial growth that occurs during the
SL segment growth, resulting in NW tapering that is more pro-
nounced as the InP segment thickness increases, as it will be ex-
plained later.

© 2024 The Authors. Advanced Physics Research published by Wiley-VCH GmbH
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Figure 2. TEM analysis of the SL NWs. STEM images (a—c) of the upper portion of the SL segment of SL NWs with L =4.8 nm a), L=7.1nm b), and
L =115 nm c). InP appears darker than InAs. d) Representative HRTEM image of SL NWs with L = 11.5 nm. The inset is the FFT of the white square
frame that includes both InAs and InP segments and shows the WZ crystal structure in <2-1-10> zone axis.

Figure 2 summarizes the Transmission Electron Microscopy
(TEM) analysis of three samples with different SL periodicity (L):
L=4.8nm (1.5nm InP and 3.3 nm InAs) in panel (a), L=7.1nm
(2.3 nm InP and 4.8 nm InAs) in panel (b), L =11.5 nm (6.5 nm
InP and 5.0 nm InAs) in panels (c and d). From scanning-TEM
(STEM) images like those shown in panels (a—c), we found that
the InAs and InP segments are well-defined with sharp inter-
faces, with thicknesses that are quite homogeneous from the be-
ginning to the end of the whole SL segment length, i.e., for all 100
repetitions, in all the samples. This means that in these growth
conditions and for such NW length range, the axial growth rate
is constant. On the other hand, we found that there is also a ra-
dial growth in the bottom part of the SL NWs, resulting in NW
tapering, contrary to the pure InAs NWs of the same length. This
tapering is more pronounced as the InP segment thickness, i.e.,
the InP deposition time, is increased (see Section S1, Support-
ing Information). This is probably because during the SL growth,
the residual pressure in the growth chamber is higher, due to the
use of both group-V precursors (tert-butyl arsine and tert-butyl
phosphine) with high line pressures. Higher group-V fluxes are
known to decrease the diffusion length of the In adatoms, result-
ing in a higher probability for them to nucleate on the NW side-
walls than reaching the catalyst nanoparticle on top.[**3>] This re-
sults indeed in NW tapering.

Panel (d) of Figure 2 shows a high-resolution TEM (HRTEM)
image of the same sample depicted in (c): SL with L = 11.5 nm.
Fast Fourier Transforms (FFT) of the images were taken from
both the InAs segments and the InP segments of the SL (see in-
set), showing that both materials have a wurtzite (WZ) crystal
structure. Moreover, all the SL NWs analyzed were almost free
from stacking faults and twin planes, which are defects com-
monly observed in NWs grown along the <111> direction,3¢!
confirming their high crystal quality. In section S2 (Supporting
Information), we also show an HRTEM image of the InAs/InP
interface, together with its chemical analysis, confirming the in-
terface abruptness and the chemical purity of the two materials.

We performed p-Raman measurements on individual NWs of
the three final samples depicted in Figure 2, transferred onto a
gold-patterned silicon substrate. To form a comprehensive un-
derstanding of the modifications to the phonon spectrum in the
SL NWs, we first compare the Raman spectrum of the 4.8 nm pe-
riod SL NW with the spectra of pure WZ InAs and pure WZ InP
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reference NWs, as shown in Figure 3a—c. Here, the deconvolu-
tion of the experimental spectra with Lorentzian fitting is shown
as solid lines along with the experimental data (open symbols).

Figure 3a shows the measured Raman spectrum of an InAs
reference NW. The Raman peaks between 215 and 232 cm™! are
the transversal optical (TO) mode at ~226 cm™!, the longitudi-
nal optical (LO) mode at ~232 cm™" and the EY mode of WZ
InAs at #215 cm™1.3738] The InAs reference NW spectrum also
shows three peaks below 140 cm™! which can be attributed to the
second-order acoustic modes. Moreover, we also observe a peak at
~272 cm™!, which is due to the mixture of transversal optical and
transversal acoustic (TO+TA) modes.[*) In Figure 3D, the mea-
sured Raman spectrum of an InP reference NW is shown. There,
three peaks can be seen: the TO mode of InP at ~#301 cm™, the
E," mode of WZ InP at ~#303 cm™! and the LO mode of InP at
~343 cm~1.[* Figure 3¢ shows the measured Raman spectrum
of a 4.8 nm period InAs-InP SL NW. Here we observe signals in
the frequency range of both InAs and InP modes. For simplicity,
from now on, the modes in the frequency range of InAs and InP
will be called InAs-like and InP-like, respectively. The spectrum
of the 4.8 nm period InAs-InP SL NW shows four phonon modes
in the range from ~94 to ~140 cm™'. We also observe a phonon
mode at 272 cm™! in the spectrum of the SL NW. The InAs-
like modes are at 216, ~226, and ~232 cm™!, while the InP-like
modes are at ~#308 and ~322 cm™!. The InP-like SL modes are
less intense compared to the InAs-like SL phonon modes. This
difference in intensities is likely due to the fact that the 4.8 nm
long SL period is composed of a longer InAs segment (3.3 nm)
and a shorter InP segment (1.5 nm).

To better appreciate the presence of the InP-like SL modes,
we plotted the spectra of the InAs and InP reference NWs and
the SL NW in the frequency range from 250 to 330 cm™ in
Figure 3d, where one can clearly observe the InP-like SL phonon
modes. In Figure 3e we present the calculated amplitude, A, of
the atomic displacements for each Raman active mode as a func-
tion of the atomic index, n, for the 4.8 nm period InAs-InP SL
NW obtained by density functional perturbation theory (DFPT)
calculations.[*1*2] The frequencies of the Raman active modes are
reported in green on the right side. The InAs-like modes from
220.28 to 233.93 cm™' involve only In and As atoms, while the
InP-like modes from 313.6 to 323.24 cm™! involve only In and
P atoms. Comparing Figure 3c with the calculated Raman active
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Figure 3. Measured Raman spectra of a) an InAs reference NW, b) an InP reference NW; c) a 4.8 nm period InAs—InP SL NW; each Raman spectrum was
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measured on a gold patterned substrate, and the background was subtracted. d) Detail of spectra of the InAs and InP reference NWs and of the 4.8 nm
period SL NW in the frequency range from 250 to 330 cm™'. ) Calculated amplitude, A, of the atomic displacements for each Raman active mode in

the parallel polarization scattering geometry as a function of the atomic index, n (atoms 1 to 8 belong to InP, atoms 9 to 28 belong to InAs; the orange
vertical line marks the position of the InP/InAs interface). The atomic structure of the unit cell is sketched in the upper panel (In, P, and As atoms are
represented with red, blue, and yellow spheres, respectively). The frequencies of the modes are indicated on the right-hand side.

frequencies from Figure 3e, it can be seen that the experimen-
tally measured modes agree well with the calculated modes. The
InAs-like modes at 216, 226, and 232 cm™! approximately coin-
cide with the calculated Raman active modes at 220.28, 227.42,
and 232.69 cm™! and the InP-like modes at 308 and 322 cm™! ap-
proximately coincide with the calculated Raman active modes at
313.68 and 322.30 cm™.

To investigate the tunability of the SL phonon modes, we per-
formed p-Raman measurements on the S NWs with three dif-
ferent periodicities. Figure 4 presents the overview of the results
on the tunability of the phonon modes of the InAs—InP SL NWs.
In Figure 4a—c, we show the Raman spectra from SL NW of peri-
odicities (a) 4.8 nm, (b) 7.1 nm, and (c) 11.5 nm. Clearly, the InP-
like modes are more prominent for the SL NW with a period of
11.5 nm, as compared to the SL NW with a period 4.8 and 7.1 nm.
This can be explained as due to the differences in the SL compo-
sition, i.e., the SL NW with a period of 11.5 nm contains a longer
InP segment than InAs segment compared to the other two pe-
riodicities. Consequently, the SL NWs with longer InP segments
give a stronger signal from the InP-like modes, while the SL NWs
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with longer InAs layers give a stronger signal from the InAs-like
modes. In Figure 4d, we plot the Raman spectra for the three SL
NWs in the frequency range from 250 to 350 cm™' to show the
InP-like SL modes more clearly. In Figure 4e, we plot the phonon
modes as a function of the SL periodicity. We see that as the SL pe-
riodicity increases, the number of phonon modes also increases.
This can be explained by the increased number of atoms in the
unit cell due to the increased SL period and by the reduction of
the first Brilluoin zone due to the longer lattice parameter with
the resulting folding of the phonon bands.*}] Hence, more Ra-
man modes appear for higher period thickness SLs.

3. Conclusion

In conclusion, we have grown WZ InAs NWs containing
InAs/InP SLs of various periodicity with homogeneous segment
thicknesses and sharp interfaces by means of Au-assisted Chem-
ical Beam Epitaxy, and we have performed single-nanowire p-
Raman spectroscopy measurements, together with ab-initio DFT
calculations. The experimentally measured Raman modes of the

© 2024 The Authors. Advanced Physics Research published by Wiley-VCH GmbH
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Figure 4. Raman spectra of SL NWs with a periodicity of a) 4.8 nm, b) 7.1 nm, and c) 11.5 nm, along with the deconvoluted Lorentz fitting. d) Spectra
of the SL NWs in the frequency range from 250 to 350 cm™'. e) Raman peak positions extracted from the experimental Raman spectra and theoretical

calculations as a function of period thickness.

SL NWs agree well with the calculated modes. Most importantly,
we have shown that the phonon frequencies and the number of
phonons modes in the SL NWs can be tuned by varying the SL
periodicity. This work demonstrates how material engineering at
the nanoscale can tailor the phonon dispersion, opening exciting
pathways for thermal management in semiconductor nanomate-
rials.

4. Experimental Section

The NWs were grown by means of Au-assisted VLS growth in a Riber C-
21 chemical beam epitaxy (CBE) chamber on InAs(111)B substrates. The
temperature was measured with an optical pyrometer, providing an over-
all accuracy of +£10 °C. Trimethylindium (TMIn), tert-butyl arsine (TBAs),
and tert-butyl phosphine (TBP) were used as metalorganic precursors,
with line pressures of 0.6, 1.5, and 1.5 Torr, respectively. The fluxes in-
side the chamber were triggered/stopped by opening/closing pneumatic
valves located at the injectors, with an operation time scale of a few mil-
liseconds, ensuring the absence of transient effects. Before mounting the
substrate inside the CBE chamber, gold catalyst nanoparticles were de-
posited by colloid dispersion. Commercial water solutions of Au colloids
with a nominal diameter of 20 nm (BBI Solutions) were drop-casted on the
substrates, previously passivated with a poly-L-lysine 0.1% solution. The
small nanoparticles,[*4] together with the growth conditions used, ensure
the growth of straight and pure WZ InAs/InP heterostructure NWs with
sharp interfaces.[*’] After degassing at 300 °C, the samples were trans-
ferred in the CBE chamber and the growth was started at 420 °C. InAs NW
stems were first grown for 30 min. Subsequently, the InP/InAs alternat-
ing segments forming the SL were grown directly switching the As and P
fluxes while keeping constant the In flux. Finally, an InAs tip was grown
for 20 min. All the growth steps were performed at the same temperature,
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resulting in growth rates of 0.5 and 0.3 nm s~ for InAs and InP NWs,
respectively. At the end of the growth, the samples were cooled down at
room temperature under As flux.

The samples were imaged with a SEM (Zeiss Merlin SEM) operating at
5 kV. TEM analysis was carried out using a JEOL JEM-2200FS, equipped
with an in-column Q filter, operated at 200 kV.

u-Raman spectroscopy was performed on individual NWs transferred
from the as-grown samples onto a gold-patterned silicon substrate. The Si
substrate was coated with 525 nm of SiN, followed by 3 nm of Tiand 27 nm
of Au on the patterned regions. The Au substrate was used to enhance the
Raman signal, similarly as in surface-enhanced Raman spectroscopy, 46471
as well as to quench the Si background signal arising from the second or-
der acoustic phonon modes in Si.[®! The u-Raman measurements were
performed in backscattering geometry using a Horiba T64000 triple spec-
trometer in subtractive mode with an 1800 g mm™" grating and a liquid-
nitrogen-cooled CCD detector. For the measurements, an excitation wave-
length of 561 nm with a power on the sample of 100 uW was used. The
incident light was polarized along the NW growth axis, which was consid-
ered the z-axis, and the incident and scattered photon wave vectors were
anti-parallel to each other and directed along the x-axis, i.e., perpendicu-
lar to the plane onto which the NW was lying. Therefore, the scattering
geometry used in this work can be written in conventional Porto notation
as X(z, z)x. The measurements were performed at room temperature us-
ing a 100X objective with a high numerical aperture of 0.95. The I'-point
frequencies and eigen displacements for the InAs/InP SL unit cell were
computed by DFPT, within the local density approximation (LDA), with an
energy cutoff of 40 Ha and a 16 X 16 X 2 k-point grid.
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