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ABSTRACT

SYNTHESIS OF GERMANIUM NANOWIRES BY VAPOR
TRANSPORT AND FABRICATION OF FUL LY TRANSPARENT
FLEXIBLE PHOTODET ECTORS

AKSOQY, Burcu
Master of Science, Department of Metallurgical and Materials Engineering

Supervisor: Assist. Prof. Dr. H¢ sn

June2012,86 pages

Nanomaterials are widely investigatbg researchesnd because of their unique
properties they have been utilized in many different devidasowires are one of
these materials which show deviated mechanical, chemical, physical and optical,
properties fom their bulk counterparts. These deviations in properieghe
nanavires arebased onboth their high surface to volume ratio and quantum
confinement effect.Lately optical properties of nanowires haveceived great
attentionasthey also exhibigoodlight sensitivity. Germanium is a semicondugtor
which has been used widely as active material in infrared light detectors. Dige
excellent light detection of germanium its nanostructures have also been widely
studiedin optoelectronic devices<sermaniumnanavires have been used in many
devices such as field effect transistors, diodes, field emitters and photodetectors.
Synthesis of high quality and high aspect rai@maniumnanowirescould make
important contributions to these devices. Thame several synthesis methods for

germaniummanawires. These are electrochemical etching, solvothermal, supercritical



fluidic, laser ablation, chemical vapor deposition and vapor transpethods
Among these methodshigh quality, single crysthhe, defect free germanium
nanavires usingaccessiblesolid powder precursoiould be synthesized with vapor

transportmethod

In the first part of thisHesis germanium nanowire growth with vapor transport
method is investigated. One of the most advantagésatsresof this method is
using solid powder precursarsstead of toxic gasedntil now, three different kinds
of solid germanium precursors have baeportedin vapor transport method, all of
them are investigated and the resultiraavires are comared in this thesisvapor
transport method enables high control over the morphology ohdhawvires. The
most important parameters which affect the morphology of nheavires are
temperaturgpressureand precursor typelherefore a detailed parametristudy is
provided based on the parametersand theireffect on the final diameter of the
nanaviresis determined The asi synthesizechanavires contain a very thick oxide
layer on their surface. Therefeexide removal withacid etching is alsmvestigated

in this thesis.

In the second part of this thesidilization of the germaniumanawvire networks in

fully transparent, flexibleand network enhancephotodetectors is investigated. In
order to obtain a germanium nanowire netwdHe assynttesizednanawvires are
transferred from growth substrate to the device substragoigation and vacuum
filtration. Silver nanowires and single walled carbon nanotubes are used as fully
transparent electrodes. Both rigid and flexible photodeteatefabricated and their
currentvoltage characteristics and photoresponse behavieovdh different

germanium nanowire densities aetermined

Keywords germanium nanavires, vapor transport, heork enhanced
photodetectors.



¥Z

GERMANY UM NANOTEL BRKHAR TRANSFERK
YY¥NTEMK KLE SENTEZK VE KEFFAF,
FOTOALGILAYICI ! RET K MK

AKSOY, Burcu
Y¢é¢ksek Lisans, Met al ur j i ve Mal zeme

Tez Y°%°neticisi: Yrd. Do - . Dr . H¢ sno

Haziran2012,86 sayfa

Nanomalzemelef ar°kzZ el | i k| ergiemnd ekn °dol¢sadyeé- el EkEI T
ci hazl arda kul |l aneélkmdhaiteaedkéir | mal. z eNnaenloet red | g
mekani k, kimyasal , f i enrdasomdlzevekerden pitisidik © z e
Nanotellerdeki bu farld | é k| ar geni K yézey al anl ar én
sénérl amaséndan kaynglkl amumakt tma?ssst ael réjzeh @ tr

son zamanl ar daninbptyi k Intaeslhél nitakolpwe@@renanyum

kezel °tesi aakltgiéfl aynat @aleaned aol ar ak kul | an
Germanyumun - o k iy bir opti k sens?or ol ma s
optoelektroni k cihazlarda kull anél maséna
alan etkili alraams vaft®@tc@ayleddedmatk, ¢zere pek
ci hazda kull anél méexteér . Bu nedenle en bo
sent ezi bwd il haanzell adréd éb ¢y ¢k kat ké sajl ayac
creti mi i -in gé&lnitweanmi d & rl .mi Bu mjiaag-gd k ed a&jklit a o

solvotermals ¢ p er k r i ,tlazek abladyarkkmlyagah buhar biriktirme ve buhar

Vi
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CHAPTER 1

INTRODUCTION

Technology necessitates theews smaller devices as integrated circuits continue to
shrink in size. Integrated circuit industry has been driven to improve the power of the
chips while miniaturizing the circuits such as transistors, resistors and capakitors.
the beginningthere wee several thousanaf transistors per chjpvhile today there
are hundreds of millions of transistors for a single cbgzhof which isseveral tens

of nanometerin size [1]. While dimensions are reduced significantly, the
conventional materials limifurther size reductiondue to physical and chemical
reasons such akck of ultra fine precursors, high amount of heat generaitddgh
speeds and rapid failuret fat poinf nanomaterials opeump newavenuesnd allow
further size reductigrwhile improving the powerconsumptiorof integrated devices.
They provide nanocrystalline pure precursors, better thermal conductivitiasind

longerwhencompared to bulk counterparts

A material which has at least one of its dimensions below 100 nm is acespted
nanomaterial. Quantum dots, thin filmsanowires(NWs) and nanoparticles are 4
main classes of nanomaterials. Besides their small dimensianoscale materials

have uniqgue mechanical, electricathemicaland optical propertiesvhich arise from

their high surface to volume ratemd quantum confinement effe@&ecause of these
unique propertiesthey have been widely used in many optical, electrical and
mechanical applicationssuch as next generation computer chips, optoelectronic
devices, insuladn materials, flat panel displays, pollutant eliminators, cutting tools,
high energy density batteries, high power magnets, aerospace components and

medical implants.



Germanium (Gejs a narrow band gap (0.&V) semiconductorSince now Ge has
beeninvestigated both in its bulk and nanostructure form in field etfactsistors,

solar cellsinfrared photodetectorand photoconductorg\thoughsilicon (Si) is the

most widely used material in optoelectronic devices due its well known material
propertes, stable surface oxide, ease of fabrication and large photoconductive gain,
its wide band gap (1.12 eV) limits applicationfsSi for the infrared region otthe

light spectrum. Moreover compared to Si, Ge has higharge carriemobility and
carrier oncentrationwhich enables higher frequency devicksger exciton Bohr
radius(24.3 nm)which enables mongrominentquantum confinemerffects higher
absorption coefficient in the wavelength range of-8860 nm and it needs lower

thermal energy for doping.

Nanomaterials @an be fabricated with two differerepproachespamely top-down
andbottomup. Top-downmethod involves reducing the sizeaobulk materiatiown

to nanoscaleBottomup methogdon the other hanohvolves using atoms to construct
the nanostructure. For Ge NWsostly bottomrup growth techniques are applied.
These include; solution methods such as solvothermal and superciiickd f
synthesis and gas phase methods such as laser ablation, chemical vapor deposition
(CVD) and vapor transport synthesis. Eleciremicaletching method is also applied
for Ge NWs as aop-down process. Solution methods enable low temperatures,
simple equipments and low cqdtowever, quality of theesulting NWs is low and
their reproducibility is limited. CVD synthesis enables low temperature growth of
NWs. In this methodgermane (Gek) gas is used as thmain precursor material
however transportabn and toxicity of Geld gascreates somproblems. Likewisg
electra¢hemical etching process provides low cost andsimple method for the
synthesis ofNWs over large areashowever, bundling of NWs and lack of

reproducibilityin synthesicreatesomedrawbacks.

By vapor transport methodingle crystdine and defect free NWs with excellent
reproducibility, using solid powder precursors could be synthesized. Powder
precursors are netoxic and much easier teandle andransport compared to GgH

gas.Another advantage of this method is to conthad length and diameter of the



resulting NWs by altering temperature, pressure and incoming gas flow in the
system. This method relies on vagiguid-solid growth which is first applied by
Wagner and Ellisn 1964. Simply in this methodse vapor is obtained from solid
precursors at high temperature and carried to a thin layer of Au coated Si substrate.
When Ge vapor reaches on the substrateakes an AtGe alloy and when the alloy
supersaturates with Gegrows asa NW. In the second chapter of this thesis NW
synthesis with vapor transpamethodis studied with three different solid powder
precursors. They are Ge powder, germanium dioxide {3e€arbon (C) powder
mixture and germanium iodide (GglH Ge powder mixture. In the literature
synthesis of Ge NWs using these precursors have beeductedby different
groups; howevela detailed parametric study on the process parameters is mlssing
this thesis a detailed parametric study was conducted synthesized NWs were
compared with each other in terms of their growth direction, crystal structure and
surface oxidation states. Oxide removal from the NW surface was also studied in

order to fabricate Ge NW photodetectors.

One of the most important adwages of one dimensional nanomaterials is their
network structure. Condunty NWs such as silver (Agnd carbon nanotubes (CNT)
are widely used as transparent conducting electrodes. They provide both
transparency and conductivity together. Morephecaise of their network structure
they are highly resiaht to bending unlikecrystalline materials such asdium tin
oxide (ITO) andmetallicthin films. ITO and thin film conductors have been used as
electrode meerials in several applications; howeyv#ry are not suitablér solely
flexible devices as they cradkpon bendingln addition ITO is not transparent in the
infrared region of light spectrum. In literatuiéexible devices have been studied
with mostly thin film electrodeshowever because of the drawbacks mentioned
before these devices doot work properly after several bending cycles. In the third
chapter of this thesisfully transparent and flexible network enhanced Ge NW
photodetectorsare investigated. Both Ag NW and singlealked carbon nanotube
(SWNT) networksare studied as electrode materials. For the active mat@eaNW

networkis used. Thereforehese photodetectors are the first devices in which both



the active material and the electrodes are one dimensional neoss. In the
early studies only single NWs used in the channel of the photodetectioosvever,
using NWsin the form of anetwork provides both easy fabrication and faster
response. A parametric study/conducted anthe effect of bendings investigited

on the fabricated devicesFinally, Ag-Ge and SWNIGe photodetectorsare
compared.



CHAPTER 2

GERMANIUM NANOWIRE SYNTHESIS BY VAPOR
TRANSPORT METHOD

2.1 Introduction

2.1.1 Features oNWs

Bulk materials contain grains rang from micron to millimeterin size andwithin

each grain there are billions of atoms. As grains are reduced to nanometer size
number of atoms per grain decreasggnificantly down toabout several hundreds
Therefore volume fractionand the number of ates in thegrain boundaries and
interfaces increaseThis causes several deviations in physical and chemical
properties of materialdNanomaterials are classifiedtan4 main groups which are
guantum dots, NWs, thin films andanoparticles. As the dimension of a material
decrease below a critical valube carriers inside startto gettrapped and behave

like a wave instead of a particle. This behavior only occurs if the dimension of the
material is reduced below the de Blie wavelength of the carriers. This effect is
called quantum confinement and deviated electrical and optical properties of
nanoscale materiatgiginatefrom it. Materials which show size depended electrical
and optical properties are called quantizedtiples. NWs have two dimensional
guantum confinementslhe magnetic, thermal, electrical and optical behaviors of
NWs which are greatly influendeby their high surface to volume ratio and 2

dimensional quantum confinement affect will be discussed biiethis section.

Magnetic properties of materials are characterized by coerd¥t)y, remanet
magnetizationMg), andsquareness of the hysteresis lobpese properties change

with grain size. A bulk material consists of mamagneticdomains in a single



crystal therefore its Mr and H. is independent of particle size. Howevas the

particle size decreases there will be only one donmairthe whole structure.

Therefore Mr andH. of the materiaincrease. If the particle size furtheecreases

down to a critical dimensionthen these values begin to decreasesembling

superparamagnetic (no remanenoefaviour Many studies have been conducted on

NWs to detemine their magnetic propertidg]. It has been reported thas the

diameter of theNWs is decreasedsquareness of the hysteresis loop incref&d$

which meansthe material retains a large fraction of the saturation figld) (vhen
driving field (Ms) is removedas it is illustrated in Figuré.1(a)-(b).

(a)
10 p 1 M
05 ¢ L
. M
s 4
-05 Length = 0.34 uM
Diameter = 78 nm
-1.0
-10000 -5000 0 5000 10000.
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(b) T}
10¢ Ms
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Figure 2. 1. The variation of squareness of hysteresis loops oN@barrays with

applied magnetic field (H) parallel (||) and perpendicul@rt6 the wire axes: (a)
NW diameter, 78 nm and ()W diameter, 18 nm [2]



It has also been shown that magnetic mateaalsobalt Co), iron (Fe) and nickel

(Ni) have higher magnetic coercivity in their NW form compared to their bulk
counterparts[5]. The magnetoresistance (MR) behavif@hance in electrical
resistance upon apgation of a magnetic fieldpf NWs has been shown to be also
diameter dependent usingoBiSkhy 15[6]. Improvements imemanace and coeivity
areuseful for data storage systeriitierefore one of the most important application
areas of NWs is magnetic data storage systems and Co, Fe and Ni NWs are the most

suitable candidates for these applications.

The thermoelectric behavior of NWs also shows differences than their bulk
counterparts Metallic NWs exhibitan increase irthe Seeleck Coefficient (induced
thermoelectric voltage in response to a temperature gradient in the maiecelise

of their high density of electronic stateshich can be explained by quantum
confinement effect. Ihas been also shown that thermopower of the metallic NWs is
dependent oa diameter decrease tine NW.Indium antimony (nSb) and Si doped
bismuth B8i) NWs [7,8 and inaluminum Al) dopedzinc (Zn) NWs [9] leads to an
increase irthermopowerln anotherexperimentthermal conductivity of Si NWss
reported to be decreaswdth a decrease in their diameter, as shawkigure2.2.

[13]. These properties makéWs applicable tahermoelectric cooling systenand

energy conversion devices [11,12]
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Figure 2. 2. Temperature dependent thermal conductiyof Si NWs[13].



Electrical properties of NWs are affected Hheir diameter surface conditions,
crystal structure and crystallographic orientation. There are two typeledifical
conduction in NWswhich are diffusive and ballistic conductiod4]. Diffusive
conduction occurs when mean free patlamielectrons shorter thathe NW length

On the other handallistic conductionoccurs when mean free pathaof electrons

longer thanthe NW length Therefore there is no scattering in ballistic tyju
conduction. In diffusive typeof conduction scattering of electrons occurs and
conduction becomesimilar to thatin bulk materialsTherefore electron transfer in

NWs depends on wire diameter, carrier mean free path and de Broglie wavelength of
electrors. If the diameter ofa NW is larger than carrier mean free path and de
Broglie wavelength of electronslectrical conduction occurs similar to that of bulk
materials.On the contraryif the diameter is smaller than the mean free path of
carriers but, larger than de Broglie wavelength of electrons then, the transport
mechamsm obeys the classical physicsvé&a Howevey if the NW diameter is
comparable or smaller than the two of these parameters quantum confinement occurs
changing density of states (DO$) other words states in the bands and their
dependence on energin Figure 1.3 (ec) discrete DOSdor Ti NWs having
diameters lower than 1 namd continuous DOfr Ti NWs having diameters higher

than 1 nm ardlustrated
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Figure 2. 3. DOS of Ti NWs: (a) and (b) wire diameter < 1 nm and (c) and (d) wire
diameter >1 nm with .05 eV Gaussian broadenirjd5].

Electrical conduction in NWs also changes with crydefects.For a perfect NW

conduction paths are larger in humber and hence conducteasisrcompared to
one or two atom defective NW46]. Surface conditions could ilnflence scattering
and thus charg the properties of NWsNWs are highly used irelectrical

applications such ganction diodesmemory cellsswitches transistorsfield effect

transistorsRET9 andlight emitting diodegLEDS).

NWs areideal candidats for the examination of mechanical properties of a single
crystal nanostructuréMechanical properties dhe macroscale crystalline materials
depend on their crystal structure and number and tygenpérfections. HalPetch
equation is used for patyydalline materialorrelating the grain size into the yield
strength of materials. Since grain boundaries act as obstacles to impede dislocation
motion, a fine grained material would have a higher yield strength value as compared
to a coarse grained courpart. However Hall-Petch equation is valid onyown to

a certain limit. Beyond ultrfine grained materiaJsas the grain size decrease to
nanoscalgthe yield strength decreases following a reverse-Peithbehaviouras



intergrain and grain boundargliding mechanism becomes dominant in nanoscale.
Sincethe NWs are single crystalline and defect fitbe mechanisngoverning the
mechanical behavior of NWs different. In a study conducted by Demon etiging

Ge NWs it has been found that dse NW diameter decreasethe maximum strain
that can be given ta NW without failure increaseghis is due to aecreasen the
number ofdefects in a small volumel]]. It has been found that with decreasing
diameter of the NWs, their bending strengths mesx their theoretical fracture
strength as in the case aftlefect free single crystaie solid. In addition, within the
same study it has been found that the elastic modulus of the GesNiWdspendent

of their diameter.

NWs present enhanced chemicebgerties because of their high surface to volume
ratio, surface curvature and high number of surface atoms. diieéincedhemical
reactivity makes thendeal candidates for the active elenseint chemical sensors.
Detection of a desired element with &VNdependson the resistanceapacitance
charge of the NW. In Figurel.4, change in the current and the conductivity of an
individual In,O3 NW through the absorption of protein molecules onto their surface

can be clearly seen.
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Figure 2. 4. The change in current as a function of time for an individugdJiNW
when exposed to buffer and protein specific antigen (PSA). Inset: SEM image of the

single InO3; NW sensor devicglL8].

Optical properties of NWs have been also widakestigated. Metallic NWs show
enhancedolasmon scattering characteristics. Rilwer (Ag) nanostructuresit has
been shown that two plasmon bands occur when Zi#w® dimensionalAg
nanoparticles begin torm one dimensionatructure419]. Photoluminescence (PL)
peakpositionandthusthe bandap of semiconductor NWs increasdlaesr diameter
decreasesconfirming the quantum confinement effect. NWs also leixmonlinear
optical behavior;therefore their light sensitivity has been one of tfrequently
investigated fields Even if their diameter is mucharger than their quantum
confinement size, NWs show greater light sensitivigmpared totheir bulk
counterpartswhich isbecause otheirlarge surface to volume ratibloreover since
dimensionof NWsare comparable thewavelength othe incidentight, enhanced
light scattering which leads to optical ikefringence and optical funneling
(waveguiding effect) are expected/erticaly stecked arrays of NWSs show
significant reduction in reflectancAs they are surrounded by air their low refractive
index acts as an antireflection coatimMgoreover their large surfacareaenables

very high density of surface states. These surface staate d&~ermi energy pinnig

11



near the surface forming a depletion region. Therefadretogenerated electreand
holes can be separated easily leadingpoolonged photocarrier lifane. Thus,high
photoconductive gain of NWs could be attributed to théjh rdensity of surface
statedeading to an ease in clgar separatiomand their defect free single crydtaé¢
structureenabling high carrier mobilityThe outstanding properties of NWs lead to a
number of applications such,d€Ds, lasers, solar cellgptical interconnects, single

photon detectors and image sensors.

Because of their unique properties Ge NWs have been used in many different devices
as can be seen in Figure 2.5efaThe most investigated deviewith Ge NWsare

field effect transist@ (FETS). Since now many groups héaericatedGe NW FETs

[1, 20, 21, 22). The low effective mass of electrons and holes in Ge result in higher
carrier mobility making Ge a very important candidate for FETs. Other Ge NW
device applicationsnclude but not limited tghotoresistorg23], diodes[24, 25,

field emitterg 26] and photodetectof27,28, 29].

12
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2.1.2Conventional GeNW Synthesis Methods

Synthesisapproache®f Ge NWs can bedivided into two groupswhich aretop-
down and bottomup, as can be seen in Figusw. Bottom-up approachesan be
further divided ito two groupsthat are ®lution phase and gas phasgnthesis
Solution phase metho@nablelower synthesigemperatures and simpler equipments
compared to gas phase meth{ly]. Gasphase synthesis methods wsgorliquid-
solid (VLS) growth mechanismThe principle behind all of these techniqueshis t
decompotion of a Ge precursor arttie consequent supply @e containingspecie

to feed a proper catalysd eventuallyform the Ge NWs. Solvothermal and super
critical fluidic methods are solution phaseethods while laser ablation, vapor
transport and CVD are gas phase methadf these methodarebriefly described

in this section.

| Conventional Germanium Synthesis Methods I

]

Top Down | Bottom Up |

* Electrochemical Etching l l
Solution Phase Gas Phase
* Solvothermal * Laser Ablation
* Super Critical Fluidic * Vapor Transport
*CVD

Figure 2.6. Conventional G&NW synthesis methods

2.1.2.1Top-down Methods

2.1.2.1.1Electrochemical Etching
The electrochemicatching method was first used for Ge NWs by Fang et al in 2006

[31]. In this methodGe NWs werdabricatedirom a single crystalline-type Ge in a

hydrochloric HCI) containing aqueous electrolyte in @electrochemical double cell
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with a fourelectrodeconfiguration. Potentiostatic or galvanostatic conditions were
controlled by a custorbuilt potentiostat using an Ag/AgCl reference electrode and a
platinum @t) counter electrodeThe temperature changeas reported to be very
effective on NWstherefore the temperature during synthesis was lstpttly at 14

(C. First of all a homogenous nucleation was obtained and after that, macropores
were etched at different etching currerBscethe band gap of Ge is narrow, the
leakage current througlpore wals was much higher than that used for
electrochemical etching of SThe as synthesizeBe NWs had diameters ranging

from 50 to 500 nm and lengths up to several hundred micrometers.

2.1.2.2Bottom-up Methods

2.1.2.2.1Solvothermal Synthesis

Supercritical fluidic methoavas firstly applied by Heath and Francoise in 1933
for the synthesis dBe NWs. In this methodmixed germanium tetrachlorid@eCly)
and phenyGeCk with sodium (Na) precursors were mixednd the mixturevas
heated up t®75 (T, while the pressurevas maintained at 100 atm. During the
reaction GeCl, and GeCJ wasreduced by Na in an alkane solvent. The reactiok t
about 28 days. The synthesized GQ¥Ws were polycrystallinge had diameters
between/-30nm and their lengtivas1 0 & m.  kheseNdMs especially bigger

ones consistdof many defectswhile small ones (5 nm)weredefect free.

2.1.2.2.2Supercritical fluidic synthesis

This method was first conducted by Korgel et al.in 2{BB]. Alkanethiolcapped
gold (Au) nanocrystalsvere usedas catalyst and dispersed in cylohexane. The Ge
precursors were tetraethylgermane (TEG) and diphenylgermane (2P&pck
solution containing 1:2000 molar ratiof Au:Ge was preparedinder nitrogen
atmosmere. Then the mixturevas diluted and used as the injection solution. The

reactiontook placeat a temperature 350-400 (L and under 13:88 MPapressure

15



The final productvas single crystal GBIWSs with diametersangingbetween 10150

nm. The growth rachanismwas suggesteds vaporliquid-solid (VLS), which was

first discoveed by Wagner and Ellis in 1964 [34h this mechanisirthe precursor
materials decompose and release reactive Ge speciese §jeciesfeed the Au
catalyst forming an alloy. As this alloy saturatasreachego a eutectic composition
and the alloy liquidifies. Further feeding of Ge species causes supersaturation
leading to precipitation of Ge around the circumference of the catalyst particle
which then grows aa NW. The VLS mechanism will be discussed later in detail.
The comparison of DPG and TEKas been conducted and results are shimwn
Figure 27. DPG was found to be superior to TEGecause of its faster deposition
rate. High concentrations of both prearss resulted inthe production of dense
NWs, while low concentrations resulted in aggregated particles. Ge Nérfe

immediately oxidized upon exposure to atmosplagtbe end of the reaction

Figure 2. 7. HRSEM images of G&Ws grownby Korgel et al.at 38 MPa for 20
min using TEG atd) 300, p) 400, €) 5 Oahduding DPG atd) 300, €) 400and
(f) 50[83.AC
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2.1.2.2.3Laser Ablation

This methodvas developed by Lieber et al. 1998 and used to synthesize Si &l
NWs [35]. Later on,the laser ablation methdubs beenused forthe synthesis of
various semiconductoNWs such asgallium nitride (GaN) and gallium arsenide
(GaAs. This methodvasimproved in order to overcome the equilibrium size of the
Au clusters which determines thBIW diameter. A pulsed laser (frequendgubled
Ndi yttrium-aluminum garnet laser (wavelength, 532 nm)jes used to create
nanometersized Au clusters. In this methodaser was directed oto a target
containingGe precursqQiGe, oFe 1and seed materials atemperaturanda pressure
of 820 T and300 torr, respectivelyFollowing the ablationthe precursor and seed
materials forredanalloy andNWs giew from these alloysia VLS mechanism. The
diameter ottheresultingNWs wasuniform and very small (8 nm) The NWs were
single crystalline without anyamorphous coatingout they contaied twinning on
their(111) planes.

2.1.2.2.4Chemical Vapor Deposition

Chemical vapor depositiofCVD) method usegjas precursorssuch as germane
(GeH,), digermane GeHg) and tetraethylgermanéGe(GHs),). In this method a
vacuumed tube furnaceith temperature and pressucentrol is used Ge gas
precursors are suppliedtinthe system at an elevated temperatwigle substrates

are placed in the tube at the beginning of the experir@nspecigein the gas phase
forms a eutectic solution with the catalyst on the substrate. When the solution
supersaturatesthe Ge NWs nucleate and grow. By changing temperatund a
pressurethe NW length and diameter can be controlled in this method. Therdfore

allows the synthesis of NWs with desired dimensions.

The first GeNW synthesis using CVD methadas accomplished by Wang ¢33
in 2002. In the synthesi&eH, gaswas usedsthe precursor The experimentsvere
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carried outa temperature a275 C underatmospheric pressure. The resultMg/s
were found to besingle crystdine in nature with a growth direction of <110Phe
average diameter of tidWswas 23 nmwhile their lengthwas found to beup to ten
micrometes, asshownin Figure2.8. In another studyindividual nanoseed patterned
Au particlesas catalystwere used and individual NWs from those Au nanopatrticles

were synthesized.

Figure 2. 8. SEM image of Ge NWs synthesized by Wang et al. Inset slaows

atomic force microscopyAFM) image of Au nanoclusters on Si substia@.

After that several groups synthesized G&Vs ushg CVD method[36, 37, 39.
Dailey et al. use@e,Hg instead of Geldasprecursor gas and synthesized KB&'s
at lower pressuresf 4X10° 10 torr [39]. In this study nanopillar growthwas
observedat lower pressurewhile with an increase in pressulN formationwas
reported Ge(GHs), gas precursowas used by Mathur et al. and iron (Feils were
used as substraf40]. Resulting NWs had n@sidualcatalyst particles at the end of
the reaction. Agrage diameter of the NWs wésund to be betweeh5-20 nm while

their length was beteen 2540¢ m
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Parameic studies based on temperatyeessureind incoming gas flowvas carried
out in many studie$41,49. Diameter and shape of the NWsre found to be

controlled in CVDmethodby changing these parameters.

2.1.2.2.4&Napor Transport

In vapor transport methothe principle is to obtain a Ge vagoom solid precursors
by several different reactions and then to tran$fisrvaporthrough the substratthe
NW growth occurs by VLS method Different groupseported on theise of various

precursors such as Ge, Ge and,38k and Geg GeQ and G to obtain Ge vapor.

This methodwvas pioneered by Omi et al. in 19943]. In this study, molecular beam
epitaxy method was used to grow wilige Ge island. The substrate was Si (113)
and the growth temperature was 4D (C. The Ge vapor was produced from
Boron Nitride Knudsen cell and then transferred to the Si substrate. The growth
occurred by self assembly of Ge atoms because of strain relief witartfeecsystal
orientation of Si (113) substrate. Howevas synthesizeWs were polgrystaline

in natureand were constrained on the substrate.

After that Wu et al. used Ggland Ge powders as precursor materials and
synthesized G&lWs with higher qually [44]. A quartz sealed tub&as used in the
experimentsThey placed 5200 nm Au coated Si substrates in the cold end of the
tubefor the collection of NWswhile mixed Ge and Ggpowderswere placedn the

hot zone The furnace wabeated to 100A100(C and thepressurevas maintained

at 30 mtorr. During the experimerithe quartz tube was flushed witlitrogengas.
Resulting NWs had diameters between3®0 nm and were several hundreds of
micron in length NWs were singlecrystalline in naturewith a [111 growth
direction.A heat treatment processs usedo reduce the size of tidWs and make

them more uniformFor this purpose, NWs were sealed in an evacuated quartz tube
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which was heated to 8@ for an hourThis reduced the average diameterhaf
NWsto 16 nm.

In the same yearGu et al. synthesized Ge NWs using Ge powdsai. In this
method,Ge vapor was obtained through the evaporation of Ge powder &iC950
which was then transported towards the catalyst coated Si substite AB thin
film and Au nanoparticlewere useds catalyst. Thickness of the thin Au film was 2
nm, while the average size of the Au nanoparticles was 10Tuine furnacevas
used for the experiments and Ge powder and Si substrate were placed in the hot and
cold zone respectivelyAr wasused ashe carrier gas. The reaction carried out at 1.2
mbar for 30 mimtesunder 30 sccm (standart cubic centimeter per minute) Ar ga
flow. The diameters of the &ynthesized NWs using Au thin film were-280 nm
while they were 20-45 nmusingthe Au nanoparticles. The growth direction of the
NWs was determined to bg¢l11l] and they were single crydiak in nature The
surface of the NWs as covered with a 2 nm thik oxide layer.Field effect
transistors (FET) was fabricatei the as synthesized NWs in order to determine
the electrical properties of NWs.

Mei et al. used a different substrgterous anodic alumina templdte the synthesis

of Ge nanaods[46]. Using this methodt was possible to synthesize large amsunt

of Ge nanorods in a singtan. Small Ge tablets and Ge@owderwas useds the
precursor materials. The powder nuive was placed in a quartz tuded the alumina
template was placed 10 cm downstream from the powder mixture. The pressure of
the quartzzube wasmaintained at 18 Pa during the experiment. The Ge and GeO
mixture was heated pito 1100C for 3 hours and remained in vacuum for 10 hours.
The diameter of the resulting nanorods wasasured to bBO nm and their growth
direction wasletermind as[220].

A few years laterYan et al. used GeQand Cpowders for the synthesis ohe
dimensional Ge and GeManostructures on the same substf4@. In this work,
GeQ and C powder mixture and 9 nm Au coated Si substrate were placed into the

hot and cold zone of the furnaaespectively.The temperature of the furnace was
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maintained at 100QC for about 1 hour under 300 sccm Ar gas flow. The substrate
temperature varie between 300 to 60QC. Both white and brown products were
obtained on the substrate, which werentidentified as Ge®and Ge, respectively

GeQ NWs were synthesized at 50600 (T, while Ge NWswere synthesized at
relatively lower temperatures 800-400 (C. The growth direction of the Ge NWs
wasdetermined to bgl11]. An SEM imageof Ge NWs synthesized in thvgork is
providedin Figure 29. At the hot zone, Gefpowder was reduced with C forming

Ge gas. Since the melting temperature of Ge ishnmwer tharthat ofGeQ,, Ge gas

was carried through the cold zone of the furnace over the Au coated substrates and
led to the growth of NWs.

Figure 2.9. SEM image of Ge NWs synthesized by Yan etraetis a TEM image
of a single Ge NW capped with Au catal{4¥].

2.2 Experimental Details

2.2.1Synthesis of Ge NWs

Prior to the experimentall glassvare and Si substratésbe used in the experiments

were thoroughly cleaned. The cleaning procedure &egvith a rough mechanical
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cleaning with a powder presicion cleaner. After tlihe glaswareswere washed
with dilute nitric acid (HNOg) solutionandthen rinsed in pure water in order to get
rid of the acidic solutionRight after,theywererinsed in a dute sodium hydroxide
(NaOH) solution and again thewere cleaned with pure watefrollowing these
steps, the glassres were consecutivelysonicated in acetone, isopropanol and
deionizedwater, respectively for 10 minuteseach All the chemicals used ithe
experimerg were purchased from Sigma Aldrich and used without further

purification.

For all experimentsone side polishe00) Si waferswereused as the substrate
Beforethe synthesis of th€&e NWs, a 2nm thick Au thin film layerwasdeposiztd

on the Si substrate using physical vapor deposition (PVDgetup During this
procedure bulk Au (99.98 %) tabletsvere placed in a tungsten (W) holder and
vaporized with resistive heating in a vacuum chamber. The pressure inside the
chamberwas kept at 10" torr during theevaporation proces#& 10 cmcircular Si
wafer wasplaced above the Au tablets. Current of the W holder increased slowly to
80 Amp. At that current Au tablet vaporizend Au atoms condergen the cold Si
substrate forming a thin Alayer. The substrateas raated constantly during the
coating procedure in order to obtain a uniform coating. When deainedthickness

was reachedread through a thickness monitsfjutter of the systenvas closed and

current of the holder decreasdovdy.

The 2 nm Au coated Si substrateas then placed in the horizontal vacudobe
furnace to synthesize Ge NWs Figure 2.10 (a) and (b)a schematiand actual
photographof the CVD setupused in the experimenése shown, respectivelt the
centerof the systemtherewas ahorizontal tube furnacehich could be heated up to
11 0 0 A dguartz tube was inserted inside the furnace as a reaction chabmiger
end of the quartz tub&as connected with the vacuum systemhile the other end
was comected with thargon (Ar) and oxygend,) gasinlets Two flowmeters was
used to send Ar and,@ases into the systermherewere two kinds of pumps in the
system. One of themwas a mechanical pump to decrease the presdorento 102

mbar and the other ongas a turbo pump to further decreapeessurebelow 10°
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mbarand to clean the system from residual @ smaller second tubeas placed
inside the quartz tube in order to better control the Ge gas Whole system was

controlled withacomputer in order to increase reproducibility.
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Figure 2.10. (a) Schematic and (lphotograph othemical vapor depositiasystem
used in this study.
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In a typical experiment, qwder precursorsvere placed in the hot zone afsmall
quartz tube and Au coated Si substnats placed in the cold zone (details of the
synthesis temperature and pressure vauegiven below according tthe precursor
types)as shownin Figure2.11 (a). Then the systerwas vacuumediown to 10°

mbar in order to clean residual oxygen. After that gas flow (50 sccm)wvas
supplied to the system and desissahthesigpressuravas setwith a throttle valveA
constant heating rate of 3@/ minute wasused to heat up the system to desired
temperatureAs shownin Figure2.11 (b), when the furnace was heated to 950
temperature distribution inside the furnacasconstant and 95, while it reduces
gradually down to 70QC towards the sides of therhace This gradual temperature
decrease enablelle investigation oflifferent temperatusson the NW growth using

the same substrat8ystemwas kept at the reaction temperature for 60 oties for

the growth of NWsAt the end of the growth process, tluenace was cooled down

to room temperature under the same pressure and Ar gas flow. Upon cooling the
system substrates were removed from the furnace. A dark brown layer formed by Ge

NWs were observed on the substrates.
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The Ge NWswere grown throughVLS mechanism. The VLSnechanismwas
pioneered by Wagner and Ellis in 19g#]. Si whiskershave been synthesizéxy
Sil, dismutation or hydrogen reduction of S§CA small particle of Auwas placed
on the {111} surface of a Si wafer as the catalyst. Then the subataatbeated to
950 ‘€. At this temperatureAu-Si alloy dropletwasformed decreasinthe melting
temperature. As more 8ias fed in the liquidit supersaturattand gew as Si wires.
The growth direction waglentified to be[111]. Catalysts such as Pt, Ag, Pd or Ni

havebeen used and similar results from each have been obtained.

In this work Ge NWswere synthesizedy the same VLS mchanism The catalyst
usedwas 2 nm thick physical vapor deposited Au thin film. As the Ge vap@s
transferred dwardsthe catalyst, smhiGe-Au dloy droplets form and NWs grow
upon supersaturatiorof the alloy droplets with Gaccording tothe Au-Ge phase

diagram provided ifrigure2.12
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Figure 2. 12. Phase gram of AuGe systeni33].
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There are 3 main steps &LS growth of Ge NW [48], which are alloying,

nucleation and axial growth.

Alloying step: Au thin film in Figure 2.13 (a) without Ge vaor stays
sol i d unAdtémpagalue int¥e@sds forms small Au islands
shownin Figure 2.13 (b). Once Ge vapor reaches the substrate-Ge
alloy starts to forrat  a b o y as ill@®aéed it Egure.13(c). This

step has beerobserved by volume increase and decrease of elemental
contrast (molecular weight of Ge is lowtsan Au) of the droplet by in

situ TEM images[48]. Au-Ge alloy is solid in the bginning of the
alloying processhowever, with an increase in Ge condensation, alloy
liquifies.

Nucleation step: After a certain Ge compositigralloy enters biphase
region of the AuGe phase diagrams can be seen in Figure 2.22 this
point, alloy consists of a solid Ge and liquid A&ke phasgas can be seen

in Figure 2.13 (d). At 8 0 Aroundl€ Geacortentration of0%,
nucleation startdo from the supersaturated alloy. During nucleation
droplet alloy consists of 560 % Ge This could be observed from the
volume change of the alloy.

Axial growth step: Nucleation of a solid Ge on the liquid alloy forms a
solidliquid interface. Dissolveé Ge atoms in the liquid alloy diffuse
through the interface instead of forming secondary nucleations as the
energy barrier of a liquid solid interface is lower than the energy barrier
necessary to form a new nucleus. Therefotiger nucleation probabiigs

are suppressed and no other nucleation occurs. By this mech&gsm
crystal amount increases and nucleus grows as aasWhown in Figure
2.13 (e). As temperature decreaséise droplet on the NW solidifies

inhibiting the growth process.
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Figure 2. 13. Schematic representation of tilaporLiquid-Solid (VLS) growth of
Ge NWs

Ge powder

10 mg Ge powder (99.999 %) is uded the synthess of Ge NWs. Temperature of
thefurnacewas kept at 950 waCplacedwihin$e tersperatise r at e
rangeof 8509 50 UC. Pr e s swaskept betiveen-20@mbaryVhen than

system reached 93, following reaction occurs:
Ge) = Ge()

Then Ge gaswas carried towards the Si substrate andddaol the growth of NWs.

GeO,+ C powder mixture

25mg GeQ (99.98 %) and5 mg C powdemas mixed in a mortar and placed in the
hot zone of the furnace. Temperature of finmacewas 1 0 0 0 AuJcGatedSh d
substratewas placedwithin the temperature rangdg 80009 00 UC. Pressur e
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systemwas kept between-200 mbar When the systemeachedl 0 0 Q following

reaction occus:

GeGys) + C) = Ggg) + COyg)

Resulting Ge gawvas carried éwards theSi substrate anteaded to the growth of
NWs.

Gels+ Gepowder mixture

30 mg Ge and 7 mg Ge(99.99 %)powder mixturewas mixed in a mortar and

placed in the hot zone of the furnace. Temperature ofutmacewas 1050 UC an
Au coatedSi substratevas placedwithin the temperature rangef 8500 1 000 UC.
Pressire of the systemwvas kept between 0200 mbar When the system reached

1 0 5 Qfollbwing reaction occurs

Geg) + Gelys) = 2Geb()

Then Gej gaswas carried twardsthe cold region of the substrate daddedto the
growth of NWsaccording tahefollowing reaction

2Geb =Ge() + Gely

The surface of the asynthesized NWs liban oxide layer. Oxidation of the surface
may occur during the experimenttecause of the residual oxygen remained in the
quartz tube or when the sampleas taken outof the vacuum to the laboratory
atmosphere. This insulator oxide layer should be removed from the surface as it
inverely effectthe electricalpropertiesof the NWs. Therefordollowing synthesis

the NWswere etched with 5%hydrogen bromideHBr) solution for 4 minutes and

then dried with N gas.
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Growth pessure and temperatunere critical in the determination of the diameter
and morphology of the NWsTherefore a parametric studyvas conducted with
temperature and pressure in orderotmain diameterdependence of the NWs on
these variables. During the experimemsly one parametaewas changed at a time
while others were kept constant

2.3NW Characterization Methods

2.3.1Scanning Electron Microscope (SEM)

Final length diameter and morphology of the NWsgere examined withfield
emission scanning electron microscofeE-SEM) (Nova NanoSEM 430) The
operation voltagevas 10 kV for all the sampleSEM analysis for the Ge NWs
grown on Si substrates were directly conduatétiout any extra gold/C coatiné\s
therewere height difference between thesgrown NWs on the growth substrates

focusingwasnot uniform everywhere.

2.3.2Transmission Electron Microscope (TEM)

A JEOL 2010 higkresolution transmission electron miscope (HRTEM) was used

to examinethe NWs in atomic scale. Growth direction, crystallinity and surface
oxide layer characteristiosere determined with TEM. The operation voltages
200 kV. As synthesized NWwere first dispersed in ethanol by a brief €mnds
sonication and then dragastedonto holey carbon coated 400 mesh copper diads
TEM analysis

2.3.3X-Ray Photoelectron SpectroscopyXPS)
K-Alpha - Monochromated higiperformance XPS spectrometees used forthe

XPS analysisof the NWs.XPS analysis has been forméd examine existence or

removal of the oxide layer on the NVésid to conduct elemental analysd¥ws
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grown on Si substrates were directly subjected to analysis without any special sample
preparation protocoln order to comparthe effectiveness ajxide removaprocess,
as synthesized and HBr etched NW&se examinedCarbon calibrations of all of the

XPS spectra shown in this thesis were done.

2.3.4X-Ray Diffraction Spectroscopy(XRD)

The crystal structurand phase identifican of the Ge NWs was investigated KBy

Ray diffraction KRD) using a Rigaku D/ Ma2 000 pc di ffract omet ¢
radiation(I = 1.541 ) operating at 40 k\in the 2 range of 2670 with a scanning

rate of 2lmin.

2.4Resultsand Discussion
2.4.1Determination of Synthesis Parameters

2.4.2Ge powder Precursor

SEM images of the synthesized Ge structures at different temperatures and pressures
are shown in Figure 2.14 (&)). It has been found that the diameter of the NWs
increases with temperaturEhis effect arises frorthe coalescence of Au islands, a
higher temperaturesincreasing the diameter of the NWBsloreover at higher
temperatures diffusion of Ge in larger Au pees becomes possible giving larger
diameter NWsPlots showing the change in the diameter of the NWs with the growth
temperature and pressurepi®videdin Figure 2.15 (a) and (b), respectiveAs can

be seen irFigure 2.15 (a) diamder of Ge NWs increases from 40 1@0 nm as
temperature goes from 750 to 88D at 100 mbar of pressure. At the highest
temperature region (93@) the NW formabn washindered and only micresized
particles exisfor all investigated pressureshis was because at high temperatuyres
energy of existing atoms is high enough to diffuse and grow in every direction. As

temperature decreagexisting nuclei could only grow in the lowest energy direction
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favoring the formation oNWs. Pure NW formationvas observed at cooler region
(750 (T) of the substrates. Howeyeas temperature decreasgown toa certain
limit, yield of NWs begn to decrease. This effect occuahgeto limited diffusion of
Ge atoms ito theAu islands. At very low temperatures (< 780) Ge atoms culd
not diffuse enough to saturate Au islantiserefore NW growth was observed to be
initiated only from a few islandSimilar resultswvith temperaturevere obtained in a
study conducted by Yu et al. [49t low pressuresmore Gevaporizel increasing
saturation ® Ge vapor in the quartz tup¢herefore,NWs with smaller diameters
formed As pressure increasé&e vapor saturatiolevel decreaseg and diameter of
the Ge NWs increaskin order to decreagbe surface energy. Diameter of the NWs
(at 750(C) increases from 30 to 60 nm as pressure goes from 5 to 200 asbar
shown in Figure 23 (b). In the same Figurat is also seen that a& pressure and
temperature 06 mbarand 850 (T, respectively NW formationwas hindered. This
was becauseinderthese conditionsGe vaporwas very far away from equilibrium
conditions. ThereforeGe vaporcould not condense to form NWs. Howeveas
pressure increadeat corstant temperaturemicron-sized spherial particles fornred
Diameter of thes@articles increaskjust like NWswith an increase ifpressure to

reducethe surface energy.
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(c) 200 mbar ,

Figure 2. 14. SEM images othe synthesized G@anostructuresising Ge powder
underdifferent temrature and pressure conditiqd® sccmAr gas flow and2 nm

Au catalyst are the same for all of theri@ale bars are all the same.
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2.4.3Ge0O; and C powder mixture precursor

The change in the onphology and diameter of th&nostructuresvith temperature
and pressurareshownin Figure16 (a)-(c). Plots showing the change in the diameter
of the NWs with the growth temperature and pressuregiaen in Figure 2.17 (a)
and (b, respectivelyDiameter change trenadth temperature and presswrere the
same with NWs synthesizaasing Ge precursor Diameter of the NWSs increase
from 35 nm to 200 nias temperaturancrease from 800 to 900L, as shownin
Figure 2.7 (a) Diameter also chanddrom 30 to 60 nm as pressure increhem

5 mbar to 500 mbams shownin Figure 2.7 (b). Micron-sized spherical particte
grew at high temperature regions (> 9Q@) and they formed over a large
temperature window at low pressuré@ptimum temperature leading to NWs
synthesis with the highest yield was found to be @®elow this temperature, NW

yield was lowdue to limited diffusion.
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Figure 2. 16. SEM images of Ge nanostructures synthesized using, @a® C
powder mixture and at different temperature and pressure conditions. (50 sccm Ar

gas flow and 2 nm Au catalystare the same for all of th&oale bars are all the

same.
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2.4.4Ge and Gel, powder mixture precursor

The change in the onphology and diameter of theancstructuresthat are grown
from Ge andGel, mixture precursor with temperature and presareshownin
Figure 2.18 (a)-(c). Plots showing the change in diameter of the Nulth the
growth temperature and pressure are given in Figures 2.19 (a) and (b), respectively.
Although the change inliameter of the NWs with temperature and pressusensar

to the results obtained frowther precursorgherewere some small differences
the structuresobtainedwith Gel,+ Gemixtureprecursor. At very low pressures (0.2
mbar) no Ge NW formatiorwas observedasshownin Figure2.18(a). Instead of
NWs, worm-like structures withvery large diameters (> 100 nnfprmed This was
because at this pressumnergy barrier fothorizontal atomic diffusion could be
exceeded easilasthe Ge vaporsaturationwas much higher than its equilibrium
value The length of these structuress shorter than usual N\Was more Ge vapor
was needed for further growtiNW formationwas observedor pressurebetween
10- 100 mbar andanoretowards thecold region (850() of the substrate. Diameter
of the NWs increaskfrom 30 to 45 nm as temperatunereasedrom 800 to 90QC,
as shownin Figure 219 (a) It also changeéfrom 30 to 70 nm ashe pressure
increasedrom 10 to 100 mbamsshownin Figure 219 (b) At anintermediate (900
(C) temperaturecurly or plate like structuse appeaad betweenthe NWs. This
structurewas only observed for The Ge+Ggmixture precursor and could be
attributedto the low melting point (146\C) of Gek. As temperature exceed a
particul ar Wy anlymerontized @adidds were observed instead of

NWs similar to the results obtained framther precursors.
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(a) 0.2 mbar 1000 °C |\

™

(b) 20 mbar

(c) 105 mbar

g

Figure 2. 18 SEM images of Ge nanostructures synthesized using &l Ge
powder mixture and at different temperature and pressure conditions. (50 sccm Ar
gas flow and 2 nm Au catalyst are the same for all of th&rdle bars are all the

same.
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2.4.5X-Ray Diffraction Results

XRD analysis wasconducted in order to determine the crystal structure, lattice
constant nature of the NWs and the presence of contaminahts XRD pattern of
assynthesized and HBr etched Ge NWs shewn in Figure 2.20There are three
main peaks for etched NWwhich correspond to Ge (111), (220) and (311) planes
(JCPDS Card no004-0545) however, there are additional peaks fine as
synthesized NWs which correspond to Ged@xagonal structurem@arked with
asterisk JCPDS36-1463. From the dataBravais lattice structurand the lattice
parameter ofthe Ge NWswas found to be diamond cubic and 5i63respectively.

These results are in good agreement with the litergb@fe

As synthesized
Ge (111) —— After HBr ething

Ge (220)

Ge (311)

Intensity (arb. units)

A A .

20 30 40 50 60
Degree (260)

Figure 2.20. XRD spectrum of Ge NWs (synthesized using Ge precursor, under 950
UC and 100 maftarHBretthmd. or e and
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XRD spectrumof the etched Ge NWs synthesized using diffengoivderprecursors
areshownin Figure2.21 Forall cases Ge NWs ardound to be indiamond cubic
crystal structureHowever for Gel,+ Ge mixture precursorXRD spectraindicates
the presence ofome amorphous phase. This coulddoe to, curly or platéke

structureswhich grows between the N\Was described previously.

Ge + Gel4
Ge

—_ Gellll) GeO+ C

w 2

= , Ge (220)

= Ge(311)

o)

e

3

Pary

)

-

Q9

=

20 30 40 50 60
20 (Degree)

Figure 2. 21. XRD spectrum of theetchedGe NWs synthesized with different

powder precursors.

2.4.6XPS Results

XPS analysiswas carried out in order to determitiee surface properties of the

NWs. As explained previous]ysurface of the asynthesized M/s hada thick
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insulatingoxide layer. Thignsulatorlayer should be removed from the \Whefore

thefabricationof photodetectas

XPS spectra io O-(19) and Ge(3d) scan of the asynthesized NWssing three
different powderprecursos are shown in Figure 2.22 (a) and (b), exsprely. Two
signak are apparent in the & scan, as shown in Figure 2.22. (Bhne smaller
signalata binding energy a29.1 eV corresporsto Ge3d binding energywhile the
largersignalat 32.8 eV representhe GeQ-(3d) binding energy. Maximunsignal
values are the samieinding energy valuegor all precursorsindicating similar
oxidation levels. The penetration depth of ¥feSbeam is 710 nm therefore, most
of the data collected from the sample consists of electrons collectedGein
surface layer instead of Ge cor&herefore oxide signak are muchhigher in
intensity compared tthe Gesignabk. O(1s) signak ata binding energy d631.7 eV
in Figure 2.2 (b) also confirmthe presence of oxygen at tHéW surface. The
intensity of thedat collected fromthe NWs grown with th&e powder precursor
seems to be higkefor both scansThis could bedue tohigher Ge NWyield

obtained within tat sample

(a)

(b) -- -SfGeO: 0-(1s)

-+ - Ge+Gel,

Counts
Counts

26 28 30 32 34 36 38 40 528 530 532 534 536
Binding Energy (eV) Binding Energy (eV)
Figure 2.22. XPS spectrdor (a) Ge and Ge£3d signak and (b) oxygetissignals

of assynthesized Ge NWSs.

XPS analysis has been alsanducted for the acid treat®&tVs. XPS spectra for the
Ge3d and G1s scans for the etched NWs using three different powder precursors

are shown in Figures 2.23 {&), respectively.Figure2.23(a) showsGe-(3d) signak
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at a binding energy 029.4 eV. The Ge@signak ata binding energy 082.8 eV
disappearedollowing the acid treatmerihdicating successfutemoval ofthe oxide

layer. Another evidenci®r the removal of the oxide layertherough O(1s) signak
asshown in the XPS spectrum providedrigure2.23 (b). Due to the removal of the
oxide layer from the surfagef the NWs,intensity of theoxygensignak getsmaller
andthe spectra becomesugher. Howeverthe signak did notdisappear completely
indicating the presence éface amount of oxygen on tiW surface. This could
simply be adsorbed oxygen frote ambient in between acid etch and analysis.
Extra shoulders have been obtained tfug etched samples as shown in the XPS
spectra given inFigure 2.23 (a) and (c). This shoulder comes from spin orbital
splitting of Ge. The mairsignal consists of two separasgnak at 29 and 30 eV,
which corresponddo Ge(3d) 5/2 and 3/2 spin orbitgl respectively. Highest
intensitysignalwasobtained at the same binding energy value for all the precursors
examined in this work, indicating the success of etching process for all three

samples.

(a) [--ee, Ge-(3d) | (b) | —C% 0-(15)

Counts
Counts

26 28 30 32 34 525 530 535 540 545
Binding Energy (eV) Binding Energy (eV)
(c) | eesase | Ge-(3d)

——Ge-3d

Counts

Binding Energy (eV)

Figure 2.23. XPS spectra for (a) GEd) and (b) O(1s) signak of etched Ge NWs.
(c) Ge(3d) 5/2 and 3/Xignalseparation of the main G8d) signal
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XPSanalysis was also used to follow the reoxidation behavior of the NWs following
etching process. For thigurpose, asynthesized, HBr etched and 2 days kept
samples were analyzeds-synthesized NWs exhibit only orsgnal at a binding
energy of 32.8 eV, corresponding to Gefxidation state, as shown in Figure 2.24
(a). It has been observed that right akéching oxide signaldisappears and G&d)
signal appears. After two daysNWs begin toget oxidized associated with
appearance of a small oxidignalin the spectraOxide amount is the highest for the
assynthesized NWsEtching completely removes ttsirface oxidebut after two
days oxide amount begins to increases shown in the XPS spectra given in Figure
2.24 (b)

(a) ---- As synthesized As synthesized

—— Etched Ge-(3d) (b) -+~ Etched 0O-(1s)

- — -After 2 days - — - After 2 days

Counts
Counts

- ’ro - ar -
S =i NE rew oA
v'v

26 28 30 32 34 36 528 530 532 534 536
Binding Energy (eV) Binding Energy (eV)

Figure 2. 24. XPS spectra fofa) Ge(3d) and (b) O(19) signak of assynthesized,

HBr etched and 2 days kept Ge NWs (synth

and 100 mbar).

XPS analysis was also conducted in order to determiinglifie contamination has
occurred for the NWs that are synthesized using Ge# Biture precursorXPS
spectra for 43d) scan is provided in Figure 2.25. As cam $een from the Figure,
spectrais very noisy and rough indicating that there is no iodine contamination on

the NW surface.
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Counts

610 615 620 625 630 635 640
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Figure 2. 25. XPS spectrum for-(3d) scan of Ge NWs synthesized using Febe

mixture precursor.

2.4.7TEM Analysis

TEM analysiswas carried out in order to determitige surfaceconditions oxide
thickness, oxide removal effectivenessand growth direction of the NWSsA
representative TEM imagef the assynthesized Ge NWs &aeen provided in
Figure 2.26 (a). It is evident that NWs got shortened during TEM sample
preparation. As can be seen from flgure the diameters of the NWs amenstant
throughout the whole length of the NWs. Tapering was not observed as expected
since vapor transport method is known to provide téger and constant diameter
NWs. Inset in the samBgure provides evidence for the VLS growth mechanism
since hidner contrast gold particle stays on the tip of the Mithough allthe NWs
grew from a gold particle not all of thefound to carrya gold capwithin TEM
analysis This could simply be due to the sonication process by which fractionation

of the NWs occursr the gold particles fall dthe tip.

A TEM image of a single Ge NWith its oxidized surface can be seen in Figure
2.26 (b). A homogenous and conform®D nm thick oxide layer covering the NW
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surface is apparent. Therefore,-sgmthesized NWs canndie used for device
fabrication in particular photodetectors without etching. The diameter of the NWs
was measured to be 45 nm, consistent withatrerage measured values from SEM

images.

A HRTEM image showing the single crystal defect free nature ohsisgnthesizd
Ge NWs is provided ifrigure2.26 (c). Selected area diffraction pattern is provided
in the inset. The growth direction of the NWs was found to[HEL]. After
supersaturatigrduring the nucleation processe prefers [111] directiorinceit is
the lowest energy plane between Au and Ge. Theredtiref the NWs growwithin

that direction regardless the precursor type
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Figure 2. 26. (a) Low magnification TEM image of Ge NWs (synthesized with Ge
precursor under 950 UC and 100 mbar).
TEM image of a single Ge NW with oxidized surface (c) HRTEM image of a single
Ge NW. Left inside shows inversealt Fourier transform (IFFT) image indicating

the distance between (111) planes; right inset shows the Fast Fourier transform (FFT)
pattern indicating the reciprocal space along [011] zone axis. [111] growth direction

is indicated on the image.
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Ge NWscanget either oxidizediuring the synthesis from the residual oxygethin

the CVD or upon removal of the sample from the CVD syst®xidation states
before and after the HBr etchingeve explained in XPSharacterizatiompart. It is
also confirmed with HREM images.HRTEM images of the asynthesized and
oxide etched Ge NWs synthesized with different precursors are shdwgune2.27
(a)-(e). As-synthesized NWs werstoredat laboratoryconditions for about 20 days
prior to TEM analysisand etched NWs were examin@dmediately after HBr
etching.Figure 2.27 (a) shows a Ge NVBynthesized using Ge powdeith a thick

10 nm oxide layerAfter HBr etching oxide layerwas removed almost completely
as can be seen in Figze27 (b). The sames validfor NWs synthesized using GeO

+ C and GeJ+ Ge powdersas shown in Figure®.27 (c)-(f), respectively. However
there is an important difference. Oxide layer thicknesses are much lower for those
NWs compared to the osesynthesized using Ge ywder. This difference could
come fromthe oxidation of NWs duringhe synthesis process. Ge® C and Gej+

Ge powders seem treduce the amount aksidual oxygerwithin the chamber.
Therefore these NWs are onlgetting oxidized in laboratoryconditions Oxidation

in ambient atmospherénative oxide)is rate limited therefore, the oxide layer
thickness of the NWs thadre not exposed to oxygen during synthesis process is

thinner than the ones that are exposed to oxygen.
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Figure 2. 27. TEM images of asynthesized and HBr etched Ge NWs synthesized
from (a,b) Ge powder, (c,d) Ge@nd C powder mixture and (e,f) Gednd Ge

powder mixture.

50



CHAPTER 3

GERMANIUM NANOWIRE PHOTODETECTORS

3.1 Introduction

3.1.1History of Photodetectors

In 1839 EdmuntBecquerel,a Frenchphysicist, first observed thathen light is
incident on a materialh weak currentdrms in it. Laterhe called thigghenomenon

ast he &6 phot o Vvieehih B73¢cWiledgtibyg $niit found that nductivity

of selenium charep upon exposire to light [51]. After then several experiments
have been conducted on different materials in order to observe the photovoltaic
effect. These improvements lead to construction of first semiconducting inffi&ted
photodetectors. Military applications are the most important driving force behind the

research ofR detectors.

In the early fortiesGe was the most commonly used material in field effect devices

and photoconducting detectpes it was available ih the best crystal quality and
controllabledoping[52, 53]. First point contact transistor was fabricated using a Ge

slab in 1948 by researches from Bell Labs. Ge has @lsemsed until early sixties

in bipolar transistors. kEanwhile better propertie of Si combined with the

advantage of Si wafers in planar technology applications have outshined Ge. Then

Si has beestarted to bavidely used in solar cells and photodetec{6&. However

wide band gap of Si (1.12 eV) has limited its applicationghiatodetectorsnly in

t he wavel ength r ange, mbstphotadetettordused m.locaCo n v e
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area networks, band to band and intra chip applications require detection of light in
the range of 13 . 5 5 [52. mherefore Ge with its narrow band gap (0.6 eV)
offers higher absorption in the neanfraredrange(NIR) of 1.31 . 5 5, stanaing

out asa better candidate for optical fiber applicatiomsdium gallium arsenide
(InGaAs) isa competitomaterialfor Ge for NIR appicationsas it provides lower

dark current compared to Gwwever crystalline growth of InGaAs is a complex

process.

First Ge on Si detector was fabricated by Luryi in 1fBY. Then normal incidene
(NI) Ge photodetectors were studigde to theireasein fabrication.In 2002 Fama

et al.[55] developed a{p-n NI Ge photodetector with highest responsivity (0.7 A/W)
and in 2009 Klinger et a[56] fabricated a p-n structure NI Ge photodetector with
the highest bandwidth (49 GHz). In 2005 Liu et{a¥, 58 reported a zero bigsi-n
photodiode which have wide spectral responseln 2008 first avalancheGe
photodetector was fabricated by Kang et{3®]. Two years laterAssefa et al. [60]
reported ametatlsemiconductemetal MSM) avalancheGe photodetector with 200
nm metal to metal spacing. In the same yéarg et al[61] fabricated the first

waveguideavalanche&se photodetector.
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Figure 3. 1. History of varous IR photodetector materid53].
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During history many other materials hawso been used fothe fabrication of IR
photodetector$53]. As shownin Figure 3.1 before 1950s thermal detectors were
usedfor IR detecion. During 1950s leadsalt detectors were in uder antiair-
missile seekersThen first extrinsic Ge detectors were introduced. 10 years, later
metal silicate/silicorchottkybarrier detectors were proposed enabsinghisticated
readout schemes. During these yeamarrow bandap compound semicouactor
alloys were also undénvestigation In 1950s,indiumlead (nPb) wasfirstly used as

a member of IHV family. Soon dter, narrow band gap compoundghich belong to
-V (InAs 1xSby), IV-VI (PbyxSnTe) and VI (Hg1ixCdiTe) groups have been
used One advantage of these semiconductors Wwasantrol over their bandap
which allows detection othe desired wavelenggh Mercury cadmium telluride
(HgCdTe is the most widely sed variable bamghp IR detectgrhowever high
vapor pressure of Hgpiroduce some difficulties during fabrication. Therefoes an
alternative in 196Qslead tin telluride PbSnT¢ detectors wereinvestigated.
However its high dielectric constant and large coefficiaritthermal expansion
mismatch with Silead to abandonment othis material. At these times -Gie
heterojunctionsaluminum gallium arsenideA(GaAs) andgallium indium antimony
(GalnSh stand out as othalternatives to HgCdTdo beused in IR detectors.

3.1.2 Different Photodetector Models

A semiconductor photodetector working principle is to create an eleatienpair

upon illumination of light. If the energy of incident light is equaltogreater than

the bandap of the semiconductat excites vatnce electrons creating electroole

pairs. Excited electrons move to conduction handwvhere they carfreely move

long distances under an applied internal or external electric Gisdeting current

On the other hand, remaining holes contribute to the current by moving from one
atomic #e to anothe The motion of these electrdle pairs under light
illumination is called photocurrent. The light generated current is then collatted

the terminals of the photodetectors
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Photodetectors

Photoconductors Photovoltaics
*p-n
* p-i-n
* MSM (Metal
semiconductor metal)

Figure 3. 2. Classification of photodetector devices [62].

The semiconductor phadetectors could be dividedtmtwo main groups according

to their mechanism of electrdrole pair separatioras shownin Figure 3.2 [62].

First group is photoconductors in which, a single layea s€micondudhg material

is combined with two ohmic electrodes. An external bias is applied between the
electrodes to separate the electhate pairs and to collect the photocurrent. Second
group is fhotovoltaics, which uses arpor Schottkyjunctiors to create an internal
electric field and hence separate electnote pairs. In this groypwo or more layers

of semiconductors are used in order to creategp Schottkyjunctions and in some
cases anntrinsic layer is put between therplayers (pi-n structure).Type of
photodetectors will bberiefly explained in this section.

3.1.2.1p-n and p-i-n Photodetectors

In a pn structure there is a gype semiconductophysically linked to an n-type
semiconductor. In the juncticarea due tahe linkage of Fermi levelsa region with

no free charges forms (space charge region (SCR)@snin Figure3.3. Presence

of charged donors and acceptors creates an electric field in that regiorfoiidere
photogenerated electrdrole pairs in SCRyet separated by the help ah internal
electric field before recombination. With the doping level of p and n layers, energy
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barrier and electric field in the junction incregsehich improveshe efficiency of
electronhole pair separatignwhile width ofthe junctiondecreasesFor moderate
doping levels width of SCR is important. The photoresponse e glpotodetector
increases if the photogenerated electron hole pairs are inside the SCR. Therefore in
order to increase the spatial extend of this regionntrinsic(i) materia is placed
between the doped layecseating a g-n structure Thereby high doping of-p

layers withoutdecreasing spatial extend of S@Ruld be possible. In Ge-ipn
photodetectorshe intrinsic layer is usually Ge whife and n layers are formed-in

situ orthroughimplantation doping of Ge layers. Si single crystal layerscanalso
beused[54].

SCR

p-type
Conduction band

Es

n-type

Junétion h+ Valenceband

Figure 3. 3. Energy bandliagram of pn photodetectors

3.1.2.2Avalanche Photodetectors

An avalanchephotodetectohasa pi-n structure.Oncethe reverse bias voltage is
high enoughit closes the breakdown voltage of the photodetector. When such a bias
is applied on the photodetector, photogenerated charge -carriers in g8CR
accelerated enough to segi@ secondary charge carriers from other atoms. This is so
called theavalancheeffect. Thereforgin avalanchghotodetectorsncoming photon
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creates more than one electtoole pairleading to again value highetthan one. In
these photodetectqrp-n layers are highly doped in order to obtairhighinternal

electric field.

3.1.2.3Metal-SemiconductorMetal Photodetectors

Metalsemiconductemetal (MSM) photodetectors are composed of ®ahottky
junctions. A single layer of semiconductor is placed between two metal electrodes
and a voltage is applied to the electrodes. Thereforge electrode will beinder
reverse bias wie the other will be unddiorward biasas illustrated irFigure3.4. In
thefigureL is the distance between the electrodgsis the photogenerated current
andad is the height of th&chottkybarrier. The reverse biased metaémiconductor

end produces &Schottky barrier and created internal electric field separates
photogenerated electrdole pairs. On the other hanébrward biased metal
semiconductor end acts as a collector electrode. In MSM photodetectors

semiconductor material is in its intrinsic form, Higpure and resistive.

Metal Semiconductor | Metal
o, .
E: 77777 N
hv
N>
Ve
h+
\ E
77777
L

Figure 3.4. Energy band diagram of a MSM photodetector under bias
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3.1.2.4Nanowire Photodetectors

Photoconductivity of NW#as beenvidely studied. Because of their high surface to
volume ratig NWs have enhanced biological acldemical sensitivity. They ai@so
used in many applications such as photovoltaics, optical switches, optical

interconnects, transceivers, sensors and phteoibes £3].

Many different NWs have been used as the active material in photodetectors. Group
III-V compound NWs have excellent transport properties, theybeeasily doped,
respond @ a wide spectral range by bandgap engineering and Yene fast
responses since tlaharge carrier relaxation timese aroundpicosecondsindium
phosphi@ (nP), gallium arsenide GaA9g, aluminum gallium arsenideA{GaAs),
indium gallium arsenidelfGaAg and gallium nitride GaN) NWs are somgroup
[lI-V examples used in photodetectomilarly goup VI NWs are also widely
investigated Among them selenium(Se and tellurium (Te) are the most studied
materials. Groupl-VI NWs provide a direct bamdp and cover a wide spectrum of
light. Cadmium telluri@ (CdTe), zinc telluride (ZnTe), cadmium selenid¢CdSg,
zinc selenide4nSg and cadmium sulfideQdS NWs were investigated fronthis
group. Metaloxide NWs are also good photoconductdrige totheir wide band gap
they are useth UV photodetedbn. Zinc oxide gnO), cadmium oxidgCdO) and

vanadium (V) oxide\{20s) are some examplegthin this group.

Ge and Si are group I¢lementalsemiconductors. Si NWs have been extensively
used for visible light detectior8i NW photodetectors reveal high pbobnductive

gain and are easy to fabricatee NWs on the other handire usedn most of the
previous studiesgs individual formwith conventional metal thin film electrodg4,
22,65, 53. In these studies, single NW photodetectors show slow respatihsieigh
noise. In addition, although utilized, metal thin films for contacts are not desired for
fully flexible devices. Moreover, devices utilizing single NWs require intense
lithographicalprocesses for their fabrication limiting their commercial applications.

Instead of individual NWs, using NW networks as the active material enhances
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photodegction, decreasing response time and increasing sensji@ty7, 68, 69,

70]. Network concepin devices allows the fabrication of devices through economic
and widescale available methods such as transfer printing, stamping or spray coating
[71]. This could also shift the research focus to large area electronics that are flexible
and transparentiowever, fabricating a uniform NW network on large areas is still
missing for Ge. Drop casting method is not suitable over large areas, ginmg

uniform network that would lead to irreproducible devizs.

Transparent and flexible devices requiransparency and flexibility for both their
active semiconducting and passive metallic elements. Transparency using thin film
or bulk elemental semiconducting materials (such as Ge and Si) is not possible for
optoelectronic devices. Semiconducting NW neksoat this stage provide unique
advantages. Transparent contacts, on the other hand, necessitate the use of very thin
metallic films, inorganic oxides or NW / nanotube networks. Indium tin oxide (ITO)
is the most widely used inorganic oxide for transpiasm conducting electrodes
However, several inherent problems associated with it, limit its wide scale
utilization. A few of these problems include limited availability of indium in contrast
to large scale need for it for flat panels, vacuum deposigguirement due to
inferior properties of its solution deposited counterparts and limited chemical
stability and flexibility. Networks of on€imensional conducting nanostructures
such assingle walled carbon nanotubeSWNTS9 [72,73 and NWs[74] with
grapheng 79| offer unique advantages if only performance metric of ITO has been
met. They can be solution deposited over large areas. For instance, SWallvemd

(Ag) NW networksare successfully used as electrode materials in many studies such
asflexible organic thin filmtransistors 76|, solar cells[77], resistive touch screens
[78,79, photodetectorf80,8] and organic light emitting diod¢g5].

An important point in the fabrication of flexible devices, on the other hand, is to
make boththe active semiconducting element and the contacts flexible. Although
many groups report on flexible active semiconductors, they still uséiexoble and

crystallineandevaporated metallic thin films for conta¢&2-87].
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All NW Ge photodetectors, which consist of NWs both in the active channel and
electrodewasfabricated in this study. Network enhanced, transparent, flexible, high
efficiency, fast response and recovery time Ge photodetegtesfabricated using
SWNT andAg NWs as solution deposited and transparent electrodes. For this,
transparent Ge NW networkgere fabricated uniformly through vacuum filtration
and stamping method over similarly prepared Ag and SWNT network electrodes.
This method precisely allad thecontrol over the NW network densities enabling
the fabrication of photodetectors with desitethsmittancend dark current. Ge NW
network properties with the photoresponse characteristics of the photodetector
devices are investigated.

3.2 Experimental Details

For the fabrication of photodetectpGe NWs were synthesized by vapor transport
methodas explained irChapter2. To sum up,10 mg Ge powder was placed in a

small quartz tube and the tube was placed in the middle of a horizontal tube furnace.

2 nm Au coated Ssubstrates were placed at the cold end of the furnace. Whole
system was taken under vacuum in order to dectbasxygen content and then the
pressure was maintained at 100 mbar. The temperature of the furnace during the
reaction was kept at 950 UC, while the t
°C. At this temperature, Ge powder got vaporized and carried towhelsSi

substrate with the help of carrying argon gas. Tlteformed a eutectic alloy with

Au and grows by VLS mechanisfi *®! The duration of the reaction determined the

length of the NWs. At the end of a eheur reactiondark brown layer on the Si
substrate indicates the existence of Ge NA§shownin Figure 3.5 (a)-(b). The

|l ength and the diameter of the NWs were

respectively

Following growth, the surface of the-agnthesized Ge NWs was found to be highly
oxidized. The thickness of the oxide layer was around 10 nm. In order to remove this
insulating layer, hydrobromic acid (HBr) etching (20 wt %) was conducted for a few

minutes.
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After etching processthe growth shstrate was sonicated for a few seconds in
isopropanol to obtain a suspension of Ge NWghoto of Ge NW suspension is
shownin Figure 3.5 (c). In this step, NWs were cracked from the substrate and
dispersed in isopropanol. Excessive sonication was aveadprevent further rupture

of NWs. TheGe NW suspension was then vagutiltrated onto mixed cellulose
ester(MCE) membranesThe vacuum filtratiorsetup is showin Figure3.5(d). The

Ge NW suspensiowas poured through the glass tube. Then the pwaspturned on
andGe NWswere trapped on the fdr paper while isopropanol is filtered through it.
Following the filtration processGe NWsin the form of a network was obtained on
the filtrationmembrangas can be seen in Figuses (e). Finally, the fiter paper was
stamped ontgodalime silicateglass or polyethylene terephthalate (PET) substrates
and dissolved through consecutive acetone washaigsving the transfer of Ge
NW network onto the substrate surfaBephoto of aglass substrate with Ge NWs on

it is shownin Figure 3.5 (f). NW networks have adequate transparency so that the
METU logo behind the glass slide is clearly visible.
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Figure 3.5. Flow chart of Ge NW transfer emthe glas®r PET substrates.
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Ag NWs were synthesized usiagpolyol processln this processa 10 mL of 0.45 M
ethylene glycolEG) solution of polyvinylpyrrolidone (PVPVas prepared and 7 mg

of sodium chloridéNaCl) was added into the solution. Meanwhil€.2 M AgNO3
solution in 5 mL of EG was also prepared. Then, the PVP solution was heated to 170
(C and AgNQ solution wasadded drop wise to the PVP solution by an injéoh

pump at a rate of 5 mL/h. The solution was stirred during the whole process at a rate
of 1000 rpm by a magnetic stirrédnce the Agions are introduced in the solution

Ag NW formation startsg8]. Following the synthesis, NWs were centrifuged two
timesin acetone and one time in ethanol at 10000 rpm, in order to purify the NWs.
Right after purification, NWs were dispersed in isopropanol and spray coated onto
glass or PET substrates. The substrate t
plate. The trasparency and sheet resistance of Ag NW networks used in this study

was 85% and 15 [8]/ sq, respectively

SWNTs on the other hand were coated onto substrates by vacuum filtration method,

as describedpreviously In brief, 2 mg/ L S3MNTswérrCar |
dispersed in deionized water with the help of sodium dodecyl sulfate (SDS) through

tip sonication. After that, the suspension was vacuum filtered on MCE membranes

and transferred to glass and PET substrates. For the transfer, samples were
compressvely | oaded and ,denibrargs vete etéh€d with@® . Fi
consecutive acetone and isopropanol alcohol baths. All samples were nitric acid
(65%) treated for 3 hours to improve their conductivifl@®]. Sheet resistance and

transparency of thereparedSsWNT thin fimswere1 00 q/ sq and 85%, r

A schematic for the fabrication of the photodetectors is shown in Figure 4#).(a)

SWNT or Ag NW networks werdepositedonto substrates achematicallyshown

in Figure 3.6 (a). This was followed byformation ofa 20 Om gap si my
mechanical scratching with a scal@al illustrated in Figur8.6 (b). After that, Ge

NW networksweredeposited in between the SWNT or Ag NW network electrodes

as showrin Figure 3.6 (c) Contact padsverethenformed by silver paint on the Ag

NWs and SWNTs as shown in FiguBes (d) and finally the photodetectavas

characterized through illumination lag A.M. 1.5 solar simulatofrom top asshown
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in Figure 3.6 (). An SEM image of the channel regiori Ag-Ge photodetector
before and after Ge NWepositionis shown in Figures.6 (f) and @), respectively

The gap was free from Ag NWonfirmed by electrical measurements, as shown in
Figure 3.6 (f) prior to Ge NW network depositidn Figure 3.6 (g), thicker NWs

were Ag, while the thinner ones were Ge. Likewise, Figl6a(h) shows an SEM
image of SWNTGe photodetector. SWNTs formed a network below the Ge NWs
and again the gap was confirmed to be free from SWNTs prior to Ge NW network
deposition A phatographof fabricatedGe NW plotodetector istsownin Figure 3.7.

In asingle2.5x2.5 cmglass substratdike the one showim Figure3.7, there are 9
photodetectodevices.
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Solar Simulated Light Final structure of the
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Figure 3. 6. (a-e) Flowchart ofthe fabricationprocedure of Ge NW photodetectors.
(1) SEM i mage of Ag NW network with
scratching. SEM imageof a (g) Ag-Ge and (h) SWNIGe photodetectsifollowing
Ge NWdeposition
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Figure 3.7. Photograp of a fabricated Ge NW network photodetector.

3.3Device Characterization Methods

3.3.1Scanning Electron Microscopy

Photodetectarwere examined witfFE-SEM (Nova NanoSEM 430)rhe operation
voltagewas 10 kV for all the samples. A 5 nm gold coatings appliedthrough
sputtering beforenicroscopyas both glass and PET substratese insulating Gaps
formed by scatchingwere confirmedto be free from Ag NWsr SWNTs by SEM
investigation.

3.3.2Current-Voltage and PhotoresponséMeasurements

Current voltage (}V) measuremestwere conducted in two modes. First modas
dark V. measur ement s. Avashbapphesthrdugh ta K eitieyn2408 5
sourcemeteto the photodetector by connectingetAg pads with two probes and
corresponding current valuegere measured under darRark measurements also
illustrates the resistance of Ge NW networkben the same measuremewes
conducted under ®RIEL 92192 Full Spectrum Solar Simulator, whichd lza500
W, 10x10 cm collimated output with a calibrated light spectrum of AM 1.5G.
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Photoresponse measuremenése done under the same solar simulator by switching
the shutter in front of the light supplier while a 5 V bias was applied to the
photodetectorThe reset time measurements were done with an Agilent B 1500 A

parameter analyzemder 5 V bias.

3.3.30ptical Transmittance Measurements

Transmittancemeasurementsvere made both for Ag, SWNT and Gethin films
separately and for the photodetector desi Carry 5000 UWis-NIR spectrometer
was used for thetransmittancemeasurements. The measuremew&e made

between 30800nm wavelengths.

3.4Results

3.4.1Transparency and Resistance Variation with Ge NW Network Density

Density of the NWs could be controlleldringfiltration step by filteringthe desired
amount of NW solution, which can also control the conductivityteamsmittancef
the NW network. The asynthesized and etched NWs were sonicated in 20 ml
isopropanolsolution. Then 2, 4, 6 and 8 ml of the same solution was filtered and
stamped to obtain networks with different densitisotographs of half dhe filter

papers which contain different densities of Ge N&#vorks are shown in Figure 3.8

Figure 3. 8. Half of the filter paperswith different Ge NW network densities of i)
1.4, ii) 1.8, i) 2.0, iiii) 2.5 NWsDm?.
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SEM images of the Ge NW networks deposited from filtered solutions of 2, 4, 6 and
8 ml are shown in Figure 3.9 (&), respectively. A software program, Image J, was
used for the network density calculations from the obtained SEM images.
Corresponding NWdensities were then calculated as 1.4, 1.8, 2.0N\&/Om?,

respectively.

% LS NWs/pm?

Figure 3.9. SEM images of Ge NW networks deposited onto glass substrates with
densities (a) 1.4, (bY 1.8, (c) 2.0 and |

Figure3.10(a) and(b), revealsthe transmittancef Ge NW networksand fabricated
photodetectorsvith differentGe NWdensitieswithin thewavelengthrange of 300 to
800 nm Transmittancevas 75% (at 550 nnfpr the Ge NW networkwith a density
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of 1.

4 ? dhwis deeremses down to 40 % for a network with a density of 2.5

N Ws / 2 asshown in Figure 3.10 (83g NW and SWNT network electred have

a very high and unifornransmittance withithe investigated rangbencethey have

only slightly decreased éhtotal transmittanceof the fabricated devicess can be

seen in Figure 3.10 JbA plot showing the variation of the dark retance of the Ge

NW networks withtransmittanceis provided in Figee 3.10 (c).As expected,

transmittancedecreasg as dark resistance decreases, due to creation of alternate

current paths.
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Figure 3. 10. Transmittancef (a) Ge NW netwoks with different densities and (b)

fabricated photodetectors. [@gark resistance variation of the ®&V networks with

transmittanceneasured at 550 nm.
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3.4.2Ge NW Network Photodetector Characterization Results

CurrentVoltage (FV) and ON/OFF characteristics of Age and SWN1Ge NW
network photodetectors with varioutensities on glasand PETsubstrates were

examined.

A typical -V characteristic of Agse photodetectorsn glass substraie shown in

Figure 3.11 The response was symmetaad quaslinear, which indicates highly
resistant NWNW junctions instead obhmic NWelectrode junction dominated
conduction.
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0.5} = Light
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Figure 3. 11 A typical I-V curve for AgGe NW network photodetectors under dark
and light.

Light ON/OFFresponsef the same sammés shownin Figure3.12 Dark and light
current changed with Ge NW density in the network. As can be seen from Figure
3.12 both dark and light curremincreased as NW density changed from 1.4 to 2.5

N Ws / % Im addition as Ge NWSs get denser, charge generation capacity under
illumination was increased. Therefore, photoresponse current, which is defined as

( =17l , i ncreased fr o asthe NW 8edsiteinsreasea frabn. 4 2
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1.4 to

2 2. Bhe Mty betw@en light and dark current was 5 and it stayed

constant aboth dark and light current changes simultaneously with the NW density.

Fully reversible switching behavior was observed for all devices with Ag and SWNT

network electrodes during ON/OFF measurements, whichllustrates the

reproducibility of the devices.
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Figure 3. 12 Light ON/OFF responses of AGe NW network photodetectors on

glass substrates with different Ge NW densities.

In previous studiephotoresponse time of Ge NW devicessmdicated to be lower
than 0.2 secondq29].

photodetectors were found to be lower than 10assan be seen in FiguBel3(a),

In this study the response time of the fabricated

which is much faster thamdividual Ge NW devices and several other network
devices[9]]. Yan et al [29] first studied Ge NW network photodetectors and they

attributed this effect to the barrier dominated conductance. For individual Ge NW

photodetectors, the electron conduction mechanism occurs by desorption and
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adsorption of oxygen atoms through the surface of Mé&sNJpon exposure to air,
oxygen atoms get adsorbed on the surface of NWs by capturing electrons. Upon
illumination, charge carriers are generated and holes are accelerated thraNgh the
surface to fill the charge traps trading todesorpion of the oxygen atomsas
shown in Figure 3.13 (b)}or this mechanism to occur, oxygen and hole diffysion
both of which are very slovghouldtake placeHence, response time of a single NW
device is above 70 seconds. For Ge NW network devizesthe other hand,
conduction mechanism occurs in a different way. Barrier dominated conduction is
responsible for the fast response and recovery @agier dominated behavior was
explained in a study on ZnO NWs carried out by Zhou 493l In that study,
photoresponse behavior of a single ZnO NW with ohmic Sofbttky contacts was
examined separately. ZnO NW showed very slow resparisen it was connected
with ohmic contactswhile its response was greatly enhanced Bahottky contacts.

The conductiormechanism of ZnO NWs is the same with the one in Ge NWSs; in
other words, both of them are dominated with the oxygen adsorption and desorption
mechanism. However when there is a Schottky contact the oxygen
adsorption/desorption around tBehottky contacts enough to increase or decrease
the current. Upon illuminatignthe desorbed oxygen atoms increde carrier
density and decreagie height of theSchottky mntact, hence current increases.
When the light is turnedff, adsorbed oxygen atoms arounchattky barrier
decreasethe number ofcharge carriers and increasiee height of theSchottky
barrier, as shown in Figure 3.13 (djlence, current decreases in a shorter time than
the ohmic contact ZnO photodetectors. For Ge NW netwtikse are two baiers

for electron conductignwhich are NWNW junction barrier and NVélectrode (Ag

NW or SWNTS) junction barrier. For Ge NWs, NMXV junction barrier acts as two
Schottkybarriers placed back to back. When light is incident on the device, carrier
density increases, NWW junction barrier height decrease and electron conduction
occurs throughthe NW junctiors. This mechanism is much faster than oxygen
adsorption and desoiph thus NW network devices exhibit much faster response
and relaxation times than thendividual NW counterparts.

71



(a) 24—
2.0}
16}
1.2}

0.8+ \

0.4F

Current (uA)

~y—a—

4070 4072 4074 4076 4078 40.80

Time (sec)
(b) (c) o _
NW-NW junction barrier
Depletion Layer €<— >l<
Incident Light CB J\( Light Off

\ Light On

VB /\

oo o0o0o0o0

Figure 3. 13. (a) Enlarged view of the reset time of a Ge NW photodetector. The
reset time is found to béess than 10 millisecondgb) Schematic of charge
generationwithin the Ge NWs. (c) NVANW junction barrier height variation with

incident light.

In Figure 3.12 it is also shown that there is no cavity for both response and
relaxation time of the photodsttors which means that the current increases to its
maximum value idess than 10 millisecondght after the light is turned on. A small
signal appears in the first few seconds upon illumination and current gradually
decrease to a stable value. In aimilar study, same characteristgignal was
observed for a field effect phototransistor fabricated with Si NW networkbeas
active materia[93, 94. It was concluded that the reaction of NW surfaces with air
molecules or water vapor was responsible for;thiace no such behavior was

observed when light ON/OFF measurensewvere conducted under vacuum.

Response characteristics of SWASE and AgGe hotodetectors on glass substrates

are compared in Figu214 SWNT-Ge photodetector was found to have lower dark
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current when compared to Age photodetector even if it had higher light current.
This was due to the higher sheet resistance values of SVétWonks used in this

study compared to Ag NW networks under the same transmittance.
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Figure 3. 14. Comparison of light ON/OFF responses of-@&g and SWNIGe NW

photodetectors on glass substrates.

I-V and light ON/OFFmeasurements were also conducted for flexible devices
fabricated on PET substrates under flat and curved conditions. Typkal |
characteristics and light ON/OFF curves of SW®& photodetectors flexed to
different radius of curvatures are provided in FegiB8.15 and 3.16a), respectively

The photoresponse current was measured upon bending. A 10 % increase in both
dark and light current was found upon bending. This increase was attributed to better
mechanicalcoupling between electrodes and Ge NWs asdbeice was benfThe

dark and light currents were also measured after several bending cycles as shown in
Figure3.16 (. Repeated bending cycles resulted only in a small decrease in the
light current, whereas the dark current showed almost no chéingsame behavior
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wasalso observed for Age photodetectors. The ON/OFF measurements eGAg
and SWNTGe photodetectors are compared in Fighifer. Dark current of SWNT
Ge photodetectors was found to be lower tharGgphotodetector, while both of

them rave the same light current, as described previously.

Figure 3.15. A typical I-V curve for SWNTGe photodetectors on PET substrates.
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