W CORA =

g/ﬁ%

Title Probing thermal flux in twinned Ge nanowires through Raman
spectroscopy
Authors Majumdar, Dipanwita;Biswas, Subhajit;Ghoshal, Tandra;Holmes,

Justin D.;Singha, Achintya

Publication date

2015-11

Original Citation

Majumdar, D., Biswas, S., Ghoshal, T., Holmes, J. D. and Singha,
A. (2015) 'Probing Thermal Flux in Twinned Ge Nanowires through
Raman Spectroscopy’, ACS Applied Materials & Interfaces, 7(44),
pp. 24679-24685. doi: 10.1021/acsami.5b07025

Type of publication

Article (peer-reviewed)

Link to publisher’s
version

https://pubs.acs.org/doi/10.1021/acsami.5b07025 - 10.1021/
acsami.bb07025

Rights

© 2015 American Chemical Society. This document is the
Accepted Manuscript version of a Published Work that appeared
in final form in ACS Applied Materials & Interfaces, copyright

© American Chemical Society after peer review and technical
editing by the publisher. To access the final edited and published
work see https://pubs.acs.org/doi/10.1021/acsami.5b07025

Download date

2024-05-04 22:13:55

[tem downloaded
from

https://hdl.handle.net/10468/6755

University College Cork, Ireland
Colaiste na hOllscoile Corcaigh



https://hdl.handle.net/10468/6755

Probing Thermal Flux in Twinned Ge Nanowiresthrough Raman

Spectroscopy

Dipanwita Majumddr, Subhajit Biswas Tandra Ghosh3lJustin D. Holmeé*, Achintya
Singha™
!Department of Physics, Bose Institute, 93/1, Acadyafulla Chandra Road, Kolkata 700009,
India
*Materials Chemistry & Analysis Group, DepartmenGifemistry and the Tyndall National
Institute, University College Cork, Cork, Ireland
3Materials Research Group, Department of Chemistdytae Tyndall National Institute,
University College Cork, Cork, Ireland

*“AMBER@CRANN, Trinity College Dublin, Dublin 2, Irehd

*Author to whom correspondence should be addredskettironic mail: achintya@jcbose.ac.in

Phone: + 91 33 23031177, Fax: + 91 33 23506790



ABSTRACT

We report a noninvasive optical technique basednaro Raman spectroscopy to study the
temperature dependent phonon behavior of normah-@adective) and twinned germanium
nanowires (Ge-NWs). We have studied thermo-physgicaperties of Ge-NWs from Raman
spectra, measured by varying excitation laser p@awvembient condition. We have derived the
laser induced temperature rise during Raman measmts by analyzing the Raman peak
position for both the NWs and for a comparativalgtwe have performed the same for bulk Ge.
The frequency of the Ge-Ge phonon mode softensalfothe samples with the increase in
temperature and the first order temperature coeffiqyr) for defected NW is found to be higher
than normal NW and bulk. We have demonstratedapatt from the size, the lamellar twinning
and polytype phase drastically affect the heatsjart properties of NW.

KEYWORDS: Germanium nanowire, polytype phase, Raman specipgsdaser induced

heating, Thermal properties



INTRODUCTION

Germanium (Ge) nanowires (NWs) have a wide ranfy@atential applications in
optoelectronics, photovoltaics and biological seg'st® due to low band gap energy (0.67 eV at
room temperature) and high hole mobility (2000-@e6af V' s1).** Though single crystalline
NWs are high on demand for device implementatioystal structure engineering via defects in
semiconductor NWs is gaining interest in the pa&st fyears due to interesting mechanical,
thermoelectrical and electronic properties of de@gineered nanostructures. Presence of
crystal defect in the form of twins alter their bastructure and hence mobility of electron and
holes*?** Also, the defects can change the phonon frequenuigs cell volume and strain,
which result in modification of thermal conductiviof the material>*° Moreover, the presence
of defects could also modify the phonon dispersedation, thus the change of phonon transport,
which in turn affects the thermal conductivity dfet NW2?2° Therefore, the knowledge of
thermal properties of twinned/defected NWs is a@aludor their performance in future
applications such as nanoscale electroflié$sensoré*?* photonic devicé®?’ solar cell and
thermoelectric device$:* Temperature dependent phonon behavior of defeet@e NWs has
been investigated recently in the temperature ramgee 300 K° However, to the best of our
knowledge, no systematic experimental results Heen reported on the thermal conductivities
of Ge NW with coherent twinning and polytype. A tactless optical method is crucial for the
study of thermal property in small length scile.

Raman spectroscopy has been used successfullgiagppke and convenient method for
studying thermal properties of different materi&l&® The laser beam in Raman spectrometer
plays two different roles. First, it is a sourcepfoton, which is inelastically scattered by the

matter, providing Raman effect; and second, it egras a heat source that can significantly



increase the local temperature of a material wighabsorption of incident photons. The increase
in local temperature depends on the thermal conditycdbf the materials. Therefore, laser power
dependent Raman study enables to investigate énenéth properties of materials*®

In this article, using Raman spectroscopy, we @epthe impact of twin defects on the
thermal properties of Ge NWs. The analysis of Raspectra acquired at different laser powers
from normal and twinned NWs has been carried outeitail. Based on the parameters obtained
from the analysis of Raman spectra, we have esohlatal temperature rise in the NWs during
the measurements and compared the results with Gelk We have estimated first order
temperature coefficient of all the three systen e@mpared the thermal conductivity between
the two types of NWs. We believe that our work wesitablish Raman spectroscopy as a simple
and nondestructive tool to understand the thermagaties of NWs with lamellar twinning and

local polytypes.

EXPERIMENTAL SECTION

Block Co-polymer patterned magnetite nanodot catalyst synthesis: Ge nanowires were seeded
from magnetite iron oxide catalysts patterned tgtoblock co-polymer (BCP) lithograpHy.
For BCP nanodot synthesis the polystyrene-b-pdly(ehe oxide) (PS-b-PEO) diblock
copolymer was purchased from Polymer Source and widout further purification (number-
average molecular weigh¥),, PS = 42 kg mof, M,,, PEO = 11.5 kg mot, My/M,, = 1.07, M.
weight-average molecular weight). Substrates veganed by ultrasonication in acetone and
toluene for 30 min in each solvent and dried uralaitrogen stream. PS-b-PEO was dissolved
in toluene to yield a 0.9 wt% polymer solution abm temperature. The PS-b-PEO thin film

was formed by spin coating the polymer solution0@@m for 30 s). The film was exposed to



toluene/water (50:50 v/v) mixed vapor placed atlibdom of a closed vessel kept at &Dfor

1h under a static vacuum. The film was immersedtiranol at 40C for 15 h to obtain the
activated thin film. Different concentrations obm (lll) nitrate nonahydrate (Fe(N§,9H,0)
were dissolved in ethanol and spin-coated ontoattiezated film. UV/Ozone treatment was
used to oxidize the precursor and remove the palyme

Ge Nanowire Synthesis: Continuous-flow reactions for nanowire growth weearied out in a
toluene medium using a liquid-injection chemicapeadeposition (LICVD) technique. BCP —
patterned F#£, nanodots on a Si (001) substrate were loadedarsti@ainless steel microreactor
cell, connected to metal tubing. The reaction aetl connections were dried for 24 h at 180 °C
under vacuum. Solutions of diphenylgermane (DRI®,Ge precursor, in anhydrous toluene
were prepared in anJ\jlove box with a typical concentration ofwhole mi*. A DPG solution
was loaded into a Hamilton sample-lock syringedes nitrogen-filled glovebox. The precursor
solution was then injected into the stainless steattion cell using a high-pressure syringe
pump at a rate of 0.04 ml min A Hy/Ar flow rate of 0.5 ml mift was maintained during the
entire growth period. The reaction cell was allowsd cool to room temperature and
disassembled to access the growth substrate. Nis@sowere washed with dry toluene and dried

under N flow for further characterization.

Characterization

The 1D Ge nanostructures were analyzed using agfr&iita 650 scanning electron microscope
(SEM) and a Jeol 2100 transmission electron miopsqTEM) operated at 200 kV equipped
with an EDX detector. Raman spectra were collectgidg a Lab RAM HR (Jobin Yvon)

spectrometer equipped with 1800 gr/mm grating aeltié? cold CCD detector. An air-cooled



argon-ion laser (A) of wavelength 488 nm was used as excitation leghirce and a 100X
objective with numerical aperture (NA) of 0.9 wased to focus the laser on the sample and to
collect the scattered light from the sample. To soea the laser power dependent Raman
spectra, the NWs were placed on a silicon nitri@®&N) TEM grid with FIB patterned hollow
trench. Each trench was marked with a certain nuntbeorrelate the structure of the NW with
Raman spectroscopy measurements. NWs were dropoashis patterned TEM grids and
checked thoroughly under TEM observation. Normad &winned NWs were marked with
respect to the SiN trench numbering scheme andatfe® beam from the Raman spectrometer
was tightly focused on the particular NW. Due tmpthermal contact of the NW with the grid,
the intense laser beam in micro Raman spectrontaterlead to a significant heating of the
nanowire. For each laser power, the Raman datatakea after 5 minutes of laser irradiation to

reach equilibrium state of heating by the laser.

RESULTSAND DISCUSSION

Ge NWs with a mean diameter of 20.8 nm are grommfBCP patterned magnetite catalysts
with the radial dimension of ~ 21 nm. The lengthshe Ge NWs synthesized were between 2
to 5 microns. These particular magnetite nanodtdlysts are suitable for growth of large
numbers of <111> oriented Ge NWs with transversa twundaries; i.e. lateral growth of twin
planes perpendicular to the nanowire growth axts4dQ %, based on studying 250 nanowires
per samplef? Induction of the heterogeneously distributed mpidtilayer {111} twins, directed
perpendicular to the NW growth axis, is due topheticular curvature of the catalyst-substrate
and catalyst-NW interface and adherence of the p&#erned nanodots with substrételhe

detailed structural nature of the densely twinneddNwas analyzed through high-resolution



transmission electron microscope (HRTEM). The HRITEhages of normal (defect free) and
twinned NWs are shown in Figure 1(a) and (b), respely. The fast Fourier transform pattern
(FFT) of normal NW shows the structure is pure diathcubic Ge phase (3C-Ge) with <111>
growth orientation. HRTEM observations from defectéW confirm the occurrence of {111}
transverse twin boundaries perpendicular to thewae <111> growth direction. A 8Qotation
of crystal orientation on the both sides of thentpianes with the growth axis represents a mirror
reflection of a 3C stacking order of the {111} pésnwithout any bond-breakage at the interface.
The HRTEM image shown in Figure 1(b) is viewed gldahe <110> zone axis. Periodic
modulations of altering (-1-11) and (-1-1-1) 3C iculateral facets were observed when viewed
along the <110> zone axis. VLS growth of Si or I®&/s does not permit the formation of
periodic twins in <111> directed nanowires becanfsthe small wetting angle variation at the
triple-phase interfac® Whereas for F©, seeded Ge nanowire growth, heteroepitaxy anchstrai
at the catalyst-NW interface is more liable for tinggering of twin boundary nucleation.
Periodic twinned planes can generate polytype stoetures, where stacking faults in i
stacking sequence along the <111> direction cadym® local hexagonal ordering in a cubic
crystal, for exampleaba, leading to polytypes with distinctly unique projpes. In the densely
faulted regions of a NW,e. in NWs with a high twin density, successive {11sthcking faults
result in a change in the stacking sequence fronto3@her polymorphs. In the analyzed NW,
cubic 3C stacking in tetrahedral coordination ie #111> direction changed locally to 4H
polytypes in the regions with dense twin format{brgure 1(b)).

For further confirmation of crystal structure, Ramscattering measurements were
performed on both normal and twinned NWSs, and teasured spectra are presented in Figure

1(c) (normal NW) and (d) (polytype NW). The pealeda triply degenerated,gvibration (Ge-



Ge mode) appears at 299.5 and 298" émnormal and polytype NWs, respectively. The same
mode in bulk Ge appears at 300tas shown in the inset of Figure 1(dhe possible origins of
the frequency red shift are laser induced heatiognfinement effect and strain. The
measurements were carried out at very low laserepowhich excludes the laser induced
heating effect. It is known that 3C-Ge exhibitslighgly larger lattice parameter than 4H-&e.
This mismatch can create an intrinsic compresdinznsin the 3C region. Therefore, we should
expect a blue shift of the Ge-Ge mode in polytyp#,Nvhich is opposite to our experimental
observation. The NWs are in a floating state on & patterned substrate without any
attachment at the end and no uniaxial, or biaxiairs was applied intentionally to the NWs.
But, some additional strain may be developed dukddanging of the NW on the hollow trench
of SiN, which may cause some frequency change.3&€e mode also shifts towards lower
frequency due to the confinement of phonon in tlamostructuré® In normal NW, the
confinement effect is weak (diameter of NW~40 nmui) ib defected NW, the presence of 4H-Ge
phase divides the NW in small segments, where ¢tinéreement effect is probably higher. The
space resolved Raman study could provide the fa&r@in in the NW' In addition to the mode
at 298 crit, the presence of another peak at 284" amtwinned NW indicates the existence of
polytype phase, which is also confirmed by TEM gsial of corresponding Ge NWs (Figure
1(b)) and is consistent with the earlier repdt§>*® The hexagonal 4H-Ge region can form a
region up to few nanometers with altered band siredn a 3C-Ge NW host latti¢é!?

To measure the laser power dependent Raman spiarkaser power was varied from
0.2 mW to 30 mW, and the corresponding Raman sp&ftthe normal and polytype NWs
were recorded, which is displayed in Figure 2(bj &), respectively. For reference, the same

measurement has been performed on bulk Ge, whishagn in Figure 2(a). To get the peak



position and full width at half maxima (FWHM), tispectra are fitted with Lorentzian function.
Figure 3(a), (b) and (c) show the variation of ppekitions as a function of laser power for bulk
Ge, normal NW and polytype NW, respectively. Thalkppositions decrease as we increase the
laser power, which indicates that the local temjpeeaof the samples increases due to laser
irradiation?****°The factors that influence the temperature deperelef Raman shifts and line
widths are anharmonic phonon-phonon interaction #uetimal expansioff>° The frequency

shift due to phonon-phonon coupling is represehgeftonsidering three-phonon couplifgf°

2
Aw(T) = AlL+ m] @

wherewng is the Raman frequency at 0 K and A is anharmooinstant.

The contribution of thermal expansion to the Rafnaguency shift can be expressed®®
Aawy(T) = ap[exp(=3)6T) -1] )

wherey is Gruneisen parameter afids the thermal expansion coefficient of Germanium.

The FWHM can be expressed in terms of Bose-Ein$tgiation as the energy of band transition

thresholds decreases in proportion to the Bosetd&mgactors'® 493

2
r(m= ro[“'m] 3

whereTly is the FWHM at 0 K. From the intensity ratio beemeanti-Stokes and Stokes lines, the

sample temperature can be calculated but anti-Stpkak cannot be recorded in our setup.
Alternatively, the peak position or peak width abdle used as a temperature indicafdne

temperature dependent Raman shift is independentadbrs such as resonant Raman,
absorption, fluctuation in pulse intensity, &cSo, the uncertainties in estimating the

temperature from the peak positions are lower tttse from the peak width. We have



estimated the laser induced temperature using dheey of the parameters used in Ref. 50 and
the experimentally obtained laser power dependeanh@n frequency shift, combining equation
(1) and (2). The calculated temperature as a fonaf laser power for bulk Ge, normal NW and
polytype NW are displayed in Figure 3(d), (e) af)d espectively. In both the normal and
defective NWs, the maximum temperature reachesndr@00K at laser power below 30 mwW
whereas in bulk Ge the temperature reaches aro0@d<5at 30 mW laser power. The local
temperature rise depends on the heat transporegirep of the materials. Local temperature
increase will be lower for a material with highdretmal conductivity. A faster increase in
temperature is observed in NWs compared to bulkl@&eto the combination of several factors.
Firstly, due to large surface-to-volume ratio, bdany scattering of electrons and phonons is
significant in NWSs, which reduce the thermal corduty and allow the nanowire to heat up
easily> Secondly, the heat transport by low frequency phemwhich is substantial in bulk
systems, cannot survive in the NWs because the fneaupath of the phonons is longer than the
size of the NWs? Finally, in the low dimensional systems the coefirent of phonon modifies
the phonon transport properti®sThe role of twin boundaries and 4H polytype aremngnt in
affecting the thermal conductivity of nanostructigeliscussed in the section below.

Figure 4(a), (b) and (c) show the position of B&Ge mode as a function of temperature
due to laser induced heating for bulk Ge, normal AW polytype NW. The Raman frequencies
decrease monotonically with the temperature. Tdyaeahe red shift in the Ge-Ge mode with
temperature we used a linear change in enerd¥*as

o=@+ )T @
where o is the phonon frequency at zero temperature ygni$ the first order temperature

coefficient. By fitting the phonon downshift usieguation (4), the obtaineg values for bulk

10



Ge and normal NW are -0.02088 ¢ and -0.02089 cilK, respectively. Ther for both bulk
Ge and normal NW are in good agreement with redorgue (-0.02000 cttiK),>® indicating
that the method used to determine the local tenmyreras reasonable although the accurate
temperature determination using this method is tneral. The first order temperature
coefficient of twinned/polytype NW is -0.02239 @K, which is higher than the bulk and
normal NW. The reason could be the modificatiorpbbnon dispersion curve and electron—
phonon coupling due to the presence of polytypes@hBurther, study is needed to clarify this
effect. The presence of twin boundaries, the irsgdanumber of interfaces will lead to an
enhanced interface scattering, which is respons§ibléhe reduction in thermal conductivity with
respect to the normal NW. To get a quantitative gamson of thermal conductivity between
normal and defective NWs, we have estimated slajze/ P, where P is the laser power) by
fitting the data presented in the left panel ofufegg3. The solid lines are the linear fit to the
experimental data. The values of slopes for noanal polytype NWs are -0.2715 ¢fmW and

-0.3232 crit/mW, respectively. In terms ade/dP the thermal conductivitykf can be written

as®

_ o1 da
k= (5 () ©

We consider absorption power of both the NWs is esaam they are equal in size, and
experimental conditions were identical. We haventbdhat the thermal conductivity of the
polytype NW is approximately 10% lower than themal NW. The low thermal conductivity of

nanofaceted twinned/polytype NWs compared to theiooth faceted counterpart could make

them ideal candidates for thermoelectric appliceio
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CONCLUSIONS

In conclusion, we successfully introduced laseugstl heating during Raman measurements to
study temperature dependent phonon behavior of aloemd polytype Ge NWs. We have
estimated the first order temperature coefficiehplwonon shifts in both normal and defected
NWs and compared their thermal conductivity. Deniati®n of altered phonon dynamics in
twinned/polytype nanowires for a reduced thermahdumtivity makes these innovative
nanostructures suitable for thermoelectric deviddse of noncontact and uncomplicated
spectroscopic tool to study the local heating beltam nanoscale is useful for a simple and

reliable investigation of the thermal propertiesrofovative nanostructures.
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Figure 1. HRTEM images of (a) normal and (b) twinned Ge &NWormation of twin

boundaries and polytype segments are shown famineed NW. The inset of Figure (a) shows

the fast Fourier transform pattern (FFT) of norrN&V. Part (c) and (d) depicted the Raman

spectra of normal and twinned Ge NWs. The Ramantgape of bulk Ge is displayed in the

inset of Figure 1(c).
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