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Chapter 1

Introduction

One dimensional nanostructures have attracted consldaedent attention due to their special prop-
erties, which make them important in basic scienti ¢ resbagind also in potential technological ap-
plications [1]. A good deal of current research in scienag t@chnology of nanowires (NWSs) is being

directed mainly towards the synthesis and characterizatimne dimensional nanoscale materials for

new types of electronic, optical and magnetic devices angrstanding of their physical behaviour.

1.1 Charge transfer complex

This thesis addresses an important speci ¢ sub-area inrtfebeld of NWs, namely NWs of charge-
transfer (CT) complexes. Molecular CT complexes are aaetionor-electron-acceptor complexes,
characterized by electronic transition(s) to an excitadlesin which there is a partial transfer of elec-
tronic charge from the donor to the acceptor moiety. Durimgriaction between donor and acceptor,
charge is redistributed inside the compound. In this pmdée donor is oxidized by loosing charge and
acceptor is reduced. TTF:TCNQ (Tetrathiafulvalene-Tstaaoquinodimethane), Cu:TCNQ (Copper-
Tetracyanoquinodimethane) are such examples of CT commldxgure 1.1 (upper frame) shows the
CT between single molecule of donor TTF, acceptor TCNQ aedGfi complex TTF:TCNQ after
transferring charge. Lower frame of Fig. 1.1 shows stackihTF: TCNQ molecules, which consist
of a quasi-one-dimensional, chain-like arrangement ofithe and TCNQ [2]. The eld of charge-

transfer organic conductors has been the object of rapidiywigg research activity for its unconven-
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tional physical properties, which includes a variety of ghé&ransitions including such phenomena as
Peierls transition and CDW transition. Organic moleculas show many remarkable properties, say
for example, electrical conductivity changes arising frertitation using radiation sources such as
light or even simple polymerisation of organic units. Thesserials not only show considerable inter-
ests in fundamental research for their unconventionalipalgroperties, but also for potential applica-
tions. In the context of the demand for information stordgj€.complexes show excellent potential for
application. Materials which exhibit switching with hysgsis can be used to make memory devices.
Charge-transfer complexes are such a material havingtengtavith hysteresis. These CT complexes
are known to have high electrical conductivity and in thiesis we nd that the material also has a
high optical conductivity. A speci c feature of these elextic materials is their low dimensionality,
which is due to the particular chain like molecular architee of these organic conductors. Organic
semiconductors are currently investigated as an altem&b inorganic (metal-oxide) resistive-state
switching material for non-volatile memory applicatiorikel non-volatile Random Access Memory
(RAM) [3, 4]. High electrical conductivity, low dimensioligy and switching property will make the

material suitable for high density device integration itufe technology.

1.2 Cu:TCNQ as charge-transfer complex

A charge-transfer complex (or CT complex) or electron-deamxeptor complex is an association of
two or more molecules, or different parts of one large mdkcin which a fraction of electronic
charge is transferred between the molecular entities. TCRQ, Ag:TCNQ, Cu:TCNQ are common
examples of CT complex [2, 3]. In this thesis, we have onlyufed on Cu:TCNQ. In this material
Cu acts as the metallic donor and TCNQ as the organic accdpterdonor molecule possesses a low
ionization potential, whereas the acceptor molecule haoagelectron af nity. But, as individuals,
both types of molecules (or atoms) are charge neutral. Wbanrdand acceptor interact, the charge
is redistributed in the compound. The donor species arazeddoy loosing charge and the acceptor
species are reduced. The degree of this charge transfebrievédted as Z and adopts values 0 < Z <
1; Z = 0 represents no charge transfer, while Z = 1 stands fongptete charge transfer from donor

to acceptor. Depending on the conditions, this transfarltem partially occupied atom or molecule
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Figure 1.1 (Upper frame) The charge transfer between single molecUlET& (donor),
TCNQ (acceptor) and the CT complex TTF:TCNQ after trangigrcharge. (Lower frame)
Stacking of TTF: TCNQ molecules in 3D [2].

orbitals which in uence different properties of the maggri

In organics, homonuclear molecular chains are bonded onlyah der Waals force; whereas in
CT complexes, additional Coulomb force and dipole inducadd also take part in inter-molecular
bonds. Depending on these forces CT complex can be catedanizo strong and weak complexes. In
molecules of weak CT complexes electron shells are fullypiszl and hence degree of charge transfer
Z between donor (D) and acceptor (A) is only marginal in theugd state, but can be much larger
in the excited state. In this complexes, molecules are sthelternatively (DA D*A D*A ..)
and has lower electrical conductivity. TTF:TCNQ is an ex&éngl weak CT complex [5, 6]. In
contrast, strong CT complexes display a strong ionic chearamnd this is due to a large charge transfer
Z between donor and acceptor, even in the ground state. drctmplexes, molecules are stacked
separately (D“D*#D*#A ZA 4A Z..)) and has higher electrical conductivity. More pregissirong
CT complexes can be classi ed into different ionic typeselaging on the radical ion salts used for CT
complex [7]. First one is, radical ion source, where bothzed molecules (donor and acceptor) are

radicals i.e. with unpaired electrons or open electronl sluel guration. Therefore, both molecules
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Figure 1.2 Chemical structure of the TCNQ molecule. The numbers deth@eanolecular
bond lengths in nm calculated by Long et al [10].

possess an electron spin. The second one is radical catiocesavhere only the cation is a radical. In
this case, the anion possesses a fully occupied electrdinasidetherefore no electron spin. The third
one is radical anion source, where only the anion is a radindhis case, the cation possesses a fully
occupied electron shell and therefore no electron spif. TANQ is an example for an anion radical
salt [8].

TCNQ (7,7',8,8'-Tetracyano- 1,4-quinodimethane) is agasic compound with [UPAC name
(Cyclohexa-2,5-diene-1,4-diylidene)-dimalononitrilehe base of this molecule is the chemical com-
pound 1,4-Benzoquinone with the formulgk;O,. This organic six-membered ring compound is
the oxidized derivative of 1,4-hydroquinone. In the TCNQIlecole the oxygen is substituted by four
cyano C N (or nitrile) groups at the carbon positions 7,7',8,8" withemical formula €H4N4. Struc-
ture of TCNQ is shown in Fig. 1.2. The electrons are localietihe benzene ring, which means that
the molecule has no aromatic character. The TCNQ molecuteascan acceptor and by accepting
electrons, it is transformed from the quinoide to a conjedatystem with a favorable energetic con-
guration [9]. TCNQ has monoclinic crystal structure [10The perpendicular distance between the
planes of adjacent molecules within a given stack is 3.45Wy, about 0.1Amore than that in graphite.
In TCNQ crystals, molecules are connected by weak van detsViaae which allows for an overlap-
ping of thep orbitals of neighbouring TCNQ molecules in the stack. Tlois guration is responsible
for a good conductivity along the stack direction.

To increase the conductance of TCNQ, metal-TCNQ had beethesined [9]. There are two
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Figure 1.3Schematics of (a) Phase-1 and Phase-Il of Cu:TCNQ molecolaplex. Reprint
with permission from [12].

different deposition methods described for Cu:TCNQ thimd and NWs. One is a wet chemical
process, which is based on a spontaneous electrolysisigeehf8]. A copper electrode is cleaned
in order to remove a possible oxide layer and then immedgiatglped into a saturated solution of
TCNQ in acetonitrile. On contact with the solution, a diregidation reaction between Cu and TCNQ
takes place [11, 12, 13] and the form of reaction(B’)+ ( TCN@) ! (Cu* TCNQ ). Another is
physical vapor deposition (PVD) method. In this method, TZCahd Cu is thermally co-evaporated
onto a substrate in high or ultra-high vacuum; or TCNQ isrtredly evaporated on a Cu layer. Cu layer
is need to be activated thermally in order to accelerate iffiestbn of Cu into the TCNQ layer and
trigger the above stated reaction. Depending on the syisthascess and growth parameters Cu:TCNQ
has two phases: Phase-| with tetragonal (a = 3.887 A, b = ¢ 26614, b= 9(° V = 493.5 &%) and
Phase-Il with monoclinic (a = 5.3337 A, b = 5.3312 A, ¢ = 18.8¥5b= 94.036, V = 535.38 X)
crystal structure [11]. A simple schematic view of the twéfatient structures is shown in Fig. 1.3.
The structures of both phases are based on the repeat pattefaur-coordinate Cu ion ligated to the
nitrile groups of separate TCNQ, but spatial arrangememGMQ molecule is different in two phases.
The rst difference is the relative orientation of TCNQ mtiées around the Cu atoms. In Phase-l,
neighbouring TCNQ molecules are rotated @6th respect to one another, but all are in the same plane.
In this phase, a Cu atom is coordinated with four nitrogematof neighbouring TCNQ molecules
and N-Cu-N angles are 92nd 142 respectively, as shown in Fig. 1.3(a) [11]. In contrast, Jehih

displays a different structure where an in nite number ofN@ molecules are oriented in the same
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Figure 1.4 Schematics of interpenetration network of (a) Phase-lI d&i)dPhase-Il of
Cu:TCNQ molecular complex. Copy right with permission friii].

direction, but in two perpendicular planes. In this cas&;INN angles are 103and 114.7 respectively
(Fig. 1.3(b)). The second major difference concerns the tfpinterpenetration of the networks. In
Phase-I, the two independent networks result in a columaak ®f TCNQ molecules with the closest
distance being 3.24 Aas shown in Fig. 1.4(a). This distatioesfor ap p orbital stacking. In sharp
contrast, the interpenetration in Phase-1l does not biiegtivo independent networks together. The
TCNQ rings are in fact out of alignment and po p stacking occurs as shown in Fig. 1.4(b). In this
case, the closest distance between parallel TCNQ uniteisdme network is 6.8 A.

The conductivity of CT complexes is directly dependent andtystal structure [14]. CT complexes
with an alternative stacking of donor and acceptor molecz' A D*A D*A ...) exhibit low
conductivity values. This is due to a complete charge tearfsdbm donor to the neighbouring acceptor
molecules:

D+A! D'+A (1.1)

In this case, a further charge transfer is energeticallgcisntageous because to ionize the donor

and acceptor molecules further, the molecules need to @vertigh ionization potential:
D'+A | D*+A? (1.2)

Therefore, high conductivity values are only possible incd@mplexes with separated stacks of donor
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TCNQ ™ + TCNQ'~ TCNQ + TCNQ*

Figure 1.5 lonization of CT complex with complete charge transfer (X=Reprint with
permission from [14].

and acceptor molecules {BD*4D*4A 4A 4A <....). Although, this kind of stacking is necessary,
but not suf cient condition to get high conductivities.

The degree of charge transfer Z also has a decisive in uen@®nductivity in this kind of systems.
For example, the acceptor molecule TCNQ is negatively @mhitor Z = 1. Charge transfer within a
TCNQ stack in this case would occur by the conversion of twdNTQC anions to a neutral TCNQ
molecule and a TCN& dianion as shown in Fig. 1.5. This dianion con guration iseegetically
unfavourable due to the high Coulomb potentials. Henceaegehtransfer of Z = 1 results at maximum
in conductivity values typically for semiconductors.

On other hand, CT complexes with separated stacks of dombaereptor molecules and partial
charge transfer Z display the highest conductivity valukesthis case, the charge transfer occurs as

follows:

D+D"! D'+D
(1.3)
A+A I A +A

One ionized and one neutral molecule are converted to aatearnd an ionized molecule. There-
fore, charge can be transported without the presence ofdnighgy barriers. Conversion of ionized
molecules are shown in Fig. 1.6. The distance between tlggesicceptor or donor molecules is also
important for the conductivity. Short distances allow atdebverlap of occupied and unoccupied
orbitals and increase the conductivity.

The above discussed conductivity mechanism, which is cained in the direction along the stacks

of the p electrons of the molecules, is the dominating cause for tmelectivity in a CT complex
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Figure 1.6 lonization of CT complex with partial charge transfex(Z). Reprint with per-
mission from [14].

Figure 1.7 (a) Schematic op p stacking. Stacking in (b) Phase-l and (c) Phase-Il of
Cu:TCNQ. Reprinted with permission from [15].

like Cu:TCNQ. In addition, a charge transport is also pdesiietween the single stacks. In single
crystals of Cu:TCNQ CT complex, Cuand TCNQ form discrete columnar stacks in a face-to-face
con guration with strong overlap in the system as shown in Fig. 1.7 [15]. Tlaeaxis is suitable
for p stacking and it changes along the stacking axis (1 0 0), bupeipendicular to it as shown in
Fig. 1.8. Charge transfer occurs between the central Cusaémith the N atoms of the nitrile groups of
TCNQ which generally depends on their band structure agsepted in Fig. 1.8. The band structure

of Cu:TCNQ in high impedance state is shown in Fig. 1.8(a].[#8band of Cu:TCNQ largely made
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Figure 1.8(a) Band diagram of Cu:TCNQ. Stacking in (b) Phase-I Cu:TG¥@ (c) Energy
change of band bottom. Solid line is the energya®band of Cu-TCNQ; dashed line is the
energy ofa’band of Ag-TCNQ. Reprinted with permission from [16].

up of 4s orbital of Cu ([Ar]3d%4s!), while a®°bands are mainly composed pf orbitals or lowest
unoccupied molecular orbitals (LUMO) of TCNQ. The overlaggpof neighbouringp  orbitals of
TCNQ is shown in Fig. 1.8(b). Fermi level of the compound .66 eV as shown by the dotted line in
Fig. 1.8(a) and cross tr@@%ands. During conduction, carrier migration of Cu: TCNQ mhatlepends
on the overlapping op orbitals and at the Fermi levePB/dK® being positive, it is reasonable to
consider that carriers are electrons. It has to be mentitimeids orbitals of Cu andp  orbitals of
TCNQ forms bonding about the Fermi level and anti-bondingvabthe Fermi level [16]. The gap
betweena® anda®is  0:33 eV. Molecular arrangement beings unfavorabl@®orbitals of TCNQ,
a®®ands appear to be narrow. Hence, electron have to overcigimehergy barrier during migration
and as a result conductivity become low. Application of liedag enormous change in conductivities
and charge transfer. The energyaSband is inversely proportional to bond length of Cu-N as show
in 1.8(c) and charge transfer decreases as bond lengttageseWhen applied eld across Cu:TCNQ
exceeds threshold eld, electrons in ta®band starts to jump te®band i.e. anti-bonding orbitals of
Cu-N. This transition makes the Cu-N bond weak and increasédond length, resulting decrease in
the energy oB®band. Therefore, more electron can jump fraffito abands; in other words more
electron will Il the anti-bonding orbitals of Cu-N which nka the bonds so weaker that Cu and N can
separate easily. As a resudf)band becomes conducting, with the Fermi level down to -1V.Gued

increase the conductivity of Cu:TCNQ [16]. Thus, a good cmtidity based on @° a°° band is
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possible for Phase-I CT complexes. In this thesis, mostefatbrk has been performed with Phase-I

Cu:TCNQ NW withp stacking, responsible for high electrical conductance.

1.3 Review of electrical transport in Cu:TCNQ

Basic reason of relatively higher conductance of Phasgstak structure of Cu:TCNQ compared to
that of Phase-Il has already been discussed in the previtasestion. Heintz et al. measured the
conductivity properties of Cu:TCNQ for the two crystallaghic phases [11]. They used pressed pel-
lets. These measurements revealed semiconducting pespfat both systems. Phase-| displayed a
room-temperature conductivity of2 10 * S/cm. In contrast, Phase-Il is a very low conductivity
semiconductor with a room temperature conductivity :8f 110 ° S/cm. Temperature dependent con-
ductivity is shown in Fig. 1.9. The band gaps estimated frempgerature dependence of conductivity
were 0.137 eV and 0.332 eV for Phase-| and Phase-Il respbcti®ne problem for the measurement

on pressed pellet of an anisotropic materials that they dgime proper numbered values.

10! 3
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Figure 1.9 Plots of conductivitys (S cm 1) versus temperature for bulk Cu:TCNQ Phase-I
and Phase-Il measured on pressed pellets. Reprinted wittigston from [11].

Zhou et al. [17] investigated the temperature and bias geltéependent electrical transport prop-
erties of in situ fabricated Cu:TCNQ NW. They have synthesgiZu: TCNQ NW laterally on e-beam
lithographically pre-de ned electrodes of Cr-Cu/Au on 500 Si/SiQ substrate by physical vapor
deposition method and an SEM image of the device is showngn EiLO(a). They found that at

low bias, conductance and current exhibit a power-law dégece on temperature and bias voltage,
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Table 1.1Reviews of electrical transport in Cu:TCNQ

Temperature
Reference Sample form Basic observation
range (K)
Measured electrical conductivity both for Phase-l and
Phase-Il which show semiconducting nature. Phase-
Bulk Cu:TCNQ
[11] 300-120 I higher conductivity than Phase-Il. Conductivity of
(pressed pellet)
Phase-Il and Phase-I close to electrical properties in
‘unswitched' and 'switched' state of Cu:TCNQ.
Nanowires are quasi-1D systems with large number
Nanowire
of nearly independent conducting channel in paral-
[17] array (Au-| 330-105
lel. power law dependence indicates the existence of
Cu/Cu:TCNQ/Au
Coulomb interaction in the NW.
Quadratic dependence of |-V indicates the charagter-
Nanowire array istic of space charge limited current. Temperature |de-
[18] 300-85
(Au/Cu:TCNQ/AI pendent conductance t well with Arheneous modegl,
indicating activated transport.

respectively. They explain the data by a theoretical modelearly independent parallel chains of

guantum dots created by randomly distributed defects. FFif)(b) shows the temperature dependence

of the conductance G as determined by measuring the dc |-¥actesistic and taking the slope at

zero bias for three representative devices. They have waas@onmetallic behavior (dG/d¥ 0) over

the entire temperature range measured (330 K to 105 K), Wwehconductance decreasing by three

orders of magnitude upon cooling. The data failed to t witmple activation or 3-D variable range

hopping (VRH) model and only supported by 1-D VRH model. Witinther decrease of tempera-

ture, the conductance becomes immeasurably small poskilelyo Coulomb blockade effects at very

low temperature. Fig. 1.10 (c) showed power law dependeficermluctance G as (&%), whereas

Fig. 1.10(d) log-log plot of I-V curves at different tempenges. A transition between Ohmic (V) and

power-law behavior (I VP*1) was observed as V increases. Power-law behavior has bsenvet in

various 1D systems, different inorganic NW including cocithg polymers [19, 20]. The power-law
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Figure 1.10(a) SEM micrograph of Cu:TCNQ NW device. (b) Low bias condmncie of
three Cu:TCNQ NW devices (symbols) and ts (solid lines) e tLD variable range hop-
ping model (c) Low bias conductance vs T for the same Cu:TCN@Qd¢vices, solid lines
are ts to the power law, @T2. (d) I-V data taken at different temperatures. All curves
show a change from linear responge ( 0) to power-law dependence at a temperature de-

pendent high bias voltage. Inseli% determined from the I-V data plotted against ey/Tk
Reprinted with permission from [17]

temperature dependence and 1D VRH behavior in the Cu: TCN@ Altkibuted to the transitional pa-
rameter range between VRH and weakly coupled quantum datenwhe power-law behavior in the
I-V characteristic failed to explain in the context of tharslard VRH model, the experimental results
agreed with the 1D quantum dot chain model indicating theGbulomb interactions in the Cu:TCNQ
NWs cannot be neglected. They have also pointed out thatdbiEGINQ NWs in the devices behaves
like quasi-1D systems with a large number of nearly indepahd D conducting channels in paral-
lel. Therefore, mesoscopic uctuations that would normalbscure the power-law behavior in strictly
1D wires are averaged out in the NW device. Table 1.1 givesvenview of reported temperature

dependent electrical transport measurement on Cu:TCNQ.
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Figure 1.11(a) Cross-sectional SEM micrograph of a st Au line with Cu:TCNQ NWs.

(b) logjlj-V curves of 200 200 mm? Au/Cu:TCNQ/AI memory in on state at different tem-
peratures; voltage scan: -2 to -4 V and back applied to theanersiement with R=10W/,
and (c) corresponding jij-T ? plot at -2.5 V across the memory element. Copyright with
permission from [18]

Muller et al. [18] also measured the electrical transporCoaf TCNQ NW Im in the form of
Au/Cu:TCNQ/Al crossbar array in switched state using Au@ttdm and Al as top electrode. Nanowire
Im were synthesized by PVD method. SEM micrograph of theidevs shown in Fig. 1.11(a). Inves-
tigation of the current transport in the ON state of Cu:TCN&swealized by temperature dependent
measurements. After switching the device to the ON state) fom 0 to -7 V and back (at 295 K),
voltage sweeps between -2 and -4 V were applied to the menhameat in series with a load resistor
of 10 KWat temperatures ranging from 295 K down to 85 K (with 10 K skgygsshown in Fig. 1.11.(b).

Alnjlj verses T plot (Fig. 1.11.(b)) results in a straight line from whichastivation energy E 0.08

Table 1.2Comparative study of conductivity in Cu:TCNQ

Device structure

Conductivity (S/cm)

Reference]

Pellet (Phase-I)
Pellet (Phase-II)
Single NW
Single NW

Nanowire Im

25 101
1.3 10°
1.34 10 4
1.67 10 2
2 101

[11]
[11]
[22]
[23]

[24]

eV has been calculated using the Arrhenius equation. Thendily activated conduction in the ON

state of Au/Cu:TCNQ/Al memories con rms that the material: TCNQ behaves like a semiconductor,
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which indicates that the current in the ON state is not sindply to conduction by metallic laments, or
tunnel transport, unlike what is observed for polymer-dasetal/polymer/metal cells [21]. Table 1.2
summarises the comparative study of conductivity of Cu:TQCtiNat has been reported or calculated
from the data provided by different groups. The table shdwas there are variations in the data. The
highest in single NW is around:@7 10 2 S/cm. The cause of variation can be that most of these
reported experiments have unde ned Z (extent of chargesteshand also they used 2-probe measure-

ments that may have contribution from contacts.

1.4 Review of resistive switching in Cu:TCNQ

Cu:TCNQ CT complex material is mostly known for its eledticesistive state switching property.
This material generally shows bipolar resistive stateahinitg i.e. RESET condition occur for opposite
polarity of SET condition. Details of resistive switchirgexplained in chapter 5.

Knorr et al. [25] has investigated bipolar resistive swiitgfjof Cu/Cu: TCNQ/AI Im cross-junctions
in both vacuum and different gas environments as shown inlFl@. Although switching was repro-
duced in ambient atmosphere, but it was reversibly suppdesswell-degassed samples in vacuum
and in dry N. The device switches to OFF state currents in ambient ainvelpproximately+ 2.6 V
bias was applied to the Al electrode at low voltage sweesrad-F-switching at constant bias was
accelerated in humid and oxygen-rich atmospheres. Theyestighat resistive switching occurs in a
hydrated native alumina layer at the Cu:TCNQ/AI interfauat grows in thickness during exposure to
ambient humidity: ON state switching occurred by electeounltal metallization of free Al and/or Cu

ions and OFF-switching by anodic oxidation of the Al eled&@nd previously grown metal laments.

Muller et al. [26] had also observed bipolar switching in @&ide consisting of Cu/Cu:TCNQ/AI
cross bar memory arrays. Cu:TCNQ Ims were prepared by v@baise reaction of Cu and TCNQ.
200 mm wide and 100 nm thick Al top electrode lines were then depdsin a cross bar geometry
using lithographic process. Fig. 1.13(a) and (b) shows thesesection and top view of the device

respectively. Fig. 1.13(c) shows the SEM image of the Cu:QRChkh formed on 50 mm wide Cu lines.
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Figure 1.12(a) Cross-sectional SEM micrograph of a st Au line with Cu:TCNQ NWs.
(b) logjlj-V curves of 200 200 mm? Au/Cu:TCNQ/AI memory in on state at different tem-
peratures; voltage scan: -2 to -4 V and back applied to theanersiement with R=10W/,
and (c) corresponding jij-T 1 plot at -2.5 V across the memory element. Reprinted with
permission from [25]

T — v Py
| & o~
1074 & 1 - )

W \ b
H A\ o E|
1 7, H
3 S 3
‘v. 3 1
- a4 v o
< ¥ \ J :
as ;: 4 " f 1
g Y \) :
= i g §
O 4 -.)‘ ! 1
1 5 " i

§ \
0 F I 2
13 4
f ' (b)
10§ | i
i 1 salis l saalais aalisaalanaet 1
£ - 2 2 4 8
Voitage memory (V)

Figure 1.13(a) SEM image of electrodes after Cu:TCNQ growth and dejoositf top Al
contacts in test structure for integration in the CMOS badkef-line scheme. (b) Igd j-V
curve of a Cu:TCNQ memory element. Reprinted with permis&iom [26].

Fig. 1.13(d) shows the I¢dj j-V curves of a Cu:TCNQ memory element (68n 200 nm) taken with
a load resistor of 22\W. The ON/OFF current ratio is about 10. In rst few cycles oftage sweeps
the ON/OFF current ratio was about 150, which then reduceddaver value on repeated cycling.

Nanodevice prototypes with electrical switching chamasties based on a Cu:TCNQ NW array
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Figure 1.14 (a) Schematic of the measurement circuit on the device of CNQ NWs
grown in an anodic alumina membrane (AAM). (b) I-V charaistézs of Cu:TCNQ NWSs.
Reprinted with permission from [27].

were fabricated by Shen et al. and reproducible electrnigaitbing and memory effects were observed
by Shen et al. [27]. They have used anodic alumina membrax&sl¢§) of 60 nm and 200 nm pore
diameter and 10rm thickness for synthesizing Cu:TCNQ NWs.in thick Im of Cu was coated
on one side of AAM by thermal evaporation and then the Cu sfdbedAAM was stuck to a quartz
substrate with a epoxy. Using electrodeposition a smalliarhaf Cu was deposited at the bottom of the
membrane. Then the membrane was exposed to TCNQ vapor imamgarnace for the formation of
Cu:TCNQ NWs. After that Cu was further deposited on top ofl@NQ for top electrode. Fig. 1.14(a)
schematically represents electrical circuit con guratiof the NW device on AAM template. |-V
characteristics of Cu:TCNQ NWs is shown in Fig. 1.14(b) fosifive half of the applied bias. 1.0
MW resistor in series with the sample was used to control cutheaugh the NW. Nanowire device
exhibits the same for negative polarity of the applied biasthe device performed unipolar switching
(Transition from high to low and low to high resistive state $ame polarity of the applied bias.) In
this device con guration, top and bottom electrodes wer€of Symmetric electrode con guration is
the probable reason for unipolar switching. The ON/OFForti switching reaches 10

Xaio et al. [28] have fabricated planar Cu:TCNQ NW devicen.&5iGQ/Si substrate multilayered
electrodes of Ti/Au/Cu/Au (70 nm Ti/Au, 50 nm Cu and 100 nm Auere fabricated using e-beam
lithography with varying electrode gaps. In this device gomation, the Cu electrode is sandwiched
between two Au electrodes, so that only side wall of Cu ebefetris exposed. Cu:TCNQ NW was then
synthesized on this patterned device as shown in Fig. 1.1%(® synthesized NW device was used

to measure I-V. The I-V curves exhibit reversible hysterstivitching and memory behavior. As the
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Figure 1.15(a) SEM image of the Cu:TCNQ NW bridging electrode structyi® Typical
room temperature I-V characteristics of a single Cu:TCNQ@ wrultiple NWs bridging be-
tween electrodes indicating a reversible bistable switghiehavior. The arrows show the
voltage sweep directions. Reprinted with permission fr@si.[

voltage bias is increased from 0 010 V, the current increases monotonically at low biased anti
sudden jump in current is observed at a positive threshdldge (\4) of approximately=7 V. The
Cu:TCNQ NW remains in the high-current state as the voltage is increased te 10 V and while
the voltage is lowered from 10 to 0 V. In contrast, the Cu:TCNQ NW remains in the low-cotigtate
if the bias is not allowed to exceed this threshold voltagshasvn in Fig. 1.15(b).

Zheng et al. [23] fabricated a single NW device and obserlectrical resistive state switching.
Cu:TCNQ NWs were synthesized by a method that combine phlyaitd chemical vapor deposition
techniques as shown in inset of Fig. 1.16(a). In order to oreathe |-V properties of individual
Cu:TCNQ NW, synthesized NWs were separated from the suediyaultrasonication in alcohol. The
suspension was then deposited onto a silicon chip cappédaniyer of 200-500 nm SO Pho-
tolithography was employed to form a square electrode am@gh consisted of 10 nm of Ni and 100
nm of Au, as can be seen in Fig. 1.16(a). Individual NW with djgontacts on both ends were then
located using SEM as shown in Fig. 1.16(b). The sample forsorement was 400 nm in diameter
and the spacing between the two electrodes wasrthi(Fig. 1.16(b)). When the voltage applied to
the device was increased to the threshold voltage of 34 \¢uhent rapidly increased, indicating the
sample transfer from a high-resistance to a low-resistatate. After the voltage was swept down to
0V, the sample turned back to high-resistance state. The &Bfgtance in the high-resistance state
and low-resistance state was approximately W &hd 2.83 MV, respectively. The actual ON/OFF

resistance ratio for switching reaches 4 orders as can beisdbe logarithmic plot for I-V in inset
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of Fig. 1.16(c). Threshold voltage of switching was founchtve linear dependence of NW length
as shown in Fig. 1.16(d), indicating the local eld dependeiof the phase transition. They have pro-
posed eld driven solitions transportation model to explaivitching, which is basically based on self
multiplication of the charge carriers. At low electric eddmost of these charged defects present in the
CT complex NW are not free to move, but are thought to be dpatian ned by a three-dimensional
electrostatic potential [29]. These charged defects d@herthermally excited or introduced during
the crystal growth process. When the magnitude of the @eeld is increased, these charges are
driven into motion by a eld-assisted dissociation meclksami Further dissociation of charges goes on
with increasing eld, leading to a self-multiplication otirent at suf ciently high elds and results in
switching. Lowering of electric eld make the charge carnemovable bringing the system to high
resistive state.

Except threshold voltage other important parameter ofchiig is reproducibility and endurance
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Figure 1.16 (a) Optical image of Ni/Au pads array, (b) SEM image showimg &NW in
contact with two pads. (c) I-V characteristics of indivith@u: TCNQ NW, and the arrow
demonstrated the sequence of applying the voltage. Statd llandicated the electrical
'OFF' and 'ON' states, respectively. (d) The spacing betwélge two electrodes versus the
switching threshold. Reprinted with permission from [23].

which determines how many times the device can be used te ami erase while using the material
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in memory device. Muller et al. reproduces the switchingperty successfully in Cu/Cu:TCNQ/A
cross-point cell arrays devices for many times. Fig. 1. )1véaresents the 1¢d j-V curves for an
Au/Cu:TCNQ/AI memory curves, recorded during 10000 wetase cycles with ON and OFF thresh-
old voltages in Fig. 1.17(b) [33]. Fig. 1.17(c) represehis tetention measurement of the ON (write)
and OFF state (erase) of the Ag/Ag-TCNQ/P4PMS (50 nm)/Adcaelsy another group [34]. They
have applied a voltage pulse oft V to write (ON) or erase (OFF) the states of the device, Yodid by

a read out of the states of the device by a -0.5 V read pulseeftuas a function of time is compared
in Fig. 1.17(c) in the two cases.

Along with the material property of switching, electrodeterél is also important to achieve high en-

Table 1.3Comparative study of resistive switching in CT complex mate

Switching Characteristics
Reference| Nanowire Device Structure| Maximum
Diameter (nm) Device Current
ON/OFF ratio| V1n
28] |20 Cu:TCNQ SNW | 0.25mA 10 7
[23] 400 Cu:TCNQ SNW | 12 mA 10% 34
[27] 60-200 Cu:TCNQ ANW | 4 mA 6 10° 5.5
[30] |50 Cu:TCNQ ANW | 1 nmA 20 7
[31] |80 Ag:TCNQ SNW | 0.12mA 104 75
[32] 60 AUu:TCNQ SNW | 0.27 nA 10 8.5

durance, switching speed, retention time, and ON/OFF oturegio. table 1.3 represents comparative
study of resistive switching in CT complex materials, wh8MW refers to 'single nanowire' and that

of ANW for 'array of nanowire'.

1.4.1 Resistive switching model in MSM or MIM devices

Devices based on a metal-insulaotr-metal (MIM) or metatisenductor-metal (MSM) cell are usually
called resistance switching RAM, or resistive-RAM (ReRANIhe letter 'M' in the abbreviation MIM
is not restricted to metals, but refers to any reasonablg gtextron conductor, and is often different for

the two sides. The 'insulator' or 'semiconductor' in theseustures is often an ion-conducting material.
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Figure 1.17 (a) Log | j-V curves for an Au/Cu:TCNQ/AI memory recorded during 10000
write/erase cycles. (b) Threshold voltages for ON and OFfckimg of the measurement
series as function of the cycle number. Reprinted with pssion from [33]. (c) Data re-
tention measurement of the ON (write) and OFF state (erddbecAg/Ag-TCNQ/P4PMS
(50 nm)/Ag device. Absolute values of current are plotteddmmparison. The high and
low conducting states were induced by -4 and +4 V (each of 1@thyy respectively, and
probed by using -0.5 V. The ratio between the on and OFF-statents (ON/OFF ratio) are
shown on the right axis. The inset shows the write/erasagelvariation from a number of
Ag/Ag-TCNQ/P4PMS (50 nm)/Ag devices. Reprinted with pession from [34]

There are a number of models proposed to explain switchiMjimor MSM device. Cu/Cu:TCNQ/AI
or Au/Cu:TCNQ/Au con gurations as discussed from repodetha are assumed to be MSM con gura-
tion as Cu:TCNQ behaves like a semiconductor. Differentigsgproposed different models to explain
switching in Cu:TCNQ.

Billen et. al. [35] proposed a model to explain bipolar swiig in Cu:TCNQ by redox-reaction.
Bipolar switching results observed in Cu/Cu:TCNQ/M (M= AldaYb) memory elements in a device
(200 mm 200 nm) connected with a load resistance R=M i& shown in Fig. 1.18 (a) and (b) for
different top metal electrode con guration in differentradsphere. Both devices performed switching
only in ambient atmosphere but not in inert atmosphere anwag leading to a conclusion that switch-
ing is possible only when an easily oxidized electrode iglubat is actually exposed to an oxidizing
ambient. In this case, the device shows high resistive @tHR&) to low resistive state (LRS) transition
at a threshold voltage of 7-8 Volt. The HRS originates frosuiating interfacial layer between NW
and top contact. To elucidate the LRS, they have recordethdiémage within 3 min during which -2
V square waves at a frequency of 1 Hz was applied and foundihotapots appeared at several places
on the cross-point (Fig. 1.18(c)), which was a clear indocafor inhomogeneous current distribution

attributed to electrical conduction through conductivaraiels inside the oxide/hydroxide layer at the
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Cu:TCNQ/AI interface. Then, they proposed a model for trmstance switching of Cu:TCNQ that
is compatible with all above ndings. Fig. 1.18(d) and (ehsmatically represents the mechanism.

The CU TCNQ salt acts as source of monovalent*Ceations. These ions migrate through a thin
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Figure 1.18Log j | j-V curves of Cu/Cu:TCNQ/M memory elements (20200 nm, load
resistor R=10 W measured) in N2 lled glovebox directly after M (100 nm) topritact
deposition, and after air exposure, (a) M=Al, voltage scdn 0 15! +15! 0V, and
(b) M=Yb, voltage scan ® 10! +10! O V. (c) Thermal image showing local hot
spots (yellow) for the LRS of a Cu/Cu:TCNQ/Al memory. (d) af@) Proposed switching
mechanism; Oxidations are shown in red, reductions in kanod,migration of Cu+ in green.
Reprinted with permission from [35].

porous oxide/hydroxide layer at the Cu:TCNQ/oxidizabkctiode interface through the gap between
the Cu:TCNQ and the probe needle or scanning tunneling sgope (STM) tip and are electrochemi-
cally reduced to metallic Cu when the electrode (probe meediip) is polarized suf ciently negatively,
with respect to the other electrode (Fig. 1.16(d)). The @ssacontinues with time and nally one or
more conductive laments bridge over the porous layer orgéye. They form conductive laments that
lower the resistance of the porous oxide layer, thus, bnmghe memory to the LRS. By reversing the
polarity the metallic Cu is electrochemically oxidizeddrn€u+ cations and the lament(s) dissolves,
leading to the HRS (Fig. 1.18(e)).

Recent reports suggest that the transition from PhaseRhtase-1 may be the reason of switched

low resistive ON state from high resistive OFF state as shiowig. 1.19 by Fernandez et al. [12].
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Figure 1.19 (a) DC current-voltage plot showing bistable switching inl@ nm thick
Cu:TCNQ Phase-ll Im placed between two electrodes in a sactl structure. Each new
scan was performed after a relaxation period of about a mirfo) XRD spectra of Cu:TCNQ
as a function of voltage showing the re ection planes fortbphases, Phase-l and Phase-II.
(c) Single crystal structure of Cu:TCNQ "OFF 'state Phdggeft) transitioning to a proposed
new "ON'state Phase-lll (center) at 3 V followed by a transitto Phase-| at 6 V. Reprinted
with permission from [12].

Although the authors do not show switching as shown in othevipus studies [26, 34, 35]. They
have performed dc current-voltage measurement betweed 6 &on thin Im of Cu:TCNQ which
shows conductivity comparable to Cu:TCNQ Phase-Il in thitgage range 0-1 V and Cu:TCNQ Im
goes from an 'OFF' insulating state to an 'ON' conductingtstat approximately 4.5 V for rst cycle
and at 2.5 V for rest of the cycles irrespective of the sca@ aatshown in Fig. 1.19(a). This could
be due to the fact that a small fraction of the conducting ehastill present even after the applied
voltage is switched-off. ON state conductivity in the vgkarange of 4-6 V is equal to Cu:TCNQ
Phase-I. This is due to transformation of Cu:TCNQ Phasé¢dbva bias to Cu:TCNQ Phase-I at high

bias. To gain insight on the electrical switching mechaniand more importantly, determine if a struc-



1.4 Review of resistive switching in Cu:TCNQ 23

tural transformation on Cu:TCNQ plays a role on the eleatrswitching of Cu:TCNQ Im materials
they performed iroperandoX-ray diffraction (XRD) as a function of applied potentiad ahown in
Fig. 1.19(b). At O V bias i.e. at 'OFF' state, Cu:TCNQ Im shewKRD pattern of Phase-II struc-
ture, intense peaks of which are aj 2 9:2° (002) perpendicular to the N-Cu-N coordination mode
and 2y = 16:8° (10-1). These peaks are shifted tg 2 10:3° and 27 = 18:3° with decreased inten-
sity as suf cient bias is applied across the Im. These sdfppeak corresponds to (002) and (011) of
Cu:TCNQ Phase-I. The decreased (002) intensity suggesstoation of the structure such that atoms,
and especially the heavier Cu atoms, are no longer aligngalames parallel to (001). The distortion
would result in deviation from the tetrahedral symmetryhat€Cu positions and as a result overlapping
occurs between the hybrid sp orbitals of the cyanide funetibes and thep system of the benzene
rings, and Cu:TCNQ Phase-Il transformed to Phase-I| thraugmtermediate phase called Phase-lll
as schematically illustrated in Fig. 1.19(c).

There are some different proposed models/theories trgirglain the resistive switching in MIM
or MSM devices based on electrical effects. Electronic gdanjection and/or charge displacement
is seen as one origin of the switching. Some uses chargestaajel which can explain the different
resistance states of a MIM/MSM cell by the modi cation of tekectrostatic barriers due to trapped
charges [36]. According to this model, charges are injetiedrowler Nordheim tunneling at high
electric elds and subsequently trapped at sites such atlebr metal nanoparticles in the insulator.
This model was later modi ed in order to incorporate chargapping at interface states, which is
thought to affect the adjacent Schottky barrier at varioesatfsemiconducting interfaces [37].

Another category contains all MIM/MSM systems in which thesistive switching is primarily
based on ionic transport and electrochemical redox-i@astiThis is a research eld where nanoelec-
tronics [38] intersects with nanoionics [39]. A model ofistise switching of MIM/MSM devices
based on cation migration is shown in Fig. 1.20. A solid etdgte layer is sandwiched between the
two electrodes, of which one is made of silver. During thepsetess (Fig. 1.20 (a)), a positive bias
voltage is applied to the silver electrode and causes thdatan of the electrochemically active elec-
trode metal (Ag) [40]. The resulting Ag+ ions are mobile i #olid electrolyte and drift due to the

electrical eld towards the cathode. These cations digphait the negative charged
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Table 1.4Reported models used to explain resistive switching in CINQ

Reference

Basic Model

Supporting Experiment

[30]

Conductive chanA
nel formation and
disruption by redox

reaction

Performed local |-t measurements by approaching AFM tip
NW surface and constant voltage was applied across thetép-
wise current spikes indicate successive conductive ctdane

mation during the SET process.

on

U)

[42]

Conductive chanA
nels formation and
disruption by redox

reaction

Performed impedance spectroscopy measurement for Au ar
top electrode contact and measured dielectric constanthw
match to an interface layer of naturally oxidized Al betwe
Cu:TCNQ and the Al top electrode. Presence of Al oxide at

interface indicates redox reaction at interface.

d Al
hi
en

the

[35]

Conductive chanA
nels formation and
disruption by redox

reaction

Thermal images were recorded during measurement and
hot spots appeared at several places on the cross-point of
and top contact Al electrode, which clearly indicates inben
geneous current distribution, attributing electrical daction
through conductive channels inside the oxide/hydroxideerlg
at the Cu:TCNQ/AI interface.

Performed Raman spectrs

unswitched and switched state

local

NW

1 in

[23]

Field driven soli-
tions transportatior

model

No supporting experiment has been performed.

[12]

Transformation
from Phase-ll to

Phase-I

Performed XRD at different bias.

(inert) counter electrode leads to the growth of Ag dendrifehe dendrite forms a highly conduc-

tive lament when reaching the anode. The system is thenenldlwv resistance ON state. The reset

process occurs by application of a reversed voltage. If athagbias voltage is applied to the silver

electrode, an electrochemical dissolution of the condadbridges takes place, resetting the system
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Figure 1.20 Schematics of the cation movement in a MIM/MSM device: (a&cgbdeposi-
tion during set process (b) breaking of metal laments dgniaset process. Reprinted with
permission from [40].

g

into the OFF state (Fig. 1.20(b)). Copper is also often useslectrode material, due to its comparable
electrochemical potential and mobility.

Most of the report of switching in Cu:TCNQ is based on the Camlent formation and destruction
by redox reaction in the NW electrode interface. Table 1@wshthe reported switching model in

Cu:TCNQ corresponding experiment to support the switchiaglel they provided.

1.5 Opto-electronic property of Metal: TCNQ

At 1982 Potember [41] for the rst time observed that semuhaeting organometallic Ims such as
Cu:TCNQ can switch between two stable states when exposegititcal radiation. Semiconducting
Cu:TCNQ, are grown as polycrystalline Ims directly on theetallic substrates by reacting neutral
TCNQ in acetonitrile solution with copper. For electricatasurements, a top Al or Cr metal electrode
was deposited directly on the organic Im, and contacts hegihbmade in between top metal electrode
and metallic base substrate. For the optical and electiioabexperiments, the top metal electrode
was either omitted or prepared with a thickness that pegthipiartial transmission of optical radiation.
Depending on the speci ¢ material involved, they have \éitee eld strength between 2 10° V/icm
and 2 10* V/cm using laser source, required to cause switching tiiansi They have illuminated a
number of Cu:TCNQ and Ag:TCNQ specimens with the 488 and 4B8imes from an Ar-ion laser.

The effects of illumination by laser source have been olegskboth by Raman spectra and by electrical
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Figure 1.21(a) High contrast pattern generated by optical beam expasfukg: TCNQ Im.
(b)Switching characteristic of Ag:TCNQ induced by appiica of argon laser beam showing
(i) high- and (ii) low-impedance states. Inset: Time vaoiatof current when laser beam was
periodically interrupted. The laser power was 25 mW and #emnb diameter was 100m.
Reprinted with permission from [41].
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Figure 1.22(a) VI data of Cu:TCNQ Im (i) under radiation (488 nm, 2.8 Wité) and (ii)
in dark. (b) kc with illuminated power. Reprinted with permission from [41

measurements made on the samples in conventional two-ptebgode con guration. lllumination
creates high contrast in Ag:TCNQ Im as shown in Fig. 1.21(&V measurement before and after
irradiation has been shown in Fig. 1.21(b).i.e. laser exposvith suitable power brings the system
from high to low resistive switched state.

Gu et al.[43] also measured the current in Cu:TCNQ Im in darld under illumination as shown

in Fig. 1.22(a). They carried out opto-electronic expenisen the application of Ar-ion laser at 488
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nm with an effective beam diameter of 44 mm. The laser beamfe@ased on the Cu:TCNQ Im
through glass/ITO. At the same time the Cu:TCNQ Im was bthggth a dc electric eld of 20 mV

to 3.5 V across the Cu/Cu:TCNQ/ITO structure. With illuntina, current increases over dark by 100
times (Fig. 1.22(a)). In addition they have also observeti@@@voltaic effect in the same structure.
Fig. 1.22(b) demonstrates the short circuit currgatvith illumination power (effective area of beam
0.61 cn?) and the curve was almost linear. They considered that tiosopvoltaic effect was due to
taking shape of Schottky barrier between Cu:TCNQ and IT@s€Eheports con rm the opto-electronic
behaviour in CT complex materials. However, these obsenatare relatively old and there are no
recent attempts to redo these investigations so that nwérfe: TCNQ as an opto-electronic material

can be developed. In this thesis, our attempt is to focus esetand related issues.

1.6 Motivations behind the present work

Based on the preceding review we present below the mainrésatii this thesis:

1: Most of the reports are on NW/Im grown on Cu Im. Very few reds are on prede ned
pattern. One of our aim is to control lateral growth of Cu:T@MNIW on prede ned patterns and
make single NW device with variable length and diameter. diaeneter and the numbers of NWs
bridging/connecting the two electrodes can be controllgidguthe controlled evaporation rate. The
applied eld between prede ned electrodes during NW groatso controls the diameter.

2: There are very few reports on temperature dependent eddiransport of Cu:TCNQ NW par-
ticularly at T< 100 K. In this thesis, we have investigate electrical cotidnoof Cu:TCNQ NWs over
a wide range of temperatures. We have also studied the ctolitc NWs grown in presence of eld
and compare it with zero eld grown NWSs. For the rst time, wawve investigated the existence of
charge density wave transport in Cu:TCNQ NW below a tramsitemperature.

3: Most of the available reports on resistive switching of GTINIQ were on Ims and rarely on
single NWs. The mechanism behind the switching is not alepgnty understood till now. Here,
we have observed switching in a single NW and separated ewtdhtribution of switching from the
NW and that from contacts. We have also established a viabteehand tried to develop a numerical

analysis of the model.
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4: It can be seen from the review that there are insuf cient stigations on opto-electronic property
of Cu:TCNQ. In this thesis, we have investigated or expldhedopto-electronic property of both single

and array of Cu:TCNQ NWs, in particular their performance ghotodetector.

1.7 Structure of the thesis

The thesis is framed on the following works: (1) growth amdicural characterization of NWs, (2)
device fabrication down to a single NW level using nanoliftaphy processes, (3) electrical and opto-
electrical investigations of a speci ¢ 1-D organic CT comxl The speci ¢ CT complex investigated
in this thesis is a metal-organic Cu:TCNQ. The proper chargesfer has high densities of charge
carriers in Cu:TCNQ which leads to substantial electricalductivity and optical eld-induced phase
transitions. This material is well known as described kefor its unique one dimensional electrical
property and also a large bipolar resistive state tramsitiben the applied bias crosses a threshold
voltage [8]. This resistive switching property opens upphssibility to use this material as ReRAM.
A mechanism of switching with metallic channel formationtdeglox reaction has been reported [35],
but there are no experimental evidence for it. Few repoisoartemperature dependent electrical
transport of Cu:TCNQ NWs, though the actual mechanism oisfrart is not well explored [44, 17].
Very few works have been reported previously on CT completen®d as erasable optical storage, but
the detail experimental study has not been done on it. [45].

In this thesis, our main emphasis was on the issues of tranisp@uTCNQ NW, which was not
well studied before. Apart from that our important conttiba is in nding a new effect, i.e. photo-
conductivity in NW of such materials. An important new agpafcwork in this thesis is to take the
experimental work down to single NW level. The electricahdoctivity of a single NW of Cu:TCNQ
have been investigated and demonstrated the conductiomamism in a semi-quantitative way. It has
also been investigated that instead of NW arrays, whethergéesNW of this CT complex can show
stable and reproducible resistive switching like NW arraie have also looked into whether the con-
tact electrodes plays any role in the resistive switchingaffend these queries, precise electrical and
opto-electronic measurement on both single and bunches:3IGINQ NWs (average diameter ranging

from 10 nm to 100 nm) which were grown by vapor phase synthiesie been carried out. Directed
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self-assembly of Cu:TCNQ NWs, which is an objective of thesth, can provide controlled and unidi-
rectional fabrication of a nanometer-sized building blo¢khese materials. We have observed for the
rst photoelectrical response in the NWs of this materialr@vestigations show that Cu:TCNQ CT
complex material, not only have well known resistive switichbehavior but also shows opt-electronic
response, and the responsivity is comparable to that ofitieest photo-responsive material till date.
Effects of contact resistance on electrical resistiveessatitching and photoresponse on a single NW
have also been observed.

This thesis is divided into main chapters along with sumneg two appendix chapters listed
below:

This thesis starts with necessary literature of the easlgk in the eld of CT complexes followed
by our motivation in undertaking the present work.

The 29 chapter gives a description of synthesis of Cu:TCNQ NW arataitterization along with
experimental set-up developed for synthesis.

The 39 chapter describes nanodevice fabrication procedure t@ siaigle NW device and experi-
mental techniques for electrical and opto-electronic mesaments.

The 4" chapter reports the temperature and bias dependent e ttansport properties of array as
well as single NW of Cu:TCNQ, grown without and with the apption of external bias. Nanowires
show a linear part of the conductance and a non-linear pgdrigea threshold bias. Below 100 K,
the non-linear conductance follow modi ed Zener tunngllimodel in both types of NWs raising the
possibility of charge density wave (CDW) type charge tramsjn the Cu:TCNQ NWs. Modi ed
conductivity in eld assisted NW over zero eld grown NW haedso been discussed.

The 8" chapter reports a new type of unipolar resistive state (R@glsing in a single NW of
Cu:TCNQ which generally shows bipolar RS switching withfetiént electrodes con guration. This
chapter also describes the effect of electrodes on swigdnial possible mechanism of switching sup-
ported by phenomenological model and numerical calcuiatio

The 6" chapter describe the opto-electronic transport measurteore Cu:TCNQ NW, both in
array and single, having diameter down to 30 nm with the exgilan of possible reasons of current
enhancement under illumination.

Last chapter is the summery and conclusions of this thetsteskcribes main achievements of the
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thesis and future challenges.
This thesis ends up with appendix containing two parts dgagrnew nding in Cu:TCNQ under
progress, such as enhancement of Cu:TCNQ conductance flyitgzaxide induced charge transfer,

oating gate (FG) and electric double layer (EDL) FET in aginNW of Cu:TCNQ.



Chapter 2

Synthesis and Characterization

In this chapter, we have described the procedures for sgittlud Cu: TCNQ nanowires (NWs) and their
characterizations. Cu:TCNQ NWs are synthesized by twerdiff methods: Physical Vapor Deposi-
tion (PVD) and Wet Chemical method. We have also studiedehieassisted growth of NW between
two metal electrodes using PVD. As synthesized NWs are ateaized by X-ray Diffraction (XRD),
Scanning Electron Microscope (SEM), Transmission Eleciviicroscope (TEM) for structural and
Fourier Transform Infrared Spectroscopy (FTIR) and Rampac®&oscopy for compositional charac-

terizations. We have also described the techniques in fmilefved by experimental outcomes.

2.1 Introduction

One-dimensional (1-D) nanostructures, such as wiresstubelts, and rods have been extensively
studied for the past two decades due to their interestinguaiglie electronic, optical, thermal, me-
chanical and magnetic properties. In the early stage ofrésisarch eld, novel synthetic routes and
fundamental characterization were heavily emphasizec afility to fabricate high-quality single-
crystalline materials with control of diameter, lengthpgaosition, and phase enabled breakthroughs
in their incorporation into useful devices. Early applioas emphasized electronic and optical de-
vices, which provided further insight and stimulus to gatteaper understanding of the basic material
properties of these structures. There are various routegithesize NW like physical vapour deposi-

tion (PVD), chemical vapour deposition (CVD), laser aldatithermal annealing, vapour-liquid-solid

31
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(VLS), chemical deposition etc. In the PVD method the soiscevaporated and condensed directly
onto the substrate where no catalyst is required [47]. IMQW® method, the precursor gas is deliv-
ered to the surface of the substrate, where the synthesigssoander catalytic conditions [48]. Laser
ablation method involves a target that is rst thermally gged and placed in the chamber on target
plate [49]. The target is ablated under low pressure usirgger lbeam which condenses on the sub-
strate catalyst. In the thermal annealing method the souaterial is vaporized and transported by a
carrier gas to the substrate surface with a catalyst def}it The vapor condenses onto the molten
catalyst and source alloy. After saturated equilibriumditon is achieved, NW grows to maintain the
equilibrium in the liquid phase. In chemical method, a Imated substrate is dipped into solution of

deposition material of interest, which reacts chemicaidlyhie solution to form nanostructure.

2.2 Synthesis of Cu:TCNQ Nanowires:

We have synthesized Cu:TCNQ NWs using two different methB&$ and chemical method although
most of the thesis work particularly those on single NW haserbperformed with NWs grown by PVD

method.

2.2.1 Nanowire growth by Physical Vapor Deposition (PVD) Mé&od:

We have used the TCNQ (7,7,8,8-tetracyanoquinodimethpoe)der (purity 98 %) from Aldrich
Chemical Co. and and the Copper pellets (purity 99.999 %0 f@urt J. Lesker Material Group Com-
pany to grow Cu:TCNQ NWs. In PVD process, rstly Cu thin Im waleposited on Si/SK)Si/SkN4

or glass substrate and then TCNQ was evaporated on depGsitéth maintained at 13(°C. TCNQ

in contact with Cu reacts with it and forms Cu:TCNQ. Mechanier the growth of Cu:TCNQ NWs
can be described as follows. Initially TCNQ molecules argoalded by the Cu Im with which it in-
teracts forming Cu:TCNQ. Next, the incoming ux are adsatlmn these Cu:TCNQ surfaces and the
electrons are transferred from the base Cu Im to the adsb@NQ through the Cu:TCNQ due to
redox potential difference between Cu and TCNQ [51]. The TOblthus oxidised to TCNQion.
On the other hand, since the chemical potential of Cu is rdiffeat the two ends of the Cu:TCNQ

crystal with the chemical potential at the bottom end sigantly higher than the chemical potential
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Figure 2.1 (a) SEM image of PVD grown NWs. Variation of (b) lengthy( P t) and (c)
diameter of NWs as a function of growth time for a constanpevation rate.

at the top, Cti ions migrate to the top surfaces through the Cu:TCNQ crystaimed. In NW form,
the chemical potential difference is maximum between twgosfiely ionised molecules and this may
be the reason of NW formation of Cu:TCNQ during growth. Irsthrocess, a fractional amount of
electronic charge is transferred between the acceptor amordHere, Cu acts as donor and TCNQ as
acceptor. The formation of the NW thus involves diffusionCaf ions. We observed that the diffusion
process determines the growth rate. This also makes thgeclransfer value Z less than 1. When this
donor and acceptor interact, charge is redistributed irfadheed NW. The reaction equation can be

represented as follows:
Cu(solid)+ TCNQgag! [Cu"+ TCNQ]$ Cu:TCNQ (2.2)

SEM image of synthesized NWs are shown in Figure 2.1(a). Wage are generally 10-30 nm (see
Fig. 2.1(c)) in diameter and fewm in length. Diameter can be controlled by evaporation ratekv

is directly related to evaporation temperature and lergtiontrolled by time of evaporation. The NW
diameter becomes larger with higher temperature and higyegoration rate [52]. For higher evapo-
ration rate, highly energetic large amount of TCNQ molesuksmch to Cu Im and react with Cu to
form Cu:TCNQ simultaneously on many regions of the Cu Im. myaeaction regions of Cu:TCNQ
molecules fused together and grew into large-diameter CNQ@ NW. On the contrary, at lower tem-
perature i.e. at lower evaporation rate, only few TCNQ mdegin vapor had enough reaction energies
to form Cu:TCNQ NWs. At the low reaction temperature, theatty formed Cu:TCNQ NWs prohibit

TCNQ molecules to approach the Cu Im and with time, reactiakes place via Cuion migration
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through the already formed Cu:TCNQ NW, and hence resultsimmér NW. Growth time and evapo-
ration rate has also signi cant effect on dimensionalitytteé grown NW. Initially, length of the NWs
increases with time and then it saturates. The growth bedntyalled by diffusion of Cti ions, one
would expect a reaction ¢fu P t, wherel is the length of the grown NW arids the time of growth.
Diameter of the NWs is almost constant for a constant evéiporeate. Nanowire's length and diameter
as a function of growth time for a constant evaporation @&hown in Fig. 2.1(b) and (c) respectively.
Slower evaporation rate gives thinner NW. Fig. 2.2(a) andlow SEM images synthesized with dif-
ferent evaporation rate. All experimental condition betogstant, we can assume evaporation rate is
proportional to the chamber pressure during evaporat®hjgher pressure indicates more number of
molecules are present in the evaporation chamber i.e. haylagoration rate and consequently lower
pressure signi es slower evaporation rate. Evaporatidhdat 10 ® mbar chamber pressure gives NW
diameter of 30 100 nm, whereas NW diameter 10 30 nm was achieved for.2 10 ® mbar
chamber pressure as shown shown in Fig. 2.2(a) and (b) tesdgc
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Figure 2.2 SEM image of PVD grown NWSs at a constant pressure of (4) 56 mbar and
(b) 1:2  © mbar respectively. (The pressure refers to pressure dgriogth and not the
base pressure)

2.2.1.1 Evaporation Chamber for PVD Growth:

To deposit molecular wire of CT complexes by PVD method, weeldesigned an evaporation cham-
ber. Fig. 2.3(a) shows the schematic of the evaporation bearnviost of the samples used in this thesis
were synthesized in this chamber. The body of this chambmade up of stainless steel. It consists
of (i) a port connected to high vacuum turbo pumping systéjrariother port for gas inlet/outlet, (iii)

three crucibles used for Cu, TCNQ and Au or another evamoratiaterial, (iv) six electrodes each two
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are connected with one crucible to give power supply forihgahe crucibles, (v) three Pt100 ther-
mometer to measure the temperature of the crucibles, (v@naformer with adjustable rotor to supply
power across the electrode for evaporating the materily.a(sample holder mounted on a control-
lable rotating sample stage, (viii) a heater on top of thearholder, (ix) a temperature controller to
control the temperature of the heater, (X) a movable mechbsiutter in between crucibles and sample
holder and (xi) a door containing two view ports. On the topge, there is provision for two electrical
leads for applying bias across the sample electrodes. Tdmatwdr is pumped with a Turbomolecular
pump giving a base pressure of2 10 7 mbar. In this chamber three materials can be deposited
consequently without braking the vacuum. To do that the $asjage can be rotated such that the
sample be moved just above the required crucible. Threébotegscare connected between three sets of
electrodes and the power applied between these electradeseccontrolled independently. Initially
we deposit Cu on subtrates like glass or Si/SoDSi/SgN4. After Cu evaporation, Cu coated substrate
in the sample stage is moved to the position of the crucibigadeing TCNQ organic powder. Power
is given to the leads of corresponding crucible to evapor&BlQ powder. At the same time sample
stage is also heated and temperature of the sample stagstislieal by the temperature controller.
We generally kept the sample stage at the temperature rdrig®d 4@ C. TCNQ is evaporated and
vapor of TCNQ comes in contact with the heated Cu Im on S#Dbstrate which results in growth of

Cu:TCNQ NWs.

2.2.1.2 Field assisted growth of Cu:TCNQ NWs:

Recently there are focus on developing new techniques twatdhe growth of NWs on prefabricated
electrodes [53, 54] using dielectrophoretic (DEP) as welekectrostatic force (EF). DEP force de-
termines the motion of uncharged polarized particles inrauntiform electric eld [55]. Keeping in
mind the above concept of DEP force, we investigated theilpbgsof localizing the lateral growth
of Cu:TCNQ NWs bridging between two prefabricated eleasoly applying an electric eld during
growth. Such a eld assisted procedure has been followeorbdbr growth of NWs of charge transfer
complex like TTF-TCNQ [56, 57]. However, the mechanism old @ssisted growth is still not clear.
We have studied the role of electric elds on growth of Cu:T@NWSs, where DEP [58] force takes an

important part. We performed simulation to understand ffeeeof the EF as well as the DEP force on
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Figure 2.3 (a) Schematic of evaporation chamber. (b) Optical imagenefnhetal-organic
deposition chamber, (i) optical image of inner side of tharober focusing crucibles and
sample holder.

NWs growth. Biases of different amplitudes (0 V - 10 V) are lsmbbetween e-beam lithographically
patterned electrodes of Au/Cu (top and bottom layer resdg)t separated by few hundreds of nm to
few mm as shown by schematic in Fig. 2.4(a) and then NWs are all@avgdow between the prefab-
ricated electrodes with insitu applied eld. This procedieva us to grow NW on the substrate with a
control over the diameters and the lengths of wires. SEM awmax the NWs grown by applying bias
from 0O to 10 volts between two electrodes are shown in Figh2.4Nhen the bias is more the prob-
ability of the NWs to bridge the electrodes becomes low asd #ie diameter of the NW decreases.
Fig. 2.4(c) shows the dependence of NW diameter on growith fet a constant evaporation rate.

This controlled growth of the NWs can be explained in the famork of two co-existing forces
namely Electrostatic Force (EF) and Dielectrophoretic RIPEEorce. It has been stated before that
the growth occurs due to diffusion of Cu ions through growimige. Application of a bias/ be-
tween two electrodes separated by lenbthives an electric eld E. DEP force is the interaction
of non-uniform electric eld with the dipole moment induced an object. Thus, sawtooth like
geometry of our device is suitable for producing DEP forcehe Electric eld can be de ned as
Egr = \I—/ whereas DEP force acting on cylinder (assuming NWs aradwytial in shape) is [59],
Foep = /e oenVpRé ;“+ ZegquEz V,CNE?; where,C = le oanRef ;“+ 22

voltage and separation between two electrodess numerical coef cient on the order of unity,

g,V andl are applied
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Figure 2.4 (a) Schematic representation of eld dependent growth efXws. (b) SEM
image of e-beam lithographycally fabricated Cu/Au eledtraised to grow NW. (c) SEM
images of NWs grown in presence of bias applied between teaireldes.(d) Dependence of
NW diameter on DEP applied between two electrodes.

en and e, are, respectively, the dielectric constant of free spdezyelative dielectric constant of the
suspending medium and material (Cu:TCN),is volume of material suspended in the dielectric
medium (air) which ispr?l, r is radius and being length of the NW equal to the separation between
two electrodes connecting the NWs. Depending on the sigp tie DEP force propels an object to-
wards either the EF maxima or minima. This generally usethi®separation of cells or the orientation

and manipulation of nanoparticles [54, 60] and NWs [61].

When bias is applied between electrodes during growth, Efrécted from positive electrode
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Figure 2.5 COMSOL Multiphysics Simulation of the distribution of (a)détrostatic eld
and (b) Dielectrophoretic force between two metal ele@soseparated by air. (i) and (ii)
respectively represents magni ed image of direction angtitepro le of the corresponding.

to negative electrode with maximum amplitude at the two s of the electrodes as obtained by
COMSOL Multiphysics [62] simulation shown in Fig. 2.5(a).t the same time DEP force which is
proportional to gradient of square of absolute value of Efriscted towards each electrode originating
from middle of the electrodes gap with maximum amplitudernigapoint of electrodes (Fig. 2.5(b)).
At low bias, EF is stronger compared to DEP force which hel@ésNo align as well as bridge between
two electrodes during growth. As bias increases, DEP foooeiated over EF and this DEP force pull
back the NWs towards the electrodes from where NWs are ggowhie a result probability of bridging
NWs is decreased with increasing bias. Thus, growth andjimgdis a balance between two forces
dominating one over another with bias and control of NW digmeith number of NWs connecting
the electrodes. SEM images in Fig. 2.4(b) and experimgntddtained results of NW diameter with

different eld in Fig. 2.4(c) are supported well by the siratéd result in Fig. 2.5(a) and (b). By chang-
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ing the applied bias between two electrodes from 0 to 10 \aits calculating corresponding DEP
force at midpoint between two electrodes where DEP forcangmum, we have obtained the NW di-
ameter for different DEP force. Simulated diameter mergek with experimentally obtained results
as shown in Fig. 2.6(c). Slight deviation from experimemeults is due to estimation of DEP force
only without considering effect of EF on growth. Now, queastiarises why diameter is decreasing
with increasing bias. Let's explain rst the normal growthopess. The growth model of Cu:TCNQ
from vapor phase has not been worked out in details. In thervalpase growth, the length grows in
time following a time dependence that originates from diffun of ionic species| (u P t), while the
diameter does not change after initial growth period. Thasngter constrained growth is very similar
to growth in solution where Anodized Alumina Oxide (AAO) tplates have been used to limit lat-
eral growth. [51] In both the growth processes, two phenaag involved after the initial nucleation
phase. (See the schematic in Fig. 2.6). There is diffusioBuf: from the Cu electrode though the
growing wire (after initial nucleation phase) to the openvgth face. There is also diffusion of elec-
trons from the Cu electrode (due to redox potential) to tleegmwing surface, leading to oxidation
of the arriving TCNQ molecules to TCNQ, which then reacts with the diffusing Ctito make the
Cu:TCNQ. The ef ciency of the process (ionic diffusion, aslixas electron transport from Cu side to
growth face) would determine the extent of the charge tearzsf The applied eld during growth can
affect both the processes. This can also be explained vatettwo forces. As already stated that EF is
in favour of NW growth and bridging. When eld is applied, dg the growth of Cu:TCNQ NW from
positive (+ve) electrodes, Cu ions inside the NW attractechtds the negative (-ve) electrode due to
the EF, whereas DEP force pull the ions toward the electrixdes middle of the electrode gap. These
two forces acting on the NW are directed opposite to eachr oéseilts in decreasing the NW diame-
ter. At low bias EF dominates over DEP force which accelerat@/ growth and NWs easily bridge
between two electrodes. As applied bias increases, EF gesged by the DEP force which pulls the
NWs opposite to growth direction. Due to these two oppositeds simultaneously acting on the NW
creates stress along the length, favourably directed tisvgrowth electrode of NW with increasing
eld and consequently diameter decreases. The proceshésstically represented in Fig. 2.6(d). As
the NW grows from the vapor phase with arrival of TCNQ molesulthe successive molecules due to

randomization by thermal forces may not have proper aligrim&pplication of an EF during growth
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Figure 2.6 (a) Experimental (circle) and simulated (square) resultdlW diameter as a

function of EF applied between two electrodes. SchematicwoT CNQ NW growth under

externally applied eld. (b) Nucleation of the ions, (c) NWogvth and (d) accelerated nu-
cleation process under eld. Stacking of the Cu:TCNQ moleswuring growth (e) without

eld and (f) with eld. Field growth NW are having bettgp  p stacking of molecules.
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process will enhance the Cu ions migration from Cu electtodibee NW tip, thus facilitating the extent
of charge transfer and enhances. We will show later on in Chapter 4 that NWs growmiaplied

eld have higher conductivity due to the above two effects.

2.2.2 Nanowire growth by Chemical Method:

In this method, saturated solution of TCNQ in acetronitviliéh different concentration was prepared
in a beaker. Cu Im was made by thermal evaporation in highuuae. Cu:TCNQ NWs and microrods
are grown chemically by dipping the Cu Im into TCNQ solutiam acetonitrile with desired amount
of time at de nite temperature in air atmosphere as showrmsettically in Fig. 2.7. We have used
10 mM concentration of TCNQ in acetonitrile at room tempemat Size of the nanostructures can be
controlled by growth time, temperature and concentrationGNQ solution. Depending on the growth
time and temperature it may have Phase-I (tetragonal) [3[Llo6Phase-II (monoclinic) [64] crystal
structure. Nanowires and microrods grown by chemical ntettave Phase-I structure for shorter time
as shown in Fig. 2.7(b) and they grow to Phase-Il structutedfgrowth is for longer time as shown
in Fig. 2.7(c) that can be con rmed from XRD analysis as dssad later in characterization section.

Growth conditions are tabulated in Table 2.1.

Table 2.1Growth condition of chemically synthesized Cu:TCNQ NW.

Solvent | Concentration | Temperature (K) Time (Minute) | Crystal Structure
of TCNQ (mM)
Acetonitrile | 10 300 0.5 Phase-I (Tetragonal)
Acetonitrile | 10 370 5.0 Phase-1l (Monoclinic)

2.3 Characterization

The synthesized NW samples as discussed above are mainictdrazed by X-Ray diffraction (XRD),
Scanning Electron Microscope (SEM), , Transmission EtecMicroscope (TEM) for structural char-

acterization, where Fourier Transform Infrared Spectipgc(FTIR) and Raman spectroscopy were
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Figure 2.7 (a) Schematic of NW growth using chemical method. Chemjagidbwn NWs
and micro-rods with (b) Phase-1 and (c) Phase-lI.

performed for compositional characterization. The chaihicsynthesized Cu:TCNQ NWs are charac-
terized in powder form. For FTIR measurement, pellets wesdarby embedding Cu:TCNQ powder
in a matrix of IR-graded KBr and forming a pellet with pressawf 100 N. Nanowire dispersed on

Cu grid for TEM measurement. Raman spectroscopic measutdras been performed on Cu:TCNQ
NW Im grown on Si/SiO, substrate. Here, we discuss various characterizatiomitgods along with

the basic principles and results obtained from our sample.

2.3.1 Structural Characterization
2.3.1.1 X-Ray Diffraction:

X-ray diffraction is the rst step for determining the phaskany synthesized material. If the incident
X-rays have the same order of wavelength as that of the atdimiensions, then the radiations emitted
by the electrons can have a de nite phase relations with oo¢har. These radiations may, therefore,
undergo constructive or destructive interference protuechaxima or minima in certain directions.
When emitted wave differ by an integral multiple of waveldng ) for a certain angle it gives con-
structive interference scattered or emitted waves follog Bragg's relation [65] @ Sing = nl as
shown in Fig. 2.8, whera is an integerg is the angle of incidence ardjy is distance between two
consecutive parallel planes of atom.

Fig. 2.9 shows the data taken on Cu:TCNQ NW powder grown bptP\tD and chemical methods
to obtain crystal structure of NWs. The structure of the NWwgr with PVD method is tetragonal

crystal structure having unit cell wita = 3.887 A b = 11.266 A, andc = 11.266 Aandv = 493.5
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Figure 2.8 Schematic representation of Bragg's law.
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Figure 2.9 X-ray diffraction patterns of NWs grown with (a) PVD, (b) afc) chemical
methods showing Phase-I (upper and middle) and Phaseaé)arystal structure.

A3 [28] and is polycrystalline as we obtained the peak in cagmbfcrystalline sample with different
intensities [11, 12, 52]. Both for PVD and chemically growmaBe-| crystal, the X-ray pattern show
peaks at g = 10.89, 15.7%, 17.63, 22.48, 25.4¢, 28.64, 33.63 and 35.59, corresponding planes
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Table 2.2XRD data analysis of Phase-l and Phase-II crystal structu@: TCNQ.

Phase-| Phase-ll
Synthesis
(Tetragonal) (Monoclinic)
method
Unit cell 2q d hkl | Unit cell 29 (°) | d(A°) | hkl

PVD a=3.887A° | 10.89| 8.1223| 011
b=11.266A° | 15.74| 5.6235| 002
c=11.266A° | 17.63| 5.0246| 021
22.48| 3.9503| 022
25.46| 3.494 | 013 | - - - -
28.64| 3.1131| 032
33.63| 2.6617| 033
35.59| 2.5195| 024

Chemical| a=3.887A° | 11.04| 8.0047| 011 | a=5.333A% | 9.23 | 9.498 | 002
b=11.266A° | 15.7 | 5.6377| 002 | b=5.331A° | 15.7 | 5.6377| 10-1
c=11.266A° | 17.52| 5.0559| 021 | ¢ = 18.875A° | 17.57 | 5.0416| 004
22.23| 3.9942| 022 | b =94.03° 22.32 | 3.9783| 013

25.0 | 3.5575| 013 25.21 | 3.5284| 0-1-2
28.56 | 3.1216| 032 27.0 | 3.2984| 113
33.72| 2.6548| 033 28.67 | 3.1099| 115

35.6 | 2.5188| 024

of which are (011), (002), (021), (022), (013), (032), (038) (024) respectively. Crystal planes are
2

2
calculated usinq%)h% K2+ 12 = b where interplaner spacing = , | being wavelength

d?’ 2sing
of X-ray source. We have used u of wavelength 1.54056 Aat an accqelerating voltage of 45kV
and 40 mA current in X'Pert PRO system of PANalytical compa®@n the other way, chemically
grown Cu:TCNQ NW shows Phase-I (tetragonal) crystal stmecfor shorter growth time and Phase-I|
(monoclinic) crystal structure having unit cell with= 5.333 A,b=5.331 A,c=18.875 A b = 94.09,
andV = 538.38 & grown for longer time period [63] at comparatively high tesrgture (80C). For

monoclinic crystal structure the relation between int@ngelr spacing and lattice parametegsb; c and
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11 h_2+ k?sir’b . 12 2hicos
2 sib a2 b2 c2 ac
plane, perpendicular to N-Cu-N coordination mode (see Ei§(b)). Next peak in Phase-Il is located

bis . Phase-Il peak at= 9.3’ correspond to (002)
at 29 = 15.7 correspond to (10-1) plane. Other peaks areq@t217.57, 22.32, 25.2P, 27.C7,
28.67, corresponding planes of which are (004), (013), (0-1-2}3] and (015) respectively. All the
experiments performed in this thesis are with NW of Phasgdtal structure and mostly grown with
PV D method. Experimental results for Phase-I and Phase-kttsires of Cu:TCNQ are summarized

in Table 2.2.

2.3.1.2 Scanning Electron Microscope

SEM [64] is most widely used form of electron microscope.dihgrally provides valuable information
regarding the structural arrangement, size distributiddW, shapes, spatial distributions, density, NW

alignment, lling factors, etc. In SEM, stream of monochratic electrons emitting from an electron

Incident
Electron Beam

S
Backscattered Electrons Secondary Electrons E
(Contrast) (SEM) M
Auger Electrons | Char];l];tserll;;l,[tPi-Ra"
(Compositional ( i )
Information)
Specimen Current
(Electrical Information)
Elastically
Scattered Electrons T
(SAED, CBED) Inelastically Scattered E
2 Electrons
Transmitted M

Electron Beam
(EELS)

Figure 2.10Schematic representations of the interaction of incidtten beam with spec-

imen
gun are accelerated and focused by combination of differlectromagnetic lens to form a sharply de-
ned electron beam. This sharply de ned electron beam ohHiimetic energy falls on a specimen and
eject electrons from the specimen due to electron-samf#esiction which carry different information
producing from different part of specimen as shown schealfitiin Fig. 2.10. Ejected signals include
secondary electrons; back scattered electrons; chasdicterrays; specimen current and transmitted

electrons. Secondary electrons are produced due to ilcedasttering of electron beam with specimen
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Figure 2.11 SEM micrograph of (a) PVD grown Cu:TCNQ NW (b) micro- ower ohem-
ically grown Cu:TCNQ (c) Au nanoparticle attached on thefae of chemically grown
Cu:TCNQ NW (d) chemically grown Cu:TCNQ micro pillar on CuiAurface.

atom and back scattered electrons are due to elastic onlli$ihese electrons are collected by different
detectors and ampli ed by various types ampli er, which aisplayed as variations in brightness on
a computer monitor. Each pixel of computer video memory rchyonized with collected signals for
the position of the beam on the specimen in the microscope tteen resulting image is therefore a
distribution map of the intensity of the signal being endtfeom the scanned area of the specimen.
Secondary electrons and backscattered electrons are augnosed for imaging samples: secondary
electrons are important for showing morphology and topglgyeon samples and backscattered elec-
trons are for that of illustrating contrasts in compositiomultiphase samples. Backscattered electrons
are part of incident beam being scattered by the atomic nsi@éthe specimen, thus heavier the nu-
cleus greater will be the backscattered electrons. Thiggtg is used to create contrast in alloys or
complexes with different compositions. However, main gmaphical information is obtained from
secondary electrons ejected from valence shells by thdentielectrons. X-ray is produced by in-
elastic collisions of the incident electrons with elecsan discrete orbitals (shells) of atoms in the

specimen. The beam current absorbed by the specimen i@mgvecurrent can also be used to create
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images of the distribution of specimen current.

Fig. 2.1(a) show a SEM (FEI Quanta 200) image of Cu:TCNQ NV¥svgrperpendicular to the sub-
strate, and have wire diameters in the range frob®-15 nm and length 0.5 - 1.0nm. Few other
SEM micrograph is also shown in Fig. 2.11. Images are takém avi operating voltage of 2 - 10 kV

and beam spot-size of 2-3.

2.3.1.3 Transmission Electron Microscope:

Transmission Electron Microscope (TEM) is a versatilerinstent where transmitted electrons through
the sample are used to collect information about intermatgire of the material along with imaging
[65]. In TEM, high energetic electron beam is collimatechirthe source and passed through a tkin (
100nm) slice of specimen material and transmitted elestesa used to visualize with sub-nanometer
resolution and signal is detected by the detectors. Depgruh the detected signal different sample
information can be achieved as listed in Table 2.2. Re eslgdals are generally used to carry infor-
mation in SEM and that of transmitted signals are in TEM.

In TEM, a beam of electrons condensed by the condenser lsesiishrough a thin specimen, interact
with it and fractional amount of beam is diffracted or soatte The transmitted beam through the sam-
ple is focused on a back focal plane of the objective lendtiegun an electron diffraction pattern. The
diffraction pattern at the back focal plane undergoes swéiourier Transform and magni ed image is
formed. Schematic of TEM is depicted in Fig. 2.12.

Depending on the nature of samples, there are some standdihdde for the preparation of TEM
samples. For thin Im sample is prepared by cutting, mectargrinding and polishing, dimple grind-
ing and nally ion milling. For powder sample, the powder iuted in alcohol or acetone and then
after sonication dispersed on to a carbon coated Cu grid.s@hgple on Cu grid is then mounted on
TEM sample holder for imaging. Different signal source frim sample carry different information
as tabulated below:

Two important outcome from the sample under TEM are highlaéism TEM (HRTEM) and selected
area diffraction pattern (SAED) for crystal structure gse. HRTEM image can show structures at

the atomic scale, lattice fringes, and hence can be usedkaldhe arrangement of atoms in a crystal.
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Figure 2.12 Schematic diagram of Transmission Electron Microscope.
SAED pattern can be used to obtain crystal orientation ofémaple. Following is the method to index

the electron diffraction pattern.

Indexing of electron diffraction pattern:Ratio-technique:From Bragg's law, 8 Sing = | , for small

diffraction angleq, Sing g and hence, @& q = | . Again, if R be the distance of diffracted spot of
interest ('B' in Fig. 2.13(b)) from the central spot (‘A inif. 2.13(b)) and. be the distance between
screen and the sample as shown in Fig. 2.13(a) and (b) titwe2g = R (for small angle of diffrac-
tion). Thus,Rdy = LI, orR= LI/ (ﬁ). Thus, one can Writeg—; = Ei If the camera constant.( )

is known, one can easily determine the interplaner spacing.

Let's consider (hkl) value of the central spot ‘A" is known.o Thdex for the other spot we can
follow the procedure(1.) Choose one spot to be the origin and meastytg2.) Measure the spacing
of a second spd®,. (3.) measure anglé betweerR; andR;. (4.) Prepare a table giving the ratios of
the spacings of permitted diffraction planes in the knowadttire.(5.) take measured ratig/R, and
locate a value close to this in the tabi@.) Assign more widely-spaced plane (lower indices) to the
shorter R value(7.) Calculate angle between pair of planes of the type one halx&u. If measured

f agrees with one of possible value in the table, accept indexif not, revisit the table and select

another possible pair of planes.
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Table 2.3Source of signal from a sample in an electron microscope

Signal Source

Information

Secondary Electrons

Morphology and topography of the specimen SEM

Backscattered Electrons

Qualitative idea atomic number and topographical inforamat
by illustrating contrasts in composition in multiphase péasa

SEM

Auger Electrons

Surface sensitive compositional information

Characteristic X-Ray

Energy Dispersive Spectroscopy (EDS) and Electron Probe

Micro-Analysis (EMPA)

Elastically Scattered Electron

sCrystal structure from selected area electron diffraction
(SAED),Sample thickness, symmetry determination andlsmg
change in lattice parameter (0.1%) from Convergent Beam

Electron Diffraction (CBED)

|

Transmitted Electron Beam

Structural and chemical information (EELS)

Another way to index different plane is measuring the distaof diffracted spot from central. For

spot patterns, the distan&eof diffracted spot from central spot is measured from SAERgoas. This

represents reciprocal of the distance of interplaner sgahk). Match this interplaner spacirdy

with dpy value of permitted diffraction planes from XRD analysis ahis will give the (hkl) value

for that particular spot in SAED pattern. Fig. 2.14(a) sh@awvBEM image of a single NW connected

between two electrodes fabricated igl$j membrane. TEM image of s single strand of Cu:TCNQ NW

dispersed on a TEM grid is shown in Fig. 2.14(b) taken in FECNAI F20ST system. Fig. 2.14(c) is

HRTEM image of the same. Fringes in HRTEM image indicatesctigstalline nature of the material,

diffraction pattern of which is shown in Fig. 2.14(d). We kdwllowed the second procedure to index

the SAED patterns of Cu:TCNQ as shown in lower inset. HRTEM slaow structure at the atomic

scale, lattice fringes and hence

can be used to look at thei@irangement in the crystal.
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Figure 2.13Schematics of (a) camera length in presence of imagingsde(isegeometry for
electron diffraction producing SAED pattern, (c) SAED pattof a Cu:TCNQ single NW in
reciprocal lattice plane, (d) [hkI] indexing by vector atifof.

2.3.2 Compositional Characterization

Thehw vibrational spectroscopy methods namely FTIR (Fourien$tarm InfraRed) and Raman spec-
troscopy were used separately to study shift inNCstretching mode of TCNQ when it forms a charge
transfer salt with Cu. CN stretching mode is affected by the state of oxidation of TCM is a very

important characterization technique because from tHeadC N stretching mode one can estimate

Z, the measure of charge transfer.

2.3.2.1 FTIR Spectroscopy:

FTIR stands for Fourier Transform Infra-Red, and which is greferred method of infrared spec-

troscopy [66]. In infrared spectroscopy, when IR radiai®mpassed through a sample some of the in-
frared radiation is absorbed by the sample and some of isisgubithrough (transmitted). The resulting
spectrum represents the molecular absorption and trasismisThe absorption peaks corresponding

to the frequencies of vibrations of the atoms, creates aculae ngerprint of the sample such that no
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Figure 2.14 (a) TEM image of a single Cu:TCNQ NW of diameter 30 nm grown @& b
tween two electrodes of Cu/Au in $8i; membrane. (b) TEM image of a single strand of
Cu:TCNQ NW dispersed on a TEM grid. (c) High resolution TEMRFEM) image of the
corresponding NWs. (d) Selected area electron diffradt®RED) pattern of the same.

two unique molecular structures produce the same infrgredtgim. It is schematically represented in
Fig. 2.15.

Typically IR-graded KBr or NaCl are used as substrates irRSflectroscopy since they do not cre-
ate any background. For powdered samples KBr or NaCl alotiyttve sample materials are crushed
and mixed and then cast as a pellet to study the absorptiatrap&or materials which can be subli-
mated, they are deposited as thin Ims on KBr or NaCl pelletd then studied. FTIR can also be taken
by drop casting the material along with a non hygroscopieestlon to the pellet of KBr or NaCl and
the solvent is dried off before obtaining the spectra. Incage we have made pellet of Cu:TCNQ NW
powder on a KBr substrate and obtained the FTIR spectra.

Infrared spectroscopy is a useful tool for characterizi@ND materials, in particular for discerning
the oxidation state of the molecule in its charge transfiés $67, 68]. FTIR for TCNQ as well as

Cu:TCNQ were performed over the range 40@00 cm !, because the absorption radiation of most
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Figure 2.15Schematic representation of spectrum formation in FTIR&pscopy.
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Figure 2.16 FTIR spectra of TCNQ and Cu:TCNQ. QN stretching mode of neutral TCNQ
is at 2229 cm? and after formation of Cu:TCNQ it is at 2205 cth

organic compounds and inorganic ions is within this regiés. stated before we use this technique
to nd the degree of charge transfer (Z) which determinesaimunt of charge transfer between ac-
ceptor and donor kind of molecular species in the CT complatenal. The shift in the frequency in
the vibrational spectra for neutral molecule (TCNQ) to thfitonized molecule (TCNQ) is used to
determine the degree of charge-transfer. Fig. 2.16 showR’ FASCO FT/IR-6300 company) spectra
of TCNQ and Cu:TCNQ. C N stretching mode of neutral TCNQ is at 2229 cmAs the Cu:TCNQ
complex forms, due to the interaction between the electwaitisthe vibrational modes of TCNQ, the
peak of neutral TCNQ shifts to 2205 crh This shift depends on the amount of charge-transfer be-
tween Cu and TCNQ.
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Figure 2.17Frequency of C N stretching mode as function of the degree of charge-teansf
(2). Reprinted with permission from [69]. Copyright (1984nerican Chemical Society.

There is no direct way to estimate the degree of chargefeaffom the observed spectra. Chappell
et al. [69] have studied vibrational spectra of many TCNQdasharge-transfer salts, whose degree of
charge transfer was independently known and created aatidib plot between the degree of charge-
transfer Z and the observed frequency peak for the TCNQ agrshoFig. 2.17. In Fig. 2.17 is repro-
duced from [66]. From Fig. 2.16 it can be seen that theNCstretching mode shows a peak at 2205
cm 1, whereas for neutral TCNQ this mode should be observed & @22*. The estimated charge-
transfer for the grown Cu: TCNQ by using the plot given in FidL7 is Z 0:51%. Thus, Cu:TCNQ is

formed by fractional amount of charge transfer between d@uwand acceptor TCNQ.

2.3.2.2 Raman Spectroscopy:

Raman spectroscopy is a spectroscopic technique basedlastio scattering of monochromatic light,
usually from a laser source. In inelastic scattering, tlegudency of photons of monochromatic light
changes upon interaction with a sample. Photons of the laggrare absorbed by the sample and
then re-emitted. Frequency of the reemitted photons iseshifip or down in comparison with orig-
inal monochromatic frequency, which is called the Ramaeceff This shift provides information

about vibrational, rotational and other low frequency $iians in molecules. Raman spectroscopy
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Figure 2.18Micro Raman Spectra of TCNQ and Cu:TCNQ.

is an important characterization tool often used as suppott infrared spectroscopy. Raman Spec-
troscopy is used for chemical identi cation, charactetima of molecular structures, study of bonding
in molecules, and in many more applications.

A micro-Raman set-up has been used to fetch local informaifdhe samples down to an area of 1
micron spot thus having an advantage of doing a Raman maplpivgs used to con rm the formation
of Cu:TCNQ, which was deposited on to Cu substrates by vapase deposition method. No other
special sample preparation methods are required. MicrodRapectroscopy is a very useful tool for
studying centrosymmetric compounds such as TCNQ basedestransfer compounds.

As from the experimental data in Fig. 2.18, C N stretching mode of neutral TCNQ is at 1451
cm 1. After formation of Cu:TCNQ, stretching mode is shifted ®71 cm ! due to charge transfer
from Cu to TCNQ [70]. To calculate the charge transfer betwaenor Cu and acceptor TCNQ, we
have focused on CN stretching mode, one of the Raman active mode of TCNQ. Framd® spec-
troscopic measurement, we found that theNCstretching mode which is at 2222 cifor neutral
TCNQ, shifted to 2204 cm' after formation of Cu:TCNQ. Degree of charge transfer frdnift $n fre-
guency of C N stretching mode [69] is 51% (using calibration curve as shown in Fig. 2.17), which
is almost same as the Z obtained from FTIR spectroscopic ureagnt. Incomplete charge transfer
in between Cu and TCNQ obtained both from FTIR and Raman mea&unt give us a possibility of

high electrical conductivity in formed Cu:TCNQ compound.
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2.4 Conclusion

Nanowires of Cu:TCNQ were grown using PVD and chemical nekti®iructural characterizations of
the NWs were performed by XRD, SEM and TEM. For PVD growth waobonly Phase-I crystalline
structure while for chemically grown NWs both Phase-1 andgehll are obtained. FTIR and Raman
spectroscopic study indicate formation of Cu:TCNQ withamplete charge-transfer of 51%. We
also grow NWs by PVD method within prefabricated electroaied applying eld between them. The

eld assisted growth has been simulated considering battedstatic and dielectrophoretic forces.



Chapter 3

Device fabrication and measurement

technigues

In this chapter, we have discussed different nanofabocatechniques used to integrate nanode-
vices for measurements. By the word 'device' we imply NWsaexted to 2 or 4 electrodes that are

needed for electrical measurements. Fabrication of namioggrom the synthesized and characterized
nanowires (NWSs) is an important aspect of this thesis. Mb#ieprocesses followed were developed
during the thesis work and thus forms an important work dgyelent of this thesis. Devices used for
measurements are mainly fabricated by electron and ion Hgéhography process. We have also dis-
cussed the experimental techniques which have been setlwsad to measure the electrical transport
i.e. current-voltage or resistance at different temperatas well as measurement of transport under
illumination. The measurement setups were automated b Gf¢rfacing with C* programming

for data acquisition.

3.1 Introduction

In modern eld of science and technology, along with bio, mas the most popular scienti ¢ pre x.
Working at the nanoscale enables us to understand anceutikzunique physical, chemical, mechani-
cal, and optical properties of materials that naturallyunat that scale. Challenges in nano technology

include the integration of nano structures and nano méen& or with macroscopic systems that

56
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can interface with users. To understand the physical bebaun nanoscale, nanodevices have to be
interfaced with macro electronic systems which is posstreugh various nanofabrication processes.
Photo, electron and ion beam lithography are some most adeitdtion processes. Use of lithogra-
phy for device fabrication opens the eld not only for novabfication schemes, but the incorporation
of diverse material systems into the eld of nanodevice. His thesis, our goal is to investigate the
transport and opto-electronic phenomena of the Cu:TCNCaabscale, particularly at the level of a
single NW. So, various nanodevices have been fabricateatdiog to the experimental requirement.
We will also discuss an important speci ¢ sub-area i.e. edtéht methods of nano fabrication along

with experimental techniques developed and used for meammnt.

3.2 Lithography processes:

Lithography is a process by which a de ned pattern is trameteto a substrate. Common example of
lithography is a printer. Fabrication of device structunasing dimensions coming down to micron or
even nanometer size needs sophisticated lithographyitee® First of all, it is necessary to produce
patterns on a wafer corresponding to features of the nafmeercircuitry. This may be done by one of
the so-called nanolithography techniques which inclyztesto lithographyelectron beam lithography
(EBL), ion beam lithographyetc. In this chapter, we will focus mainly oglectronandion beam

lithographytechniques which were mostly used for device fabrication.

3.2.1 Electron beam lithography:

When electron beam is used to write and transfer a patteiscilled electron beam lithography or
e-beam lithography. In this case, a focused beam of elecigscanned using a pattern generator
software on a surface covered with an electron sensitivecéthedresist Exposure of electron beam
changes the solubility of resist and as a result selectiposed or unexposed area of resist can be
removed from the substrate by immersing it in a solvent dalkeveloper Electron beam is capable of

writing a pattern of line width sub-10 nm.
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Figure 3.1 Schematic representation of positive and negative resist.

3.2.1.1 Resist:

Resist is basically a polymer. Thin layer of resist is usettdosfer pattern on a substrate onto which
it is deposited. Resist sensitive to e-beam is called e-beaist. PMMA (Polymethyl methacrylate),
HSQ (Hydrogen silsesquioxane) etc. are the resist usedBtr BEepending on the solubility of resist
in the developer after exposing with e-beam it is of two typpssitiveand negative In this thesis
work PMMA has been used as an e-beam resist.

If the area of the resist exposed by electron-beam is remehet immersed in developer solution
then it is callecpositive resistExposure of e-beam changes the chemical structure ankkitteachain
of the polymer resist so that it becomes more soluble in teldper solution. PMMA is an example
of positive e-beam resist. In this thesis work, we have ugesitipe e-beam resist resist as we used
lift-off process to create metal electrodes/interconsiect

If unexposed area of the resist is removed by the developairitis callechegative resistExposure
of e-beam changes the chemical structure of the polymestrgssuch a way that e-beam makes the
bond stronger between two consecutive molecules of polysham such that the exposed regions
becomes stable and insoluble in the developer solutionyemlseunexposed area can easily dissolve
into the developer. HSQ is an example of negative e-bearst ré&dffect of e-beam exposure on positive

and negative resist is schematically represented in Flg. 3.
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3.2.1.2 Developer:

After exposing with e-beam, depending on the nature of r&sigosed or unexposed resist can be
removed with a solution called developer. Developer isedéft for different resist. For removing
PMMA, IPA:MIBK (volume ratio = 3:1) is used as a developer winéPA stands for isopropyl alcohol
and MIBK is methyl isobutyl ketone. Patterns created aftretbping the sample in developer is

schematically shown in Fig. 3.1.

3.2.1.3 EBL system:

For our work we used a Scanning Electron Microscope (SEMh witField Emission Gun (FEG)
equipped with a beam blanker that turns the e-beam ‘on' affddaring raster scan. The electron
source of the SEM is used for writing patterns as shown in Zig(a). The photograph of our SEM
converted EBL system is shown in Fig. 3.2 (b). Electron calugpically consists of an electron gun -
a source of producing electron beam, two or more lenses terme the beam, scan coils for de ecting
the beam, a blanker for turning the beam on and off, a stignfat@orrecting any astigmatism in the
beam and nest focusing of the sample, apertures to help mmgthe beam, alignment systems for
centering the beam in the column, and nally, an electroredietr for focusing and locating marks on
the sample. Let's brie y discuss the function of each eletferming the electron column.

Electron gun Electron gun materials are chosen in such a way that elecamo easily emit from the
material surface by heating or applying suf ciently stroglgctric eld so that electrons get suf cient
energy to overcome the work function or tunnel barrier ofrtiegerial. There are two types of electron
gun sourcethermionic gurand eld emission gun

In thermionic gun electrons are emitted from a heated lament and then ateld towards an
anode. In this type of gun, the lament is made from a high mgl{point material of relatively low
work function in order to emit many electrons easily. Comregample of thermionic gun material is
Tungsten, Lanthanum hexaboride etc. Source of electromsrgly used in SEM is tungsten lament
for its high melting point and low work function (4.5 eV). Tgsten emits electrons2700 K (melting
temperature 3695 K) without melting or evaporating at corageely low vacuum. But, main drawback
of this electron source is its low brightness and large gnepgead for its high operating temperature.

To overcome this problem tungsten tip is coated with thiretayf zirconium oxide which reduces the
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Figure 3.2(a) Schematic illustration of electron beam column. (bxEn beam lithography
system.

work function of tungsten and continuously re Il the matdsi evaporated from the tungsten gun. After
coating tungsten tip with zirconium oxide operating tenajere of tungsten reduces from 2700 K to
1800 K.

In eld emission guna very strong electric eld is used to extract electron frammaterial lament.

In order to get high eld strength with low applied bias, eé#nitting tips are made sharp. This is done
by etching a single crystal tungsten wire to a needle poidtvaelded to a hairpin lament in such a
way that emitting region can be less than 10 nm. This gives ehrhigher brightness than thermionic
gun, but requires very good vacuum.

Condenser lenseslwo or more lenses are used in e-beam lithography systentbt. Tts func-
tion is to control the beam spot size and beam convergenceddbser lens | create a demagni ed
image of the gun crossover and control the minimum spot ditaireed in the rest of the condensed
system. Condensed lens Il affects the convergence of tha bethe sample and control diameter of
the illuminated area of the sample.

The pattern generator hardware uSeanning coil¢o scan electron beam that falls on the sample.
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Raster scan Vector scan

Figure 3.3 Schematic representation of raster and vector scan.

A brief description of scanning is given below.

Scanning coils controls the de ection of e-beam. De ectaithe e-beam is used to scan the beam
across the surface of the sample. Scanning action is usadlymplished by energizing electromag-
netic coils arranged in sets consisting of two pairs, one @ath for de ection X and Y directions.
Scanning action is produced by altering the strength of theent in the scan coils as a function of
time, so that the beam is moved through a sequence of pasiiorthe specimen. Depending on the
sequence of scanning it is of two types: raster and vectonaeg. In raster scanning the beam is swept
across the entire surface, pixel by pixel, with the beamd®imed on and off according to the desired
pattern. In vector scanning the beam jumps from one patleanea to the next, skipping unwanted
areas.

An important hardware of the scan control as well as pattemeration is thdBeam Blanker
described brie y below.

In both vector and raster scan, the electron beam is turridzbtfieen the designed pattern areas
to be scanned. This is done by a beam blanker which de ectgléwron beam far away from the
optical axis of e-beam so that the beam will not reach theispat This is accomplished by applying
an electric eld to the plates perpendicular to the opticasaThe plates are connected to a blanking
ampli er with a fast response time. To turn the beam off, aagé is applied across the plates which
sweep the beam off axis until it is intercepted by a downstregerture. If possible, the blanking
is arranged to be conjugate so that, upto rst order, the batthe target does not move while the
blanking plates are activated. Otherwise, the beam woalttlstreaks in the resist as it was blanked.

Another important hardware of the SEM that is often used fitgon generation is thtigma-

tor. A stigmator is a special type of lens used to compensatenipeifections in the construction
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and alignment of the EBL column. These imperfections canltrés astigmatism, where the beam
focuses in different directions at different lens settjrtpe shape of a nominally round beam becomes
oblong, with the direction of the principal axis dependenttbe focus setting. Possible causes of
astigmatism are: (a) Asymmetry of the electromagnetic efdthe beam path due to manufacturing
imperfection, which deviates the lenses and the pole piere the rotational symmetry. (b) Contam-
ination in the optical column. Such astigmatism is corrédig a special astigmatism corrector called
stigmator. Stigmators may be either electrostatic or mégaad consist of four or more poles (eight
is typical) arranged around the optical axis. When the mecturrents are applied to the respective
condenser lens coils, they generate magnetic elds, whidiberadded vectorially resultant as a eld.
By applying this electrically created astigmatism velttican the direction of the intrinsic astigmatism
of the electron-optical system, the effects of the two astitisms cancel each other, thus eliminating
any astigmatism from the electron-optical system. Thevsdigr cancels out the effect of astigmatism,
forcing the beam back into its optimum shape. For producief ée ned patterns in EBL, this is an

important connection that is needed.

3.2.1.4 Nano Pattern Generating System (NPGS)

NPGS is nano pattern generating system software mainlyls#te researchers to generate nano size
pattern for electron beam lithography. The objective foi@#s to provide a powerful, versatile and
easy route to use system for doing advanced e-beam litHogi@agon beam lithography using a com-
mercial SEM, Scanning Transmission Electron MicroscopEE(8), Focused lon Beam (FIB), dual
beam i.e. microscope containing both electron and ion be&M conversion kit sold by J.C.Nabity
Lithography Systems (NPGS) both with FEI Quanta 200 and FELI®S 600 systems for e-beam
lithography was used to generate nanodevices for my rdseark. A block diagram overview of
NPGS/SEM hardware is shown in Fig. 3.4. The bold arrows (bhleur) shows the XY scan interface
between the software and the scan coils of the SEM systenglaasithe connection between the SEM
and an external picoammeter (some SEM system have builc@gammeter). Thin solid arrows show
the SEM's blanker and the blanking output from NPGS, and tileamage signal that is sent from the
SEM to the NPGS hardware. Optional connections are showndaghed lines.

We are using NPGS containing DesignCAD 2000 in FEI Quanta & DesignCAD 2008 in
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Figure 3.4 Block diagram of NPGS hardware connected to SEM system.

FEI HELIOS 600 microscopic system to design pattern to hesteared to the substrate. The NPGS
uses a 16 bit multifunction board to generate the X and Y beamctions and to program a second
board which provides the signals for blanking control. Thftvgare converts the pattern designed by
DesignCAD to an executable run le which generates the megusignals through the NPGS card for
de ecting the beam from one shape to another in the writinlgl. @A unique feature of the NPGS is
that the user has control over the exposure-spot spacingandXyY directions, allowing the critical
dimensions to be patterned more accurately. For writingti@iprauser has also control on line spacing
between two scanning line, dose, beam current with whictepatas to be exposed and also some
extent of magni cation. Patterns drawn by DesignCAD areigtesd in different drawing layer and/or
different colour. This gives an almost unlimited number xgb@sures conditions within a single layer.
The exposure condition is the amount of charge that fallshenRMMA (resist). The control of the
expose condition avoids under or over exposure of resisse@an be given as area dosec(cnt),
line dose (nNC/cm) or point dose (fC) depending on the desdigragtern. Beam current and dose is
related adD A= 1 t, whereA is dimension (area or length) of the patteb,is dose,l is beam
current and is exposure time. Beam current is controlled by the spotisizesize of the beam hitting
the sample. Thus, spot size will be small with highest pdssalocelerating voltage and lowest beam
current. Fig. 3.5 shows the plot of spot size vs beam current.

A general process ow for obtaining an EBL patterned samglshown in Fig. 3.7. According to

the user requirement, CAD design is used to draw a detailsigid@nd converted to the proper EBL
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system compatible format (e.g. DC2 le). Next, correctismmade through EBL software which takes

consideration of proximity effect and nally compile to a atdne-executive le. After loading the

sample, machine calibration is down automatically to chibekelectron gun, column alignment and

calibrate the writing eld, beam current and adjust the bdaous and astigmatism. Finally, exposure

can be applied followed by developing to obtain the desitatepns.

3.2.1.5 The steps for generating EBL and transferring it to esubstrate:

The general procedure followed in EBL process is descrileoMbwhich is also schematically shown

in Fig. 3.7:

1. Substrate cleaningThe substrates used for e-beam lithography are initiafgredd by boiling them

at 7 C for 15 minutes each in trichlorethylene, acetone and melrend followed by standard RCA

(RCA stands for Radio Corporation of America, an electrsgicmpany) cleaning, where the substrates

are boiled in 1:1:6 volume ration of N)@H:H,0O,:DI water at 70 C for 30 minutes. The substrates

are then rinsed in DI water and again boiled in 1:1:6 (voluat®n) of H,SO4:H,O,:DI water at 70

C for 30 minutes followed by rinsing in DI water. Before usirige substrates are ultrasonicated in

acetone and isopropyl alcohol and dried in ow of nitroges.ga

2. Resist coating:Both single and bi-layer resist coated sample can be usestfe@am writing. For

single layer, resist is coated on the sample with PMMA 350Kpat 3000 for 40 second and then

baked on a hotplate at 180 for 2 minutes. But, user generally prefer bi-layer resgstmg. In this

case a high molecular weight resist (950K PMMA) is spun ondba slightly more sensitive bottom

layer of low molecular weight resist (350K PMMA) i.e. sindlyer coated sample. In this PMMA
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950K is coated at rpm 6000 for 40 second and baked & &6 1 hour. Now, the sample is ready for
writing with e-beam. Main advantage of bi-layer over sinlglger is that during developing, bottom
layer being more sensitive compared to top layer it createlar-cut as shown in Fig. 3.6 (left frame),
which isolate the deposited metal from resist and lift-psscoccurs successfully. On the other hand,
single layer resist coat does not create any under-cut amckhbere is a possibility of pulling out the
deposited metal from the substrate during lift-off as shawfig. 3.6 (right frame).

3. Pattern writing: Resist coated sample is mounted on SEM sample stage. Dpaitedn are created
by NPGS software and written the pattern by e-beam on reséted substrate by control of scan and
beam blanker. Large patterns are generally divided interkago that different patterns can be writ-
ten with different beam exposures. Generally larger pagtare written with area doseC/cn?) and
higher current, whereas smaller patterns are with line do€écm) and lower current. We generally
use 300nC/cn? area dose and 2 nC/cm line dose.

4. Developing: After exposing the patterns with e-beam, the substrateeis tleveloped in an e-beam
developer (MIBK:IPA=1:3) for 10 seconds, and then cleaned in IPA and dried with nitrogenaya

Developer will remove the e-beam exposed area of resistelDping rate is faster in lower molecular
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Figure 3.7 Flow chart of EBL process.

weight resist (PMMA 350K) compared to the higher molecul&ight material (PMMA 950K) and
hence a undercut pro le is obtained as shown in Fig. 3.6 {tafhe).

5. Metal deposition and lift-off: After the patterns are developed, the active material ontétals for
contacts are deposited in a high vacuum chamber. The de@asiterial thickness has to be atleast
one-third of the bottom layer resist thickness for sucegdst-off. In high vacuum, metal is deposited
onto the developed substrate. [Multilayer Ims can be dé@pdsaccording to user requirement.] Metal
coated sample is then immersed in acetone. This removesitigning resist along with Im on top of
resist except the Imin contact of the substrate after démyswhich created pattern written in NPGS.
This process is called 'Lift-off'. The undercut pro le, cihed by bilayer lithography helps immensely
in obtaining lift-off easily and consistently. For makinigetrical contacts we use a thin layer of Cr or
Ti (about 10 nm) for adhesion of deposited metal Cu on to tige $ased substrate. This is followed

by Au evaporation of 50 100 nm.

3.2.2 Focused ion beam lithography

Focused ion beam (FIB) is a powerful tool for maskless anidttess lithography to fabricate structures

and devices in the micro and nanometer scales. In this ppeesetal is directly deposited onto a
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Figure 3.8 Schematic of (a) typical dual-beam column con guration eatical electron col-
umn with a tilted ion column, (b) Gallium ion source, (c) Riaim deposition using FEB.
Sample is tilted at 52to make the sample surface normal to ion column. (d) SEM imafie
single NW device connected with FEB (near the NW) and FIB ffflam the NW) deposited
Pt.

cleaned wafer from a precursor and it does not need any usesist.r The instrument used in this
work is having dual beam sources: one source is a eld emmsslectron gun (SEM source) and
another is a FIB (Gallium ion) source. We use the SEM for EBacpss as described earlier. The
FIB source is aligned at an angle of%&ith the SEM source as shown in Fig. 3.8(a). Combination of
these two sources offers lots of advantages in nano falamcas well as sample identi cation. SEM
column is used for sample inspection and imaging at highlugsa of speci ¢ features without the
risk of sample damage. On other hand, ion source is used tsilepetal and cutting/milling. Ga is
the most commonly used ion source for FIB instruments foloits melting points, volatility, vapor
pressure and excellent mechanical, electrical, and vaquoperties. Schematic diagram of Ga ion
source is shown in Fig. 3.8(b). This ion beams are accet&ratdlimated and focused by a series of

apertures and electrostatic lenses on to the sample. Bettrat and ion beam are used according
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to the requirement to deposit Platinum (Pt). The Pt demwsis achieved by the electron/ion beam
assisted decomposition of methylcyclopentadienyl pletitimethyl (CH)3(CH3CsH,4)Pt, which is a
metal-organic gas precursor for Pt metal. It is inserted tleasample through gas injecting nozzles.
Fig. 3.8(c) shows the schematic of platinum deposition qu$ttB. During Pt deposition using FIB
column sample is tilted at 82opposite to FIB column to make the sample surface verticabmo
column. But, for FEB deposition we don't need to tilt the sdergtage as its surface is vertical to
electron column normally. Electron/lon bombardment onsi@ple create lots of secondary electrons
which collide and dissociates the precursor gas and sepattom carbon based precursor. Pt formed
by decomposition of precursor is then deposited onto thiEaseirof substrate and gaseous residues
are pumped out. Deposition can also be done by bombardingatingle with electron beam. Beam
current and voltage has to be chosen in such a way that we b@vasharp patterns with maximum
concentration of metallic fraction. Placing the sample aedain angle, imaging and deposition can be
demonstrated simultaneously. lonic mass being largehéam momentum is much higher compared
to electron beam which may cause the sample to be damagetehidposition process is quicker. On
the other hand, only electron beam assisted Pt deposites tanger time for the whole process. Thus,
to avoid the sample from direct ion bombardment we alway&eprdectron beam assisted deposition
near the sample and ion beam deposition far away from it wéaele the sample from damage as well
as make the whole process comparatively quicker. Fig. &stam SEM image of a single NW
device connected with Pt using both FEB (near the samplef&dfar from the sample) source. For
e-beam deposition we have used 86 pA beam current and 30 leleaating voltage, whereas ion beam

deposition has been done with accelerating voltage of 15nid/@am current of 43 pA.

3.3 Device Fabrication

The device fabrication in this thesis extensively usesaband ion-beam lithography. E-beam litho-
graphic patterns are generated using NPGS software. Dieyenid the experimental requirements we
have fabricated NW devices with two different approachep:downandbottom-upapproach. Before
proceeding nano-pattern generation with these two appesadarge external contact electrodes have

been made using hard mask or photo lithography processdsardéhmask lithography, cleaned sub-
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Figure 3.9 Schematic representation of external electrode faboicdiy hard mask and photo

lithography.
strate is covered with a hard mask which is a hard plate oflroeti with windows of desired pattern
and then metal is deposited on the substrate through theasasiown in Fig. 3.9. On the other way, in
photo lithography a photoresist coated sample is exposed/tliight after covering with photo-mask.
UV-light exposed sample is then developed and metal is degofllowed by lift-off as shown in
Fig. 3.9. Photo-lithography is similar to EBL process. listbrocess UV-light is used to expose resist
instead of e-beam in case of EBL.

Fig. 3.10 is the ow chart that represents how do one use thaterned substrate for NW connec-

tion.

3.3.1 Top-down approach (Attaching contacts to prefabricéed wires! Ex-situ fabrica-

tion):

In top-down approach, to make single NW device, rst largeaaelectrodes of Cr/Au (10/200nm) for
external electrical connections, are made by photo andaeibighography on a silicon chip capped

with a layer of 300 nm Si@or SkN4 as shown schematically by step (i) in Fig. 3.11(a) (for detai
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Figure 3.10Flow chart of making contact to a single NW.

refer Fig. 3.9). Synthesized NWs are separated from theratbPy ultrasonication in alcohol. The
suspension is then dispersed onto the wafer containindgapresated large electrodes of Cr/Au (step
(ii) in Fig. 3.11 (a)). A single isolated NW is then identi €oly the SEM. It is then connected with
pre-fabricated external Au electrodes by a combinationati I-1B and FEB deposited Pt (step (iii)
in Fig. 3.11) as described in FIB/FEB lithography sectiofzBFdeposition is done over the NWs to

avoid wire damage due to ion exposure. SEM images of twoesiNgV devices made by top-down
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Figure 3.11Schematic representation of device fabrication by topsdapproach with SEM
image of two and four probe con guration.

approach in two and four probe con guration are shown in (&) ¢éb) of Fig. 3.11. In this case we use
the word 'Ex-situ’ fabrication because the NW is synthedipaitside the lithography system. For this
type of fabrication, EBL can also be used to deposit contagigt-off. However, the Cu:TCNQ NWs

being metal-organic material they dissolve in solvent Use@&BL process. This necessarily bound us

to direct deposition by using FIB/FEB process.

3.3.2 Bottom-up approach (Growing NWs on prede ned patterrs ! In-situ fabrica-

tion):

In bottom-up approach, rst prede ned electrodes of Cu/AAu(on top of Cu is deposited to limit
the vertical growth of the NW from Cu) with sub-micrometepagation is made by electron beam
lithographic process (describe in section 3.2.1.5) as &neion of hard-mask or photo-litho patterns
and then NWs are grown on these pre-patterned Cu electrgde¥d method. Bottom-up process to
connect NWs is schematically represented by steps (i) &nih Fig. 3.12. In this process, direction
of NW growth can be controlled by depositing bilayer of twéfefient metals in different angle during
metal deposition, where upper layer will be non-reactiablet metal like Au from which TCNQ does
not grow into NWs. Fig. 3.12(a) shown SEM image of NW devicavgr in Cu electrodes while that of

Fig. 3.12(b) shows the same for dual layer metal (Au on topwff@r lateral growth. Fig. 3.12(c) shows
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Figure 3.12Schematic representation of device fabrication by bottgnapproach. SEM im-
age of NWs grown by bottom-up approach (a) from prefabrit&le electrodes, (b) lateral
growth of NWs from side wall of prefabricated Cu/Au electesd (c) controlled unidirec-
tional growth of NWs, (d) single NW of diameter 10 nm conndctetween two Cu/Au
electrodes separated by 200 nm.

unidirectional growth of NW from Cu bridging Au electrode iwh is done by angular deposition of Au
on top of Cu. Nanowire length and diameter can also be cdedrbly controlling electrode separation,
time of NW growth and evaporation rate as discussed in ch&pfsection 2.2). Fig. 3.12(d) shows
a single NW device of diameter 10 nm and length 200 nm. Main advantage of this process is
that since the device architecture and electrode can b&dadd before the growth of NWs. As a
result, NWs will not suffer deterioration due to post treattn For the same reason this fabrication
process is called in-situ fabrication. The nanobridgeyarfabricated here being electrically connected
to leads, allow direct use as a nanodevice without any axhditisteps and electrical/opto-electronic

measurements can be made.

3.4 Experimental Techniques

The temperature dependent electrical and opto-electt@msport measurements were performed both
with DC and AC measurement techniques using standard twwepiar pseudo four probe) and four
probe electrode con gurations. Schematics of DC and AC messent set-ups are shown in Fig. 3.13
and Fig. 3.15 respectively. In four probe con guration, euyprobes were used to supply current and
inner two probes were to measure voltage drop across thdeaimpwo probe con guration, measure-
ment was done with the same probes used for sourcing. Diff@mbe con gurations are shown in

lower left of Fig. 3.13. We have measuredV andR T in single and array of NW both in cryogenic
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Figure 3.13 Home made cryogenic setup for temperature dependentietécand opto-
electronic measurement. (Lower left) Four and two (psewdwm)fprobe con guration for
electrical measurement.

and cryogen-free variable temperature insert in the teatpex range of 3K to 300K. In the cryogenic
system, temperature range of measurement was from 300KKi@B0 liquid nitrogen was used for
cooling the sample stage. In the cryogen-free system, mmasmt has been performed in a wide range
of temperature from 300K to 4K where helium gas is used for@arstage cooling.

We have designed and made a cryogenic system in our labprdtoe cryogenic system contains
(a) a sample stage for mounting the sample, (b) a vacuumtjachkeep the sample stage thermally
isolated from the outer atmosphere, and (c) liquid nitrogeservoir to cool the sample down to 77K.
Fig. 3.13 shows our cryogenic set-up. Sample stage was nidcie loar. A heater of resistance 50
made of manganin wire was mounted just beneath the samplatimgstage to heat the sample. A
Pt100 [71] thermometer was mounted close to the sample thgsample temperature with minimum
loss. We have made an arrangement also for in-situ lighhilation on the sample stage to perform

opto-electronic measurement at low temperatures. Saraplée illuminated by putting the illumina-
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tion source inside the cryogenic sample stick as shown inFI@ or by putting the light source outside
the system and illuminating the sample via an optical windguartz) at the top of the sample stick.
There are 14 electrical connections in the sample holdexr;, ddnnecting the sample, 4 for temperature
sensor (Pt100), 2 for heater, 2 for applying gate bias a¢hmssample, and 2 for supplying power to
the laser source for illumination. lllumination power cam\@aried by varying bias applied across the
laser source. Electrical wires in the sample holder arel ttsside the sample rods through Te on strip
(to avoid body short) and are connected to external instniisnga two 8-pin vacuum feed-through.
Heater and sensor are connected to a Lake Shore 340 tenmparaiiiroller and laser source to a power
supply. Source meter and piccoammeter was used to perfectriehl measurements. Measurement

set-ups are automated by GPIB (General Purpose Interfaggifarfacing using C programs.

Figure 3.14(a) Schematic of cryogen-free VTI system. (b) Photograpthefvhole system.

For low temperature measurements upto 4 K, we have used camathyeavailable cryogen-free
variable temperature insert (CFVTI) produced ®gyogenic Limited The system uses a single two-
stage Gifford McMahon cryocooler to produce temperaturesirad 4 K at the second stage, which
enables operation of VTI between 4 K and room temperaturein a@mponents of VTI cryogenic
system are (i) a cryostat (which is basically a vacuum irisdl&hamber to support and thermally
isolate the VTI and superconducting magnet), (ii) a supstaoting solenoid magnet, (iii)cryocooling

system (vacuum pumping system, helium gas ow system andoessor) (iv) a variable temperature
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insert, and (v) a sample stick containing calibrated cetMoj72] temperature sensor, heater, sample
mounting stage along with electrical wires for connectiodbshematic view along with an photograph
of the CFVTI system is shown in Fig. 3.14. Outer body of the &linade up of aluminium alloy and
that of sample column is from stainless steel. First staghatryocooler is made radiation shield by
polished cooper to make superinsulation between room textyse outer world and the shield. Cooling
is done by a two-stage cryo-cooler by circulating helium amsdicated by arrow in Fig. 3.14(a). The
cryo-cooler cold head is tted on top plate of the cryostatheTcompressor is connected to a high
pressure host. First stage cools the radiation shield drtusmlower temperature part of the system.
Second stage cools the magnet as well as sample stage. htiopethe 1st stage cools the system
to 35 - 40 K and below 4.2 K in the 2nd stage. The system is ondyaipd under vacuum condition

(except helium gas in the reservaoir).

Figure 3.15(a) Basic principle of AC resistance measurement. (b) @pegotronic measure-
ment set-up for AC measurement.

3.4.1 Electrical measurement

The resistance of the Cu:TCNQ NW samples as a function of eéeatyre was measured with two
different approaches:

(a) By passing a constant current through the sample andumegthe voltage drop across the
sample. Resistance was calculated from the applied cuarehineasured voltage drop.

(b) By measuring V at different constant temperature. Resistance at eachetatope was
calculated from the slope of V curve of the corresponding temperature. Combination a$taasce

at each temperature forms the R-T curve.
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To measure the electrical properties, source meter (KgithM-2410, SM-2400) [73] was used for
both voltage and current source and picoammeter (Keitd@&p} digital multimeter (Keithley DMM-
2000) were used to measure current and voltage respectivadgs the sample and Lakeshore (Model
340) [74] was used to control temperature both in four prodoes two probe con gurations in DC
techniques. To observe resistive state switchingy measurement has been performed in two probe
con guration using voltage as source and current as medsjuantity.

AC measurement techniques was used to measure electragarpr of few single NW devices
with lower diameter to avoid measurement using high curaenlthe problem of thermo emf. arising
due to temperature gradient across the sample. In AC taehrige can use very low signal to excite
the sample and thermo emf problem can be avoided. In thisigeh a low frequency AC current is
passed through the samples and voltage drop corresporaiihg éxcitation frequency was measured
by phase sensitive detection technique. A schematic vigleomeasurement is shown in Fig. 3.15 (a)

and (b).

3.4.2 Opto-electronic measurement

Opto-electronic measurement have been performed usimgAiotand DC measurement techniques.
Zero bias photo-currenpp(V = 0) of the single and array of NW was taken using Lock-In-Ampli e
The photo-current was directly put into the current amplimgput of the lock-in which has sensititvity
< 0:5 pA current gain. Schematic diagram of the measurementeoféio bias photo-response with
lock-in ampli er is shown in Fig. 3.15(b). The term zero biasrrent is used because no bias has been
applied to measure the photo-current. The illumination tuased 'ON' and 'OFF' mechanically by
a shutter when data (shown in chapter 6) was taken. In thisaésser source of wavelength 405 nm
has been used as source of illumination. Power of the lagietrik controlled by neutral density lter.
Power of the illuminated light falling on the sample is measuby putting a power-meter in place
of the sample. By measuring the total illuminated area orstimaple and power of illumination, we
have calculated the power density of illumination. Nanewdimension being known, we can easily
estimate the power falling on the NW. During DC measuremenst,have used Horiba Jobin-Yvon
Fluorolog-3 spectro uorimeter for sample illumination. nfoptical image of the set-up along with

optical layout of illumination source is shown in Fig. 3.1 per frame). A continuous source of light
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Figure 3.16 Opto-electronic measurement set-up for DC measurememipgiteft frame)
Optical image of the set-up Horiba Jobin-Yvon Fluorologe@aro uorimeter. (Upper right
frame) Optical layout of the same. (Lower frame) Externakeical connection for taking

data.

(150-Watt ozone-free xenon arc lamp) illuminated onto asitakion monochromator, which selects a
band of wavelengths. This monochromatic excitation lightirected onto the sample. If the sample
emits luminescence, it is directed into emission monoclatomwhich select a band of wavelengths
and shines them into a detector. Although for our measureeraission is not an important part. The
spectral response ahd V curves were recorded using a source meter (Keithley SM)2208 voltage
source and a picoammeter (Keithley 6485) to measure culrenter frame in Fig. 3.16 illustrates the
external electrical connection for the opto-electroni@swements. We have measutedv andl t

in dark and after illuminating the sample with monochromadight of various wavelength. Power
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falling on the sample for the xenon source has been calibregig the known power for laser source.
Letus considei, (V = 0) is the zero bias photo-current for illumination powePpfn laser source, and
Ix(V = 0) is zero bias photo-current in xenon lamp source. Thus, illation powerP corresponding

(V=20 .
L( ) orP = &IL(V = 0). Experimental results has been

to Ix(V = 0) is calculated fron% = m R
<(V =

discussed elaborately in chapter 5.

3.5 Conclusion

In this chapter, we have discussed different lithograpbinieues and fabrication method to integrate
single and NW array device. Experimental techniques fartetal and opto-electronic measurement

have also been discussed.



Chapter 4

Temperature dependent electrical

transport in Cu:TCNQ nanowire

In this chapter, we have reported the temperature and bige@ent electrical transport properties
of array as well as single nanowire (NW) of Cu:TCNQ, latgratbnnecting two electrodes (Lrm
gap) with and without the presence of external electric algplied between the electrodes during
growth. Temperature and bias dependent electron transpbthese bridged NW devices has been
investigated down to 40K with the aim to probe the effectropirature, applied bias and applied eld
during growth on transport of Cu:TCNQ. It has been found ttieg NWs show a linear part of the
conductance and a non-linear part beyond a threshold biase €ld applied during growth affects
both the parts. Below 100 K, the bias dependent conductartbdtweshold can be tted to a modi ed
Zener tunnelling model in both types of NWs raising the |bi#giof charge density wave (CDW) type
charge transport in the Cu:TCNQ NWs. It has been proposettiiegeenhancement of the conductance
in Cu:TCNQ NWs when the growth is performed in an applied addurs due to better charge transfer
as well as more ordered arrangements of TCNQ stacks. That edoithe parameters related to the

linear as well as non-linear conductance.

79
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4.1 Introduction

Investigations of electronic transport in ultra ne metaldasemiconductor NWs have been a topic of
considerable current interest [75, 76, 77]. Important jpeaters that determine the transport properties
of NW are material composition, growth condition, crystahiity, NW diameter etc. [78, 79]. In this
chapter, we investigate an interesting possibility whe#pplication of electric eld during growth can
in uence the electrical conductivity of the NW when they grewn from a vapor phase. This question
becomes particularly relevant because there are attempgetelectric eld assisted growth/alignment
as a tool to assemble NWs into large scale circuits [53, 5§, Patticularly, in the context of semicon-
ductor NWs like Si or Carbon nanotube, it has been estalligh&t an applied eld can produce an
alignment eld (due to large anisotropy in polarizationpattcan overcome the randomizing effect of
the thermal vibrations [80, 81, 82]. We address here theiggwether the applied eld, in addition to
alignment, can also 'tailor' its properties, particulaity electrical transport. The work reported here
was done in speci ¢ context of a charge transfer complex NWéasons elaborated below. However,
it may be seen that this may have a general applicability fowth of NWs of similar such systems.
While electric eld assisted growth in charge transfer céemghave been reported before, [57] mainly
to align and make NWs grow as bridges between two electrodtbswicron or sub-micron gap. The
possibility that such a growth process can actually leadtdrol/modi cation of physical properties
have not been reported before.

Low dimensional systems are found to be more sensitive t@ioelattice driven instabilities which
depends on temperature and affects the physical as weleamddynamical properties of these sys-
tems [57, 83, 84].

Peierls instability [85] is one of such instabilities oatng in these kind of systems. According to
Peierls assumption, when atoms in a one-dimensional clHaiegolarly spaced atoms are moved
slightly closer to one of its neighbors in same directionriqmiicity of this chain will be distorted.
This will reduce the translational symmetry and introdugea gap in the density of states at a point
in k space corresponding to that periodicity as representéty.4.1. This change in lIttice periodicity
leads to modulation in electron density created in the distiochain is known as CDW (see Fig.4.1(c)

and (d)). The distorted structure will have a lower totat#lenic energy than the undistorted structure
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Figure 4.1 Electron dispersion and band pattern of one-dimensiond¢cutar system: (a)
metallic state and (b) insulating state produced by Peliensition. E(K) is the energy of the
conduction electrons, k their wavevector, n(x) the electiensity in the metallic state.4is
energy gap at kskcreated due to Peierls transition. (c) Static distortiotheflattice and (d)
charge-density wave as a result of distortioim. is the amplitude of the density modulation.
Copyright with permission from [86].

which tends to dimerize and a gap would appear at the Fermyeiisee Fig.4.1), and thus the system
would become an insulator. This distortion will occur onlen the reduction in electronic energy in
the distorted lattice must be greater than the increaseastielenergy associated with the structural
bonds between atoms in the chain. At higher temperatureaserin elastic energy is less than the
reduction in electronic energy and electrons easily gettexk@across the gap which prohibit to create
distortion in the lattice chain. When temperature is reduselow Peierls transition temperatureJT
increase in elastic energy crosses the value of decreasectromic energy creating a gap at the Fermi
surface. TTF:TCNQ CT complex exhibits CDW transport belotvaasition temperature [57]. We
nd that in NW of Cu:TCNQ there is evidence of such CDW below0kDas seen from transport data
elaborated below.

The work reported here was carried out in NWs of the chargestea complex Cu:TCNQ with
diameters in the range 20 30 nm and length of 1rm. The NWs were grown from vapor phase as
nanobridges between prefabricated electrodes with arbutitan electric eld applied between them
(see Fig. 4.2). We investigated the electrical conductimT a wide temperature range (40 K to 300 K)

and nd that there are substantial differences betweensahat are grown with and without an electric
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eld. The NWs show a large component of non-linear transpestond a threshold eld, which is also
strongly temperature dependent. We found that f0d 00K, the non-linear component of the conduc-
tion resembles that of a CDW transport. In this temperatange the bias dependent conductance can
be well tted to a modi ed Zener Tunneling model developed @DW transport [83, 84]. The applied
eld during growth also modi es the non-linear componenttbé conductance including the threshold
for the non-linear transport. These aspects have not beenteel before in such charge transfer com-
plex NWs like Cu:TCNQ and also raises the possibility of simestigations in other organic charge
transfer complexes.

Cu:TCNQ has attracted wide attention both as a system af pagsics interest in context of charge
transport in gausi-1 dimensional conductors and also tseoaiflits potential applications in non volatile
electrical memory, [8, 13] humidity sensors [87] and higsp@nsivity photo-detector [88] etc. This has
been studies in Chapter 1. However, most of the work done isrchiarge transfer complex material
has been concentrated on electrical resistive state sagt¢®, 13, 35]. In Cu:TCNQ charge (electron)
transfer occurs from the donor Cu (that oxidizes td Lo the acceptor TCNQ moity. In this complex,
the structure has an important role to play. Cu:TCNQ can gmatwo phases [11]. Phase-I with a
distorted Tetrahedron of four nitrogen atoms around theah§€u) shows higher conductivity. While,
in the lower conductivity Phase-Il the metal coordinatismore tetrahedral. These arrangements alter
the packing and orientations of the quinoid ring of TCNQ wihiic turn affect the conductivity. This
makes Cu:TCNQ as an attractive Metal Organic Framework (M&Btem. Growth of Cu:TCNQ
crystals from solution by electro-crystallization usindfetent potentials have shown that one may
obtain different morphology of the conducting Phase-l1 @GNR [11]. There are interesting report of
reducing TCNQ by photochemical reaction leading to fororatf metal-TCNQ complexes [89, 90].
Very recently, it has been shown that the change of condtyct? Cu: TCNQ by an applied eld (post-
synthesis) can be linked to structural changes [12]. Theadscussion shows that electric eld can
act as a tool to alter the structure and electrical proeitiecCu:TCNQ. However, it has never been
investigated whether application of the electric eld dwyigrowth, particularly in a vapour phase, can
alter its conductivity. The present investigation addessthis particular issue. We also discuss the

likely mechanisms that lead to the property modi cations.
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Figure 4.2 Schematic of the device for inplane growth of Cu:TCNQ NW withrefabricated
pads (a) with and (b) without eld. SEM images of Cu:TCNQ NWwrresponding to the
growth conditions are represented by arrows.

4.2 Sample preparation in pre-de ned electrodes

The NW growth process was carried out using vapor phase gromwe-beam lithographically made
prede ned electrodes. This process gives well de ned NWghwmuch less diameter. Another im-
portant advantage is that one can have the growth as a ndgehtiat connects two prefabricated
contact pads which allows us to carry out electrical expenits without any post-growth processing or
lithographic processes. Also, NWs do not suffer deterionadiue to post treatment.

Fabrication process for nanobridges of Cu:TCNQ that joia prefabricated contact pads are de-
scribed brie y below. Electrodes (pads) consist of thregefa. The tri-layer (Au/Cu/Cr) pads were
fabricated using electron beam lithography and lift-offwthermal deposition of a 10 nm Cr (adhe-
sion layer), 50 nm of Cu (growth layer), and 100 nm of Au (pctiten layer) on oxidized Si wafers
with 300 nm of thermal Si@ The typical gap between pads wasrmm. The Cu:TCNQ NWs grow by
the reaction of TCNQ vapor with the Cu layer in the electrodasa vapor-solid reaction [91]. TCNQ

vapor was created by resistive heating of TCNQ at around@2W/e made two types of samples.
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During growth, for one sample an electric eld£¥E2 10*V/cm) was directly applied between the
pads. This sample is marked as D-1. If the electric eld githns too high the wires which bridge the
electrode gap can get damaged, due to the high current gahsiugh them, as also been observed by
Sakai et al [56]. For the other sample no bias was appliechdgiowth. The NWs grown with a zero
eld is marked as D-2. Fig. 4.2 demonstrate the schematic\&f gfowth condition and SEM images
of the corresponding devices of a real system used for memsunts. The NWs grow to bridge the
electrodes through the sidewalls of the Cu layer. Genetlaflygrowth is stopped as soon as few NWs
connect the bridge as determined by nite current betweeretactrodes. The nanobridges so formed
have typically 2-5 NWs of Cu:TCNQ of very similar diameter 20 30nm). The Cu:TCNQ NWs
grown by this method consist of more conducting Phase-1 CM@, [11] as con rmed by XRD, TEM
and FTIR. From the FTIR data and the observed shift in the -&Mtching band we obtain average
charge transfer value (Z) of0.6 for the Cu:TCNQ NWs grown by vapor phase. It can be seawbel
that NWs grown in presence of eld has good enough stackiggesece that one can observe the onset

of Peierls Transition and CDW transport below the transigg will be discussed below.

4.3 Electrical transport measurements

In the nanobridges since wires are connected to electrodesan directly make measurements of
IV curves. The bias dependent conducta@(¥) was obtained by differentiating tHe V curves
numerically G(V) = :—\I/). The measurements were done using a Source-meter (Ke8Me2400) in

a variable temperature insert in a Closed Cycle Refrigei@dtdl cryogenic) down to 40K. The mea-
surements were performed for T40 K temperature because below that temperatures the ridgedr
are prone to mechanical failure. The nanobridges withsthednal cycling reproducibly in the tem-

perature range of 40 K to 300 K.

4.4 Experimental results

An assortment of the V characteristics of both the NW samples were measured oxéethperature
range 40 to 300 K are shown in Fig. 4.3. The data are plottedgtstale (current axis) to accentuate

the current in the low bias region. The gure shows that theures of transport in the two types of
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Figure 4.31-V data at different temperatures of NWs grown (a) with el 2 10* V/cm
and (b) without eld, E 0 V/cm. The \{, for temperatures & 100 are marked by arrows.

NWs are somewhat different. The eld grown NWs have highendiectance. The NWs show linear
(symmetric)l V curves at low bias but beyond a threshold volta&gethel V curves become
strongly non-linear. The extent of non-linearity is alstiatient in the two NWs. Thé V data taken
at different temperature show that there is a change in thdwmtance behaviour below 100 K where
it becomes strongly non-linear and the threshold becomege mrmnounced (Data highlighted by a
circle). We show below that the strongly non-linear behawiay be related to CDW type transport.
The non-linear character of the transport beyond a thrddhbials can be seen more clearly in the
bias dependence of the conductanég és shown inG E curves in Fig. 4.4. The data shown have
been scaled by the number of bridging wires in the nanobriggghat the value of the conductanGe
represents the conductance value of a single NW. It can befsma the data that the conductance of
the wires grown in presence of the electric eld (sample Dsllarger by few orders compared to that
of NW's grown by the same method but with zero eld (sample PD-Bhe bias dependel@ taken at
different temperatures also show that the nature of depeedefG on E change for ® 100 K. We
will discuss this issue in details later on.
We also note that while both the NWs show semiconductingwetes and the conductan€ereduces
on cooling, the reduction is much stronger for the zero etdvgn NWs. In case of the eld grown
dl

sample D-1, the reduction on cooling is rather shallow. Tiéihg low bias conductanc&y(Gp = av

. Go . -
for VI 0) for the zero eld grown sample at room temperature iSnts so thatez—_oh is 1/8, signi-
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Figure 4.4 Bias dependent conductance G=dl/dV of NWs grown (a) with @mdvithout
eld. The value of G has been scaled by number of wires to obtiaé conductance of a
single NW.

fying that the NW strands are deep into the insulating sta#fying a substantial reduction & on
Go
—— 1. Thus the NW strands
€?=h
grown in a eld are on the verge of undergoing an insulatotah&ransition. The application of eld

cooling. However, for the NW's grown in eld at room tempeunad

thus drives the NW's close to the transition boundary.

We have observed resistive state switching in Cu:TCNQ NW aetcaof E  1:4 10° V/cm. Since
the phenomenon of switching is not within the scope of thetdrawe kept the bias voltage below that
value. However, even in that bias scale we observe a strgpgndence of5(E) on bias eld E and
existence of a threshold bias for non-linear conductionotéN The onset of non-linearity is distinct
from switching). The thresholds in both the samples are mr#thas the temperature of measurement
is reduced. We will do quantitative analysis of the nondinpart of the data later on.

The results presented above clearly show that when anielegl is applied to the NWs during
growth, the conductivity of the NWs so grown get strongly mmedl The modi cation occurs in the
conductance, temperature dependence and also in theneam-fart of the conductance. The experi-
ment establishes the enabling role of the applied electid during growth. It can thus act as a tool
to control the resulting conductance of the NWs. The fact tihe experiments were carried out in a
nanobridge enabled us to reach conclusion about the camhecthange at the level of a single NW
is important. Experiments carried out on a bundle or a Imwéts NWs would not have allowed us to

reach a clean conclusion.
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45 Discussion

4.5.1 Analysis of the conductance data with linear and nonihear part

The observed conductances of both the NW samples, contaiear part (bias independent conduc-
tance) and a strong non-linear part when the applied bissesoa threshold. One of the models that
has been proposed for such one-dimensional system is formatt Luttinger liquid; when the tem-
perature is not too low, function(V; T) is predicted to behave approximately as one of the two power
laws: | p VT2 at low bias and p V2*1 at high bias [17] usually wita  b. There are reports that
non-linear conduction in Cu:TCNQ may be following such tiela[17]. This was based on data taken
over theT range of 330 K to 105 K [17]. We nd that on extending the datdoiwer temperature this
does not remain valid. Instead there is signature of cleastold for transport and the bias dependent
G both the NW samples show behavior that is different from éxpiected for a Luttinger liquid.

One of the mechanism that can give rise to non-linear trahsyth a threshold is CDW transport. In

a related system of charge transfer complex TTF: TCNQ theodear signature of CDW transport in
bulk single crystals [92], Ims [93, 94], as well as in NWs [b7n such a system the CDW transport
occurs due to Peierls transitions in TTF and TCNQ stacksvbé&loK. The NWs of TTF:TCNQ in
which such a CDW transport observed were grown from vapos@leetween prefabricated contact
pads, as has been done here [57, 95]. Though no CDW type traasPeierls transition in Cu:TCNQ
has been reported till date, we investigated whether thdinear transport can be described by such
a scenario. Since the conductivity of Cu:TCNQ was not mesisbelow 100 K before, it may be that
such a phenomena was not observed or reported.

The transport in the Cu:TCNQ NWs have a linear fiagtand a bias dependent non-linear part which

we write as:
G(E) = Go+ G;f(E) (4.2)

. \Y . _ . .
WhereE is the eld (=a, d = electrode separation, which is1nm in our case)(3; is a measure of

the weight of non-linear part described by the functigi). We nd that for higher temperatures>T
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Figure 4.5 The non-linear part of conductivity for the NWs grown (a) vénd (b) without
eld as different temperatures tted to the modi ed Zenenteling relation. Inset in (a) and
(b) indicates the CDW t at 40K.

100 K, in both the samples the functional dependenc&(B) can be described by a power law such

that:

f(E)=(E En)? (4.2)

Where bothE;,, as well asg in both the samples have a shallow rise on cooling \Eithand g values
lying in the range 30 - 40 kV/cm and 2.5 - 3 respectively. Hogrebelow 100 K, there is a distinct
change in the threshold dependent conduction and the bigmndence o can be better tted with a
modi ed Zener model developed for CDW transport [83, 84]r E®W system that shows non-linear

transport with threshold the functioi{E) can be modelled by modi ed Zener model [84] as:

_ 4 En Eo
f(E)= 1 = exp = 4.3)

WherekEy, is the threshold eld andgp is a scale of eld for tunneling across a pinning gap for the

CDW. The tto the data to Eqn.4.3 have been shown for the dat)K for both the samples in the
. : E) G . E _
inset of Fig. 4.5, where we show the value of the scaled func%% vs the ratloE—. Fig. 4.5

1 0

shows all the data for both the samples below 100 K plottetienstaled curves. It can be seen that
for both the samples, a functional form given by Eqn.4.3 riesaalid. Linear conductandg for the

whole temperature range (300 K - 40 K) is shown in Fig. 4.6. pawameters of the t namely, En
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andEgp are shown in Fig. 4.8 as a function of temperature (below 100 K

A number of observations can be noted from Fig. 4.8, thataeb®th the similarity and differences
between the two NW samples. It is also interesting that ih ltoé samples, the non-linear conduction
(with threshold) for 100 K, can be described by the Eqn.4.3. Though there is atatisdi similarity
between the parameters of the non-linear conduction inwleesamples, there are important quan-
titative differences between the two set of parametersnigihg to the two samples. It need to be
emphasized that though the non-linear conduction in batlsimples follow Eqn.4.3, which is asso-
ciated with CDW transition, we are not in a position to rmiagn that the non-linear conduction
so observed indeed originate from CDW related phenomenauvekdsr, it need to be pointed out that
charge transfer complexes containing TCNQ moiety, like MTTINQ that has similar structure like that
of Cu:TCNQ forms a CDW system due to Peierls transitions enf@NQ and TTF stacks at 54K and
38K respectively [57]. Such a transition has also seen in:TCNQ NWs grown by similar methods
including electric eld assisted growth. Thus there doesstea possibility of a Peierls transition in
the TCNQ stacks in Cu:TCNQ leading to formation of CDW. THisyever, would need independent

support from temperature dependent structural data.

4.5.2 Linear conductance and the temperature dependent restivity

The values of the eld independent conductiviB differ signi cantly in the two samples. This is
shown in Fig. 4.6(a). Near room temperature the eld grownewi(D-1) have a conductivity that is
about one order more than that of the zero eld grown NWs (D&a) stated before. However, due
to steep temperature dependence of the more insulating N\Bs2, Gy of the two differ by nearly 2
orders at 100 K. There are also certain qualitative obsengthat can be seen in the temperature de-
pendences of th&g of the two NWs. The&5y decreases from 300 K down to 250 K region for both the
samples, although steeper for the zero eld grown NW. Howetvere is a temperature independent
plateau in both the samples below 220 K region down to abdaKl®here they again show a gradual
decrease on cooling (see Fig. 4.6 and Fig. 4.7). From theunbadceGy we obtain the resistivity

(r = i A=area,l=length of NW). We nd thatr shows activated behavior following a variable

Gol
range hopping (VRH) relation for a disordered 1-dimendieyatem [17, 96, 97]:
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Figure 4.6 Temperature dependence of the linear conductandgediculated from the slope
of linear region off V) for eld grown and zero eld grown NW.

1=n

r(T)= ro+ exp ? (4.4)

WhereTy is the energy scale for the hopping. And the expomentd + 1, d being the dimensionality.

For 1-dimensional system like the one being investigatgobetedn=2. The value ofTy is related to
aaD

ke

the inverse localization lengtla§ and the width of distribution of site energiesD) so thatTg

Figure 4.7 Temperature dependent resistivity tted with VRH model &) (eld grown and
(b) zero eld grown NWs at low bias (linear region) de ned as= A/(Gol), where A is the
area and is the length of the NW.

, a being the interatomic distance. The t to the above Eqn.4a% done in two distinct temperature
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ranges of resistivity data for both the NWs as shown in Fig. #he t parameters are given in Table
4.1. There are two distinct temperature regions in both #mpies. The higher temperature range
starts at B 200 K. For both the samples the low temperature region dbettav 120 K where the
VRH model is not well tted for both the samples (see tted pareter in table 4.4). In that temperature
range, instead of hopping CDW transport takes part in cdi@hucin the high temperature region the
value of Ty reduce from 6300 K ( 520 meV) in D-2 to around 1625 K (135 meV) in D-1. The
reduction of the value ofj in the eld grown sample points to reduction in disorder. Reiibn of
the disorder will enhance the localization length so thatecreases leading to decreasd in The
inference that we can obtain from the data is that on apicatf the electric eld during growth, the
order in the TCNQ is enhanced. We will see below that it likefises from increasing the order in
stacking of the TCNQ.

At temperatures below 100 K thgy appear not to follow any well de ned temperature relation. A

Table 4.1Fitted parameters for VRH model using Eqn.4.4

High Temperature Region Low Temperature Region
Synthesis Conditio
ro(W cm) | To(K) ro(W cm) | To (K)
Field grown 1:05 10 2| 1625 2:35 10 2| 147
Zero eld grown | 6:69 10 7 | 6300 0:72 5

tto Eqn.4.4 (Fig. 4.7) shows very low value dh as given in Table 4.1 particularly for the zero- eld
grown sample. Such a behavior may arise from additional rlarof conduction like tunneling that

takes over when other channels of conduction freeze out.

4. 5.3 Parameters of non-linear conductance with threshold

The non-linear part of the conductance, whose weight we unedxyG1, show strong rise on cooling.
The parameters for tto the modi ed Zener model (Eqn. 4E3)andE;, both show an enhancement on
cooling. Thisis indeed a new observation. For the zero etmmn sample (D-2)(51 changes by nearly
one order on cooling from 100 K to 40 K tending to a temperaitudependent value at lower T. In the

same region, th&; for the eld grown NWs (D-1) changes steeply by around 2 osdénterestingly,
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Figure 4.8 Temperature dependence of the parameters(&hEG, (c) B, and (d) i (below
100 K) as obtained from the tto modi ed Zener tunneling riide.

the value oiG; for D-1 stays smaller than that of D-2, which is opposite taiMnas been seen @
which is distinctly higher for the eld grown sample D-1.

The existence of a distinct threshold eld is seen in both shenples andt;, enhances on cooling.
Interestingly, the value d;, for the samples are very close. Enhancemerti;obn cooling has been
observed in other systems also that show CDW type trangBioj

The parameteEy shows somewhat larger t noise. However it also increaseamliieg for both the
samples, more steeply for the eld grown sample. For the-zeldbgrown sampleky is larger and has

a relatively shallow T dependence.

It will be worthwhile to compare the parametdtg andE;, seen for the Cu:TCNQ with those ob-

served in NWs of a system like TTF: TCNQ that are known to sheiefs transitions. The value of

. Eo . _ . _ _ -
the ratio E—O is an important parameter and gives the ratio of the tungdéngthL p IOt to the
th
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E L .
coherence length of the CDW system E_O = X—t . The value of the ratio is around 2-5 for clean
th 0

CDW systems likeNbSe [98]. For NWs like TTF:TCNQ is 10 at low temperatures. For the eld
grown Cu:TCNQ NWs, at 40 K the ratio is 10 while it iS20 for the zero eld grown NWs. The elds
Eo X, 'andEn L' Since for both the NW'E;, are nearly same, the larger value of the ratio
for the zero- eld grown sample most likely arises due to deratoherence lengtky. The coherence
lengthxo is 1 Egy 1 whereEy is the pinning gap of the CDW. The application of the eld, tiléads to
better alignment of the TCNQ stacks can lead to reductidgyand hence an enhancementxgfand

a smallergp. The smaller value of the eldEy in the eld grown sample, thus may justi ed within the
frame work of a CDW transport.

To conclude this part we observe, whatsoever, be the origimeostrong non-linearity, it is present in
both samples but it is affected by the eld applied duringwgite. The strong non-linearity appears to

follow the transport behavior of a CDW system .

4.5.4 Suggested scenario for effect of applied electric dlduring growth leading to

change in conductivity of NW

In Cu:TCNQ there are two distinct factors (they may be irdareected) that can alter its conductivity.
First is the alignment in stacking of the TCNQ molecules amtbad is the degree of charge transfer
(2). ltis thus likely that any modi cation of one or both of théave will lead to a change in the
conductivity of the charge transfer complex. Based on tl@pvopose the following likely scenario for
our observation that the growth of the Cu:TCNQ NW in an electld enhances its conductivity.

The growth model of Cu:TCNQ from vapor phase has not been edbdut in details. In the vapor
phase growth, the length grows in time following a time defete that originates from diffusion of
ionic species (Length P t), while the diameter does not change after initial growtlique This diam-
eter constrained growth is very similar to growth in solntishere Anodized Alumina Oxide (AAO)
templates have been used to limit lateral growth [51]. Irhkbe growth processes two phenomena
are involved after the initial nucleation phase as alreadgussed in Chapter 2. (See the schematic in
Fig. 2.6). There is diffusion of Cufrom the Cu electrode though the growing wire (after initiatle-

ation phase) to the open growth face. There is also diffusfaglectrons from the Cu electrode (due
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to redox potential) to the top growing surface, leading ta@ation of the arriving TCNQ molecules
to TCNQ 1, which then reacts with the diffusing Ctito make the Cu:TCNQ. The ef ciency of the
process (ionic diffusion, as well as electron transpomnf©@u side to growth face) would determine the
extent of the charge transf&; The resulting conductivity would also critically depend tihe align-
ment of the TCNQ stacks in the growing NWs. The applied aeleatd during growth can affect both
the processes.

Application of an electric eld during growth process wilhkance the Cu ions migrate from Cu elec-
trode to the NW tip, thus facilitating the extent of chargensfer andZ enhances. In general the
Cu:TCNQ NW grown havez 0:55 0:65. We have shown the a small incremen&imising such
materials as Graphitic Oxide can lead an enhancement iructinity by an order of magnitude [99].
Thus an enhanced, enabled by the applied electric eld during growth can gase the conductivity
in the eld grown wire substantially as observed.

As the NW grows from the vapor phase with arrival of TCNQ males, the successive molecules
due to randomization by thermal forces may not have propgnmlent. This lack of proper alignment
would lead to improper arrangements of TCNQ stacks whichlead to lower conduction even if the
grown wires have predominantly Phase-I. Application of ¢tectric eld, due to highly anisotropic
polarizability (as in TCNQ molecule) can lead to a torque thid align the arriving TCNQ molecules
leading to proper stackings. This has been seen in growthArbba nanotubes from vapor phase [100].
The enhancement in the order of stacking will enhance thduwiivity and will also increase the co-
herence lengthx if the transport is by CDW. The scenario suggested aboveigthqualitative, can

explain the observation that eld applied during growth @adeed change the conductivity of the NW.

4.6 Conclusion

In conclusion, we have shown that application of electritd during vapor phase growth can be a
viable tool to enhance/modify the conductivity of NWs. Thectrical conductances of the NWs (mea-
sured) down to 40K shows a strong non-linear conductancehatas a well de ned threshold for T

100 K. The non-linear conductance was found to follow a mediZener tunneling model proposed
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for CDW transport. Such an observation was not made befdZelifnCNQ and opens up the possibility
of new investigation of CDW in this system.

The application of the eld during growth enhances signintly the linear part of the conductance and
for a single NW grown in eld the conductance is close%, the boundary of insulator-metal transi-
tion. The parameters of the non-linear conductance alsogeherhen the wire is grown in an electric
eld.

We proposed a scenario for the eld growth condition wheedhplied eld helps diffusion of Cuions
from Cu to the growing face leading to enhanced charge teatesiding to enhanced linear conductiv-
ity. The eld applied during growth has been proposed to iawerthe stacking of th& CNQmoiety
leading to enhancement of conductance and also changedametars of the non-linear conduction.
Though the experiment has been done in context of a chamgsféracomplex NW, the concept may

have applicability in growth of other semiconducting NWs.



Chapter 5

Resistive state switching in a single

Cu: TCNQ nanowire

In this chapter, we have reported a new type of unipolar tessstate (RS) switching in a single NW of
Cu:TCNQ which generally shows bipolar RS switching. Eleatrcharacteristic of a single Cu:TCNQ
NW devices with symmetric (C-Pt/Cu:TCNQ/C-Pt) and asymen@Eu/Cu:TCNQ/C-Pt) electrodes
are studied at room temperature. Both the devices show lamigwitching with high ON/OFF resis-
tance ratio and low threshold voltage when only Pt electrizdeositive bias. We explain the switching
by a phenomenological model along with numerical analystsich is based on two aspects: (a) the
switching phenomena is predominantly controlled by thengkaat the contact which we establish
through a simple MSM type device model and (b) the transpoough the contact region as well as
through the body of the NW is localized in nature controllgdhiopping/tunneling type process. We

obtain semi-quantitative agreement with the experimeateitd.

5.1 Introduction

Recent technologies are trying to accumulate millions @rimation in a single chip [101, 102] of
size as small as possible and single semiconducting NW @gamemory effect [103, 104, 105, 106]
is a best choice. Materials which exhibit hysteresis ordhiity like behaviour can be used to make

memory devices. Now, compatibility (quality) of a matertal be used as memory device can be

96



5.1 Introduction 97

determined by its ON/OFF current or resistance ratio, tiokekvoltage, cycling endurance, data den-
sities, writing/erasing time etc. For rapid advances ionmfation technology one need materials that
have capacity to be display non-volatile memory effect vhitjh ON/OFF current ratio, large cycling
endurance and low threshold voltage to make low power coimgumemory devices with long life-
time [107]. A resistive random access memory (ReRAM) cadl capacitor like structure composed of
insulating or semiconducting transition metal oxides [1@8organic compounds [8, 18] sandwiched
between two metal electrodes that exhibits reversibletiesistate (RS) switching on applying electric
eld. This kind of behaviour is shown with a layer, where ionransports due to redox reaction can be
used for making the switch ON and OFF [21]. Two terminal semdtictor sandwich structures with
metallic electrodes are potentially ideal since its size lba made very small. The key feature of this
two-terminal memory device is the ability to switch the stance of the device simply by applying a
voltage or a current pulse.

Organometallic compounds such as Ag:TCNQ, Cu:TCNQ are wedlvn materials for their non-
volatile electrical bipolar RS switching [8, 18]. Lots of vikchave been done on electrical RS switching
of charge transfer complex materials like Cu:TCNQ NW ar@&yl[8, 28, 30, 35] with high threshold
voltage and small ON/OFF ratio, where they have use®Alayer (responsible for switching) as top
electrode in a device of Cu:TCNQ NW array grown from Cu Im. &ra are some reports on RS
switching in a single NW of Cu:TCNQ [23, 28] connected betwéso Au electrodes. Many mod-
els have been proposed to explain the switching mechanidroseTare the formation of conductive
lamentary path by redox reaction [8, 18, 28, 30, 35] and witing of carrier between crystalline de-
fects [23] which has already been discussed in Chapter 1emergl, the different resistance states
are induced by the formation or dissolution of a highly cartthe path, i.e., lament, into a poorly
conductive medium. However, no experimental evidence arprehensive theoretical model has so

far been proposed in support of these scenario.

In chapter 4, we have discussed about temperature depegidemmical transport in Cu:TCNQ NW.
In this chapter, we present a detailed study about a specopearty - electrical resistive switching of
Cu:TCNQ with different diameter (<100 nm). There are feweasisl points which this chapter attempt

to address: (a) observation of unipolar resistive switghma single Cu:TCNQ NW which generally
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Figure 5.1 Schematic of (a) symmetric (metal-1/NW/Metal-1) and (gyrametric (Metal-
1/Cu:TCNQ/Metal-2) electrode con guration.

show bipolar switching, (b) a phenomenological model tolarppossible reason of switching in-
cluding role of electrodes to perform unipolar and bipol&itshing property, and also (c) analyse the
experimental results under the framework of MSM (metalisenductor-metal) model to investigate
the reason of switching which has not been done before. Wediaserved switching in single NW de-
vices both with symmetric and asymmetric electrode conagion. Here, symmetric and asymmetric
contact electrodes indicate the two connecting electrbdesg same and different metal composi-
tion respectively. A schematic view of symmetric and asyitmimelectrode con guration is shown in
Fig. 5.1(a) and (b). We have also explained the possibl®neafsswitching by the development of a ba-
sic model with several controlling parameters which arevaht to all the experimental results reported
here. In the model, we have also investigated the effecteat®ldes on switching and investigated that

switching (unipolar or bipolar) depends on the nature ofteteles connecting the NW.

5.2 Fabrication of devices

Nature of electrodes is a crucial parameter in switchingremte device fabrication is an important part
in this work [109, 110]. We performed electrical RS switghmeasurements in two types of single NW
devices: symmetric electrode devices (device with samestg electrodes) and asymmetric electrode
devices (device with different types of electrodes). DesiS-1 and S-2 (NW diameter 90nm and

65nm respectively) are having symmetric but Schottky tylpeteode con guration connected with
FEB deposited Pt. On the other hand, device A-1 (NW diamet@dnm) is having asymmetric (one
electrode with Ohmic and another with Schottky type) etatdrcon guration. Table 5.1 summarise
dimensions of different devices used for measurements.

Devices with symmetric and asymmetric electrode con goratare made from two different
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Figure 5.2 SEM image of PVD grown Cu:TCNQ NW devices having (&) symmetric
(C-Pt/Cu:TCNQ/C-Pt), and (c) asymmetric (Cu/Cu:TCNQ/}dbectrode con guration.

approaches- which we categorizetag-downandbottom-up Although these processes have already

discussed in Chapter 3, we will give an overview of the twacpss for quick reference.

5.2.1 Fabrication of symmetric electrode device

We have usetbp-downapproach to construct device with symmetric electrode garmation. S-1 and
S-2 are two single NW devices of different diameters with syatric electrode con guration. SEM
images of the single NW devices are shown in Fig. 5.2(a) ahd Tthe NWs are connected with
lithographically prepatterned Au electrodes by FEB depdsiPt at low deposition current and eld to
avoid any structural or physical property change in the N@v.dttaching leads for the measurements,
synthesized NWs are separated from the substrate by uiltcasion in ethanol and then dispersed
on SgN4 (300 nm thick)/Si (insulating) substrate containing pabrfcated Ti/Au electrodes made by

hard mask lithography which are used as contact pads. Thatapeof attaching leads to individual
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NWs was done in a dual beam machine FEI HELIOS 600. The wires imegaged during fabrication,
using FE-SEM (Field-Emission Scanning Electron MicrosjopAfter selection of a single NW four
leads were then connected using Pt electrodes depositeldebsidctron beam of the FE-SEM at a
voltage of 15 kV and deposition current of 90 pA using the preor Methylcyclopentadienyl platinum
trimethyl (CHg)3(CH3CsH4) Pt. The important factor that we note is Pt electrodes grbywRocused
Electron/lon beam deposition is a composite of amorphotsoca(C) and Pt. The amorphous carbon
is the majority phase in which the Pt is dispersed. For sakkisfidenti cation we call the electrode
C-Pt. The as prepared 4-probe single Cu:TCNQ NW devicestdéras device S-1 and S-2 connected
by FEB deposited Pt with prefabricated Ti/Au symmetric &lgaes is shown in Fig. 5.2(a) and (b).
Final device con guration is thus 'C-Pt/Cu:TCNQ/C-Pt'. this case, devices are said to be symmetric
as all the electrodes are made of same material (C-Pt chniBeb consecutive probes in the single
NW device were used for RS switching measurements withgelts source and current as measured

parameters.

Table 5.1Electrode con guration and dimension of the devices

Dimension
Device | Electrode Con guration
Length (mm) | Diameter (nm)
S-1 | Symmetric (C-Pt/Cu:TCNQ/C-P1) 1.5 90
S-2 | Symmetric (C-Pt/Cu:TCNQ/C-Pt) 2.5 65
A-1 | Asymmetric (Cu/Cu:TCNQ/C-Pt] 1.9 70

5.2.2 Fabrication of asymmetric electrode device

We have usethottom-upapproach to construct device with asymmetric electrodecofstruct device
A-1 with asymmetric electrodes required patterns of Cu/Atln\sub-micrometer gap are made by e-
beam lithographic process on an insulating substrate 8;8i4. First, a thick layer of Cu ( 50nm) is
deposited onto substrate and then in order to laterallyt linei growth of Cu:TCNQ NWs to the sides
of the electrodes, an additional thick Au layer (00 nm) is deposited on top of Cu to prevent the
TCNQ vapor from reacting with the upper surface of the Cullaytetal evaporation was done in such

a way that NWs grown from Cu (bottom electrode) of Cu/Au oreetebde connect Au (top electrode)
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of another electrode. Free ends of the NWs are anchored toithu=&B deposited Pt and nal device
with con guration 'Cu/Cu:TCNQ/C-Pt' is thus obtained. SEhage of the NW device (diameter
70nm and length 1.9rm) directly integrated into prefabricated device architee marked as A-1 is
shown in Fig. 5.2(c). In this case, device is said to be asytmenas growth end of the NW is pure
Cu which acts as Ohmic and free end anchored with C-Pt asatomith barrier. Slower reaction rate
at low temperature for short time can give single NW conmgchietween two electrodes. The lateral
bridging growth method used in this case is for the directesbmnbly and integration of Cu:TCNQ
nanobridges into pre-speci ed locations on different $rdies, eliminating the need for subsequent

assembly processes.

5.3 Types of resistive switching

Resistive switching refers to the physical phenomena whedélectric suddenly changes its (two
terminal) resistance under the action of an electric eldwmrent. A schematic of switching is shown
in Fig. 5.3 When a certain voltage or current is applied acthe device, it goes from high resistance
(OFF) state to the low resistance (ON) state by applicatfom threshold voltage called SET voltage
(VsgT) at certain polarity, whereas for same or opposite polaft@ET voltage the system returns to
its high resistive or OFF state and the corresponding velisigalled reset threshold voltagé:£sgy).
Depending on the polarity of SET and RESET voltage, resisivitching can be classi ed into two

categories:unipolar and bipolar [38]. .

5.3.1 Unipolar switching

Unipolar devices are switched from the high resistance (Gifdie to the low resistance (ON) state
(SET operation) by application of a threshold voltage (SHhE electrical current must be limited to a
compliance current (CC) during the set process in orderdwegnt the device from instantly returning
to the OFF state, or even worse the possible memory celludgistn. This is due to the fact, that the
SET and RESET state can take place at the same polarity. $&eageration occurs at a higher current
and a lower voltage than the set threshold voltage. Schemiiajram of unipolar switching is shown

in Fig. 5.3(a).
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Figure 5.3Schematic representation of (a) unipolar and (b) bipokatdatal resistive switch-
ing. HRS indicates for High Resistive State, and that of LR$oi Low Resistive State.
Copyright from [4]

5.3.2 Bipolar switching

Bipolar devices are switched from the high resistance (Gifddte to the low resistance (ON) state by
application of a threshold voltage. The current is oftenitliah by a current compliance during the
ON switching operation in order to prevent a possible mencetlydestruction. The RESET operation
takes place at the opposite polarity by application of aedét threshold voltage. The MIM or MSM
structure of the system must have some asymmetry (diffelentrode materials, electroforming step,
etc.) in order to show bipolar switching behavior. Schemditagram of bipolar switching is shown in

Fig. 5.3(b).

5.4 Switching in symmetric electrode con guration

Thel V curves for device S-1 and S-2 as plotted in Fig. 5.4 were nbthby sweeping up and down a
dc voltage, between -5 V to +5 V. The curve shows typical ulaip@sistive switching characteristics at
a threshold voltag®sgt 3.36 V. VseT andVreserindicates the threshold voltages when the system
goes from OFF to ON and again returns from ON to OFF state ctisply). Initially NW device
was in HRS (high resistive state) or OFF state. With incr@abias current increases (arrow '1") and
when voltage reaches the threshvlg, Cu:TCNQ NW rapidly switches from a OFF state or High

Resistive State (HRS) to ON state or Low Resistive State {|.R8icated by the sudden increase of
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current in the circuit (arrow '2"). Even though current collmpce (CC) was set to 1@0A and 10 kw
load resistor was placed in series with the sample to pratgainst current burst, but the device reaches
to the compliance limit of the SourceMeter when it goes to ld&8Shown in Fig. 5.4. When applied
bias is reduced, current is also reduced (arrow '3") andesysdgain turned back to its HRS from LRS
with the voltage of same polarity but less than thresholtlga which i/reset 0.5V (arrow '4"). In
this process SET and RESET process occurs for same poléapptied bias and hence we may call
it shows unipolar switching. The same electrical behaviewualso observed under reversed polarity
of applied bias but with lower ON/OFF ratio, although thectiledes are symmetric. Slight change in
ON/OFF ratio in positive and negative polarity may be dueiffegence in contact area of deposited
C-Pt with the NW at the two ends, which acts as an importartbfan switching and is discussed
later. Besides, the Cu:TCNQ NW switching device exhibiteproducibility. We have collected data
continuously for 24 hours. Fig. 5.5 shows switching datadfad successive cycles. At the end of large
cycle, they may stored charge in the device, as shown inshiféro for the data after 480cycle in

Fig. 5.5 (c).

5.5 Switching in asymmetric electrode con guration

We have observed switching on another NW device (A-1) haasgmmetric electrode con gura-
tion (Cu/Cu:TCNQ/C-Pt), one of which is purely Ohmic and e is Schottky type as shown in
Fig. 5.2(c). Thd V curve as obtained from the measurement is shown in Fig. Hi. device also
shows unipolar resistive switching and goes from HRS to LR®r@shold voltage of'sgt= 3.5V
(arrow '2"). Reverse state occurs %teset OV. In this case RS switching is observed only in one
polarity i.e. when Pt anchored electrode of the NW is in neggtolarity w.r.t. the other electrode.
No switching is observer in inert atmosphere or in vacuunis ttoted from Fig. 5.6 that device with
Ohmic and Schottky contact exhibits switching for one potasf applied bias only. Possible reason
of switching is the barrier height reduction due to metath@nnel formation in between the interface
of NW and electrodes which is elaborated later. In device, &ffe electrode being Ohmic this end
does not exhibit any switching and current is also comparéblthe switched state of the Schottky

contact end. Thus, both the device shows RS switching atrldweshold voltage compared to other
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Figure 5.4Logjlj V curves of Cu:TCNQ single NW devices with diameter (a) 90 nwh an
(b) 65 nm, connected with FEB deposited C-Pt in C-Pt/Cu: TGB{Rt symmetric electrode
con guration. Series load resistance R = MV knd measurement has been performed in air

(inset in (a)).

reported devices of Cu:TCNQ array [18, 35, 45] or single N\®B][Z hus, from the results of devices

with symmetric and asymmetric electrodes it is clear thainesof electrodes take an important part in

RS switching of the NW which is explained below with a thematmodel.
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Figure 5.5Logjlj V curves of Cu:TCNQ single NW device with large number oc ssece
sive cycles, (a) ¥, (b) 50" and (c) 458" cycles respectively.

5.6 Analysis of switching data using MSM device model

The device of Cu:TCNQ NWs that exhibit unipolar switching &terminal devices with two metallic

electrodes (M) connecting the semiconductor (S) NW. Thugrinal devices can be thought of
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Figure 5.6 Log jlj V curves of two parallely connected NWs of Cu:TCNQ in
Cu/Cu:TCNQ/C-Pt asymmetric electrode con guration meadun air.

as MSM devices [109, 112]. We have used such a device modejuwation to analyse the opto-
electronic data given in Chapter 6. Analysis of the switghitata using MSM model has not been
done before. We show that the model gives us a clear indicatidhe source of the large switching
from a HRS to a LRS. The model allows us to separate out how rotithe transition occurs due
to the changes at the contact resistance and how much gobealirs due to change in the material
resistivity. In case of bipolar switching, the phenomendehy studied in Cu:TCNQ, and in the model
the switching mechanism have been proposed based mainlyodncation at the contact [25, 26,
35]. However, it has never been established how much of thietsng (with memory) is due to
contributions from contact and how much is due to changesistance of the bulk of the NW. The
analysis based on MSM device elaborated below allows uspgarate out the two contributions. We
show that the unipolar switching reported here has corntdbs from both the processes with the
dominant contribution arising from contact modi cations.

The MSM device model has been developed for a semiconduetocedwith two Schottky type
barriers at the contacts. For the Cu:TCNQ NWs we take the twatacts as two regions with barriers
that allow transport with an applied bias. Strictly, the temts on the Cu:TCNQ are not a conventional
Schottky type contacts (contacts with sharp barrier). Kbegess, it can be reasonably assumed that

there is a contact with barrier so that a Schottky type maoaelused to get information on relevant pa-
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rameters. The MSM model thus uses a back to back Schottkgaisrtonnected by the NW resistance
(Rs). This makes one of the contacts forward biased and othersed biased, which exchange when
the bias polarity is reversed. The switching will changeaR well as the contact resistance) At
the ends. The Rfor a given bias polarity will be determined principally byetbarrier of the reversed
junction of the two contacts. The model below allow us toreate the changes in the effective contact
barrier at the switching as well as the contact resistanceNR follow-up this device model analysis
with a phenomenological model that allows us to capture Hysipal process that leads to the contact
modi cation.

The MSM model gives the following equation for the I-V cunee[a13]

oo exp q(f1+ f2)
V)= lgexp O 1 kT ! (5.1)
- hkT ex qu + ex qfl ex q—\/o |
P T P T P na

where,V0 =V IR, R being the series resistance, ahdand f, are the barrier heights associated
with two contacts (M's) in forward and reverse bias respetyi k being Boltzmann constant ard
is ideality factor of a diodelg is current ow across the metal-semiconductor interfaceHhgrmionic

emission in both direction leads to a form fgras

lo= A T2exp k—; (5.2)

f being barrier height in the metal-semiconductor interféces Richardson constant afidis temper-
ature. lllumination can reduce barrier height§) by metallic channel formation in the interface region
between NW and contact, leading to sharp jump in currentregraent. h generally lie between 1
- 2 for an ideal Schottky diode, although during MSM ttinging equation 5.1, we nd somewhat
high value ofh. High h value arises because the contact we are working with is niateath Schottky
contact.

The ts to the MSM model are shown in Fig. 5.7 for the three desgi studied. Two of the devices
are symmetric type (S-1 and S-2) with NW diameters 90 nm andré5espectively. A-1 is the
asymmetric device with NW diameter of 70 nm. Though the san®ll and S-2 are symmetric, the
contacts are found to have different barrier heights andaots leading to different ON/OFF ratio for

the two polarities. Likely reason for this differences wi#é discussed later on. As can be seen from
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Figure 5.7 Back-to-back Schottky diode MSM t for ((a) and (b)) symmietand (c) asym-
metric electrode con guration. Here, FEB deposited C-R¢ as metal (M) and Cu:TCNQ
NW as semiconductor (S). M-S junctions act as Schottky @bnta

Fig. 5.7, the model ts the data well. Table 5.2 give the ral®v t parameters and table 5.3 gives

ON/OFF resistance ratio of different sample measured.

Table 5.2MSM tted parameters in HRS and LRS for different devices

HRS LRS
Device
R(KW | rurs(W cm) | f1(eV) | f2(eV) | R(KW) | rirs(W cm) | f1(eV) | f2(eV)
S-1 |2 85 104 0.48 0.27 0.1 425 10° | 0.14 0.018
S-2 |5 6:63 10 4 0.34 0.20 0.4 53 10 ° 0.24 0.019
Al |3 6:07 10 ¢4 0.702 | 0.026 | 0.2 4:05 10° | 0.39 0.026

The following points may be noted:
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Table 5.30FF/ON resistance ration from tted parameter.

R (kW) OFF/ON
Device
HRS (OFF)| LHS (ON) | Ratio
S-1 2 0.1 20
S-2 5 0.4 5
A-1 3 0.2 15

(a) It appears that there is a change in resistance/régisti’the NWs after switching, although

the extent of change may vary.

(b) Ther rysof the NWs in all the three devices in HRS lie in the range 0.850rW cm. After

switching (in LRS)r ys lie in the range 40 - 53nW cm. Such a value of resistivity in LRS is what

one observes in high resistance metallic systems (likgsalhd transition metals). The value ofin

LRS has quantitative uncertainties, arising from the t. Wi# discuss this issue later on.

(c) It is gratifying that ther in LRS and HRS being rather similar in the three samples, show

reproducibility of the NW fabrication.

(d) The large change in resistance that occurs on switckinguich larger than that can arise from

change in the resistance of the materials. This establessntial role of the contact. In Table 5.4 we

show the change in contact resistance) @ the HRS and LRS at the point of switching, & de ned

has total contribution of both contacts. But, one of thermbdorward bias, Rwill be dominated by

the reverse bias contact.

Table 5.4Contact resistance @Rat HRS and LRS at the point of switching

HRS LHS Ratio Switching ratio
Device

Rc (W) Rc (W) +ve polarity | -ve polarity
S-1 |314 10 | 335 10 0:94 10° 10° < 10t
S-2 | 1.3 1¢° 36 10 36 10 36 500
A1 | 1:.099 1¢° | 349 10°| 315 10°| 33 10° | -
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It can be seen that jump of device current at switching Igrgakes from drop in contact resistance
for both polarity of the applied bias. Rvill be polarity dependent.

There are quantitative differences in the the actual vafube ON/OFF ratio obtained from current
through the device at the switching and that observed fraRth This is expected as given from the
simple nature of the MSM model that has been used to extraadhtact resistances.

The contact barrier heights undergo signi cant changesvatcking. From Table 5.2 and 5.4, it
can be seen that the barrier heights in the HRS are substantidghey reduce in the LRS by a large
amount and consistently one of the junction becomes almoseiowith f < 0:02 eV which is lower
than the room temperature energy @:025 eV). Such reduction of barrier value at reverse polarfity

applied bias indicates the signature of metallic chanmehé&dion at that junction.

Table 5.5Contribution of barriers in switching

HRS LRS Change in switching for exponential
Device L Ty
f1=kp T | FozkpyT | F13kpT | f2KpT | € T e '
S-1 | 1845 | 1055 |53 0.7 514 10¢° | 1:89 10
S-2 | 13.2 7.8 9.26 0.74 514 10' | 1.52 1C°
A-1 | 27 1 15 1 162 10° |1

(f) The use of the above model is only approximate and it steérates the contact contribution
leading to inaccuracy in the determination of the samplestaasce. This is because, the sample re-
sistance being a small part of the total 2-probe resistaalogpst all the voltage drop occurs at the
contacts. This makes the estimation of resistance and hleacesistivity particularly inaccurate in the
LRS.

To ndthe extentin inaccuracy, we have generated a serie¥aurves where we kept the junction
parameters unchanged and tthem by varying sample resistdfrom the calculated curves along with
data are shown in Fig. 5.8. The range of values of sampleaesiss for which one get reasonable t

are marked in Table 5.6. From this we note the extent of uaicgytin the sample resistance.
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Table 5.6 Parameters for generated I-V curves

HRS LRS
Device
RKW) | f1(eV) | f2(eV) | R(kW) | f1(eV) | f2(eV)
S-1 2 0.48 0.27 0.1 0.48 0.27
S-2 5 0.34 0.20 0.4 0.34 0.20
A-1 3 0.702 0.026 | 0.2 0.702 0.026

Figure 5.8 MSM t where junction reduction takes place (blue solid jneGenerated I-V
curves keeping the junction parameters unchanged and samgle resistance (red dotted

curve).
5.7 Phenomenological model of switching

The model analysis above shows that the contacts plays thadnt role in the switching. Previous

experiments on bipolar switching also explored this isswsyever, without any model based analy-
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sis [110]. The MSM model presented above is a rough modelklthags out the importance of the
contact resistance. In this section, we develop a simpleeinaidthe contact based on diffusion of
ions which reproduces the observed features. This willgarea qualitative scenario of the unipolar
switching. We follow-up with a phenomenological model lthea rate equations. The model/scenario
depicted below draws its motivation from earlier qualitatmodels proposed for bipolar switching, in
which redox reaction leads to lament formation (Cu- lanmgmt contacts that take part in switching
process. In our model we also suggest that the contact basrieduced by such lament forma-
tion/alignment which is the cause of switching. In conttastarlier reported bipolar switching devices
which had asymmetric type contacts, we observe switchisg ial devices with symmetric type con-
tacts. In our suggested model we also note that Cu:TCNQ NWnsc®nducting in nature (n-type)
where transport takes place by hopping through localizai §see chapter 4 on conductivities). The
suggested model is given in Fig. 5.9.

The applied bias makes one junction forward biased and bex odversed biased. The two contacts
are somewhat differed physically due to variation in theuraiof the Pt-carbon composite. Here,
charge transport occurs by tunneling through localizedattetregions that include the Cu laments.
In the reversed biased junction (negatively biased) the @at aligned in lament by the eld leading
to enhancement of tunnel rate in turn reduces the poterdialep facilitating current transport and
switching. In the numerical part of the model this is takeraasite constant and a bias dependent
function f(V) that control the switching. In the body of NW the transportus by hopping through
localized state (1d-VRH) that also express by a rate conaashown below. This scenario that the
tunneling rate of carriers at contact region controls thféetgive barrier”( ) in the MSM model, can
explain the change if at the contacts during switching.

During measurement across MSM device, one junction stagrimerd bias condition (+ve biased
junction) and another is in reverse bias condition (-vediigsnction). In this system, Cu:TCNQ NW
acts as source of copper ions. When suf cient bias (&e1) is applied across the NW, Cuons
migrate towards -ve polarity junction and form lament likgucture between NW and C-Pt electrodes
junction with -ve polarity. At the same time, +ve polarityngtion barrier also reduces due to forward
bias action. Combination of these two effects result in ghjamp in current at V Vset. Process

in schematically illustrated in Fig. 5.9. Same results éained from MSM t (Table 5.2). These
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Figure 5.9 (Left frame) Schematic of MSM structure. (Right frame) Baliagram of MSM
structure in absence and presence of applied bias acro$43hestructure. Applied bias
reduces the barrier height in both junction. In positivesbijunction, barrier height reduces
due to forward bias and in negative biased junction bareggtit reduces signi cantly due to
metallic lament formation.

laments mediate the charge transfers from electrode torCMQ NW. Based on the experimental
facts, we also assume that after application of certainageltto the electrodes some laments get
formed/aligned and hence tunnelling probability increaséll the lament alignment and disruption
processes are schematically represented in Fig. 5.10 wisejuhition '2' is negatively biased and an-
other MS junction '1' is positively biased . Initially the siem was in HRS. When +ve bias is applied
across junction '1', barrier height across that junctioduees due to forward bias action and that in
junction '2' barrier height will reduce due to formationi@hment of Cu atoms towards the -vely biased
Pt electrodes. With increasing bias current increase®fsatic 'a’). Further increase of bias cause Cu
ions to align themselves towards the -vely biased C-Ptrelées which increases tunneling probability
in between NW and C-Pt (schematic 'b"). When applied Mas VsgT, all the Cu laments get aligned

towards the Pt electrodes and form Cu lament bridge betwé¢dhand top/bottom domain (schematic
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Figure 5.10 lllustration of lament alignment process in between NW aBePt electrode
when C-Pt electrode is in reversed bias i.e. state '2' isy-yidhsed. (a) First, Cu ions are
aligned randomly. (b) With increasing bias Cu- laments aetting aligned towards the
electrodes to get switched to LRS fdr= Vset. () AtV Vse all the Cu- laments are
aligned towards the electrode creating tunneling prolighib its extremum and resulting
switch in current. Again with reducing bias current decesagd) At low biasv  VreseT
Cu- laments ruptures due to thermal energy.

'c") which effectively reduces the barrier height and inases the tunneling rates signi cantly resulting
sudden jump or sharp enhancement in current. Again, reduofibias reduces the current and when
bias reduces tWreseT aligned Cu- laments are disrupted due to thermal energgnargy state mis-
match of NW and top/bottom domain in -ve junction and alsaibaheight increases in +ve junction,
which reduces current to low value (schematic 'd") and broagk the system to HRS. On the other
hand, barrier height at junction '1' increases when samegs® occurs for other polarity of applied
bias. In reverse bias, ON/OFF resistance ratio value is ghawn in Fig. 5.5. This may be due to
reduces contact area of electrode with NW which effect nurobenergy states and also the tunneling
rate.

For the device A-1 unipolar switching is observed (Fig. B)ponly when NW-electrode junction
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anchored with Pt is negatively biased and this happens alsdal lament alignment and disruption
with applied bias by changing tunneling rates of carriemeein NWs and electrodes resulting in eld
induced barrier height reduction. But, no switching is alaed when junction of growth end of A-1
is negatively biased as this junction is Ohmic and thus earmget easy path of conduction leading to
almost linear conduction with higher current value.

We have also performed numerical analysis to build a modsupport of our phenomenological
consideration. Our model is motivated by experimental dathreported facts of formation of insulat-
ing medium containing non-percolating metallic domaingdges of Cu:TCNQ, metallic clusters, or
metallic laments etc. sandwiched between nano wire andahad¢ctrodes [114, 115]. Our model con-
sider a device with semiconducting charge transfer salis{CNQ) having excess copper sandwiched
between two electrodes separated by top and bottom dormaimschthe interface of the corresponding
electrodes as schematically represented in Fig. 5.11idmtbdel central domain i.e. NW is connected
to metal electrodes via top and bottom domains. In this syst&u: TCNQ NW acts as source of copper
ions which form lament like structure. These laments matdi the charge transfers from electrode
to Cu:TCNQ NW. Nanowire device contains Cu ions, carbon, madallic clusters in between NW
and electrode interface, those are originated during NWvtr@nd also during Pt deposition. The
probability of charge transfer from metal electrodes to N/ imtermediate top and bottom domain
states depend on parameters such as the tunnellingGatbgch depend on the overlap of electronic
wave functions in two systems, the number of states in theatltsiN and their occupations. The
carriers i.e. electrons move around by hopping between hsnas well as between a domain and an
electrode, only when bias is applied. Number of states indtiraains increases exponentially with
their physical size. The tunnelling rates will depend onilakdity of sites and also on proximity of
metallic domains. Therefore it should also depend on theiabarrangement of the Cu- laments. Let

us assume that all the Cu- laments are identical and tramspmugh them have same tunnelling rate.

We solve the model by numerical analysis of carrier trartsp&s the tunnelling rates depend on

overlap of carrier wave functions, the number of states endibmains and their occupations, then, the
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Figure 5.11A pictorial representation of the model is shown. Cu:TCNQ MWandwiched

between to two electrodes made up of FEB deposited C-Ptateday two interface region
where lament formation occurs. The upper part of lamentcalled top 't' and lower is

bottom 'b'. Central part is Cu:TCNQ material and called cerit'. Cu:TCNQ NW acts as
source of Cu ions.

rate equations for simplest model for the system can be as

I _pe M Wy @ )
%:[Gchbnb(l ) G N )]F(V) (5:3)
art

kb tN.1C t EZtE
dt—[Gc Nen®(1 n) G E2n 2]f(V)

Wheren®,n® andn' are occupation of bottom, center (NW) and top res@ét., @ ¢, G tand
G E? and are the tunnelling rate from electrode to bottom, botiomenter, center to top and top to
electrode respectively. For transport through the NW partde use the rate consta@t which is a
hopping rateN;, N¢, Ny are total number of states in top, center and bottom domaspectively. Here
we assumed that the process of charge transport is throoglizied state although(V) represents the
dependence of the transition probabilities between thestvbsystems, lik€t to b or b to ¢ etc, on the
given external voltag¥. f(V) may have very complex form. For the sake of simplicity, forixf ¢v)
is f(V) = sinhKV. The functionf (V) re ects the dependence of probabilities on the appliedrazle
voltage. Note that we takg0) = Oi.e. in absence of bias there is no current. The occupatioardral
part (Cu:TCNQ) does not change signi cantly. This has alserbestablished by the MSM t that the

resistance of the NW does not play a signi cant role in switgh Therefore, we can assumealmost
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constant. Assuming that the number of Cu- laments is sam@jinand bottom as initial condition,

then the above rate equation can be rewritten as

I e ) @ )
%:Gb Np[®(1 n%) n°1 nf)]f(V) (©4)
dr

am _ tN._C t E2,t NE2
dt—[GC Nen(1 nt) G E2n 2]f(V)

. . dn® .
n® andn' are related by simple relations. The current can be de ne%—taslx, where 'X'is 'b’, 'c'

or 't. Now, let us rewrite equn, (6.2) as

dr (1 nP) b .
ot Cil 5 rpn°(1 no)]f(V)
drf c b C C t
e No[n°(1 n° n%1 n)]fV) (5.5)
drf c N
5 = Gl ) S1f(V)
@ °¢ N G'N
- b — C _ c . .
where,C; = GF1 PNgq, rp = mN—El andr; = WN—EZ We notice that just rescales the

amplitude of the current where agontrols the ratio of ow of electron in the material.

We solve these equations numerically. From Eqn.5.5, weeaithait sudden changerodr C leads
to sudden jump in the current. In this case, the sudden chaingenay be attributed due to addition
of more aligned channels or Cu- laments to have higher tlmgerate. In the MSM model this is
equivalent to drastic reduction in the barrier potentiakerd] we will try to model our experimental
results qualitatively. Thé V curve from analytical results are shown in Fig. 5.12 for tviffedent
electrode con gurations which is similar to our experinmedntesults shown in Fig. 5.5 and Fig. 5.6.
We assume that the Cu laments®(andn') and electrodes are half lled andt =0.48. We take,
G PNg1 =10 8, rP = rt =10, K1 =K2 =0.04 and jump in is 60 times of its initial value &/ = 3.3
and reduced by approximately 56 times néar 0.33. On negative voltage, we start with 300 and
it changes by 2 times &t =-3.3V. This can be attributed to the realignment of the Camlents and
therefore, there is jump in the Current. During simulatiogthe device A-1 we notice that electrodes
have quite large effect on the V curve. To model this material, we assume that the Cu laméfits
andnt) and electrodes are half lled amf =0.48. We takeNg; =10 8, rP = rt =5 K1 =K2 =0.58

which is almost 11 times higher than type 1 electrode whetl bide of electrodes are Pt. The jump
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Figure 5.12 Simulated results using phenomenological model. (a) jLpg V curves of a
single NW of Cu:TCNQ connected with FEB deposited Pt in GSRBITCNQ/C-Pt con gu-
ration, load resistor R=10Win air. (b) Logjlj V curves of two parallely connected NWs
of Cu:TCNQ in Cu/Cu:TCNQ/C-Pt con guration measured in air

in r is 30 times of its initial value & 3.3 V and jump by a factor of 1.4 at 3.7 V. While decreasing
V, we notice that the experimental curve sharply decreagetypge 1 electrode. This effect may be

attributed to V dependence of tunnelling rate. We have asduanfunction which can be written

C — C 1
as@ = @ U WY

changes with/ andVs is proportional to potential height of the system. We havedus=5.2 for our

], wherea indicates that how strongly the tunnelling rates

calculations. We also notice theteset 0.5V the current is same as in the beginning. On negative
voltage, we start withh =210 and there is a jump inatVset=3.3 V. We notice that V curve have
two jumps for the asymmetric electrode device A-1 on thetp@sV which may be because of energy
alignment or Cu- laments get realigned alincreases. Thus, the switching depends on nature of
electrodes as we can see this from both experiment as wethatased results.

All the Cu:TCNQ NW devices reported in the past by differerdgugps showing bipolar switching
were having electrodes of pure metal or oxide metal whicm#Cu lament from NW to electrode by
redox reaction and brings the system from HRS to LRS and thdedayer is responsible for bipolar
switching [30]. Switching mechanism in our device con giioa is somewhat different from the other
reported devices showing bipolar switching. In our devicednnect the NW with FEB deposited
Pt we are using Methylcyclopentadienyl platinum trimet{tyHs)3(CH3CsH,4) Pt as precursor is not
a pure metal. Thus, during Pt deposition some defect statgésreetal clusters are created in the

interface of NW and metal electrodes. For our electrode garation at lower bias small current is for
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migration of very few charge carriers. As applied voltagechees the threshold valuéseT), there may
be alignment of Cu lament occurs between electrodes and Nk\énergy states between top/bottom
electrode and NW matches. Both the effect cause sudderasem@ tunneling probability and the
system goes from HRS to LRS. In LRS tunneling probability aém constant and decrease in voltage
reduce the current. As voltage is decreased below the thiceshlue Yreseq) aligned Cu laments
are getting misaligned due to thermal excitation or energgnratch occurs between Cu:TCNQ and
top/bottom electrode. Same mechanism is applicable istiesiswitching for opposite polarity of
applied bias. Thus, electrode con guration takes an ingrdrpart in resistive switching. Nature of
electrodes, types of resistive switching and theoreticatieh enlightening the experimental results

make the article distinct from the other reported devicenifching in Cu:TCNQ NW.

5.8 Conclusion

In conclusions, we have observed unipolar electrical R$ctwig in a single NW of Cu:TCNQ with
symmetric (C-Pt/Cu:TCNQ/C-Pt) and asymmetric (Cu/Cu: TRN-Pt) electrode con guration. Both
the device shows reproducible electrical switching and orgraffect with high on-off resistance ratio
( 10% and at lower threshold voltage. We emphasize that thereveme few reports of resistive
switching in single Cu:TCNQ NW. This is also the rst repoftumipolar switching in this material. We
have presented a phenomenological model that explainspiegimental results of resistive switching.
This model may provide useful guidance in this active andnising area of research. The model
proposed here is based on two aspects: (a) that the switphiglgomena is predominantly controlled
by the change at the contact which we establish through alsiMB8M type device model and (b)
that the transport through the contact region as well asutfirdhe body of the NW is localized in
nature controlled by hopping/tunneling type process. Wainksemiquantitative agreement with the

experimental data.



Chapter 6

Opto-electronic effect in Cu:TCNQ

nanowire

In this chapter, we have described the opto-electronicdpamt measurement on Cu:TCNQ NW, both
in array and single, having diameter down36nm. The material shows zero bias photo-currert®®
order higher compared to dark-current and also a very higlotplresponsivity of 10°A/W for a
applied bias oflV in a single NW of length 200nhm and diameteBOnm. We have also explained that
the possible reason of current enhancement is due to plasteec generation inside the NW along

with a barrier height reduction under illumination.

6.1 Introduction

In recent years, a variety of semiconductor NWs have beethasgized and used as basic building
blocks for the development of electronic and optoelectroiainodevices [117,118,119, 120,122, 123].
These include NWs of inorganic semiconducting materigl§ [118, 119], carbon nanotubes [124], ox-
ide NWs [120], core shell NWs [125], polymeric NWs [126], asllkas some organic molecules [127].
These reports showed that it is possible to make photo debased on a single NW, which can show
substantial photo-response. We report here photo-reisggobshaviour of a single and array of NW
of Cu:TCNQ. The principal motivations for doing this invigsttion on Cu:TCNQ NW are as follows:

rst, although there are past reports of resistive statedchwng in Cu:TCNQ Ims using high power

120
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laser illumination [8, 128], there is no report of investiga of reversible photoconductivity in this
material. The material is expected to exhibit large phatocetive response because it shows laser
induced resistive state switching. Secondly, the pastetudere done in thin Im form and it is ex-
pected that the NW will show enhanced photoresponsivitg[129]. We indeed see an enhancement
of 3 orders of magnitude in photoresponsivity in NW array awen 5 orders in a single NW compared
to Ims. Lastly, the charge transfer complex Cu:TCNQ hasaatied considerable recent attention as it
exhibits bias driven electrical resistive state switchivith memory. This makes the material attractive
for making MEMRISTOR (memory resistor) and non-volatile RA3]. The present report of large
photo-response in Cu:TCNQ NWs, thus, adds an opto-eléctielament to the existing electronic

switching property and raises the possibility of optoelmac control to a MEMRISTOR device.

6.2 Operating Principles of Opto-electronic Device

Most optical semiconductor devices are optoelectroniqupetion devices, such as laser diodes [130],
light-emitting diodes [131], and photodiodes [132]. Theimiaterest in the eld of optoelectronic
devices has shifted from device physics and operation ipiesto device applications. That is why
we require a wide range of knowledge related to optoelertrs@miconductor devices. These opto-
electronic pn-junction devices performance depends otyfieeof pn-junction and nature of semicon-

ducting materials.

Figure 6.1 Schematic of band diagram of semiconductor.

The valence band and conduction band of semiconductingrialatare separated by a distance
known as band of the semiconductor. There exists some itgdaviels in between valence and con-
duction band due to imperfections or defects in the materigigure 6.1 schematically illustrates the

energy levels that might be associated with optically irdLizansition in both an isolated atom and in
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a semiconductor solid.

Many opto-electronic phenomena observed in photo-acereicnductor can be described in
terms of some basic concepts involving electron activitgémiconductors. These includes optical
absorption by which free carriers are created, electrigaisport by which free carriers contribute to
the electrical conductivity of the materials, and the ceptf free carriers either by recombination or

trapping. All the effects are illustrated in Fig. 6.2. Insic optical absorption in Fig. 6.2(a) corre-

Figure 6.2 Major transitions and phenomena associated with optdreldc effects in ho-
mogeneous semiconductors. (a) intrinsic absorption, i) (@) extrinsic absorption, (d)
and (e) capture and recombination, (f) trapping and deingpjReprinted with permission
from [133]. Copyright (1992) Cambridge University Press.]

sponds to the raising of an electron from valence band towdimh bans due to absorption of photon
energy illuminated on the materials. Extrinsic optical@psion corresponds to the raising of an elec-
tron from imperfection to conduction band or from valancad# imperfection as in Fig. 6.2(b) and
(c) respectively. A captured carrier at an imperfection Mayhe following two things: (i) recombine
with a carrier with the opposite type as in Fig. 6.2(d) and ¢e)ii) thermally reexcited to the nearest
energy band before recombination occurs. In the latteritéseeferred to as trap, and the capture and
release processes are called trapping and detrapping6.Bi{@). shows such trapping and detrapping
situation. This processes control the extent of photocomolu as well as photoconduction dynamics

(time dependent).
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Figure 6.3 A Schottky barrier blocking contact between a metal andpe-tyemiconductor,
formed when workfunction of metal is larger than that of ssanductor. [Reprinted with
permission from [133]. Copyright (1992) Cambridge Univigrress.]

6.2.1 Electrical Contacts

The physical situation of electrical current ow under ithination also involves the effect of contacts.
Effect of electrical contacts between a metal and a semigtiod under illumination can be described
in terms of different classes of behaviour like: (a) ohmiateat - able to Il up carriers created by
photoexcitation when they are drawn out of the material byapplied electric eld. (b) blocking
contacts - unable to Il up carriers created by photoexmtatvhen they are drawn out of the material
by an applied electric eld. Current varies less than limgarith applied bias and become saturated. A
typical blocking contact to an n-type semiconductor is shawFig. 6.4. Such contact is also called a
rectifying contact or non-ohmic contact or a Schottky karrThe quantityf p is the energy difference
between the workfunction of metalf(y) and semiconductorys), wherefp is diffusion potential.
Now, barrier height experienced by an electron in movingifietal to semiconductor §= gfy  Cs,
wherecs is electron a nity of the semiconductor. Thus, barrier higs larger thargf o by an amount
E:. Er, Ec andEr being energy of bottom of conduction band and Fermi levgiaetvely.

The work performed during the course of this thesis are with' Nevices having both block-
ing/Schottky contact or combination of ohmic and Schottemtact. As discussed in chapter-3, NW

device fabricated withop-downapproach have Schottky contacts dmattom-upapproach have one
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contact Schottky and another Ohmic (growth end of the NWAyolfage difference is applied across
such a blocking contact, current will depend on the polasityapplied voltage. If metal electrode
is positive, energy levels of the semiconductor are raisedraore electron will ow into the metal.
Considering a NW is connected with two blocking contactntharrent ow in such a device can be
expressed as [113]: [Although the equation has already &tewed in chapter 5, here we reproduce the

same for convenience.]

! q(f1+ o)
(V) = loex Qv 1 o kT ! (6.1)
- hkT ex qu + ex qfl ex q—\/o' |
P T P T P na

where, wherey’=V IR, R being the series resistance, dadndf , are the barrier heights associated
with two contacts (M's) in forward and reverse bias respetyi k being Boltzmann constant ar
is ideality factor of a diodelg is current ow across the metal-semiconductor interfacaH®rmionic

emission in both direction leads to a form 1gras

lo= A T?exp k—; (6.2)

f being barrier height in the metal-semiconductor interfand T is temperature. lllumination can

reduce barrier height &) by carrier generation, leading to photo-current enhamcgm

6.2.2 Photoconductive Gain

Photoconductive gain (G) is number of carriers generatetidacnumber of photons incident on the

sample [134], which is directly related to lifetime and s#rime of photo-generated carrier.

Nearrier _ t _ m

G= ———|—2

= t 6.3
Nphoton ty ( )

where,t in lifetime of the generated carriéy,is transit time of photo-generated carrierjs mobility

of carrier,V is bias applied across the sample &igllength of the sample.

6.2.3 Responsivity

Responsivity &) is de ned as the amount of photo-current generated due topawer falling on

the sample (electrical output to optical input in an opteetionic device) and is represented as fol-
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Figure 6.4 Photo-current of a single NW as a function of wavelength.etrshows the ab-
sorption spectra of NWs as a function of wavelength.

lows [135]:

A = bk
Psample  hn

(6.4)

Thus, from equn. (4.3) and (4.4), prolonging life time ofrer, reduced transit time of photon and

shorted length enhances the photoconductive gain and hesgensivity of a NW.

6.2.4 Spectral response of photoresponsivity

To produce photocurrent, light must be absorbed in the gsockcreating free carriers by either intrin-

sic and extrinsic optical absorption. Therefore, theredfoae correlation between optical absorption
vs excitation wavelength to the photocurrent vs excitati@velength. Sharper is the spectra more
de ned will be the band gap energy. Broad absorption speotiwates the distribution of trap states

around fermi level E. Fig. 6.4 shows photocurrent as a function excitation wength for a single

NW of Cu:TCNQ, whereas inset shows the absorption spectitzeatorresponding.

6.3 Photoresponsive behaviour of Cu:TCNQ NW array

Opto-electronic measurement was performed rst on a Cu:QAWV array ( 80 NWs in number)
device (with asymmetric electrode con guration) of avezatiameter of 30 nm grown on two pre-
fabricated electrodes of separation7im with bottom-up approach as shown in Fig. 6.5(a). The

asymmetry in contacts occurs because wires were made to geferentially from one electrode
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Figure 6.5 (a)Top view SEM image of a Cu:TCNQ nanobridge device. Thetedde from
which growth starts is marked by star and direction of growtimarked by arrow.(b)Photo-
current of NW array at constant bias of 3 Volt as a function afglength. Inset shows the
absorption spectra of NWs as a function of wavelength.(o)gerature dependent resistivity
of the NW array measured separately in dark.

of the bridge and terminate on the other. The electrode, fndrich growth starts (marked as star
in Fig. 6.5(a)), was selected by choosing the angle of catent of the substrate during growth. The
direction of growth is marked with arrow in Fig. 6.5(a). Atld experiment performed in this work were
taken at an illumination of = 405nm because the photoresponse shows a peak at this vetiedsn
shown in Fig. 6.5(b). This links the photo-response to tlecgss of fundamental carrier generation
in the material. Separate studies on an ensemble of NWs dimiwthie absorption reaches a peak
around this wavelength as shown in the inset of Fig. 6.5(l). &:5(c) represents the resistivity curve
of Cu:TCNQ NW device representing semiconducting natuth@imaterial.

The spectral dependence of the photo-curréni(()) in Fig. 6.5(b) was taken in the wavelength
range 300-750 nm with applying bias\éE 3 V. The spectral response of the data shows a peak around
I = 405 nm. To check whether the spectral response has a refatiba absorption, we measure later
indeed. The absorption data are taken by two methods. Ormohistby dispersing the NWs in ethanol
by ultrasonication and taking data with the dispersing m@gliand other method is by dispersing the
NWs on a polished quartz plate and then allow the dispersiedium to evaporate. In both cases the
normalized absorption was found to be similar with a maximatnaround the same ( 405 nm)
as shown in inset of Fig. 6.5(b). Comparison with the absmmpand the optical responsé(/ ))
curves shows that the optical response is indeed causea lap#orption of the light in the Cu:TCNQ
NW predominantly at the peak absorption range, while atdongavelength the response is at least an

order less. The observed photo-response is related taarreztcarriers (electron-hole pairs) at the
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absorption peak. It is generally believed that on illumimathe light is absorbed by the TCNQ moiety
which leads to creation of neutral TCNQ and the absorpticekpe Cu:TCNQ arises mainly from
neutral (anion radical) TCNQ (TCNQ) [136]. If that indeed is the case, there is creation of ebect
from the TCNQ anion radical.

Fig. 6.6 shows a typicdl V data taken on such a nanobridge device (Fig. 6.5(a)) at darlkalso
under continuous illumination of wavelength= 405nm with optical power densiiyp: = 6:6x10°W/m?.
Thel V data of such a device is not symmetric which arises due to m&frit contacts which we
quantify below. The dark as well as illuminatéd V data have been analysed considering the device
as metal-insulator-metal (MSM) structure, where Cu etelzis act as metal electrodes and Cu:TCNQ
NWs as semiconductor. The current through the device hastwiponents: a zero bias photocurrent
Ipn(V = 0) and a bias dependent curré(¥'). The zero bias photo-curreht,(V = 0) is measured sep-
arately. The bias dependent curréf\t) both in dark and under illumination through the MSM device
is tted using equation (4.1) with a model of two back-to-k&&chottky diodes, connected by a series
resistance R, representing the resistance of the NWs betivegwo electrodesf; andf, are barrier
heights of the two contacts with forward and reverse biaga@s/ely. Thermionic emission current
lo does not change on illumination i.e. enhancement of cuureder illumination is independent of
thermionic emission. The bias dependéntV obtained from the equation above has been added to
experimentally observe zero bias photocurriepfV = 0) to obtain the total device currentin the
device. If the two M contacts in the MSM structure are ideaiti¢, = f,), then thel V curves will
be symmetric. However, unequal barrier heighftss(f ») at the two contacts will lead to asymmetric
IV curves as observed. A simple schematic of the barriers an8M device model used in the
analysis are given in the inset of Fig. 6.6. From the t of tkperimental V data using Eq. (4.1) we
obtainf;=5 2meV andf, = 200 2meV in the dark with NW resistancB= 8.0 0:1kW. (Note:
The parameters are obtained from the best t to experimetatd and the t procedure gives the pa-
rameters uniquely. Variation of resistance or barrier @aloeyond the error limits leads to perceptible
deviation of the t from the experimental data.) The obsenrrier height {1) is rather small in
the NW electrode junction. The low barrier indicates that ¢tontact is almost ohmic, representating
growth end of the NW device marked with star in Fig. 6.5(a) otkter end where NWs make contact to

the electrode after growth, the barrier height)(is larger. From the tted value of the series resistance
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Rin dark, we have calculated the resistivity0:34mWem, which matches well with the experimental

resistivity data ( 0:38m\Wem) measured separately in dark as shown in Fig. 6.5(c).

Figure 6.61-V curves in dark (black circle) and under illuminationdreircle) of Cu:TCNQ
NW array. Wavelength of illuminatioh = 405nm with power densitgop = 6:6  10°PW/m?.
Solid green curve is t to the MSM device model. The barrierghés f1 andf, obtained
fromthe taref; =5 2meV andf,= 200 2meV indarkand;=5 2meV andf,=
180 2meV under illumination. The inset shows the schematic ofidx@ at contacts.

On illumination at 405 nm, the barrier heights change mait@jiralong with change of NWs re-
sistance R. Whilg 1 remains unchanged and there is a small lowering-ofrom 200 2meV to
180 2meV. On illumination, the main change occurs for the semssstance (R) that shows a signi -
cant reduction. The value of the series resistance undeniilationR= 1:0 0:1kWas obtained from
the t. This is an order lower than the value Rfin the dark. The suppression of the series resist&ce
is due to the photoconductivity in the NWs between the twdacts. In this context, it is noted that in
many NW based photodetectors (working as MSM device), thparese under illumination can arise
from the photoconductivity of the NW and also from signi ddowering of the barrier under illumina-
tion [137, 138]. In the NW arrays grown directly on Cu eleds, we nd that the barrier being low,
the contribution arising from lowering of barrier is alsavi@nd most of the response arises from the
photoconductivity nature of the wire.

The material also showed zero bias photocurrent i.e. evieiasfwas not applied across the NW

device, it produced current only by illuminating with lighig. 6.7 represents the photo-response of
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the array of NWs at zero bias, taken at a wavelerigth 405nm at different incident powers using
a mechanical chopper (frequency 130 Hz). In zero bias, the @arent was below the instrumental
limit of detection which is & pA. Thus, we may consider dark currégk 0:5 pA. As can be seen in
Fig. 6.7, the current under illuminatid@ 8 nA at an illumination power densitgypt = 6:6 1P
W/m?. Thus, at zero bias, photocurrent géiin  14)=lq is atleast 10*. This gain is much higher than
the gain obtained in thin Im of Cu:TCNQ NW [43]. There is norg&stent photo-current as the dark
current is fully recovered when the illumination is turndfl @he photoresponse time shown in Fig. 6.7
is limited by the speed of the mechanical chopper. The alesehany reported zero bias response in

Cu:TCNQ Imsis likely due to much larger electrode separatthan the carrier recombination length.

Figure 6.7 Reversible zero bias photoresporgg(V = 0) of Cu:TCNQ nanobridge device
under an illumination at wavelength 405 nm with varying podensity. Inset shows depen-
dence of zero bias photocurrent on the incident optical palgasityPy .

The zero bias photo-curreigy(V = 0) increases with the incident optical power dendity: as

shown in the inset of Fig. 6.7. It was found to have dependehplotocurrent on optical power as
lpn(V = 0) 1 Py (6.5)

Fromthe t,we ndg 0:15. The exponergdepends on the process of electron-hole generation under
illumination, trapping, and recombination of the carrigrhin the NW array [139]. The fractional

exponentg has been observed in a number of crystalline as well as amaspbhotoconductors [120,
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Figure 6.8 (a) Responsivity as a function of applied bias and (b)Ze&as bésponsivity as a
function of no. of illuminated NWs bridging the electrodes.

139]. It has been explained due to existence of localizgustreear the band edges that controls the
process of recombination and the resulting in photocufe88]. The value ofydepends on the energy
distribution of the localized states. In a speci ¢ model 9]13or localized states near the conduction
band edgekK.), if they are distributed with an exponential dependencéhab the density of states
is given asg(E) = g(EC)e%, whereg(E) and g(E;) are densities of states at energiesand Eg,
respectively, andt; is a characteristic energy scale, the expor@nt&f—ﬁﬂ. From the observed value
of ggwe nd E; 4:6 meV, which is more or less same as our tted reguylt 5 meV.

The responsivityA as de ned in equation (4.4), depends on NWSs' potoresponsatare as well
asPsample WherePsampleis the power absorbed by the NWs of the array. We assume titheadower
falling on the surface of the NW array is absorbed so thatdted powerPsample= PoptAN, N being the
number of the NW in a particular device aAds the average area of each NW. This underestimates the
responsivity because not all the power incident on the NVébsorbed. Due to sub-linear dependence
of the photo-current on the optical power (see Eq. 4.5), éne hias responsivith (V = 0) was found
to be decreased with increasing illumination pow®(V = 0) at low power Byt = 7:8  10* W/m?)
was 23 mA/W and it decreased to 0.3 mA/W Ry = 2:0 10° W/m?. However, application of bias
enhances the responsivilysigni cantly. AtV = 2:0V, A = 1 A/W. The variation of responsivity with
bias is shown in Fig. 6.8(a). For bi¥%> 2:0 V, A was found to have linear dependence on V and it
reachesA = 6 A/W at 60 V. The device can be operated uptaQl/ without damage. The variation

of A with number of NW was also stated in Fig. 6.8(b), whéralecreases linearly with increasing
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number of NW of same length in a device due to increasl ims well as effective areA of NW.
Although this linear dependence Afon NW number is an over estimation due to limited no. of data
points.

Thus, respossivity can be increased by decreasing the M\adlong with radius, which reduces
the power falling on the sample. Another way to increase ¢spansivity is to reduce photo-generated
carrier transit time; (see Eqn. 6.3). This can be possible by the reduction of N\gtteor the distance
between collection electrodes. In the next section, wedigituss the photoresponsive behaviour in a
single NW of reduced length.

The fact that the responsivity increased signi cantly wioae has a single NW (Fig. 6.8(b)), mod-

i ed us to work on a single NW photo-detector.

6.4 Photoresponse in a single Cu:TCNQ nanowire

In the previous section, we have observed that charge éransmplex Cu:TCNQ NW exhibit pho-
toresponsive behaviour irrespective of its electricatsiing property. In this section, we will discuss
opto-electronic results obtained from a single NW of Cu: T&Nhese reports showed that it was pos-
sible to make photo devices based on a single NW, which camn shbstantial photo-response. One
of the reported data on Si NW observed generation of sulistgitotocurrent even at zero applied
bias [140]. This gives possibility of making a solar cell asllvas unbiased photo detectors. In some of
the inorganic NWs like ZnO [120], the reported resopongiviain reach a value of $@\/Watt under
an applied bias of:D V. The highA detectors & > 10* A/Watt) for single photon detection are made
using avalanche diodes [141], single NWs p-n junction typetpdetectors [135] or from supercon-
ductive Ims [142]. In this paper we report a photodetectada from a single NWs of charge transfer
complex Cu:TCNQ that can reach a responsivity B)* A/Watt, well in excess of 1DA/Watt, at a low
bias of 10 V.

Four probe single NW device of diameter30 nm in Fig. 6.9(a) was fabricated usitmp-down
approach as already discussedGhapter 3 Opto-electronic measurement has been performed on
this device in dark and under continuous illumination of elamgth/ = 405 nm as schematically

represented in Fig. 6.9(b). llluminated light lof= 405 nm has been selected for measurements as the
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Figure 6.9(a) SEM image of single nW device of diameter 30 nm and digtdr@tween two
inner probe is 200 nm which determines the length of the NW used for optotedaic
measurement. (b) Schematic representation of illuminagedple. (c) Photocurrent,f)
spectral response of the single NW device kept at a consiasobQ5 V

material gives maximum response at this wavelength as shotig. 6.9(c).

6.4.1 Spectral dependence

In Fig. 6.10(a) we have shown the photo-response of the eletizero biaspn(v = 0), taken at a
wavelengthl = 405 nm at different incident powers ranging fromm8 to 26 mW using lock-in-
ampli er as already described in experimental techniguise in Chapter 3. Fig. 6.10(b) represents
the photocurrent at different power density for constaojpgter frequency of 2 kHz. The power density
at the largest power corresponds to 20° W/m?. At that illumination power density, the single NW
device shows a large enhancement of the current to 120 nAdaditkecurrent at zero bias was below
the detection limit (&b pA) of lock-in-Ampli er. The enhancement of photo-curtesver dark is thus
1:2 10° as shown in inset of Fig. 6.10(b). For a constant illuminateder (2.6 mW) photocurrent
increases with chopper frequency and saturates after 2 &ldlaawn in Fig. 6.10(c). So, the zero bias
measurement has been performed with constant choppeefregof 2 kHz to get maximum response.
The zero bias photo currenpy(V = 0) with the optical power densitiy: as shown in Fig. 6.10(b)
was found to have dependenigg(V = 0) p Pé’pt ,where the exponerg 0:3 0:4 for a number of
devices tested. Due to the sub-linear dependentg@f = 0) on optical power densit?opt,A (V=0
decreases a,p; increases. In general, the power dependence of the photrtwlepends on the
distribution of trap states around the Fermi level YB-or systems with traps distributed uniformly with

energy around thefg g 1 [139]. However, for many photoconductors (in bulk forgn) 1 0:5
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Figure 6.10(a) Reversible zero bias photorespomggV = 0) of Cu:TCNQ single device
under an illumination at wavelength 405 nm with varying powdensity. (b) Dependence of
Ipn(V = 0) on the incident optical power densiBp:. (Inset) Ratio of illuminated current
over dark showing current gain at zero bias i40. (c) Chopper frequency dependence of
lpn(V = 0)

showing a non-uniform distribution of trap states around[E33]. In NW arrays as well as single
NW [118, 143], the typical exponent was found todpe 0:3 0:5. It thus appears that in NWs the
traps have a broad distribution of energy around Ehe large carrier generation rate in a con ned

volume is expected to increase the non-geminate recontnatoss-section and reduge

6.4.2 Zero bias photoresponse

For the device under test (DUT), the NW has a diameéter30 nm, with the length between electrodes
used for optoelectronic measuremenk00 nm. Assuming the NW absorbs all around and over the
whole lengthl between the electrodes, an optical power densitfgf= 1 W/n? corresponds to
1:9 10 '* W absorbed by the sampl®mpid between two electrodes. Since the absolute value
of the absorbance is not known this is the maximum power alesoby the sample. The value of

PsampleiS thus an overestimation. F&y = 2 1P W/m? the responsivity at zero bias(V = 0)
Ipn(V = 0)
I:)sample
optical power that falls on the wire is absorbed. As pointatlefore this overestimates the value of

3 AW 1. The above estimate of the(V = 0) is made with the assumption that all the

samplePsampieand thus is a lower bound dh(V = 0). This is more than that seen in GaN NW [144]
[A(V = 0)0:1 AW 1] that shows one of the highest recorded zero bias respgnsingd much higher
than that seen in Si single NW [1404[V = 0)0:6 mAW 1].
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6.4.3 Bias dependent photoresponse

Application of bias enhances the responsivitysigni cantly. Thel V data on the device in dark
and under continuous illuminationFgample 1:24 10 7 Watt, | = 405 nm) is shown in Fig. 6.11.
The measuredA (V) 8 104 10° AW ! for an applied bias o¥ = 1V (-1V) which is due
to photoresponsive behaviour of Cu:TCNQ as well as redudtiobarrier height at the metal-NW
interface as obtained from MSM t.

The observed ultra large responsivity of Cu:TCNQ NWs bas&iMMievice can arise from contri-
butions of three factors elaborated below. Two of thesefaatepend on the photoconductive response
of the NW and the third on the MSM device con guration. Senmidoctor NWs with diametex 100
nm generally show very large photoconductive daift,34] already de ned earlier a& ;P—;, Iphis
the photo-current generated due to absorbed photort- .uis from equation (4.3% also depends on
carrier life timet and photon transit timg through the device. Largé 1 can occur due to one or
more of the following reasons. Existence of surface statad to formation of depletion region near
the surface that gives rise to built-in eld which effectiydreaks the photo generated electron-hole
pair. The strong lateral eld can trap the holes (for n-tymmductors), thus prolonging the photocar-
rier (electron) life time {). Secondly, close proximity of the electrodes can redueectrrier transit
time (t;) leading to large enhancement of the photoconductive Gaiince,G is directly related to
A (from equation (4.3) and (4.4)), increaseGrincreases responsivityy of a device. The reduction
of the device length scale by reducing electrode separ&tio200 nm) is thus one of the causes that
enhanceA.

In addition to the above, a third and rather effective way nbamce gain in the device under
consideration originates because it is con gured as a MSMcde In MSM devices the Schottky
barriers at the junctions can get reduced by the photo-gatrcarriers [137, 145]. This causes a
large enhancement of the photo-currésy, which in turn leads to a large enhancementdof For
the device used here, under illumination, the barrier lieggreduced 0:1eV and resistance changes
from 1.0WVto 0.03 RV as shown in Table 6.1. Reduction in barrier height and 1@si&t are obtained
after tting the | V curves in dark and under illumination (Fig. 6.11) using Edf.1) under the

framework of model of back-to-back Schottky diode that isdi model MSM devices [138]. Fitted
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Figure 6.111 V curves in dark (black circle) and under illumination (blukecle) of a single
Cu:TCNQ NW MSM device. Wavelength of illumination is 405 nBolid red curve is tto
the MSM model. The dashed-dotted curve and dashed curvalardated V curves using
the same MSM model with (i) dark value of series resistandebhtrier height values with
illumination and (ii) illuminated value of the series reaisce value but dark barrier values
respectively. (inset) Schematic of MSM model.

curves are shown in Fig. 6.11 (red line). All the t paramstéasr both the dark and under illumination
are tabulated in Table 6.1. The suppression of the serietaeseR is due to the photoconductivity

in the NW between the two contacts. Thus, large enhancenidghte aevice current is a combined
contribution of both barrier height reduction and photabactivity in the NW. It is observed (Table
6.1) that on illumination, the barrier heights change todowalue,f; 0:18 eV andf, 0:34eV and
the resistance of the NWs reducesRe 0.03 V. Both the barrier heights are thus reduced by nearly

the same amount d@f 0:1 eV on illumination.

Table 6.1MSM tted parameters of V in Dark and under illumination

Conditions | f1 (eV) | f2(eV) | R (kW)

Dark 0.27 0.45 1.0
luminated | 0.18 0.34 0.3

An estimation of the lowering of barrier height due to phgtnerated carriers is given below.
(Sph Sdark)

The photosensitivityS which is de ned asS=
Sdark

, Wherespy, is the conductivity under
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illumination andsgyark is that in dark. We have calculated in NW,is 33. Considering that the
change in the conductivity due to the illuminatioR§ = Spn  Sqark) Of the NW is solely due to the
change in the carrier densit{pf)), without any change in mobility, we can get a measure of Hange
in carrier densityg—(:1 33 under illumination. This change in the carrier concdittraDn would lead
to a change in the chemical potential which will lower the &tity barrier [142]. The lowering of the
Ko T Mo+ Dn . Using@ 33, at room temperature, we

Schottky barrier would thus bBf In
q No No

obtainDf 0:09 eV. This is very close to the actual lowering observed th lttee barriersf;  0:09

eVandDf, 0:11). Thisis clear evidence that the photo-carriers geaéray illumination in the NW
reach the junction region and lower the barriers.

In a MSM device, the photocurrent through the device dependse light induced barrier reduc-
tion in the contact region [137]. It had been shown that in M&pE devices made on NWs, one can
obtain lowering of barrier, if large number of carriers areated or diffuse into the contact region due
to illumination [138, 124]. Control of contact barrier byeetrical gate controlled charge injection has
been recently utilized in Si NW devices [146]. Lowering ofdrfacial barriers on illumination at the
metal-semiconductor junction in polymer eld effect trastsrs, have been investigated using optical
excitation directed in the electrode region without opljcperturbing the channel [147]. Even charge
generated in piezo-electric ZnO NW was found to lower theibafl45]. The analysis of the V
data presented above shows substantial lowering of baiatehe two M-contacts under illumination.
The extra carriers generated optically, that lead to plustdaction enhancement, however, diffuse to
the barrier region leading to lowering of the Schottky kerriA recent experiment on CdS NW MSM
device, using near- eld scanning microscope and localigecitation, has shown that such indeed is
the case that most of the photo-response arises at theadiased MS junction [146, 148] which leads
our experimental results. Table 6.2 pointed out the respionsalue for different NW devices under
comparable bias and compared with the responsivity of siGgl: TCNQ NW device.

From parameters of different devices in Table 6.2 it is dleat excluding photoresponsive property

of the material, reduced diameter also enhances the rasgjppid a NW device.
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Table 6.2Comparative study of photo-responsivity for different NWs

NW/NWs | Diameter (nm) | Responsivity (A/W 1) | Bias (V) | Ref

ZnS 200 0.12 5 [149]

InP 200 0.3 5 [150]
In,Se; | 80 89 3 [151]
V.05 | 100 482 1 [152]
GaN 80 2 103 1 [144]

Si 80 104 1 [121]
ZnO 60 10° 1 [120]

Cu:TCNQ | 30 8 10* 1 This work

6.5 Role of contact and contact modi cation on photo-respose in Cu:TCNQ

We have observed Cu:TCNQ as photoresponsive material andwdir a shorter length single NW as
ultra large responsivity photodetector. Irrespectivehaf material property, we will now discuss the
role of contact on photo-response and how one can modifydhtact to increase the response further.
For that we have taken a single NW device, which is combinatibOhmic and Schottky contact,
made bybottom-upapproach and measured current in dark and under illumima#iéier modi cation

of Schottky contact, measurement has been performed agajore out the role of contact in photo-
response. Fig. 6.12 shows the SEM image of the device befmafier modi cation of the contact
stated a$S 1 andS 2 respectively.

Thel V data in dark as shown in Fig. 6.13 is for the device before diet enodi cation of
the blocking contact. Growth end of the NW acts as Ohmic airatad free end of the NW touching
the other Au electrode acts as Schottky type. It has beemaab¢hat after anchoring (capping the
Cu:TCNQ/Au contact with FEB deposited Pt) there is an enbarent of the device current. This en-
hancement mainly arises from the reduction of the barrigythet the blocking contact as the analysis
shown below. Thé V data is analyzed in the frame work of MSM con guration wheme Cu and
the Au electrodes connecting the NW act as the metal (M)relées and Cu:TCNQ NW is the semi-

conductor. The bias dependent current through the devidedsto the model of two back to back
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Figure 6.12 SEM images of (a)as synthesized single NW device of diametg® nm and
length  1nm (restricted by inter electrode spacing) having one caridunic and other
Schottky type, and (b) after Schottky contact modi cationFEB deposited Pt

Schottky diodes (Egn. (6.1)) connected by a series resisRrwhich mainly represents the resistance
due to the portion of the NW between the electrodes. As shavifig. 6.13,f1 andf, are the barrier
heights associated with Ohmic and Schottky contact resspdctwhen Ohmic contact is in positive

bias,R is resistance of the NW. Fitted parameters sre tabulatemivbebolid lines through the data in

Table 6.3MSM tted parameters of V in dark before and after contact modi cation

Conditions f1(meV) | f, (meV) | R (kW)

Pre-anchoring| 27 200 5.0
Post-anchoring 26 180 6.0

Fig. 6.13 show the ttothd V curves. As a validation of the model we nd that the valueRof
obtained from the model tis close to the value calculatemirirthe independently measured 4-probe
resistivity of the NW. Low enough value @ (f1 27 meV) at room temperature indicated the con-
tact is Ohmic, whereas, is quite higher f, 200 meV) as the NW just touches the surface of Au
electrodes and act as Schottky type contact. Asymmietri¢ is due to difference in barrier height at
two contact ends of the NW. This asymmetrylin V reduces after anchoring the free end of the NW
with FEB deposited Pt, which is due to blocking contact learnieight reductionf, 180 meV) after
contact modi cation as shown in table 6.3. The resistancth®MNW R changes somewhat during the

capping process and increases by 20 % (8\D k
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Figure 6.131 V of single NW device in dark before (triangle) and after (@yccontact
modi cation.

The effect of the contact and the contact modi cation on thetpresponse was investigated. In
Fig. 6.14(a), we show the results of measurement of the pgponse for zero bias (applied bias
V = 0). The zero bias photoresponse, which is dominated by cobéariers, is enhanced signi cantly
in deviceS2 due to the capping by Pt. Photocurrent as a function of loiabdth the cases (pre and
post anchored) is shown in Fig. 6.14(b). The current showimeisotal device current measured, which
under illumination is marked dg while that under dark is the dark currdgi k. (The bias dependence
of the of the ratidj /lgark is shown in inset of Fig. 6.14(b) for the two devices.) Thetpbarrentipp(V)
at an applied bia¥ is de ned as difference of the current under illuminatignand the dark current
lqark @t a given biaslén  lin  lqark). Thereis no external eld at zero bias and photogeneradeders
reach the electrodes without any recombination. This isipsbecause of the close proximity of the
electrodes 1mm, which is smaller than or of the order of the typical recomaltion length in such
materials.

The enhancement of the photocurrent after the barrier neatibn mainly occurs at the low bias as
one can see in Fig. 6.14. This is expected because at higheetha device current is restricted by the
wire resistance due to nite voltage drop across it. In the lbas region, the device current is mainly
junction limited being controlled by the barrier height.igban also be seen in the inset of Fig. 6.14(b),

where we plot the ratidy =lgark @s a function of the bias. It can be seen that at higher pigs (0:5
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Figure 6.14(a) Zero bias photocurrent (applied bis= 0) of the NW devices before (solid
circle) and after (plus circle) Schottky contact modi eati (b) Bias dependence of the photo
currentlph = Iy lgark @s a function of reverse bias. The inset shows the bias depeaaf
the ratioljj =lqark. (Wavelength of illuminated light, = 405 nm)

V) the effect of barrier modi cation shrink down as effecttbi illumination also diminishes.

From the measured V curve under illumination, using Eqgn. (4.1), we could dedtieebarrier
height modi cations produced by the illumination. Both tharrier heights change to lower values.
For instance for devic&l,f1 20 meV andf, 160 meV and the resistance of the NWs reduces
to R=0.9KWW under illumination. The change in barrier heights on illnation areDf; 7 meV and
Df, 40 meV with a reduction in resistance by a factor gb due to photoconductivity. The pho-
tosensitivity S can be evaluated from the change in resistance and for theed&l, S= 4:6. After
modi cation of contact, in&2, the barrier heighf, 130 meV under illumination, corresponding to
a change oDf, 50 meV. The change iDf; meV is similar to that irSL. Under illumination inS2
NW resistance reduces froR¥6.0RVto R=0.5KWleading to a photosensitivitg= 11.

The enhancement of the total photocurrent in the single NV&&\/Milevice has contributions of
illumination-induced reduction of the barrier at the juont as well as photoconductive reduction of
the series resistance of the wire which gives us a measune phiotosensitivitys. In the present device
the lowering of the barrier at the contact under illuminatie a major reason for the photo response,
which in turn accentuates the effect of the photocondugtivis a result the barrier modi cation leads
to a change in current in the device. Importantly, the bamedi cation has a large effect on the
zero bias photocurrerpp(V = 0) as can be seen from Fig. 6.14(a). The enhancement of the photo

current can be nearly 2 orders fgr= 0. The change in the photoconductivity being much less, it
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Figure 6.15 Comparative study of the parameters for NW MSM devices leeflaft) and
after (right) Pt deposition: (a) Schematic structure wisinrter heights derived from model
with illumination and in dark; (b) Band bending of the contloie band in dark and (c) Band
bending under illumination. Relevant barrier heights af a&the resistances of the strand
of the NWs for the two devices are shown as derived from theahwddark and under
illumination.

is the modi cation of the contact by the FEB deposited Pt whtauses this large change. All the
measurements are done at low bias so that the NW is underegadm of electric eld below the phase
change threshold during the measurements [23]. The logi@fibarrier on illumination occurs due
to diffusion of photo-generated carrier into the contagior. We have calculated change in barrier
height,Df from change in carrier concentration under illuminat®mn Ir?—:, for & which is 43 meV for
Df, and 62 meVDf,. This is somewhat larger but close to the observed chanfé.of 50 meV. The
Cu contact being Ohmic with a low enough barrier, there isgigible change in the barrier height.

In both the devices studied we nd clear signature of photamnt at zero bias that is substantially
larger than the dark current and the current critically delseon the barrier height and the nature of
the contact. The observation of zero bias current in botldéwices §1 andS2) points to a common
origin. The existence of such a current depends on the etdtduhe built-in potential that exists near
the contacts. If the electrode separation is more than thketien width, there will be no axial eld

in the middle of the NW in absence of an applied bias. In thsedhe photo-generated carriers will

not reach the electrodes. However, in our case the elecseqaration being small it is likely that it is
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less than the total of depletion widths at the contact regjidinis will give rise to a built-in eld which
will collect the carriers. If the two junctions are symmedlithen the net current at zero bias will be
zero. However, existence of asymmetric junctions at thednas will ensure a non-zero net current.
Another mechanism that also contributes to the transpghofo-generated carriers in MSM junction
is tunnelling through the barrier at the junction [153]. §18 prevalent when the photon enetgyis
much greater than the barrier heightwhich is adequately satis ed in our case. Existence of sach
tunneling of the photo-electron at the junction can thusrmglser source of the photocurrent at zero
bias. The nature of the contact is thus a critical parametecdllection of charge and results in a
zero bias current. It is then justi ed that the barrier magdtion by FEB deposited Pt that modi es the
barrier height will affect this process. The barrier heigdttuction due to the capping of the contact will
thus enhance the photo current. The physical process #u te the dominant role of the contact and
the contact modi cation can be best summarized by the schierband diagram shown in Fig. 6.15.
The gure shows the barriers, the depletion regions, changehese parameters in dark and under

illumination in both the devices that lead to the changegdarse on modi cation of the contact.

6.6 Conclusion

In summary, we have reported bias dependent as well as zasopbiotoresponse in an array of
Cu:TCNQ NWs fabricated as nanobridge devices. Photorsspimenhanced in a single NW with
shorted length (200nm) reaching a responsivity value df0® A/W with the enhancement of zero
bias photocurrent over dark current is10°. Bias dependent current in dark and under illumination is
tted with MSM Schottky diode model. Enhancement of curranter illumination is explained under
light induced carrier generation in the NW and reductionarfrier height at the MS junction. Role of

contact and contact modi cation on photo-response in CNQONW has also been discussed.



Chapter 7

Summary and Concluding remarks

In this nal chapter, we summarize important observatiohshis thesis work and discuss the scope
for future investigations. We have spent lot of time in depahg high vacuum evaporation chamber
for insitu NW synthesis, experimental techniques such as e-beangiapby, electric eld assisted

direct growth between pre-fabricated electrodes, cdettajrowth of thinner diameter NW (as small
as 10 nm) and were extensively used during the work. Impbdiaservation during this thesis work is

pointed out bellow:

7.1 Growth

We have synthesized Cu:TCNQ NW both by physical vapour déposand chemical methods.
NWs are also grown within prefabricated electrodes, whgseiag de nes the length of the NWs.
Nanowire diameter were also controlled by evaporation chfECNQ, thickness and temperature of
Cu Im during growth. We have grown NW of diameter rangingrfrdlO nm to> 100 nm. Even we
are able to grow successfully a NW of diameter 10 nm and le2gthnm.

We also observed the effect of electric eld on NW diameteplegal between two electrodes
during growth. The NW diameter decreases with increasing amd the possible reason for it has been
investigated by COMSOL Multiphysics simulation. It has bdéeund that NW growth under eld is a
balance of two forces (electrostatic and dielectrophorfetice).

As grown NWs are characterizes by X-RD, SEM, TEM, FTIR, anchBa spectroscopy. Nanowires
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are found to be Phase-I (tetragonal) and Phase-Il (monoclmcrystal structure. Charge transfer be-
tween Cu and TCNQ was (50 - 60)% which is enhanced to 81 % bgfeaing extra charge from
graphitic oxide to Cu:TCNQ. All the experiment performedtlnis thesis work are performed with

Phase-I in crystal structure.

7.2 Electronic properties

We have investigated the temperature and bias dependenicketransport properties of array as
well as single NW of Cu:TCNQ, laterally connecting two eftedes ( 1mm gap) with and without the
presence of external electric eld applied between thetadeles during growth. We have found that
application of the electric eld during vapor phase growtinde a very viable tool to enhance/modify
the conductivity of NWs. The electrical conductance of th&/&N(measured) down to 40K shows
a strong non-linear conductance which has a well de nedstiolel for T 100K. The non-linear
conductance was found to follow a modi ed Zener tunnelingdeloproposed for CDW transport.
Such an observation was not made before and opens up theifiyssf new investigation of CDW in
this system.

The application of the eld during growth enhances signntly the linear as well as non-linear
part of the conductance of NWs grown in presence of eld. Zeldgrown NW have conductance isin
insulating regime, but eld grown NWs reach conductancaigatlose to the insulator-metal transition
boundary (G =§).

We proposed a scenario for the eld growth condition where dipplied eld helps diffusion
of Cu ions from Cu to the growing face leading to enhancedgehtnansfer leading to enhanced lin-
ear conductivity. The eld applied during growth has beengmsed to improve the stacking of the
TCNQ moiety leading to enhancement of conductance and hbage in parameters of the non-linear
conduction. Though the experiment has been done in confextcharge transfer complex NW, the
concept may have applicability in growth of other semicartohg NWs also.

We have presented a phenomenological model that explarexiierimental results of resistive
switching and performed numerical analysis to build a madedvidence of our phenomenological

consideration. Non-percolating metallic domains such@sadts, vacancies at edges of Cu:TCNQ,
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metallic clusters, or metallic laments sandwiched betw&B/V and metal electrodes formed metallic
channel at voltage greater than threshold voltage and kbmegystem from high to low resistive state.
At reduced bias, thermal agitation disrupt the metallicneie and bring back the system to its high
resistive state.

This model may provide useful guidance in this active andmpsog area of research. The
model proposed is based on two aspects: (a) the switchingopiena is predominantly controlled by
the change at the contact which we establish through a siMBI®l type device model and (b) the
transport through the contact region as well as through dloly lof the NW is localized in nature con-
trolled by hopping/tunneling type process. We obtain seianditative agreement with the experimental

data

7.3 Opto-electronic properties

For the rst time, we have observed that the charge transbenpiex material which is mainly
known for its electrical switching property also show gogudo@lectronic property. We have measured
|V onarray and single NW of Cu:TCNQ in dark and under illumioatand it shows excellent opto-
electronic effect. Large amount of measurable photo-atirtan be achieved even without applying
any bias.

We got zero-bias responsivity of the order of few mA/W in NWags while around 3 A/W
for single NW, which is the highest zero-bias responsiitydate. In the single NW device, we have
achieved 10° A/Watt responsivity for a applied bias of 1 volt, which is aogicsign to use the device
as single photon detector.

This excellent opto-electronic effect is mainly due to ghgenerated carrier and reduction
of barrier height due to illumination. It also depends onriearlife time and transit time through
the device. Existence of surface states lead to formatiodepfetion region near the surface that
gives rise to built-in eld which effectively breaks the pioogenerated electron-hole pair. The strong
lateral eld can trap the holes (for n-type conductors),stlmolonging the photocarrier (electron) life
time. Secondly, close proximity of the electrodes can redhe carrier transit time leading to large

enhancement of the photoconductive gain and consequerghonsivity. Another effective way to
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increase photoconductive gain is Metal-SemiconductoraM@ISM) type devices where a Schottky
barrier at the junction can get reduced by the photo-geeeredrriers leading to large enhancement of
the photo-current.

The present report of a very large photo-response, thusauddpto-electronic element to the
existing electronic switching property and raises the iagy of an opto-electronic control to a MEM-

RISTOR device. This is thus a unique property of a photodetenade from Cu:TCNQ NW.

7.4 Scope for future work

In the NW fabrication front, it will be a great challenge taluee diameter and length as small as
possible so that quantum phenomena can be observed.

Nature of channel formed during switching can be estimayeth&@asuring resistivity of the NW
before and after switching i.e. in high and low resistivdesta

Although we have proposed a phenomenological model withemizal analysis of metallic
channel formation to explain unipolar switching, there @saxperimental evidence of it. It will be
a challenging work to grow NW in a electronically transpararembrane and observe the metallic
channel in switched state under TEM.

Photoconductive gain should be increased in lower diané¥rand for shorter length. To
investigate the quantitative dependence of photocurmetdrayth and diameter of NW one can perform
opto-electronic measurement on (a) NW with constant leagith varying diameter and (b) constant
diameter with varying length.

Conductance of Cu:TCNQ can be increased by induced chargsiy it as FET device. Also
fractional amount of charge being transferred between @uUT&NQ during growth, more charge can
be transferred to Cu:TCNQ directly from a material of havirigher ionization potential like GO. It
will be a challenging work to enhance the conductance of CM® by induced charge as well as by
direct transfer of charge to it as Cu:TCNQ is a charge traresfmplex material.

We have already been observed that Cu:TCNQ single NW actigrashigh responsivity mate-
rial which is due to photo-responsive behavior of the mates well as illuminated barrier reduction.

Our next target will be to separate out these two effect by MS@ear- eld scanning optical mi-
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croscopy) in a single Cu:TCNQ NW. This will allow us for therface inspection with high spatial,

spectral and temporal resolving power.
Although we have observed the presence of CDW (charge gtemaite) in Cu:TCNQ NW at

low temperature, we need a details investigation on thatwilVeo further rigorous study on structural

and electrical transport in Cu:TCNQ.



Appendix A

Effect of graphitic oxide on conductance

of Cu.TCNQ

We have demonstrated a simple method to increase the camdecof Cu:TCNQ nanowire using
graphitic oxide. Conductance of chemically grown Cu:TCN&owire Im is increased by 10
times, whereas enhancement in a PVD grown single N¥I1i§” order. Increase in conductance is due

to electronic charge transfer from graphitic oxide to CulNIQ which is supported by FTIR spectra.

A.1 Introduction

In last few years, chemically modi ed graphene (CMG) hasrbstdied in the context of many
applications such as polymer composites, energy-relatetkrials, sensors, eld-effect transistors
(FET) and biomedical applications, due to its excellentteleal, mechanical, and thermal proper-
ties [154, 155]. Graphitic Oxide (GO) which is obtained bywtical oxidation of graphene, is electri-
cally insulator due to their disrupted%sponding network. GO Ims are especially attractive because
their aromatic conjugated domains and reactive functignalips allow the Ims to be modi ed by
different functional organic and inorganic material viavalent or non-covalent bonding [156, 157].
Thus, it is possible to tune the structural, optical andtelsd properties of GO according to the ap-
plication needs. On the other hand, organic material B7[8{racyanoquinodimethane (TCNQ) is an

excellent electron acceptor with a wide diversity of elestdonating materials like Cu, Ag to form
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Cu"TCNQ , Ag* TCNQ metal-organic compounds [8, 158].

Hsu et al [159] already used Graphene/TCNQ alternativeilaydtr sheet as conducting anodes
for making solar cells where carrier density and mobilityttoid combined sheet increases. Flexible
electronic and opto-electronic materials had been prapbg&hang et al with reduced graphene oxide
(rGO) sandwiched by a high density metal nanoparticles (@ufay) combined with organic molecule
of TCNQ [160]. But, there is no report on change in electripalperty of Cu:TCNQ if this charge
transfer complex material is induced by GO. In this reporthage investigated a simple method to
enhance the electrical conductance of Cu:TCNQ nanorod nohasingle Cu:TCNQ nanowire by just
applying a Im of GO on Cu:TCNQ nanorod/nanowire surface. $tiew that charge transfer between

GO and Cu:TCNQ take place which leads to change in the comdyaif Cu:TCNQ Im.

A.2 Experimental results

Enhancement in conductance due to addition of GO is obséatbdn chemically synthesized nanorod
Im as well as PVD grown single hanowire of Cu: TCNQ. Experint& outcome of each case has been

discussed below:

A.2.1 Enhancement in chemically grown Cu:TCNQ nanorod Im

In this section, we have reported the effect of GO on condeetan chemically grown Cu:TCNQ
nanorod Im. Nanorod Im was synthesized by dipping Cu cahtém into homogeneous solution
of TCNQ in acetonitrile. For controlled and selective grbwef Cu:TCNQ complex, after deposition
of Cu Im on an insulating glass substrate, masking has bemaredn the Cu Im, followed by Au
deposition on top of masked Cu-coated substrate. This alkdective exposure of Cu Im to react
with TCNQ when immersed into the solution. Thus, inplane goration of the fabricated device
will be Cu-Au/Cu:TCNQ/Cu-Au as illustrated in step (5) ofgFiA.1. This device has been used to
to measure I-V without GO. Au electrodes are then coverel imgulating PMMA polymer resist to
avoid direct contact of GO with electrodes, so that no cuméihpass through GO when it is dispersed
on top of surface of Cu:TCNQ nanorod Im as shown in step (7)Fa@. A.1. All the deposition

and growth process is schematically illustrated in Fig..ADkvice of the nanorod Im is illustrated
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schematically in Fig. A.2(a). Two interface regions of AU[CTCNQ was covered with PMMA resist
to avoid short circuit of GO with Au electrodes. SEM image lué tlevice and magni ed SEM image

before and after GO deposition on Im surface is shown in AQ(b). Electrical measurements

Figure A.1 Schematic representation of selective growth of Cu:TCN@nad Im and GO
deposition by partial masking with PMMA.

were performed on Cu:TCNQ nanorod Im using a source-meteh wurrent resolution of 1 pA.
Measurements were done to check that there were no substoiiributions from contact resistance.
All the measurements were performed in dark and in ambienbsphere at room temperature. As
expected, excellent electrical properties were obserethé Cu:TCNQ nanorod Ims. We performed
electrical I-V measurements on the Im of organic chargensfer complex Cu:TCNQ nanorods with
two different conditions: without and with GO depositionmamorod Im. Fig. A.2(c) represents the I-
V of the device taken before (circle) and after (star) depasiGO. Almost linear I-V curves (see inset
of Fig. A.2(c)) represent that the contacts (Cu/Au) are @hoaintacts. The gure clearly represents
that due to deposition of GO conductivity of the device isréased by 10 times over Cu:TCNQ
nanorods without GO. The extent of charge transfer can beatmd by controlling charge transfer on

Cu:TCNQ and GO reduction which is explained elaboratelyiscuksion section.
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Figure A.2 (a) Schematic representation for chemically grown nandrodievice. PMMA
covers the Au electrode from contact with GO. (b) SEM imagéhefdevice and magni ed
SEM image before and after GO deposition on Im surface usedrfeasurements. (c) I-V
of chemically grown Cu:TCNQ nanorod Im before (circles)dhafter (stars) GO deposition.
Inset shows the corresponding linear plot.

A.2.2 Enhancement in PVD grown Cu:TCNQ single nanowire

The same experiments was done on single Cu:TCNQ nanowiieed@-2) connected with FEB de-
posited Pt (Fig. A.3). Electrical measurement has beeropagd on that device in dark without GO
deposition on the surface of nanowire as shown in Fig. A.@ficgle). I-V has also been performed
after deposition of GO on top of NW surface. Better way to cidlely deposit GO on top surface
of the NW is by covering the device with PMMA resist and renmgvihe resist only from the NW
surface region by e-beam exposure. But this process is itablifor such a small dimension NW,
as it need to go very high magni cation during e-beam expesut such a high magni cation range
high energetic E-beam can destroy the metal-organic Cu@ @M, which hampers the selective de-
position of GO on NW surface. And that is the reason why GO & laleposited on NW surface as

well as contact electrodes without masking it (Fig. A.3(d}) this con guration, to get the effect of
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GO on NW conduction, one has to be con rmed that GO does net pdce in conduction. Electrical
measurement results before (circle) and after (star) G@giepn was shown in Fig. A.3(c). In this
case enhancement in conductance:® 310? i.e. two order higher compared to the normal nanowire
conductance without GO. To con rm whether GO make any sutistiacontribution to conduction or
not we have performed an experiment as discussed below.

A device has been made where nanorods are grown verticalyuolm. Electrical measurement
has been performed on this vertical nanowire by conductiopgAFM (Atomic Force Microscopy)

measurements as illustrated schematically in Fig. A.Za)SEM image of vertical nanorods grown by

Figure A.3 (a) Schematic and (b) SEM image of the single nanowire davsesl for mea-
surements. (c) I-V of PVD grown Single Cu:TCNQ nanowire befzircles) and after (stars)
GO deposition. Inset shows the corresponding linear plot.

chemical method is shown in Fig. A.4(b), whereas inset aétlio$ Fig. A.4(b) shows magni ed image
of such a vertical nanorods of 3rm length and 600nm diameter used for measurements. Fige)A.4(
also shows the AFM image of the nanorod. For conducting pAdbel measurement, Au Im, the
base of Cu:TCNQ nanorod is grounded and bias is applied octucting Pt/Ir AFM tip (Fig. A.4(a)).
The nanowire shows an excellent I-V curve as shown in Fig(dA.4s expected. After that, GO was
dispersed on top surface of the nanorod and same electrgzdurement has been performed after GO
deposition. An AFM image of the nanorod after GO deposit®shown in inset of Fig. A.4(c). In this
con guration AFM tip is now being in contact with the insulag GO, the tip is not receiving any signal

from the NW as shown in inset of Fig. A.4(d). This experimeoih cms that current couldn't follow
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the path through GO Im and all current is passing throughrthaowire only. Thus, enhancement of
current in single nanowire as shown in Fig. A.4(b) is due tdigwh of GO layer onto the surface of

Cu:TCNQ.

Figure A.4 (a) Schematic representation of a single nanowire conuyigirobe AFM mea-
surement. (b) SEM image of vertically grown Cu:TCNQ chemi@mnorods on Cu/Au Im.
Inset shows magni ed image of one such nanorod. (c) AFM inmzfgene chemical nanorod.
Inset represents AFM image of the same nanorods after G@rdisp.

A.3 Discussion

The proposed explanation of the observed conductance esimamt is the charge transfer of electrons
from GO to Cu:TCNQ. This explanation was validated by meaguthe charge transfer that can be
done using FTIR spectroscopic measurements. TCNQ is a welWk electron acceptor material.
Electron donor Cu reacts with TCNQ and transfers fracti@mbunt of charge to TCNQ and forms
Cu:TCNQ. It has been known that Cu:TCNQ or TCNQ is more etegtgative than GO [157, 159].

When Cu:TCNQ forms it has partial charge transfer from Cu #ede is scope for further charge



A.3 Discussion

154

transfer. When GO is dispersed on Cu:TCNQ nanorods, efesgaiive TCNQ takes charge from GO.

Figure A.5 FTIR spectroscopic results of TCNQ and Cu:TCNQ before atet afidition of

GO.

Fig. A.5 shows the FTIR spectra derived from different matserprepared with KBr as pellet

material which is used as background, while TABLE Al summewithe data obtained from these

experiments. Electronegative material TCNQ, where thiewiatcharge is fractional, distributed over

an aromatic donor molecule and screened by the conductemtrehs, has CN stretching band at

2228 cm 1 [161]. After reaction with Cu, C N stretching band is shifted to 2201 cfncon rming

Cu:TCNQ formation. To calculate the degree of charge tean&f) in metal-TCNQ salts we have

chosen nitrile stretching mode because that occurs at agney overlapping the strong electronic

absorption in most conducting TCNQ salts. Amount of chargesferred from Cu to TCNQ is 0:60

as calculated using reference of Chappell et. al. [11]. rAdapositing GO onto Cu:TCNQ nanorods

Table A.1 Degree of charge transfer from shift of ®l stretching mode

Materials C N stretching mode (cm') | Shift (cm 1) | Z

TCNQ 2228 ] ]
TCNQ with GO | 2220 8 0.16
Cu:TCNQ 2201 27 0.60
Cu:TCNQ with GO| 2192 36 0.81
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C N stretching mode is slightly shifted to 2192 chand corresponding degree of charge transfer for
this shift is  0:81. Thus, due to addition of GO, charge transferred to Cu:@Gfincreased. The
change in Z=0.21. This enhances its conductivity that isist@nt with our experimental result shown
in Fig. A.5. This enhancement in charge carrier concewoinaticcurs due to transfer of electronic
charge from GO to TCNQ as one can see from Fig. A.5, wheréGtretching mode at 2228 crh

in neutral TCNQ is shifted to 2220 crh when GO is added to it and corresponding degree of charge
transfer is 0:16 as stated in Table A.1. The degree of charge transfer)(i3 1us comparable to the
Dz 0:21, same for Cu:TCNQ case. Thus, shift in 8 stretching mode due to addition of GO is same
for TCNQ (2228 cm?®! 2220 cm 1) and Cu:TCNQ (2201 cmt! 2192 cm 1) which con rms the

charge transfer from GO to TCNQ for both cases.

A.4 Conclusion

We have demonstrated a simple method to increase the camdecbf chemically grown Cu:TCNQ
nanorod Im as well as PVD grown single nanowire using gréiplaxide. Conductance of chemically
Cu:TCNQ nanowire Im isincreased by 10 times, whereas enhancement in a PVD grown single NW
is> 107 order. This increase in conductance after addition of GQuéstd charge transfer from GO to
Cu:TCNQ Im and hence increase of carrier concentration inT€CNQ Im which is con rmed from
FTIR data. Amount of charge transfer from GO to Cu:TCNQ isragimately same as from GO to
TCNQ. Thus, electrical conductance of Cu:TCNQ can be tunyegraéphitic oxide even though GO is

an insulator.



Appendix B

Charge induced conductance
enhancement in single Cu:TCNQ

nanowire

Field-effect transistors (FETS) based on organic semigctogs have been extensively investigated for
the recent decade, in which realizing high-mobility, loaamr, and fast-switching devices has been
a central subject to take the best advantage of their simulel@v-cost production processes. For
this purpose, the material combination in the layered &irecof organic FETs is being intensively
studied because the interfacial phenomena are cruciaténrdming their device performances. Elec-
tronic transport, opto-electronic effect and switchingpbmena observed in Cu:TCNQ nanowire has
already been discussed. There are few other processe®tortanhance the conductance in Cu:TCNQ
nanowire by applying eld during growth; applying threstddias across the nanowire; or transferring
charge from a donor material (Graphitic Oxide) with higtenization energy to a compound with less
ionization energy (Cu:TCNQ ) etc. Cu:TCNQ nanowire condace can also be enhanced by induced
charge in the nanowire. These can be done by oating gate MEIJSIFG-MOSFET) and electric

double layer FET. Experimental outcome from each processgescribed below:

156
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Figure B.1 Schematic of oating gate FET structure of a single nanow(b} SEM image of
the single Cu:TCNQ nanowire device of diameter 70 nm usedeasure oating gate FET
effect.

B.1 Conductance enhancement by oating back gate MOSFET (F&
MOSFET)

We have used conducting Si sandwiched by two,S{@0 nm thickness) layer as a oating gate.
Here,insulating Si@layer acts as gate dielectric layer. Cu:TCNQ nanowire @eisgcmade on one
surface of the substrate containing the Si&yer. Au deposited opposite to another surface of the sub-
strate containing Si@layer and used as control gate. Schematic of the device verstioFig. B.1(a).
SEM image of the single nanowire device of diameter0 nm used to make single nanowire FET is
shown in Fig. B.1(b). Conducting Si used as oating gate is@unded by insulating Si©layer and
being electrically isolated from the surrounding, chargduced in oating gate remains constant for a
long time. Double dielectric layer also reduces leakageeatithrough the device.

The transfer characteristic for a FG-MOSFET can be detexthaxperimentally, keeping drain-
source voltage, s constant and measuring drain currepg flor various values of gate-source voltage,
Vg. The transfer characteristic relates drain currep§)(response to the input gate-source driving
voltage (\g). Since the gate terminal is electrically isolated fromré@aining terminals (drain, source,
and nanowire), the gate current should be essentially merthat gate current is not part of device
characteristics. The transfer characteristic curve caatéothe gate voltage at which the transistor

passes current and leaves the OFF-state. The charactetsie plotted between gate-source voltage,
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Figure B.2 Transfer characteristic of the FG-MOSFET single nanowaeak.

Vg and drain current,gs for a constant ¥s = 1 Volt is illustrated in Fig. B.2. From the transfer
characteristic curve, it is observed that current enhafucgmsitive bias of gate-source voltage. So, we
have measured currergd as a function of source-drain voltageyy/through the device for different
positive gate voltage. From the transfer characteristivesguOFF-state current for the device is
0:5mA. Output or drain characteristic curve i.g V¥s. Vps for constant \j which can be used either
in enhancement mode or depletion mode are depicted in F&{aB. Thus, for a positive value of
the gate-source voltage, current through the device iseseas expected from transfer characteristic
curve as can be seen in Fig. B.2. Whereas negative value @sgatce voltage depleted or reduced
the drain-source current as shown by dotted curve in Fig. B/8 have also plotted leakage current
through the dielectric layer from source to gate in Fig. B)3¢hich is negligible compared to device
current. This enhancement of current for positive gate isidsie to charge induced in the nanowire as
illustrated schematically in Fig. B.3(c). When positivdtage is applied across the back control-gate,
electrons will accumulate below the gate oxide layer. Duesfgacitive effect, oxide layer will induce
electron in conducting Si oating gate followed by hole imtion in the oxide layer near the oating
gate surface. This oxide layer also acts as dielectric addcigs positive charge due to capacitive
action. This positive charges are con ned in a thin regicailetl channel, extends all over the way
through the nanowire from source to drain as shown in Fig(d.3When a negative bias is applied
to the drain with respect to the source, positive chargekdrchannel drift towards the drain. Thus a

current will ow from source to drain. With increasingVy number of induced positive carrier in the
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Figure B.3 (a) Output characteristic curve of the FG-MOSFET singleomare device, (b)
leakage current corresponding to the gate voltaggorder lower thangs current density.
(c) Schematic of induced charge in the nanowire due to pedifate bias.

nanowire increases and device current also increases asragptally obtained in Fig. B.3(a). Thus,

induced charge in FG-MOSFET con guration increases cotahge of Cu:TCNQ nanowire.

B.2 Conductance enhancement by electric double layer FET (BL-FET)

Charge carrier control is a key issue in the developmenteattednic functions of semiconductive ma-
terials. Beyond the simple enhancement of conductivityh fliharge carrier accumulation can realize
various phenomena, such as chemical reaction, phasetimansiagnetic ordering, and superconduc-
tivity. Electric double layers (EDLS), formed at solid-elelyte interfaces, induce extremely large
electric elds. The ionic liquids have attracted much ati@m, their utilization as a gate dielectric ma-
terial is a new trend in the history of the EDL-FETSs. Sincedlextrolyte solutions of organic solvents
and water are volatile and unstable in air, it is hard to na@nthem at a constant concentration. In
contrast, the ionic liquids are free from these dif cultiesd their low molecular weights and high
polarizabilities make them much more conductive than cotiweal electrolytes. Studies on the use
of EDL-FETSs in ionic-liquid gate dielectrics were initiakén 2007 in experiments using an inorganic
semiconductor [162], which was insoluble and robust evennit-liquids. The rst report on ionic-
liquid EDL-FETSs of organic semiconductors appeared in 20@3]. Use of ionic-liquid results in a
high charge carrier accumulation in the solid, much morectifely than solid dielectric materials. In

this section, we describe recent developments in the #ekcetransistors (FETS) with gate dielectrics
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Figure B.4 EDL-FET con guration of a single nanowire of diameter 100 nm.
PEO:LICIO=10:1 is used as gate dielectric.

Figure B.5 (a) Output characteristic curve of the EDL-FET single nainevdevice. (c)
Schematic of induced charge in the nanowire due to positave bias.

of ionic liquids, which have attracted much attention du¢hteir wide electrochemical windows, low
vapor pressures, and high chemical and physical stalilitye, capacitive effect of ionic liquid is used
to enhance the performance of transistor. In this sectiohave tried to improve the conductance of
Cu:TCNQ by induced charge using PEO:LiGI(0:1) as gate electrolyte.

We have connected a single nanowire by four probe with FEBsigd Pt. Among them One
probe is used as source, one is as drain. lonic liquid (PEDA4=10:1) is put on top of the nanowire

and use as gate dielectric. Positive bias is applied on #ledliic as gate voltage. SEM image with
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ionic-liquid schematic is shown in Fig. B.4.

Source-drain current as a function opyfor different constant Y is shown in Fig. B.5(a). En-
hancement inds is observed due to application of positivg.\When positive bias is applied across
the gate metal electrode anions accumulate near the suffgete metal-electrodes and due to capac-
itive effect cations will store far from the anions i.e. neanowire. This accumulation of cations near
nanowire induces negative charge in the nanowire and isesethe carrier density of the nanowire,
resulting in enhancement of current through the device. rgghanduction process is schematically
illustrated in Fig. B.5(b). Although, the change in curréamtEDL-FET is higher compared to FG-

MOSFET for lower value of applied gate voltage.

B.3 Conclusion

Thus, we have enhances the conduction of Cu:TCNQ nanowiiedoged charge inside the nanowire.
Charge induction in the nanowire is performed by oatingeggBET and by electric double layer FET.
The EDL-FET method is an excellent methodology to achiegh ltharge injection at solid/liquid

interfaces, and enables the development of exible devérektheir low-power operation.
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