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We have desloped a rapid andon-contact method to determine the thermal conductivity of a single
cantilevered nanowire through a novel application of Raman Spectroscopy, in which the Raman lines act
as a local temperature probe and the focused laser acts as a local heat source. GewNavVwho
thermal conductivity (2 4 W/m.K) for diameters between 800 nm. This is the first measurement of
thermal conductivity in the technological piartant region of 300K 600K. The thermal conductivity

above Debye temperature is governed by itwportant scattering mechanisms: boundary scattering and
Umklapp scattering. We have suggested a way to estimate approximately the thermal conductivity of Ge
and Si NWs using the above observations that can be predicted within a ~ 20% uncertainty.

We haveinvestigated the approach to meitadulator transition in doped Ge NWs that lie in the metallic
regime and establish a size limit for 3d electronic conduction and show the applicability of the scaling

laws for a doped semiconductor.
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Chapter 1: Introduction

CHAPTER |

INTRODUCTION

The sole purpose of this woikto add knowledge to the field of material sciences and basic condensed
matter physics in low dimensions along with the hope of technological applications and betterment of
societybased on the findings.

A. MOTIVATION

The transport properties of a nanowire (NW) may show quantum effects if the characteristic length scale
associated with that particular physical property is of the same scale as the dimensions of the nanowire
NWs provide a platform to study basic physics in low dimensions as we can decouple length scales in
either axial or radial directions. A few important length scales associated with the electronic,
optoelectronic and thermal transport properties that we ererauarthis thesis are:

f Thouless lengthL(,): The distance an electron travels while maintaining phase cohérkrise.
the distance an electron diffuses in between successive inelastic colligigrs; Otg, where
t¢ is the inelastic scatterinime andD is the diffusion coefficient. It is defined &8,= %] Q
whered is the dimension of the system ahgis the Fermi velocity.

1 Depletion width W): The length of the spaagharge region formed at a mesamiconductor
(MS) junction when the are in contact.lt is defined as® = 2-ay/ D * where,N* is the
doping concentration of the NW, U ayjissthe buiite d i
in voltage.

9 Photocarrier diffusion lengthLf): As the name suggests, it the pathlength travelled by a
photogenerated carrier by the process of diffusion within its lifetihé I is given by,0; =
VOt

1 Phonon mean free path(It is the path length traveled by a phonon before it gets scattered. In

other words, it is the travlg distance between two consecutive phonon scattering €vents.

A NW is exected to have physical properties that famedamentally different from its bulk if their
physical dimension is comparable to these characteristic length scales. We indicate a few cases wher
such effects are perceptible.
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f A strong phonon boundary scattering in Si NW8 diameter < 100nm reducéts thermal
conductivity to twenty times its bulk value. The phonon mean free path plays a crucial role as it is
highly reduced due to diffuse scattering from the surface of the NW.

f  Semiconductor NW? as optical detectors haResponsivityat least thre orders of magnitude
more than the bulk due to improved charge collection as the carrier diffusion length is
comparable to the device length. In fact, there may be lateral confinement of electrons due to
band bending at the surface as a result of a laogelation of surface states. This radial electric
field helps in separation of photogenerated eledae pairs’

1 Phase coherence is observed in nanowires at low temperatures when eleqiitasinlg
mechanisms such as electiimonon scattering diesut® The inelastic scattering time increases
and the Thouless length become comparable to the NW dimensions. This leads to quantum

interference of electrons, and hence localization.

Barring the novel phenomena that have been observed at low dimensoireluctor NWs provide
other unique properties such as ability to integrate in electronic devicesyaselength optical
phenomenon and interfacing with biological systéhis.also provides high surface to volume ratio for
exploring various sensing plications. Semiconductor NWs have the ability to interface well with living
tissues for which it is currently being investigated for single cell endosédpis also being used for
study of neuron physiology Nanowires are used in piegeneration, rchanical resonators, -ion
battery applications, artificial photosynthesis, in solar cells and in a variety of otherdiscillinary
fields!**? Not only does the field of nanomaterials have rich basic physics, it is also -atuekéd

material forapplications.

B. OPTO-ELECTRONIC PROPERTIE S OF NANOWIRES

The basic concept of photoconduction in a semiconductor involves these main parts:
1 optical absorption leading to creation of electharte (eh) pair
1 separation of & pair and capture of fremrries leading to trapping or recombination
9 carrier transport to electrodes.
In this entire process, three components play a defining role in the carrier dynamics:
1 lattice imperfections or defects
1 surface states (which are of importance in a NW sintasta large aspect ratio)

9 nature of contacts.
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Table 1. Singlenanowirephotodetectoparameters

_ Wavelength | Working Peak' _ Year
Semiconductor Diameter (nm) range (nm) | Bias (V) Responsivity Ref#
(A/W)

Si NW 80 300-1100 0.1 2.6x1d 2014 5
ZnO NW 150-300 390 5 6.3x10 2007 6
InAs NW 30-75 3001100 10 4.4x10 2013 7
GaN NW 180 380 5 7.7x10 2017 8
GaAs NW 90-160 522 4 8.4x10 2009 10
Vertical Ge NW 20 1550 1 2.3x10 2017 38
Ge NW 50 532 2 2x10° 2018 37
Al-GeAl NW 30 532 0.1 10° 2018 39
Ge-GeQ; core shell 100 350900 2 10" 2018 40
SiNW 80 3001100 0 10" 2014 5
Ge-GeQ core shell 100 350900 0 10 2018 40

The origin of this high response in single semiconductor NWs can be narrowed down to a number of

factors:

1 Enhancement of electric field in the NW for diameters < 100nm, if there is a cladding (oxide)

layer?

Devi ce

di mensi

ons

Lowering of the Schottky barrier at the metal/NW interface on illumindfion.

( ~remmbination)lengtho mp ar ab |l e

t

(0]

t he

Effect of radial field caused by a depletion layer at the surface that separates the photogenerated

carriers®®

The radial field is caused by surface Fermevel pinning (FLP) that results isurface band bending

(SBB) in semiconductor NWs. The SBB in these NWs has been probed through photoelectron

spectroscopy in G¥,Zn0O" and GaN® NWs. It is interesting to note that in GaN NWs, it has been

deduced thro g h

photoconductivity

me a s u r¥eara éully tdepletédhAm t
estimate of the depletion layer width in these NWs and the Schottky barrier height at the surface that

N Ws
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poses a barrier for electrons to migrate to the surface is ieés@totoconductivity in semiconductor

NWs is regulated by the depletion region width, pketoited carrier density and presence of trap states.
Thusan important parameter that gov&predict the performance of a nanowire photodetector is the
guality of the natural oxide layer surrounding the NW surface, which controls the surface trap density and
predicts the FLPIt is important to point out that the carrier relaxation in semiconductor N8Ns i
dominated through surface recombinatibrwhich has been investigated through ultrafast carrier
dynamics using femteecond pumyprobe THz spectroscopy. The ogfectronic properties of a
semiconductor NW may be tuned and controlled through surfaceicatidns. In the context of Si NWs,
surface passivation of a NW by growing a shell &i@nhanced the carrier lifetime two orders and also

the surface recombination velocByby two orders to 4x1®@m/s?

C. THERMOELECTRIC PROPER TIES OF NANOWIRES

Currently there has been revival in research for development of thermoelectric devices focusing on
increasing the efficiencies with nanostructured mateftafsThermoelectric devices has application in
heat waste management and clean energy harvestiich currently has high cost and low efficiency.
Nanostructured materials have the advantage that electrical and thermal property both can be tuned ¢

desiredThe aim of the research is to improve and obtain a viable figure of merit,
Y= "¥, /1,

where Sis the Seebeck coefficiend, is electrical conductivity and is the thermal conductivity. The
Seebeck coefficient can be increased if we go to quantum level where the density of states is modified bu
it is not a cost effective or a viable solutimnthe current problem. To find a good thermoelectric material

is a challenging process since usually by increasing the electrical conductivity, the thermal conductivity
also increases (Wiedemafnanz law)® In this regard, semiconductor NWs are an effectlass of
materials to investigate. Electrical conductivity in these NWs is usually unchanged with respect to bulk
and can be controlled through weBtablished doping processavhile thermal conductivity isaturally

low in this geometry as a result diffuse scattering of phonons at the NW boundary and due to surface
roughnes$>? Hence, to obtain an appreciati& semiconductor NWs which have a much lowés a

natural choice. Other nanostructured materials like thin film superlattices, fledieClatharates,
nanoparticles etc have an appreciable(maximum ZT ~2.4 in giype BipTes/ShTe; superlattices) but

they suffer from the roadblock of complex chemistry, heavy compounds and toxic lead compounds.
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Hence, NWs are a suitable potential option for thermo power generation. For example a 50 nm diameter
of Si NW haszT~0.6**

In a NW, the factor that most effectively can be tuned is the thermal conductivity. The lattice thermal

conductivity is defined a5,
Il = 280¢

whereC is the specific heat capacity per unit volumés the group velocityl, is the mean free path of a
phonon given byg= 0T, whereUis the relaxation time of a phonon scattering process. It is important to
understand the variowslaxation processes in a material to get an idea of the temperature dependence of
thermal conductivity’ The resistive scattering mechanisms include Umklapp scattering, impurity
scattering and temperature independent boundary scattering.-gim@n8n namal scattering tends to

bring back the phonon distribution to equilibrium while the resistive mechanisms displace the phonon
distribution function. These relaxation times determine which process dominates over the rest and the
thermal conductivity followsthat trend. The phonon lifetime due to scattering by boundary forms a
significant part of the total scattering time, which is give’by,

T(",l = o lo )

wheres is the group velocityD is the diameter of NW anld is the specularity parameter, that determines
the extent of reflection from the NW boundary that is diffusive in nature.

A study of phonon dispersion and scattering mechanisms is essential to study the thermal properties of a
semiconductor since in thegsence of a temperature gradient the dominant heat transport is through
phonons. The phonon dispersion curve has optical and acoustic branches, depending on the phase of
vibration of the respective atoms. Heat is generally transported through the acmggias they have a

larger group velocity’ Optical phonons decay into acoustic phonons (as a result of anharmonicity in the
lattice potential, which is more pronounced in NWs) and this interaction disturbs the phonon distribution

function, which in tun alters the heat conduction, thus affecting the thermal condudfitAty.

D. WHAT IS THE IMPORTANC E OF GERMANIUM NANOWIRES ?

It is an elemental semiconductor, lying in Group IV of the periodic table just below Silicon with a cubic

diamond structure. Geogits fair share of fame when the first transistor was built from it in Bell Labs in
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1948 that opened the gateway for sdlidte electronics. Ge overrides Si in most physical ptieger
which are listed in Table.2ts availability and ease of synthesigkes it more applicable as compared to
other compound semiconductors like GaAs, InAs and InGaAs, where stoichiometry control is essential.
Crystalline bulk Ge has been studied extensively in theNIS region (upto wavelength 1800nf)**

Ge photodeteots based on single crystalline Ge are available commercially. They work in tHeIRIS
region and have peaResponsivityat 800 nmwith T ~0.25 A/W!® Ge is also an important infrared
optical material, for NIR windows etGe is recognized as a secondstgndard thermometer and is used

for low temperature sensor applications commercially.

Advances in integrated circuit technology in the past five decades demand electronic devices with higher
device density, faster switching rate and lower power consumgtibas been proposed that alternative
materials like NWsan be active materials for FE&s well as interconnects, which are not limited by

Mo o r e 8sNoi oalyvare NWs a topic of considerable current interest in-akswronics, it is also a
probdem of basic physics, in which some of the fundamental issues of electronic conduction in
semiconductors can be addres&d.Semiconductor NWs can be prepared hjigHd as required for

large scale integrated circuit systems. Currently, there arecargholled NW growth processes available

to control dimension, morphology and chemical composition. It offers the potential of parallel production
of large number of devices with same physical and chemical properties, since it is possible to have a larg

throughput®

Considering itsuperior properties (see Tablpahd also unpredicted phenomenon observed in-guasi
dimensional material, there is a recent surge in study of electrical angleptmnic properties of Ge

NWs. There has been a revival the study of electronic properties of Ge NWs in recent times due to
device scaling and high performance electroffiédThis is because intrinsically, Ge has better electronic
properties as compared to those of Si. Ge also offers advantages over $i l[duert processing
temperatures as well as larger Bohr radius resulting in stronger confinement. Ge has potential applicatiot
as an active element in field effect transistSisptoelectronic devicé§™ and also as Lithium lon battery

1-

anode$'These acievements have promoted more research into development of synthesis and

applications of Ge NWs.

We will survey the current scenario of growth, electrical, egémtronic and thermal property
investigation of Ge NWs, while putting it in context to othems®nductor NWsOur main motivation

lies in overcoming the known challenges related to working with Ge and its revival in the field of
electronics and optelectronics in the nanoscale, novelty of performing the experiments in order to

surpass the diffidties in single nanowire measurements and to provide a solution to the existing issues.
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Table 2 Important properties of Ge and Si.

Property Germanium Silicon Related area of application/interest
Mobility (cm*V's™) 3900 1400 electronics
Effective Masgmy) 0.082 0.19 electronics
Carrier concentratiorcn™) 2x10° 1x10"° electronics
Thermal conductivity\W/m.K) 58 130 thermoelectrics
Band Gap¢V) 0.66 1.12 opto-electronics
Bohr exciton radiugnm) 24.3 4.9 quantum property

E. ORGANIZATION OF THE THESIS AND MAIN ISSUES INVESTIGATED

1. Growth and characterization

Semiconductor nanowires with different compositions can be synthesized using either direct vapor
transport or through solution process. The main process that lefatsnttion of a NW is anisotropic
growth of a crystal. This is usually achieved by using a seed metal catalyst. A lot of research has gone
into growth of NWs and their growth kinetics, with Ge being no exceptitiGe NWs were first grown
through a sim@ direct physical vapor transport mechanism utilizing the \ajmprid-Solid (VLS)
mechanisnt! The first real time irsitu growth of a NW through VLS mechanism was observed in Ge
NWSs*® Further insights into the Gau interface at the tip of the NW havedn studied to understand the
nucleation process and nanowire grofiith. established the nanoscale phase diagram eA@Gsince it

differs from the bulk due to capillary effect and surface tension in the-siaad metal liquid droplet

phase. There in gher Ge content available at a lower temperature in NWs.

Even though VLS growth offers its many advantages like crystallinity, high yield, choice of metal
nanoparticle catalyst, preferential site growth, control over diameter, length and morphologywiéhon
doping through use of chemical vapor deposition methods, there are certain shortédffiifgs.most

crucial one is, the metal catalyst diffuses into the NW body at high growth temperatures causes impurity

states. For example, Au forms deep leadeptor states in &i.
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Ge NWs have been well characterized throughay photoelectron spectroscopy (XPS) and electron
microscopy. Ge NWs grown by VLS method are crystalline with relatively smooth surface (rms
roughness ~0.3nm) and weléfined interfacavith the AuGe alloy tip?° It appears that the NWs have a
native oxide layer that grows instantly on exposure to the atmosphere. The NWs grovinaitiself

oxide layer upto 5nm within 24 hout$The chemical composition of the oxide states have bieelied

in great detail through the surface sensitive XPS technique, where information upto a depth of few nm is
revealed. The XPS spectrum of the 3d state3@3V) shows Ge in the 4+ state. Prolonged exposure
shows G& and Gé' states along with an inase in GE species. The oxidation states have chemical
shifts of 0.8, 1.8 and 2.7 eV with respect to thé @k (29.8eV§?

2. Electrical properties

(i) MS contact Ge began to be replaced by Si inspite of its better electrical properties as Ge has the
disadvantage of a chemically unstable native oxide layer. The native oxide layer of Si is a boon since
SiO, is highly stable and forms a sharp interface. THe&iE), system possesses the technical ability of

low cost and ease of integration compared to other semiconductors. It is used to procesaxdmetal
semiconductor field effect transistor (MOSFET), the basic element of integrated circuits. On the other
hand Ge gide has poor chemical stability since it is water solgbleis usually of the form of GeQ
(x02) . I n bul k Ge, there is a VasrayresuitiofgFermideveh t a c
pinning (FLP) which makes the barrier height more es lmdependent of the electrode material. There
are highly bunched interface states -GbteViAlage MS c
barrier formation leads to high specific contact resistange Ih general in Ge, metal induceddjap

defect states are thought as the cause for large contact resistance, arising from FLP due to these interfa

states**®

In contrast to bulk, the issue of contact resistance and formation of barrier at thsanetainductor

(MS) contact has not be researched in Ge NWs as extensively. Although limited in number, the
reported investigations on formation of contact on Ge NW have made progress, particularly in terms of
bringing out the key issué&>® In fact there are clear indications from recerperiment¥ in single Ge

NW configuration that there is suppression of FLP leading to a clear dependence of the barrier height anc
specific contact resistivity} £) on the metal work function. It has been shown that for Ag which has
relatively low work fi n ¢ t i 0 nR4.29 &V), the Xlottky barrier can be low even in NWs with carrier
concentration in the range of 1@’ and Ohmic contact can be obtained althopgtemains high (>10

“W.cnf).
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(ii) FET: There are many detailed reports investigating gexaique characteristics observed from Ge
NW FETSs. It shows hole mobility of 600 &\ .s**which is very close to the MOSFET made from bulk

Ge. It is a very desirable mobility in an elemental pristine semiconductor nanowire. Interestingly, FETs
made from undoped orgoped Ge NWSs, both showtppe gate characteristics. Atype response can
comefrom metal catalyst incorporation thiaas deep level acceptor states amdnsic doping or surface
effects3*°9°®! Hysteresis in the transfer characteristita FEThas been observed and it is claimed that

this is due to water molecules stronblyund to slow surface statessrface oxide layer abe.'®

()| SIMOMN
* ‘Conducti nl{

Fermi level

\\\\\\\\ NNNNN

Rmthno

_. ¥

Core level

Intensity (a.u.)

Ellmdmb

36 34 32 30
Binding Energy (eV)

Figure 1. (a) XPS spectra ose NWs(3d spectrabefore (red) and after (blue) annealing, shoverghift
in the Binding Energy ta lower eV when the oxide is removed. (b) Schematic illustraif band
bending for a Ge NW due to Fermi level pinning of surface stmtélse oxide layer)BE in the core of
Ge NW is lower than BE at the surface due to band bending upwards as shown by arrows. [Reprinted

with permission from Ref# 18]

It has alsdbeen shown thatacuum annealing at 4%D eliminates hysteresis fortppe Ge NW FETs

though it reappears when exposed to air. This cycle is reproducible as long as the air exposure is brief
(few mins)*®It is proposed that $© molecules adsorbed on therface oxide layer are responsible for the
hysteresis. To support the claim, XPS was performed on the NWs, under test conditions. The XPS
measurement on an oxide stripped Ge NW shows that the binding energy (BE) shifts-0y8ed.1or

the G& 3d state® Band bending causes a decrease in the energetic distance between tw@éesd

to the Fermi level (see Figure Ihis decreases the BE of the Ge 3d level relative to bulk Ge in a NW.

Oxide removal at the surface through annealing eliminatesitbdace states and reduces/removes band

10
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bending. Thus, these cause shifting of the Ge psalesFigure 1jowards that of energetic value of bulk

Ge, as seefrom XPS spectraSo, with surface band bending, the energetic gap between the Ge 3d core
level and Fermi level will be modified once the oxide is removeg-thpe Ge NWSs, since band bending

is downwardstheBE of a NW with oxide is more than the bulk/coreGH (see Fgure 1b)). XPS clearly
reveals band bending in Ge NWs due to FLP by surface statas oxide layeinferred from the shift in
binding energy-0.3eV)of the NWs on annealing.

Surface band bending (SBB) has also been observed in other semicondustdt™*NWznO SBB® has

been probed through U\bhotoelectron spectroscopy and it has been found that for a bare ZnO NW, SBB
is ~1.5eV with depletion width ~ 40nm for NWs in the diameter range3588m. The SBB arises due to
surface defects in the NW K& oxygen deficiency), which chemisorbs atmosphesibyOcapturing free
electron from the surface thereby forming a depletion region. This leads to band bending near the surface
In GaN NWs, it has been deduced through photoconductivity measuremerttsitteat NWs o f di «
80nm are fully depleted due to SBB.

(i) Low temperature electrical conductivityfhere is the only report so far concerning conventional

electrical transport measurement at low temperature in single Ge NW réédntshows thatthe
transport mechanism is hopping in nature. Barring this, no other conductivity measurements in doped ol
undoped NW have been performed. Thus, the effect of size on electronic conduction in Ge NWs has no
been investigated before, which is of utmostamgnce. It sets a size scale to observe and investigate

guantum properties in these electrically superior NWs.

3. Opto-electronic property

Previous reports of photodetectors made from single Ge*Kf§ have been investigated only around

the visible ange of the spectrum with wavelength < 532nm. The only report in the NIR region at 1550nm
of a Ge NW hag ~23A/W . The highesResponsivityreported in Ge NW (at 532nm) is around 210

A/W at2V bias¥whi ch di scusses the patedwihihe 6e oside siiface antv s

Af ast stateso at the. i nterface between the Gel G

An investigation of absorbance of single Ge NW (using photocurrent as a deteot)ashowed that the
photoabsorption in Ge NW depends on its diameter and differs qualitatively frorf¥ laslkt shows a

peak around 66800nm (depending on the diameter) and drops for wavelent®@Gnm. The change in
spectral dependence was related to leaky resonance mode in NWs with lengths comparable to ligh
wavel engths. Very recently there has been ¥ rep
heterostructure, which shouResposivity ~1CPA/W, similar to what we have also achieved in this thesis.

They describe a charge trapping model with surface states at the |&@@ The photogenerated
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electrons are trapped in the oxide layer. Hence it effectively modulates the conduttistyphoto

gating effect driven by the trap states prolong the carrier lifetime and is one of the important reasons for
such a high photoresponde.another very recent study of ultiast carrier dynamics in Ge N%®*it is

proposed that electrons arapped in the surface states of Ge NW that lies below the Fermi level. This
gives rise to hole accumulation at the surface and hence band bending. This observation corroborates well
with results from XPS analysis, atomic probe microscopy as well asiedéoheasurements as discussed

in section 2(ii)>*

Recently, there has been report on a single Si NW based photodetector that showsbias zero
Responsivity~10'A/W at 514 nnt. Another recent report on coeshell type selpowered single Ge NWs
showingResponsivity~6x1FA/W.* However, there has been no other report of apseifered nanowire
photodetector. The previous rep8ttS on films that show zero bias photodetection have an unequal
barrier heights or an asymmetry at both contacts. It is knovwe the main cause for photodetection. A
quantitative modeling and/or nature of the bunlipotential is missing, especially for the case of NWs,
where both contacts are qualitatively similar.

4. Thermal conductivity

Semicomuctor NWs show large reductioof @ as has been measured experimentally as well as
theoretically**® These NWs show very low thermal conductivity compared to its bulk thereby increasing
the figure of meritZT, which is essential for thermoelectric apgtions. The reduced thermal
conductivity in NWs is due to dominance of boundary scattering that decreases the mean free path of the
phonons. The dominance of boundary scattering becomes more prominent as go to lower NW diameters.
In Si, the thermal condugtty goes down from 130W/m.K to 44W/m.K as we go from bulk to NW
(diameter ~100nm). A 56nm diameter NW hass 26W/m.K and a 22nmdiameterNW hasoa =
8.5W/m.K in single Si NW.The surface roughness of the NWs is a very important parameter and can
modify its thermal conductivity by an order or m&tthrough enhanced phonon surface scattering. Work

has been done in artificially roughening Si NWs to reduce thermal conductivity by an order, till it reaches
the amorphous limit Artificially roughened Si NWshaves ~few W/m.K that is two orders respect to

that of bulk Si.

While most work done so far has been on Si NWs only, even in the bulk form, Ge has a lower thermal
conductivity of 58W/m.K as opposed to Si (130W/m°K)he main focus is to reduce the rtmal
conductivity and, from simulations the predicted value for smooth Ge NWSs, of diameter ~100nm is
12.5W/(m.K)? which is much lower than that of Si NWs (~ 40W/(m.K)) for the same diameter and

surface roughneg8 There is only one report of thermal cluttivity measurement in a single Ge NWs

12
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showing values of 2.26 + 0. 60%ThisOvall %sW/A40M Idwverftharr a
the predicted value of a 20nm Ge NW (3.7W/m°Kf surface roughness 0.3nm, which is usually the
value for VLS grownNWs* A basic study of thermodynamic and thermal properties of Ge NWs is
lacking, which will be a stepping stone geekout the current issues related to Ge NWs as well as the

issue of high efficiency thermoelectric materials.

F. WHAT WOULD BE OF SIGNIFICANT VALUE AD DITION TO THIS AREA ?

Considering the recent developments related to understanding the hysterestymntbghavior in Ge

NWs, shows us how important surface characterization can assist in understanding and revealing th
physics behindhe unique observed phenomena. The surface oxide though detrimental for the FET, is
useful for optoelectronic applications since it causes SBB.origin of a high response (highest reported

till date isT ~10'/A/W for ZnO NW< in the UV region) insemicaductor NWs is most importantly due

to the radial field caused by SBB° Though, the impact of a confining potential on photoconduction
properties are known, the nature of the field or a quantitative analysis has not been investigated. Anothe
factor tha seems to be a likely cause of such HR#sponsivityis impact ionizatioff""® due to very high

electric field at the depletion region that produces multiple elettotm pairs through avalanche
mechanism. We have analyzed each of these factors in detail which has enabled a quantitative

understanding of photoconduction mechanisi@&NWs and semiconductor NWs in general.

An important parameter that has not been investigated before in the context of Ge NWs is the ideality
factor @) associated with contact junctiolsThe barrier formation at a MS interface is extremely
sensitive ¢ the surface. Formation of electrical contacts to NWs leads to various chemical (exposure to
resists, etchants) as well as physical (ion milling) damage. These make the barrier far from ideal which
leads to nosideality in the junctiorf? Since the contaglays a crucial role in all electronic devices, a
guantitative temperature dependent study of the contact parameters is essential. For device applications
Ge, since the International Technology Roadmap for Semiconductors 2014 gives an upper Idnit of 1
8.cnt for specific contact resistancgd), achieving a low ¢ on Ge in this range is a very desirable as

well as a challenging task.

The effect of size on electronic conduction in Ge NWs has not been investigated before and it is felt that ¢
study ofthis issue will be an important addition in this area. Since no significant work has been done on

low temperature electrical conduction in Ge NWs, a study of weak localization in doped NWs would be

13
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interesting to observe from a basic physics point of vi&i®&o, one can also establish a size limit for the

validity of scaling theories of localization in Ge N\Ws.

The numerically predicted thermal conductivity of a 100nm Ge NW at 300K is ~ 12.5\/amditis ~

three times less than Si NW of the same dirmemdn this light, the thermal properties of Ge NWs need

to be investigated. The measurement of thermal conductivity of nanostructures was developed through
advances in nanamicro fabrication. A micrefabricated structufeis designed to build suspend&iN
membrane with SiN beams, and platinum lines acting as heater as well as electrical contacts to the
nanowire/naneheet, which are placed on the suspended structure by ar@eniyoulator. This micro

chip device has accurate measurements but relieshheavistateof-art nanofabrication facility. This

method has been used widelyed todetermine the thermal conductivity of Si NW&raphené® CNT"*

and other nanomaterials. There are certain sources of errors that need to be combated while measurement

of thermal properties through a miechip device such as:

Presence of thermal contact resistance between metal contact pad and nanowire
Presence of stace oxide that leads to poor electrical and thermal contacts
Joule heating if contact resistance is very high

Heat flow through other high conductivity paths

= =4 4 -4 -2

Systematic errors due to electrical measurements

Thus, a simpler, rapid, nesontact method igavorable. A technigue derived from the opiermal

Raman method has been recently developed to measure thermal conductivity in NWs that requires local
heating as well as measurement through Raman Spectroscopy using a continudus issemplistic,

rapid and overcomes errors arising due to thermal contact resistance measurement and other systematic
errors related to electrical probes in a NW. It has proven to be an accurate method with measurement of
thermal conductivity of Si NW&. There has beejust one experimental rep8tton the thermal
conductivity in Ge NWs that is ~ 40% lesser than the predicted value. Hence, an experimental study on
the thermal conductivity in Ge NWs through the newly developed Ramanthegstoal method is
warranted with groper investigation aiming to rule out all discrepancies and also scope for improvement

of the experimental seip at its nascent stage.

G. THESIS LAYOUT

This thesis investigates a cresection of important physical properties of a single Ge N8&ime

discussions presented here maybe carried over to specific Chapters for sake of comptdtamness on

14
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the study of some of the transport properties of Ge NWs and its revival in the field -@legitonics as

well as thermal transport. We haved to incorporate a balance of basic physics and applications of Ge
NWs. It includes the approach to weak localization in Ge NWs and the study of thermodynamic
properties like thermal expansion and thermal conductivity. Ge NWs have great potentiglifatiap

in broadband photodetectors and it has been probed from a fundamental as well as applications point ¢
view. The thesis work is focused on overcoming the known challenges of working with single Ge
nanowire and also exploring and quantifying tbeel phenomenon that was observed. The novelty of the
thesis is that it has investigated the properties of the NWs by measurements on single NW through
conventional electrical method as well through an original application of Raman Spectrdé3tapter

2 focuses on the growth of crystalline Ge NWghrough direct vapor transport method. The NWs have
been extensively characterized by electron microscopy and the oxide layer has been investigated in detai
through XPS. It is the foremost part of the theJibe design and development of device and
experiments for single NW is discussed in Chapter #hich is a prominent part of the thesis.
Chapter 4, we investigate the effect of electrical contacts to single Ge N\Ws it is fundamental for
device applicatios. In Chapter 5, we have worked harmoniously with the recent developments in
photoconductivity of Ge NWs This is an extensive study that not only &al the highest reported
Responsivitybut also a clear understanding of the physics of -bifgh photoresponse and effects of
surface and interface states. Weceeded further to establish the nature of radial field whi@hepter

6 we discuss the phenomena of sgibwered photodetection.Chapter 7 is dedicated to the
measurement of thermal propertiesof a single Ge NW through Raman Spectrosctp¥hapter 8 we

study the approach to weak localization in Ge NWskinally, Chapter 9 has a brief discussion on the

main observations of this this along with concluding remarks.
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CHAPTER I

GROWTH AND CHARACTERIZATION OF GERMANIUM NANOWIRES

We have grown single crystalline Germanium Nanowires through daxim physical vapor deposition
technique using gold nanoparticles as catalyst. The challenges involving an unwanted oxide layer during
growth was ogrcome by use of reducing agents. The NWs have been well characterized quantitatively to

obtain necessary information about the spatial and chemical composition of the oxide layer.

A. INTRODUCTION

The growth of single crystalline materials itharmodynamically driven dynamic process which depends
strongly on the control of growth parameters. The processes of crystal growth like vapor, liquid and solid
have been well studied over the last hundred yeBesh process has its challenges andviertble for a
particular class of materials. The process of crystal formation is a dynamic equilibrium process which
provides the driving force as the crystal formation occurs in the direction of lowest Gibbs free’energy.
The liquid to solid phase transfoation process, like Czochralski process, is the most well known for
growth of monecrystalline Silicon and other semiconductor materials. The vapor to solid phase
transformation involves growth by sublimation and vapor transport. The growth of nanbwivapor
transport was first achieved in 1964 by Wagner and°Ellinen they grew Silicon whiskers from an
impurity seed particle. The growth mechanism was explained as Vigpiat-solid (VLS) mechanisrfi;

a method by which, an impurity seed particléoyd with the source material at a relatively low
temperature, and this acts as a site for preferred deposition of the source vapor. This leads to formation c
a supersaturated solution and a nucleation process occurs which causes precipitation amdvitbnioe g

the facet of the minimum surface energy. The change in Gibbs free energy when nucleatiér occurs
Q= &y, 1)

which is the energy released by the chemical potential going from the vapor to liquid phase in the alloy

droplet.The energy required to create new interfaces is given by,
Q=i Qui + & Q4. 2

wherel is the perimeter length of the nuclehds the height of the nucleus adds the interface energy.
The change in Gibbs free enerdyO= "Q + "Q, can be minimized by the shape and placement of the

nucleus, which, incidentally is minimum at the three phase boundary (TPB) dinthe interface of the
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liquid alloy droplet and the solid crystalncorporation of vapor atoms into the stgl occurs through the

liquid alloy and nucleation occurs at the three phase boundary where the crystal growth occurs, thus
adding a new layer to the existing crystal. The schematic of this process are shown in Fig. 1. Thus,
depending on the interface egies, a preferred growth direction is obtained. The basic needs for the VLS
method are transportation of the source material to a relatively cooler growth zone, where, there is
supersaturation and nucleation, béathegstabfitopma
crystal. The liquid surface is rough and has more accommodation coefficient as compared to the solid and
hence a preferred site for depositibbnidirectional growth at the three phase boundary is a consequence

of the anisotopy in the nucleation processas different interfaces. The axial growth occurs by this
mechanism because the precipitation is catalyst mediated at the liquid/solid (L/S) interface.

| ine G new layer
ncoming Ge vapor nuclei propagation of crystalis

‘ along L/S boundary formed
nucleus _ = —

atTPB
supersa%‘tion
o agrowth
T
lloy fquid droplet 3 | 2along
\ 2 |axial
metal nanoparticle 8 | girection

Figure 1. Growth schematic of VLS mechanism

The growth ofsemiconductor NWs is wetksearched field and each method has its share of advantages
and drawbacks. Nanowires grown by the VLS method are oriented, single crystalline with preferred
deposition site as well as controllable diameter of NWis a simpleand direct process of growth with a

large output. It allows selectivity of growth at targeted sites. We can control diameter of NW through the
metal nanoparticle diametEr.Sometimes, direct vapor deposition on the NW sidewalls may occur,
known as radialgrowth, but it can be negated through use efgds for passivation, lower growth
temperature or by insitu mild HCI gas etchirithere is an open choice for using the metal nanopafticle
which decides the growth temperature and the particle size dedsrnthe NW diameter. The
disadvantage of this type of growth is that, the catalyst adds impurity to the NW known to cause deep
level traps in Si NW$?
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The type of vapor transport to the substrate can occur through physical vapor transport or by chemica
means. Hence, hazardous chemical precursor gases likeaBiHGeH may be used. But physical
transport involves using the vapors of the source material only. Even though, chemical route may be
advantageous as it provides options of dopimyring growthby using the dopant precursor gas, it
suffers disadvantages in terms of environment and health hazards on exposure to these harmful and tox
gases. In VLS growth, smooth NWs (with surface roughness ~0-3ane) formed as opposed to top
down methods likenetal assisted etching in which large surface roughness exists. These advantages have
lead to NW growth by VLS mechanism through the 4mic physical vapor transport to become the
preferred one.

B. EXPERIMENT

The growth process is carried out in a demahe furnace (Fig. 2(a)) with Au nanoparticle as the seed
impurity and inert gas as a carrféf® We have calibrated the dual zone furnace initially to get the
preferred site for growth of the NWs. The temperature profile inside the dual zone furgaea i Fig.

2(b). The growth temperature depends on the phase diagram -Ati,Gand beyond its eutectic
temperature, we get growth of NWs. The eutectic point ofGauis at 363C with Au:Ge::28:72 by
atomic percent. It is known that the eutectic poaduces (by 22for 20 nm Au nanopartici&e NW)

since surface energy of the nanoparticle (Rhuch larger than bufk. The AuNPs were formed by a
method of dewetting an ultrathin Au film grown bybeam evaporation technique on a clean Si (100)
waferin an ultrahigh vacuum chamber (1Pa) followed by annealin.This causes breakage of the thin
film due to surface tension and they form clusters through agglomeration on subsequent-tdbkng.

Au NP distribution is governed by the thickness of #e layer and annealing temperature. We have
grown 89 nm Au film (A) and 56 nm Au film (B) measured by an insitu quartz crystal thickness monitor
and annealed the film at 4@ for 30 mins. The SEM images of these two Au NP distributed on the Si
substratdn shown in Fig. 3a and 3b. The NPs are far apart in (A), while in (B), they are more closely
packed. But in both cases the particle distribution isur@form, with a large number of particles with
diameter ~ 100nm. We then proceed to decrease thelimgntme in film B to 15 mins at 40C. The

SEM image of this film is given in Fig. 3c. With these growth conditions we get a uniform density of
NPs, with Gaussian distribution centered about 10 nm. The Au NP distribution has been characterizec

through Abmic Force Microscopy.
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Figure 2. (a) Schematic of the experimental setup. (b) Calibration of furnace showing the two zones.

Figure 3. SEM image of Au NP on Si substrate under different growth conditions. Panel C shows the

optimized growth of Au NPs

The Si wafer with Au NPs is placed vertically (through a quartz stand) ati 480°C along the
downstream of the carrier gas flow. The furnace is evacuated fastvhen the source temperature
greater thar®50°C is reached, the gas flow is started. Thetimgkemperature of Ge is 9%B, so beyond

this temperature, we get evaporation of Ge. The carrier gas transports the Ge vapors to a relatively cooler
Au NP substrate, where through the VLS mechanism growth of NWs occur. The growth time is ~ 30
mins. The gs flow continues upto an hour post growth, after which, the chamber is evacuated again, till it
reaches room temperatdfeThe Ge NWs grow as a dense bunch on the Si substrate with diameters
varying from 10i 150 nm and length ~ few microns as shown EMSimage, Fig. 4a. We have got
targeted growth of the NWs at the site of Au NP only (see Fig. 4b). The growth process though simple,
needs careful control of the important parameters like substrate temperature and flow rate. The flow rate
of the carrier ga is kept below 0.5 sccm, as a very high rate can cause a film deposition on the substrate
(see Fig. 4c). The substrate temperature controls the alloying and precipitation. It is quite critical and
when sufficient temperature is not reached, the growti\W§ is not achieved. We have used Argon as
thecarrier gas as well as Af§ mixture gasas discussed later.
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Figure 4. SEM image of a bunch of NWs (a) on the Si substrate and (b) at targeted region only. (¢) Ge

film grown on the Au NP substrate due to high flow rate.

C. CHARACTERIZATION ToOOLS

The Ge NWs were characterized using the usual-nharacterization tools witbxtensive Transmission
Electron Microscopy (TEM) associated studies. We have also udeayXPhotoelectron Spectroscopy
(XPS) to identify the chemical valence states of Ge in the native oxide layer, which is essential for
analysis of the optelectronic poperties. It not only serves as a tool for characterization, it helps us
qguantify the chemical and spatial composition of the nanowire for a better understanding of its physical

properties.

The advent of newage technology allows us to probe into the itketaf nanostructures. Imaging
techniques includes Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM)
and TEM associated techniques like High Angular Annular HidiJADF) Imaging. Characterization

has been performed throughR&y Diffraction (XRD), EDX (Energydispersive XRay Spectroscopy),
Atomic Force Microscopy (AFM), Electron Energy Loss Spectroscopy (EELS) éRdyXPhotoelectron
Spectroscopy (XPS).
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1. XRD

X-Ray diffraction is a basic characterization tool to determinectiistal structure of a material. It
follows the Bragg law where the wavelength used is ~ atomic spacing. Usually; {dueKa-= 1.544)

is used as the source. On interaction with sample, which is placed on a goniometer, the diffragted X

are then dtected, processed and counted. Conversion of the diffraction pealspaeidg helps us to
identify the element. The peak position obtained can be used to correlate with standard reference of

International Centre for Diffraction Data (ICDD) and ascertaecomposition.
2. SEM

It is an imaging technigue with an electron beam that is scanned onto a sample, and scattered electrons are
used to construct an image. The focused electrons interact to produce secondary electrsnattbeark
electrons, augeelectrons Xrays and cathodoluminiscence. A field emission electron gun is used as
source to inject highly focused beam of electrons through an accelerating grid, condenser lens, objective
aperture and scanning coils and finally through an objective tahshan scanned onto the sample, kept

on a motorized stage. The beam is scanned over the sample in a raster pattern in synchronization with a
cathode ray tube. Usually the secondary electrons are detected using an Hbentmdety detector. Their

intensiy is proportional to the signal detected. The image obtained is black and white, corresponding to
the intensity of the spot, which brings contrast to the image. Through SEM we can study the topography
and morphology of a sample. SEM has a large depttelof ffew mm) that allows a large amount of the
sample to be imaged at once. It also has a very high resolutith rfin depending on the source used

and the pixel size of CCD).

3. EDX

The X-Rays produced by the interaction of the primary electron beamtidét sample are essential for
elemental identification and is used for elemental quantification through EDX. TRey>eénergy from

each shell in an element is unique and serves as an accurate method for chemical analysis. Characteristic
X-rays come from lectron transitions between core shells. An electron is first knocked out in order to
create a vacancy, which gets filled up byay emission. The number and energy of theys emitted

can be measured by an energy dispersive spectrometer. The spexifig ef the Xray peak has to be
identified for each element. It is a very useful tool for elemental identification. EDX setup is also
available with the TEM where spatially resolved EDX can also be performed in Scanning Transmission
electron microscopeSITEM) mode, which gives us chemical composition of a nanomaterial mapped

spatially.
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4. Raman Spectroscopy

The spectral analysis of inelastic scattering of light by the vibrating molecules in a material is known as
Raman Spectroscopy. Raman scattering isse@d by the polarization induced in a molecule by the
oscillating electric field of an incoming radiation. It acts as a secondary source for electromagnetic
radiation. The polarisability being a second rank tensor gives three components of the indueed dipo
moment. If the polarisability depends upon vibrational frequencies, these terms will modulate the incident

electric field. Hence, the molecular vibration affects the polarisability.

The polarized electrons radiate at the frequency of their oscillatidres.scattered radiation of the
induced dipole moment consists of three components with the angular frequenciesand 3

+p svhich corresponds to Rayleigh, stokgaman and anttokes scattering respectively. Since only 1 in

10" photons shows inelastic scattering, a highly intense laser beam is used for this purpose, with a very

sensitive detection system.
5. XPS

In XPS, the kinetic energy (K.E) of the electrons is detected for an unit energy interval and the number of
electronggives the counts. The electrons are detected by an electron spectrometer which is controlled by e
variable electrostatic field. When softRays interact with a material, the K.E. of the emitted electrons is
given by the Photoelectric effect,O.= "Q 6.0. %p where, B.E. is the binding energy of the atomic
orbital from which the electron originates &agdis the spectrometer work function. Since mean free path

of electrons in solids is few°Athe electrons producing peaks in the XPS spectranat@ifrom only the

top few atomic layers. This makes XP8raquesurfacesensitive technique for chemical analysis. There

can be a variety of K.E. depending of the available final states, but each final state has a different
probability of crosssection.Each element has a unique set of binding energies and it can be used to
identify elements as well as their concentration in the surface. Variations in the elemental binding energy

arise from shifts in the chemical potential of the compound.

The major compeents of the XPS system are arfRdy source, XRay monochromator, energy analyzer,
ion-gun for sputter etching and vacuum chamber. THea} used is Al Kline of energy 1486.6eV,

falling at 45 on the sample. The base vacuum is kept at P& The XPSpectrum is a plot of the
number of electrons versus electron binding energy in a small energy interval. Composition as well as the
chemical states of the Ge in the Ge NWs was examined as a function of film thickness through XPS depil
profiling. For surfae cleaning and depth profiling, sample surface was etched witiorAat 2 keV with

a grid voltage of 120V for different time intervals to sputter out the films over an area of ~
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200umx200um. The sputtering rate of the surface is ~1 nm/min. The surfacge ciffects were
compensated by calibrating the energy scale of high resolution Ge 3d in reference to the adventitious
carbon at 284.5 eV in B.E. scale. The recorded high resolution Ge 3d photoelectron peaks were resolved

into their respective Gaussiatsfiafter background subtraction.
6. TEM

TEM as the name suggests, analyses the transmitted beam of electrons through a thin (<100nm)
specimen. A much higher energetic beam of electronsZQ0BYV, as compared to-BOkV in SEM) are

used, hence resolutios better. The transmitted beam is magnified through stage lens and objective
aperture and viewed in a screen, which can be recorded by a CCD camera. The image contrast is obtained
due to variation of intensities in the transmitted beam. Either the traedrbigam (bright field imaging)

or the diffracted beam can be used for imaging (dark field imaging). Nanostructures can be imaged in
great detail and crystal structure, atomic positions and other information can be gathered. For example, a
high resolutionimage shows the crystal planes. From a good quality HRTEM image we can obtain the
periodic plane spacing. A 120kV (Tecnai G 2-2®; ST) was employed to study the structure and phase
locally on a single Ge NW.

In TEM both the imaging and diffraction tedgnes can be used. TISAED maps the specimen in the
reciprocal lattice and we get an image of atomic positions. It gives a Fourier Transform of the periodic
crystal lattice. From this pattern, the structure, orientation, lattice spacing, atomic position a

information related to crystallinity or defects can be obtained.

Another type of imaging associated with TEM, is imagingH®ADF detector in the STEM mode. In

this mode, the electron beam is focused at a spot (~few 100nm away from the sample daraagie),

and then raster scanned over the sample. The HAADF detector relies on the inelastic scattered beam
which it collects from an annulus around the beam. It detects according to the angle of scattered electrons
transmitted from the sample. The intépsif a HAADF image depends on the atomic number of the
element. Thus a lighter element will appear dark while a heavier one, bright, thus, providing an elemental

contrast image.

Along with this, TEM is equipped with daDX with spatial resolution down to 0.1 nm (depending on the
size of the beam spot). This gives an opportunity to study an EDX line profile, which exactly gives the

spatially resolved chemical composition.

EELS is an analytic technique for advanced matenalgsis and is equipped with a TEM. It is based on

inelastic scattering of energetic electrons. The scattered beam loses energy and is bent through a small
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angle (5 100 milliradians). The typical electron eneflggs spectrum has an intense peak ocaudses/

known as the zertnss peak. These are due to transmitted electronhalvat been elastically scattered

The lowloss region (< 50 eV) has peaks coming from a plasma resonance. At higher energy losses (> 5(
eV), there are characteristic peak calledgization edges. When a core electron absorbs energy from the
primary electron beam, it goes to excited state. This leads to a sharp rise and gradual fall in the electrol
energy loss spectrum. The ionization edges are used for analysis of elementsaK loaget gives the
ionization energy which helps in elemental analySELS is a very useful technique to find the oxidation
states of the element in a sample. It utilizes the inelastic scattered electrons to study the bonding state ¢
an element. The engy loss of an electron after interaction with the sample is recorded in a known energy
window (characteristic of that element). It can help determine the valence state of an element in a
compound. The TEMbased Gatan parallel detection electron energgy $pectrometer was used study the
chemical binding states of Ge NWs.

7.AFM

Atomic force microscopy has been derived from scanning tunneling microscopy which is based on the
principle of quantum mechanical tunneling. Here, short range forces betweelRNhgpfand the sample

helps in mapping its surface. The apparatus consists of a cantilever on whose free end a tiny tip is
attached. When the tip scans over the sample surface, the attraction/repulsion of the tip to the sample dt
to Van der Waals forcesauses a vertical movement of the cantilever. This is detected by a laser beam
which is reflected of the back of the cantilever to a position sengitivéodetectorSubsequently this is
converted to a contrasting image on screen. The amount of forceddepethe distance between the tip

and sample and also on the spring constant of the cantilever. The AFM can be operated in three mode:
Contact, Tapping and Intermediate. It is useful for mapping the surface of a sample. It gives the surface

topology of he sample. We have used AFM to study the morphology of the nanowire surface.

D. RESULTS AND DISCUSSIONS

Ge NWsform a native oxide layer on exposure to atmosphere within a span of a few d@uself

limiting thickness ~ Bm. The oxide layer is known tbe unstable as it not formed purely of
stoichiometrichexagonal Geg) but rathersuboxide GeQ, (x<2). Thus, Ge/Gegnterface has been a
subject of much debate with respect to its composfifitistudies have been done on growth and
characterization ofse NWs and a clear understanding of the surface characteristics of Ge NWs post
growth (after exposure to atmosphere) is important to understand its physical properties. Work has beel

done on processes of removal of the oxide layer (by mild acid etchlngéal by surface passivatidh)
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and its effects on the electrical properfi®XPS studies have been performed in Ge NWSs, to determine

the content of the oxide layer, which suggest that there is indeed a presencgioftBe®xide layef?

The physicaldimensions, chemical composition and spatial composition of the NWs have been
investigated through naraharacterization tools. The NWs grown through the VLS mechanism, have a
signature of an Au NP sitting at the tip of the Nt can be seen from theE® image (Fig. 5a ) marked

in a red circle. The eutectic based VLS growth leads to the separation of the Au enriched tip, which is
shown in the TEM image in Fig. 5(b). However, the bulk of the wire is expected to have a finite amount
of Au in the body ofie NW. The exact content of the Au is not known though it is expected that it will
vary along the length so that near the tip, the concentration of Au will be'fibeeNWs grown from
vapour phase are thus not intentionally doped. A discussion regandirttas been presented in Chapter

I, Section B (ii).

Figure 5. (@) SEM image showing an Au NP at the tip of a Ge ¥if5) TEM image showing Au tip as a
black circle on a Ge NW.

The SAED pattern as shown in Figure 6a, confirms cubic nature of the NWpaviliel planes along

<111> direction only (ICDD, Ref. Code:D003-0478). The SAED pattern has also been taken along
different spots on the Ge NW, and it remains unchanged, thus establishing the crystalline nature of the
NWsZ?*The HRTEM image (Fig. 6b)iso agrees with the SAED analysis, showinglahes with spacing

of 0.326 nm which corresponds to <111> direction. It also shows an oxide layer areliichrbthick
(depending upon the NW diameter) on both sides.
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Figure 6. (a) SAED pattern of a Ge NW showing highly oriented planes along (111) direction. (b)
HRTEM image of a Ge NW with distance between paraHelathes~ 0.326 nm, and an oxide layer

marked in black®
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Figure 7.(a) The HAADF image of a Ge NW, showing theedtion marked with red arrow, along which
line EDAX profile was taken. (b) Line Edax of a single Ge NW taken in STEM mode with O and Ge

concentration profile along the radial direction as marked by arrow.

The HAADF detector for imaging in Fig. 6a showsggnce of a thin layer (~5nm) on a NW of diameter

~ 45 nm at a lower contrast compared to the bulk portion of the NW, which appear$ Flghtspatial
position of the Ge oxide was investigated using EDAX line profile of a Ge NW taken in Scanning TEM
(STEM) mode along the radial direction shown by a red arrow in Figliaplot of the Line EDAX
profile shows Oxygen concentration (from theslkell) at the two ends of the NW to be maximum, while
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the Ge concentration profile (from the L shell) is almost complementary to it. The maximum Ge
concentration lies from 185 nm in the line EDAX profile. There is a finite size of the electron beam for
each step size taken for the line profile which causes spatial broadening of the line scan leading to an
apparent larger thickness of the oxide layer compared to the actual thickness. Nevertheless, it is
established that the surface of the NW is surrouiigean oxide layer, while the core made up of purely
Ge?®

We have performed Electron Energy Loss Spectroscopy (EELS) using TEM to get information on the
chemical binding states of Ge and nature of the oxide layer. The EELS spectrum was analysed using
multiple Gaussian peak fitting. The EELS spectrum of Ge L edge (Fig. 8a) shows a broad spgéwrum.
spectrum of Ge L edge corresponding to the transition of Ge 2p has been fit using standard Gaussian
fitting, which shows Sphorbit splitting into 2g,, (L3) and 2p;, (L,) at 1217 and 1247 eV respectively.

Apart from these elemental peaks of Ge, there is another peak whose edge is 1222 eV and this
corresponds to the binding energy of Ge other than metallic*8Tate.O K edge spectra corresponding

to the trasition of O 1s is shown in Fig. 8b. Splitting can be observed in the O Kvddge shows two

peaks, one of which is the K edge from O 1s orbital at 532 eV. The other peak shows absorption edge
below 530 eV, which corresponds to binding energy of metialesx Thus it can be inferred from the

EELS spectrum analysis that the Ge NW has oxygen, which is surface absorbed as well as in the form of
GeQ ( x OThg details of the composition and chemical binding stat@edfave been analysed through
X-ray PhotoelectrorSpectroscopy andre discussed in Chapter V, where it is appropriate.
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Figure 8.(a) EELS spectrum showing the Gg(IL247 eV) and k(1217 eV) peaks and a shallow oxide
binding energy loss peak, with edge at 1220 eV. (b) EELS spectrum showing two peaks with an edge at
532 eV from O 1s orbital and the other peak corresponding to a metal oxide peak, with edge below 530

eV. Blue lines she elemental peaks, red line shows oxide peaks and black line is the experimental data.
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An oxide layer can be formed post growth on the NW naturally which is5~ngh thick?*** Oxide

growth can also occur in the NW during the growth period. To prevedatomn of NW during growth,

we have used 5% Jtyas mixed with Argon as the carrier gas. It prevents and reduces any oxidation of
gas phase or solid phase Ge by residyaMZ have also used Titanium pieces which act as a getter and
forms TiG; if any O, gas is present. This ensures no oxide layer growth during the actual growth of NWs.
We have again performed all the characterizations and seen that the oxide layer is negligible by use of th
reducing gas and oxygen getter during the growth process.
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Figure 9 (a) Raman Spectrum of a single Ge NW of diameter 105nm showing oxide peaks. (b) Ge NW

of diameter 93 nm with peak Raman peak at ~308, grown in reducing environment.

A comparison of the NWs grown by VLS mechanism through a normal process antshgrown in a
reducing environment is performed by Raman Spectroscopy. The room temperature Raman spectra ¢
single NW (see Fig.)9clearly shows a huge difference in the speiciraone only a pure Ge peakvith

Raman Shift at 300.2+0.5 ¢chwhile the other one has the Ge peak along with three other peaks. The Ge
Raman peak shift comes from the LO/TO degenerate mode. The other peaks have been identified as Gef
peak wh i ¢ h -duarte type Of structure with E1 modes at 123.3+0.2 and #46R&m', and Al

modes at 262.4+0.6 (not clearly visible in this scale) and 444.4+0.4Tbe Raman spectra have been
taken on ateast eight different NWs and an average value of the peak position is given. Thus, with the

modified growth conditions, wean get a pure crystalline Ge NW, without any oxide layer.
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Oxygen Map (b)

Oxygen Map

Figure 10. (a) and ( (b) and showing the EELS mapping of O and Ge in the oxide rich NWs. (c) and (d)
shows the EELS mapping of Oxygen and Ge map of the Ge NWs grown in a reducing environment.

Insets show the TEM image of the NW under investigation.

We havealsoperformed an EELS mapping on the NWs. The previogiiyn Ge NWSs, as shown in Fig.

10a, has Oxygen (O has been quantified through the K shell) distribution throughout sample, with more
density of O at the sides of the NW. The background for the EELS spectrum also has Oxygen, coming
from the alcohol solvent and oxidization of the carbon grid on which the TEM samgkced In the

NW grown inreducing environment (see Fig.ApO contet is very low and is almost equivalent to the
background noise and uniformly distributed throughbetNW. In both cases (see Fig. 10b and)lthe

Ge (Ge has been quantified thrbutdpe L shell)is highly dense with uniform distribution, though, in the

reducing growth environment, Ge shows higher density (there are brighter and denser green spots).
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The removal of Ge oxide post growth is also possible through dilute HF etching. The Raman Spectra of
an ensemble of Ge NWs, etched with 1% HF solution fas@ion of ething time is plotted in Fig. 11
The GeQ peak intensities slowly decrease as we increase the etch time. The NWs are completely strippec

of its oxide layer beyond 10 sec of etching in the acid solution.
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Figure 11 Raman Spectrum of the G&Vs with etching time of 0, 3, 6, 8 and 10 seconds.

The surface roughness is an important parameter especially for surface characterization of NWs. We hav
used AFM to quantify the surface roughness of a Ge NW. The diameter fluctuation can be gquantified
through a rms height deviatioh)( The surface mapping of a NW was taken in tapping mode down to a
300nmX300nm scan arednitially, the AFM tip was scanned over a larger area to first identify a
nanowire. Then, the area was magnified and at each stegyrfaee mapping was dofgee Figure 1R

Finally, when ~80% of the scan area was covered by the NW, we mapped the agemtardanalysis

was performed along the diameta the NW (as shown in Fig. {&). The section amgsis data was
converted into mx-y data file and fit using a Spline fitting function in Mathematica. The section data and
spline fit data was subtracted to get the error which is the fluctuation in the eliahatNW as shown in
Figure 13 This rms heighh is then extracted from ¢herrorplot. We have taken an average of all the
section analysis performed on multiple NWge getrms surface roughness of a Ge Nw¥,0.48+0.09

nm.
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Figure 12 AFM image of a Ge NW at different magnifications with (¢) showing the arrow along which

section analysis was performed.

a) 35 (b) 1.0 *
301 ¥ * 4
25 051 * S ] a‘?
= 35 l |
E £ %
£ 204 = * ! *
= 0.0 )
£ 5 ¥ yox
D 154 2 g g
£ w Tk ) * [ !
10- 0.5 b oAx b
) —O— Section analysis data ? \ *
54 Spline Fit data
-1.04
¢ *
05 T T T T v T T T T T v T v T T T T T T T ¥ T T T T T T
40 60 80 10 120 140 160 40 60 80 10 120 140 160
Length along Diameter {nm) Length along Diameter {nm)

Figure 13 Section analysis data and Spline fit data of a diameter section. (b) The diameter fluctuation in

a nanowire.

E. CONCLUSIONS

We have grown single crystalline highly oriented Ge NWs by the VLS method, with Au NP as a catalyst.
The growth of unwanted oxide on the Ge surface during growth can be avoided by growing it in a
reducing environment. The oxide layer can also be etolmdcompletely by mild acid etching. The
modified growth process with use of, Hhixed with carrier gas and also use of an oxygen getter
successfully prevents formation of oxide layer. Through EDAX in Scanning TEM mode we see that the
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oxide layer exists ahe surface of Ge. The Ge oxide formation post growth is unavoidable and a thin
native oxide layer, -b nm (sellimiting) forms. All these techniques were necessary to determine the
morphology, crystal structure and composition in Germanium nanowirese Bhadies form an essential

part of the thesis as utilizing specific information from each of these specialized equipments, we have

been able to support our experimental findings, that is discussed as and when deemed appropriate.
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CHAPTER Il

DESCRIPTION OFEXPERIMENTS SINGLE NANOWIRE DEVICE

FABRICATION, AND ELECTRICAL, OPTOELECTRONIC ANDTHERMAL

MEASUREMENTSETUPS

We have used a combination of electron beam lithography and photolithography to achieve metal
electrode connections to single nanowire devices. The process is well known, thollgtgiclgaas
completing such a task successfully needs careful and precise experimentation, with each step playing a

equally important role as the others.

We have used single Ge nanowire (NW) devices for electrical and optoelectronic measurements. Solel
electrical measurements were executed for temperature dependent contact property study and electroni
transport study. We have used a variable temperature insert in a closed cycle cryostat from room
temperature to ~ 6 K. For a quick low temperature conditgtmeasurement we have used a homa€ee
dipstick, which we insert in liquid ;N Optoelectronic measurements were performed in ambient
conditions (28C and atmos. pressure) in a dark room with an opticalugetThe thermal measurements
were done omnsemble as well as single NW which wergrasvn or dispersed on a substrate. Thermal
measurements were done in humidity controlled atmosphere through aRaicran Spectrometer setup,

equipped with a temperature controlled sample stage and a microsbjgntive lens.

A. SINGLE NANOWIRE DEVICE FABRICATION

Micro and nano fabrication has developed with integrated circuit manufacture. The advantages of using
the electron beam to pattern was studied in the sixties, where the minimum feature size possible wa:
~20nm; which was not limited by diffraction limit of optics. In the following decades, machines
dedicated to nanofabrication was developed which currently gives a linewidth of 5nm and a pitch of
14nm’Lithographyor fiwr i t i ng on s talricagng a desiredtphttersed one tsubsirate o
in the context of device fabrication. The principle of lithography involves using/drawing a mask to pattern
a device and its realization. There is mainly three forms lithography, barring soft lithography namely

photolithography (PL), XRay lithography and electron beam lithography (EBL). In all these forms, a
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sensitive material (resist) is coated on a substrate which we need to pattern and on exposure to an external
agent (light, Xray or electron beam), changés chemical bonding. This changes its solubility property

and according to the tone of thesist is removed bydevelopingin a suitable solvent. Thus we get a
patterned substrate on which we deposit a desired material followddt-ojf in a solvent.The
schematics are shown in Fig. 1. These are the basic steps involved in lithography, be it of any type. We
will look at the details of only the two forms, PL and EBL in details followed by the process of single
nanowire (NW) device fabrication.

UV radiation

sk V¥V Exposed regions have
e o
PL — changed solubility

. Resist | e-beam L MMM M Develo
\ p 11 11T 1
Substrate

\ Vector scan /

- ot
[g EBRL*—— Metallization l

Resist

Patterned substrate Lift-off
1t-0 e =
Substrate — e

Figure 1. Schematics of the patterning process using PL and EBL.

1. Hierarchy of steps involved

The single Ge NW devices were fabricated by the following procedure. The as grown Ge NWs on the Si
wafer were dispersed in ethanol and sonicated. This ensuréiseiiiVs are freed from the substrate and

are evenly distributed in ethanol. The dispersion was thenastp(5610CI) onto SiQ(300nm)/Si
substrates which have larger festing connection pads made by photolithography. The NWs are then
identified asto which is optimal for the nature of our work and has been anchored on to the substrate
through Focused electron beam (FEB) deposited Platinum (see Fig. 2). Two square blocks of Pt are
deposited on both ends of the NW, which has dimensions around 508®@nk. This anchoring has a

dual purpose. It prevents the NW from moving/displacement whilecgggiting procedure and also serves

as a marker while pattering with EBL. Thep2and 4p contacts (with Cr/Au or Ni) to the NWs were

made by multiple step eleon beam lithography followed by metallization and lift off. We have also

used FEB deposited Pt as the electrode material. The work flow of single NW device fabrication is given
in Fig. 2.
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The single nanowire device fabrication has been performed ingidau@room. It is necessary to have a
clean, dust free working environment for device manufacture at-megmmes using lithography
techniques since a dust particle (diameter gf)scan hamper the synthesis/fabrication process. A clean
room has a contra@l environment with a very low level of diorne pollutants such as dust, aerosol
particles and chemical vapors. The level of contamination is specified by the number of particles per
cubic meter at a specified particle size. Air coming from an outsideeas filtered to eliminate dust,

and the inside air is ferculated through HEPA (High efficiency particulate air) filters and/or ULPA
(ultrarlow particulate air) filters that remove contaminants produced from within the cleanroom. People
entering andeaving the cleanroom have to do so through airlocks including an air shower stage and have
to wear protective clothing. We have a Class 1000 (Federal Standard 209E) cleanroom where, particulate
of diameter <0.8m, is maximum of 1000/cin

Si0,/Si WAFER

—> After multiple steps

of Electron beam Lithography
Photolithography

Macro-sized contact pads

) NW identified and anchored
NW solution drop-cast —> with FEB deposited Platinum

Figure 2. A flow chart showing the steps used for single NW device fabrication.

B. PHOTOLITHOGRAPHY

We have used photolithography to design the maiz@d contact electrodes on which we can make
electrical connections. We have used the contact method in which, a mask is placed in direct contact witt
a substrate on a chuck. The chuck is connected towurasystem. The contact method is advantageous
since proximity effects due to diffraction do not hamper the accuracy of the pattern. We can go down to
0.1 em resolution using this method. The phatask is patterned according to the need of design
necessy for the device. We have used a plastic sheet on which the design has been printed by solid ink
which was available commercially (shown in Fig. 3a). For the resist we us (8Q00), which is a
negative photoresist. It is an epoxy dissolved in an dcgaalvent accompanied by a phatod
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generator. On exposure to UV radiation (Hg lamp with emission at 435.8nm), the polymdinksoasd
on curing, forms microstructures that have high mechanical stability. The process arifobciped by

us givenin the following section.

Sample Cleaning

Substrate cleaning is the foremost and an important part of the process. It determines the sticking
capability of the organic layer on the substrate. We have used insulatipg@@&i@m) on top of Si
substrate (OObrientation, lightly pdoped with in between 410g cm). Typically 0.5x0.5cm wafers have

been used. We have used Trichloroethylene (TCE) to remove grease and organic material on the
substrate. It was followed by washing inridaized water and this cycleas repeated with acetone and
ethanol. The substrate was blow dried witkhdenidified air.

Development of pattern

The clean substrate is placed on a rotating platform which is connected to a vacuum chuck. The resist is
drop-cast with a micropipette (~ 160) and spun for a specific time. The spinning speeds depend on the
thickness of the layer. Typically a speed of 2@300rpm is used which gives a thickness of ~2.2
2.4em.We use a prbaking also known as soft bake for 15 mins atlo(@C. This is usuallydone to

remove excess solvent in the spoated resist film.

A mask is placed and the resistated wafer is then exposed to UV radiation followed by-pake. The
exposure time depends on the film thickness and the light intensity. It has been ogtiri@ess:conds in

our machine/setup. The formation of the crlisking in the resist is a twetep process. The activated
monomers are formed on exposure and polymer formation, which is catalyst mediated process requires a
temperature of 630°C, at whichthe wafer is posbaked for 10 mins. Thus, the regions exposed to light,
become mechanically stable and resistant to déeeloper(1-Methoxy-2-propyl acetate), which is
essentially a solvent the can dissolve the unexpose8 8lth. This is thus a negag resist, which

means, the part in which light does not fall is etched out. A developed wafer is shown in Fig. 3b. An
optimum etching time determines the sharpness of the pattern and also the degreeaifttimglelue to

lateral etching.

Metallization

The developed wafer is then taken for metallization. If at all there are any remnant resist on the desired
area of the pattern, it may be removed by apl&@ma etch. It is not a necessary step in PL but has been
performed systematically during EBL anddiscussed later. The resist patterned wafer is then loaded in

an evaporation chamber. We have used physical vapor deposition methodshédiien eevaporation
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(EBE) or thermal evaporation. For highelting point materials like Ni, to achieve reasonable ditipo

rate, resistive heating is not sufficient. In such materials, localized heating by an electron beam can caus
evaporation. A hot filament emits electrons by thermionic emission and electrons are accelerated througt
a potential difference of severaV, which are guided by a magnetic field via the Lorentz force to strike

the material to be evaporated, that is kept in a graphite crucible. In case of thermal evaporation, as ham
suggests, the target material is evaporated by resistive/Joule heatinig kepungsten/Molybdenum

boat. Metals like Cr and Au have been thermally evaporated. The substrate is mounted on a holdel
perpendicularly on top of the material. The vacuum in the chamber is kept mtid), which allows
deposition since the mean freettpaf the evaporating particle is determined by the number of gas
molecules in the chamber. A high vacuum system consisting of a rotary pump connected to an oil
diffusion pump and/or a turbmolecular pump was used. A mean free path of ~ 30cm needs arvacuu
~10°mbar if particle size is ~0.3 nm. The EBE chamber had an ultra high vacuum &fmbi®. The
vacuum also prevents impurities from deposition and prevents target particles from chemically
combining. The film thickness was determined during evdjpordy a quartz crystal thickness monitor.

We have usually deposited a layer of Cr ~ 5nm followed by Au (~ 80 nm) on the patterned substrates
thermally and Nickel film (~60nm) deposited by EBE.

Figure 3. (a) A PL mask. (b) A developed pattern on $8D with blue region in which resist persists and
the purple region which has developed, showingpgpéttern. (c) A patterned wafer with Au which

appears yellow.

Lift -off

Post metallization, the entire substrate is covered with desired metal film. Thiispfé process is
necessary, that removes metal from the unwanted regions and keeps it in the region of negative mask. TF
metal which is on top of SiJwhich was etched out as it was unexposed), sticks to the substrate. While
the metal on top of the regions that have resist, on dipping in a remover (solvent for tHakedss
polymerized SUB) is washed away. It is a diffusion limited process and negd ultrasonic treatment

for proper removal of resist (since it is mechanically very stable and resistant). Thus, as the underlying
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resist layer washes away, the metal film is also removed from the regions. So, it works as a negative resist
i.e. regionswhich were unexposed (black region of the mask) has metal layer while the exposed regions
have no metal film. Post li#bff, the wafer is washed in ethanol for removal of remnant organic material.

A patterned wafer fabricated by PL is shown in Fig. 3c.

C. ELECTRON BEAM LITHOGRAPHY

To design the nansized contacts to a NW upto to the larger PL fabricated electrodes, we have used EBL.

It works on the same principle as the PL but instead of the UV radiation, there is a highly focused electron
beam which canlir the solubility of the resist, and thereby be developed. The EBL system is a modified
and upgraded version of a Scanning Electron Microscope (SEM) coupled with beam control from the
pattern generator and software to draw the desired pattern. Heeepatterned mask is not necessary

and the pattern we need can be dawn using a Computer Aided Design (CAD) program. It also has a beam
blanker for deflecting the beam. As opposed to SEM, the electron beam is vector scanned instead of raster
scanned. It doegot scan areas which are not to be exposed. Instead, the beam is rapidly deflected
between exposed features and is draws/fills one feature at a time. Commercial available high end
nanofabrication tools are dedicated for EBL only. We have used the Halbdelam system for our

work (see Fig. 4) It has a special feature of a Focused lon BeamalBtg) with the usual field emission

(FE) electron source. It is equipped with a Beam Blanking System and Nanometer Pattern Generating
System (NPGS).

Helios Dual Bez AElectron |
inside clean room B golumn

Figure 4. Helios dual beam system.

42



Chapterlll : Description of Experiments

Process

The process for patterning using EBL is similar to PL, expect, here we can draw/design our own mask
with the CAD program, which then gets scanned onto the resist coated substrate. We have used a doub
layered Poly methyinethacrylate (PMMA), a positive resist of different molecular weight. PMMA is a
long chain polymer that is broken into smaller, soluble fragments by the electron beam. A double layer is
advantageous for |Hdff purposes. If we use a single layer, durirgyelopment, there is lateral etching
which leads to undercutting, and the pattern becomes less accurate. Also, duringotheritess, if

there is a single layer, the metal on the patterned region tends to get removed. Hence, we use a doub
layer ofresist. For the resist, we use 5% PMMA 350K and PMMA 950K, dissolved in chlorobenzene.
The first layer is spun at 3000rpm and baked af@&6r 90seconds followed by the second layer of
950K at 6000rpm at 12Q for 45 mins. The resist coated wafer is thmsferred to the EBL machine.

The spin speed, temperature, time etc has been optimized for best output results.

Pattern generation and writing

Prior to scanning any pattern, it is important that the SEM is calibrated properly. It involves checking gun
and column alignment, calibrating and setting up the beam current, and adjusting beam focus and
astigmatismThe optics and expertise to create a finely focused electron spot is essential. The factors that
are under control of the user in pattern generatings electron beam energy, dose, current and
development time. The factors that influence these are backscattering of electrons (proximity effect),
forward elastic scattering (that broadens the beam), and during development, overdevelopment due t
capillary forces and line edge roughness causedtéistically fluctuating effects at small dimensions

Thus, every step needs to be optimized to obtain the perfect desired design onto the wafer.

After a series of dose, current and working voltage tests awe dptimized certain important parameters.
Usually a voltage of 20keV has been used with Dose of2B0BC/cnf. The current varies, depending

upon the pattern dimensions. For designing electrodes that connect dirgotlthe NW, which has a
feature sizeof Olem in one direction, we use 11pA of current. Typically for patterns which are around
10Cem, we have used 69M00pA current. We have used NPGS software for designing the
electrodes/connections, which has been converted to a file which the NPG& am#sol and deflect the
e-beam. A precise control is obtained by adjusting the electrical deflection of the beam to the stage whose

position is monitored using two laser interferometers.

Pattern drawing through CAD is simple. Marking the position shiahthere is exact mapping of the area
we draw and the area that gets exposed-bgaen needs careful operation. Thus, it is essential to use

markers so that a relative -codinate system can be used to draw the pattern with respect to the wafer.
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Once, thepattern is drawn and the -codinates setup, we need to run the file in the NGPS software. Care

should be taken not to expose the wafer before or after patterning.

The developing time is very critical, since the solubility rate of the exposed redisteidhiggh. We have

used a mixture of methyl isobutyl ketone (MIBK) and Isopropyl alcohol (IPA) in the ratio 1:2 as a
developer. The etch time is typically53seconds and at each time it is best to check the developed pattern
through an optical microscopge determine whether the desired pattern is developed optimally. The
exposure time (t) depends on the dose (D), current (I) and area of exposure@)-a%, so a low
exposure will lead to an unddeveloped pattern, which means that the partial agisnexist at the
undesired regions. While, a longer exposure time will lead to overdeveloping and the pattern will not be
sharp and may merge into neighboring ones if the gap between them is less (of the scale of the pattern).
These situations may alsoisixdue to lesser/longer developing times. Exposure and development are
interconnected to each other. It is so because, longer chain polymers may also be soluble if the developing

time/strength is increased.

Even though there may be an optimum time forettgwment, there are chances of remnant resists in the
patterned region which are not visible through the optical microscope. So, as a precautionary measure, we
use oxygen plasma etching to remove it. An inductively coupled plasma reactive ion etchHRIE)CH!

500 by Sentech Instruments was used for this purpose. With ICP power of 200 W and a process pressure
of 0.6Pa, the etch rate of PMMA was determined to be ~350nm/min. Thus, an etching time of 2 seconds
is enough to remove a few nm of remnant re§iMMA is readily etched by ©Oby a purely chemical
process. In the last step of the EBL process, which is connecting the NW to an electrode, we have used Ar
plasma to cleaunp the remnant resist, since May cause reactive etching on the Ge NW surfacgaAr

was chosen because it is non reactive and will not cause any chemical damage since it etches by ion
milling/sputtering. In some cases, we have etched the Ge NW surface (which is exposed post

development) with a dilute (1%) HF solutifor a few secorslto removéetchunwanted oxide.

D. FOCUSED ELECTRON BEAM DEPOSITED METAL

The Helios dual beam system can also pattern insitu using its electron beam assisted metal deposition. In
the presence of a metatganic precursor gas, a focusedeam(FEB) canpattern directly insitu on the
sample. Metabrganic gas molecules are adsorbed on a substrate, which on irradiation {neam, e
dissociate into nonvolatile components and form a depostniists of a naroomposite material: metal

nanoparticles (~elw nm) embedded in a matrix of amorphous carbon. Here we have used the precursor
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methylcyclo-pentadienyl tri-methyl platinum (GH1gPt) which is solid at room temperature and needs a
warmup period prior to deposition. The pattern can be drawn on the Helios dual beam SEM control
software.The electrodes to a NW can also be fabricated through this process. We have also used thi:

methodto pattern Pt anchors at the ends of a NW, which act as markers during the EBL process.

E. A GLIMPSE INTO THE SINGLE NW DEVICE FABRICATION BY EBL

A preview of the multiple EBL steps showing connection to a single NW is given in Fig. 5. For the final
connetion to the NW, we have in certain cases also used FEB deposited Pt as the electrode material

SEM image of three single NW devices ep42p with EBL and a 2 with FEB deposited Pt is shown
in Fig. 6.

(a)

Figure 5. This image shows the multiple stepsEBL performed for a single Ge NW connection. Panel
(), (c) and (e) show optical images of resist coated wafer after EBL writing and development. Panel (b),
(d) and (f) show wafers post metallization. The red arrow marks the position of the NW, whilacthe

dots are the FEB deposited anchors to the NW.
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Figure 6. SEM image of single Ge NW device in (ap4onfiguration, (b) 2 configuration and (c)-p

configuration using FEB deposited®EM image of three other NWs ir2configuration fabricated
using EBL with Cr/Au electrodes in (d) and (e) and (f) connected with Ni.

F. DEVICE PREPARATION

Single Ge NW devices were used for electrical and-efgotronic measurements. The sample (5mm x
5mm) was always mounted on a thin (~1 mm) mica sheet @ffvarnish to provide good thermal

anchor at cryogenic temperatures while keeping electrical insulation. Electrical connections to a Ge NW
were made on the macroscopic (~2mm x 2mm) metal contact pads (see Figure 7(a)). An enameled Cu
wire (Gauge number: 3%vas dipped partially in orthphosphoric acid and the two ends etched out. One

end is attached to the metal electrodes through a conducting silver epoxy paste (sheet resistance ~0.02
a/sqgq. ). The s Bimmplbetre any mahsuieraents dresddime 6ther end of the Cu wire is
soldered onto a printed circuit board. From here, banana or BNC connectors are used to connect to the
required instrument. While handling and connecting a single NW device, we have always used an

antistatic wrist band. Its an antistatic device used to safgigunda person to prevent the buildup
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of static electricityon their body, which can result @bectrostatic dischargeThese discharges are

sufficient to damage sensitive electrical componekésdisingle NW.

G. EXPERIMENTAL SET-UPS

1. Low temperature setup

Electrical measurements upto 77K was taken in a homemadickpThe homenade dipstick has four
stainless steel rods connected to a base on which PCB electrical connections haveleefrPi®O0 is

used as a temperature sensor and a 50q Manganin
are drawn internally through hollow SS pipes onto a probe head and eventually connected to a Lakeshor
Temperature controller. The saraps mounted on the base (see Figure 7(b)) and electrical connections
from it are attached to the PCB at the base which is connected to the probe (internally through the hollow
SS pipes). Connectors from the probe directly go to the sourcemeter throwgtare lconnector. A
bigger SS hollow cylinder is used as the probe carrier connected to vacuum through bellows by a rotary
pump (10° mbar pressure). Flanges with rubber O rings are used to keep the system airtight and maintair
vacuum. This evacuated proisedipped in liquid Nitrogen kept in a dewar. The schematic of the device is
shown in Fig 2.

secondary circuit board

Figure 7.(a) A sample ready for measurement with larger contacts connected to contact electrodes by
silver epoxy. (b) Sample mounted on the hamade dipstick. (¢) Sample mounted on the variable

temperature insert.

The electrical measurements were taken from 3@DKK using a cryogen free variable temperature

insert (CFVTI) in a closed cycle He cryostat, which cools through a-stege GriffordMcMohan
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cryocooler. Temperature was controlled through a Cernox sensor connected to a Resistance heater
through PID in d.akeshore Temperature controller. Other temperature sensors located in the VTI system
can be monitored through a LabView program. The outer jacket of the VTI system has a radiation shield
and is kept under high vacuum @ltbar). The cryocooler cools @a the second stage to ~ 4.2 K. At

this temperature, the closed circuit pure He gas flow can be started. There is a reservoir of pure He
maintained to the correct working pressure through which the closed gas circuit is connected. The He gas
flow is contrdled through a needle valve. Circulation of this He takes place through a closed circuit
through a scroll pump. This enables operation of the VTI from 4.2K to 300K, once base temperature is
reached and He gas starts flowing continuously. The VTI systera h&pin Fischer connector for the
different thermometers placed at various cooling stages. The VTI has a 30mm vertical sample access bore
made of stainless steel. The probe has a 6 pin Fischer connector, which has two heater leads and the four
for calibrated Cernox sensor. The probe also has another 11 pin Fischer connector, with eight connections
made on a PCB at the sample platform. The sample is placed on this platform (see Figure 7(c)) and a
silicone heat sink compound was used to glue the sampie teetiting stage. Banana connectors are used

from the probe head to the sourcemeter. The image of the VTl is shown in Fig. 8.

& a Probe head
6 pin Fischer = robe hea
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Figure 8. (a) Schematic of the home made low temperatursstitif. (b) Cryogen free VTI system.

We have measured the Voltageaafixed current as a function of sample temperature. From this we
extract the resistance and in turn the resistivity or conductivity. We have mebkSUcbdracteristics at a
fixed temperature from 300K to 6K at an interval of 20K. A source meter wasfarstaking electrical

data which was automated using a programme writtei‘ith@ugh a GPIB interface.
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2. Optical setup

Opto-electronic studies were performed in ambient conditions using a standard Xenon light source with a
monochromator in the rang3001100nm. A schematic of the experimental setup is shown in Fig. 9. The
Xenon light source characteristics have emission lines beyond 800nm, which results in a low minimum in
light intensity at certain wavelengths. The system in the wavelength ratmd 1G0Onm was calibrated

using a Si detector with NIST traceable calibration. At longer wavelengths we used broad band source
(range 302600nm with peak at 1000nm, intensity at 1800nm is ¥ of that at 2000nm) with a fiber
coupled output and a band stopelfil that blocks radiation with wavelength < 980nm. The electrical
measurements were taken by a sourcemeter or by current amplifier input ofiradoaglifier (LIA) with

chopper modulated illumination. The sample was placed inside a dark chamber witicad¢|ezads
connecting to a sourcemeter or LIA. For these measurements we have used LabView program to collec
the H and FV curves under illumination and in dark using a GPIB interface. From these, we get the

photocurrent as a function of intensity dResponsivityas a function of wavelength.
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Figure 9. Schematic of opt@lectronic setup.

3. Raman Spectroscopy seaip

Raman spectra of an ensemble of NWs as well as a single Ge NW was recorded using a Lab RAM HF

spectrometer with 1800 gr/mm grating areltier cooled CCD detector. An argmm laser wavelength
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488 nm was used as excitation light source with 100X objective and a humerical aperture of 0.9 was used
to focus the laser and collect scattered intensity. The experimental setup is shown ifl. Hige 1
temperature variation of the substrate from 83K to 900K was carried out in a vacuum chamber connected
to a PID controlled heating stage, with Wapor cooling facility (Linkham THMS600). We have recorded

the Stokes line in this experiment. The spectrometer was calibrated with a Si (001) oriented single crystal,
with known Raman line at 520.7¢mThe room was maintained at a temperature 8€ 2&ith humidity
controlled to < 35%(We have used the Raman Spestopy setip in Bose Institute, Kolkatg.

RS 2000™
‘Seted Hole Tatse Top wih Taned Darorg

Vibration free stage

B
N ———

Figure 10.Raman Spectroscopy setapBose InstituteKolkata (courtesy Dr. Achintya Singha)

The Ge NWs on Si wafer was placed on a temperatutteotled stage with an optical window. The NW

was first identified through a 100X objective lens and then focused through the laser. The FWHM of the
laser is ~700nm, and needs careful handling to focus onto a single NW. The room was completely dark
while cdlecting the scattered intensity through a notch filter that blocks the Rayleigh intensity. The
Raman spectrometer gives the intensity as a function of the wavenumber .inTle temperature
dependent Raman spectrum was recorded from 80K to 800K atrrégelwals. The Raman data has

been collected at the lowest possible laser pows& ~4¢ W t o avoi d any | ocal heat
peak broadening and/or peak shift. We get the peak position as a function of temperature from this

measurement. Theopver of the laser, falling through the microscope is measured throughradhex.

Raman Spectroscopy has been used a probe to determine the local temperature rise in a NW and will be

discussed in Chapter VIl in the context of the study of thermal piiepén a single nanowire.
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H. REMARKS

The use of electron beam lithography for making single Ge NW devices was successfully implemented
and is a challenging task. It requires careful experimentation at each step, as all the steps are equall
important toobtain the final product of a single Ge NW connected to metal electrodes. Since there are
multiple steps of EBL involved, the process becomes tedious and tough. In some cases, two EBL session
and in others three sessions were necessary, depending dacdragnt of the NW. Connections to FEB
deposited Pt are one level simpler since we do not have to deal with EBL on top of the NW. Usually, the
final level connection is most interesting. Since the gap between two electrodes ~ few microns and the
electrodesi ze O 1¢& m, it i s critical not to overexpo
months, we have had to do a calibration check, to optimize the current and dose, which will give the best
pattern with a reasonable pitch postdff. Along with it, maintenance and calibration of the machine is

an i mportant part of EBL. Since we are dealing
machine shift of even ~ 100 nm is destructive to the pattern. For every machine, there are cetrtain shor
comings related to the shift of thdbeam focus, with respect to the kV and current. In certain cases, if we
need a current shift from 1400pA to 170pA, there may be a shift in-lteara centre point which may

not coincide with the centre of the pattetesigned. With regular machine handling, it becomes clear
which current shifts cause error and which do not and care should be taken in these subtle things. Thu:
keeping the shift in mind, the pattern may be designed in such cases. This may alsofhvappiamnge

the kV. Thus, to prevent such unforeseen and uncontrolled errors, it is advisable to do multiple steps.
where, in one step a particular range of current is used that do not cause any beam shift. Even though, th

lengthens the process of prapgra single Ge NW device, it preserves accuracy.

All the measurements experimental setups were calibrated by the user prior to experiment.
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CHAPTER IV

STUDY OF ELECTRICAL CONTACTS TOSINGLE GERMANIUM

NANOWIRES

Making contact to Gaanowire N\W) poses a formidable challenge and it is due to some fundamental
nature of the Ge surface that leads to Fermi level Pinning. We have done an extensive investigation or
this issue to find a way tmake low resistance contact to Ge NWe have shown that there is
suppression of Fermi level pinning in metal contacted Germanium nanowires. We have also been able tc
achieveone of the lowest reportedaluesof specific contact resistanam a GeNW. We ind that te

barrier height at the metal/nanowire interface is inhomogeneous and has a Gaussian disttifsaition
leads to large temperature dependent ideality factor.

A. INTRODUCTION

One of the issues that need to be addressed in a semiconductor déngdaristion characteristics of the
semiconducting material and the metal contact electrode which is governed by the barrier height anc
contact resistance. The type of contact formed at the 1s@taiconductor (MS) junction affects the
charge injection mrcessA barrier forms when a metal comes in contact to a semiconductor surface. The
nature of contact and the barrier formation depends on the distribution of the energy states at the interfac
region that lies in the band gap regfdn. general, the barrier height Y will depend on where the Fermi

level (k) lies in the spectrum of interface states. Ideally in absence of interface states the barrier height
will be determined by the work function of contacting materials as pesitty@e SchottkyMott rule

given by,
C =y o (1)
for n-type systems and
* = 5t On oy 2)

for p-type materials, whereg is the work function of the contacting metalgis the semiconductor
electron afinity and'Ogis the semiconductor band gap. Even in presence of interface states (that occur

almost always) if they have a uniform spectral distribution the variation of the barrier height with charge
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density at the interface is gradual and the bamight follows the Schottkott rule! A schematic

diagram of barrier height formation in presence of uniform density of interface states is shown in Fig. 1a.

However, a wide spectrum of experimentally observed Schottky barrier height (SBH) data goes beyon
the simple Schottkvott rule. In many semiconductors like bulk Ge there are dense bunching of
interface states near the mid gap redidhVhen a metal is brought in contact with such a surface the
charge distribution to bring the Fermi levels in aligmnbrings theEr: in the region where there are
highly bunched interface states and the Fermi level gets pinned (FLP) (see Fig. 1b). In this case the barrier
height becomes independent of the charge density and work function of the contacting mateteld Thi
been first proposed by Bardeen in the context of explaining work function independent barrier formation
in bulk Ge and is applicable when the density of surface levels lies within the band gap and are
sufficiently high? It has been seen experimeiytathat evenfor an elemental semiconductor like Si,
contacted with different metals, the SBH does not follow this Schditky rule This variation can be
traced upto the sharp dependence of the SBH on the atomic structure of the MS interface.
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Figure 1. (a) MS junction with uniform distribution of interface states. (b) MS junction with densely

bunched interface states.

It has been shown througixperiments and numerical calculations that the chemistry of formation of the
SB at the metal/semiconductattérface is the cause for variation of SBHven though, apparently it

may seem that the MS junctions are ideal, they may not be atomically smooth. The extent of SBH
sensitivity to various physical and chemical factors can be understood from the foleowaimgles. Even

a difference in the orientation of atomic planes of two interfaiyg®e A and type B in Ni%iSi(111),

causes a barrier height difference of 0.14°e%he NiSi hybridization is the main cause for this
difference, which for one case, haggence of unpaired electrons that can be compared with dangling

bonds on the surface of a nanowire. The formation of a SB depends on the initial stages of the metal layer
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deposition due to formation of defect state levels at the inteffaoeluced indiectly by the adatoms.
Hence, a layer of adsorbed oxygen at the MS interface can modify the SB formation dynamics. It is
immensely sensitive to the surface of the semiconductor material as well as the environment for metal
deposition. Surface treatmentkdiplasma etching can impart energy which causes surface modification
as well as disorder in the semiconduct@hese treatments are essential for nanowire devices fabricated
by electron beam lithography, where remnant resists needs to be etched ettiefolifboff. Structural
inhomogenity can also affect the SBH at the MS interface, like point defects near the MS interface,
inhomogeneous interface structure or even compound phases at the ift&tHase. make the SB far

from ideal, which requires ddrent and unique analysis for each MS system.

The process of contact formation has been investigated in the bulk in technically important
semiconductors like Si, Ge, GaAs etc. using metals with different work functions. In general in Ge, metal
induced midgap defect states are thought as the cause for large contact resistance, arising from FLP a
0.5-0.6eV due to interface state$The strategy for prevention of defect state formation led to use of very
thin insulating layers (e.g., TEOITO, ZnO and other insulators) that limit the spread of the electron wave
functions of the metals into Ge, thus reducing formation of metal induced interface states. It has beer
shown that these insulators in low thicknes4@hm) can reduce the valuéspecific contact resistivity

J cto lower than 18W.cnf and this is particularly effective when the Ge is heavily dopéavith carrier

density in excess of $lcn?.

One important aspect that we sought to answer is whether in doped NWs of low oatmoesistivity,

we can establish a clear relation betweerand,; with the nanowire resistivityrgw). This is a useful
development from the work reported befdrevhere this has been investigated in NWs of higher
resistivity. There are clear indications of suppression of FLP leading to a dependemncandf/ on

metal work function. We also wanted to study the contact behavior with different metal electrodes, henc
varying work functions. Another very important parameter (and its temperature dependence) that has no
been investigated before in the context of Ge NWs is the ideality fafit@séociated with contact
junctions. The present investigation thus soughdiriswer a crossection of these important issues that
arise when a single Ge NW is made into a device using metal contacts made by lithography followed by
lift -off.

B. EXPERIMENTAL METHOD

We havemeasuredhe |-V curvesfor the MetalSemiconducteMetal (MSM) single nanowire devices

that were measured as a function of temperature from 300K do8dKtdrhel-V curves are no®hmic
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since there exista barrierat the MS interface as discussed in Section A. A tygdidalcurve at room
temperature and asfanction of temperature is shown in Figure 2 so that the@iomic nature can be
appreciatedThe nanowire length often limits the feasibility ofp4dconfigurations as it needs a longer
wire. 2p measurement has the drawback of contribution from the ¢aetEstance being included with
the nanowire resistance. To separate out the contact contributiorp thenfiguration has been treated as

a MetatSemiconducteMetal (MSM) device. We show below that an analysis based on MSM device
allows us to separatait the contact resistance contribution.
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Figure 2.(a) A typical }FV curve at room temperature. (BY characteristicasa function of temperature

with solid line fitted to equation 5.

We analyzed théV datausing theMSM model for backo-back Schottky diodes connected by a NW in
between with resistance of;q, .** This method has been effectively used in previous stiidfe®
determine the NW resistivity and separate out contribution due to the contact resistarene.ideal

Schottky diode, the thermionic emission (TE) at the MS junction gives\reharacteristics as,
- @exp v {exp o 1} 3)

where |, is defined as@= 66-Y"\r2, whereAg is the Richardson constant afds the area of contadt,is

the applied voltage; is the barrier height at the contacts &nd the Boltzmann constant. An important
parameter that governs the nature of charge injection at the MS interface is the ideality7jagtoch

we assumeinity. We will use the noiideal case to maintain generality in our discussions. In case of a

series resistande connected with the diode, the equation modifie¥ to,
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T Pexp g fexp Tt 1) (@)

For two backto-back nonideal diodes with a series resistandg, in between the two ends, this

equation takes the form of the modified RichardBarshmann equatidhwhich is given by,

©®)

where, 0*= 0 O,/ 1and/, are the barrier heights at the two contacts. The total resistance of the
device is thus¥-¢s = Y5 + 2'Yg whereR.is the contact resistance at the MS interfades method
allows us to separate out tigand'y;., from a 2terminal (referred as-@robe) measuremenof ‘O

w(The two contacts are nearly symmetrical and we assume the same vBlUerdfoth contacts. The
slight asymmetry of the contacts arises due to unequal transfer lengths at both the cdmtdctsouid

not be avoided during fabrication). We have then determined the specific contact resigfiwity:0
wheredg= “f 'Q, andd is the NW diameteny is the length of electrode covering the NW dnid the
fraction of the NW covered bihe electrode (we have usbd: 0.75 for our calculations®The SBH at

both junctions is within 20% of each other and we have taken an average barriertheight,

C. RESULTS AND DISCUSSIONS
1. Evaluation of method

By using the modifieRichardsoFDushmann we can decouple the contact effects from the true resistance
of the NW in case measurement cannot be done ip aohfiguration. This method has been effectively
used in previous studi¥s’ to determine the NW resistivity and separaiut contribution due to the
contact resistance. This method also allows extraction o¥i{fe Y;as well as average contact barrier

height/ , which are important parameters needed for analysis of the barrier.

To validate the analysis using equat{®), we used the following procedure. For the sample A, we have
made four contact electrodes and resistance of the NW was measured irplaoid 2p configurations.

We have measured resistance as a function of temperatur&flecan be easily obtaidefrom the 4p

data and it can also be obtained from equation (5) from-thd&a. It can be seen from Figap that the

value of resistance obtained from both the methods show identical results. We have also calculated th

contact resistandg.in both ways. From the experimental data, we Rgdby subtracting the-p from the
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4-p data.R; has been determined from the fit data by subtracting-hdaa fronRyw (as obtained from

fit to equation (5)). These two methods alsoeagvery well as showmiFig. 3p). This establishes that

the analysis of theV data using the model is a valid procedure and we can use it not only tq,fibdt

also the contact parameters (barrier height, ideality factor and the contact resistance) that we need for the

present investigation.
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Figure 3. (a)Resistance verses temperature for the Ge A, shdwindetermined from the MSM
model fit and that measured from the 4p configuration. The 2p data are shown for comfi@rison.

Contact resistance versus temperature for Ge A extracted by MSM method and-2prdatp.
2. Analysis ofl-V characteristics

The |-V curves for at least ten single nanowire MSM devices were fit to the modified Richardson
Dushmann equation. A representativ®¥’ characteristic as a function of temperature has been fit to
equation (5) and is shown in Fig. 2kt. each temperature we used M$nodel to analyze theV data to
separate ouRyw, Rc, /7and/ at the contacts. All the relevant data for room temperature (RT) have been
summed up in Table 1. ThH&,, Ruw andR. obtained by fitting the-V data for the NW sample D1 and

has been plotd in Fig. 4a as a function of temperature. This NW has a room temperature regigtiity
1.6x10* W.cm which is low and a relatively low specific contact resistancd 2 . $VBcxrl 0
However, the contact resistance in this NW is found to be dmrenant compared to the NW resistance
itself. Previous temperature dependent resistivity measurements in Ge NWs have been dgne by 2
method only and the effect of contact resistance were not disclis3tthe present investigation we

evolved a mechdsm that allows a method to separate out the contact contribution.
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Table 1.Physical dimensions of the Ge NWs studied and fit parameters le¥therves at room

temperature to the MSM model.

i Specific contact Barrier
NW | Diameter | Length Nanowire resistivity Height Ideality
L eig
Name (nm) (mm) Electrode resistivity ) _ factor (A1)
Faw (Wem) r( Wm) J (eV)
E 35 2.0 Cr/Au 3.1x10° 3.4510 0.246 2.36
1 65 2.0 Cr/Au 3.5x10 9.9x10 0.202 1.00
D1 90 1.9 Cr/Au 1.6x10 2.98x10 0.161 1.00
D1d ) 1.9 Cr/Au 1.6x10° 1.25x10° 0.143 0.97
D2 90 45 Cr/Au 5.4%10 4.1x10° 0.284 1.55
D2 90 4.5 Cr/Au 8.1x10" 6.9x10 0.148 0.97
A 90 5.1 Cr/Au 2 4510 1.3x10° 0.325 7.3
Al 30 1.2 Cr/Au 4.9x10° 6.2x10" 0.298 3.1
M1 60 1.8 Ni 3x10* 4.6x10° 0.282 4.1
M1a 60 1.8 Ni 1x10? 1.5x10* 0.252 2.25
N1 65 3.2 Pt 6.5x10° 1.09x10° 0.238 2.05

b cRefer to the same NWs after annealing.

There is the only report so far concerning conventional electrical transport measurement at low
temperature in single Ge NW only recently that shows that the transport mechanism to be hopping in
nature’® The temperature dependent resistivity data for all the NWs is shown inbFighith have been
determined after the MSM fitting apart from NW A, in which thp data is plotted. It is seen thaty of
different Ge NWs vary by more than threelers of magnitude at RT, from 0.¥vitm to 0.2V.cm. At RT

the intrinsic resistivity of bulk Ge is ~ ¥&m. This indicates that NWs are not intrinsic and unintentional
doping has occurred during growth from the Au catalyst as discussed in Chafter/2T data for the

NWs shows semiconducting behavior with activated type of transport down to 200K, followed by a

plateau region where there is saturation and carriers are mostly extrinsic and at very low temperatures
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due to carrier freeze out, the resistiyity® Hy,"YC 0. Measurementould not be taken upto 6K because

the device resistancgoes to the order of Gigahms.The temperature region beyond 200K has been fit

by the Arrhenius equation~ ‘Q @ D\which gives activation energye{) for the carriersTheE;, for all

the NWs studied gives a value of ~ 106 + 15 mENe activation energy shows value less than that of the
band gap energy (660meV) indicating presence of defect states in the band gap region. This has also been
observed for disordered metaihich shows activated transport due to trappingégping of electrons

from defect stateS. Some NWs that are highly doped have a negative temperature coefficient (NTC) of
resistivity?” However they are metallic in nature because they do not show an activated behavior and
shows a finite conductivity at zero temperature (see the low T limiting region in Fig. 4). Its resistivity
saturates to a finite value "YO 0. Such a behavior is in nformity with heavily doped bulk
semiconductor like Si and Ge close to the insulatetal transition boundary.The behavior is similar to

that of highly resistive disordered metallic alloys that also show NTC behavior despite being Metallic.
For heavly doped semiconductor (bulk) the NTC arises from weak localizafibe. present chapter
focuses on the study the effect of contact properties of Ge NWs and a detailed analysis of the temperature

dependence of the resistivity of the NWs is beyond its sangés discussed in Chapter VIII.
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Figure 4. (a) Resistance verses temperature for the D1 NW, showing the NW resistancar{®the
contact resistance grwhich has been determined by fitting. The total measured resistapnite dkso
shown. (b) Resistivity { nw) verses temperature (T) for all the Ge NWs studied. The sample names are

the same as in table 1 which has the details. The NW names are written next to the corresponding curves.
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3. Contact parameters as a function of nanowireesistivity

Both room temperaturgpecific contact resistance, and Schottky barrier height are plotted as a
function of nanowire resistivity yw (Fig. 5) at room temperature. The contact resistivity increases with
the NW resistivity. The dependencergfon rywis almost linear. Foryy lying from 10* to 10*W.cm, 7

lies in the range 1810%W.cnf. For the majority of the NWs, we have cho&mAu contact as this is
mostly used in making contacts to NWs and also Cr which makes the first contaxt tasxelatively

low work function (~4.5eV) compared to Au (~5.3eV), Ni (~5.1eV) or Pt (~5.6eV in polymer form). We
use Cr also as a buffer layer because it sticks better to thes®@i€trate with a layer of Au (€80nm) on

top as it is less prone to abdtion as compared to Ag and Ni.another NW, nameliX, we have used Ni
(~60nm) contact electrodes. Ni has a work function which is just lower than Au, but higher than Cr. This
gives us a diversity of the types of contact material to a single Ge NWh Weips us to better evaluate
the contact effects. In one of the NWs (sample n&newve also used Focused electron beam (FEB)
deposited Platinum as the electrode mateTihis was done with a view to have an evaluation of such
precursor depositecbntacts and compare them with more conventiosedaam patterned metal contacts.
The values of the contact resistance have an approximate linear dependepaanofyy and it is

expected to be maintained even if the contact electrode material is miffesen the ones we have

investigated.
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Figure 5. (a) Specific Contact resastce {c) and (b) barrier heightij as a function of ywat 300 K. The
Cr/Au contact materials are marked in red dotgusedElectronBeamdeposited Pt in blue and the Ni

contacted NW is in green.
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The lowering ofr. on reducingryw is expected to arise from larger carrier density of the NWs of less
resistivity. At RT, the contact resistancggoes up as the barrier heighjoes up. The cdact barrier

also has a clear dependencer@@. For ryw< 103\/\/.cmj < 0.2 eV. However, foryw> 10°W.cm, the

barrier rises to beyond 0.25 eV. This value is still less than that seen in bulk Ge, where FLP leads to a
large barrier height (0-8.6 eV)'*® irrespective of the contact materials. Recent report of suppression of
FLP in Ge NW? shows that while for materials like Au that has work function in excess of 5 eV, the
barrier height even in NW can be very high, in the vicinity of 0.4 eV. In Cr/Atacd the metal in
contact with Ge is Cr that has a work function of-4.6 eV. The Schottky barrier within the vicinity of

0.15 eV to 0.2 eV observed in Ge NW (with relatively low resistivity) follows with the expectation that in

Ge NW with side contacthere is indeed suppression of FLP.
4. Lowering of SBH upon annealing

We have investigated the effect of annealing on resistivity and contact parameters on two NWs with
Cr/Au electrodes that have same diametée chose D1 close to the open tip (where Alnecatalyst
remains attached after growth) and D2, further awaynfn@rom the tip) which is expected to have less

Au in it as explained in section They have resistivities differing by an order (see Table 1). Their
specific contact resistances diffey two orders. These NWs were vacuum annealed &t@T@hich is

just above the eutectic temperature of@e) for an hour and the two NWs after annealing are designated
as Dla and D2a. In both NWs annealing leads to a substantial reduction in corgtsiaes For D1,

which has lower resistivityr. comes down from 2.98xT@V.cnt to 1.25x10PW.cn?, and there is no
change inryw. Annealing leads to improvement of contact only. In case of the high resistivity NW D2,
there is reduction afyw from 5.4x10°W.cm to a low value of 8.1x1®V.cm andr.reduces from 4.1x10
“W.enfto 6.9 x1C°W.cnf. The reduction irr¢in both the samples arises from reduction in the contact
barrier. In case of sample D2 there is a large reductignkin nearly a factor of twand it reaches a
value of 0.148 eV at RT which is the lowest barrier potential seen by us in the study. It is likely that the
annealing leads to redistribution of Au atoms by diffusion in the contact regions leading to improvement

of the contacts.

To ascetain the generality of our results, we have investigated the method of annealing with the Ni
contacted Ge NW following the same principle of vacuum annealing near tiige Normation
temperature of 46€.% From Table 1, we can see the reductiohgfiom 4.6ny-cnfto 0.15ng -crfon
annealing and also a decrease id &y 24 meV.” 5, reduces by an order, from @.&m to 0.04 -cm.
Annealing not only improves the electrical contacts, it helps in reducing defects in the NW and increases

the mobility which in turn is reflected in the reduction of NW resistivity. Thus our investigation shows
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that vacuum annealing at a relativelyltemperature (that preserves the contacts as well) is an effective
way to lower the contact resistance and the barrier. More details on annealing is given in Chapter V,

Section 9 when discussing the oglectronic properties of annealed single nanowlirat@detectors.
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Figure 6. (a) Specific Contact resistivity () and (b) barrier heigt{ti) as a function of at 77 K.

5. Contact parameters evaluated at 77K

The dependence afand/ onrywat 77 K is shown irfrig. 6. There is substantial augmentationrgbn
cooling. Thougtr.,still increases asywincreases, the good correlation between the two seen at 300 K is
no longer strictly valid. Interestingly however, is the observation that the average barrier hgight (
shows softening on cooling. Enhancementrofn cooling along with softening of barrier height may
appear seffcontradictory if attention is not paid to the temperature factor. The apparent contradiction is
resolved (as discussed quantitatively beldvak the factor that determingsis not/ alone but the ratio,

QTY "Q being the Boltzmann constant. As a result even i§ suppressed &is decreased, if its rate of
decrease is lower than that ©f then the ratiegéinncreases leading to enhancement 0bn cooling.

This can be evaluated quantitatively using the following equatipp?6f

2¢
"= [ (6)

where,Ar is the Richardson constarjt,is the average barrier heights ahis the ideality factor of the
diode.We have plotted . (normalized by the value at RT) as a functiorirdbr two NWs D1 and D2
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using equation (6) along witlh as a function off in Fig.7. It can be seen that eveltiils suppressed on

cooling the} . actually goes up.
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Figure 7.(a) Barrier height increasing as we increase temperature in NWs D1 and D2. (b) The normalized

value of} .from equation 6
6. The Ideality factor

An important parameter that controls the quality of the contact is the Ideality Factor. In a junction the
idedity factor /1 is close to 1 when the junction is deféess and the current is mostly diffusion
controlled. With recombination of carriers at the defect shesi s e s haQ®.dn géneréf’ /7> 1 can

occur due to one or more of the following reasons: (a) Interface states at a thin oxide between metal and
semiconductor, (b) tunneling currents when the semiconductor is heavily doped, (c) image forces and (d)
generation recombination current withitme space charge region. We obtain the valug loy fitting the

I-V curves using equation (5). The ideality factor at 300 K for the NWs Al and E which has the lowest
diameter (~365 nm) hag slightly larger than 2. It has been repoffatiat, as theidmeter of a Ge NW
decreases below a certain length scale ~30nm, when the depletion layer at the contact region/is larger,
can reach a large value in vicinity of even 3. Thus observation of lapgdr in these two cases is
expected given the narrow diater of the wire. In NW D2 on annealing, the valuéroéduces from 1.5

to 1 as the contact improves and the contact resistance comes down, which is also true for NW N, where
there is sufficient lowering of. In Fig. 8, we show the dependencefadn ryw. It can be seen that for

low resistivity the ideality factor is indeed close to 1 at RT, whereas for high resistive NWs, it deviates
from unity to a higher value. Barring a few of the NWs, in the contacts in most of the/N8sot much

different from ts ideal value. In fact, even in the FeB deposited Pt electrode, whose MS junction is far
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from ideal,d ~2.2, which is acceptable, considering the Pt is actually a network of Pt nanoparticles
embedded in a carbonaceous matrix with a very high work function of 8°da\some of the NWs
investigated, there is a presence of a thin oxide layer of thickn®ssn, which causeq to deviate
significantly from unity.The value off? is not always ideal for experimental situations as the assumption

of homogeneous barrier height is naiigd. The validity of equation 2 (where we introduce the ideality
factor) depend on the homogeneity of SBH. For practical cases the transport through inhomogeneous
SBH can be considered as p awhiahl corredpona to regiomaof loween t
SBH which are embedded in an uniform barrier height reyjibine SB isinhomogeneous as in most
cases the atomic structure varies from region to region in the MS interface. The variation of ideality factor
from sample to sample and its dependence on processing may be attributed to variation in distribution o
0 pat c h siz 6f.thesE patches is in nanometer regime, which is well within the limits of our contact
area. Using the dipole layer approach to determine the local potential at the MS interface, a bias
dependant SB comes into play, which causde be greater thanne?’As a result the deviation may

exist, even if there are contributions from one or more of the factors stated above. We have shown that
upon annealing, we can make the ideality factor come closer to its ideal value of unity, even if deviations

were pesent a priori.
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Figure 8. The ideality factor at room temperature for all the NWs investigatesl Cr/Au contact
materials are marked in blue filled symbol, Focused Electron Beam deposited Pt in green symbol the Ni

contacted NW is in orange symbol.
7. Temperature dependence of contact parameters: Inhomogeneous Batrrier

The temperature dependence of ideality factor has not been investigated in all the NWs. For E and N

ideality factor is quite highde 2) at room temperature, and it goes to a much highkre at low
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temperatures. For some NWs, MSM fitting givés>1 and hence carrier injection is not by simple
thermionic emission. High ideality factors can be also be attributed to tunneling current due to presence of
oxide layers on the Ge NWs. Our fiiroes not support this conduction mechanism which may be due
to insufficient doping levels or low applied bias, which prevents tunneling. The NWs on cooling down
show suppression gf and enhancement df (see Fig. 9)The lowering of SB with temperatucan be

well understood from the concept of an inhomogeneous barrier andAhahlow temperature. As
temperature is lowered, only those regions of SB allow carrier flow, which has low barrier height. This
effect has been observed in other NWs &l$bAs temperature is lowered, carriers get lower energy to
cross the SB and hence most of the transport occurs through the regions of low SBH and d ltesge

also reflected in our devices, where ideality factor is much greater than 1 at low tenepétatl() as

shown inFig. 9(b) The increasing ideality factor and a decreasing SB as temperature reduces confirm the

presence of an inhomogeneous barrier with certain broad regions of low SBH.

The temperature dependence of both the important parameierdben investigated in the context of

MS junctions in the past and comprehensive mdtelsed on Gaussian distribution of barrier heights that
appear to explain most of the data in the bulk. In this model there is a spatial inhomogenity in the contact
barrier arising from roughness in the contact region which is expected as the MS contact in most systems
are not formed on atomically smooth interfaces. This is also the case for contact formed on Ge NW that is
seen to have a corrugated surface. The lescdle of the corrugation is smaller than the contact region
length scale. In these situations the barrier height (and the effective band bending that leads to depletion
layer at the interface and formation of the barrier) can be assumed by a Gausdatialistrith a mean

value/ , (at RT or in high T limit) and a widths.
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Figure 9. Temperature dependence of ifayrier height ) and (b) ideality factord).
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The distribution of barrier height at the MS interface can be determined from its tempdegueinelence

given by3!
* = *a ﬁy (7)

We find that for T> 100K there is approximatellj “Ydependence. The parameters obtained from the fit

to equation (7) are shown in Table 2. It shows that annealing in D1 and D2 leadseasdeof the
distribution width and this makes the barrier relatively more uniform. Annealing also leads to decrease of
mean barrier height. The contact resistance decrease on annealing due to homogenization of the barri
which we can see from the Gawssidistribution parameters. Annealing also causes reduction of the

ideality factor and brings it closer to unity.

The ideality factor7 shows strong temperature dependence and is much enhanced as the NWs are coolet
down as shown in Fig. 9b. The temperatependence of the ideality factor can be mod@lesing bias
dependence of the mean barrier height as well as its distribution. This can be expressed using twe
parameters,g and g, which are the coefficients that quantify the bias dependence of thierbar
distribution through the relation,

Yeg @ =924 @ 2 =710 (8.1)
V.20 =, 0 .h=T130 (8.2)

where, D j, and DJare variation in barrier height and standard deviation respectively due to bias
dependence and,’ and s are the zero bias barrier height and standard deviation respectively. The bias
dependence of the parameters leads to a temperature depegilemt by**

—= 1+r2 ﬁv (9)

The observed dependence of the ideality factor can be seen to follow this behavior (equation 9). The
fitting parametergy and g are shown in Table 2. Botfp and ggare negative which indicatésat mean

barrier height as well as the barrier distribution reduces as the bias is reduced. To find out the validity of
our fitting parameters, we have determined the variation in barrier height and standard deviation by using
equation (8.1 and 8.2) andking the maximum value of the bias which we have used in the experiment
(refer to Table 2). The values offFsind D j,, are much less thah, indicating a very weak dependence

of the barrier height on the bias voltage. This implies that equation (7} shanged much due to the

bias dependence.

67



ChapterlV: Study of Electrical Contacts to Single Germanium Nanowires

Table 2.Fit parameters for the barrier height and ideality factor with temperature.

NW Name J (eV) s (V) g geV) | Dj (V) | Ds(eV)
D1 0.200:0.003 0.002G: 0.0001 -0.923 -0.048 0.009 0.0048
Dla 0.178:0.009 0.001% 0.0002 -1.000 -0.049 0.004 0.0002
D2 0.34+0.02 0.003% 0.0005 -0.215 -0.045 0.086 0.0180
D2a 0.1810.007 0.0012: 0.0002 -0.405 -0.017 0.010 0.0004

1 0.256:0.007 0.003& 0.0001 -0.922 -0.045 0.092 0.0045

D. CONCLUSIONS

The preseninvestigation carried out on single Ge NWs grown by vapor phase shows that metal contacts
through ebeam lithography can lead to reasonably low specific contact resistanc®4.ert in NWs

with resistivity in the order of Z8M.cm. The study has beenrfiemed on NWs with resistivity in the

range of 10 to 10%qcm with metals of work function between 4.5 to 5.6eV. With increase in NW
resistivity the specific contact resistivity increases. It is noted that the specific contact resistances
achieved in lowresistivity Ge NW is the lowest reported, although it is about two orders larger than that
achieved in bulk Ge using intervening insulating layer. The junction characteristics were modeled using a
Thermionic Emission model and the barrier height anddbality factors were obtained. The barrier is
Schottky in nature and the observed data are in agreement with suppression of Fermi level pinning
observed before in Ge NW. The ideality factors of the junctions in the Ge NWs are close to namity at
temperaure showing good quality junction. It is found that the contact barrier heights also depend on the
NW resistivity and a low contact barrier of nearly 0.15 eV can be obtained. The barrier height shows
suppression and the ideality factors shows enhancemnerdoling down. The temperature variation was
explained using a model that preditis'Ydependence for both barrier height as well as ideality factors
which have been observed. From the temperature dependence the mean barrier height as well as the

spread of the barrier has been obtained.

The investigation carried out gives us a way to qtentely assess contacts on Ge NWs and also opens
the possibility of using this analysis to fabricate very low resistance and low barrier height contacts

through suitable innovations.
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CHAPTER V

INVESTIGATION OFOPTO-ELECTRONIC RROPERTIES OFSINGLE

GERMANIUM NANOWIRES

In this chapter we present resutifour extensive irastigations oropto-electronic propertie®f optical
detecors made froma single strand oiGe nanowire (NW These detectorare configured asmetat
semiconductemetaldevices. The investigations werarried outffor device characteristics in the dark as
well under illumination of varying wavelength from UV (300 nm) to NIR (110Gaemell as of varying
illumination intensity from ~&W/cnf to ~2 0 0 0 &€ WThe mprincipal result that we obtained is
ResponsivitfT) is in excess of T0/Wthat can be achieveih single GENW photodetector with a bias
< 2V atlow illumination intensity rangef~f e w €’.Villembserved peak of=3X10’A/Wis one of

the highesResponsivitgeen in any single Nyhotodetectoreported till date.

We have also investigated the illumination dependence of thehdWdetecta where the photocurrent
generally shows sulinear dependencemoillumination intensity. Howear, we find that a proper heat
treatment in vacum that controlsthe surface oxide can lead smperlinear intensity dependence. We
havecarried out an investigation on this issue atiscussedhe role of surfae oxides and surface states

in determining the kinetics ghotodetectionvhich we support through a numerical model.

We also discuss the likely causes thatllemsuch a high photesponse and use simulations wherever

applicable to validate our claims.

A. INTRODUCTION

In recent years there have been considerable interesksw level optical radiation detection in
photodetectors that use semiconductor nanowires (NWs)table2 chapter |we gave a collection of
published resultsf single NWphotodetectatill date. For the sake of ease of reading we reproduce the
table here as Table 1 and include main results obtained in single Gphiiddetecta. It can beseen
that insingle NWphotodetecta (when the diameter falls below 1@@n) irrespective of the material the
Responsivity(T) enhances by orders of magnitudgefore this work thenighest reportegheakT was
~6x10°A/W in ZnQ’ in theUV region and~10' over a broader band widih Si NW.*
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Table 1. Singlenanowirephotodetectoparameters.

] ] Peak
Diameter Wavelength | Working .
. ) Responsivity Year Ref #
Semiconductor (nm) range (nm) Bias (V)
(AIW)

Si NW 80 300-1100 0.1 2.6x10 2014 1
ZnO Nw 150-300 390 5 6.3x10 2007 2
InAs NW 30-75 3001100 10 4.4x10 2013 3
GaN NW 180 380 5 7.7x10 2017 4
GaAs NW 90-160 522 4 8.4x10 2009 5

Vertical Ge NW 20 1550 1 2.3x10 2017 6
Ge NW 50 532 2 2x10 2007 .
Ge NW 30 3001100 2 108 2018 this work

In a photoconductor, th&®esponsivityis directly proportional to the carrier mobility. This investigation

on Ge NW was carried out with this motivation that since carrier mobilisylarger compared to that in

Si it can give rise to higher in the same parameters space. Atsoband gap being smaller, it is
expected to perform at longer wavelengths extending well into NIR region of the spectrum. The only
report of a semiconductdfW at 1550nm is of a Ge NW with ~ 23A/W.° As can be seen from Table 1

that dhersem conduct or NWs 100nm chn rehchaxtreniely large pBaeponse with

T > 103A/W."3For example, $j ZnQ, InAs® and even for molecular material likeu:TCNG, provided

the distance between electrodesag ound a em or .lAmeng the sngle NWfabl e
photodetectors that show very higtesponsivityonly InAs® and St have been tested for broad band
application in the wavelength range 300 nm to 1100 nm. InAs NW with diameter in the rangen80

grown by MOCVD, with illumination intensity of 1.4 mW/¢érand at a bias of 15V, shows a valueTof

= 4.4 x 16 A/\W.%In a pevious investigation from our grotijp was observed that in a single Si NW
detector;T > 1.5x 1d A/W is achieedin a 80nm diameter nanowire in the spectral range-#800nm

with a small bias of only 0.3V with illumination intensity of few mwW/Fm
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The hotoconductive gain@g) (defined as the ratio ofgf) to the incident number photons of frequency
(') in unit tim@ in these NW devices reach a very high value®~10°, which often reduces at higher
illumination intensity? The origin of this high photocurrent gain has been introduced in Chapter |, Section
B and will be discussenh later sectionsWe have investigated the role of the surfataes in Ge NWs

and show that they haveo important contributionghey causesurface band bending that leasadial

field caused by a depletion layer at the surfaéelhis effective radial field acts to separate out the
electronhole pair created by the optical illuminatidrhe otheris presence dfap states that contrallse
carrier gengtionrecombination kinetics and the dependengehaitocurrenbn illumination intensity.

B. EXPERIMENTAL PROCESS ANDPARAMETERS FROM EXPERIMENT

The details of experimental work have been given in ChalbteAll measurements were takan room
temperature and under ambient atmospheric conditions. Performing tleginexg in ambient
atmosphere twacuum, changes the device current by a small amount (~3%). Thus, humidity and air do
not have any significant effects on the electrical attaréstics.The stability of the NW photodetectors

was checked and there is negligible degradation of the photodetector performance for ~2000 cycles
(beyond which we have not tested the devi€gpresentative data ofcarrent v/s time Ift) curvein
nanavire (N1) with 2400N/OFFcycles are shown in Fid.

In this sectionwe recapitulate some of the important issues and point out the parameters that are used ftc
guantitatively evaluate theghotodetectocharacteristicsThe main experiments consist measuring the

following:

1 Device current (Q as a function of bias/j at a fixed wavelengtfL) by with different

illumination intensities'() by turning illumination ON and OFF referred to & 0 curves.

1 The 'O w curves in darkandunderillumination of variableintensities (),

1 Spectral dependence of photocurrent (PC) in the spectral rangel B00m for a fixed bias. The
PC is defined a§h k @Rpe @i for a given bias, illumiation intensity and wavelength.
‘@uo is the cevice current under illumination aifg; o the device current in dark at same bias

voltage.
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Figure 1.1-t curves for nanowire N1 at 2V bias voltage with illumination ON/OFF.
Using the above measurements we derive a number of device parammétarare:

1 Responsivity( 1),
1 Photocurrent gain@®g) ,
1 Specific Detectivity Q).

Responsivityis the ratio of the photocurreigy, to incident powerR), given by

- &
1= (1)
The power incident on the nanowi(®) for a particular intensity (measured in W/cf has been
calculated using the relatiod,= ' x ' , where' is the collection area of the nanowiteis defined as

' = “&) wherel is the length of the NW between two electrodes @iglthe diameter of the NWLhe
illumination spotsizeis ~1mm in radius and illuminates the entire device. The illumination of the whole

device cannot be avoided givthe small size of the device (~ 2Xant).
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Qg at a given wavelength or frequengy) is defined as the ratio of the phajenerated carriers per unit

time () to the incident number photons of frequericyif unit time 0] "Q). Thisis given by
o w7 -4 Q
Qo= D= 4 7. @)

The parametei;is a dimensinless quantity, whilg = EQ Qg has the unit of Ampere/Watt (A/W).

A simpler way towrite the Gainis, "Q k Saiim wherelg;im IS the number of electrephoton pairs

0 yaet

generatedn the deviceper unit time due toumber of photons falling on toiit unit time,0 ;¢ ¢ -

The interral factorsas well as device parametdirks the opteelectronic parameters througg, " In a
two terminal metatsemiconductemetal MSM) detector the @in in related to the device parameter

tacii-q@ (carrier transit time)and the material parametdgmsaq (carrier lifetime) so that"Qgk

() 7o s o T s i i . . ]
g“‘“'“ = fﬂmm. Herets e IS the time a carrier takes to reach an electrode in the MSM device
nNCEcEE dcEia

(separated by a distan@gunder a bia¥. If * is the carrier mobility and the carrieage to diffuse over a

lengthg the transit time is the carrier diffusion time aRg;iq = % Now, Tgam saq IS the life time of
a carrier before recombinatico,

,%“
famoan = — 3

where Qsqis theaverage recombination length abds the Diffusion coefficient for an electréole

Using Einsteinds re’DaT%\ﬁ)wegetn el ectron mobility
,%“
Tamsan = 5 T 4)

Q

Qg will thenhavea simple definition given by

Q(I)k l'J’wul @ _ ldamsao _ Q&(lg(:(/ L =
Unae:  Taaie - e

Qg * (5)

Qo
QY @

In this case thgain"Qgis given by the ratio of two length scales. In the single nanowire deviges

typically, ~ 1 ¢ m ‘@5 dwhich ensure¥);can be a large quanti(y> 1).

Thephotodetectocapability to detect low intensity illumination will be limited by the noise in the current
through the device. In this context the parameter that quantifieseth@rpance of the optelectronc

detector ishe Specific DetectivityO') which isdefined as:
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o= TYQya. (6)

Here' is the area of the NW exposed to incident radial¥tfis the signal bandwidth andQ) is the
power at which the signal to noise ratio is unity) includesshot noise, flicker noise and thermal noise.
In most calculations af'‘Q), only the shot noise is calculated to determingit@®. This is not the true
value of the)'Q), which should be experimentally determined as the power at which the phetddorr

dark ratio is unityMaking (’Q) the Shot noise only underestimate®) and enhances’ .

C. RESULTS
1. Detector characteristicsin dark and evaluation of MSM device parameters

Dark characteristics of thghotodetecta have been obtained fro@ w data in the dark and its analysis
as aMSM device with model of back to back Schottky diodes using the modified Richardson
Dushmanf?® equation as discussed in Chapter We have studied six photodetectors made from Ge
NWs with diameters ranging from 3D nm. Dark'O w data are given in Chapter IV. Here we

reproduce some of them kigure 2

10'
(@) 1o, (b) | m1 (c) 10
N1 ﬁ
5
107 {ie, o 107
E:""L‘-Luﬁ..l:h F'E 1074 € Al
2 =
2 o < g 10°
B = 9
0l
10”5 \: ' 10°
10— : 10" . . : :
20 15 10 05 00 05 10 15 20 5 4 3 2 10 1 2 3 45 -10 05 0.0 05 10
Voltage (V) Volstge (V) Voltage (V)

Figure 2.1-V characteristics in dark for (a) N1, (b) M1 and (c) Al.

Table 2 gives the summary of all the samples measured and pararobtaisedfrom experimentally
measured dark’O w data This table contains data also from Tallein Chapter IV.However,
discussions will be focussed timree NWs: Al with diameter 30 nni\1 with diameter 65 nnand M1
with diameter 62 nmThese are highdgihted in the table 2 with bolaifits. We note that th&® @ curves

are asymmetric and this arises due to asymmetncimotsy Barrier Height (SBH) at the contactdn
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Table 2,we haveshown theaverage barrier heightok (%q + %o)j 2, Where%q and %, have been
obtained from the modified Richards®ushmann fit to the dat§Chapter IV has a detailed discussion
on these issues)

Table 2.Device parameters in dark.

NW Diameter (nm) Length (em) Electrode Jo(Q -cm) Average SBH (eV)
D1 90 2 Cr/Au 0.0001 0.160
F 70 14 Pt 0.175 0.285
N1 65 3.2 Pt 0.065 0.237
M1 62 1.8 Ni 0.3 0.280
M1, 62 1.8 Ni 0.01 0.258
Al 30 1.2 Cr/Au 0.049 0.300
Bl oo (c) r10*
53107 '
4107 L 2.5x10" 6x10° -
g 307 z 2.01107 T
p— 1.5x10" 1 5x10°
ix10” 4 10c107{ 3 ; !
I 00
o '—-‘J oozt "uL_',w oo s . l"&»ﬂ %W‘L Iul":j o0 .
2 3 4 5 6 7 8 50 100 150 200 250 300 100 200 300 400
Time (s} ime{s) time(s)

Figure 3. Thel-t curves of (a) N1, (b) A1 and (c) M1 are shown for 1V bias at 650 nm light of different

intensities
2. Photodetector characteristics under illumination

In Figure 2thel-t curves ofphotodetecta@ based on 3 Ge NWS (a)N1 (b)Al and (c)M1 are shown for a
fixed bias at 650 nm light of different intensities. The graph shows the nature of time response we obtain

from these detectorfor sample N1 where the data have been taken in scales of ~ 1sec (ON/OFF time),
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the finite response at ON/OFF can be seen ile sifdraction of seconds. For other devices, the data time
scale being long, the device response time scale cannot be seen. For sample Al there are longer tails for
ri se time as wel/l as small finegati veedtdatthesMBMns e at

contacts that it has a very high value of SBH (0.3ev). This will be discussed later in Section C, 6.

In Figure 3(a)we show théO wdata in dark and under illumination for one representative device N1
and in Figure 3(b), we show the photocurfgptobtained from th&0 wdata. The figure and the Table 3
show the extent o, obtainable from these single Ge NW devidéigure 4has the contour plots of N1,
Al and M1 that show both bias and the illumination intensity dependence of the device tufiasrtt.
with a moderate bias (-3V) and a moderate intensity of illuminatiorO(LmW/cnf) the NW devices
give rise tog), 0.1-1 eA. We have not used higher biases or illumination intensities @e\entive

measure from electrmigration which occurs at current densities %A/6m?.

[ —o—ondorilmiation “ 10 /
10"+
c>o
-7
1074 - 1 0
— <L o]
< ~ !
= ~ ° o
10° 10 % J
0
o
b
: i
L) v v v v 10_,. T T T M T T
2 1 0 1 2 2 1 0 1 2
Voltage (V) Voltage (V)
Figure4.(a)l-Vvc har acteristics of device N1 in dark (bl ac

and intensity ~ 106W/cn?.Red lines showing fitted curves. (b) The Photocurrent of N1 for the same.

In Table 3we have summarized all the relevant optibedector devie parameters for the singe NW

devices measured. The parameters have been measured/calculated at illumination wavelength of 650nm.
This is the range in which the response is around the peak and this is also the middle of the spectral range.
We find thatthere is indeed a trend that reduction in the diameter enhances the response. This could not

be made more quantitative as there are effects of other parameters like the SBH at the contact (lower SBH

enhances device current) and also the nanowire refsigtvver J , makes the response higher).
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Table 3.Photodetector device parameters measured at wavelength 650nm.

NW | Bias V) | lgax (A) Ioc (A) Max. Gpc | Intensity (e W/ 9 (IR iFl (Mm?IV) Gavg( € 1 U
D1 0 3.52x10" | 1.1%107 | 7.1x10° 8.2 - -
F 0.5 3.3x10° | 2.5x10° | 1.1x1@ 136 1.9x10° 215 0.68
N1 1 3x10’ 3.3x10" | 5x1d 19.4 5.1x10° 1131 | 0.33
M1 3 1.8x10" | 1.3x10" | 1.0x10 7.2 6.5x10° 404 0.58
M1, 0.1 3.8x10" | 2.1x10" | 1.&10° 960 5.8x10° | 1207 | 1.38
Al 1 2.4x10° 6x10° | 1.0x1d 10.5 1.5x10° 612 0.40

#Maximum G ~10’ obtained in Al at 2Wias.

Voltage (V)
Voltage (V)
Voltage (V)

0 266 466 626 812 1012 0 10 12 25 122 248 373 70 1013

498 194 415 935 1274 286 952
Intensity (uW/cm’) Intensity (uW/cm?) Intensity (uW/cm?)

Figure 5. Contour plot of device current as a function of bias with light intensitgefiavi1, (b) A1 and
(c) N1 respectively ad 650nm.

We show the spectral dependence of Responsivifgare 6for Al (diameter 30 nmat a bias of only
2V. Over the spectral range of 40000nmT >10" A/W. This result also shows thdfieacy of using

single Ge NW as a photodetector. More discussions on the nature of the photoresponse are given i
Section C, 5.
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Figure 6. Spectradependence dResponsivityof the photodetectoi different bias taken with

illumination intensity ranging from 50600&W/cn?. The shaded region has very low source intensity.

It can be seen from Table 3 ti@y. in all the detectors is well above®1th two of them it is above even

10’ A/W. In device D1 we find that there is hi@h.~7x10 even at zero bias. This makes a-geiivered
detector, which we have investigated in Chapter VI. At a bias of 2V in NW Al, we have acGigved
~10® which is commadable and the highest reported till date in a broadband single nanowire

photodetector, surpassing ZnO KV&s can be seen from equatiorttat the gairiQgis dependent on
the transit time between electrodds &ia = %) Since the devies have different lengths and the data

have been gathered with different bias, to factor out these effects we redefined the following quantity as a

normalized gain@ that is dependeénonly on internal parameters tfie NW like the recombination

length'Qyq given by,
o & o Q

Qk 5 Qo= 5~ P (7)
The normalized gaif@ has a unit ofm?/V) is shown in Table 3In Fig. 7 we have plottef) as a
function of },. The quantity varies by nearly 2 orders from0* to ~10° for the nanowires used and
expectedly dependent on the resistiyigyAs J o decreases there is an enhancemei®ofSamples F and
M1 that have high values qf, and lowest@Q <10°m?/V. Samples M1 (that has been obtained by
annealing M1 which wildiscuss later on) and Al have lower valuegéading'@ >10*m%V. Since

the intensities are not similar at the maximignis achieved, the, depemlence is not strictly followed
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Figure 7. Normalized Gairn("Q@ ) versus Resistivity} ) of thenanowire photodetectors.

3. Recombination length and absence of recombination at surface

There are two important length scales determined by the physical device that would determine the
performance of the device. Tliendamental length scalglepending ntrinsically in the material)n a
photodetectors the recombination lengt®:;,o One physical length scaledsthe device active length
between the two elecides. As can be seen from equatioth&t whenQ;qis comparable to, the

carries are effectively collected before they recombine. @lisleadsto enhancement as the axial fields
(arising from the band bemdj at MS contactstan enhance ehnge collection efficiencyMore
conventional bulk photodetect® generally have QoL . The carriers recombine mogtlbefore
reaching electrodethus reducing severely thgain. The otherlength scale is magnitude ;o with

respect tothe diamete) The diameter is the smallest length scale in the system and the surface is
expectedo be a place for carrier recombination. BuRjfql 'Q carrier recombination does not occur at

the surfacelf the recombination occurt defects in bulk of the NW then one would expect the

recombination length should be inversely correlated todsistivity of the NW.

Equation 5 embodies the fact that assume that the gaamises only from conventional mechanisms of a
photoconductor. Usin'é%Y 25 meV at room temperatunge can obtaifQ:;,o These aralso shown in

Table 3.It can be sen that theQ;o~ 200-1200 em. This isa nonphysicalvalue andt arises because we

assumethe Gainto be completdy independent of other factoré&\s embodied in Eqn. 5hia bulk
photoconductor, this the only factor that can givese toGain.Inversely, 6 get an upper bound for the

Gain in a NW due taliffusion of photogenerated carriesaly, we calculate the Gain usir@;o~ 5 £€“m
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ina Ge NW witH ~ 1 eamd bias V. We getQ¢=10. This is an upper limit that one would get from
photoconductive mechanismany value of Qg > 10° mustarise due to other factors. Thus,a NW,
calculatingQy;,q based on experimental value'@f;,>> 10° completely @erestimateshe recombinatio

lengthand one would need other enabling mechanisms.

Clearly, here is a translation frooulk photoconductivity when we enter the nargime. Indeedthere

is a need forother mechanismm the systenmhat puskesthe Gain and contributeso photocurreh The

most potent enabling mechanism will be that which stretches the carrier recombination time by a field that
can separate the two phajenerated electrenole pairsWe shall later explore whether the@uld be an
internal field as in the case of@n junction type photodetectoor a radial field that separatéise
electronhole pairthat has been proposed for ZnO N¥Wa/e will discuss the factoror "Qg>> 10°in

details in Section D, as we move ahead in this Chapter.

In Ge, it is known tha€;-o~4-5¢m,** which is >> diameter of a NWLhis establishethe fact that irthe

single NWphotodetecta the recombination of carriers do not occur at the surface. We show below that
this is an important ingredient that leads to effective enhancerhéme gain and largResponsivity If

the NW recombination would have been surface nucleated one would never get high optical response in
NW photo detectors. In fact the enhancement of response &8Mké&ecome narrower would nbave
happened. We algtiscusshow the surface recombination is inhibited in narrow NWs.

4. Quantification of photoconductivity and photo induced SBH lowering

The analysis of theO @ curves (fis to theexperimentabata are shown as solighdiin Fig. 23) allows

us to determine the evolution 8§ ;, with illumination intensity. This helps to determine the extra carrier
density(«€) generated by illumination. Thenalysis also gives us a measofethe lowering of barrier
height on illumination. This is an inptant factor that adds on to the photocurrent and enhandex it.
Y be designated as the value of resistance of NW in dark and from it we obtain the resigliyities
given in Table 2 A comparison of the resistivities of the NWs with Ballill give an agproximate
carrier concentratior(€¢) in the NWs. The enhancement in conduction of the NMQ(,) under
illumination has been derived from the relatiaiQ; = (Ys4 Yo1). Both'Ys., and’Y: have been
obtained from experimentheratio |1 of the change in conductivity of the NW on illumination to that
in dark { = &WQgj Y1) is shown in Fig8a for the selectedNW devices. Substantial change in the
photoconductivity compared to dark is observed. Assuming that mobility does not change upon
illumination, U is the change in the carrier concentration on illuminatighj €o kK (€ €9)j €0), €0

being the carrier concemtion in dark. At high illumination intensity (> 20 pW/@nuE > &,. It can be
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seen inFig. 8athat within an order the relative changes in the pleotaductivity in theNWs are similar.

Interestingly when beyond a certain intensity> ¢, the rate of change of carrier concentration on

intensity is enhanced. It may happen that the creation of excess carriers may come frelonjzation

of dopant siteen the NWs being unintentionally Au doped during growth.Fig. 8b,we plot theSBH as

obtained from the fit, where it shows reduction of the SBH as a function of illuminiatiensity. The
initial barrier height%.in dark for NW Al is larger compared to that of the NW &id M2, although
they are of comparable order. In case of NWaNd M1, the lowering of the SB heighifsg 0.02 eV
and that for the NW Al ig@g 0.06eVfor illumination intensity ~ ImW/cfa

To assess the reduction in the barrier height that occurs due to diffusion of carriers in the MS contact

region, we estimatggfg from change in the chemical potential due to the change in carrier density due

to diffusion. The carrier diffusion upper limit is given by the change in the carrier concentmfiop

due to photo generated carrier which we estimated before. Waiestimate an upper limit of the SB

height lowering due to the photo generated carriet$ as:
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Figure 8. (a) The ratiol (relative change in conductance on illumination) as a function of illumination

intensty at 650 nm light. (b) e barrier heights as deduced from analysis of the data as a function of

illumination intensity. The barrier height at dark is marked with awow-axis.

The ratio(¢ + £)j £g) has been obtained from the experimentally measurasl mentioned before.

Comparison with observation shows that the valuesfs$though comparable to the estimated values,

are consistently lower (~ 10meV) at imWfcrithis is expected; the calculatedsgis an upper limit
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which assumes that all the photogenerated carriers diffuse into the contact region. In reality, a smaller
fraction will diffuse in, because some part of the photogenerated carriers recombinediplitéon

region and in traps. The comparison establishes that the diffusion of carriers in the MS contact region
leads to changes in the chemical potentials which lower the barrier height. The reduéitnan
important effect which adds on to thegpbcurrent of the NW photodetector.

5. Ultrahigh spectral response in UVVis-NIR region

A simple measure of the sensitivity of the single Ge NW can be appreciated from the following
observation. A photocurrent ~ 50 nA is detected in a single Ge NW (Al)anga of light collection ~

10° cn? at 2V bias in a room dimly lit with white light (from a CFL). The same photocurrent is obtained
by a commercial Si photodetector with collection area of 1%n¥his immediately shows that the
Responsivity of thenanowire detector is larger than a commercial detector by few orders which is
approximately the ratio of the collection areas of the Si detector and the Ge NW detector.
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Figure 9. (a) Spectral dependence of Responsivity of the Nanowire photodetectiifferant bias taken

with illumination intensity ranging from 50600eW/cnf. The shaded region has very low source
intensity.(b) Spectral dependence of Responsiiitil1 shown at a constant intensitfy500sW/cnt
(pink curve) while the blue curve shows spectral dependence of Responsavigylable intensities,

depending upon the saugr output power characteristics

The major result of the present investigation is ultra largdtained in the photodetecsanace from a
single Ge NW The spectral dependenceffor some of the selected devidssshown in Figured(a).
The photoresponse of the NWa (~10° A/W) are orders of magnitude higher compared to those of
photodetectors made from bulk Ge crystals<(1 A/W)."” The spectral response of the NWs extend to
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similar ranges although the valueDfiffer by two orders of magnitude. At a bias of 1V for NW N1,
T > 10' A/W over the broad spectral range of 300 nm to 950 nm peaking. For NW M110° A/W
has been achieved with the 3V bias and same spectral rangj¥. as,for NW A1, T > 10° A/W. In

the photodetector with diameter 30 nm NYAL), the value off is at least an order larger compared to
that of the detector with diameter 65 r{M1) at sane bias of 1V This observatiorof T measured in
different semiconductor single NW photodetectsiows that on decreasing the diameter, there is

enhancemerdf T.

The dips i1 as shown in Fig 6 and Fig(& in the shaded region are due twscecharacteristics as we

usea Xenon lamp source, which has very strong emission lines in the NIR region interposed with regions
of low emission intensitySince photoresponse is power dependé {n other semiconductor NWs and

as we shall see in Secti@®, 11), T follows the characteristic naturgf the sourcdantensity and the
spectral dependence (as seen in Fig. 9(a)) of the NW partly arises fromFig. I8(b),T has been
calculated at a constant intensity=( 5 0 0 &€)\i/Md mt a bias of 3VThe Responsivity at constant
powerintensityshould follow the absorption characteristics in a Ge NW, which is different from bulk Ge
due to leaky mode resonantesnd varies with diameter. It is no longer a constant (at enerdyand

gap of Ge, 0.66 eV corresponding to 1850 nm), like bulk Ge. The absorption efficiency decreases beyonc
800nnt® and falls << 1 in the near infr@d region. The Responsivity for wavelength > 900nm reflects
this fall in absorption ira Ge NW.The largeuncertainty in Responsivity curve in the wavelength range >
900nm (see Fig. 4) arises mostly from fluctuations in the Xenon power source as we validate during

calibration (shown as error bar in Fig. 9(b)).

To check the efficiency of the NW photodetedbtonger wavelengths, we measured the photocurrent in
the broad band NIR region from 92600 nm using a white light source. Tigobtained from broad
band source in NI R r egl0afor bothdhe rahowisedongavath tielsemin i n
responseThis is much larger than the dark current and the noise limit. The broad band source used has
peak emission at 1000nm from which we deternitséntensity 1.5 mW/cri. The photocurreris of the

order € An both NWs, is quite large and can be assumed to have partly originated from illumination in

the NIR region beyond 1100 namd upto 180 nm, which is the band gap of Ge.

Photoconductivity measurements though performed at individual wavelengths irRheditn (beyond

1100 nm), cannot be quantified due to lack of a proper intensity calibration as well as source
characteristics lower thare/cn? in the wavelength range of 11:0600nm. Still, since we attempted to
make measurements, the representatita da one of the NW, N1 is shown for extensiveness in Fig.
10(b).
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Figure 10.(a) The photocurrent at longer wavelengths in the NIR region measured with a broad band
source (980nm2600nm).(b) Responsivittko f N1 at 1V b em $heshadetegonhapt o & =

very low source power.
6. Photon detection limit analysis

The effectiveness of the photodetector in presence of noise is an important factor, which is often
measured by the Specific Detectiviy, = TV U'Q) as defined before. The signal bandwidtfis
selectable by the user and often is limited by the parasitic capacitdhtas been shown by previous
investigations done from our group on single Si nanopira@todetectarthat the time response of tiees

MSM devices is determined mostly by the stray capacitances from long contacts and also junction
capacitance¥’ These limit the banwidth to less than 1 KHz. It is likely that the intrinsic response is
much faster.The rise time ) of the photodetector (not intrinsic lifetime of charge carriers) can be
calculated from the3dB bandwidthfsgs) using the relatiort:

"Qp = 035 q 9)

Fig. 11 shows'gj "(Pnax )% versus frequencfor NW D1."Qg is the frequency at whichgy "Cr)nax )% is

1/ 12 of its 100% valueThis gives a rise time of ~Tisecfor photodetetor D1. Other NWshow similar
q ~5-15msec

In the device configuration used by us the measMi@ds O 1 KHz. We thus take e
band width =1 KHz. As a realistic estimate we t&leP as the power at which the signal to noise ratio
just reaches unity. For the NW NMNEP is 6x10™°W and for NW Al device it is 0.3xIOW. The

observedvalues of O ranges from10"cmHZYW to 10“cmHZ)W and is appreciable, since
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commercial bulk Ge detector hag ~10*cm”?Hz/W.}" This ensures that making the detector size in

nanometre domain does not degrade its performance by extra noise. Th@f@lus comparable to
most single NW photodetectars.
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Figure 11. (& "(l)nax )% versus frequency of a pulsed illuminatioreet 650nm for nanowire D1.
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Figure 12 |-t curvesfrom which we determine tdEP, when the signal to noise ratio is unity and the

subsequent current noise in M1, A1 and N1.
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A practical guide to find the minimum energy (or minimum number of photons) the NW device can
detect, may be obtained from the obserRadponsivityT = 3 x 10’ A/W at 8@ nm for NW Al at an

il lumination PntRorsia ydeét7e cctW/ aorm band wi dth of 0.5
rmscurrentn@ e | ®A asho@ninFiglz This i mplies that t'he detec
and taking ind account the integration time this will translate to 0.1%16ule. A photon of wavelength

850 nm carries energy 2.32 xf0oule. Thus the detector can detect a minimum of ~430 photons. The
highest gainQg, for the NWs occurs around 10pW/EnfFor he detector with NW A1, the areaover

which the [ ight il | umi hcattThie manslates tmabaun2extfoa/dwhichs & 2 .

gives an upper limit for its best performance.

Another alternate way to find the minimum power #ensed by theleectoris to proceed from the
measured @in. The detector retains a finite measureable gain even for illumination intensity of
1pW/ent. Thus it can detect below 2x10OW. These estimates give us a good range of the minimum
energy/power theingle Ge NW detector can measure and measurement of 3dille will be possible

with these detectors, taking into consideration tN&P and detection band width.
6. Factorsthat may lead to uncertainty inthe Responsivityand Gain
There are certaifactors which may lead to underestimatadm which are discussed below:

f One of themis the power absorbed by the nanowireich is less than the incident power°
The approximate fraction is estimated as85% in absence of proper data. It is notealtd is an
upper limit of the absorbed power, thus underestimating

1 Enhancement of the photoconduction on illumination has also been measured through the
photocurrentgain as defined previously. It should be noted that a part of the enhanced device
current also arises due to lowering of SB#MJ(as discussed in the previous section. The
contribution to the enhancement of device current due to enhancement of thepemeieation
probability can be measured by a factior, exp %4 kgT . Thus dividing the observeQ, by
this factor gives us the effective galgmk Gy Il (see Fig. 13(a))In Fig. 13 both Gain
parameters and their ratiQq "@eare plottedas a function of illumination intensityt lower
intensityufgbeing small, the difference is not much. However, at higher intensity \gifiégas
comparable t&Q Y the correction is largét showsan estimate of the uncertainty that can come
from the lowering of SBH on illumination.

1 We point out that in the device structures that have been used, there may be some additional

contributions arising from the Sjayer acting as a wave guide and thus collecting radiation over
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Galn

an effective area that isrger than the nanowire. To rule out this effect we have tested the
photoresponse by illumination away from the NW. We find that for illumination even at a
distance of B times the diameter of the NW shows negligible response.

Another uncertainty arisinfjom such an effect is due physical cresstion of a laid wire as the

light collection area because of the antenna éfféatue to the underlying Silicon (below the

300 nm SiQ layer). Due to the antenna effect from the underlying Si substrate ooft8fO,

there is back scattering of the incident EM wave. This may leads to an overestimation of the
Responsivitydue to scattered wave from the substratentering the NW. We have used finite
element method to simulate the scattered wave from gSSi€ubstrateWe estimate that the
intensity of scattered wave is ~%%f the incident waveT he i nput inteinsit
produces a back sc &tltisalmaestohegligible and we canyclaith Bifiss W/ m

effect does not hamper the ogdlectronic parameters obtainéithe detailsof the simulation are

given inAppendix A.
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Figure 13.(a) GainG,. and Effective Gairtse; versus Intensity foNW Al at a wavelength of

650nm atV bias. The dotted lines are for guiding the eye. (b) RatiQgf @G in Al.

7. Dependace of photocurrenton illumination intensity

The Gain and the photocurrent have interesting dependences on the illumination intensity. We show

below that thedependence of th&y,on illumination intensity can be qualitsely changedoy annealing.
This observation gives us useful information on the surface and interfaces on a Ge NW that is coated witt

a native oxide layeGeQ, (x O2).

89



ChapterV: Investigation of Optelectronic properties of Single Germanium Nanowires

In Fig. 148, "gx, has been plotted as a function of the illumination intensity the selected deviceghe

dependence 6@;onJ is given as?

(I (10)

The exponentdepends on the factors like, process of generation of eldotlerpairs and trapping and
recombination of charge carriers in the devitke fit to equation 10 is also shown in Fig. 14(a) which
showg < 1( ~0.30, 0.39 and 0.58 for N1, A1 and M1 respely, given in Table 3)For all the
devices except Ml(see Fig. 14(b)) which we discuss separately, one findg thal. The phote
response in nanowires is controlled by defects in them that can occur in the bulk of the NW and the
surface.The sublinear dependence on intensity arises from states that are located energetically near the

Fermi levet® and their filling by enhanced radiationtensity as more carriergenerateccontrol the
dependence 6§, on L.
1.0
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Figure 14. (a) Photocurrent {;) as a function of intensityin A1, M1 and N1 showingul> linear

dependence oh (b) Post annealingMl,), |, becomes supelinear (U=1.38).

These defects states can also lead teofblbf the photeresponse at highek? The defect limited sub
linear illumination intensity dependence is a betiéek in the process of enhancement of performance of
single NW photodetector inspite of their high Responsivity that is achievable at low intensity.
Photodetectors with supbnear intensity dependen€e > 1) is rather rare although there are reports
of such photo detectof$It has been shown that existence of carrier trapgetgapping centers within

the band gap that have widely differing carrier capture rates, undemcestaditions, can lead to a
situation where it is possible to achieve sdjperar photoresponse with > 1.2 However, there are

no reports of such supénear photo response in NWs.
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We have prior knowledge that there is a surface oxide layer af te form of GeQthat has two types

of defect state¥ The Fff ast st at € sed) odcur atlthee XGa/GeO it etr if me€ e ~ an
states (relaxation time msec) occur within the oxide layer. Control of these states by annealing can
change thenumber of trap states with slow kinetics located within the surface oxides of Ge NW.
Controlled thermal annealing was performed on the fabricated photodetector as well as on an ensemble ¢
Ge NWs grown on Si substrate under ultrahigh vacuurf fdiflar) caditions at ~40%C for 10minutes.

It is noted that since such a fabricated device is being annealed, a higher temperatUi@)(as4@@ll as
prolonged time of anneal (> 10 mins) breaks the device by thermal strain. In the reactisolb we show

how amealing that change nature of the surface oxide can leadtd.
8. Nature of thesurfaceoxide layer

Apart from thekinetics of the filling and déilling of traps (located at the Ge/oxide interface amithe
oxide laye}, the surface fays anothewery crucial role; iforms a depletion layewhich pins the Fermi
level to the surface, resulting in surface band bending (88BJhus a study of the chemical
composition of the surface oxide layer is warranted.
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Figure 15 XPS spectrum of an ensemble of Ge NWgasvn and annealed. The dashed lines roughly
demarcate the Binding energy zones of Ge states.-pédtk fits showing Ge 0+ peak is shown in blue,
Ge 2+ peak in purple and Ge 4+ peak in green, while the experlrdatdas shown as black points in (b)

asgrown NWs and in (c) annealed sample.

It is established (Chapter I, throu@ttectron Energy Loss Spectroscdpliat the surface of the NW is
surrounded by an oxide layale have performed a comparative XPS inigegion on as grown as well

as annealed Ge NWSs using monochromatic A[k486.6eV) radiation. High resolution of Ge 3d
photoelectron lines on the Ge NW is shown in Fig. 15. The XPS spectrum shows two prominent peaks

corresponding to Géstate and Ge in bher valence states. The Ge NW 3d XPS spectrum has multiple
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peaks due to presence of oxides andmitdes. The deonvoluted Ge 3d photoelectron spectra (lines
assumed to be Gaussian) are shown in Fig. 15(b) and 15¢(gyotwe Ge NWs (Fig. 14(b)) showside

on the surface with Ge in 4+ (at ~33.3) and 2+ (at 31.1eV) states, along WiBld Geak (split by spin

orbit interactionf®?’ XPS data shows that there is about 15% relative concentration of GéTs(&e)

in the asgrown NWSs. Posannealing, dminantly Ge exists in stable 4+ state with peak position at
32.9eV in the form of Gefalong with Ge in 0+ state (Fig. 15(c). There is no detectable trace of any sub
oxides, (predominantly GeO) which is known to volatilize from the suffat€upon vacum annealing

at temperature®400 C. The main result is, controlled annealing at relatively low temperatures’G)400
leads to selective modification of the Gaid the Ge NW as revealed by XPS investigation.

8. Effect of controlled annealing onphotoresponse

The™O w curves for the as fabricated device, annealed device in dark and under illumination intensity of
82cWicnfa n d o nreareGsBo@n irFig. 16 It can be seen that the annealing enhances the device
current by a more than two ordemad there is also significant enhancement in the magnitude of the

device photocurrent.
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Figure 16. 1-V curves for before (black) and after (red) annealnigll. |-V curves in dark and under
illumination intensity of 826W/cnt (e=650nm)in (b) M1a: annealed and (811 photodetector.

Quantitative analysis below shows that annealing as performed leads to improvement on a number of
relevant device parameters that lead to enhancemeletvife parametersostannealing. Analysis of the

I-V curves were péormed as discussed in Chapter I the relevant parameters obtained by fitting the
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data to are given in Table 2. There is a reduction in specific contact resistyyityy(a factor of nearly

30 from 4.6n0 -cntto 0.15ng -cn on annealing and alsodecrease in the Schottky barrier heightdt

the metalsemiconductor contatly 24 meV (~8.5%). The resistivity of the NW;(, ) also reduces by a
factor of 30, from 0.§-cm to 0.03 -cm. Thus, annealing not only improves the electrical contactspit al
reduces defects in the bulk of the NW, which in turn is reflected in the reduction of NW resistivity.
Substantial change occurs on illumination parstealing in the BH which in turn enhances the device

output current.
9. A Noise Spectroscopy study othe NWs

The current biasedow frequencyl/ "Q noise spectroscopy was done with ac modulation techitdtie.

Measurement of/ "Onoise in the device before and after annealing at low frequency (< 10Hz) shows
(Fig. 17 that the normalized Spectral power denéky%, where,"¥,("Q = Noise spectral power

density) decreases significantly on annealing. For instande=&tz, the normalized spectral power
decreases from 8.5xIMHz* to 1.7x10" Hz'(Above Q= 1'Qi the noise is dominated by the Nyquist
Noise)®

Noise in a semiconductor can arise from fluctuators (generally from trap states that lead to generation
recombination of carriers) located in the bulk as well as on suffiti a NW, due to enhanced surface
contributions, it is reasonable to expect that a good part of the noise originates from surfacehstates.
spectral range in the noise measurement shows that the fluctuators have a long relaxation time typicall
>20ms. Fom the extensive investigation done on Ge single crystals and surfaces, it is established that
such fluctuators with long relaxation time occur in the Ge@er on the surface of GéConsequently
annealing leads to reduction in Noise Equivalent powé&®Y) and enhances the Specific Detectii@y

by nearly an order of magnitude-tol0**cmHZz"4W. The noise data thus leads to the important inference
that the enhancement of the performance of the device arises from significant reduction of slow relaxing

states.

In Ge, the trap states that occur at the interface of Ge/&w@e high capture crosection and capture

time 1'iQ These states are the fAfast stateso that
decrease of these states would enhdgand T as has been observed. However, reduction of the low
frequency noise dathhso ws t hat the annealing also effective
the GeQlayer. These states have capture time that can extendrsemto even hours and determine the
band bending at the surface and the kinetics of the chargecéalanilluminatiorf’ Depletion of these

states on annealing will not only reduce the low frequency noise, they will also reduce significantly
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carrier capture over extended duration. These slow states limit photocurrent gain and saturate the power
dependece of photocurrent at higher power. It is suggested that the important observation that annealing
leads to supelinear dependence of photocurrent on the illumination intené(qw:(’m | >1)is

related to the observation of low frequency noise ¢8dn on annealing that shows a substantial

reduction of Aslow stateso.
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Figure 17. Normalized noise spectral power density in a Ge NW photodetectogimas device and in

the annealed device.

10. Numerical model to quantify the photoresponse behavior

The role of islow stateso t o ‘Qeaambedembnstratddeby a | | u mi
numerical model of a photoconductor with thesergylevelswhich lie within the bandjap of Ge Two
of them are traps (for electrons and halespectively) and the other is a recombination céftfarhe
details are given irAppendix B. For supeilinearity to set in, carrier lifetime should increase with
increasing generation rate or illumination intensity. It has been shown that suchiarsioars if;’*®
1 Recombination centers become fully occupied while shifohghe quasFermi level under
illumination which reduces recombination pathways

1 Capture of carriers by the recombination centers is the slowest possible process.

In this casethe recombination centravith density of stated\;) is one that has a large lifetime thus its
capture rate is very low (which corresponds to the slow states in Ge oxide layer) while the trap states have
widely differing capture times lfese are the fastates with densitil at the interface of Ge/Gg@ith

lifetime ~* sec).
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Solving the rate equations for such a system shows that when all the states have equaNgenNity,
there is sublinear behavior of photocurreht density of free carriers) witillumination (shown as
photogeneration rate in Fi§i8). If we reduce density of slow states, iN; = 10°N, then there is onset of
superlinearity’ and for the casdl; = 10*N, it is linear.Fig. 18 shows these threases. This validates
our noise spectroscopy observations that annealing reduces the number density of states with longe

capture time

Density of free carriers (a.u.)

N, =0.01N

Photogeneration rate (a.u.)

Figure 18 Free carriers as a function of generation rate for case (a) Mgve and (b) wheriN; =0.1N
and (c) wheriN; =0.01N.

Presence of subxides on Ge leads to high density of defect (trap) and interface®$thtéishas been
showr{®*'that the traps arise in suixides from deviation in local coordination from\Brules leading to
substantial dold coordinaton of Ge as well as Oxygen instead of 4 a+idl@ coordination respectively.
These lead to formation of trap states that are charged. The trapping-tiappileg of electrons (and
holes) from these charged states involve local bond relaxation andgjiee rit o t he fAsl ow
oxide layef>. The annealingrocess while reducing the sokide GeO also leads to removal of these
slow statesThis reduces recombination pathways resulting in an increased carrier lifEipe/alidates

the hypothesisntat | i nks the HfAsl ow s tlimeardlsnination irttehsitycab wed r v a

asl/"noisespectroscopy.
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11. Gain dependence on illumination intensity

Enhancement of the photoconduction on illumination has also been measured through the photocurrent
gain as defined previously. An example of measi@ggersus illumination intensity is shown in Fig.18

for theselected devicetmken at wavelength 650m(other wavelengths have also been taken, though not
shown here to avoid repetition). Since the data have been taken at different biases, we have normalized
the Gain to 1V.Qg, initially increases with intensity, reaches a maximum and then reducesaad@gher

intensity. Nevertheless, we observe that the value of intensity W@grshows a peakis similar
~1CeW/cnt for all the devicegsee Fig. 19 Qg reaches a maximum value in excess dt Tis is one

of the highest value of Gain inbaoadband spectrum reported till date.

10 1

¢ hormalized at 1V

P
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10’ 10’ 10’
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Figure 19. Gain for the selected nanowire devices as a function of illumination intensity. The dugted |
is the fit to the equation 11

For illumination intensity > than the optimal valué ), the gain decreases as a function of intensity. As
a result beyond particular illumination intensity the gain decreases. The depend&@gevith ' for
> 1, is given by’
oA, — Jd tac

w 1€

1+ —
0

(19

where, the unsaturated intensity independent gain depends on the carrier tran$i fime is a
phenomenological fitting parameter that depends on the recombination of carriers at the trap stgtes and

is the carrier lifetime. The fitting ohe experimental data to the above equation also gives us the value of
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the illumination intensity, where the gain saturates. The parametersraatdrom the fits to equation

11 are given in Table .4For all the NWs,the values of, are very similarThe value ofty 5 ~ 10,

shows that the lifetime of carriers (holes) are indeed enhanced due to capture of electrons at the tra
states, driven by the radial field. In the 30 nm NW, there is a tenfold incredsatithe same bias as
compared tdN1 which hasa 65 nmdiameter. The above discussion clearly establishes the Icralga

that a surface plays photocarrier dynamics.

Table 4. Fit parameters for dependence of effective on illumination intensity.

NW Name W W 5( e W/ m .
N1 1.0x10 9.0+2 0.73
Al 2.5x10 8.3t1.4 0.60
M1 1.8x10 8.5+1.1 0.42

2x10’
o Mla 00®
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Figure 20. Gain for the annealed nanowire Mievices as a function of illumination intensity.

The type of behaviour, where the Gain retl§ at higher frequency is attributed to the presence of a
radial field (created by a depletion layer on the surface, see Fig. 21(a)) and saturation of these surface
states. As the illumination intensity increasé®, tarrier generation rate increases, the surface states get
filled and the band bending that gives rise to the radial field is reduced leading to reduction in gain.

Gain dependence on illumination intensity in the annealed NW M1la is radically chargeld,should

be the case as we have a stjpaar response. In this case, the Gain increases with intérasitghown
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in Fig. 20. (Note: The normalized Gain at 1V is shown here to highlight the effect that annealing reduces

the working bias of the photetkctor.)

D. DISCUSSIONS

1. Factors causing the high Gain

The extremely large value Eiﬂa)o “lachievable in the photodetectors is contributed by a number of

factors.

1 There is animportant factor which we discusseflie tothe device size where the length
(distance between electrodes) being3tin, is greater than the recombination lendtly that
makes the transit time of the carrigizie = ¢fj * Wshort. As a result, devices with sizes in the

range of ~1uma&n collect carriers without sufficient recombination.

1 Another additional factor that contributes to the enhanced photoresponse in NWs with a surface
oxide layer is the partial enhancement of the electric field of the electromagnetic wave (EM)
inside thenanowire! it thus increases electrhole pair generation. There is difference in
refractive index between the core (Ge) and cladding (native oxide layer and air) resulting in a
large numerical aperture which leads to confinement of incident light iNWieThis has been
quantified in Si NWSand our resultsokr Ge NW are given ilppendix C, which shows that
electric field of an EM wave increases drastically as the diameter of the NW reduces below 60

nm.

T Phot ogat i rfPigotogating ie conhsidereld asway of conductance modulation through
phot oi nduc e dIf gne type of pllogeremtedcarrier gets trapped (due to impurity,
interface states etc.) that prolongs their lifetime and also if it has a spatial distribution, it may be
considereds an applied gate voltage since it modulates the channel conductance. In Ge, there are
two types of surface states that govern the photoresponse. The states at the interfagésaf GeO
that are essentially trap s ptartypeythablieidthe Gg® fis| ow
layer. This phenomenon, observed only in low dimensional maféfials referred to as

Photogating. It is a direct consequence of trap states and influences the photoresponse.
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1 The effect of impact ionization in a NW that increases the number of charge carriers through an

avalanche mechanism, whiahll be discussed in Section D, 4

9 Radial field: The existence of a depletion layer on the surface of a NW (which is promoted by
presence of a native oxide layer or one that is acquired during growth) plays an importdnt role.
leads to surface Fermi level pinning induced band berldfEhis process of carrier separation
by a builtin radial field due to formation of a depletitayer at the surfacésee Fig. 21(a)ls at
the core of enhanced performance of the NWs as an efficient photodetdeteffective radial
field separates the photogenerated carriers spatially. This inhibits carrier recombination and the
holes can reachhé electrodes without significant recombination. While in a forward biased
contact (+ve), the barrier for holes is high, in the reverse biased juneti®n {the holes get

effectively collectedsee Fig. 21 (b))t is discussed below.

I I b
(a) o | -03 eV (b) I I .
T E
O le— Depletion region
i——ﬂl @ Pepletion 2 vl P = 8 2
i | E | width g : e S
.- IS — e Nanowire——¢ el
T E.! 2 | -+ = v =
Fl_~Z | h =
p PN —
| @ 69 @ O Electron
VB | | @ Hole
: : — Trap state

Figure 21.(a) Schematic of Radial field in a Ge nanowire, showing depletion of electrons at the nanowire
core, resulting in band bending. (b) Schematic showing spatial separation of photogenerateehelectron

pair due to radial field formed by depletion layethat surface.

2. The Radial Field

A very important effect due to presence of these surface states, that is negligible in bulk semiconductors
is depletion region at the surface. It constitutes a large fraction in a nanowire due to its small diameter (<
100m). It is formed due to transfer of charge from interior states to surface states or any other states tha
lie within the band gap of GE This depletes the surface and pins the Fermi level to the surface, resulting
in surface band bendir(@BB) or a lateal screening potentidf.A schematic of the radial field is shown

in Fig. 21 (a).
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There havebeen observations (through XPS technique) of SBB in ZnO and GaAs NVIke SBB

dictates the nature of radial field. In metal oxide N¥vghere is a short discussion on the radial field, but

it is qualitative innature Recently, high Gain mechanism in Si NWwas probed through photdall
measurements which show that electrons are localized in traps at the surface region, while lefi@s are

the channel region. They estimateepletion width ~85 nm that reduces upon illumination. This is also

the reason behind the decreasi@g (Fig. 19) upon increasing illumination. Upon illumination, the
photogenerated pair is separated by thealdigld andas electrons get trapped, the strength of the radial

field decreases, that is, the depletion width decreases. Thus, an estimate of the depletion layer width in Ge
NWs is essentiaWe conclude that the photoconductivity in semiconductor N$Veegulated by the
depletion region width, photexcited carrier density and presence of traps states.

3. Lateral confinement of electrons: Solution to the radial field usg selfconsistent

Schrodinger-Poisson Equation

While the role of the surface statiemding to SBB and their effects in enhancing the photoconductive
gain has been discussed in earlier publicaliti§ the quantitative estimation of depletion width and
assessment of the radial field has not been worked out before. This exercigadatitiquantificationof

the origin of the ultrénigh photocurrent Gain in the nasoale regimeWe have used the Schrodinger
Poisson equation to solve for the radial field in a Ge NW through an iterative process.

The estimation of depletion width aadsessment of the radial field helpgaguantifythe origin of the
ultra-high photocurrent Gain in the nasoale regimeWe have used the Schroding@oisson equation to
solve for the radial field in a Ge NW through an iterative process.

Carrier confinement in the radial direction in a NW depends on the temperature, doping andnadius

most importantly on the pinning of the Fermi levep)(£*® We have used finite element method for

solving this problem through COMSOL Multiphysics.lfSeonsistency is achieved by iteratively solving

the two coupled equations. The Poissonbés equatior
charge distribution(}) in a NW. The electric potentigV) from the electrostatics contributes to the

potential energy ten in the Schrodinger equation from which the wave functjgrafd eigenvaluessy

are calculated. The density functiom),( which contributes to the space charge density in the

electrostaticss determined frony and considering a 1Bylindrical geometry is given by,

20 q Y2 _ 0o O,
: ozvggnY B-q0y/2 ?O% ~ § & (12)
where,"O4,, is the FermiDirac Integral and the other symbols have their usual meaifimgn, the

Poisson equatiorsisolved with this updatedharge densityn Ybto get a new (V  The Schrédinger
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equation and Poisson6s equ a-tonsstant salutiéf isolmdinede with i t e
error between the Potensigl andV H~ 1eV.

We solve for the system in 1sing cylindrical symmetryWe have to make a few assumptidimst are,
§ There is uniform background of dopanitg € 10°%/cnt)
1 The Fermi level is at O¥tthe centre of a NW (where r 3.0
9 Potentialat the surfacéVy) is pinned asome value with respect E = 0.
1 We solve at temperature equaB@OK.
1 Bulk Ge material properties like dielectric constant etc has been used.
The boundary condition at the surface of the NW is given by the pinned FermM&vbhve used Fermi
level pinning at0.3eV since it is known from Xay Photoelectron Spectroscopy measurements that the
surface band bending is ~0.3eVpsype Ge NWs?® The diameter of the NW is a typicaD nm value

while wesolve the equation at 30Q&sumingall dopants are ionized.

Line Graph: Charged particle density (1/em3)
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Figure 22. Electron density as a function of NW radius showiagfinement oklectronsat the surface

Figure 22 shows the electron density in a 60nm NW due to presence of surface states. The surface (up
10 nm) is electron rich while there is a depletion of electrons at the NW core. The SBB can be clearly
seen from Figure 23, where the electric potefgishown as function of radius. The depletion width is ~

30nm. Thus, for a 60 nm nanowire, the conduction channel is essentially 30 nm. The Radial field (see Fig

24) increases sharply beyond 25 nm from the NW core and is quadratic in nature. Theetediaiite
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strong and reaches ~1.5XM/m at the surface of the NW. (Note: the negative value of radial field

indicates band bending is downwards.)

Radial Potential energy (eV)
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Figure 23. (a) Confining potential as a function of radius of the nanowire. The surface band bending
ensures the potential-8.3eV at the surface

Radial Electric field
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Figure 24. Radial field in a Ge NW pinned at 0.3eV.
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To ascertain the correctness of the results, we have simulated the band bending in a 200 nm diameter C
NW with Er pinned at 0.3eV. It also shows a band bending and electron confinement at the surface. But
in comparison to the core of the cylindrical wire, the fraction of the confined region is very less. This may
be extrapolated to a bulk system, where a depletiginmeexists at the surface but is negligible. We have
also simulated to see what happens if we asdtgaizenot pinned i.eE-= 0 eV. The results show no band

bending and no confining potential.

4. Impact of high electric field

Another factor that seems to be a likely cause of suchRégiponsivityis impact ionizatio? due to very
high electric field at the depletion region that produces multiple elebtstnpairs through avalanche
mechanism. In a¥ype/Intrinsic/nType Si NW,® it has been shown that the intrinsic region has a carrier
multiplication ~16-10° times more than the-type and gtype regions. This sharp increase is attributed to
an avalanche breakdown mechanism. The strong electric Hieldx1FV/cm in the intmsic region
effectively separates the photogenerated eledtoda pair that gives rise to the high photocurrent in the
intrinsic region as compared to theéype and rype region. In an InP NWthat has a depletion region
due to a m junction formed  doping during growth, shows light induced avalanche breakdown. Even
though the depletion region is small (~200nm), it can multiply the elebwtenpair as they gain enough
energy to commence the avalanche process. InP also has a low impact iong&ftioreist that aids this
process. The avalanche breakdown is quantified by a multiplication fsiGtevhich ~ 20 when the
applied bias approaches the breakdown voltage in a Si NW. In bulk Ge, the breakdows, field

4.5x106V/cm for carrier concentratiofm) of 10°cmi® and 1.5x18v/cm for n = 10°cm?®.>?

We have used a finite element method to determine the Electric field in a nanowire. We use a 2D
rectangular block todesign 50 nm NW wi t h ~ 1 godes. §Ve thenldefinewhe goltagee | e
bias whch is 2V at one end and grounded at the other. The material properties like carrier concentration,
density of states etc are taken from bul k Ge v

potential across the NW.

The Electric field obtained in the photodetectoEis2x10'V/cm (see Fig. 25 Even though we do not

reach thek, in the Ge NWs, there may be an onset of the avalanche process. Another factor that plays ar
important role is the drift velocity of holeshich allows the photodetector to perform in the drift limited
regime. In such high fields, the drift velocity may saturate. For exan@esaturation drift velocity ia
nominally doped Ge wafer is ~6xXn/s at 300K aE = 10*v/cm.>*** Thus, there is aeteration of

photogenerated carriers to their saturation drift velocity as such high fields.
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Contact1 NANOWIRE Contact 2
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Figure 25. The Electric field at a bias of 2V in a Ge NW with typical dimensions used in this study.

E. CONCLUSIONS

We establish that photodetectors can be made from single Ge NWs that show uRespgimsivity
exceeding 10A/W (nanowire diameter ~ 30 nm) over a broad spectral range 30L1T00 nm with

finite response extending well into the NIR region at wavelength > 1100 nm. The relatively low current
noise and such higResponsivitygives rise to a detector that can detdown to 13°W. The large
optical gain exceeding 1Gs achieved at a low optical illumination intensity ~ 10pWicithe device
length ~23um being smaller than the carrier diffusion length also facilitates collection of carriers
effectively before reembination. One of the core enabling factors that leads to such a high gain is the
surface oxide layefThe surface states in the oxide layer gives rise to a depletion layer that helps in
separation of the photogenerated electrole pair. The states irximle layer andat theinterface traps

photogenerated carriers and leave the hole free to reach electrodes without recombination.

The performance of a photodetector camrebgineered by a controlled high vacuum annealing of the NWs

to 400 C. Post annealp, the detectoshows an enhanceSpecific Detectivity of ~18cm.HZ4W,
comparable to commercially available detectors. While an overall enhanced response on annealing is not
unexpected due to a number of enabling reasons like reduction in resistritact resistance and
Schottky barrier at metalemiconductor contact, the overwhelmingly important result is the $inpar
dependence of the photocurrent oriensity of illumination.We have shown that annealing reduces the
concentration of recombination centers that govern the slow carrier kinetics, leading tdinsgver

photoresponse.

Thus we conclude that the surfagtates participate in thEermi level pinning at the surfacehich
creates an upward SBRBs seen through Gain versus intensity behavior and validated by simul@ions
analysis clearly shows the effect of interface and surface states on thelamhtonic properties of Ge
NWs.
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CHAPTER VI

SELF-POWEREDSINGLE GERMANIUM NANOWIRE PHOTODETECTOR

We have observed photoresponse in a single Ge nanowire photodeteébmabsence of a bias voltage
thus enabling a selfowered operation. We have used simulation to establish that the asynSsdirat

the metal contacts in metatsemiconductemetald evi ce i s a maj erno6c aausieal f
that leads to segration of a light geerated electroihole pair. We also point out the physical origins

that can lead to unequal barrier heights in seeminglytidal nanowire/metal junctions.

A. INTRODUCTION

There is a recent surge in search for materials and rtexstahology that would give rise to selbwered
devices: These devices can effectively harness energy, either by harvesting it from thermal or similar
sources or by conversion of one form of energy to andthém. this context, selpowered optical
detectors that work in a broad spectral range are of great utility, in particular, if they can detect weak
radiation without any external power. Phataltaic cells form a class of sgibwered optical devices.
Self-powered broadband photodetectors have Habricated using SnTe filfisand GaN microwire
array$ with Si heterojunctionsHeterojunction devices use the interbailt-in potential at the interface

to separate and transport the photogenerated carriers, leading tedeteatiion without externalides.
Selftpowered thin film metasemiconductemetal (MSM) photodetectors have been fabricated recently
either with dissimilar electrode material for the two contacts or with widely varying area of céritacts.
these MSM devices, the Schottky Barri@B] plays a crucial roleThere may be initially a Schottky
Barrier Height (SBH) mismatch, due to different electrode material at both coh@ctise, even if the

SB has the same height but, area of the Schottky contacts differ and it has been ahtowmaémesized
Schottky junctions, their depletion regions are unequal. THigrinmodifies the local potential so that

the effective barrier height gets modifié@hus the important contribution to photocurrent comes from
the builtin field due to mequal SBH which helps in separation of the ptggtnerated electrenole pairs.

A list of seltpowered photodetectors reported in literature with photoresponse parameters is given in
Table 1.

Recently, our group has reported a singl®&® basedhotodetetor that shows a zefgias Responsivity

(1) ~100A/W at 514 nn? However there havéseen no other report of a seéwered nanowire
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photodetector. The previous rep8rtshow that an unequal SB is the main cause for photodetection but a

gquantitative modeling and/or nature of the binilpotential is missing.

Here we show that single semiconductor NW based-b&eted photodetectors can have high

photoresponse reachifig 10>-10°A/W in the broad spectral range from 300nm to 1100nm. We have

also peformed simulation using COMSOMultiphysics software, which shows that owing to the

difference SBH at the two MS junctions, an axial electric field arises in the NW even in elofearc

external bias when the two contacts are separated by a distance comparable to the sum of their depletion

widths. This field separates the photo generated eleboltEnpairs and drives them to the respective

electrodes.
Table 1.Comparative studgf selfpowered photodetectors
. Wavelength region Maximu_m_
Type of device Electrode 1 Electrode 2 (nm) Responsivity Ref #
(A/W)

Ge NW Cr/Au Cr/Au 3001100 4x10° Our work
Si NW Cr/Au Cr/Au 514 1.97x1d 10
ZnO film Au Au 300400 0.02 9
Ge substrate Ti Ni 1480 0.42 12
GaN film Ni Au 320380 0.005 8
GaN microwire array/Si Cu Ag 320850 0.47 7
SnTe film/Si n-type Si Au 2541550 0.128 6
Graphene/Si Cr/Au Ag 532 3 11
GaAs Au Ti 500-850 0.0645 13
Si NW array Au Ti 8001180 0.08 14
TiO, nanotubefSe - - 280-700 0.088 15
Sb doped ZnO nanobelt Au wire Ag UV light - 16

B. RESULTS AND DISCUSSIONS
1. Dark I-V curves of the devices and determination of the Schottky Barrier Height (SBH)

We have used three single Ge NW MSM devices for our study with diameter ranging fio803@m

and | ength between electrodes upto 2gm. We

devices, namel$plandS2 Ni (60 nm) electrodes were used owide S3 The device parameters in dark

have

are provided in Table 2. Since previous galfvered MSM devices have unequal barrier heights (due to
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dissimilar metal contacts), which leads to photodetection at zerd ibissimportant that we determine
the SBHat the two metal/NW junctions. We also show below that the asymmetric nature of the barriers

lead to seHpower operation.

The NW photodetectors are MSM devices which can be modeled as twokzatk Schottky diodes,
with SBHs%q and%e at both ends connected by the NW with resistatiggas discussed in Chapter IV.
Thel-V curves of the devices (shown in Fig. 1) have been used to evaluate the SBH at the MS junction by
fitting it to the modified RichardseBushmann equatioh'® For a gven NW, the values of the SBH at
the two ends are different. To have a normalized measure of this asymmetry, we used a paramete

%a %e)S
K e

where®@= %’L;—/”Z is the average value of the SB. The unequal SBH can be observed from
the asymmetry in theV curves (Fig. 2). It is most pronounced in dev&see Fig. 2(a)) which has the
highest of ~58%. The SBH depends upon the resistivity of the NWs (as we have seen in Chapter V)
and even though, for the same material contact Au, the SBH is diffar8itand S2'° Section 5 has a

discussion regarding origin of unequal SBH in Ge NWs.

Table 2.Device parameters in dark.

Sample | L (em) | D (nm) | Both Electrodes | Ryw( k q| U1 (eV) | G2 (eV) | 7 (%)
S1 1.2 30 Cr/Au 850 0.384 | 0.212 58
S2 2 90 Cr/Au 1.1 0.175 | 0.145 19
S3 1.8 62 Ni 59.5 0.291 | 0.222 27
(a)lxlﬂi1 (b) 10° ‘C) lﬂ‘J
1104 S1 52 o
. & g 10 -I
g1xm 1 A < = o s
1x10° 5
10"
1x10™ 5 .
T LJ U L 10.- T v ¥ J J L T T T T
-1.0 0.5 0.0 0.5 1.0 -0.004 -0.002 0.000 0.002 0.004 -0.2 -0.1 0.0 0.1 0.2
Voltage (V) Voltage (V) Voltage (V)

Figure 1.1-V characteristics in dark (shown as symbols) with corresponding MSM fits (shown as lines)
for (a)S1 (b) S2 and (cp3.
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2. Photodetector performance

In Fig. 2(a), as an example, we show the current of d&88agith no applied bias when illumination of
different wavelengths are turned ON and OFF. The device shows appreciable photoresponse with a

response time 0O300ms. ( Tdyeapacimreegodthedong ldadsmammnectisgthe i mi t
NW). An important characteristic of a photodetector is the Responsivity %) wherel is the

photocurrent andP is the power incident on the photodetector. The ResponsiviB88&f shown in Fig.

2(b) as a function of wavelength under dsHsed conditionThe illumination spot is 1mm in radius and
illuminates the entire device. The illumination of the whole device cannot be avoided given its small size.
The illumination of the entacts in such devices lowers the Schottky behaViomhich has been
discussed in Chapter N&elf-powered photoresponse was observed in all the three NW devices (data not
shown to avoid duplications). The dark current and the current under illumifatialh devices are given

in Table lll. Existence of substantial photocurrent at zero applied bias show$eéhsingle Ge NW
devices operateas selpowered photodetector®kesponsivity is givenin table Ill at illumination
wavelengthof 650 nm. To the ést of our knowledge it is highest reported valug abtained in a self
powered photodetector. The wide spectrum in whids large, makes it promising for applications,

particularly where very low illumination power detection is needed.

(@) ) 200 (b)
4x10 " 1 0
"N 10°4 2" o °\
3x107 - 2 o)
1000
_ o ol / %o
< nm g 600 | ‘—: 0-p N\
g r nm 2 [o]
2x107 - s
o
700 ] 4
£ 10"
1x107 1 400 nm 5
nm 800
300 nm ol
ol 20 (o)
0 500 1000 1500 300 400 500 600 700 800 900 1000 1100
time(s) Wavelength (nm)

Figure 2.(a) I-t curves for devic&3under illumination with monochromatic radiation from 30000
nm at intervals of 50 nm with power varying frorel&d6 50 ¢ W, depending upon ¢t he
characteristics when the lamp is switched ON and OFF. (b) Regppas a function of wavelength for

nanowireS3
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Table 3.Photodetector parameters at zero bias.

Current under " (A/W) at
Sample Dark current (A) ) o
illumination (A) 8=650nm
S1 3.1 x10% 1.1x10° 2.3x10
S2 3.52x10’ 1.20x10° 3.6x10
S3 2.7 x10° 1.73x10° 2.1x10

3. Simulation of device performance using asymmetric Schottky Barrier

Selfpowered photodetectors need existence of an electric field to separate the photogenerated electror
and holes which then diffuse to the respective electrodea.dolar cell like a ym junction cell or a
heterostructure solar cell, the bdiit potential exists in the depletion region at the junction/intedalre.
selfpowered NW photodetectors, in absence of any applied bias, this would meedhanisnthat

would give rise to the internal axial field. In a MSM device, it is proposed that such a field can arise from
the MS contacts which show different SBH when formed on NWs, even when both contacts are made ug

of the same metal.

To quantify and validate our pgthesis, we performed a simulation using parameters for the d&liice
which has the highest asymmetry in SBH (see table 2) with normalized asymmetry param8as.

There exists a finite potential at zero bias in the nanowire. The potential variatibea nanowire is
shown as a-8imensional plot in Fig. 3, with color code showing the potential value. The inset shows
surface potential along the longitudinal plane, with an arrow plot of the electri&fiéldine plot of the
potential (see Fig. 4(pshows that a linear potential develops along the NW length at zero applied bias
and it is constant at the contact region. We have simulated the potential for other val¢seseoFig.

4(a)), which shows enhancement of the kuilpotential for largefr . To establish generality of the results

we have simulated devi@&andS3and have got similar result.

The electric field calculated from the potential is constant in the NW in between the contact region. It
increases linearly with increasefir(seeFig. 4(b)). For the lowes$t~ 18% inS2 E~2x10'v/m which is

larger than that in a heterojunction photodetéatith E~2.5x1GV/m and compares well with that in
microwire array detector witE~5x10'V/m.” The Electric fieldE is in the direction from the electrode

with SBH %e to the electrode with SBPBéq (for %q >%e) and electrons flow from the electrode with
higher SBH(%q) to the electrode with lower SBf%o).
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Potential (V)

’y 0 002 004 006 008 01 0.12 0.14 0.16

Figure 3. (a) Electric potential developed in the deVv&leat zero bias. Inset shows surface plot of the
longitudinal section of the NW with color code of potential given in Volts. The surface arrow plot gives
direction of the electric field developed in the nanowire (diameter exaggerated for clear image).
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Figure 4. (a) Electric potential developed 81at zero bias due to asymmetry in barrier height. The data
show the potential for three asymmetry parameter valae$9%, 27% and 58%. Enhancement in
potential and hence field can be seeh ssenhanced. (b) The electric field as function of asymmetry

parameter with a linear fit in solid red line.
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The existence of such a field however would need a device with micron size length, where the separatior
of the two collection electrodes/leads istlbe same scale as the sum of depletion widilts) @t two
ends.We have made an estimate of the depletion width in our deVice.depletion width in a
semiconductor is given oo = 2-ay/ D whereN*i s t he doping concentr
the dielectric constant of Gey,is the builtin voltage, given byg = (¢4 *{)j Q ands 4 ande; is

the work function of the metal and semiconductor respectilrelhe absence of an accurate valué&df

for NWs, we have used the resistivilthe NWs (as calculated from fit paramear, given in table 1)

to estimate the value df*, which is for bulk G&* While this leaves an element of uncertainty regarding
the exact value ol*, however, the uncertainty does not affect the main observation of the paper that a
seltpowered optical device can be made from a single Ge NW. The uncertdiityriay affect some of

the numbers in the simulation paFor the work function of Ge, we ha usec ; = 4.56eV?* The
depletion width\, ranges from 100300 nm forN* =107%-107%cm®,

0.16 — .
] 01sf(p) |
0.14 ~ i 016 :
0.124 { 014 : !
] \ !
S 0.10- 1s 0.12- | :
: = |
g 0.08 4 - 0.10 ! :
& = . I 4 X :
% 0.06 ] E 0081 Contact 1 | re | Contact 2
* ] 5 0.06- ! I
0.04 - | & el : :
0027 KM 104m 1 002 \ !
- 15pm 1 1 .
0.00 - R e e e I p e e | 0.00 - T . ; . . ' . . ]
] 2 4 6 8 10 12 14 16 18 0.0 05 1.0 15 2.0 5 3.0

Distance x in the axial direction (um) Distance x in the axial direction (pm)

Figure 5. (a) The builtin potential as a function of length between the electrodes. The simulations have
been done for length 1,3,5,7 10 and 15 em. The

Potential as a function of nanowire diameter for adigkannel length ofeim.

The simulation data in Fig. 5(a) shows that with device length >> size of depletion region, this effect
tappers off. The simulations have been done for length betwgéehh 1 e m bet ween el ectr
clearly seen, thattheot ent i al in between electrodes gradua

channel length. Hence, the btiilt Electric field will cease to exist throughout the device length. Thus,
when the depletion region covers almé)m% of the device legthit is sufficient to obtain the axial field

necessary for the photoresponse. Since we have investigated photodetectors with diameter variation fror
30-90nm, it is pertinent to check through simulation the effect of diameter on thénbfiglid. Fig. 5b)
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shows that there is not much differenceEinhrough the device length. Only, the potential at the MS
interface becomes sharper as we go to lower diameter of the nanowire. The simulation provides us the
necessary basis on which we show that the asyrurmrrier height is a sufficient (but may not be
necessary) condition for a buitt potential in the NW at zero bias, that is essential forpmifered

photodetection.
4. Origin of unequal SBH

A SBH mismatch due to different electrode material at bmihtacts can be caused intentionally.
However, Fermi Level pinning (FLP) in bulRe makes the SBH material independent and pins the SB to
~0.5eV?® In case of NWs, there has been experimental evidence for suppression’8fHt.Ras been

shown that cotacts to Ge NWSs are inhomogeneous (see Chapter IV) with a distribution of barrier
heights'® The formation of a Schottky barrier depends on the initial stages of the metal layer deposition

due to formation of defect state levels at the interfat®The high resolution TEM image of a Ge NW

shows highly oriented-glanes with a surface oxide layer of varying from6#in (see Fig. 6). The oxide

layer is marked in yellow line in the images and for both sides of the same NW showsifioom oxide

thickness along the length. It is also corrugated and undulating. These corrugations lie within the

el ectrode contact | ength ~ 10m. The corrugations
toward either the semiconductor or metal, which creates diticahl dipole formation at the interface,

that modifies the SBH’ There is a variation in the surface oxide thickness as well as the corrugation
change on the surface of the NW along the length (see Fig. 6). The gradient in oxides thickness comes
from the growth condition as the end anchored to Si substrate is the place where the growth first occurs,
and gets more time to oxidize. Surface treatments like plasma etching can impart energy which causes
surface modification as well as disorder in the sendaator?® Such treatments are essential for NW

devices fabricated by EBL, where remnant resists needs to be etched out for beiterTitus the

formation of the asymmetric SBH on Ge NW appears to be mainly dominated by structural inhomogenity

as wellas the oxide on the Ge NW surface. This adds an element of stochasticity in the barrier formation.
Thus to HWaewe gamepPpr @asy mmet ry -powated sirgle 8W photqdetextdrj c t a b |

more research are needed in control of the NW surfaug®n the MS contact formation of NWSs.
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(a)

Arrow showing orientation
along <111> direction

Figure 6. TEM image showing unequal oxide thickness (marked in yellow) on both sides of the same

NW in (a) and (b), with crystalline Ge core and oriented along <111> direction.

4. CONCLUSIONS

We have shown that is possible to obtain a sgdbwered photodetector with high responsivity using a
single Ge NW fabricated in MSM device configuration. The MS junctions on the NW, due to surface
conditions lead to formation of asymmetric barrier heights. This feature beil true for other
semiconductor NW devices as well, which have a native/grown oxide layer. Using simulation we
establish that the segtiowered operation needs a finite curranzero bias and i enabled by asymmetry

in barrier heights at the two m#tdW junctions The asymmetry in barrier leads to an axial field along

the Ge NW that separates the photogenerated elduttenpair and provides the necessary field for
driving the carriers to respective electrodes. Another important factor is thaeviee dength, which
being short (~ few em), is comparable to the s
sustain the internal electric field throughout the device length. The observations and the phenomen:
reported here may enable higisponsivity selpowered NW devices in other semiconductors as well.
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CHAPTER VII

THERMAL PROPERTIES OFGERMANIUM NANOWIRES

We have measured the temperature dependent thermal condulctiYity a single nanowire through a
novel application of micr&Raman Spectroscopy. The experiment was done from 300K to above 600K.
The method termed as Ogteermal Spectroscopy utilizéise temperature dependenceRaman lines as

a local probe for temperata. The method does not need any contacts to be made and provides a quick
solution to existing methods of measuring single NW thermal conductivity using lithographically

fabricated split platforms. We also analyzed quantitatively the temperature depemdeheethermal
conductivity that showdl ("Y~ ,,lehich likely arises from Umklapp process. The magnitudg of is

determined by scattering of phonons frtme rough surface of the NWs ai’"y is severely reduced

from the bulk valuell ("Y showsan inverse dependence on diameter as well as temperature. We also
suggest a way to estimate approximately the thermal conductivity of Ge and Si NWs using the above
observations, so that an actual experiment need not be done. The quantitative estingaitions afising

from the optethermal measurement and methods to mitigate them have been discussed.

The temperature dependence of the Raman line that was used as a thermometer was also analyzed usi
physics of anharmonic lattice and this is provided atsone of the fundamental thermodynamic

parameters of Ge NW.

A. INTRODUCTION

In the last decade there has been intense interest on heat transport in nanostructures, in particul:
nanowires (NWs), for their applications in naglectronics and in such spgci areas like
thermoelectrics? The experimental studies as well as theoretical investigations show that there can be
large reduction of thermal conductivitg) from that of bulk in NWs when the size is reduéethe
reduction in thermal conductivityebow a transverse length scale (like diameter in a NW) of 100nm or
below can arise from strong diffuse surface scattering of phonons although this may not be the only cause
Effects of change in phonon dispersion relation and group velocity due to ldefadement has also

been proposed as a cause of reduction in thermal condutfivity.
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A proper evaluation of thermal conductivity of nanostructures like NWs is important from the view of
two opposing requirenmts. In naneelectronics andopto-electronics using NWs, low thermal
conductivity is a matter of concern as this may lead to thermal hot spots due to high current density,

whereas for applications in therratectrics one would neddw thermal conductivity.

Thermal conduction in Si N#/has been investigated extensively using both experifieamwell as
theoretical tool$.The main observation is that the thermal conductivity in Si NWs is low and can be even
an order less than the bulk vafu@he low thermal conductivity is beliesteto arise primarily from

scattering of phonons at the boundary, which being diffusive in nature, reduces phononlifetime.

1. Review of measurement of thermal conductivity: experimental methods

Determination of thermal conductivity of bulk materials isell-developed area in experimental physics,
where, usually steady state methods are employed for determining the temperature gradient and heat flux
across the bulk sampté.lt requires accurate measurement of temperature at the hot end and at the heat
sink and, determination of the amount of heat flowing through the sample. It is crucial to find the heat
loss due to convection, radiation and thermal boundary resistance (TBR) between the sample and heat
sink, due to which errors arise in finding the hidat due to conduction by sample alone. In a transient
state, pulsed power technique is used for heating the sample and a time dependent temperature difference
is created® Unfortunately these techniques require precise and very careful measuremengseand
limited to particular sample geometry. Errors arise due to placement of thermometers and also for their
size (> 25¢m) while measuring small samples or thin films. In 1990, Cakiéiveloped an a.c. technique

for measurement of thermal conductivikpwown as the 8 method. It uses a pifabricated metal network

on the sample to act as a heater and also as a temperature sensor. The a.c. current atsfiesgtsnay

the metal line at a frequency 2while the voltage across the metal line oscillatieSy. This methods

highly accurate and is being used extensively.

The growth in research ekperimental determination of thermal conductivity in NWs faces a buitik

in measurements particularly above room temperatures. Determination of thermadtivaiydof NWSs,

in particular on single NW, is nemivial and often complex as these need use of micro fabrication
techniques. A micrdabricated structuré is necessary to build suspended ,Sihembrane with SijN
beams, and platinum lines acting as aeat well as electrical contacts to the nanowire/istuieet, which

are placed on the suspended structure by a-memipulator. This technique relies heavily on the
accuracy of the nanofabrication facility and needs expertise in handling. This methbdemassed
widely and has uretgone certain developments determine the thermal conductivity of Si NWA,

Graphené? CNT* and other nanomaterials. Even though these methods are accurate, they need elaborate
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micro/nano fabricationWith a custordesigné thermally optimized sample stage, embedded radiation
shield and better thermal anchor, it has been possible to measure thermal conductivity uptd®<7aQ0 K.
rapid and simpler nenontact method which can measure thermal conductivity at temperaturesm>

temperature will thus be a favored option.

Flashlaser Raman Spectroscopy was developed in 204Bere, a pulsed laser was used as a local
heating sourcand an excitation laser produ@faman signal. This method is only applicable when the
charateristic Raman peak is temperature dependent. The local temperature is calculated from the relatiot
between temperature and the shift of Raman characteristic peak. The unsteady thermal transport equatic
can be solved, but has two unknown parametersy kssorption and thermal conductivity. For this
purpose, a continuous laser is employed from which a steady state solution provides the laser
absorption'® The temperature rise ratio as a function of laser spot radius and pulse duration extracts the

therma diffusivity from which the laser absorption can be calculated.

Recently, a rapid, neoontact method known as Ogttermal Raman Spectroscopy was used to measure
the thermal conductivity of cantilevered Si NWs (clamped at one end) at'3a0té. resuts lie within

5% - 10% of thermal conductivity of Si NW measured using conventional electrical methods made on
micro-fabricated platforms. The reported work, however, has not investigated the application of the
method for temperatures above or belowttem t e mper ature. This met hod

c hal | &isgapid, nprdestructive and does not require elaborate micro/nanofabrication. In this
method, the Raman peak shift is used as a thermometer and the laser employed to collect the Rame
Spectrum is used as a heat source, whose power can be varied. As investigated in this work, we show th:

this method can also be used Tor 300K which is a relevant temperature range for diverse applications.

2. Motivation

The investigations on thermalansport in NWs have been mostly done on Si NWSs.In contrast
thermal transport in single Ge NW with good structural quality has not been investigated extensively.
There has been a report of ag Fbey gs alloy NW of diameter 205 nm that shows ansiderably low
thermal conductivity of ~1.8W/m.K at 300K.There is only one report on thermal conductivity of a
single Ge NW from 100K to 390K through a miarbip measurement setup. It quotes a value of 2.26
W/m.K for a 20nm NW at 300K which is ~40% dwer than the predicted value of the same from
theoretical consideration. This report of low thermal conductivity in Ge NW thus serves as a motivation
to research it so that its applicability in therglectrics can be tested. Evaluation of thermal cotisdtyct

in Ge NWs also become important in view of local hot spots that can originate from low thermal
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conductivity when such NWs are used in eplectronic detectors where large current density-{0

A/m?)?*may result from ultrénigh responsivity obseed in them giving rise to a local Joule heating.

Ge NW can be explored as a thermoelectric material for clean energy harvesting. Essentially, an
investigation of the thermal transport properties, thermal expansion and efgotroon interaction has
greatimpact on the thermoelectric performance, which are lacking in case of Ge MWhat light, the
electronphonon interactions are of immense importance as a stepping stone to understanding the lattice
dynamics. The important thermodynamic parameters @hgsical properties can be studied
experimentally due to anharmonicity in crystals. The thermal expansion in a solid gives insight into the
anharmonicity in the vibrational potential enef§ithe mode Gruniesen parameter relates the vibrational
frequencymodes to specific heat and thermal expansion coeffitieitnoninvasive way to probe
nanomaterials for extracting out lattice related properties can be performed through Raman

Spectroscopy?°

In this work, thermal conductivity of a crystalline Ge NWas measured as a function of temperature
from 300K to 600K for NWs using the optbhermal spectroscopy. Results show the efficacy of size
reduction (i.e. diameter reduction) in bringing about the reduction in thermal conductivity and also
evaluate the taperature dependence of the thermal conductiWty.evaluated the results in frame work

of physical theories of heat conduction in NWs. We have also estimated the uncertainty associated with

the optethermal method.

3. Review of Raman Spectroscopy studyn Ge NWs

Raman Spectroscopy study on Ge NWs is very limited. Raman spectra of Ge NWs show phonon
confinement in NWs with average diameter < 202 contribution to thermgohysical properties of

Ge NWs has been performed. Fphanced Raman scatteriragtbeen used for nanometer scale mapping

of a single Ge NW? Albeit an important material, Ge NWs suffers from a lacuna in the field of thermal
transport. We study temperature dependence of Raman active Ge modes from which we determine the
anharmonicity oefficients, optical phonon dynamics, vibrational modes and lattice expansion in
ensemble of pure (with native oxide layer) as well as-sbedl GeGeQ, NWs of diameters varying
between 3@.20nm. Since this work does not directly involve the experimeig@rmination of thermal

conductivity, we have kept this segmenfjppendix E.
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B. EXPERIMENTAL SECTION

1. Establishing the 1D heat equation

The heat conduction is governed bg fourier Equation given by
LP= | "Y®y Q)

where itPis the vector local heat flux density (W4nand®"Yis the temperature gradient (Kirand it
is assumed that the thermal conductiVli{yyy does not have a spatial depended¢risll ("Y has a unit
Wm'K™. In one dimension heat flow, which is appriate for the heat conduction in NW, the vector

equation reduces to,

_ ww, QY
o= "y 5 (2

A more workable relation is what we use as Ohm¢
Y'Yis like a voltage drop and the hdhatx O (not heat flux density ) is like a current so that we can

introduce a thermal resistandg as,
YT= Y0 =0 Vyo+ = 3)

where, Yvk Ygo+ ll 0

: and the temperature drdf{= "Y "Y) is established over the lengitof the

nanowire with cross sectional a@a’y is the cold end temperature and the thermal contact resistance is

given asYyo

2. Concept of Optethermal Method

In Optothermal Raman Spectroscopy, a focused laseised to heat up at point in the NW and also
collect the Raman Spectrum. The Raman peak position is used as a thermometer for our measuremer
The power falling on the NW is calculated from the laser power that is measured by a flux meter. The

schematiof the concept is shown in Fig. 1.

A single suspended NW is identified through a 100X microscopic objective and an Argon ion laser of
488nm is focused on the NW through the lens with a 0.9 numerical aperture. The laser spot has
Gaussian distribution vitFWHM ~700 nm. From the position of the Raman peak, the temperature at the

hot end Tho) at which the laser is focused can be determined through the calibrated Raman thermometer.
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(@ ck)?

o 22
The laser beam falling on the NW has the form of a Gaussian givérrhgb,%;T:, wherex direction

is along the length of the NW¥, is the point at which the laser beam falls (center of beais)the half
width at half maxima. The powé (total heat falling on the NW} calculated from the intensity of the

laser beanh, given by, 'G= (4 “, 2, whereJ measured through the flux meter. Thus, the power on the NW
can be approximated as= "OY= 0.%.2,, where S is the area of the NW exposed to illumination.

Finally, the heat flux{ in equation 3) ish) = 0—, whered is the absorption efficiency, which is ~0.8 at
488nm for Ge NWs in the diameter range of-{B0nm)?°

K
550
500 Focused Laser
450
400
350 AT % T

‘ hot Ge NW
SILICON L Laser spot

Figure 1. (a) Raman Spectroscopy gt showing schematic of the Ogteermal process. It shows a

laser falling on a suspended NW on Si substrate, with temperature shown as color legend.

A realization of the utilization of equation 3 for measurement of the thexonaluctivity can be done by
measuring the Raman spectrum at a fixed pawas a function of length of the distance of the point of
illumination from the base NWLJ. The slope of th&/"Y°v/s L is then used to evaluate thermal
conductivity.ll Y in this case is evaluated at the average temperafffgee Eqn.3). To avoid errors,

3"svas kept small. This method does not need determinatiBg. of

In another realization of measurement using eqn. (3) we varied the heataftux fixed lengti.. This

gives rise to (see equatioh B "Y was determined from slope of the obserYéd/s 0 curve.

3. Identifying and estimating the errors

The presence of the thermal contact resist®y@eates a jump in temperature at the cold clamped end.

The actuatemperaturd™ at the cold end of the NW, is given by,
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VY= Yo (4)

Determination of Yyq properly mitigates a major source of error. We have determiggdrom
experimental data using equation 3 and also using a finite element analysis. The temperature gradient i
the NW of length) after correcting for the temperature rise at the contact is giveii¥sy “Y “Y. The

mean temperature at which thermal conhity is measured is given by
Y=Y+ (37Ye2) (6)
We use simulation (given ippendix D) to calculate the corrected T Wsing the value of*.

One of the sources of error in applying egn. (3) arises from finite size of the of heat source ((i.e., the finite
size of the laser spot). It is not a point source but can be approximated as one when the width of the
illumination region is <<. Using ths information and the fact that > 96 of the power is contained
within an area of diameté&, , the effective size of the illumination region is ~ 8. For measurement

of thermal conductivity we use@l> 15%m, which makes the error arising from thisusze 10%.
Validation of point source approximation is shown through finite element method simulations given in

Appendix D.

An important source of error in high temperature thermal conductivity experiments is heat loss through
radiation as discussed in Sectidn2. Since the experiment was carried out under ambient atmospheric
conditions, heat loss due to radiation needs tado®unted for. We have used finite element method to
determine the heat loss through radiation processes (details gippéndix D). The radiation heat loss

in a NW at temperatures ~600 Kis~3mW i ch i s O 2 YardefbythéiNW.t ot al p

4. Establishing the temperature sensor

In this method the temperature is measured fronshifeof the Raman line which &cas a thermometer.

To calibrate the Raman line shift with temperatue, NWs are dispersed tona Cu grid thermally
anchored to aubstrate. The dispersion to a substrate is important as it defines the temperature of the NW
on which Raman shift will be measured. The Raman spectrum was recorded in a Lab RAM HR
spectrometer with 1800 gr/mm grating and Peltier cooled CCD detector. dimanRdata has been
collected by focusing a 488nm Argon ion lageno a single Ge NWhrough a 50X objective lens
(FWHM of laser is ~1.4m). Low laser powe©2 W is used suclthatit gives a good signal to noise

ratio yet avoids any local heating that may give rise to peak broadening and/or peaWshifave
recorded the Stokes line in this experim&he Raman spectra peak is fit using a Lorentzian function to

extract the peak po®in (see Fig. 2). The peak position at room temperature ~300'5scfrom the
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degenerate LO/TO mode it 0. The diameter of the NWs af@50 nm and there are no effects of
phonon confinement as observed from the spectra. Phonon confinement is oivs#érieter NWs with

diameter < 20 nrfi, where an asymmetry in the peak shape is observed. We have also measured the
Raman spectrum of a single suspended Ge NW at room temperature (see Fig. 2). It can be seen that the

results are identical and the temparatequilibrated thermpower does not depend on whether the NW

is on a substrate dris suspended.

120 1 o
—®— single NW
- ] on substrate [ 5
§ 80
i suspended ¢
> single NW [ |
@ |
5
E 401 / \\
—— / P——
0 N T T T T T T T
280 290 300 310 320

Raman Shift (cm™)

Figure 2. Raman Spectrum of a single Ge NW suspended and supported on Si substrate with a peak at
~300.5 crit fit to a Lorentzian function (red solichig).

800 b) 301.0
(a) (b) "%
@
13K 30054
z 600+ @' L
E 423K 300.0
k-3 ®
& 4004 ITBK ‘EE 2995 4 =
g o e
2
| 3 K 299.0 - 3
200 5
2985
253K g
0 — — — : 298.0 —— et
260 280 300 320 340 250 300 350 400 450 500
Raman Shift (cm ') Temperature (K)

Figure 3. (a) Raman Spectra of some representative data is shown as a function of temperature in a single
Ge NW. (b) Peak position versus temperature in a single Ge NW, with red line showing the linear fit to

data.
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The calibration of the Raman peak shift with temperature was performed on a single Ge NW dispersec
onto a Cu gridhrough atemperature controlled stagéhe temperature variation of the substrate from

250 K to 500 K was carried out in a vacuum chambenected to a PID controlled heating stage, with

N, vapor cooling facility. An example of the Raman line at different temperatures is given in Fig. 3(a)
We get the peak position as a function of temperature from this measurement. This calibration acts as
temperature sensor for the NW as shown in Fig 3(b). We can observe the peak shift to a lower
wavenumber as temperature of the NW increases. The peak positiag & function of temperatur€) (

is shown in Fig. 3(b) for a single Ge NWWhe slope of the stight line,¥ j ¥"Y= 0.011%0.0004 crit/K

serves as a calibrated thermometer. It is used to determine the temperature at any paNiMnhitough

the peak position in the Raman Spectrum.

5. Suspended sample preparation

Ge NWs were grown by physicehpor transport by Vapdriquid-Solid mechanism and Au nanoparticle

(NP) as seed catalyst on a Si substrate as described in Chaldisisithat grow near the edge of the
substrate grow outward and are clamped at one end and are suspended in the otltearwitbontact

with the substrate as shown in Fig. 4. These NWs have been used for measurements of therme
conductivity because, absence of any support at the free end avoids spurious heat transport path whic

contributes to a source of error in such tharmeasurement.

Figure 4. (a) SEM image of an edge of a Si substrate on which we have grown Ge NWs. The NW is

clamped at one end and is suspended on the other, creating a cantilever.
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C. RESULTS

1. Estimation of thermal conductivity through length variation method

An optical microscope image of the suspended NW with a focused laser for varying positions is shown in
Figure 5.An example of a Raman spectrum (with local heating) in NW B is shown in Fig 6 (a). In the
length variation method, since the actlvearies from 21 20 em, we use very low powed & 2 eW) to

avoid heating up regions lying outside thier2gion. This enges that we maintain the condition that

>> 20 and minimize errors arising from calculation.The active lengtd which is the distance of the
illumination spot from the point of clamp on the substrate was obtained prposition markers
accompanyinghe movable sample stage. The uncertainty in length comes from drift due to the sample
stage vibrationsThe temperature gradieg¥ is obtained from our calibrated Raman thermometer shown

in Fig. 4(b)) and the plot ofp TversusL (Fig. 6b) is obtained. &ing the slope of this line, we can
calculate the thermal conductivity of the NW using equation 1.The determination Rf itheot needed

in the length variation method and we calculafeom the slope, althougRy, can be evaluated from the

method (see Table Ifhe estimatedRy, is similar for all the contacts ~ G5 K/nW.

Figure 5. (b) A 488 nm Ar ion laser focused on a single cantilevered GeaN#fifferent positions.

Table 1 gives theessential fit parameters to Equation The temperaturel éat which the thermal

conductivity is measuredal been calculated using EquatioMbthin the totalgd of ~100K,e v ar i es by
10%. Thuswe assume thad is independent of temperatungthin this temperature range. From the

data in Table 1 we can get a quantitative estimate of variatibrwih diameter. (Note: Approximate

relative variation il within the range 405K 440K is < 5 % change. This is less than the uncertainty in

thell data.) The data is plotted in Figure 7lagersusl/ 'O and nearly linear dependence suggests that the

thermal conductivity has an inverse dependence on the NW diameter.
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Table 1.Ge NW with fit parameters to equation 3 for the length variation method.

NW | D(hm) | L( J( e W] P(hW) Slope Rin (KINW) | 4/%K) °
nm €Em € ) n n
(K/ien = ! (W/m.K)
A 110 2.920 1.85 18545 4.1+0.1 0.42+0.01 | 426 | 3.8+0.5

72 2.513.5 1.93 1265 9.8+0.1 0.52+0.02 440 2.6x0.5

C 50 2.1-12 1.04 485 11.8+0.1 0.46+0.05 405 1.9+0.4
(a) 1000
| —%—L~13.5um (b) 200 - ,_‘%_'
—0— L=6.0pm
800+ 180
£
= 160 1
3 3
'C'! = 1404
o
2 < s
1201 f
100 4
o
T T T T T T 80 T T T T T T T T T T T
270 280 290 300 310 320 330 2 4 6 8 10 12 14
Raman Shift (cm™) Length of NW (um)

Figure 6. (a) Magnified Raman spectrum as a function of lengitdr a fixed power in NW B. (bjor

as a function of length for NW with linear fit to data in solid line.

4.5

0.008 0.010 0.012 0.014 0.016 0.018 0.020
1/D(nm™)

Figure 7. Thermal conductivity of a single Ge NW as a function of inverse of diameter.
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2. Estimation of thermal conductivity through power variation method

The Raman spectra for a fixed lendthior varying powers were recorded for two NWs, A and B. The
peak position as a function of laser power is plotted in Fig. 8a. As we increase power, the local
temperature at positidnincreases leading to a peak skiftc From thegp ywe calculatep Tas a finction

of laser power as shown in Fig. 8b. We use simulation results (giv&ppandix B as well as the
experimental result (see Table 1) to calculate the correpfEdsing the value of*. We use equatio

to determine the thermal conductivitiestbé NWs as function of temperatiihown in Figure 9. The

data shows an inverse dependence @h Y

500
(a) ﬁ (b)
300 2
400 -
) $ °
299
300
< 298 ¢ g
§ | * 5 2001 ¢
8 2974 *
100
296 - ¢ ] ®
L ] -
2954 T T v T v T T T v T T T l’ v T v T T T T T T T T
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Power (uW) Power (pW)

Figure 8. (a) Peak position as a function of laser power for a fixed length in NW 43(b} a function

of power for NW A.

The magnitude of of the Ge NWs ~ 4W/m.K (diameter 110nm) is less than that of the single crystalline
Ge" by about a factor of 15 at room temperature and for the 50 nm diameter NW is lower by a factor of
30. This is an important quantitative evaluation. In addition, a&stqub out before, we also make two
important observations thiithas an inverse dependence on B¥ndO. In the next section we discuss

the physical significance of these results.

D. DISCUSSIONS

1. Temperature dependence of thermal conductivity

In the temperature rangk > d, (Debye temperaturel), "Y of an insulating crystalline solid generally
showslj "Ydependence which arises from inelastic Umklapp prot¢eBse inverséYdependence dif

observed in the NWsee Figure 9hus can be postulated to arise from Umklapp prodesextract the

128



ChapterVIl: Thermal Properties of Germanium Nanowires

temperature dependencellofY, we have fitted the thermal conductivity the NWs to an equation of

the form,

1oy = 1 Tl 10, (6)
wherell~("y = & "Yis the temperature dependent term dueUtoklapp scattering. The temperature
independent palt; is a constant arising from elastic scattering of phonons such as boundary scattering.
The transformed equation 6 in termdlofY is,

|y = tewl’y (7)

L+ W
Ile+ "y

The fit parameters of to Eqn. 7 are given in Table 2 and the fit data is shewlidifines inFigure 9.In

the following section we evaluate the postulates quantitatively to establish its correctness.

4.0 -

3.6 -

3.2 -

k (W/m.K)

2.4

300 400 500 600
T(K)

Figure 9. Thermal conductivity as a function of temperature in the NWs A and B. Solid lines are fit to

equation 7.

If the inverse temperature dependence indeed arises from the Umklapp psemesins. 6 and ten,

- for all temperatures above the Debye temperature can be expredsed as,

w3
Iy="22 (7 > ) ®

where} is the densitya is the lattice constang is the Gruniesen parameter apgs the cumulative
sound velocity in the marial. The observed values afcan be used for finding for the NWs.We use

the standard macroscopic values ofi®e } = 5.32 g/lcmandoa 1=4 The lattice constant of Ga €
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5.62v ) can be evaluated from tlieplane spacing (from TEM studyWe find that for theGe NW with
diameter of 110 nm)g~ 1430 m/s and fothe Ge NW with diameter of 72 nmy,~ 1420 m/s, while in

bulk Ge,Ug~ 2575 m/sConsidering the fact that theigeno adjustable parameter i 8 we think it is a

good agreement, since the sound velocity is modified (typically softens) for ssysteon.Based on the

above discussion and the quantitative reasonable value obtained from Umklapp theory it can be

established that the inverse temgiare dependence of the thermal conductivity- éY) indeed arises

from the Umklapp process.

Table 2 Fit parameter to equation 5 shown in #heersusT plot.

NW Diameter (nm) #A. (W/m.K) b (W/m) o (m/s)
A 110 5.4 0.2 4553+ 304 1430 32
72 3.5+ 0.2 4455 775 1418t 80

2. Boundary scattering and thermal conductivity

The temperature dependent part as discussed in thgestibn before arises from the Umklapp process
that is comparable to what is observed in crystalline bulk albeit with redoced velocity. However the

large part of thermal conductivity reduction in NWs appears to arise from scattering (diffused) at the NW
boundary and is an elastic process. Previous figati®ns on ultrathin Si filmfSi NWs and associated
Monte CarldYMD simulationg® have shown that the major cause for reduction in thermal conductivity in
such size reducksystems can indeed be diffissmttering from the boundary.

To check the contribution of the boundary scattering quantitatively, we have calculatéidetmal
conductivity of Ge NWs using the modified Callaway formalifon boundary scattering onlyThe

thermal conductivity is given by**

O

, o QYC .,

where the summation indgxs over all modesyqis the group velocity of thf" mode and other symbols

have their usual meaning. The total thermal conductivity due to a longitug#hgl fhode and two

transverse modeg=T) gives,
= ly+ 20 (10)

The integral arelefined as,
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e @Y 2 L WP w0 ey A
9=, "0 ~0 Téyvg—,gb 77 O€i —NO—O-Cxo (11)

where—7is the Debye temperature for a particular mpdehe boundary scattering timgs( term has

been defined a¥,
o 1
th= 5 o (12)

whereD is the diameter anf is the Rugosity FactStwhich is the ratio of diffuse to specular reflection.
In this approximation for completely diffusive scatterifigrQ) andfs® © Hn. Apart fromF which is an
adjustable parametef, has been taken from bulk value argis the scaled sound velocity (according to

the experimentally obtained ratio 'gfto the bulk 7)) which are given in Table 3.

Table 3.List of constants taken from Ref [6, 35] used for the thermal conductalitylations

Material Symbol Value for Longitudinal mode Value for Acoustic mode
- 221K 58 K
Ge
Scal { 3008 m/s 2026 m/s
-0 586 K 240 K
Si
Scal ¢ 4637 m/s 3212 m/s

Table 4.Comparison of thermal conductivity from boundary scattering and experimental fit.

) # (W/m.K) at 300K from #. (W/m.K) from fit to
Diameter (D) (nm) . ) . )
calculations usingeqgn. 9 experimental data usingeqn. 7
110 5.35 forF = 0.22 5.4+ 0.2
72 3.49 forF=0.21 3.5 0.2

From Table 4 it can be seen that there isearellent agreement with the observed value (within the
expermental uncertaintyfjor F~ 0.2. We do not have an independent estimakefof Ge NWs, but from
previous molecular dynamics simulationllodone on Si NWs with rectangular cresection with eea of
crosssection varying from 2.58 rfimto 28.6 nm and its comparison with calculations based on
Boltzmann Transport Eqn. with boundary scattering, it was found that the two agree when the specularity

factor F=0.452 This difference can arise becaue NW used by us has a rather larger area of -cross
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section. This increases the amount of specular reflections from the boundary as compared to the diffuse

scattering and reducés Also, the materials are different and the surface conditions are different.

3. Predictability of thermal conductivity for NWs

Predicting thermal conductivities of NWs without measurements will be a useful proposition even if it is
done with some degree of known uncertainties because its measurement is quite complex and it is not
possible to carry it out whenever some estimateiefneeded. The results presented and the subsequent
analysis allows us to predict thermal conductivity of semiconductor NWs with good crystallinity albeit
with some degree of uncertainties. Given the fact that the thermal conductivity in these NWimatetb

by phonon conductivities, (due to its low electrical conductivity) boundary scattering and Umklapp
scattering can be taken as the main source of phonon scattering fgywhith is a valid approximation

for most NWs afl ~300 K Presence of elewns (in case of doped NWs) will provide a source of extra
phonon scattering due to presence of dopants and also due to fghectoon scattering which will likely
decrease its thermal conductivity from the intrinsic value. Presence of lattice defeade iof these NWs

has less structural quality will have similar effects.

%Germanium

O this work

0.01

1/D(nm™)

Figure. 10.Predictability of thermal conductivity of NWs at 300K with experimental data points of Si
NWs from Ref [4, 15, 3@8].

The boundary scattering contribution can be esf#th from a specularity factor & 0.2 which is a
reasonable estimate for NWs. We do have a caveat that a much smaller \/ala® oy arise in NWs

that have very rough surfaces (like those made by plasma or chemical etddend)nd that the
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temperatre dependent part is weak and canadbtained from eqgn. 8 Umklapp scattering contribution

with uncertainty though not very high from reduction of sound velocity from the bulk value in the NW.

We may thus suggest that eqn. 7 can be used to get a mredittihermal conductivity of individual
intrinsic (or lightly doped) semiconductor NWs with a given diameter where thdl tecan be estimated

from boundary scattering (egn. 9) and the téfit¥estimated from the Umklapp process (eqn. 8). We
have used these to estimate the valuk f= 3000 usingd . IFOO 0. 3 i n Si and G
results are shown in Fig. 10. Alongside we have also shown experimental data in‘SPRf¥and Ge

NWs from our work. The estimated uncertainty~ist 20%. This predictability when validated on
different NWs may provide a tool to estimate this quantity in narrow semiconductor NWs without

measurements.

E. CONCLUSIONS

In summary, we have measured thermal cotidily in single cantilevered Ge NWs through Opto
thermalRaman $ectroscopy utilizing the Raman line shift with temperature as cedibtemperature
sensor. Thehermalconductivity of the NWs is almost an order less than Si NWs of the same dimension.
The NWs show an inverse dependence on diameter as well as on temperature, both of which have bee
guantitatively discussed. The thermal conductivity above Debye tempeliatugeverned by two
important scattering mechanisms; boundary scattering and Umklapp scattering. Armed with these two
guantities that can be approximated from bulk values (making suitable modifications in parameters as are
expected in NWSs), the thermal aretivity of semiconductor NWs with different diameters can be
predicted within ~20% uncertainty.
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