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Chapter 1

Introduction

One dimensional nanostructures have attracted considerable recent attention due to their special prop-

erties, which make them important in basic scientific research and also in potential technological ap-

plications [1]. A good deal of current research in science and technology of nanowires (NWs) is being

directed mainly towards the synthesis and characterization of one dimensional nanoscale materials for

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

1.1 Charge transfer complex

This thesis addresses an important specific sub-area in the broad field of NWs, namely NWs of charge-

transfer (CT) complexes. Molecular CT complexes are electron-donor-electron-acceptor complexes,

characterized by electronic transition(s) to an excited state in which there is a partial transfer of elec-

tronic charge from the donor to the acceptor moiety. During interaction between donor and acceptor,

charge is redistributed inside the compound. In this process, the donor is oxidized by loosing charge and

acceptor is reduced. TTF:TCNQ (Tetrathiafulvalene-Tetracyanoquinodimethane), Cu:TCNQ (Copper-

Tetracyanoquinodimethane) are such examples of CT complexes. Figure 1.1 (upper frame) shows the

CT between single molecule of donor TTF, acceptor TCNQ and the CT complex TTF:TCNQ after

transferring charge. Lower frame of Fig. 1.1 shows stackingof TTF:TCNQ molecules, which consist

of a quasi-one-dimensional, chain-like arrangement of theTTF and TCNQ [2]. The field of charge-

transfer organic conductors has been the object of rapidly growing research activity for its unconven-
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1.2 Cu:TCNQ as charge-transfer complex 2

tional physical properties, which includes a variety of phase transitions including such phenomena as

Peierls transition and CDW transition. Organic molecules can show many remarkable properties, say

for example, electrical conductivity changes arising fromexcitation using radiation sources such as

light or even simple polymerisation of organic units. Thesematerials not only show considerable inter-

ests in fundamental research for their unconventional physical properties, but also for potential applica-

tions. In the context of the demand for information storage,CT complexes show excellent potential for

application. Materials which exhibit switching with hysteresis can be used to make memory devices.

Charge-transfer complexes are such a material having switching with hysteresis. These CT complexes

are known to have high electrical conductivity and in this thesis we find that the material also has a

high optical conductivity. A specific feature of these electronic materials is their low dimensionality,

which is due to the particular chain like molecular architecture of these organic conductors. Organic

semiconductors are currently investigated as an alternative to inorganic (metal-oxide) resistive-state

switching material for non-volatile memory applications like non-volatile Random Access Memory

(RAM) [3, 4]. High electrical conductivity, low dimensionality and switching property will make the

material suitable for high density device integration in future technology.

1.2 Cu:TCNQ as charge-transfer complex

A charge-transfer complex (or CT complex) or electron-donor-acceptor complex is an association of

two or more molecules, or different parts of one large molecule, in which a fraction of electronic

charge is transferred between the molecular entities. TTF:TCNQ, Ag:TCNQ, Cu:TCNQ are common

examples of CT complex [2, 3]. In this thesis, we have only focused on Cu:TCNQ. In this material

Cu acts as the metallic donor and TCNQ as the organic acceptor. The donor molecule possesses a low

ionization potential, whereas the acceptor molecule has a strong electron affinity. But, as individuals,

both types of molecules (or atoms) are charge neutral. When donor and acceptor interact, the charge

is redistributed in the compound. The donor species are oxidized by loosing charge and the acceptor

species are reduced. The degree of this charge transfer is abbreviated as Z and adopts values 0 < Z <

1; Z = 0 represents no charge transfer, while Z = 1 stands for a complete charge transfer from donor

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

orbitals which influence different properties of the material.

In organics, homonuclear molecular chains are bonded only by van der Waals force; whereas in

CT complexes, additional Coulomb force and dipole induced force also take part in inter-molecular

bonds. Depending on these forces CT complex can be categorized in to strong and weak complexes. In

molecules of weak CT complexes electron shells are fully occupied and hence degree of charge transfer

Z between donor (D) and acceptor (A) is only marginal in the ground state, but can be much larger

in the excited state. In this complexes, molecules are stacked alternatively (D+A−D+A−D+A−...)

and has lower electrical conductivity. TTF:TCNQ is an example of weak CT complex [5, 6]. In

contrast, strong CT complexes display a strong ionic character and this is due to a large charge transfer

Z between donor and acceptor, even in the ground state. In this complexes, molecules are stacked

separately (D+ZD+ZD+ZA−ZA−ZA−Z...) and has higher electrical conductivity. More precisely, strong

CT complexes can be classified into different ionic types depending on the radical ion salts used for CT

complex [7]. First one is, radical ion source, where both ionized molecules (donor and acceptor) are

radicals i.e. with unpaired electrons or open electron shell configuration. Therefore, both molecules
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Figure 1.2 Chemical structure of the TCNQ molecule. The numbers denotethe molecular
bond lengths in nm calculated by Long et al [10].

possess an electron spin. The second one is radical cation source, where only the cation is a radical. In

this case, the anion possesses a fully occupied electron shell and therefore no electron spin. The third

one is radical anion source, where only the anion is a radical. In this case, the cation possesses a fully

occupied electron shell and therefore no electron spin. Cu+TCNQ− is an example for an anion radical

salt [8].

TCNQ (7,7’,8,8’-Tetracyano- 1,4-quinodimethane) is an organic compound with IUPAC name

(Cyclohexa-2,5-diene-1,4-diylidene)-dimalononitrile. The base of this molecule is the chemical com-

pound 1,4-Benzoquinone with the formula C6H4O2. This organic six-membered ring compound is

the oxidized derivative of 1,4-hydroquinone. In the TCNQ molecule the oxygen is substituted by four

cyano C≡N (or nitrile) groups at the carbon positions 7,7’,8,8’ withchemical formula C12H4N4. Struc-

ture of TCNQ is shown in Fig. 1.2. The electrons are localizedin the benzene ring, which means that

the molecule has no aromatic character. The TCNQ molecule acts as an acceptor and by accepting

electrons, it is transformed from the quinoide to a conjugated system with a favorable energetic con-

figuration [9]. TCNQ has monoclinic crystal structure [10].The perpendicular distance between the

planes of adjacent molecules within a given stack is 3.45 Å, only about 0.1Åmore than that in graphite.

In TCNQ crystals, molecules are connected by weak van der Waals force which allows for an overlap-

ping of theπ−orbitals of neighbouring TCNQ molecules in the stack. This configuration is responsible

for a good conductivity along the stack direction.

To increase the conductance of TCNQ, metal-TCNQ had been synthesized [9]. There are two
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Figure 1.3Schematics of (a) Phase-I and Phase-II of Cu:TCNQ molecularcomplex. Reprint
with permission from [12].

different deposition methods described for Cu:TCNQ thin films and NWs. One is a wet chemical

process, which is based on a spontaneous electrolysis technique [8]. A copper electrode is cleaned

in order to remove a possible oxide layer and then immediately dipped into a saturated solution of

TCNQ in acetonitrile. On contact with the solution, a directoxidation reaction between Cu and TCNQ

takes place [11, 12, 13] and the form of reaction is:(Cu0)+ (TCNQ0)→ (Cu+TCNQ−). Another is

physical vapor deposition (PVD) method. In this method, TCNQ and Cu is thermally co-evaporated

onto a substrate in high or ultra-high vacuum; or TCNQ is thermally evaporated on a Cu layer. Cu layer

is need to be activated thermally in order to accelerate the diffusion of Cu into the TCNQ layer and

trigger the above stated reaction. Depending on the synthesis process and growth parameters Cu:TCNQ

has two phases: Phase-I with tetragonal (a = 3.887 Å, b = c = 11.266 Å, β= 90o V = 493.5 Å3) and

Phase-II with monoclinic (a = 5.3337 Å, b = 5.3312 Å, c = 18.875Å, β= 94.036o, V = 535.38 Å3)

crystal structure [11]. A simple schematic view of the two different structures is shown in Fig. 1.3.

The structures of both phases are based on the repeat patternof a four-coordinate Cu ion ligated to the

nitrile groups of separate TCNQ, but spatial arrangement ofTCNQ molecule is different in two phases.

The first difference is the relative orientation of TCNQ moieties around the Cu atoms. In Phase-I,

neighbouring TCNQ molecules are rotated 90o with respect to one another, but all are in the same plane.

In this phase, a Cu atom is coordinated with four nitrogen atoms of neighbouring TCNQ molecules

and N-Cu-N angles are 92o and 142o respectively, as shown in Fig. 1.3(a) [11]. In contrast, Phase-II

displays a different structure where an infinite number of TCNQ molecules are oriented in the same
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Figure 1.4 Schematics of interpenetration network of (a) Phase-I and (b) Phase-II of
Cu:TCNQ molecular complex. Copy right with permission from[11].

direction, but in two perpendicular planes. In this case, N-Cu-N angles are 103o and 114.7o respectively

(Fig. 1.3(b)). The second major difference concerns the type of interpenetration of the networks. In

Phase-I, the two independent networks result in a columnar stack of TCNQ molecules with the closest

distance being 3.24 Åas shown in Fig. 1.4(a). This distance allows for aπ −π orbital stacking. In sharp

contrast, the interpenetration in Phase-II does not bring the two independent networks together. The

TCNQ rings are in fact out of alignment and noπ −π stacking occurs as shown in Fig. 1.4(b). In this

case, the closest distance between parallel TCNQ units in the same network is 6.8 Å.

The conductivity of CT complexes is directly dependent on the crystal structure [14]. CT complexes

with an alternative stacking of donor and acceptor molecules (D+A−D+A−D+A−....) exhibit low

conductivity values. This is due to a complete charge transfer from donor to the neighbouring acceptor

molecules:

D+A→ D++A− (1.1)

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

and acceptor molecules further, the molecules need to overcome high ionization potential:

D++A− → D2++A2− (1.2)

Therefore, high conductivity values are only possible in CTcomplexes with separated stacks of donor
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Figure 1.5 Ionization of CT complex with complete charge transfer (Z=1). Reprint with
permission from [14].

and acceptor molecules (D+ZD+ZD+ZA−ZA−ZA−Z....). Although, this kind of stacking is necessary,

but not sufficient condition to get high conductivities.

The degree of charge transfer Z also has a decisive influence on conductivity in this kind of systems.

For example, the acceptor molecule TCNQ is negatively ionized for Z = 1. Charge transfer within a

TCNQ stack in this case would occur by the conversion of two TCNQ− anions to a neutral TCNQ

molecule and a TCNQ2− dianion as shown in Fig. 1.5. This dianion configuration is energetically

unfavourable due to the high Coulomb potentials. Hence, a charge transfer of Z = 1 results at maximum

in conductivity values typically for semiconductors.

On other hand, CT complexes with separated stacks of donor and acceptor molecules and partial

charge transfer Z display the highest conductivity values.In this case, the charge transfer occurs as

follows:

D+D+ → D++D

A+A− → A−+A
(1.3)

One ionized and one neutral molecule are converted to a neutral and an ionized molecule. There-

fore, charge can be transported without the presence of highenergy barriers. Conversion of ionized

molecules are shown in Fig. 1.6. The distance between the single acceptor or donor molecules is also

important for the conductivity. Short distances allow a better overlap of occupied and unoccupied

orbitals and increase the conductivity.

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

of the π−electrons of the molecules, is the dominating cause for the conductivity in a CT complex
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Figure 1.6 Ionization of CT complex with partial charge transfer (Z<1). Reprint with per-
mission from [14].

Figure 1.7 (a) Schematic ofπ − π stacking. Stacking in (b) Phase-I and (c) Phase-II of
Cu:TCNQ. Reprinted with permission from [15].

like Cu:TCNQ. In addition, a charge transport is also possible between the single stacks. In single

crystals of Cu:TCNQ CT complex, Cu+ and TCNQ− form discrete columnar stacks in a face-to-face

configuration with strong overlap in theπ−system as shown in Fig. 1.7 [15]. Thea axis is suitable

for π−stacking and it changes along the stacking axis (1 0 0), but not perpendicular to it as shown in

Fig. 1.8. Charge transfer occurs between the central Cu atoms and the N atoms of the nitrile groups of

TCNQ which generally depends on their band structure as represented in Fig. 1.8. The band structure

of Cu:TCNQ in high impedance state is shown in Fig. 1.8(a) [16]. a′ band of Cu:TCNQ largely made
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Figure 1.8(a) Band diagram of Cu:TCNQ. Stacking in (b) Phase-I Cu:TCNQand (c) Energy
change of band bottom. Solid line is the energy ofa′ 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]3d104s1), while a′′ bands are mainly composed ofπ− orbitals or lowest

unoccupied molecular orbitals (LUMO) of TCNQ. The overlapping of neighbouringπ− orbitals of

TCNQ is shown in Fig. 1.8(b). Fermi level of the compound is -11.06 eV as shown by the dotted line in

Fig. 1.8(a) and cross thea′′ bands. During conduction, carrier migration of Cu:TCNQ mainly depends

on the overlapping ofπ− orbitals and at the Fermi level d2E/dk2 being positive, it is reasonable to

consider that carriers are electrons. It has to be mentionedthat s orbitals of Cu andπ− orbitals of

TCNQ forms bonding about the Fermi level and anti-bonding above the Fermi level [16]. The gap

betweena′ anda′′ is ∼ 0.33 eV. Molecular arrangement beings unfavorable toa′′ orbitals of TCNQ,

a′′ bands appear to be narrow. Hence, electron have to overcome high-energy barrier during migration

and as a result conductivity become low. Application of biasbring enormous change in conductivities

and charge transfer. The energy ofa′ band is inversely proportional to bond length of Cu-N as shown

in 1.8(c) and charge transfer decreases as bond length increases. When applied field across Cu:TCNQ

exceeds threshold field, electrons in thea′′ band starts to jump toa′ band i.e. anti-bonding orbitals of

Cu-N. This transition makes the Cu-N bond weak and increase the bond length, resulting decrease in

the energy ofa′ band. Therefore, more electron can jump froma′′ to a′ bands; in other words more

electron will fill the anti-bonding orbitals of Cu-N which make the bonds so weaker that Cu and N can

separate easily. As a result,a′ band becomes conducting, with the Fermi level down to -11.6 eV and

increase the conductivity of Cu:TCNQ [16]. Thus, a good conductivity based on aa′ − a′′−band is
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possible for Phase-I CT complexes. In this thesis, most of the work has been performed with Phase-I

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

1.3 Review of electrical transport in Cu:TCNQ

Basic reason of relatively higher conductance of Phase-I crystal structure of Cu:TCNQ compared to

that of Phase-II has already been discussed in the previous subsection. Heintz et al. measured the

conductivity properties of Cu:TCNQ for the two crystallographic phases [11]. They used pressed pel-

lets. These measurements revealed semiconducting properties for both systems. Phase-I displayed a

room-temperature conductivity of 2.5× 10−1 S/cm. In contrast, Phase-II is a very low conductivity

semiconductor with a room temperature conductivity of 1.3×10−5 S/cm. Temperature dependent con-

ductivity is shown in Fig. 1.9. The band gaps estimated from temperature dependence of conductivity

were 0.137 eV and 0.332 eV for Phase-I and Phase-II respectively. One problem for the measurement

on pressed pellet of an anisotropic materials that they do not give proper numbered values.

Figure 1.9Plots of conductivityσ (S cm−1) versus temperature for bulk Cu:TCNQ Phase-I
and Phase-II measured on pressed pellets. Reprinted with permission from [11].

Zhou et al. [17] investigated the temperature and bias voltage dependent electrical transport prop-

erties of in situ fabricated Cu:TCNQ NW. They have synthesized Cu:TCNQ NW laterally on e-beam

lithographically pre-defined electrodes of Cr-Cu/Au on 500nm Si/SiO2 substrate by physical vapor

deposition method and an SEM image of the device is shown in Fig. 1.10(a). They found that at

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

Reference Sample form
Temperature

range (K)
Basic observation

[11]
Bulk Cu:TCNQ

(pressed pellet)
300-120

Measured electrical conductivity both for Phase-I and

Phase-II which show semiconducting nature. Phase-

I higher conductivity than Phase-II. Conductivity of

Phase-II and Phase-I close to electrical properties in

’unswitched’ and ’switched’ state of Cu:TCNQ.

[17]

Nanowire

array (Au-

Cu/Cu:TCNQ/Au)

330-105

Nanowires are quasi-1D systems with large number

of nearly independent conducting channel in paral-

lel. power law dependence indicates the existence of

Coulomb interaction in the NW.

[18]
Nanowire array

(Au/Cu:TCNQ/Al)
300-85

Quadratic dependence of I-V indicates the character-

istic of space charge limited current. Temperature de-

pendent conductance fit well with Arheneous model,

indicating activated transport.

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

quantum dots created by randomly distributed defects. Fig.1.10(b) shows the temperature dependence

of the conductance G as determined by measuring the dc I-V characteristic and taking the slope at

zero bias for three representative devices. They have observed nonmetallic behavior (dG/dT>0) over

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

orders of magnitude upon cooling. The data failed to fit with simple activation or 3-D variable range

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

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

low temperature. Fig. 1.10 (c) showed power law dependence of conductance G as (G∝Tα), whereas

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

power-law behavior (I∼Vβ+1) was observed as V increases. Power-law behavior has been observed in

various 1D systems, different inorganic NW including conducting polymers [19, 20]. The power-law
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Figure 1.10 (a) SEM micrograph of Cu:TCNQ NW device. (b) Low bias conductance of
three Cu:TCNQ NW devices (symbols) and fits (solid lines) to the 1D variable range hop-
ping model (c) Low bias conductance vs T for the same Cu:TCNQ NW devices, solid lines
are fits to the power law, G∝Tα . (d) I-V data taken at different temperatures. All curves
show a change from linear response (β ∼ 0) to power-law dependence at a temperature de-

pendent high bias voltage. Inset:
1

Tα+1 determined from the I-V data plotted against eV/kβ T.

Reprinted with permission from [17]

temperature dependence and 1D VRH behavior in the Cu:TCNQ NWs attributed to the transitional pa-

rameter range between VRH and weakly coupled quantum dots. When the power-law behavior in the

I-V characteristic failed to explain in the context of the standard VRH model, the experimental results

agreed with the 1D quantum dot chain model indicating that the Coulomb interactions in the Cu:TCNQ

NWs cannot be neglected. They have also pointed out that the Cu:TCNQ NWs in the devices behaves

like quasi-1D systems with a large number of nearly independent 1D conducting channels in paral-

lel. Therefore, mesoscopic fluctuations that would normally obscure the power-law behavior in strictly

1D wires are averaged out in the NW device. Table 1.1 gives an overview of reported temperature

dependent electrical transport measurement on Cu:TCNQ.
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Figure 1.11(a) Cross-sectional SEM micrograph of a 50µm Au line with Cu:TCNQ NWs.
(b) log|I |-V curves of 200×200 µm2 Au/Cu:TCNQ/Al memory in on state at different tem-
peratures; voltage scan: -2 to -4 V and back applied to the memory element with R=10 kΩ,
and (c) corresponding ln|I |-T−1 plot at -2.5 V across the memory element. Copyright with
permission from [18]

Muller et al. [18] also measured the electrical transport ofCu:TCNQ NW film in the form of

Au/Cu:TCNQ/Al crossbar array in switched state using Au as bottom and Al as top electrode. Nanowire

film were synthesized by PVD method. SEM micrograph of the device is shown in Fig. 1.11(a). Inves-

tigation of the current transport in the ON state of Cu:TCNQ was realized by temperature dependent

measurements. After switching the device to the ON state, scan from 0 to -7 V and back (at 295 K),

voltage sweeps between -2 and -4 V were applied to the memory element in series with a load resistor

of 10 kΩ at temperatures ranging from 295 K down to 85 K (with 10 K steps) as shown in Fig. 1.11.(b).

A ln|I | verses T−1 plot (Fig. 1.11.(b)) results in a straight line from which anactivation energy Eg ∼0.08

Table 1.2Comparative study of conductivity in Cu:TCNQ

Device structure Conductivity (S/cm) Reference

Pellet (Phase-I) 2.5×10−1 [11]

Pellet (Phase-II) 1.3×10−5 [11]

Single NW 1.34×10−4 [22]

Single NW 1.67×10−2 [23]

Nanowire film 2×10−1 [24]

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

state of Au/Cu:TCNQ/Al memories confirms that the material Cu:TCNQ behaves like a semiconductor,
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which indicates that the current in the ON state is not simplydue to conduction by metallic filaments, or

tunnel transport, unlike what is observed for polymer-based metal/polymer/metal cells [21]. Table 1.2

summarises the comparative study of conductivity of Cu:TCNQ that has been reported or calculated

from the data provided by different groups. The table shows that there are variations in the data. The

highest in single NW is around 1.67× 10−2 S/cm. The cause of variation can be that most of these

reported experiments have undefined Z (extent of charge transfer) and 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 electrical resistive state switching property.

This material generally shows bipolar resistive state switching i.e. RESET condition occur for opposite

polarity of SET condition. Details of resistive switching is explained in chapter 5.

Knorr et al. [25] has investigated bipolar resistive switching of Cu/Cu:TCNQ/Al film cross-junctions

in both vacuum and different gas environments as shown in Fig. 1.12. Although switching was repro-

duced in ambient atmosphere, but it was reversibly suppressed in well-degassed samples in vacuum

and in dry N2. The device switches to OFF state currents in ambient air when approximately+2.6 V

bias was applied to the Al electrode at low voltage sweep rates. OFF-switching at constant bias was

accelerated in humid and oxygen-rich atmospheres. They suggest that resistive switching occurs in a

hydrated native alumina layer at the Cu:TCNQ/Al interface that grows in thickness during exposure to

ambient humidity: ON state switching occurred by electrochemical metallization of free Al and/or Cu

ions and OFF-switching by anodic oxidation of the Al electrode and previously grown metal filaments.

Muller et al. [26] had also observed bipolar switching in a device consisting of Cu/Cu:TCNQ/Al

cross bar memory arrays. Cu:TCNQ films were prepared by vaporphase reaction of Cu and TCNQ.

200 µm wide and 100 nm thick Al top electrode lines were then deposited in a cross bar geometry

using lithographic process. Fig. 1.13(a) and (b) shows the cross-section and top view of the device

respectively. Fig. 1.13(c) shows the SEM image of the Cu:TCNQ film formed on 50µm wide Cu lines.
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Figure 1.12(a) Cross-sectional SEM micrograph of a 50µm Au line with Cu:TCNQ NWs.
(b) log|I |-V curves of 200×200 µm2 Au/Cu:TCNQ/Al memory in on state at different tem-
peratures; voltage scan: -2 to -4 V and back applied to the memory element with R=10 kΩ,
and (c) corresponding ln|I |-T−1 plot at -2.5 V across the memory element. Reprinted with
permission from [25]

Figure 1.13 (a) SEM image of electrodes after Cu:TCNQ growth and deposition of top Al
contacts in test structure for integration in the CMOS backend-of-line scheme. (b) log| I |-V
curve of a Cu:TCNQ memory element. Reprinted with permission from [26].

Fig. 1.13(d) shows the log| I |-V curves of a Cu:TCNQ memory element (50µm× 200µm) taken with

a load resistor of 22 kΩ. The ON/OFF current ratio is about 10. In first few cycles of voltage sweeps

the ON/OFF current ratio was about 150, which then reduced toa lower value on repeated cycling.

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

were fabricated by Shen et al. and reproducible electrical switching and memory effects were observed

by Shen et al. [27]. They have used anodic alumina membranes (AAMs) of 60 nm and 200 nm pore

diameter and 10µm thickness for synthesizing Cu:TCNQ NWs. 1µm thick film of Cu was coated

on one side of AAM by thermal evaporation and then the Cu side of the AAM was stuck to a quartz

substrate with a epoxy. Using electrodeposition a small amount of Cu was deposited at the bottom of the

membrane. Then the membrane was exposed to TCNQ vapor in a vacuum furnace for the formation of

Cu:TCNQ NWs. After that Cu was further deposited on top of Cu:TCNQ for top electrode. Fig. 1.14(a)

schematically represents electrical circuit configuration of the NW device on AAM template. I-V

characteristics of Cu:TCNQ NWs is shown in Fig. 1.14(b) for positive half of the applied bias. 1.0

MΩ resistor in series with the sample was used to control current through the NW. Nanowire device

exhibits the same for negative polarity of the applied bias i.e. the device performed unipolar switching

(Transition from high to low and low to high resistive state for same polarity of the applied bias.) In

this device configuration, top and bottom electrodes were ofCu. Symmetric electrode configuration is

the probable reason for unipolar switching. The ON/OFF ratio for switching reaches 104.

Xaio et al. [28] have fabricated planar Cu:TCNQ NW devices. On a SiO2/Si substrate multilayered

electrodes of Ti/Au/Cu/Au (70 nm Ti/Au, 50 nm Cu and 100 nm Au)were fabricated using e-beam

lithography with varying electrode gaps. In this device configuration, the Cu electrode is sandwiched

between two Au electrodes, so that only side wall of Cu electrode is exposed. Cu:TCNQ NW was then

synthesized on this patterned device as shown in Fig. 1.15(a). As synthesized NW device was used

to measure I-V. The I-V curves exhibit reversible hysteretic switching and memory behavior. As the
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Figure 1.15(a) SEM image of the Cu:TCNQ NW bridging electrode structure. (b) Typical
room temperature I-V characteristics of a single Cu:TCNQ and multiple NWs bridging be-
tween electrodes indicating a reversible bistable switching behavior. The arrows show the
voltage sweep directions. Reprinted with permission from [28].

voltage bias is increased from 0 to+10 V, the current increases monotonically at low biases until a

sudden jump in current is observed at a positive threshold voltage (VT ) of approximately=7 V. The

Cu:TCNQ NW remains in the high-current state as the voltage bias is increased to+10 V and while

the voltage is lowered from+10 to 0 V. In contrast, the Cu:TCNQ NW remains in the low-current state

if the bias is not allowed to exceed this threshold voltage asshown in Fig. 1.15(b).

Zheng et al. [23] fabricated a single NW device and observed electrical resistive state switching.

Cu:TCNQ NWs were synthesized by a method that combine physical and chemical vapor deposition

techniques as shown in inset of Fig. 1.16(a). In order to measure the I-V properties of individual

Cu:TCNQ NW, synthesized NWs were separated from the substrate by ultrasonication in alcohol. The

suspension was then deposited onto a silicon chip capped with a layer of 200-500 nm SiO2. Pho-

tolithography was employed to form a square electrode arraywhich consisted of 10 nm of Ni and 100

nm of Au, as can be seen in Fig. 1.16(a). Individual NW with good contacts on both ends were then

located using SEM as shown in Fig. 1.16(b). The sample for measurement was 400 nm in diameter

and the spacing between the two electrodes was 2.1µm (Fig. 1.16(b)). When the voltage applied to

the device was increased to the threshold voltage of 34 V, thecurrent rapidly increased, indicating the

sample transfer from a high-resistance to a low-resistancestate. After the voltage was swept down to

0 V, the sample turned back to high-resistance state. The NW resistance in the high-resistance state

and low-resistance state was approximately 10 GΩ and 2.83 MΩ, respectively. The actual ON/OFF

resistance ratio for switching reaches 4 orders as can be seen in the logarithmic plot for I-V in inset
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of Fig. 1.16(c). Threshold voltage of switching was found tohave linear dependence of NW length

as shown in Fig. 1.16(d), indicating the local field dependence of the phase transition. They have pro-

posed field driven solitions transportation model to explain switching, which is basically based on self

multiplication of the charge carriers. At low electric fields, most of these charged defects present in the

CT complex NW are not free to move, but are thought to be spatially confined by a three-dimensional

electrostatic potential [29]. These charged defects are either thermally excited or introduced during

the crystal growth process. When the magnitude of the electric field is increased, these charges are

driven into motion by a field-assisted dissociation mechanism. Further dissociation of charges goes on

with increasing field, leading to a self-multiplication of current at sufficiently high fields and results in

switching. Lowering of electric field make the charge carrier immovable bringing the system to high

resistive state.

Except threshold voltage other important parameter of switching is reproducibility and endurance

Figure 1.16 (a) Optical image of Ni/Au pads array, (b) SEM image showing one NW in
contact with two pads. (c) I-V characteristics of individual Cu:TCNQ NW, and the arrow
demonstrated the sequence of applying the voltage. State I and II indicated the electrical
’OFF’ and ’ON’ states, respectively. (d) The spacing between the two electrodes versus the
switching threshold. Reprinted with permission from [23].

which determines how many times the device can be used to write and erase while using the material
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in memory device. Muller et al. reproduces the switching property successfully in Cu/Cu:TCNQ/Al

cross-point cell arrays devices for many times. Fig. 1.17(a) represents the log| I |-V curves for an

Au/Cu:TCNQ/Al memory curves, recorded during 10000 write-erase cycles with ON and OFF thresh-

old voltages in Fig. 1.17(b) [33]. Fig. 1.17(c) represents the retention measurement of the ON (write)

and OFF state (erase) of the Ag/Ag-TCNQ/P4PMS (50 nm)/Ag device by another group [34]. They

have applied a voltage pulse of±4 V to write (ON) or erase (OFF) the states of the device, followed by

a read out of the states of the device by a -0.5 V read pulse. Current as a function of time is compared

in Fig. 1.17(c) in the two cases.

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

Table 1.3Comparative study of resistive switching in CT complex materials

Reference Nanowire Device Structure Maximum
Switching Characteristics

Diameter (nm) Device Current
ON/OFF ratio VTh

[28] 20 Cu:TCNQ SNW 0.25µA 10 7

[23] 400 Cu:TCNQ SNW 12 µA 104 34

[27] 60-200 Cu:TCNQ ANW 4 µA 6×103 5.5

[30] 50 Cu:TCNQ ANW 1 µA 20 7

[31] 80 Ag:TCNQ SNW 0.12µA 104 7.5

[32] 60 Au:TCNQ SNW 0.27 nA 10 8.5

durance, switching speed, retention time, and ON/OFF current ratio. table 1.3 represents comparative

study of resistive switching in CT complex materials, whereSNW 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 metal-semiconductor-metal (MSM) cell are usually

called resistance switching RAM, or resistive-RAM (ReRAM). The letter ’M’ in the abbreviation MIM

is not restricted to metals, but refers to any reasonably good electron conductor, and is often different for

the two sides. The ’insulator’ or ’semiconductor’ in these structures is often an ion-conducting material.
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Figure 1.17 (a) Log| I |-V curves for an Au/Cu:TCNQ/Al memory recorded during 10000
write/erase cycles. (b) Threshold voltages for ON and OFF switching of the measurement
series as function of the cycle number. Reprinted with permission from [33]. (c) Data re-
tention measurement of the ON (write) and OFF state (erase) of the Ag/Ag-TCNQ/P4PMS
(50 nm)/Ag device. Absolute values of current are plotted for comparison. The high and
low conducting states were induced by -4 and +4 V (each of 10 s width), respectively, and
probed by using -0.5 V. The ratio between the on and OFF-statecurrents (ON/OFF ratio) are
shown on the right axis. The inset shows the write/erase voltage variation from a number of
Ag/Ag-TCNQ/P4PMS (50 nm)/Ag devices. Reprinted with permission from [34]

.

There are a number of models proposed to explain switching inMIM or MSM device. Cu/Cu:TCNQ/Al

or Au/Cu:TCNQ/Au configurations as discussed from reporteddata are assumed to be MSM configura-

tion as Cu:TCNQ behaves like a semiconductor. Different groups proposed different models to explain

switching in Cu:TCNQ.

Billen et. al. [35] proposed a model to explain bipolar switching in Cu:TCNQ by redox-reaction.

Bipolar switching results observed in Cu/Cu:TCNQ/M (M= Al and Yb) memory elements in a device

(200 µm×200 µm) connected with a load resistance R=10 kΩ is shown in Fig. 1.18 (a) and (b) for

different top metal electrode configuration in different atmosphere. Both devices performed switching

only in ambient atmosphere but not in inert atmosphere or vacuum, leading to a conclusion that switch-

ing is possible only when an easily oxidized electrode is used that is actually exposed to an oxidizing

ambient. In this case, the device shows high resistive state(HRS) to low resistive state (LRS) transition

at a threshold voltage of 7-8 Volt. The HRS originates from insulating interfacial layer between NW

and top contact. To elucidate the LRS, they have recorded thermal image within 3 min during which -2

V square waves at a frequency of 1 Hz was applied and found local hot spots appeared at several places

on the cross-point (Fig. 1.18(c)), which was a clear indication for inhomogeneous current distribution

attributed to electrical conduction through conductive channels inside the oxide/hydroxide layer at the
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Cu:TCNQ/Al interface. Then, they proposed a model for the resistance switching of Cu:TCNQ that

is compatible with all above findings. Fig. 1.18(d) and (e) schematically represents the mechanism.

The Cu+TCNQ− salt acts as source of monovalent Cu+ cations. These ions migrate through a thin

Figure 1.18Log | I |-V curves of Cu/Cu:TCNQ/M memory elements (200×200 µm, load
resistor R=10 kΩ measured) in N2 filled glovebox directly after M (100 nm) top contact
deposition, and after air exposure, (a) M=Al, voltage scan 0→ −15→ +15→ 0 V, and
(b) M=Yb, voltage scan 0→ −10→ +10→ 0 V. (c) Thermal image showing local hot
spots (yellow) for the LRS of a Cu/Cu:TCNQ/Al memory. (d) and(e) Proposed switching
mechanism; Oxidations are shown in red, reductions in blue,and migration of Cu+ in green.
Reprinted with permission from [35].

porous oxide/hydroxide layer at the Cu:TCNQ/oxidizable electrode interface through the gap between

the Cu:TCNQ and the probe needle or scanning tunneling microscope (STM) tip and are electrochemi-

cally reduced to metallic Cu when the electrode (probe needle or tip) is polarized sufficiently negatively,

with respect to the other electrode (Fig. 1.16(d)). The process continues with time and finally one or

more conductive filaments bridge over the porous layer or thegap. They form conductive filaments that

lower the resistance of the porous oxide layer, thus, bringing the memory to the LRS. By reversing the

polarity the metallic Cu is electrochemically oxidized into Cu+ cations and the filament(s) dissolves,

leading to the HRS (Fig. 1.18(e)).

Recent reports suggest that the transition from Phase-II toPhase-I may be the reason of switched

low resistive ON state from high resistive OFF state as shownin Fig. 1.19 by Fernandez et al. [12].
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Figure 1.19 (a) DC current-voltage plot showing bistable switching in a10 µm thick
Cu:TCNQ Phase-II film placed between two electrodes in a sandwich structure. Each new
scan was performed after a relaxation period of about a minute. (b) XRD spectra of Cu:TCNQ
as a function of voltage showing the reflection planes for both phases, Phase-I and Phase-II.
(c) Single crystal structure of Cu:TCNQ ‘OFF ’state Phase-II (left) transitioning to a proposed
new ‘ON’state Phase-III (center) at 3 V followed by a transition to Phase-I at 6 V. Reprinted
with permission from [12].

Although the authors do not show switching as shown in other previous studies [26, 34, 35]. They

have performed dc current-voltage measurement between 0 and 6 V on thin film of Cu:TCNQ which

shows conductivity comparable to Cu:TCNQ Phase-II in the voltage range 0-1 V and Cu:TCNQ film

goes from an ’OFF’ insulating state to an ’ON’ conducting state at approximately 4.5 V for first cycle

and at 2.5 V for rest of the cycles irrespective of the scan rate as shown in Fig. 1.19(a). This could

be due to the fact that a small fraction of the conducting phase is still present even after the applied

voltage is switched-off. ON state conductivity in the voltage range of 4-6 V is equal to Cu:TCNQ

Phase-I. This is due to transformation of Cu:TCNQ Phase-II at low bias to Cu:TCNQ Phase-I at high

bias. To gain insight on the electrical switching mechanism, and more importantly, determine if a struc-
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tural transformation on Cu:TCNQ plays a role on the electrical switching of Cu:TCNQ film materials

they performed inoperandoX-ray diffraction (XRD) as a function of applied potential as shown in

Fig. 1.19(b). At 0 V bias i.e. at ’OFF’ state, Cu:TCNQ film shows XRD pattern of Phase-II struc-

ture, intense peaks of which are at 2θ = 9.2o (002) perpendicular to the N-Cu-N coordination mode

and 2θ = 16.8o (10-1). These peaks are shifted to 2θ = 10.3o and 2θ = 18.3o with decreased inten-

sity as sufficient bias is applied across the film. These shifted peak corresponds to (002) and (011) of

Cu:TCNQ Phase-I. The decreased (002) intensity suggests a distortion of the structure such that atoms,

and especially the heavier Cu atoms, are no longer aligned onplanes parallel to (001). The distortion

would result in deviation from the tetrahedral symmetry at the Cu positions and as a result overlapping

occurs between the hybrid sp orbitals of the cyanide functionalities and theπ system of the benzene

rings, and Cu:TCNQ Phase-II transformed to Phase-I throughan intermediate phase called Phase-III

as schematically illustrated in Fig. 1.19(c).

There are some different proposed models/theories trying to explain the resistive switching in MIM

or MSM devices based on electrical effects. Electronic charge injection and/or charge displacement

is seen as one origin of the switching. Some uses charge-trapmodel which can explain the different

resistance states of a MIM/MSM cell by the modification of theelectrostatic barriers due to trapped

charges [36]. According to this model, charges are injectedby Fowler Nordheim tunneling at high

electric fields and subsequently trapped at sites such as defects or metal nanoparticles in the insulator.

This model was later modified in order to incorporate charge trapping at interface states, which is

thought to affect the adjacent Schottky barrier at various metal/semiconducting interfaces [37].

Another category contains all MIM/MSM systems in which the resistive switching is primarily

based on ionic transport and electrochemical redox-reactions. This is a research field where nanoelec-

tronics [38] intersects with nanoionics [39]. A model of resistive switching of MIM/MSM devices

based on cation migration is shown in Fig. 1.20. A solid electrolyte layer is sandwiched between the

two electrodes, of which one is made of silver. During the setprocess (Fig. 1.20 (a)), a positive bias

voltage is applied to the silver electrode and causes the oxidation of the electrochemically active elec-

trode metal (Ag) [40]. The resulting Ag+ ions are mobile in the solid electrolyte and drift due to the

electrical field towards the cathode. These cations discharge at the negative charged
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Table 1.4Reported models used to explain resistive switching in Cu:TCNQ

Reference Basic Model Supporting Experiment

[30]

Conductive chan-

nel formation and

disruption by redox

reaction

Performed local I-t measurements by approaching AFM tip on

NW surface and constant voltage was applied across the tip. Step-

wise current spikes indicate successive conductive channel for-

mation during the SET process.

[42]

Conductive chan-

nels formation and

disruption by redox

reaction

Performed impedance spectroscopy measurement for Au and Al

top electrode contact and measured dielectric constant which

match to an interface layer of naturally oxidized Al between

Cu:TCNQ and the Al top electrode. Presence of Al oxide at the

interface indicates redox reaction at interface.

[35]

Conductive chan-

nels formation and

disruption by redox

reaction

Thermal images were recorded during measurement and local

hot spots appeared at several places on the cross-point of NW

and top contact Al electrode, which clearly indicates inhomo-

geneous current distribution, attributing electrical conduction

through conductive channels inside the oxide/hydroxide layer

at the Cu:TCNQ/Al interface. Performed Raman spectra in

unswitched and switched state

[23]

Field driven soli-

tions transportation

model

No supporting experiment has been performed.

[12]

Transformation

from Phase-II to

Phase-I

Performed XRD at different bias.

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

tive filament when reaching the anode. The system is then in the low resistance ON state. The reset

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

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

into the OFF state (Fig. 1.20(b)). Copper is also often used as electrode material, due to its comparable

electrochemical potential and mobility.

Most of the report of switching in Cu:TCNQ is based on the Cu filament formation and destruction

by redox reaction in the NW electrode interface. Table 1.4 shows the reported switching model in

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

1.5 Opto-electronic property of Metal:TCNQ

At 1982 Potember [41] for the first time observed that semiconducting organometallic films such as

Cu:TCNQ can switch between two stable states when exposed tooptical radiation. Semiconducting

Cu:TCNQ, are grown as polycrystalline films directly on the metallic substrates by reacting neutral

TCNQ in acetonitrile solution with copper. For electrical measurements, a top Al or Cr metal electrode

was deposited directly on the organic film, and contacts had been made in between top metal electrode

and metallic base substrate. For the optical and electro-optical experiments, the top metal electrode

was either omitted or prepared with a thickness that permitted partial transmission of optical radiation.

Depending on the specific material involved, they have varied the field strength between 2×103 V/cm

and 2×104 V/cm using laser source, required to cause switching transitions. They have illuminated a

number of Cu:TCNQ and Ag:TCNQ specimens with the 488 and 458 nm lines from an Ar-ion laser.

The effects of illumination by laser source have been observed both by Raman spectra and by electrical
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Figure 1.21(a) High contrast pattern generated by optical beam exposure of Ag:TCNQ film.
(b)Switching characteristic of Ag:TCNQ induced by application of argon laser beam showing
(i) high- and (ii) low-impedance states. Inset: Time variation of current when laser beam was
periodically interrupted. The laser power was 25 mW and the beam diameter was 100µm.
Reprinted with permission from [41].

Figure 1.22(a) VI data of Cu:TCNQ film (i) under radiation (488 nm, 2.8 W/cm2) and (ii)
in dark. (b) Isc with illuminated power. Reprinted with permission from [41].

measurements made on the samples in conventional two-probeelectrode configuration. Illumination

creates high contrast in Ag:TCNQ film as shown in Fig. 1.21(a). I-V measurement before and after

irradiation has been shown in Fig. 1.21(b).i.e. laser exposure with suitable power brings the system

from high to low resistive switched state.

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

in Fig. 1.22(a). They carried out opto-electronic experiments in the application of Ar-ion laser at 488
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nm with an effective beam diameter of 44 mm. The laser beam wasfocused on the Cu:TCNQ film

through glass/ITO. At the same time the Cu:TCNQ film was biased with a dc electric field of∼ 20 mV

to 3.5 V across the Cu/Cu:TCNQ/ITO structure. With illumination, current increases over dark by 100

times (Fig. 1.22(a)). In addition they have also observed a photo-voltaic effect in the same structure.

Fig. 1.22(b) demonstrates the short circuit current Isc with illumination power (effective area of beam

0.61 cm2) and the curve was almost linear. They considered that this photo-voltaic effect was due to

taking shape of Schottky barrier between Cu:TCNQ and ITO. These reports confirm the opto-electronic

behaviour in CT complex materials. However, these observations are relatively old and there are no

recent attempts to redo these investigations so that meritsof Cu:TCNQ as an opto-electronic material

can be developed. In this thesis, our attempt is to focus on these and related issues.

1.6 Motivations behind the present work

Based on the preceding review we present below the main features of this thesis:

1. Most of the reports are on NW/film grown on Cu film. Very few reports are on predefined

pattern. One of our aim is to control lateral growth of Cu:TCNQ NW on predefined patterns and

make single NW device with variable length and diameter. Thediameter and the numbers of NWs

bridging/connecting the two electrodes can be controlled using the controlled evaporation rate. The

applied field between predefined electrodes during NW growthalso controls the diameter.

2. There are very few reports on temperature dependent electrical transport of Cu:TCNQ NW par-

ticularly at T< 100 K. In this thesis, we have investigate electrical conduction of Cu:TCNQ NWs over

a wide range of temperatures. We have also studied the conduction in NWs grown in presence of field

and compare it with zero field grown NWs. For the first time, we have investigated the existence of

charge density wave transport in Cu:TCNQ NW below a transition temperature.

3. Most of the available reports on resistive switching of Cu:TCNQ were on films and rarely on

single NWs. The mechanism behind the switching is not also properly understood till now. Here,

we have observed switching in a single NW and separated out the contribution of switching from the

NW and that from contacts. We have also established a viable model and tried to develop a numerical

analysis of the model.
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4. It can be seen from the review that there are insufficient investigations on opto-electronic property

of Cu:TCNQ. In this thesis, we have investigated or exploredthe opto-electronic property of both single

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

1.7 Structure of the thesis

The thesis is framed on the following works: (1) growth and structural characterization of NWs, (2)

device fabrication down to a single NW level using nanolithography processes, (3) electrical and opto-

electrical investigations of a specific 1-D organic CT complex. The specific CT complex investigated

in this thesis is a metal-organic Cu:TCNQ. The proper chargetransfer has high densities of charge

carriers in Cu:TCNQ which leads to substantial electrical conductivity and optical field-induced phase

transitions. This material is well known as described before for its unique one dimensional electrical

property and also a large bipolar resistive state transition when the applied bias crosses a threshold

voltage [8]. This resistive switching property opens up thepossibility to use this material as ReRAM.

A mechanism of switching with metallic channel formation byredox reaction has been reported [35],

but there are no experimental evidence for it. Few reports are on temperature dependent electrical

transport of Cu:TCNQ NWs, though the actual mechanism of transport is not well explored [44, 17].

Very few works have been reported previously on CT complex material 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 transport in CuTCNQ NW, which was not

well studied before. Apart from that our important contribution is in finding a new effect, i.e. photo-

conductivity in NW of such materials. An important new aspect of work in this thesis is to take the

experimental work down to single NW level. The electrical conductivity of a single NW of Cu:TCNQ

have been investigated and demonstrated the conduction mechanism in a semi-quantitative way. It has

also been investigated that instead of NW arrays, whether a single NW of this CT complex can show

stable and reproducible resistive switching like NW arrays. We have also looked into whether the con-

tact electrodes plays any role in the resistive switching. To attend these queries, precise electrical and

opto-electronic measurement on both single and bunches of Cu:TCNQ NWs (average diameter ranging

from 10 nm to 100 nm) which were grown by vapor phase synthesishave been carried out. Directed
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self-assembly of Cu:TCNQ NWs, which is an objective of the thesis, can provide controlled and unidi-

rectional fabrication of a nanometer-sized building blockof these materials. We have observed for the

first photoelectrical response in the NWs of this material. Our investigations show that Cu:TCNQ CT

complex material, not only have well known resistive switching behavior but also shows opt-electronic

response, and the responsivity is comparable to that of the highest photo-responsive material till date.

Effects of contact resistance on electrical resistive state switching and photoresponse on a single NW

have also been observed.

This thesis is divided into main chapters along with summaryand two appendix chapters listed

below:

This thesis starts with necessary literature of the earlierwork in the field of CT complexes followed

by our motivation in undertaking the present work.

The 2nd chapter gives a description of synthesis of Cu:TCNQ NW and characterization along with

experimental set-up developed for synthesis.

The 3rd chapter describes nanodevice fabrication procedure to make single NW device and experi-

mental techniques for electrical and opto-electronic measurements.

The 4th chapter reports the temperature and bias dependent electrical transport properties of array as

well as single NW of Cu:TCNQ, grown without and with the application of external bias. Nanowires

show a linear part of the conductance and a non-linear part beyond a threshold bias. Below 100 K,

the non-linear conductance follow modified Zener tunnelling model in both types of NWs raising the

possibility of charge density wave (CDW) type charge transport in the Cu:TCNQ NWs. Modified

conductivity in field assisted NW over zero field grown NW havealso been discussed.

The 5th chapter reports a new type of unipolar resistive state (RS) switching in a single NW of

Cu:TCNQ which generally shows bipolar RS switching with different electrodes configuration. This

chapter also describes the effect of electrodes on switching and possible mechanism of switching sup-

ported by phenomenological model and numerical calculations.

The 6th chapter describe the opto-electronic transport measurement on Cu:TCNQ NW, both in

array and single, having diameter down to 30 nm with the explanation of possible reasons of current

enhancement under illumination.

Last chapter is the summery and conclusions of this thesis. It describes main achievements of the
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thesis and future challenges.

This thesis ends up with appendix containing two parts describing new finding in Cu:TCNQ under

progress, such as enhancement of Cu:TCNQ conductance by graphitic oxide induced charge transfer,

floating gate (FG) and electric double layer (EDL) FET in a single NW of Cu:TCNQ.



Chapter 2

Synthesis and Characterization

In this chapter, we have described the procedures for synthesis of Cu:TCNQ nanowires (NWs) and their

characterizations. Cu:TCNQ NWs are synthesized by two different methods: Physical Vapor Deposi-

tion (PVD) and Wet Chemical method. We have also studied the field assisted growth of NW between

two metal electrodes using PVD. As synthesized NWs are characterized by X-ray Diffraction (XRD),

Scanning Electron Microscope (SEM), Transmission Electron Microscope (TEM) for structural and

Fourier Transform Infrared Spectroscopy (FTIR) and Raman Spectroscopy for compositional charac-

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

2.1 Introduction

One-dimensional (1-D) nanostructures, such as wires, tubes, belts, and rods have been extensively

studied for the past two decades due to their interesting andunique electronic, optical, thermal, me-

chanical and magnetic properties. In the early stage of thisresearch field, novel synthetic routes and

fundamental characterization were heavily emphasized. The ability to fabricate high-quality single-

crystalline materials with control of diameter, length, composition, and phase enabled breakthroughs

in their incorporation into useful devices. Early applications emphasized electronic and optical de-

vices, which provided further insight and stimulus to gain adeeper understanding of the basic material

properties of these structures. There are various routes tosynthesize NW like physical vapour deposi-

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

31
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(VLS), chemical deposition etc. In the PVD method the sourceis evaporated and condensed directly

onto the substrate where no catalyst is required [47]. In theCVD method, the precursor gas is deliv-

ered to the surface of the substrate, where the synthesis occurs under catalytic conditions [48]. Laser

ablation method involves a target that is first thermally pressed and placed in the chamber on target

plate [49]. The target is ablated under low pressure using a laser beam which condenses on the sub-

strate catalyst. In the thermal annealing method the sourcematerial is vaporized and transported by a

carrier gas to the substrate surface with a catalyst deposit[50]. The vapor condenses onto the molten

catalyst and source alloy. After saturated equilibrium condition is achieved, NW grows to maintain the

equilibrium in the liquid phase. In chemical method, a film coated substrate is dipped into solution of

deposition material of interest, which reacts chemically in the solution to form nanostructure.

2.2 Synthesis of Cu:TCNQ Nanowires:

We have synthesized Cu:TCNQ NWs using two different methods: PVD and chemical method although

most of the thesis work particularly those on single NW have been performed with NWs grown by PVD

method.

2.2.1 Nanowire growth by Physical Vapor Deposition (PVD) Method:

We have used the TCNQ (7,7,8,8-tetracyanoquinodimethane)powder (purity 98 %) from Aldrich

Chemical Co. and and the Copper pellets (purity 99.999 %) from Curt J. Lesker Material Group Com-

pany to grow Cu:TCNQ NWs. In PVD process, firstly Cu thin film was deposited on Si/SiO2, Si/Si3N4

or glass substrate and then TCNQ was evaporated on depositedCu film maintained at∼ 130oC. TCNQ

in contact with Cu reacts with it and forms Cu:TCNQ. Mechanism for the growth of Cu:TCNQ NWs

can be described as follows. Initially TCNQ molecules are adsorbed by the Cu film with which it in-

teracts forming Cu:TCNQ. Next, the incoming flux are adsorbed on these Cu:TCNQ surfaces and the

electrons are transferred from the base Cu film to the adsorbed TCNQ through the Cu:TCNQ due to

redox potential difference between Cu and TCNQ [51]. The TCNQ is thus oxidised to TCNQ− ion.

On the other hand, since the chemical potential of Cu is different at the two ends of the Cu:TCNQ

crystal with the chemical potential at the bottom end significantly higher than the chemical potential
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Figure 2.1 (a) SEM image of PVD grown NWs. Variation of (b) length (l ∝
√

t) and (c)
diameter of NWs as a function of growth time for a constant evaporation rate.

at the top, Cu+ ions migrate to the top surfaces through the Cu:TCNQ crystals formed. In NW form,

the chemical potential difference is maximum between two oppositely ionised molecules and this may

be the reason of NW formation of Cu:TCNQ during growth. In this process, a fractional amount of

electronic charge is transferred between the acceptor and donor. Here, Cu acts as donor and TCNQ as

acceptor. The formation of the NW thus involves diffusion ofCu ions. We observed that the diffusion

process determines the growth rate. This also makes the charge transfer value Z less than 1. When this

donor and acceptor interact, charge is redistributed in theformed NW. The reaction equation can be

represented as follows:

Cu(solid)+TCNQ(gas)→ [Cu++TCNQ−]↔Cu : TCNQ (2.1)

SEM image of synthesized NWs are shown in Figure 2.1(a). Nanowires are generally∼10-30 nm (see

Fig. 2.1(c)) in diameter and fewµm in length. Diameter can be controlled by evaporation rate which

is directly related to evaporation temperature and length is controlled by time of evaporation. The NW

diameter becomes larger with higher temperature and higherevaporation rate [52]. For higher evapo-

ration rate, highly energetic large amount of TCNQ molecules reach to Cu film and react with Cu to

form Cu:TCNQ simultaneously on many regions of the Cu film. Many reaction regions of Cu:TCNQ

molecules fused together and grew into large-diameter Cu:TCNQ NW. On the contrary, at lower tem-

perature i.e. at lower evaporation rate, only few TCNQ molecules in vapor had enough reaction energies

to form Cu:TCNQ NWs. At the low reaction temperature, the already formed Cu:TCNQ NWs prohibit

TCNQ molecules to approach the Cu film and with time, reactiontakes place via Cu+ ion migration
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through the already formed Cu:TCNQ NW, and hence results in thinner NW. Growth time and evapo-

ration rate has also significant effect on dimensionality ofthe grown NW. Initially, length of the NWs

increases with time and then it saturates. The growth being controlled by diffusion of Cu+ ions, one

would expect a reaction ofl ∝
√

t, wherel is the length of the grown NW andt is the time of growth.

Diameter of the NWs is almost constant for a constant evaporation rate. Nanowire’s length and diameter

as a function of growth time for a constant evaporation rate is shown in Fig. 2.1(b) and (c) respectively.

Slower evaporation rate gives thinner NW. Fig. 2.2(a) and (b) show SEM images synthesized with dif-

ferent evaporation rate. All experimental condition beingconstant, we can assume evaporation rate is

proportional to the chamber pressure during evaporation, as higher pressure indicates more number of

molecules are present in the evaporation chamber i.e. higher evaporation rate and consequently lower

pressure signifies slower evaporation rate. Evaporation at5.4×10−6 mbar chamber pressure gives NW

diameter of∼ 30−100 nm, whereas NW diameter∼ 10−30 nm was achieved for 1.2×10−6 mbar

chamber pressure as shown shown in Fig. 2.2(a) and (b) respectively.

Figure 2.2 SEM image of PVD grown NWs at a constant pressure of (a) 5.4×−6 mbar and
(b) 1.2×−6 mbar respectively. (The pressure refers to pressure duringgrowth and not the
base pressure)

2.2.1.1 Evaporation Chamber for PVD Growth:

To deposit molecular wire of CT complexes by PVD method, we have designed an evaporation cham-

ber. Fig. 2.3(a) shows the schematic of the evaporation chamber. Most of the samples used in this thesis

were synthesized in this chamber. The body of this chamber ismade up of stainless steel. It consists

of (i) a port connected to high vacuum turbo pumping system, (ii) another port for gas inlet/outlet, (iii)

three crucibles used for Cu, TCNQ and Au or another evaporation material, (iv) six electrodes each two
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are connected with one crucible to give power supply for heating the crucibles, (v) three Pt100 ther-

mometer to measure the temperature of the crucibles, (vi) a transformer with adjustable rotor to supply

power across the electrode for evaporating the materials, (vii) a sample holder mounted on a control-

lable rotating sample stage, (viii) a heater on top of the sample holder, (ix) a temperature controller to

control the temperature of the heater, (x) a movable mechanical shutter in between crucibles and sample

holder and (xi) a door containing two view ports. On the top flange, there is provision for two electrical

leads for applying bias across the sample electrodes. The chamber is pumped with a Turbomolecular

pump giving a base pressure of∼ 2× 10−7 mbar. In this chamber three materials can be deposited

consequently without braking the vacuum. To do that the sample stage can be rotated such that the

sample be moved just above the required crucible. Three crucibles are connected between three sets of

electrodes and the power applied between these electrodes can be controlled independently. Initially

we deposit Cu on subtrates like glass or Si/SiO2 or Si/Si3N4. After Cu evaporation, Cu coated substrate

in the sample stage is moved to the position of the crucible containing TCNQ organic powder. Power

is given to the leads of corresponding crucible to evaporateTCNQ powder. At the same time sample

stage is also heated and temperature of the sample stage is controlled by the temperature controller.

We generally kept the sample stage at the temperature range of 120-140o C. TCNQ is evaporated and

vapor of TCNQ comes in contact with the heated Cu film on SiO2 substrate 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 to control the growth of NWs on prefabricated

electrodes [53, 54] using dielectrophoretic (DEP) as well as electrostatic force (EF). DEP force de-

termines the motion of uncharged polarized particles in a non-uniform electric field [55]. Keeping in

mind the above concept of DEP force, we investigated the possibility of localizing the lateral growth

of Cu:TCNQ NWs bridging between two prefabricated electrodes by applying an electric field during

growth. Such a field assisted procedure has been followed before for growth of NWs of charge transfer

complex like TTF-TCNQ [56, 57]. However, the mechanism of field assisted growth is still not clear.

We have studied the role of electric fields on growth of Cu:TCNQ NWs, where DEP [58] force takes an

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

NWs growth. Biases of different amplitudes (0 V - 10 V) are applied between e-beam lithographically

patterned electrodes of Au/Cu (top and bottom layer respectively) separated by few hundreds of nm to

few µm as shown by schematic in Fig. 2.4(a) and then NWs are allowedto grow between the prefab-

ricated electrodes with insitu applied field. This process allow us to grow NW on the substrate with a

control over the diameters and the lengths of wires. SEM images of the NWs grown by applying bias

from 0 to 10 volts between two electrodes are shown in Fig. 2.4(b). When the bias is more the prob-

ability of the NWs to bridge the electrodes becomes low and also the diameter of the NW decreases.

Fig. 2.4(c) shows the dependence of NW diameter on growth field for a constant evaporation rate.

This controlled growth of the NWs can be explained in the framework of two co-existing forces

namely Electrostatic Force (EF) and Dielectrophoretic (DEP) Force. It has been stated before that

the growth occurs due to diffusion of Cu ions through growingwire. Application of a biasV be-

tween two electrodes separated by lengthl gives an electric field E. DEP force is the interaction

of non-uniform electric field with the dipole moment inducedin an object. Thus, sawtooth like

geometry of our device is suitable for producing DEP force. The electric field can be defined as

EEF =
V
l

, whereas DEP force acting on cylinder (assuming NWs are cylindrical in shape) is [59],

FDEP = λε0εmVpRe{ εm− εn

εm+2εn
}∇E2 ≈VpC∇E2; where,C = λε0εmRe{ εm− εn

εm+2εn
}, V and l are applied

voltage and separation between two electrodes,λ is numerical coefficient on the order of unity,ε0,
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Figure 2.4 (a) Schematic representation of field dependent growth of the NWs. (b) SEM
image of e-beam lithographycally fabricated Cu/Au electrode used to grow NW. (c) SEM
images of NWs grown in presence of bias applied between two electrodes.(d) Dependence of
NW diameter on DEP applied between two electrodes.

εm andεn are, respectively, the dielectric constant of free space, the relative dielectric constant of the

suspending medium and material (Cu:TCNQ),Vp is volume of material suspended in the dielectric

medium (air) which isπr2l , r is radius andl being length of the NW equal to the separation between

two electrodes connecting the NWs. Depending on the sign ofC, the DEP force propels an object to-

wards either the EF maxima or minima. This generally used forthe separation of cells or the orientation

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

When bias is applied between electrodes during growth, EF isdirected from positive electrode
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Figure 2.5 COMSOL Multiphysics Simulation of the distribution of (a) Electrostatic field
and (b) Dielectrophoretic force between two metal electrodes separated by air. (i) and (ii)
respectively represents magnified image of direction and height profile of the corresponding.

to negative electrode with maximum amplitude at the two tip points of the electrodes as obtained by

COMSOL Multiphysics [62] simulation shown in Fig. 2.5(a). At the same time DEP force which is

proportional to gradient of square of absolute value of EF isdirected towards each electrode originating

from middle of the electrodes gap with maximum amplitude near tip point of electrodes (Fig. 2.5(b)).

At low bias, EF is stronger compared to DEP force which helps NWs to align as well as bridge between

two electrodes during growth. As bias increases, DEP force dominated over EF and this DEP force pull

back the NWs towards the electrodes from where NWs are growing. As a result probability of bridging

NWs is decreased with increasing bias. Thus, growth and bridging is a balance between two forces

dominating one over another with bias and control of NW diameter with number of NWs connecting

the electrodes. SEM images in Fig. 2.4(b) and experimentally obtained results of NW diameter with

different field in Fig. 2.4(c) are supported well by the simulated 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 voltsand calculating corresponding DEP

force at midpoint between two electrodes where DEP force is minimum, we have obtained the NW di-

ameter for different DEP force. Simulated diameter merges well with experimentally obtained results

as shown in Fig. 2.6(c). Slight deviation from experimentalresults is due to estimation of DEP force

only without considering effect of EF on growth. Now, question arises why diameter is decreasing

with increasing bias. Let’s explain first the normal growth process. The growth model of Cu:TCNQ

from vapor phase has not been worked out in details. In the vapor phase growth, the length grows in

time following a time dependence that originates from diffusion of ionic species (l ∝
√

t), while the

diameter does not change after initial growth period. This diameter constrained growth is very similar

to growth in solution where Anodized Alumina Oxide (AAO) templates have been used to limit lat-

eral growth. [51] In both the growth processes, two phenomena are involved after the initial nucleation

phase. (See the schematic in Fig. 2.6). There is diffusion ofCu+1 from the Cu electrode though the

growing wire (after initial nucleation phase) to the open growth face. There is also diffusion of elec-

trons from the Cu electrode (due to redox potential) to the top growing surface, leading to oxidation

of the arriving TCNQ molecules to TCNQ−1, which then reacts with the diffusing Cu+1 to make the

Cu:TCNQ. The efficiency of the process (ionic diffusion, as well as electron transport from Cu side to

growth face) would determine the extent of the charge transfer Z. The applied field during growth can

affect both the processes. This can also be explained with these two forces. As already stated that EF is

in favour of NW growth and bridging. When field is applied, during the growth of Cu:TCNQ NW from

positive (+ve) electrodes, Cu ions inside the NW attracted towards the negative (-ve) electrode due to

the EF, whereas DEP force pull the ions toward the electrodesfrom middle of the electrode gap. These

two forces acting on the NW are directed opposite to each other results in decreasing the NW diame-

ter. At low bias EF dominates over DEP force which accelerates NW growth and NWs easily bridge

between two electrodes. As applied bias increases, EF is suppressed by the DEP force which pulls the

NWs opposite to growth direction. Due to these two opposite forces simultaneously acting on the NW

creates stress along the length, favourably directed towards growth electrode of NW with increasing

field and consequently diameter decreases. The process is schematically represented in Fig. 2.6(d). As

the NW grows from the vapor phase with arrival of TCNQ molecules, the successive molecules due to

randomization by thermal forces may not have proper alignment. Application of an EF during growth
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Figure 2.6 (a) Experimental (circle) and simulated (square) results of NW diameter as a
function of EF applied between two electrodes. Schematic ofCu:TCNQ NW growth under
externally applied field. (b) Nucleation of the ions, (c) NW growth and (d) accelerated nu-
cleation process under field. Stacking of the Cu:TCNQ molecules during growth (e) without
field and (f) with field. Field growth NW are having betterπ −π stacking of molecules.
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process will enhance the Cu ions migration from Cu electrodeto the NW tip, thus facilitating the extent

of charge transfer andZ enhances. We will show later on in Chapter 4 that NWs grown in an applied

field 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 acetronitrilewith different concentration was prepared

in a beaker. Cu film was made by thermal evaporation in high vacuum. Cu:TCNQ NWs and microrods

are grown chemically by dipping the Cu film into TCNQ solutionin acetonitrile with desired amount

of time at definite temperature in air atmosphere as shown schematically in Fig. 2.7. We have used

10 mM concentration of TCNQ in acetonitrile at room temperature. Size of the nanostructures can be

controlled by growth time, temperature and concentration of TCNQ solution. Depending on the growth

time and temperature it may have Phase-I (tetragonal) [11, 63] or Phase-II (monoclinic) [64] crystal

structure. Nanowires and microrods grown by chemical method have Phase-I structure for shorter time

as shown in Fig. 2.7(b) and they grow to Phase-II structure ifthe growth is for longer time as shown

in Fig. 2.7(c) that can be confirmed from XRD analysis as discussed 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-II (Monoclinic)

2.3 Characterization

The synthesized NW samples as discussed above are mainly characterized by X-Ray diffraction (XRD),

Scanning Electron Microscope (SEM), , Transmission Electron Microscope (TEM) for structural char-

acterization, where Fourier Transform Infrared Spectroscopy (FTIR) and Raman spectroscopy were
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Figure 2.7 (a) Schematic of NW growth using chemical method. Chemically grown NWs
and micro-rods with (b) Phase-I and (c) Phase-II.

performed for compositional characterization. The chemically synthesized Cu:TCNQ NWs are charac-

terized in powder form. For FTIR measurement, pellets were made by embedding Cu:TCNQ powder

in a matrix of IR-graded KBr and forming a pellet with pressure of ∼100 N. Nanowire dispersed on

Cu grid for TEM measurement. Raman spectroscopic measurement has been performed on Cu:TCNQ

NW film grown on Si/SiO2 substrate. Here, we discuss various characterization techniques 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 first step for determining the phaseof any synthesized material. If the incident

X-rays have the same order of wavelength as that of the atomicdimensions, then the radiations emitted

by the electrons can have a definite phase relations with one another. These radiations may, therefore,

undergo constructive or destructive interference producing maxima or minima in certain directions.

When emitted wave differ by an integral multiple of wavelength (λ ) for a certain angle it gives con-

structive interference scattered or emitted waves follow the Bragg’s relation [65] 2dhklSinθ = nλ as

shown in Fig. 2.8, where,n is an integer,θ is the angle of incidence anddhkl is distance between two

consecutive parallel planes of atom.

Fig. 2.9 shows the data taken on Cu:TCNQ NW powder grown both by PVD and chemical methods

to obtain crystal structure of NWs. The structure of the NW grown with PVD method is tetragonal

crystal structure having unit cell witha = 3.887 Å,b = 11.266 Å, andc = 11.266 ÅandV = 493.5
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Figure 2.8Schematic representation of Bragg’s law.

Figure 2.9 X-ray diffraction patterns of NWs grown with (a) PVD, (b) and(c) chemical
methods showing Phase-I (upper and middle) and Phase-II (lower) crystal structure.

Å3 [28] and is polycrystalline as we obtained the peak in case ofpolycrystalline sample with different

intensities [11, 12, 52]. Both for PVD and chemically grown Phase-I crystal, the X-ray pattern show

peaks at 2θ = 10.89o, 15.75o, 17.63o, 22.48o, 25.46o, 28.64o, 33.63o and 35.59o, corresponding planes
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Table 2.2XRD data analysis of Phase-I and Phase-II crystal structureof Cu:TCNQ.

Synthesis
Phase-I Phase-II

method
(Tetragonal) (Monoclinic)

Unit cell 2θ d hkl Unit cell 2θ (o) d(Ao) hkl

PVD a = 3.887Ao 10.89 8.1223 011

b = 11.266Ao 15.74 5.6235 002

c = 11.266Ao 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 = 3.887Ao 11.04 8.0047 011 a = 5.333Ao 9.23 9.498 002

b = 11.266Ao 15.7 5.6377 002 b = 5.331Ao 15.7 5.6377 10-1

c = 11.266Ao 17.52 5.0559 021 c = 18.875Ao 17.57 5.0416 004

22.23 3.9942 022 β = 94.03o 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), (033)and (024) respectively. Crystal planes are

calculated using(
b2

a2 )h
2 + k2 + l2 =

b2

d2 , where interplaner spacingd =
λ

2sinθ
, λ being wavelength

of X-ray source. We have used CuKα1 of wavelength 1.54056 Åat an accelerating voltage of 45kV

and 40 mA current in X’Pert PRO system of PANalytical company. On the other way, chemically

grown Cu:TCNQ NW shows Phase-I (tetragonal) crystal structure for shorter growth time and Phase-II

(monoclinic) crystal structure having unit cell witha = 5.333 Å,b = 5.331 Å,c = 18.875 Å,β = 94.03o,

andV = 538.38 Å3 grown for longer time period [63] at comparatively high temperature (80oC). For

monoclinic crystal structure the relation between interplaner spacingd and lattice parametersa,b,c and
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β is
1
d2 =

(

1
sin2β

)[

h2

a2 +
k2sin2β

b2 +
l2

c2 −
2hlcosβ

ac

]

. Phase-II peak at 2θ = 9.3o correspond to (002)

plane, perpendicular to N-Cu-N coordination mode (see Fig.1.3(b)). Next peak in Phase-II is located

at 2θ = 15.7o correspond to (10-1) plane. Other peaks are at 2θ = 17.57o, 22.32o, 25.21o, 27.0o,

28.67o, corresponding planes of which are (004), (013), (0-1-2), (113) and (015) respectively. All the

experiments performed in this thesis are with NW of Phase-I crystal structure and mostly grown with

PVD method. Experimental results for Phase-I and Phase-II structures 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. It generally provides valuable information

regarding the structural arrangement, size distribution of NW, shapes, spatial distributions, density, NW

alignment, filling factors, etc. In SEM, stream of monochromatic electrons emitting from an electron

Figure 2.10Schematic representations of the interaction of incident electron beam with spec-
imen

gun are accelerated and focused by combination of differentelectromagnetic lens to form a sharply de-

fined electron beam. This sharply defined electron beam of high kinetic energy falls on a specimen and

eject electrons from the specimen due to electron-sample interaction which carry different information

producing from different part of specimen as shown schematically in Fig. 2.10. Ejected signals include

secondary electrons; back scattered electrons; characteristic x-rays; specimen current and transmitted

electrons. Secondary electrons are produced due to inelastic scattering of electron beam with specimen
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Figure 2.11SEM micrograph of (a) PVD grown Cu:TCNQ NW (b) micro-flower ofchem-
ically grown Cu:TCNQ (c) Au nanoparticle attached on the surface of chemically grown
Cu:TCNQ NW (d) chemically grown Cu:TCNQ micro pillar on Cu/Au surface.

atom and back scattered electrons are due to elastic collision. These electrons are collected by different

detectors and amplified by various types amplifier, which aredisplayed as variations in brightness on

a computer monitor. Each pixel of computer video memory is synchronized with collected signals for

the position of the beam on the specimen in the microscope, and the resulting image is therefore a

distribution map of the intensity of the signal being emitted from the scanned area of the specimen.

Secondary electrons and backscattered electrons are commonly used for imaging samples: secondary

electrons are important for showing morphology and topography on samples and backscattered elec-

trons are for that of illustrating contrasts in compositionin multiphase samples. Backscattered electrons

are part of incident beam being scattered by the atomic nucleus of the specimen, thus heavier the nu-

cleus greater will be the backscattered electrons. This property is used to create contrast in alloys or

complexes with different compositions. However, main topographical information is obtained from

secondary electrons ejected from valence shells by the incident electrons. X-ray is produced by in-

elastic collisions of the incident electrons with electrons in discrete orbitals (shells) of atoms in the

specimen. The beam current absorbed by the specimen i.e. specimen current 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 NWs grown perpendicular to the sub-

strate, and have wire diameters in the range from∼10-15 nm and length∼ 0.5 - 1.0µm. Few other

SEM micrograph is also shown in Fig. 2.11. Images are taken with an 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 versatile instrument where transmitted electrons through

the sample are used to collect information about internal structure of the material along with imaging

[65]. In TEM, high energetic electron beam is collimated from the source and passed through a thin (<

100nm) slice of specimen material and transmitted electrons are used to visualize with sub-nanometer

resolution and signal is detected by the detectors. Depending on the detected signal different sample

information can be achieved as listed in Table 2.2. Reflectedsignals 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 lens issent through a thin specimen, interact

with it and fractional amount of beam is diffracted or scattered. The transmitted beam through the sam-

ple is focused on a back focal plane of the objective lens resulting in an electron diffraction pattern. The

diffraction pattern at the back focal plane undergoes inverse Fourier Transform and magnified image is

formed. Schematic of TEM is depicted in Fig. 2.12.

Depending on the nature of samples, there are some standard methods for the preparation of TEM

samples. For thin film sample is prepared by cutting, mechanical grinding and polishing, dimple grind-

ing and finally ion milling. For powder sample, the powder is diluted in alcohol or acetone and then

after sonication dispersed on to a carbon coated Cu grid. Thesample on Cu grid is then mounted on

TEM sample holder for imaging. Different signal source fromthe sample carry different information

as tabulated below:

Two important outcome from the sample under TEM are high resolution TEM (HRTEM) and selected

area diffraction pattern (SAED) for crystal structure analysis. HRTEM image can show structures at

the atomic scale, lattice fringes, and hence can be used to look at the arrangement of atoms in a crystal.
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Figure 2.12Schematic diagram of Transmission Electron Microscope.

SAED pattern can be used to obtain crystal orientation of thesample. Following is the method to index

the electron diffraction pattern.

Indexing of electron diffraction pattern: Ratio-technique: From Bragg’s law, 2dhklSinθ = λ , for small

diffraction angleθ , Sinθ ≈ θ and hence, 2dhklθ = λ . Again, if R be the distance of diffracted spot of

interest (’B’ in Fig. 2.13(b)) from the central spot (’A’ in Fig. 2.13(b)) andL be the distance between

screen and the sample as shown in Fig. 2.13(a) and (b) then,tan2θ =
R
L
≈ (for small angle of diffrac-

tion). Thus,Rdhkl = Lλ , or,R= Lλ (
1

dhkl
). Thus, one can write,

d1

d2
=

R2

R1
. If the camera constant (Lλ )

is known, one can easily determine the interplaner spacing.

Let’s consider (hkl) value of the central spot ’A’ is known. To index for the other spot we can

follow the procedure:(1.) Choose one spot to be the origin and measureR1. (2.) Measure the spacing

of a second spotR2. (3.) measure angleφ betweenR1 andR2. (4.) Prepare a table giving the ratios of

the spacings of permitted diffraction planes in the known structure.(5.) take measured ratioR2/R2 and

locate a value close to this in the table.(6.) Assign more widely-spaced plane (lower indices) to the

shorter R value.(7.) Calculate angle between pair of planes of the type one have indexed. If measured

φ agrees with one of possible value in the table, accept indexing. if 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 information

by illustrating contrasts in composition in multiphase samples

SEM

Auger Electrons Surface sensitive compositional information

Characteristic X-Ray Energy Dispersive Spectroscopy (EDS) and Electron Probe

Micro-Analysis (EMPA)

Elastically Scattered ElectronsCrystal structure from selected area electron diffraction

(SAED),Sample thickness, symmetry determination and small

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 distance of diffracted spot from central. For

spot patterns, the distanceRof diffracted spot from central spot is measured from SAED patterns. This

represents reciprocal of the distance of interplaner spacing (dhkl). Match this interplaner spacingdhkl

with dhkl value of permitted diffraction planes from XRD analysis andthis will give the (hkl) value

for that particular spot in SAED pattern. Fig. 2.14(a) showsa TEM image of a single NW connected

between two electrodes fabricated in Si3N4 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 FEI TECNAI F20ST system. Fig. 2.14(c) is

HRTEM image of the same. Fringes in HRTEM image indicates thecrystalline nature of the material,

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

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

scale, lattice fringes and hence can be used to look at the atomic arrangement in the crystal.
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Figure 2.13Schematics of (a) camera length in presence of imaging lenses, (b) geometry for
electron diffraction producing SAED pattern, (c) SAED pattern of a Cu:TCNQ single NW in
reciprocal lattice plane, (d) [hkl] indexing by vector addition.

2.3.2 Compositional Characterization

Theh̄ω vibrational spectroscopy methods namely FTIR (Fourier Transform InfraRed) and Raman spec-

troscopy were used separately to study shift in C≡N stretching mode of TCNQ when it forms a charge

transfer salt with Cu. C≡N stretching mode is affected by the state of oxidation of TCNQ. It is a very

important characterization technique because from the shift of C≡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 the preferred method of infrared spec-

troscopy [66]. In infrared spectroscopy, when IR radiationis passed through a sample some of the in-

frared radiation is absorbed by the sample and some of it is passed through (transmitted). The resulting

spectrum represents the molecular absorption and transmission. The absorption peaks corresponding

to the frequencies of vibrations of the atoms, creates a molecular fingerprint 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 in be-
tween two electrodes of Cu/Au in Si3N4 membrane. (b) TEM image of a single strand of
Cu:TCNQ NW dispersed on a TEM grid. (c) High resolution TEM (HRTEM) image of the
corresponding NWs. (d) Selected area electron diffraction(SAED) pattern of the same.

two unique molecular structures produce the same infrared spectrum. It is schematically represented in

Fig. 2.15.

Typically IR-graded KBr or NaCl are used as substrates in FTIR spectroscopy since they do not cre-

ate any background. For powdered samples KBr or NaCl along with the sample materials are crushed

and mixed and then cast as a pellet to study the absorption spectra. For materials which can be subli-

mated, they are deposited as thin films on KBr or NaCl pellets and then studied. FTIR can also be taken

by drop casting the material along with a non hygroscopic solvent on to the pellet of KBr or NaCl and

the solvent is dried off before obtaining the spectra. In ourcase 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 characterizing TCNQ materials, in particular for discerning

the oxidation state of the molecule in its charge transfer salts [67, 68]. FTIR for TCNQ as well as

Cu:TCNQ were performed over the range 4000−400 cm−1, because the absorption radiation of most
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Figure 2.15Schematic representation of spectrum formation in FTIR spectroscopy.

Figure 2.16FTIR spectra of TCNQ and Cu:TCNQ. C≡N stretching mode of neutral TCNQ
is at 2229 cm−1 and after formation of Cu:TCNQ it is at 2205 cm−1.

organic compounds and inorganic ions is within this region.As stated before we use this technique

to find the degree of charge transfer (Z) which determines theamount of charge transfer between ac-

ceptor and donor kind of molecular species in the CT complex material. The shift in the frequency in

the vibrational spectra for neutral molecule (TCNQ) to thatof ionized molecule (TCNQ−) is used to

determine the degree of charge-transfer. Fig. 2.16 shows FTIR (JASCO FT/IR-6300 company) spectra

of TCNQ and Cu:TCNQ. C≡N stretching mode of neutral TCNQ is at 2229 cm−1. As the Cu:TCNQ

complex forms, due to the interaction between the electronswith the vibrational modes of TCNQ, the

peak of neutral TCNQ shifts to 2205 cm−1. 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-transfer
(Z). Reprinted with permission from [69]. Copyright (1981)American Chemical Society.

There is no direct way to estimate the degree of charge-transfer from the observed spectra. Chappell

et al. [69] have studied vibrational spectra of many TCNQ based charge-transfer salts, whose degree of

charge transfer was independently known and created a calibration plot between the degree of charge-

transfer Z and the observed frequency peak for the TCNQ as shown in Fig. 2.17. In Fig. 2.17 is repro-

duced from [66]. From Fig. 2.16 it can be seen that the C≡N stretching mode shows a peak at 2205

cm−1, whereas for neutral TCNQ this mode should be observed at 2229 cm−1. The estimated charge-

transfer for the grown Cu:TCNQ by using the plot given in Fig.2.17 is Z≈ 0.51%. Thus, Cu:TCNQ is

formed by fractional amount of charge transfer between donor Cu and acceptor TCNQ.

2.3.2.2 Raman Spectroscopy:

Raman spectroscopy is a spectroscopic technique based on inelastic scattering of monochromatic light,

usually from a laser source. In inelastic scattering, the frequency of photons of monochromatic light

changes upon interaction with a sample. Photons of the laserlight are absorbed by the sample and

then re-emitted. Frequency of the reemitted photons is shifted up or down in comparison with orig-

inal monochromatic frequency, which is called the Raman effect. This shift provides information

about vibrational, rotational and other low frequency transitions in molecules. Raman spectroscopy



2.3 Characterization 54

Figure 2.18Micro Raman Spectra of TCNQ and Cu:TCNQ.

is an important characterization tool often used as supportive to infrared spectroscopy. Raman Spec-

troscopy is used for chemical identification, characterization of molecular structures, study of bonding

in molecules, and in many more applications.

A micro-Raman set-up has been used to fetch local information of the samples down to an area of 1

micron spot thus having an advantage of doing a Raman mapping. It was used to confirm the formation

of Cu:TCNQ, which was deposited on to Cu substrates by vapor phase deposition method. No other

special sample preparation methods are required. Micro Raman spectroscopy is a very useful tool for

studying centrosymmetric compounds such as TCNQ based charge-transfer compounds.

As from the experimental data in Fig. 2.18, C−C≡N stretching mode of neutral TCNQ is at 1451

cm−1. After formation of Cu:TCNQ, stretching mode is shifted to 1371 cm−1 due to charge transfer

from Cu to TCNQ [70]. To calculate the charge transfer between donor Cu and acceptor TCNQ, we

have focused on C≡N stretching mode, one of the Raman active mode of TCNQ. From Raman spec-

troscopic measurement, we found that the C≡N stretching mode which is at 2222 cm−1 for neutral

TCNQ, shifted to 2204 cm−1 after formation of Cu:TCNQ. Degree of charge transfer from shift in fre-

quency 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 measurement. Incomplete charge transfer

in between Cu and TCNQ obtained both from FTIR and Raman measurement 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 method. Structural characterizations of

the NWs were performed by XRD, SEM and TEM. For PVD growth we obtain only Phase-I crystalline

structure while for chemically grown NWs both Phase-I and Phase-II are obtained. FTIR and Raman

spectroscopic study indicate formation of Cu:TCNQ with incomplete charge-transfer of≈ 51%. We

also grow NWs by PVD method within prefabricated electrodesand applying field between them. The

field assisted growth has been simulated considering both electrostatic and dielectrophoretic forces.



Chapter 3

Device fabrication and measurement

techniques

In this chapter, we have discussed different nanofabrication techniques used to integrate nanode-

vices for measurements. By the word ’device’ we imply NWs connected to 2 or 4 electrodes that are

needed for electrical measurements. Fabrication of nanodevice from the synthesized and characterized

nanowires (NWs) is an important aspect of this thesis. Most of the processes followed were developed

during the thesis work and thus forms an important work development of this thesis. Devices used for

measurements are mainly fabricated by electron and ion beamlithography process. We have also dis-

cussed the experimental techniques which have been set up and used to measure the electrical transport

i.e. current-voltage or resistance at different temperature as well as measurement of transport under

illumination. The measurement setups were automated by GPIB interfacing with C++ programming

for data acquisition.

3.1 Introduction

In modern field of science and technology, along with bio, nano is the most popular scientific prefix.

Working at the nanoscale enables us to understand and utilize the unique physical, chemical, mechani-

cal, and optical properties of materials that naturally occur at that scale. Challenges in nano technology

include the integration of nano structures and nano materials into or with macroscopic systems that

56
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can interface with users. To understand the physical behaviour in nanoscale, nanodevices have to be

interfaced with macro electronic systems which is possiblethrough various nanofabrication processes.

Photo, electron and ion beam lithography are some most used fabrication processes. Use of lithogra-

phy for device fabrication opens the field not only for novel fabrication schemes, but the incorporation

of diverse material systems into the field of nanodevice. In this thesis, our goal is to investigate the

transport and opto-electronic phenomena of the Cu:TCNQ at nanoscale, particularly at the level of a

single NW. So, various nanodevices have been fabricated according to the experimental requirement.

We will also discuss an important specific sub-area i.e. different methods of nano fabrication along

with experimental techniques developed and used for measurement.

3.2 Lithography processes:

Lithography is a process by which a defined pattern is transferred to a substrate. Common example of

lithography is a printer. Fabrication of device structureshaving dimensions coming down to micron or

even nanometer size needs sophisticated lithography techniques. First of all, it is necessary to produce

patterns on a wafer corresponding to features of the nanodevice or circuitry. This may be done by one of

the so-called nanolithography techniques which includesphoto lithography, electron beam lithography

(EBL), ion beam lithographyetc. In this chapter, we will focus mainly onelectronand ion 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 pattern, itis called electron beam lithography or

e-beam lithography. In this case, a focused beam of electrons is scanned using a pattern generator

software on a surface covered with an electron sensitive filmcalledresist. Exposure of electron beam

changes the solubility of resist and as a result selective exposed or unexposed area of resist can be

removed from the substrate by immersing it in a solvent called developer. Electron beam is capable of

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

3.2.1.1 Resist:

Resist is basically a polymer. Thin layer of resist is used totransfer pattern on a substrate onto which

it is deposited. Resist sensitive to e-beam is called e-beamresist. PMMA (Polymethyl methacrylate),

HSQ (Hydrogen silsesquioxane) etc. are the resist used for EBL. Depending on the solubility of resist

in the developer after exposing with e-beam it is of two types: positiveandnegative. In this thesis

work PMMA has been used as an e-beam resist.

If the area of the resist exposed by electron-beam is removedwhen immersed in developer solution

then it is calledpositive resist. Exposure of e-beam changes the chemical structure and breaks the chain

of the polymer resist so that it becomes more soluble in the developer solution. PMMA is an example

of positive e-beam resist. In this thesis work, we have used positive e-beam resist resist as we used

lift-off process to create metal electrodes/interconnects.

If unexposed area of the resist is removed by the developer then it is callednegative resist. Exposure

of e-beam changes the chemical structure of the polymer resist in such a way that e-beam makes the

bond stronger between two consecutive molecules of polymerchain such that the exposed regions

becomes stable and insoluble in the developer solution, whereas unexposed area can easily dissolve

into the developer. HSQ is an example of negative e-beam resist. Effect of e-beam exposure on positive

and negative resist is schematically represented in Fig. 3.1.
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3.2.1.2 Developer:

After exposing with e-beam, depending on the nature of resist exposed or unexposed resist can be

removed with a solution called developer. Developer is different for different resist. For removing

PMMA, IPA:MIBK (volume ratio = 3:1) is used as a developer where IPA stands for isopropyl alcohol

and MIBK is methyl isobutyl ketone. Patterns created after developing 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 (SEM) with a Field Emission Gun (FEG)

equipped with a beam blanker that turns the e-beam ’on’ and ’off’ during raster scan. The electron

source of the SEM is used for writing patterns as shown in Fig.3.2(a). The photograph of our SEM

converted EBL system is shown in Fig. 3.2 (b). Electron column typically consists of an electron gun -

a source of producing electron beam, two or more lenses to condense the beam, scan coils for deflecting

the beam, a blanker for turning the beam on and off, a stigmator for correcting any astigmatism in the

beam and finest focusing of the sample, apertures to help in defining the beam, alignment systems for

centering the beam in the column, and finally, an electron detector for focusing and locating marks on

the sample. Let’s briefly discuss the function of each element forming the electron column.

Electron gun: Electron gun materials are chosen in such a way that electron can easily emit from the

material surface by heating or applying sufficiently strongelectric field so that electrons get sufficient

energy to overcome the work function or tunnel barrier of thematerial. There are two types of electron

gun source:thermionic gunandfield emission gun.

In thermionic gun, electrons are emitted from a heated filament and then accelerated towards an

anode. In this type of gun, the filament is made from a high melting point material of relatively low

work function in order to emit many electrons easily. Commonexample of thermionic gun material is

Tungsten, Lanthanum hexaboride etc. Source of electrons generally used in SEM is tungsten filament

for its high melting point and low work function (4.5 eV). Tungsten emits electrons∼2700 K (melting

temperature 3695 K) without melting or evaporating at comparatively low vacuum. But, main drawback

of this electron source is its low brightness and large energy spread for its high operating temperature.

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

work function of tungsten and continuously refill the materials evaporated from the tungsten gun. After

coating tungsten tip with zirconium oxide operating temperature of tungsten reduces from 2700 K to

1800 K.

In field emission gun, a very strong electric field is used to extract electron froma material filament.

In order to get high field strength with low applied bias, fieldemitting tips are made sharp. This is done

by etching a single crystal tungsten wire to a needle point and welded to a hairpin filament in such a

way that emitting region can be less than 10 nm. This gives a much higher brightness than thermionic

gun, but requires very good vacuum.

Condenser lenses: Two or more lenses are used in e-beam lithography system or TEM. Its func-

tion is to control the beam spot size and beam convergence. Condenser lens I create a demagnified

image of the gun crossover and control the minimum spot size obtained in the rest of the condensed

system. Condensed lens II affects the convergence of the beam at the sample and control diameter of

the illuminated area of the sample.

The pattern generator hardware usesScanning coilsto scan electron beam that falls on the sample.
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Figure 3.3Schematic representation of raster and vector scan.

A brief description of scanning is given below.

Scanning coils controls the deflection of e-beam. Deflectionof the e-beam is used to scan the beam

across the surface of the sample. Scanning action is usuallyaccomplished by energizing electromag-

netic coils arranged in sets consisting of two pairs, one pair each for deflection X and Y directions.

Scanning action is produced by altering the strength of the current in the scan coils as a function of

time, so that the beam is moved through a sequence of positions on the specimen. Depending on the

sequence of scanning it is of two types: raster and vector scanning. In raster scanning the beam is swept

across the entire surface, pixel by pixel, with the beam being turned on and off according to the desired

pattern. In vector scanning the beam jumps from one patterned area to the next, skipping unwanted

areas.

An important hardware of the scan control as well as pattern generation is theBeam Blanker,

described briefly below.

In both vector and raster scan, the electron beam is turned off between the designed pattern areas

to be scanned. This is done by a beam blanker which deflects theelectron beam far away from the

optical axis of e-beam so that the beam will not reach the specimen. This is accomplished by applying

an electric field to the plates perpendicular to the optical axis. The plates are connected to a blanking

amplifier with a fast response time. To turn the beam off, a voltage is applied across the plates which

sweep the beam off axis until it is intercepted by a downstream aperture. If possible, the blanking

is arranged to be conjugate so that, upto first order, the beamat the target does not move while the

blanking plates are activated. Otherwise, the beam would leave streaks in the resist as it was blanked.

Another important hardware of the SEM that is often used for pattern generation is theStigma-

tor. A stigmator is a special type of lens used to compensate for imperfections in the construction
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and alignment of the EBL column. These imperfections can result in astigmatism, where the beam

focuses in different directions at different lens settings; the shape of a nominally round beam becomes

oblong, with the direction of the principal axis dependent on the focus setting. Possible causes of

astigmatism are: (a) Asymmetry of the electromagnetic fieldon the beam path due to manufacturing

imperfection, which deviates the lenses and the pole piece from the rotational symmetry. (b) Contam-

ination in the optical column. Such astigmatism is corrected by a special astigmatism corrector called

stigmator. Stigmators may be either electrostatic or magnetic and consist of four or more poles (eight

is typical) arranged around the optical axis. When the electron currents are applied to the respective

condenser lens coils, they generate magnetic fields, which will be added vectorially resultant as a field.

By applying this electrically created astigmatism vertically in the direction of the intrinsic astigmatism

of the electron-optical system, the effects of the two astigmatisms cancel each other, thus eliminating

any astigmatism from the electron-optical system. The stigmator cancels out the effect of astigmatism,

forcing the beam back into its optimum shape. For producing well defined 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 mainly usedby the researchers to generate nano size

pattern for electron beam lithography. The objective for NPGS is to provide a powerful, versatile and

easy route to use system for doing advanced e-beam lithography or ion beam lithography using a com-

mercial SEM, Scanning Transmission Electron Microscope (STEM), Focused Ion Beam (FIB), dual

beam i.e. microscope containing both electron and ion beam.SEM conversion kit sold by J.C.Nabity

Lithography Systems (NPGS) both with FEI Quanta 200 and FEI HELIOS 600 systems for e-beam

lithography was used to generate nanodevices for my research work. A block diagram overview of

NPGS/SEM hardware is shown in Fig. 3.4. The bold arrows (bluecolour) shows the XY scan interface

between the software and the scan coils of the SEM system, as well as the connection between the SEM

and an external picoammeter (some SEM system have built-in picoammeter). Thin solid arrows show

the SEM’s blanker and the blanking output from NPGS, and alsothe image signal that is sent from the

SEM to the NPGS hardware. Optional connections are shown with dashed lines.

We are using NPGS containing DesignCAD 2000 in FEI Quanta 200and DesignCAD 2008 in
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Figure 3.4Block diagram of NPGS hardware connected to SEM system.

FEI HELIOS 600 microscopic system to design pattern to be transferred to the substrate. The NPGS

uses a 16 bit multifunction board to generate the X and Y beam deflections and to program a second

board which provides the signals for blanking control. The software converts the pattern designed by

DesignCAD to an executable run file which generates the required signals through the NPGS card for

deflecting the beam from one shape to another in the writing field. A unique feature of the NPGS is

that the user has control over the exposure-spot spacing in Xand Y directions, allowing the critical

dimensions to be patterned more accurately. For writing a pattern user has also control on line spacing

between two scanning line, dose, beam current with which pattern has to be exposed and also some

extent of magnification. Patterns drawn by DesignCAD are designed in different drawing layer and/or

different colour. This gives an almost unlimited number of exposures conditions within a single layer.

The exposure condition is the amount of charge that falls on the PMMA (resist). The control of the

expose condition avoids under or over exposure of resist. Dose can be given as area dose (µC/cm2),

line dose (nC/cm) or point dose (fC) depending on the designed pattern. Beam current and dose is

related asD ∗A = I ∗ t, whereA is dimension (area or length) of the pattern,D is dose,I is beam

current andt is exposure time. Beam current is controlled by the spot sizei.e. size of the beam hitting

the sample. Thus, spot size will be small with highest possible accelerating voltage and lowest beam

current. Fig. 3.5 shows the plot of spot size vs beam current.

A general process flow for obtaining an EBL patterned sample is shown in Fig. 3.7. According to

the user requirement, CAD design is used to draw a detailed design and converted to the proper EBL
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Figure 3.5Plot of beam current with spot size.

system compatible format (e.g. DC2 file). Next, correction is made through EBL software which takes

consideration of proximity effect and finally compile to a machine-executive file. After loading the

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

calibrate the writing field, beam current and adjust the beamfocus and astigmatism. Finally, exposure

can be applied followed by developing to obtain the desired patterns.

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

The general procedure followed in EBL process is described below which is also schematically shown

in Fig. 3.7:

1. Substrate cleaning: The substrates used for e-beam lithography are initially cleaned by boiling them

at 70o C for 15 minutes each in trichlorethylene, acetone and methanol and followed by standard RCA

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

are boiled in 1:1:6 volume ration of NH4OH:H2O2:DI water at 70o C for 30 minutes. The substrates

are then rinsed in DI water and again boiled in 1:1:6 (volume ration) of H2SO4:H2O2:DI water at 70o

C for 30 minutes followed by rinsing in DI water. Before using, the substrates are ultrasonicated in

acetone and isopropyl alcohol and dried in flow of nitrogen gas.

2. Resist coating: Both single and bi-layer resist coated sample can be used fore-beam writing. For

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

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

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

layer of low molecular weight resist (350K PMMA) i.e. singlelayer coated sample. In this PMMA
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Figure 3.6Schematic showing lift-off process in bi-layer and single layer resist coating.

950K is coated at rpm 6000 for 40 second and baked at 120oC for 1 hour. Now, the sample is ready for

writing with e-beam. Main advantage of bi-layer over singlelayer is that during developing, bottom

layer being more sensitive compared to top layer it creates aunder-cut as shown in Fig. 3.6 (left frame),

which isolate the deposited metal from resist and lift-process occurs successfully. On the other hand,

single layer resist coat does not create any under-cut and hence there is a possibility of pulling out the

deposited metal from the substrate during lift-off as shownin Fig. 3.6 (right frame).

3. Pattern writing: Resist coated sample is mounted on SEM sample stage. Desiredpattern are created

by NPGS software and written the pattern by e-beam on resist coated substrate by control of scan and

beam blanker. Large patterns are generally divided into layers so that different patterns can be writ-

ten with different beam exposures. Generally larger patterns are written with area dose (µC/cm2) and

higher current, whereas smaller patterns are with line dose(nC/cm) and lower current. We generally

use 300µC/cm2 area dose and 2 nC/cm line dose.

4. Developing: After exposing the patterns with e-beam, the substrate is then developed in an e-beam

developer (MIBK:IPA=1:3) for∼ 10 seconds, and then cleaned in IPA and dried with nitrogen gas flow.

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

weight resist (PMMA 350K) compared to the higher molecular weight material (PMMA 950K) and

hence a undercut profile is obtained as shown in Fig. 3.6 (leftframe).

5. Metal deposition and lift-off: After the patterns are developed, the active material or themetals for

contacts are deposited in a high vacuum chamber. The deposited material thickness has to be atleast

one-third of the bottom layer resist thickness for successful lift-off. In high vacuum, metal is deposited

onto the developed substrate. [Multilayer films can be deposited according to user requirement.] Metal

coated sample is then immersed in acetone. This removes the remaining resist along with film on top of

resist except the film in contact of the substrate after deposition which created pattern written in NPGS.

This process is called ’Lift-off’. The undercut profile, obtained by bilayer lithography helps immensely

in obtaining lift-off easily and consistently. For making electrical contacts we use a thin layer of Cr or

Ti (about 10 nm) for adhesion of deposited metal Cu on to the SiO2 based 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 and resistless lithography to fabricate structures

and devices in the micro and nanometer scales. In this process, a metal is directly deposited onto a
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Figure 3.8Schematic of (a) typical dual-beam column configuration, a vertical electron col-
umn with a tilted ion column, (b) Gallium ion source, (c) Platinum deposition using FEB.
Sample is tilted at 52o to make the sample surface normal to ion column. (d) SEM images of
single NW device connected with FEB (near the NW) and FIB (farfrom the NW) deposited
Pt.

cleaned wafer from a precursor and it does not need any use of resist. The instrument used in this

work is having dual beam sources: one source is a field emission electron gun (SEM source) and

another is a FIB (Gallium ion) source. We use the SEM for EBL process as described earlier. The

FIB source is aligned at an angle of 520 with the SEM source as shown in Fig. 3.8(a). Combination of

these two sources offers lots of advantages in nano fabrication as well as sample identification. SEM

column is used for sample inspection and imaging at high resolution of specific features without the

risk of sample damage. On other hand, ion source is used to deposit metal and cutting/milling. Ga is

the most commonly used ion source for FIB instruments for itslow melting points, volatility, vapor

pressure and excellent mechanical, electrical, and vacuumproperties. Schematic diagram of Ga ion

source is shown in Fig. 3.8(b). This ion beams are accelerated, collimated and focused by a series of

apertures and electrostatic lenses on to the sample. Both electron and ion beam are used according
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to the requirement to deposit Platinum (Pt). The Pt deposition is achieved by the electron/ion beam

assisted decomposition of methylcyclopentadienyl platinumtrimethyl (CH3)3(CH3C5H4)Pt, which is a

metal-organic gas precursor for Pt metal. It is inserted near the sample through gas injecting nozzles.

Fig. 3.8(c) shows the schematic of platinum deposition using FIB. During Pt deposition using FIB

column sample is tilted at 52o opposite to FIB column to make the sample surface vertical toion

column. But, for FEB deposition we don’t need to tilt the sample-stage as its surface is vertical to

electron column normally. Electron/Ion bombardment on thesample create lots of secondary electrons

which collide and dissociates the precursor gas and separate Pt from carbon based precursor. Pt formed

by decomposition of precursor is then deposited onto the surface of substrate and gaseous residues

are pumped out. Deposition can also be done by bombarding thesample with electron beam. Beam

current and voltage has to be chosen in such a way that we can achieve sharp patterns with maximum

concentration of metallic fraction. Placing the sample in acertain angle, imaging and deposition can be

demonstrated simultaneously. Ionic mass being larger, ionbeam momentum is much higher compared

to electron beam which may cause the sample to be damaged, butthe deposition process is quicker. On

the other hand, only electron beam assisted Pt deposition takes longer time for the whole process. Thus,

to avoid the sample from direct ion bombardment we always prefer electron beam assisted deposition

near the sample and ion beam deposition far away from it whichsave the sample from damage as well

as make the whole process comparatively quicker. Fig. 3.8 shows am SEM image of a single NW

device connected with Pt using both FEB (near the sample) andFIB (far from the sample) source. For

e-beam deposition we have used 86 pA beam current and 30 kV accelerating voltage, whereas ion beam

deposition has been done with accelerating voltage of 15 kV and beam current of 43 pA.

3.3 Device Fabrication

The device fabrication in this thesis extensively uses e-beam and ion-beam lithography. E-beam litho-

graphic patterns are generated using NPGS software. Depending on the experimental requirements we

have fabricated NW devices with two different approaches:top-downandbottom-upapproach. Before

proceeding nano-pattern generation with these two approaches, large external contact electrodes have

been made using hard mask or photo lithography processes. Inhard mask lithography, cleaned sub-
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Figure 3.9Schematic representation of external electrode fabrication by hard mask and photo
lithography.

strate is covered with a hard mask which is a hard plate of metal or Si with windows of desired pattern

and then metal is deposited on the substrate through the maskas shown in Fig. 3.9. On the other way, in

photo lithography a photoresist coated sample is exposed toUV-light after covering with photo-mask.

UV-light exposed sample is then developed and metal is deposited followed by lift-off as shown in

Fig. 3.9. Photo-lithography is similar to EBL process. In this process UV-light is used to expose resist

instead of e-beam in case of EBL.

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

tion.

3.3.1 Top-down approach (Attaching contacts to prefabricated wires→Ex-situ fabrica-

tion):

In top-down approach, to make single NW device, first large area electrodes of Cr/Au (10/200nm) for

external electrical connections, are made by photo and e-beam lithography on a silicon chip capped

with a layer of 300 nm SiO2 or Si3N4 as shown schematically by step (i) in Fig. 3.11(a) (for details
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Figure 3.10Flow chart of making contact to a single NW.

refer Fig. 3.9). Synthesized NWs are separated from the substrate by ultrasonication in alcohol. The

suspension is then dispersed onto the wafer containing pre-fabricated large electrodes of Cr/Au (step

(ii) in Fig. 3.11 (a)). A single isolated NW is then identifiedby the SEM. It is then connected with

pre-fabricated external Au electrodes by a combination of both FIB and FEB deposited Pt (step (iii)

in Fig. 3.11) as described in FIB/FEB lithography section. FEB deposition is done over the NWs to

avoid wire damage due to ion exposure. SEM images of two single NW devices made by top-down
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Figure 3.11Schematic representation of device fabrication by top-down approach with SEM
image of two and four probe configuration.

approach in two and four probe configuration are shown in (a) and (b) of Fig. 3.11. In this case we use

the word ’Ex-situ’ fabrication because the NW is synthesized outside the lithography system. For this

type of fabrication, EBL can also be used to deposit contactsby lift-off. However, the Cu:TCNQ NWs

being metal-organic material they dissolve in solvent usedfor EBL process. This necessarily bound us

to direct deposition by using FIB/FEB process.

3.3.2 Bottom-up approach (Growing NWs on predefined patterns →In-situ fabrica-

tion):

In bottom-up approach, first predefined electrodes of Cu/Au (Au on top of Cu is deposited to limit

the vertical growth of the NW from Cu) with sub-micrometer separation is made by electron beam

lithographic process (describe in section 3.2.1.5) as an extension of hard-mask or photo-litho patterns

and then NWs are grown on these pre-patterned Cu electrodes by PVD method. Bottom-up process to

connect NWs is schematically represented by steps (i) and (ii) in Fig. 3.12. In this process, direction

of NW growth can be controlled by depositing bilayer of two different metals in different angle during

metal deposition, where upper layer will be non-reactive stable metal like Au from which TCNQ does

not grow into NWs. Fig. 3.12(a) shown SEM image of NW device grown in Cu electrodes while that of

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

unidirectional growth of NW from Cu bridging Au electrode which is done by angular deposition of Au

on top of Cu. Nanowire length and diameter can also be controlled by controlling electrode separation,

time of NW growth and evaporation rate as discussed in chapter 2 (section 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 be fabricated before the growth of NWs. As a

result, NWs will not suffer deterioration due to post treatment. For the same reason this fabrication

process is called in-situ fabrication. The nanobridge arrays fabricated here being electrically connected

to leads, allow direct use as a nanodevice without any additional steps and electrical/opto-electronic

measurements can be made.

3.4 Experimental Techniques

The temperature dependent electrical and opto-electronictransport measurements were performed both

with DC and AC measurement techniques using standard two probe (or pseudo four probe) and four

probe electrode configurations. Schematics of DC and AC measurement set-ups are shown in Fig. 3.13

and Fig. 3.15 respectively. In four probe configuration, outer probes were used to supply current and

inner two probes were to measure voltage drop across the sample. In two probe configuration, measure-

ment was done with the same probes used for sourcing. Different probe configurations are shown in

lower left of Fig. 3.13. We have measuredI −V andR−T in single and array of NW both in cryogenic
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Figure 3.13 Home made cryogenic setup for temperature dependent electrical and opto-
electronic measurement. (Lower left) Four and two (pseudo four) probe configuration for
electrical measurement.

and cryogen-free variable temperature insert in the temperature range of 3K to 300K. In the cryogenic

system, temperature range of measurement was from 300K to 80K and liquid nitrogen was used for

cooling the sample stage. In the cryogen-free system, measurement has been performed in a wide range

of temperature from 300K to 4K where helium gas is used for sample stage cooling.

We have designed and made a cryogenic system in our laboratory. The cryogenic system contains

(a) a sample stage for mounting the sample, (b) a vacuum jacket to keep the sample stage thermally

isolated from the outer atmosphere, and (c) liquid nitrogenreservoir to cool the sample down to 77K.

Fig. 3.13 shows our cryogenic set-up. Sample stage was made of Cu bar. A heater of resistance 50Ω

made of manganin wire was mounted just beneath the sample mounting stage to heat the sample. A

Pt100 [71] thermometer was mounted close to the sample to getthe sample temperature with minimum

loss. We have made an arrangement also for in-situ light illumination on the sample stage to perform

opto-electronic measurement at low temperatures. Sample can be illuminated by putting the illumina-
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tion source inside the cryogenic sample stick as shown in Fig. 3.13 or by putting the light source outside

the system and illuminating the sample via an optical window(quartz) at the top of the sample stick.

There are 14 electrical connections in the sample holder; 4 for connecting the sample, 4 for temperature

sensor (Pt100), 2 for heater, 2 for applying gate bias acrossthe sample, and 2 for supplying power to

the laser source for illumination. Illumination power can be varied by varying bias applied across the

laser source. Electrical wires in the sample holder are fitted inside the sample rods through Teflon strip

(to avoid body short) and are connected to external instruments via two 8-pin vacuum feed-through.

Heater and sensor are connected to a Lake Shore 340 temperature controller and laser source to a power

supply. Source meter and piccoammeter was used to perform electrical measurements. Measurement

set-ups are automated by GPIB (General Purpose Interface Bus) interfacing using C++ programs.

Figure 3.14(a) Schematic of cryogen-free VTI system. (b) Photograph ofthe whole system.

For low temperature measurements upto 4 K, we have used commercially available cryogen-free

variable temperature insert (CFVTI) produced byCryogenic Limited. The system uses a single two-

stage Gifford McMahon cryocooler to produce temperatures around 4 K at the second stage, which

enables operation of VTI between 4 K and room temperature. Main components of VTI cryogenic

system are (i) a cryostat (which is basically a vacuum insulated chamber to support and thermally

isolate the VTI and superconducting magnet), (ii) a superconducting solenoid magnet, (iii)cryocooling

system (vacuum pumping system, helium gas flow system and compressor) (iv) a variable temperature
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insert, and (v) a sample stick containing calibrated cernoxT M [72] temperature sensor, heater, sample

mounting stage along with electrical wires for connections. Schematic view along with an photograph

of the CFVTI system is shown in Fig. 3.14. Outer body of the VTIis made up of aluminium alloy and

that of sample column is from stainless steel. First stage ofthe cryocooler is made radiation shield by

polished cooper to make superinsulation between room temperature outer world and the shield. Cooling

is done by a two-stage cryo-cooler by circulating helium gasas indicated by arrow in Fig. 3.14(a). The

cryo-cooler cold head is fitted on top plate of the cryostat. The compressor is connected to a high

pressure host. First stage cools the radiation shield around the lower temperature part of the system.

Second stage cools the magnet as well as sample stage. In operation, the 1st stage cools the system

to 35 - 40 K and below 4.2 K in the 2nd stage. The system is only operated under vacuum condition

(except helium gas in the reservoir).

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

3.4.1 Electrical measurement

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

different approaches:

(a) By passing a constant current through the sample and measuring the voltage drop across the

sample. Resistance was calculated from the applied currentand measured voltage drop.

(b) By measuringI −V at different constant temperature. Resistance at each temperature was

calculated from the slope ofI −V curve of the corresponding temperature. Combination of resistance

at each temperature forms the R-T curve.
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To measure the electrical properties, source meter (Keithley SM-2410, SM-2400) [73] was used for

both voltage and current source and picoammeter (Keithley 6485), digital multimeter (Keithley DMM-

2000) were used to measure current and voltage respectivelyacross the sample and Lakeshore (Model

340) [74] was used to control temperature both in four probesand two probe configurations in DC

techniques. To observe resistive state switching,I −V measurement has been performed in two probe

configuration using voltage as source and current as measured quantity.

AC measurement techniques was used to measure electrical property of few single NW devices

with lower diameter to avoid measurement using high currentand the problem of thermo emf. arising

due to temperature gradient across the sample. In AC technique one can use very low signal to excite

the sample and thermo emf problem can be avoided. In this technique a low frequency AC current is

passed through the samples and voltage drop corresponding to the excitation frequency was measured

by phase sensitive detection technique. A schematic view ofthe measurement is shown in Fig. 3.15 (a)

and (b).

3.4.2 Opto-electronic measurement

Opto-electronic measurement have been performed using both AC and DC measurement techniques.

Zero bias photo-currentIPh(V = 0) of the single and array of NW was taken using Lock-In-Amplifier.

The photo-current was directly put into the current amplifier input of the lock-in which has sensititvity

< 0.5 pA current gain. Schematic diagram of the measurement of the zero bias photo-response with

lock-in amplifier is shown in Fig. 3.15(b). The term zero biascurrent is used because no bias has been

applied to measure the photo-current. The illumination wasturned ’ON’ and ’OFF’ mechanically by

a shutter when data (shown in chapter 6) was taken. In this case a laser source of wavelength 405 nm

has been used as source of illumination. Power of the laser light is controlled by neutral density filter.

Power of the illuminated light falling on the sample is measured by putting a power-meter in place

of the sample. By measuring the total illuminated area on thesample and power of illumination, we

have calculated the power density of illumination. Nanowire dimension being known, we can easily

estimate the power falling on the NW. During DC measurement,we have used Horiba Jobin-Yvon

Fluorolog-3 spectrofluorimeter for sample illumination. An optical image of the set-up along with

optical layout of illumination source is shown in Fig. 3.16 (upper frame). A continuous source of light
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Figure 3.16Opto-electronic measurement set-up for DC measurement. (Upper left frame)
Optical image of the set-up Horiba Jobin-Yvon Fluorolog-3 spectrofluorimeter. (Upper right
frame) Optical layout of the same. (Lower frame) External electrical connection for taking
data.

(150-Watt ozone-free xenon arc lamp) illuminated onto an excitation monochromator, which selects a

band of wavelengths. This monochromatic excitation light is directed onto the sample. If the sample

emits luminescence, it is directed into emission monochromator which select a band of wavelengths

and shines them into a detector. Although for our measurement emission is not an important part. The

spectral response andI −V curves were recorded using a source meter (Keithley SM-2400) as a voltage

source and a picoammeter (Keithley 6485) to measure current. Lower frame in Fig. 3.16 illustrates the

external electrical connection for the opto-electronic measurements. We have measuredI −V andI − t

in dark and after illuminating the sample with monochromatic light of various wavelength. Power



3.5 Conclusion 78

falling on the sample for the xenon source has been calibrated using the known power for laser source.

Let us consider,IL(V = 0) is the zero bias photo-current for illumination power ofPL in laser source, and

IX(V = 0) is zero bias photo-current in xenon lamp source. Thus, illumination powerPX corresponding

to IX(V = 0) is calculated from
PL

PX
=

IL(V = 0)
IX(V = 0)

, or PX =
PX

PL
IL(V = 0). Experimental results has been

discussed elaborately in chapter 5.

3.5 Conclusion

In this chapter, we have discussed different lithography techniques and fabrication method to integrate

single and NW array device. Experimental techniques for electrical 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 bias dependent electrical transport properties

of array as well as single nanowire (NW) of Cu:TCNQ, laterally connecting two electrodes (∼ 1µm

gap) with and without the presence of external electric fieldapplied between the electrodes during

growth. Temperature and bias dependent electron transportof these bridged NW devices has been

investigated down to 40K with the aim to probe the effect of temperature, applied bias and applied field

during growth on transport of Cu:TCNQ. It has been found thatthe NWs show a linear part of the

conductance and a non-linear part beyond a threshold bias. The field applied during growth affects

both the parts. Below 100 K, the bias dependent conductance with threshold can be fitted to a modified

Zener tunnelling model in both types of NWs raising the possibility of charge density wave (CDW) type

charge transport in the Cu:TCNQ NWs. It has been proposed that the enhancement of the conductance

in Cu:TCNQ NWs when the growth is performed in an applied fieldoccurs due to better charge transfer

as well as more ordered arrangements of TCNQ stacks. That modified the parameters related to the

linear as well as non-linear conductance.

79
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4.1 Introduction

Investigations of electronic transport in ultrafine metal and semiconductor NWs have been a topic of

considerable current interest [75, 76, 77]. Important parameters that determine the transport properties

of NW are material composition, growth condition, crystal quality, NW diameter etc. [78, 79]. In this

chapter, we investigate an interesting possibility whether application of electric field during growth can

influence the electrical conductivity of the NW when they aregrown from a vapor phase. This question

becomes particularly relevant because there are attempts to use electric field assisted growth/alignment

as a tool to assemble NWs into large scale circuits [53, 54, 57]. Particularly, in the context of semicon-

ductor NWs like Si or Carbon nanotube, it has been established that an applied field can produce an

alignment field (due to large anisotropy in polarization) that can overcome the randomizing effect of

the thermal vibrations [80, 81, 82]. We address here the issue whether the applied field, in addition to

alignment, can also ’tailor’ its properties, particularlyits electrical transport. The work reported here

was done in specific context of a charge transfer complex NW for reasons elaborated below. However,

it may be seen that this may have a general applicability for growth of NWs of similar such systems.

While electric field assisted growth in charge transfer complex have been reported before, [57] mainly

to align and make NWs grow as bridges between two electrodes with micron or sub-micron gap. The

possibility that such a growth process can actually lead to control/modification of physical properties

have not been reported before.

Low dimensional systems are found to be more sensitive to certain lattice driven instabilities which

depends on temperature and affects the physical as well as thermodynamical properties of these sys-

tems [57, 83, 84].

Peierls instability [85] is one of such instabilities occurring in these kind of systems. According to

Peierls assumption, when atoms in a one-dimensional chain of regularly spaced atoms are moved

slightly closer to one of its neighbors in same direction, periodicity of this chain will be distorted.

This will reduce the translational symmetry and introduce anew gap in the density of states at a point

in k space corresponding to that periodicity as representedin Fig.4.1. This change in lttice periodicity

leads to modulation in electron density created in the distorted chain is known as CDW (see Fig.4.1(c)

and (d)). The distorted structure will have a lower total electronic energy than the undistorted structure
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Figure 4.1 Electron dispersion and band pattern of one-dimensional molecular system: (a)
metallic state and (b) insulating state produced by Peierlstransition. E(k) is the energy of the
conduction electrons, k their wavevector, n(x) the electron density in the metallic state. Eg is
energy gap at k=kF created due to Peierls transition. (c) Static distortion ofthe lattice and (d)
charge-density wave as a result of distortion.δn is the amplitude of the density modulation.
Copyright with permission from [86].

which tends to dimerize and a gap would appear at the Fermi energy (see Fig.4.1), and thus the system

would become an insulator. This distortion will occur only when the reduction in electronic energy in

the distorted lattice must be greater than the increase in elastic energy associated with the structural

bonds between atoms in the chain. At higher temperature increase in elastic energy is less than the

reduction in electronic energy and electrons easily get excited across the gap which prohibit to create

distortion in the lattice chain. When temperature is reduced below Peierls transition temperature (TP),

increase in elastic energy crosses the value of decrease in electronic energy creating a gap at the Fermi

surface. TTF:TCNQ CT complex exhibits CDW transport below atransition temperature [57]. We

find that in NW of Cu:TCNQ there is evidence of such CDW below 100K as seen from transport data

elaborated below.

The work reported here was carried out in NWs of the charge transfer complex Cu:TCNQ with

diameters in the range≈20 30 nm and length of≈1µm. The NWs were grown from vapor phase as

nanobridges between prefabricated electrodes with and without an electric field applied between them

(see Fig. 4.2). We investigated the electrical conduction over a wide temperature range (40 K to 300 K)

and find that there are substantial differences between wires that are grown with and without an electric
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field. The NWs show a large component of non-linear transportbeyond a threshold field, which is also

strongly temperature dependent. We found that for T<100K, the non-linear component of the conduc-

tion resembles that of a CDW transport. In this temperature range the bias dependent conductance can

be well fitted to a modified Zener Tunneling model developed for CDW transport [83, 84]. The applied

field during growth also modifies the non-linear component ofthe conductance including the threshold

for the non-linear transport. These aspects have not been reported before in such charge transfer com-

plex NWs like Cu:TCNQ and also raises the possibility of suchinvestigations in other organic charge

transfer complexes.

Cu:TCNQ has attracted wide attention both as a system of basic physics interest in context of charge

transport in qausi-1 dimensional conductors and also because of its potential applications in non volatile

electrical memory, [8, 13] humidity sensors [87] and high responsivity photo-detector [88] etc. This has

been studies in Chapter 1. However, most of the work done on this charge transfer complex material

has been concentrated on electrical resistive state switching [8, 13, 35]. In Cu:TCNQ charge (electron)

transfer occurs from the donor Cu (that oxidizes to Cu+) to the acceptor TCNQ moity. In this complex,

the structure has an important role to play. Cu:TCNQ can growinto two phases [11]. Phase-I with a

distorted Tetrahedron of four nitrogen atoms around the metal (Cu) shows higher conductivity. While,

in the lower conductivity Phase-II the metal coordination is more tetrahedral. These arrangements alter

the packing and orientations of the quinoid ring of TCNQ which in turn affect the conductivity. This

makes Cu:TCNQ as an attractive Metal Organic Framework (MOF) system. Growth of Cu:TCNQ

crystals from solution by electro-crystallization using different potentials have shown that one may

obtain different morphology of the conducting Phase-I Cu:TCNQ [11]. There are interesting report of

reducing TCNQ by photochemical reaction leading to formation of metal-TCNQ complexes [89, 90].

Very recently, it has been shown that the change of conductivity of Cu:TCNQ by an applied field (post-

synthesis) can be linked to structural changes [12]. The above discussion shows that electric field can

act as a tool to alter the structure and electrical properties in Cu:TCNQ. However, it has never been

investigated whether application of the electric field during growth, particularly in a vapour phase, can

alter its conductivity. The present investigation addresses this particular issue. We also discuss the

likely mechanisms that lead to the property modifications.
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Figure 4.2Schematic of the device for inplane growth of Cu:TCNQ NW within prefabricated
pads (a) with and (b) without field. SEM images of Cu:TCNQ NWs corresponding to the
growth conditions are represented by arrows.

4.2 Sample preparation in pre-defined electrodes

The NW growth process was carried out using vapor phase growth on e-beam lithographically made

predefined electrodes. This process gives well defined NWs with much less diameter. Another im-

portant advantage is that one can have the growth as a nanobridge that connects two prefabricated

contact pads which allows us to carry out electrical experiments without any post-growth processing or

lithographic processes. Also, NWs do not suffer deterioration due to post treatment.

Fabrication process for nanobridges of Cu:TCNQ that join two prefabricated contact pads are de-

scribed briefly below. Electrodes (pads) consist of three layers. The tri-layer (Au/Cu/Cr) pads were

fabricated using electron beam lithography and lift-off with thermal deposition of a 10 nm Cr (adhe-

sion layer), 50 nm of Cu (growth layer), and 100 nm of Au (protection layer) on oxidized Si wafers

with 300 nm of thermal SiO2. The typical gap between pads was∼1µm. The Cu:TCNQ NWs grow by

the reaction of TCNQ vapor with the Cu layer in the electrodesvia a vapor-solid reaction [91]. TCNQ

vapor was created by resistive heating of TCNQ at around 1200C. We made two types of samples.
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During growth, for one sample an electric field (E= 2×104V/cm) was directly applied between the

pads. This sample is marked as D-1. If the electric field strength is too high the wires which bridge the

electrode gap can get damaged, due to the high current passing through them, as also been observed by

Sakai et al [56]. For the other sample no bias was applied during growth. The NWs grown with a zero

field is marked as D-2. Fig. 4.2 demonstrate the schematic of NW growth condition and SEM images

of the corresponding devices of a real system used for measurements. The NWs grow to bridge the

electrodes through the sidewalls of the Cu layer. Generallythe growth is stopped as soon as few NWs

connect the bridge as determined by finite current between the electrodes. 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-I Cu:TCNQ, [11] as confirmed by XRD, TEM

and FTIR. From the FTIR data and the observed shift in the -CN-stretching band we obtain average

charge transfer value (Z) of≈0.6 for the Cu:TCNQ NWs grown by vapor phase. It can be seen below

that NWs grown in presence of field has good enough stacking sequence that one can observe the onset

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

4.3 Electrical transport measurements

In the nanobridges since wires are connected to electrodes one can directly make measurements of

I −V curves. The bias dependent conductanceG(V) was obtained by differentiating theI −V curves

numerically (G(V) =
dI
dV

). The measurements were done using a Source-meter (Keithley SM 2400) in

a variable temperature insert in a Closed Cycle Refrigerator (VTI cryogenic) down to 40K. The mea-

surements were performed for T≥ 40 K temperature because below that temperatures the nanobridges

are prone to mechanical failure. The nanobridges withstandthermal cycling reproducibly in the tem-

perature range of 40 K to 300 K.

4.4 Experimental results

An assortment of theI −V characteristics of both the NW samples were measured over the temperature

range 40 to 300 K are shown in Fig. 4.3. The data are plotted in log-scale (current axis) to accentuate

the current in the low bias region. The figure shows that the natures of transport in the two types of
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Figure 4.3 I-V data at different temperatures of NWs grown (a) with field, E∼ 2×104 V/cm
and (b) without field, E∼ 0 V/cm. The Vth for temperatures T< 100 are marked by arrows.

NWs are somewhat different. The field grown NWs have higher conductance. The NWs show linear

(symmetric)I −V curves at low bias but beyond a threshold voltageVth the I −V curves become

strongly non-linear. The extent of non-linearity is also different in the two NWs. TheI −V data taken

at different temperature show that there is a change in the conductance behaviour below 100 K where

it becomes strongly non-linear and the threshold becomes more pronounced (Data highlighted by a

circle). We show below that the strongly non-linear behavior may be related to CDW type transport.

The non-linear character of the transport beyond a threshold bias can be seen more clearly in the

bias dependence of the conductance (G) as shown inG−E curves in Fig. 4.4. The data shown have

been scaled by the number of bridging wires in the nanobridgeso that the value of the conductanceG

represents the conductance value of a single NW. It can be seen from the data that the conductance of

the wires grown in presence of the electric field (sample D-1)is larger by few orders compared to that

of NW’s grown by the same method but with zero field (sample D-2). The bias dependentG taken at

different temperatures also show that the nature of dependence ofG on E change for T<100 K. We

will discuss this issue in details later on.

We also note that while both the NWs show semiconducting behaviours and the conductanceG reduces

on cooling, the reduction is much stronger for the zero field grown NWs. In case of the field grown

sample D-1, the reduction on cooling is rather shallow. The limiting low bias conductanceG0(G0 =
dI
dV

for V → 0) for the zero field grown sample at room temperature is≈ 5µS so that
G0

e2/h
is ≈1/8, signi-
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Figure 4.4 Bias dependent conductance G=dI/dV of NWs grown (a) with and(b) without
field. The value of G has been scaled by number of wires to obtain the conductance of a
single NW.

fying that the NW strands are deep into the insulating state justifying a substantial reduction ofG0 on

cooling. However, for the NW’s grown in field at room temperature
G0

e2/h
≤1. Thus the NW strands

grown in a field are on the verge of undergoing an insulator-metal transition. The application of field

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

We have observed resistive state switching in Cu:TCNQ NW at afield of E∼ 1.4×105 V/cm. Since

the phenomenon of switching is not within the scope of the chapter, we kept the bias voltage below that

value. However, even in that bias scale we observe a strong dependence ofG(E) on bias fieldE and

existence of a threshold bias for non-linear conduction. (Note: The onset of non-linearity is distinct

from switching). The thresholds in both the samples are enhanced as the temperature of measurement

is reduced. We will do quantitative analysis of the non-linear part of the data later on.

The results presented above clearly show that when an electric field is applied to the NWs during

growth, the conductivity of the NWs so grown get strongly modified. The modification occurs in the

conductance, temperature dependence and also in the non-linear part of the conductance. The experi-

ment establishes the enabling role of the applied electric field during growth. It can thus act as a tool

to control the resulting conductance of the NWs. The fact that the experiments were carried out in a

nanobridge enabled us to reach conclusion about the conductance change at the level of a single NW

is important. Experiments carried out on a bundle or a film of such NWs would not have allowed us to

reach a clean conclusion.
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4.5 Discussion

4.5.1 Analysis of the conductance data with linear and non-linear part

The observed conductances of both the NW samples, contain a linear part (bias independent conduc-

tance) and a strong non-linear part when the applied bias crosses a threshold. One of the models that

has been proposed for such one-dimensional system is formation of Luttinger liquid; when the tem-

perature is not too low, functionI(V,T) is predicted to behave approximately as one of the two power

laws: I ∝ VTα at low bias andI ∝ Vβ+1 at high bias [17] usually withα ≫ β . There are reports that

non-linear conduction in Cu:TCNQ may be following such relation [17]. This was based on data taken

over theT range of 330 K to 105 K [17]. We find that on extending the data tolower temperature this

does not remain valid. Instead there is signature of clear threshold for transport and the bias dependent

G both the NW samples show behavior that is different from thatexpected for a Luttinger liquid.

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

a related system of charge transfer complex TTF:TCNQ there is clear signature of CDW transport in

bulk single crystals [92], films [93, 94], as well as in NWs [57]. In such a system the CDW transport

occurs due to Peierls transitions in TTF and TCNQ stacks below 50K. The NWs of TTF:TCNQ in

which such a CDW transport observed were grown from vapor phase between prefabricated contact

pads, as has been done here [57, 95]. Though no CDW type transport or Peierls transition in Cu:TCNQ

has been reported till date, we investigated whether the non-linear transport can be described by such

a scenario. Since the conductivity of Cu:TCNQ was not measured below 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 partG0 and a bias dependent non-linear part which

we write as:

G(E) = G0+G1 f (E) (4.1)

WhereE is the field (=
V
d

, d = electrode separation, which is∼ 1µm in our case),G1 is a measure of

the weight of non-linear part described by the functionf (E). We find that for higher temperatures T>
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Figure 4.5 The non-linear part of conductivity for the NWs grown (a) with and (b) without
field as different temperatures fitted to the modified Zener tunneling relation. Inset in (a) and
(b) indicates the CDW fit at 40K.

100 K, in both the samples the functional dependence off (E) can be described by a power law such

that:

f (E) = (E−Eth)
γ (4.2)

Where bothEth as well asγ in both the samples have a shallow rise on cooling withEth andγ values

lying in the range 30 - 40 kV/cm and 2.5 - 3 respectively. However, below 100 K, there is a distinct

change in the threshold dependent conduction and the bias dependence ofG can be better fitted with a

modified Zener model developed for CDW transport [83, 84]. For CDW system that shows non-linear

transport with threshold the functionf (E) can be modelled by modified Zener model [84] as:

f (E) =

(

1− Eth

E

)

exp

(

−E0

E

)

(4.3)

WhereEth is the threshold field andE0 is a scale of field for tunneling across a pinning gap for the

CDW. The fit to the data to Eqn.4.3 have been shown for the data at 40K for both the samples in the

inset of Fig. 4.5, where we show the value of the scaled function
G(E)−G0

G1
vs the ratio

E
E0

. Fig. 4.5

shows all the data for both the samples below 100 K plotted in the scaled curves. It can be seen that

for both the samples, a functional form given by Eqn.4.3 remains valid. Linear conductanceG0 for the

whole temperature range (300 K - 40 K) is shown in Fig. 4.6. Theparameters of the fit namelyG1, Eth
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andE0 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, that reflect both the similarity and differences

between the two NW samples. It is also interesting that in both the samples, the non-linear conduction

(with threshold) for≤100 K, can be described by the Eqn.4.3. Though there is a qualitative similarity

between the parameters of the non-linear conduction in the two samples, there are important quan-

titative differences between the two set of parameters belonging to the two samples. It need to be

emphasized that though the non-linear conduction in both the samples follow Eqn.4.3, which is asso-

ciated with CDW transition, we are not in a position to firmly claim that the non-linear conduction

so observed indeed originate from CDW related phenomena. However, it need to be pointed out that

charge transfer complexes containing TCNQ moiety, like TTF:TCNQ that has similar structure like that

of Cu:TCNQ forms a CDW system due to Peierls transitions on the TCNQ and TTF stacks at 54K and

38K respectively [57]. Such a transition has also seen in TTF:TCNQ NWs grown by similar methods

including electric field assisted growth. Thus there does exist a possibility of a Peierls transition in

the TCNQ stacks in Cu:TCNQ leading to formation of CDW. This,however, would need independent

support from temperature dependent structural data.

4.5.2 Linear conductance and the temperature dependent resistivity

The values of the field independent conductivityG0 differ significantly in the two samples. This is

shown in Fig. 4.6(a). Near room temperature the field grown wires (D-1) have a conductivity that is

about one order more than that of the zero field grown NWs (D-2), as stated before. However, due

to steep temperature dependence of the more insulating NWs in D-2, G0 of the two differ by nearly 2

orders at 100 K. There are also certain qualitative observations that can be seen in the temperature de-

pendences of theG0 of the two NWs. TheG0 decreases from 300 K down to 250 K region for both the

samples, although steeper for the zero field grown NW. However, there is a temperature independent

plateau in both the samples below 220 K region down to about 125 K where they again show a gradual

decrease on cooling (see Fig. 4.6 and Fig. 4.7). From the conductanceG0 we obtain the resistivity

(ρ =
A

G0l
, A=area,l=length of NW). We find thatρ shows activated behavior following a variable

range hopping (VRH) relation for a disordered 1-dimensional system [17, 96, 97]:
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Figure 4.6Temperature dependence of the linear conductance G0 (calculated from the slope
of linear region ofI −V) for field grown and zero field grown NW.

ρ(T) = ρ0+exp

(

T0

T

)1/n

(4.4)

WhereT0 is the energy scale for the hopping. And the exponentn= d+1, d being the dimensionality.

For 1-dimensional system like the one being investigated expectedn=2. The value ofT0 is related to

the inverse localization length (α) and the width of distribution of site energies (±∆) so thatT0 ∼
aα∆
kB

Figure 4.7 Temperature dependent resistivity fitted with VRH model in (a) field grown and
(b) zero field grown NWs at low bias (linear region) defined asρ =A/(G0l ), where A is the
area andl is the length of the NW.

, a being the interatomic distance. The fit to the above Eqn.4.4 was done in two distinct temperature
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ranges of resistivity data for both the NWs as shown in Fig. 4.7. The fit parameters are given in Table

4.1. There are two distinct temperature regions in both the samples. The higher temperature range

starts at T> 200 K. For both the samples the low temperature region startsbelow≈120 K where the

VRH model is not well fitted for both the samples (see fitted parameter in table 4.4). In that temperature

range, instead of hopping CDW transport takes part in conduction. In the high temperature region the

value ofT0 reduce from 6300 K (≈ 520 meV) in D-2 to around 1625 K (≈ 135 meV) in D-1. The

reduction of the value ofT0 in the field grown sample points to reduction in disorder. Reduction of

the disorder will enhance the localization length so thatα decreases leading to decrease inT0. The

inference that we can obtain from the data is that on application of the electric field during growth, the

order in the TCNQ is enhanced. We will see below that it likelyarises from increasing the order in

stacking of the TCNQ.

At temperatures below 100 K theG0 appear not to follow any well defined temperature relation. A

Table 4.1Fitted parameters for VRH model using Eqn.4.4

Synthesis Condition
High Temperature Region Low Temperature Region

ρ0 (Ω−cm) T0 (K) ρ0 (Ω−cm) T0 (K)

Field grown 1.05×10−3 1625 2.35×10−2 147

Zero field grown 6.69×10−7 6300 0.72 5

fit to Eqn.4.4 (Fig. 4.7) shows very low value ofT0 as given in Table 4.1 particularly for the zero-field

grown sample. Such a behavior may arise from additional channels of 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 measure byG1, show strong rise on cooling.

The parameters for fit to the modified Zener model (Eqn. 4.3)E0 andEth both show an enhancement on

cooling. This is indeed a new observation. For the zero field grown sample (D-2),G1 changes by nearly

one order on cooling from 100 K to 40 K tending to a temperatureindependent value at lower T. In the

same region, theG1 for the field grown NWs (D-1) changes steeply by around 2 orders. Interestingly,
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Figure 4.8Temperature dependence of the parameters (a)G0, (b) G1, (c) Eth and (d) E0 (below
100 K) as obtained from the fit to modified Zener tunneling relation.

the value ofG1 for D-1 stays smaller than that of D-2, which is opposite to what has been seen forG0

which is distinctly higher for the field grown sample D-1.

The existence of a distinct threshold field is seen in both thesamples andEth enhances on cooling.

Interestingly, the value ofEth for the samples are very close. Enhancement ofEth on cooling has been

observed in other systems also that show CDW type transition[57].

The parameterE0 shows somewhat larger fit noise. However it also increase on cooling for both the

samples, more steeply for the field grown sample. For the zero-field grown sampleE0 is larger and has

a relatively shallow T dependence.

It will be worthwhile to compare the parametersE0 andEth seen for the Cu:TCNQ with those ob-

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

the ratio

(

E0

Eth

)

is an important parameter and gives the ratio of the tunneling lengthL ∝
√

t to the
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coherence length of the CDW systemξ0

(

E0

Eth
=

Lt

ξ0

)

. The value of the ratio is around≈ 2-5 for clean

CDW systems likeNbSe3 [98]. For NWs like TTF:TCNQ is≈ 10 at low temperatures. For the field

grown Cu:TCNQ NWs, at 40 K the ratio is 10 while it is≈20 for the zero field grown NWs. The fields

E0 ∼ ξ−1
0 andEth ∼ L−1

t . Since for both the NW’sEth are nearly same, the larger value of the ratio

for the zero-field grown sample most likely arises due to smaller coherence lengthξ0. The coherence

lengthξ0 is ∝ E−1
g whereEg is the pinning gap of the CDW. The application of the field, if it leads to

better alignment of the TCNQ stacks can lead to reduction ofEg and hence an enhancement ofξ0 and

a smallerE0. The smaller value of the fieldE0 in the field grown sample, thus may justified within the

frame work of a CDW transport.

To conclude this part we observe, whatsoever, be the origin of the strong non-linearity, it is present in

both samples but it is affected by the field applied during growth. The strong non-linearity appears to

follow the transport behavior of a CDW system .

4.5.4 Suggested scenario for effect of applied electric field during growth leading to

change in conductivity of NW

In Cu:TCNQ there are two distinct factors (they may be interconnected) that can alter its conductivity.

First is the alignment in stacking of the TCNQ molecules and second is the degree of charge transfer

(Z). It is thus likely that any modification of one or both of the above will lead to a change in the

conductivity of the charge transfer complex. Based on this we propose the following likely scenario for

our observation that the growth of the Cu:TCNQ NW in an electric field enhances its conductivity.

The growth model of Cu:TCNQ from vapor phase has not been worked out in details. In the vapor

phase growth, the length grows in time following a time dependence that originates from diffusion of

ionic species (Length∝
√

t), while the diameter does not change after initial growth period. This diam-

eter constrained growth is very similar to growth in solution where Anodized Alumina Oxide (AAO)

templates have been used to limit lateral growth [51]. In both the growth processes two phenomena

are involved after the initial nucleation phase as already discussed in Chapter 2. (See the schematic in

Fig. 2.6). There is diffusion of Cu+ from the Cu electrode though the growing wire (after initialnucle-

ation phase) to the open growth face. There is also diffusionof electrons from the Cu electrode (due
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to redox potential) to the top growing surface, leading to oxidation of the arriving TCNQ molecules

to TCNQ−1, which then reacts with the diffusing Cu+1 to make the Cu:TCNQ. The efficiency of the

process (ionic diffusion, as well as electron transport from Cu side to growth face) would determine the

extent of the charge transferZ. The resulting conductivity would also critically depend on the align-

ment of the TCNQ stacks in the growing NWs. The applied electric field during growth can affect both

the processes.

Application of an electric field during growth process will enhance the Cu ions migrate from Cu elec-

trode to the NW tip, thus facilitating the extent of charge transfer andZ enhances. In general the

Cu:TCNQ NW grown haveZ ≈ 0.55− 0.65. We have shown the a small increment inZ using such

materials as Graphitic Oxide can lead an enhancement in conductivity by an order of magnitude [99].

Thus an enhancedZ, enabled by the applied electric field during growth can increase the conductivity

in the field grown wire substantially as observed.

As the NW grows from the vapor phase with arrival of TCNQ molecules, the successive molecules

due to randomization by thermal forces may not have proper alignment. This lack of proper alignment

would lead to improper arrangements of TCNQ stacks which will lead to lower conduction even if the

grown wires have predominantly Phase-I. Application of theelectric field, due to highly anisotropic

polarizability (as in TCNQ molecule) can lead to a torque that will align the arriving TCNQ molecules

leading to proper stackings. This has been seen in growth of carbon nanotubes from vapor phase [100].

The enhancement in the order of stacking will enhance the conductivity and will also increase the co-

herence lengthξ0 if the transport is by CDW. The scenario suggested above, though qualitative, can

explain the observation that field applied during growth canindeed change the conductivity of the NW.

4.6 Conclusion

In conclusion, we have shown that application of electric field during vapor phase growth can be a

viable tool to enhance/modify the conductivity of NWs. The electrical conductances of the NWs (mea-

sured) down to 40K shows a strong non-linear conductance which has a well defined threshold for T≤

100 K. The non-linear conductance was found to follow a modified Zener tunneling model proposed
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for CDW transport. Such an observation was not made before inCu:TCNQ and opens up the possibility

of new investigation of CDW in this system.

The application of the field during growth enhances significantly the linear part of the conductance and

for a single NW grown in field the conductance is close to
h
e2 , the boundary of insulator-metal transi-

tion. The parameters of the non-linear conductance also change when the wire is grown in an electric

field.

We proposed a scenario for the field growth condition where the applied field helps diffusion of Cu ions

from Cu to the growing face leading to enhanced charge transfer leading to enhanced linear conductiv-

ity. The field applied during growth has been proposed to improve the stacking of theTCNQmoiety

leading to enhancement of conductance and also change in parameters of the non-linear conduction.

Though the experiment has been done in context of a charge transfer complex 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 resistive state (RS) switching in a single NW of

Cu:TCNQ which generally shows bipolar RS switching. Electrical characteristic of a single Cu:TCNQ

NW devices with symmetric (C-Pt/Cu:TCNQ/C-Pt) and asymmetric (Cu/Cu:TCNQ/C-Pt) electrodes

are studied at room temperature. Both the devices show unipolar switching with high ON/OFF resis-

tance ratio and low threshold voltage when only Pt electrodeis positive bias. We explain the switching

by a phenomenological model along with numerical analysis,which is based on two aspects: (a) the

switching phenomena is predominantly controlled by the change at the contact which we establish

through a simple MSM type device model and (b) the transport through the contact region as well as

through the body of the NW is localized in nature controlled by hopping/tunneling type process. We

obtain semi-quantitative agreement with the experimentaldata.

5.1 Introduction

Recent technologies are trying to accumulate millions of information in a single chip [101, 102] of

size as small as possible and single semiconducting NW having memory effect [103, 104, 105, 106]

is a best choice. Materials which exhibit hysteresis or switching like behaviour can be used to make

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

96
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determined by its ON/OFF current or resistance ratio, threshold voltage, cycling endurance, data den-

sities, writing/erasing time etc. For rapid advances in information technology one need materials that

have capacity to be display non-volatile memory effect withhigh ON/OFF current ratio, large cycling

endurance and low threshold voltage to make low power consuming memory devices with long life-

time [107]. A resistive random access memory (ReRAM) cell isa capacitor like structure composed of

insulating or semiconducting transition metal oxides [108] or organic compounds [8, 18] sandwiched

between two metal electrodes that exhibits reversible resistive state (RS) switching on applying electric

field. This kind of behaviour is shown with a layer, where ionic transports due to redox reaction can be

used for making the switch ON and OFF [21]. Two terminal semiconductor sandwich structures with

metallic electrodes are potentially ideal since its size can be made very small. The key feature of this

two-terminal memory device is the ability to switch the resistance of the device simply by applying a

voltage or a current pulse.

Organometallic compounds such as Ag:TCNQ, Cu:TCNQ are wellknown materials for their non-

volatile electrical bipolar RS switching [8, 18]. Lots of work have been done on electrical RS switching

of charge transfer complex materials like Cu:TCNQ NW array [8, 18, 28, 30, 35] with high threshold

voltage and small ON/OFF ratio, where they have used Al2O3 layer (responsible for switching) as top

electrode in a device of Cu:TCNQ NW array grown from Cu film. There are some reports on RS

switching in a single NW of Cu:TCNQ [23, 28] connected between two Au electrodes. Many mod-

els have been proposed to explain the switching mechanism. Those are the formation of conductive

filamentary path by redox reaction [8, 18, 28, 30, 35] and tunnelling of carrier between crystalline de-

fects [23] which has already been discussed in Chapter 1. In general, the different resistance states

are induced by the formation or dissolution of a highly conductive path, i.e., filament, into a poorly

conductive medium. However, no experimental evidence or comprehensive theoretical model has so

far been proposed in support of these scenario.

In chapter 4, we have discussed about temperature dependentelectrical transport in Cu:TCNQ NW.

In this chapter, we present a detailed study about a specific property - electrical resistive switching of

Cu:TCNQ with different diameter (<100 nm). There are few essential points which this chapter attempt

to address: (a) observation of unipolar resistive switching in a single Cu:TCNQ NW which generally
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Figure 5.1 Schematic of (a) symmetric (metal-1/NW/Metal-1) and (c) asymmetric (Metal-
1/Cu:TCNQ/Metal-2) electrode configuration.

show bipolar switching, (b) a phenomenological model to explain possible reason of switching in-

cluding role of electrodes to perform unipolar and bipolar switching property, and also (c) analyse the

experimental results under the framework of MSM (metal-semiconductor-metal) model to investigate

the reason of switching which has not been done before. We have observed switching in single NW de-

vices both with symmetric and asymmetric electrode configuration. Here, symmetric and asymmetric

contact electrodes indicate the two connecting electrodeshaving same and different metal composi-

tion respectively. A schematic view of symmetric and asymmetric electrode configuration is shown in

Fig. 5.1(a) and (b). We have also explained the possible reason of switching by the development of a ba-

sic model with several controlling parameters which are relevant to all the experimental results reported

here. In the model, we have also investigated the effect of electrodes on switching and investigated that

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

5.2 Fabrication of devices

Nature of electrodes is a crucial parameter in switching andhence device fabrication is an important part

in this work [109, 110]. We performed electrical RS switching measurements in two types of single NW

devices: symmetric electrode devices (device with same types of electrodes) and asymmetric electrode

devices (device with different types of electrodes). Devices S-1 and S-2 (NW diameter∼ 90nm and

∼ 65nm respectively) are having symmetric but Schottky type electrode configuration connected with

FEB deposited Pt. On the other hand, device A-1 (NW diameter∼ 70nm) is having asymmetric (one

electrode with Ohmic and another with Schottky type) electrode configuration. Table 5.1 summarise

dimensions of different devices used for measurements.

Devices with symmetric and asymmetric electrode configuration are made from two different
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Figure 5.2 SEM image of PVD grown Cu:TCNQ NW devices having (a)−(b) symmetric
(C-Pt/Cu:TCNQ/C-Pt), and (c) asymmetric (Cu/Cu:TCNQ/C-Pt) electrode configuration.

approaches- which we categorize astop-downandbottom-up. Although these processes have already

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

5.2.1 Fabrication of symmetric electrode device

We have usedtop-downapproach to construct device with symmetric electrode configuration. S-1 and

S-2 are two single NW devices of different diameters with symmetric electrode configuration. SEM

images of the single NW devices are shown in Fig. 5.2(a) and (b). The NWs are connected with

lithographically prepatterned Au electrodes by FEB deposited Pt at low deposition current and field to

avoid any structural or physical property change in the NW. For attaching leads for the measurements,

synthesized NWs are separated from the substrate by ultrasonication in ethanol and then dispersed

on Si3N4 (300 nm thick)/Si (insulating) substrate containing pre-fabricated Ti/Au electrodes made by

hard mask lithography which are used as contact pads. The operation of attaching leads to individual
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NWs was done in a dual beam machine FEI HELIOS 600. The wires were imaged during fabrication,

using FE-SEM (Field-Emission Scanning Electron Microscope). After selection of a single NW four

leads were then connected using Pt electrodes deposited by the electron beam of the FE-SEM at a

voltage of 15 kV and deposition current of 90 pA using the precursor Methylcyclopentadienyl platinum

trimethyl (CH3)3(CH3C5H4) Pt. The important factor that we note is Pt electrodes grownby Focused

Electron/Ion beam deposition is a composite of amorphous carbon (C) and Pt. The amorphous carbon

is the majority phase in which the Pt is dispersed. For sake ofthis identification we call the electrode

C-Pt. The as prepared 4-probe single Cu:TCNQ NW devices denoted as device S-1 and S-2 connected

by FEB deposited Pt with prefabricated Ti/Au symmetric electrodes is shown in Fig. 5.2(a) and (b).

Final device configuration is thus ’C-Pt/Cu:TCNQ/C-Pt’. Inthis case, devices are said to be symmetric

as all the electrodes are made of same material (C-Pt contact). Two consecutive probes in the single

NW device were used for RS switching measurements with voltage as source and current as measured

parameters.

Table 5.1Electrode configuration and dimension of the devices

Device Electrode Configuration
Dimension

Length (µm) Diameter (nm)

S-1 Symmetric (C-Pt/Cu:TCNQ/C-Pt) 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 usedbottom-upapproach to construct device with asymmetric electrode. Toconstruct device

A-1 with asymmetric electrodes required patterns of Cu/Au with sub-micrometer gap are made by e-

beam lithographic process on an insulating substrate of Si/Si3N4. First, a thick layer of Cu (∼ 50nm) is

deposited onto substrate and then in order to laterally limit the growth of Cu:TCNQ NWs to the sides

of the electrodes, an additional thick Au layer (∼ 100 nm) is deposited on top of Cu to prevent the

TCNQ vapor from reacting with the upper surface of the Cu layer. Metal evaporation was done in such

a way that NWs grown from Cu (bottom electrode) of Cu/Au one electrode connect Au (top electrode)
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of another electrode. Free ends of the NWs are anchored to Au with FEB deposited Pt and final device

with configuration ’Cu/Cu:TCNQ/C-Pt’ is thus obtained. SEMimage of the NW device (diameter∼

70nm and length 1.9µm) directly integrated into prefabricated device architecture marked as A-1 is

shown in Fig. 5.2(c). In this case, device is said to be asymmetric as growth end of the NW is pure

Cu which acts as Ohmic and free end anchored with C-Pt as contact with barrier. Slower reaction rate

at low temperature for short time can give single NW connecting between two electrodes. The lateral

bridging growth method used in this case is for the directed assembly and integration of Cu:TCNQ

nanobridges into pre-specified locations on different substrates, eliminating the need for subsequent

assembly processes.

5.3 Types of resistive switching

Resistive switching refers to the physical phenomena wherea dielectric suddenly changes its (two

terminal) resistance under the action of an electric field orcurrent. A schematic of switching is shown

in Fig. 5.3 When a certain voltage or current is applied across the device, it goes from high resistance

(OFF) state to the low resistance (ON) state by application of a threshold voltage called SET voltage

(VSET) at certain polarity, whereas for same or opposite polarityof SET voltage the system returns to

its high resistive or OFF state and the corresponding voltage is called reset threshold voltage (VRESET).

Depending on the polarity of SET and RESET voltage, resistive switching can be classified into two

categories:unipolar and bipolar [38]. .

5.3.1 Unipolar switching

Unipolar devices are switched from the high resistance (OFF) state to the low resistance (ON) state

(SET operation) by application of a threshold voltage (SET). The electrical current must be limited to a

compliance current (CC) during the set process in order to prevent the device from instantly returning

to the OFF state, or even worse the possible memory cell destruction. This is due to the fact, that the

SET and RESET state can take place at the same polarity. The reset operation occurs at a higher current

and a lower voltage than the set threshold voltage. Schematic diagram of unipolar switching is shown

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

5.3.2 Bipolar switching

Bipolar devices are switched from the high resistance (OFF)state to the low resistance (ON) state by

application of a threshold voltage. The current is often limited by a current compliance during the

ON switching operation in order to prevent a possible memorycell destruction. The RESET operation

takes place at the opposite polarity by application of a different threshold voltage. The MIM or MSM

structure of the system must have some asymmetry (differentelectrode materials, electroforming step,

etc.) in order to show bipolar switching behavior. Schematic diagram of bipolar switching is shown in

Fig. 5.3(b).

5.4 Switching in symmetric electrode configuration

TheI −V curves for device S-1 and S-2 as plotted in Fig. 5.4 were obtained by sweeping up and down a

dc voltage, between -5 V to +5 V. The curve shows typical unipolar resistive switching characteristics at

a threshold voltageVSET∼3.36 V. (VSET andVRESET indicates the threshold voltages when the system

goes from OFF to ON and again returns from ON to OFF state respectively). Initially NW device

was in HRS (high resistive state) or OFF state. With increasing bias current increases (arrow ’1’) and

when voltage reaches the thresholdVSET, Cu:TCNQ NW rapidly switches from a OFF state or High

Resistive State (HRS) to ON state or Low Resistive State (LRS), indicated by the sudden increase of
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current in the circuit (arrow ’2’). Even though current compliance (CC) was set to 100µA and 10 kΩ

load resistor was placed in series with the sample to protectagainst current burst, but the device reaches

to the compliance limit of the SourceMeter when it goes to LRSas shown in Fig. 5.4. When applied

bias is reduced, current is also reduced (arrow ’3’) and system again turned back to its HRS from LRS

with the voltage of same polarity but less than threshold voltage which isVRESET∼0.5V (arrow ’4’). In

this process SET and RESET process occurs for same polarity of applied bias and hence we may call

it shows unipolar switching. The same electrical behaviouris also observed under reversed polarity

of applied bias but with lower ON/OFF ratio, although the electrodes are symmetric. Slight change in

ON/OFF ratio in positive and negative polarity may be due to difference in contact area of deposited

C-Pt with the NW at the two ends, which acts as an important factor in switching and is discussed

later. Besides, the Cu:TCNQ NW switching device exhibited reproducibility. We have collected data

continuously for 24 hours. Fig. 5.5 shows switching data for450 successive cycles. At the end of large

cycle, they may stored charge in the device, as shown in shiftof zero for the data after 450th cycle in

Fig. 5.5 (c).

5.5 Switching in asymmetric electrode configuration

We have observed switching on another NW device (A-1) havingasymmetric electrode configura-

tion (Cu/Cu:TCNQ/C-Pt), one of which is purely Ohmic and another is Schottky type as shown in

Fig. 5.2(c). TheI −V curve as obtained from the measurement is shown in Fig. 5.6. This device also

shows unipolar resistive switching and goes from HRS to LRS at threshold voltage ofVSET = 3.5 V

(arrow ’2’). Reverse state occurs atVRESET∼0V. In this case RS switching is observed only in one

polarity i.e. when Pt anchored electrode of the NW is in negative polarity w.r.t. the other electrode.

No switching is observer in inert atmosphere or in vacuum. Itis noted from Fig. 5.6 that device with

Ohmic and Schottky contact exhibits switching for one polarity of applied bias only. Possible reason

of switching is the barrier height reduction due to metallicchannel formation in between the interface

of NW and electrodes which is elaborated later. In device A-1, one electrode being Ohmic this end

does not exhibit any switching and current is also comparable to the switched state of the Schottky

contact end. Thus, both the device shows RS switching at lower threshold voltage compared to other
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Figure 5.4Log |I |−V curves of Cu:TCNQ single NW devices with diameter (a) 90 nm and
(b) 65 nm, connected with FEB deposited C-Pt in C-Pt/Cu:TCNQ/C-Pt symmetric electrode
configuration. Series load resistance R = 10 kΩ and measurement has been performed in air
(inset in (a)).

reported devices of Cu:TCNQ array [18, 35, 45] or single NW [23]. Thus, from the results of devices

with symmetric and asymmetric electrodes it is clear that nature of electrodes take an important part in

RS switching of the NW which is explained below with a theoretical model.
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Figure 5.5Log |I |−V curves of Cu:TCNQ single NW device with large number oc succes-
sive cycles, (a) 1st, (b) 50th and (c) 450th cycles respectively.

5.6 Analysis of switching data using MSM device model

The device of Cu:TCNQ NWs that exhibit unipolar switching are 2-terminal devices with two metallic

electrodes (M) connecting the semiconductor (S) NW. Thus, 2-terminal devices can be thought of
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Figure 5.6 Log |I | − V curves of two parallely connected NWs of Cu:TCNQ in
Cu/Cu:TCNQ/C-Pt asymmetric electrode configuration measured in air.

as MSM devices [109, 112]. We have used such a device model configuration to analyse the opto-

electronic data given in Chapter 6. Analysis of the switching data using MSM model has not been

done before. We show that the model gives us a clear indication of the source of the large switching

from a HRS to a LRS. The model allows us to separate out how muchof the transition occurs due

to the changes at the contact resistance and how much actually occurs due to change in the material

resistivity. In case of bipolar switching, the phenomena widely studied in Cu:TCNQ, and in the model

the switching mechanism have been proposed based mainly on modification at the contact [25, 26,

35]. However, it has never been established how much of the switching (with memory) is due to

contributions from contact and how much is due to change in resistance of the bulk of the NW. The

analysis based on MSM device elaborated below allows us to separate out the two contributions. We

show that the unipolar switching reported here has contributions from both the processes with the

dominant contribution arising from contact modifications.

The MSM device model has been developed for a semiconductor device with two Schottky type

barriers at the contacts. For the Cu:TCNQ NWs we take the two contacts as two regions with barriers

that allow transport with an applied bias. Strictly, the contacts on the Cu:TCNQ are not a conventional

Schottky type contacts (contacts with sharp barrier). Nevertheless, it can be reasonably assumed that

there is a contact with barrier so that a Schottky type model can used to get information on relevant pa-
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rameters. The MSM model thus uses a back to back Schottky contacts connected by the NW resistance

(Rs). This makes one of the contacts forward biased and other reversed biased, which exchange when

the bias polarity is reversed. The switching will change Rs as well as the contact resistance (Rc) at

the ends. The Rc for a given bias polarity will be determined principally by the barrier of the reversed

junction of the two contacts. The model below allow us to estimate the changes in the effective contact

barrier at the switching as well as the contact resistance Rc. We follow-up this device model analysis

with a phenomenological model that allows us to capture the physical process that leads to the contact

modification.

The MSM model gives the following equation for the I-V curve as [113]

I(V) = I0exp

(

qV
′

ηkT
−1

) exp

(−q(φ1+φ2)

kT

)

exp

(−qφ2

kT

)

+exp

(−qφ1

kT

)

exp

(

qV
′

ηkT

) (5.1)

where,V
′
= V − IR, R being the series resistance, andφ1 and φ2 are the barrier heights associated

with two contacts (M’s) in forward and reverse bias respectively, k being Boltzmann constant andη

is ideality factor of a diode.I0 is current flow across the metal-semiconductor interface bythermionic

emission in both direction leads to a form forI0 as

I0 = A∗T2exp

(−φ
kT

)

(5.2)

φ being barrier height in the metal-semiconductor interface, A∗ is Richardson constant andT is temper-

ature. Illumination can reduce barrier height (φ ′s) by metallic channel formation in the interface region

between NW and contact, leading to sharp jump in current enhancement.η generally lie between 1

- 2 for an ideal Schottky diode, although during MSM fitting using equation 5.1, we find somewhat

high value ofη . High η value arises because the contact we are working with is not anideal Schottky

contact.

The fits to the MSM model are shown in Fig. 5.7 for the three devices studied. Two of the devices

are symmetric type (S-1 and S-2) with NW diameters 90 nm and 65nm respectively. A-1 is the

asymmetric device with NW diameter of 70 nm. Though the sample S-1 and S-2 are symmetric, the

contacts are found to have different barrier heights and contacts leading to different ON/OFF ratio for

the two polarities. Likely reason for this differences willbe discussed later on. As can be seen from
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Figure 5.7Back-to-back Schottky diode MSM fit for ((a) and (b)) symmetric and (c) asym-
metric electrode configuration. Here, FEB deposited C-Pt acts as metal (M) and Cu:TCNQ
NW as semiconductor (S). M-S junctions act as Schottky contact.

Fig. 5.7, the model fits the data well. Table 5.2 give the relevant fit parameters and table 5.3 gives

ON/OFF resistance ratio of different sample measured.

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

Device
HRS LRS

R (kΩ) ρHRS (Ω−cm) φ1 (eV) φ2 (eV) R (kΩ) ρLRS(Ω−cm) φ1 (eV) φ2 (eV)

S-1 2 8.5×10−4 0.48 0.27 0.1 4.25×10−5 0.14 0.018

S-2 5 6.63×10−4 0.34 0.20 0.4 5.3×10−5 0.24 0.019

A-1 3 6.07×10−4 0.702 0.026 0.2 4.05×10−5 0.39 0.026

The following points may be noted:
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Table 5.3OFF/ON resistance ration from fitted parameter.

Device
R (kΩ) OFF/ON

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/resistivity of the NWs after switching, although

the extent of change may vary.

(b) TheρRHSof the NWs in all the three devices in HRS lie in the range 0.6 - 0.85 mΩ−cm. After

switching (in LRS)ρLHS lie in the range 40 - 53µΩ−cm. Such a value of resistivity in LRS is what

one observes in high resistance metallic systems (like alloys of transition metals). The value ofρ in

LRS has quantitative uncertainties, arising from the fit. Wewill discuss this issue later on.

(c) It is gratifying that theρ 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 switching is much larger than that can arise from

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

show the change in contact resistance (Rc) at the HRS and LRS at the point of switching. Rc as defined

has total contribution of both contacts. But, one of them being forward bias, Rc will be dominated by

the reverse bias contact.

Table 5.4Contact resistance (Rc) at HRS and LRS at the point of switching

Device
HRS LHS Ratio Switching ratio

Rc (Ω) Rc (Ω) +ve polarity -ve polarity

S-1 3.14×107 3.35×104 ∼ 0.94×103 ∼ 103 < 101

S-2 1.3×106 3.6×104 ∼ 3.6×101 ∼ 36 ∼ 500

A-1 1.099×109 3.49×104 ∼ 3.15×104 ∼ 3.3×103 -
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It can be seen that jump of device current at switching largely arises from drop in contact resistance

for both polarity of the applied bias. Rc will be polarity dependent.

There are quantitative differences in the the actual value of the ON/OFF ratio obtained from current

through the device at the switching and that observed from the Rc. This is expected as given from the

simple nature of the MSM model that has been used to extract the contact resistances.

The contact barrier heights undergo significant changes on switching. From Table 5.2 and 5.4, it

can be seen that the barrier heights in the HRS are substantial and they reduce in the LRS by a large

amount and consistently one of the junction becomes almost ohmic with φ < 0.02 eV which is lower

than the room temperature energy (∼ 0.025 eV). Such reduction of barrier value at reverse polarityof

applied bias indicates the signature of metallic channel formation at that junction.

Table 5.5Contribution of barriers in switching

Device
HRS LRS Change in switching for exponential

φ1/kβ T φ2/kβ T φ1/kβ T φ2/kβ T e
− ∆φ1

kβ T e
− ∆φ2

kβ T

S-1 18.45 10.55 5.3 0.7 5.14×105 1.89×104

S-2 13.2 7.8 9.26 0.74 5.14×101 1.52×103

A-1 27 1 15 1 1.62×105 1

(f) The use of the above model is only approximate and it overestimates the contact contribution

leading to inaccuracy in the determination of the sample resistance. This is because, the sample re-

sistance being a small part of the total 2-probe resistance,almost all the voltage drop occurs at the

contacts. This makes the estimation of resistance and hencethe resistivity particularly inaccurate in the

LRS.

To find the extent in inaccuracy, we have generated a series ofI-V curves where we kept the junction

parameters unchanged and fit them by varying sample resistance. From the calculated curves along with

data are shown in Fig. 5.8. The range of values of sample resistances for which one get reasonable fit

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

Device
HRS LRS

R (kΩ) φ1 (eV) φ2 (eV) R (kΩ) φ1 (eV) φ2 (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 fit where junction reduction takes place (blue solid line). Generated I-V
curves keeping the junction parameters unchanged and usingsample resistance (red dotted
curve).

5.7 Phenomenological model of switching

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

experiments on bipolar switching also explored this issue,however, without any model based analy-
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sis [110]. The MSM model presented above is a rough model thatbrings out the importance of the

contact resistance. In this section, we develop a simple model of the contact based on diffusion of

ions which reproduces the observed features. This will present a qualitative scenario of the unipolar

switching. We follow-up with a phenomenological model based on rate equations. The model/scenario

depicted below draws its motivation from earlier qualitative models proposed for bipolar switching, in

which redox reaction leads to filament formation (Cu-filament) at contacts that take part in switching

process. In our model we also suggest that the contact barrier is reduced by such filament forma-

tion/alignment which is the cause of switching. In contrastto earlier reported bipolar switching devices

which had asymmetric type contacts, we observe switching also in devices with symmetric type con-

tacts. In our suggested model we also note that Cu:TCNQ NW is semiconducting in nature (n-type)

where transport takes place by hopping through localized state (see chapter 4 on conductivities). The

suggested model is given in Fig. 5.9.

The applied bias makes one junction forward biased and the other reversed biased. The two contacts

are somewhat differed physically due to variation in the nature of the Pt-carbon composite. Here,

charge transport occurs by tunneling through localized metallic regions that include the Cu filaments.

In the reversed biased junction (negatively biased) the Cu+ get aligned in filament by the field leading

to enhancement of tunnel rate in turn reduces the potential barrier facilitating current transport and

switching. In the numerical part of the model this is taken asa rate constant and a bias dependent

function f (V) that control the switching. In the body of NW the transport occurs by hopping through

localized state (1d-VRH) that also express by a rate constant as shown below. This scenario that the

tunneling rate of carriers at contact region controls the “effective barrier”(φ ) in the MSM model, can

explain the change inφ at the contacts during switching.

During measurement across MSM device, one junction stay in forward bias condition (+ve biased

junction) and another is in reverse bias condition (-ve biased junction). In this system, Cu:TCNQ NW

acts as source of copper ions. When sufficient bias (V>VSET) is applied across the NW, Cu+ ions

migrate towards -ve polarity junction and form filament likestructure between NW and C-Pt electrodes

junction with -ve polarity. At the same time, +ve polarity junction barrier also reduces due to forward

bias action. Combination of these two effects result in sharp jump in current at V≥VSET. Process

in schematically illustrated in Fig. 5.9. Same results are obtained from MSM fit (Table 5.2). These
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Figure 5.9 (Left frame) Schematic of MSM structure. (Right frame) Banddiagram of MSM
structure in absence and presence of applied bias across theMSM structure. Applied bias
reduces the barrier height in both junction. In positive biased junction, barrier height reduces
due to forward bias and in negative biased junction barrier height reduces significantly due to
metallic filament formation.

filaments mediate the charge transfers from electrode to Cu:TCNQ NW. Based on the experimental

facts, we also assume that after application of certain voltage to the electrodes some filaments get

formed/aligned and hence tunnelling probability increases. All the filament alignment and disruption

processes are schematically represented in Fig. 5.10 when MS junction ’2’ is negatively biased and an-

other MS junction ’1’ is positively biased . Initially the system was in HRS. When +ve bias is applied

across junction ’1’, barrier height across that junction reduces due to forward bias action and that in

junction ’2’ barrier height will reduce due to formation/alignment of Cu atoms towards the -vely biased

Pt electrodes. With increasing bias current increases (schematic ’a’). Further increase of bias cause Cu

ions to align themselves towards the -vely biased C-Pt electrodes which increases tunneling probability

in between NW and C-Pt (schematic ’b’). When applied biasV ≥VSET, all the Cu filaments get aligned

towards the Pt electrodes and form Cu filament bridge betweenNW and top/bottom domain (schematic
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Figure 5.10 Illustration of filament alignment process in between NW andC-Pt electrode
when C-Pt electrode is in reversed bias i.e. state ’2’ is -vely biased. (a) First, Cu ions are
aligned randomly. (b) With increasing bias Cu-filaments aregetting aligned towards the
electrodes to get switched to LRS forV = VSET. (c) At V ≥ VSET all the Cu-filaments are
aligned towards the electrode creating tunneling probability to its extremum and resulting
switch in current. Again with reducing bias current decreases. (d) At low biasV ≤VRESET

Cu-filaments ruptures due to thermal energy.

’c’) which effectively reduces the barrier height and increases the tunneling rates significantly resulting

sudden jump or sharp enhancement in current. Again, reduction of bias reduces the current and when

bias reduces toVRESET, aligned Cu-filaments are disrupted due to thermal energy orenergy state mis-

match of NW and top/bottom domain in -ve junction and also barrier height increases in +ve junction,

which reduces current to low value (schematic ’d’) and bringback the system to HRS. On the other

hand, barrier height at junction ’1’ increases when same process occurs for other polarity of applied

bias. In reverse bias, ON/OFF resistance ratio value is low as shown in Fig. 5.5. This may be due to

reduces contact area of electrode with NW which effect number of energy states and also the tunneling

rate.

For the device A-1 unipolar switching is observed (Fig. 5.6(b)) only when NW-electrode junction
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anchored with Pt is negatively biased and this happens also due to filament alignment and disruption

with applied bias by changing tunneling rates of carrier between NWs and electrodes resulting in field

induced barrier height reduction. But, no switching is observed when junction of growth end of A-1

is negatively biased as this junction is Ohmic and thus carriers get easy path of conduction leading to

almost linear conduction with higher current value.

We have also performed numerical analysis to build a model insupport of our phenomenological

consideration. Our model is motivated by experimental dataand reported facts of formation of insulat-

ing medium containing non-percolating metallic domains atedges of Cu:TCNQ, metallic clusters, or

metallic filaments etc. sandwiched between nano wire and metal electrodes [114, 115]. Our model con-

sider a device with semiconducting charge transfer salts (Cu:TCNQ) having excess copper sandwiched

between two electrodes separated by top and bottom domains around the interface of the corresponding

electrodes as schematically represented in Fig. 5.11. In this model central domain i.e. NW is connected

to metal electrodes via top and bottom domains. In this system, Cu:TCNQ NW acts as source of copper

ions which form filament like structure. These filaments mediate the charge transfers from electrode

to Cu:TCNQ NW. Nanowire device contains Cu ions, carbon, andmetallic clusters in between NW

and electrode interface, those are originated during NW growth and also during Pt deposition. The

probability of charge transfer from metal electrodes to NW via intermediate top and bottom domain

states depend on parameters such as the tunnelling ratesΓ which depend on the overlap of electronic

wave functions in two systems, the number of states in the domainsN and their occupationsn. The

carriers i.e. electrons move around by hopping between domains as well as between a domain and an

electrode, only when bias is applied. Number of states in thedomains increases exponentially with

their physical size. The tunnelling rates will depend on availability of sites and also on proximity of

metallic domains. Therefore it should also depend on the special arrangement of the Cu-filaments. Let

us assume that all the Cu-filaments are identical and transport through them have same tunnelling rate.

We solve the model by numerical analysis of carrier transport. As the tunnelling rates depend on

overlap of carrier wave functions, the number of states in the domains and their occupations, then, the
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Figure 5.11A pictorial representation of the model is shown. Cu:TCNQ NWis sandwiched
between to two electrodes made up of FEB deposited C-Pt, separated by two interface region
where filament formation occurs. The upper part of filament iscalled top ’t’ and lower is
bottom ’b’. Central part is Cu:TCNQ material and called centre ’c’. Cu:TCNQ NW acts as
source of Cu ions.

rate equations for simplest model for the system can be as

dnb

dt
= [ΓE1−bNE1

2
(1−nb)−Γb−cnbNc(1−nc)] f (V)

dnc

dt
= [Γb−cNbnb(1−nc)−Γc−tncNt(1−nt)] f (V)

dnt

dt
= [Γc−tNcn

c(1−nt)−Γt−E2nt NE2

2
] f (V)

(5.3)

Wherenb,nc andnt are occupation of bottom, center (NW) and top respect.ΓE1−b, Γb−c, Γc−t and

Γt−E2 and are the tunnelling rate from electrode to bottom, bottomto center, center to top and top to

electrode respectively. For transport through the NW part we do use the rate constantΓ, which is a

hopping rate.Nt, Nc, Nb are total number of states in top, center and bottom domains respectively. Here

we assumed that the process of charge transport is through localized state althoughf (V) represents the

dependence of the transition probabilities between the twosubsystems, likePt to b or b to c etc, on the

given external voltageV. f (V) may have very complex form. For the sake of simplicity, form of f (V)

is f (V) = sinhKV. The function f (V) reflects the dependence of probabilities on the applied external

voltage. Note that we takef (0) = 0 i.e. in absence of bias there is no current. The occupation of central

part (Cu:TCNQ) does not change significantly. This has also been established by the MSM fit that the

resistance of the NW does not play a significant role in switching. Therefore, we can assumenc almost
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constant. Assuming that the number of Cu-filaments is same intop and bottom as initial condition,

then the above rate equation can be rewritten as

dnb

dt
= [ΓE1−bNE1

2
(1−nb)−Γb−cnbNc(1−nc)] f (V)

dnc

dt
= Γb−cNb[n

b(1−nc)−nc(1−nt)] f (V)

dnt

dt
= [Γc−tNcn

c(1−nt)−Γt−E2nt NE2

2
] f (V)

(5.4)

nb andnt are related by simple relations. The current can be defined as
dnx

dt
Nx, where ’x’ is ’b’, ’c’

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

dnb

dt
=C1[

(1−nb)

2
− rbnb(1−nc)] f (V)

dnc

dt
= Γb−cNb[n

b(1−nc)−nc(1−nt)] f (V)

dnt

dt
=C2[rtn

c(1−nt)− nt

2
] f (V)

(5.5)

where,C1 = ΓE1−bNE1, rb =
Γb−c

ΓE1−b

Nc

NE1
and rt =

Γc−t

Γt−E2

Nc

NE2
. We notice thatC just rescales the

amplitude of the current where asr controls the ratio of flow of electron in the material.

We solve these equations numerically. From Eqn.5.5, we can see that sudden change ofr orC leads

to sudden jump in the current. In this case, the sudden changeof r may be attributed due to addition

of more aligned channels or Cu-filaments to have higher tunnelling rate. In the MSM model this is

equivalent to drastic reduction in the barrier potential. Here, we will try to model our experimental

results qualitatively. TheI −V curve from analytical results are shown in Fig. 5.12 for two different

electrode configurations which is similar to our experimental results shown in Fig. 5.5 and Fig. 5.6.

We assume that the Cu filaments (nb and nt ) and electrodes are half filled andnc =0.48. We take,

ΓE1−bNE1 =10−8, rb = rt =10, K1 =K2 =0.04 and jump inr is 60 times of its initial value atV =3.3

and reduced by approximately 56 times nearV =0.33. On negative voltage, we start withr ∼300 and

it changes by 2 times atV =-3.3V. This can be attributed to the realignment of the Cu-filaments and

therefore, there is jump in the Current. During simulating for the device A-1 we notice that electrodes

have quite large effect on theI −V curve. To model this material, we assume that the Cu filaments(nb

andnt ) and electrodes are half filled andnc =0.48. We takeNE1 =10−8, rb = rt =5 , K1 =K2 =0.58

which is almost 11 times higher than type 1 electrode where both side of electrodes are Pt. The jump
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Figure 5.12Simulated results using phenomenological model. (a) Log|I | −V curves of a
single NW of Cu:TCNQ connected with FEB deposited Pt in C-Pt/Cu:TCNQ/C-Pt configu-
ration, load resistor R=10 kΩ in air. (b) Log|I |−V curves of two parallely connected NWs
of Cu:TCNQ in Cu/Cu:TCNQ/C-Pt configuration measured in air.

in r is 30 times of its initial value atV ∼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 decreases for type 1 electrode. This effect may be

attributed to V dependence of tunnelling rate. We have assumed a function which can be written

asΓb−c = Γb−c[1− 1
1+exp(−α(Vs−V))

], whereα indicates that how strongly the tunnelling rates

changes withV andVs is proportional to potential height of the system. We have used α=5.2 for our

calculations. We also notice thatVRESET∼0.5V the current is same as in the beginning. On negative

voltage, we start withr =210 and there is a jump inr atVSET=3.3 V. We notice thatI −V curve have

two jumps for the asymmetric electrode device A-1 on the positive V which may be because of energy

alignment or Cu-filaments get realigned andΓ increases. Thus, the switching depends on nature of

electrodes as we can see this from both experiment as well as simulated results.

All the Cu:TCNQ NW devices reported in the past by different groups showing bipolar switching

were having electrodes of pure metal or oxide metal which forms Cu filament from NW to electrode by

redox reaction and brings the system from HRS to LRS and this oxide layer is responsible for bipolar

switching [30]. Switching mechanism in our device configuration is somewhat different from the other

reported devices showing bipolar switching. In our device to connect the NW with FEB deposited

Pt we are using Methylcyclopentadienyl platinum trimethyl(CH3)3(CH3C5H4) Pt as precursor is not

a pure metal. Thus, during Pt deposition some defect states and metal clusters are created in the

interface of NW and metal electrodes. For our electrode configuration at lower bias small current is for
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migration of very few charge carriers. As applied voltage reaches the threshold value (VSET), there may

be alignment of Cu filament occurs between electrodes and NWsor energy states between top/bottom

electrode and NW matches. Both the effect cause sudden increase of tunneling probability and the

system goes from HRS to LRS. In LRS tunneling probability remains constant and decrease in voltage

reduce the current. As voltage is decreased below the threshold value (VRESET) aligned Cu filaments

are getting misaligned due to thermal excitation or energy mismatch occurs between Cu:TCNQ and

top/bottom electrode. Same mechanism is applicable in resistive switching for opposite polarity of

applied bias. Thus, electrode configuration takes an important part in resistive switching. Nature of

electrodes, types of resistive switching and theoretical model enlightening the experimental results

make the article distinct from the other reported device of switching in Cu:TCNQ NW.

5.8 Conclusion

In conclusions, we have observed unipolar electrical RS switching in a single NW of Cu:TCNQ with

symmetric (C-Pt/Cu:TCNQ/C-Pt) and asymmetric (Cu/Cu:TCNQ/C-Pt) electrode configuration. Both

the device shows reproducible electrical switching and memory effect with high on-off resistance ratio

(∼103) and at lower threshold voltage. We emphasize that there arevery few reports of resistive

switching in single Cu:TCNQ NW. This is also the first report of unipolar switching in this material. We

have presented a phenomenological model that explains the experimental results of resistive switching.

This model may provide useful guidance in this active and promising area of research. The model

proposed here is based on two aspects: (a) that the switchingphenomena is predominantly controlled

by the change at the contact which we establish through a simple MSM type device model and (b)

that the transport through the contact region as well as through the body of the NW is localized in

nature controlled by hopping/tunneling type process. We obtain semiquantitative agreement with the

experimental data.



Chapter 6

Opto-electronic effect in Cu:TCNQ

nanowire

In this chapter, we have described the opto-electronic transport measurement on Cu:TCNQ NW, both

in array and single, having diameter down to30nm. The material shows zero bias photo-current∼ 105

order higher compared to dark-current and also a very high photo-responsivity of∼ 105A/W for a

applied bias of1V in a single NW of length∼ 200nm and diameter30nm. We have also explained that

the possible reason of current enhancement is due to photo-carrier generation inside the NW along

with a barrier height reduction under illumination.

6.1 Introduction

In recent years, a variety of semiconductor NWs have been synthesized and used as basic building

blocks for the development of electronic and optoelectronic nanodevices [117, 118, 119, 120, 122, 123].

These include NWs of inorganic semiconducting materials [117, 118, 119], carbon nanotubes [124], ox-

ide NWs [120], core shell NWs [125], polymeric NWs [126], as well as some organic molecules [127].

These reports showed that it is possible to make photo devices based on a single NW, which can show

substantial photo-response. We report here photo-responsive behaviour of a single and array of NW

of Cu:TCNQ. The principal motivations for doing this investigation on Cu:TCNQ NW are as follows:

first, although there are past reports of resistive state switching in Cu:TCNQ films using high power

120
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laser illumination [8, 128], there is no report of investigation of reversible photoconductivity in this

material. The material is expected to exhibit large photoconductive response because it shows laser

induced resistive state switching. Secondly, the past studies were done in thin film form and it is ex-

pected that the NW will show enhanced photoresponsivity [118, 129]. We indeed see an enhancement

of 3 orders of magnitude in photoresponsivity in NW array andeven 5 orders in a single NW compared

to films. Lastly, the charge transfer complex Cu:TCNQ has attracted considerable recent attention as it

exhibits bias driven electrical resistive state switchingwith memory. This makes the material attractive

for making MEMRISTOR (memory resistor) and non-volatile RAM [3]. The present report of large

photo-response in Cu:TCNQ NWs, thus, adds an opto-electronic element to the existing electronic

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

6.2 Operating Principles of Opto-electronic Device

Most optical semiconductor devices are optoelectronic pn-junction devices, such as laser diodes [130],

light-emitting diodes [131], and photodiodes [132]. The main interest in the field of optoelectronic

devices has shifted from device physics and operation principles to device applications. That is why

we require a wide range of knowledge related to optoelectronic semiconductor devices. These opto-

electronic pn-junction devices performance depends on thetype of pn-junction and nature of semicon-

ducting materials.

Figure 6.1Schematic of band diagram of semiconductor.

The valence band and conduction band of semiconducting materials are separated by a distance

known as band of the semiconductor. There exists some impurity levels in between valence and con-

duction band due to imperfections or defects in the materials. Figure 6.1 schematically illustrates the

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

Many opto-electronic phenomena observed in photo-active semiconductor can be described in

terms of some basic concepts involving electron activity insemiconductors. These includes optical

absorption by which free carriers are created, electrical transport by which free carriers contribute to

the electrical conductivity of the materials, and the capture of free carriers either by recombination or

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

Figure 6.2 Major transitions and phenomena associated with opto-electronic effects in ho-
mogeneous semiconductors. (a) intrinsic absorption, (b) and (c) extrinsic absorption, (d)
and (e) capture and recombination, (f) trapping and detrapping.[Reprinted with permission
from [133]. Copyright (1992) Cambridge University Press.]

sponds to the raising of an electron from valence band to conduction bans due to absorption of photon

energy illuminated on the materials. Extrinsic optical absorption corresponds to the raising of an elec-

tron from imperfection to conduction band or from valance band to imperfection as in Fig. 6.2(b) and

(c) respectively. A captured carrier at an imperfection maydo the following two things: (i) recombine

with a carrier with the opposite type as in Fig. 6.2(d) and (e), or (ii) thermally reexcited to the nearest

energy band before recombination occurs. In the latter caseit is referred to as trap, and the capture and

release processes are called trapping and detrapping. Fig.6.2(f) shows such trapping and detrapping

situation. This processes control the extent of photoconduction as well as photoconduction dynamics

(time dependent).
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Figure 6.3 A Schottky barrier blocking contact between a metal and n-type semiconductor,
formed when workfunction of metal is larger than that of semiconductor. [Reprinted with
permission from [133]. Copyright (1992) Cambridge University Press.]

6.2.1 Electrical Contacts

The physical situation of electrical current flow under illumination also involves the effect of contacts.

Effect of electrical contacts between a metal and a semiconductor under illumination can be described

in terms of different classes of behaviour like: (a) ohmic contact - able to fill up carriers created by

photoexcitation when they are drawn out of the material by anapplied electric field. (b) blocking

contacts - unable to fill up carriers created by photoexcitation when they are drawn out of the material

by an applied electric field. Current varies less than linearly with applied bias and become saturated. A

typical blocking contact to an n-type semiconductor is shown in Fig. 6.4. Such contact is also called a

rectifying contact or non-ohmic contact or a Schottky barrier. The quantityqφD is the energy difference

between the workfunction of metal (qφM) and semiconductor (qφs), whereφD is diffusion potential.

Now, barrier height experienced by an electron in moving formetal to semiconductor isφ = qφM −χs,

whereχs is electron afinity of the semiconductor. Thus, barrier height is larger thanqφD by an amount

Ec−EF , Ec andEF being energy of bottom of conduction band and Fermi level respectively.

The work performed during the course of this thesis are with NW devices having both block-

ing/Schottky contact or combination of ohmic and Schottky contact. As discussed in chapter-3, NW

device fabricated withtop-downapproach have Schottky contacts andbottom-upapproach have one
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contact Schottky and another Ohmic (growth end of the NW). Ifvoltage difference is applied across

such a blocking contact, current will depend on the polarityof applied voltage. If metal electrode

is positive, energy levels of the semiconductor are raised and more electron will flow into the metal.

Considering a NW is connected with two blocking contact, then current flow in such a device can be

expressed as [113]: [Although the equation has already beenstated in chapter 5, here we reproduce the

same for convenience.]

I(V) = I0exp

(

qV
′

ηkT
−1

) exp

(−q(φ1+φ2)

kT

)

exp

(−qφ2

kT

)

+exp

(−qφ1

kT

)

exp

(

qV
′

ηkT

) (6.1)

where, where,V
′
=V− IR, Rbeing the series resistance, andφ1 andφ2 are the barrier heights associated

with two contacts (M’s) in forward and reverse bias respectively, k being Boltzmann constant andη

is ideality factor of a diode.I0 is current flow across the metal-semiconductor interface bythermionic

emission in both direction leads to a form forI0 as

I0 = A∗T2exp

(−φ
kT

)

(6.2)

φ being barrier height in the metal-semiconductor interfaceand T is temperature. Illumination can

reduce barrier height (φ ′s) by carrier generation, leading to photo-current enhancement.

6.2.2 Photoconductive Gain

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

sample [134], which is directly related to lifetime and transit time of photo-generated carrier.

G=
Ncarrier

Nphoton
=

τ
τt

=
µV
l2 τ (6.3)

where,τ in lifetime of the generated carrier,τt is transit time of photo-generated carrier,µ is mobility

of carrier,V is bias applied across the sample andl is length of the sample.

6.2.3 Responsivity

Responsivity (ℜ) is defined as the amount of photo-current generated due to unit power falling on

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

lows [135]:

ℜ =
Iph

Psample
=

qη
hν

G (6.4)

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

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

6.2.4 Spectral response of photoresponsivity

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

sic and extrinsic optical absorption. Therefore, there is aclose correlation between optical absorption

vs excitation wavelength to the photocurrent vs excitationwavelength. Sharper is the spectra more

defined will be the band gap energy. Broad absorption spectraindicates the distribution of trap states

around fermi level EF . Fig. 6.4 shows photocurrent as a function excitation wavelength for a single

NW of Cu:TCNQ, whereas inset shows the absorption spectra ofthe corresponding.

6.3 Photoresponsive behaviour of Cu:TCNQ NW array

Opto-electronic measurement was performed first on a Cu:TCNQ NW array (∼80 NWs in number)

device (with asymmetric electrode configuration) of average diameter of∼30 nm grown on two pre-

fabricated electrodes of separation 1.7µm with bottom-up approach as shown in Fig. 6.5(a). The

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

of the bridge and terminate on the other. The electrode, fromwhich growth starts (marked as star

in Fig. 6.5(a)), was selected by choosing the angle of orientation of the substrate during growth. The

direction of growth is marked with arrow in Fig. 6.5(a). All the experiment performed in this work were

taken at an illumination ofλ = 405nm because the photoresponse shows a peak at this wavelength as

shown in Fig. 6.5(b). This links the photo-response to the process of fundamental carrier generation

in the material. Separate studies on an ensemble of NWs show that the absorption reaches a peak

around this wavelength as shown in the inset of Fig. 6.5(b). Fig. 6.5(c) represents the resistivity curve

of Cu:TCNQ NW device representing semiconducting nature ofthe material.

The spectral dependence of the photo-current (IPh(λ )) in Fig. 6.5(b) was taken in the wavelength

range 300-750 nm with applying bias ofV = 3 V. The spectral response of the data shows a peak around

λ = 405 nm. To check whether the spectral response has a relationto the absorption, we measure later

indeed. The absorption data are taken by two methods. One method is by dispersing the NWs in ethanol

by ultrasonication and taking data with the dispersing medium, and other method is by dispersing the

NWs on a polished quartz plate and then allow the dispersing medium to evaporate. In both cases the

normalized absorption was found to be similar with a maximumat around the sameλ (≈ 405 nm)

as shown in inset of Fig. 6.5(b). Comparison with the absorption and the optical response (IPh(λ ))

curves shows that the optical response is indeed caused by the absorption of the light in the Cu:TCNQ

NW predominantly at the peak absorption range, while at longer wavelength the response is at least an

order less. The observed photo-response is related to creation of carriers (electron-hole pairs) at the



6.3 Photoresponsive behaviour of Cu:TCNQ NW array 127

absorption peak. It is generally believed that on illumination the light is absorbed by the TCNQ moiety

which leads to creation of neutral TCNQ and the absorption peak in Cu:TCNQ arises mainly from

neutral (anion radical) TCNQ (TCNQ−1) [136]. If that indeed is the case, there is creation of electron

from the TCNQ anion radical.

Fig. 6.6 shows a typicalI −V data taken on such a nanobridge device (Fig. 6.5(a)) at dark and also

under continuous illumination of wavelengthλ = 405nm with optical power densitypopt = 6.6x106W/m2.

The I −V data of such a device is not symmetric which arises due to asymmetric contacts which we

quantify below. The dark as well as illuminatedI −V data have been analysed considering the device

as metal-insulator-metal (MSM) structure, where Cu electrodes act as metal electrodes and Cu:TCNQ

NWs as semiconductor. The current through the device has twocomponents: a zero bias photocurrent

IPh(V = 0) and a bias dependent currentI(V). The zero bias photo-currentIPh(V = 0) is measured sep-

arately. The bias dependent currentI(V) both in dark and under illumination through the MSM device

is fitted using equation (4.1) with a model of two back-to-back Schottky diodes, connected by a series

resistance R, representing the resistance of the NWs between the two electrodes.φ1 andφ2 are barrier

heights of the two contacts with forward and reverse bias respectively. Thermionic emission current

I0 does not change on illumination i.e. enhancement of currentunder illumination is independent of

thermionic emission. The bias dependentI −V obtained from the equation above has been added to

experimentally observe zero bias photocurrentIPh(V = 0) to obtain the total device currentI in the

device. If the two M contacts in the MSM structure are identical (φ1 = φ2), then theI −V curves will

be symmetric. However, unequal barrier heights (φ1 6=φ2) at the two contacts will lead to asymmetric

I −V curves as observed. A simple schematic of the barriers and the MSM device model used in the

analysis are given in the inset of Fig. 6.6. From the fit of the experimentalI −V data using Eq. (4.1) we

obtainφ1 = 5±2meV andφ2 = 200±2meV in the dark with NW resistance,R= 8.0±0.1kΩ. (Note:

The parameters are obtained from the best fit to experimentaldata and the fit procedure gives the pa-

rameters uniquely. Variation of resistance or barrier values beyond the error limits leads to perceptible

deviation of the fit from the experimental data.) The observed barrier height (φ1) is rather small in

the NW electrode junction. The low barrier indicates that the contact is almost ohmic, representating

growth end of the NW device marked with star in Fig. 6.5(a). Atother end where NWs make contact to

the electrode after growth, the barrier height (φ2) is larger. From the fitted value of the series resistance
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R in dark, we have calculated the resistivity∼ 0.34mΩcm, which matches well with the experimental

resistivity data (∼ 0.38mΩcm) measured separately in dark as shown in Fig. 6.5(c).

Figure 6.6 I-V curves in dark (black circle) and under illumination (red circle) of Cu:TCNQ
NW array. Wavelength of illuminationλ = 405nm with power densitypopt = 6.6×106W/m2.
Solid green curve is fit to the MSM device model. The barrier heights φ1 andφ2 obtained
from the fit areφ1 = 5±2meV andφ2 = 200±2meV in dark andφ1 = 5±2meV andφ2 =
180±2meV under illumination. The inset shows the schematic of barriers at contacts.

On illumination at 405 nm, the barrier heights change marginally along with change of NWs re-

sistance R. Whileφ1 remains unchanged and there is a small lowering ofφ2 from 200± 2meV to

180±2meV. On illumination, the main change occurs for the seriesresistance (R) that shows a signifi-

cant reduction. The value of the series resistance under illuminationR= 1.0±0.1kΩ as obtained from

the fit. This is an order lower than the value ofR in the dark. The suppression of the series resistanceR

is due to the photoconductivity in the NWs between the two contacts. In this context, it is noted that in

many NW based photodetectors (working as MSM device), the response under illumination can arise

from the photoconductivity of the NW and also from significant lowering of the barrier under illumina-

tion [137, 138]. In the NW arrays grown directly on Cu electrodes, we find that the barrier being low,

the contribution arising from lowering of barrier is also low and most of the response arises from the

photoconductivity nature of the wire.

The material also showed zero bias photocurrent i.e. even ifbias was not applied across the NW

device, it produced current only by illuminating with light. Fig. 6.7 represents the photo-response of
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the array of NWs at zero bias, taken at a wavelengthλ = 405nm at different incident powers using

a mechanical chopper (frequency 130 Hz). In zero bias, the dark current was below the instrumental

limit of detection which is 0.5 pA. Thus, we may consider dark currentId < 0.5 pA. As can be seen in

Fig. 6.7, the current under illuminationIill ≈ 8 nA at an illumination power densitypopt = 6.6×106

W/m2. Thus, at zero bias, photocurrent gain(Iill − Id)/Id is at least∼ 104. This gain is much higher than

the gain obtained in thin film of Cu:TCNQ NW [43]. There is no persistent photo-current as the dark

current is fully recovered when the illumination is turned off. The photoresponse time shown in Fig. 6.7

is limited by the speed of the mechanical chopper. The absence of any reported zero bias response in

Cu:TCNQ films is likely due to much larger electrode separation than the carrier recombination length.

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

The zero bias photo-currentIPh(V = 0) increases with the incident optical power densityPopt as

shown in the inset of Fig. 6.7. It was found to have dependenceof photocurrent on optical power as

IPh(V = 0) ∝ Pγ
opt (6.5)

From the fit, we findγ ≈ 0.15. The exponentγ depends on the process of electron-hole generation under

illumination, trapping, and recombination of the carrierswithin the NW array [139]. The fractional

exponentγ has been observed in a number of crystalline as well as amorphous photoconductors [120,
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Figure 6.8 (a) Responsivity as a function of applied bias and (b)Zero bias responsivity as a
function of no. of illuminated NWs bridging the electrodes.

139]. It has been explained due to existence of localized traps near the band edges that controls the

process of recombination and the resulting in photocurrent[139]. The value ofγ depends on the energy

distribution of the localized states. In a specific model [139] for localized states near the conduction

band edge (Ec), if they are distributed with an exponential dependence sothat the density of states

is given asg(E) = g(Ec)e
E−Ec

E1 , whereg(E) and g(Ec) are densities of states at energiesE and Ec,

respectively, andE1 is a characteristic energy scale, the exponentγ ≈ E1
E1+kβ T . From the observed value

of γ ; we findE1 ≈ 4.6 meV, which is more or less same as our fitted resultφ1 ≈ 5 meV.

The responsivity,ℜ as defined in equation (4.4), depends on NWs’ potoresponsivenature as well

asPsample, wherePsampleis the power absorbed by the NWs of the array. We assume that all the power

falling on the surface of the NW array is absorbed so that the total powerPsample= PoptAN, N being the

number of the NW in a particular device andA is the average area of each NW. This underestimates the

responsivity because not all the power incident on the NWs isabsorbed. Due to sub-linear dependence

of the photo-current on the optical power (see Eq. 4.5), the zero bias responsivityℜ(V = 0) was found

to be decreased with increasing illumination power.ℜ(V = 0) at low power (Popt = 7.8×104 W/m2)

was 2.3 mA/W and it decreased to 0.3 mA/W atPopt = 2.0×106 W/m2. However, application of bias

enhances the responsivityℜ significantly. AtV = 2.0 V, ℜ = 1 A/W. The variation of responsivity with

bias is shown in Fig. 6.8(a). For biasV > 2.0 V, ℜ was found to have linear dependence on V and it

reachesℜ = 6 A/W at 6.0 V. The device can be operated upto 10.0 V without damage. The variation

of ℜ with number of NW was also stated in Fig. 6.8(b), whereℜ decreases linearly with increasing
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number of NW of same length in a device due to increase inN as well as effective areaA of NW.

Although this linear dependence ofℜ on NW number is an over estimation due to limited no. of data

points.

Thus, respossivity can be increased by decreasing the no. ofNW along with radius, which reduces

the power falling on the sample. Another way to increase the responsivity is to reduce photo-generated

carrier transit timeτt (see Eqn. 6.3). This can be possible by the reduction of NW length or the distance

between collection electrodes. In the next section, we willdiscuss the photoresponsive behaviour in a

single NW of reduced length.

The fact that the responsivity increased significantly whenone has a single NW (Fig. 6.8(b)), mod-

ified 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 transfer complex Cu:TCNQ NW exhibit pho-

toresponsive behaviour irrespective of its electrical switching property. In this section, we will discuss

opto-electronic results obtained from a single NW of Cu:TCNQ. These reports showed that it was pos-

sible to make photo devices based on a single NW, which can show substantial photo-response. One

of the reported data on Si NW observed generation of substantial photocurrent even at zero applied

bias [140]. This gives possibility of making a solar cell as well as unbiased photo detectors. In some of

the inorganic NWs like ZnO [120], the reported resoponsivity, can reach a value of 105 A/Watt under

an applied bias of 1.0 V. The highℜ detectors (ℜ > 104 A/Watt) for single photon detection are made

using avalanche diodes [141], single NWs p-n junction type photodetectors [135] or from supercon-

ductive films [142]. In this paper we report a photodetector made from a single NWs of charge transfer

complex Cu:TCNQ that can reach a responsivity 8×104 A/Watt, well in excess of 104 A/Watt, at a low

bias of 1.0 V.

Four probe single NW device of diameter∼ 30 nm in Fig. 6.9(a) was fabricated usingtop-down

approach as already discussed inChapter 3. Opto-electronic measurement has been performed on

this device in dark and under continuous illumination of wavelengthλ = 405 nm as schematically

represented in Fig. 6.9(b). Illuminated light ofλ = 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 distance between two
inner probe is∼ 200 nm which determines the length of the NW used for opto-electronic
measurement. (b) Schematic representation of illuminatedsample. (c) Photocurrent (Iph)
spectral response of the single NW device kept at a constant bias of 0.5 V

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

6.4.1 Spectral dependence

In Fig. 6.10(a) we have shown the photo-response of the device at zero biasIph(v = 0), taken at a

wavelengthλ = 405 nm at different incident powers ranging from 98µW to 2.6 mW using lock-in-

amplifier as already described in experimental technique section in Chapter 3. Fig. 6.10(b) represents

the photocurrent at different power density for constant chopper frequency of 2 kHz. The power density

at the largest power corresponds to 2×106 W/m2. At that illumination power density, the single NW

device shows a large enhancement of the current to 120 nA. Thedark current at zero bias was below

the detection limit (0.5 pA) of lock-in-Amplifier. The enhancement of photo-current over dark is thus

≥ 1.2×105 as shown in inset of Fig. 6.10(b). For a constant illuminatedpower (2.6 mW) photocurrent

increases with chopper frequency and saturates after 2 kHz as shown in Fig. 6.10(c). So, the zero bias

measurement has been performed with constant chopper frequency of 2 kHz to get maximum response.

The zero bias photo current,Iph(V = 0) with the optical power densityPopt as shown in Fig. 6.10(b)

was found to have dependenceIph(V = 0) ∝ Pγ
opt ,where the exponentγ ≈ 0.3− 0.4 for a number of

devices tested. Due to the sub-linear dependence ofIph(V = 0) on optical power densityPopt,ℜ(V = 0)

decreases asPopt increases. In general, the power dependence of the photo-current depends on the

distribution of trap states around the Fermi level (EF ). For systems with traps distributed uniformly with

energy around the EF , γ ≈ 1 [139]. However, for many photoconductors (in bulk form)γ ≈ 1− 0.5
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Figure 6.10 (a) Reversible zero bias photoresponseIPh(V = 0) of Cu:TCNQ single device
under an illumination at wavelength 405 nm with varying power density. (b) Dependence of
IPh(V = 0) on the incident optical power densityPopt. (Inset) Ratio of illuminated current
over dark showing current gain at zero bias is∼ 105. (c) Chopper frequency dependence of
IPh(V = 0)

showing a non-uniform distribution of trap states around EF [133]. In NW arrays as well as single

NW [118, 143], the typical exponent was found to beγ ≈ 0.3−0.5. It thus appears that in NWs the

traps have a broad distribution of energy around EF . The large carrier generation rate in a confined

volume is expected to increase the non-geminate recombination cross-section and reduceγ .

6.4.2 Zero bias photoresponse

For the device under test (DUT), the NW has a diameterd= 30 nm, with the lengthl between electrodes

used for optoelectronic measurement≈ 200 nm. Assuming the NW absorbs all around and over the

whole lengthl between the electrodes, an optical power density ofPopt = 1 W/m2 corresponds to

1.9× 10−14 W absorbed by the sample (Psample) between two electrodes. Since the absolute value

of the absorbance is not known this is the maximum power absorbed by the sample. The value of

Psampleis thus an overestimation. ForPopt = 2×106 W/m2 the responsivity at zero biasℜ(V = 0) ≡
IPh(V = 0)

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

optical power that falls on the wire is absorbed. As pointed out before this overestimates the value of

samplePsampleand thus is a lower bound onℜ(V = 0). This is more than that seen in GaN NW [144]

[ℜ(V = 0)0.1 AW−1] that shows one of the highest recorded zero bias responsivity and much higher

than that seen in Si single NW [140] [ℜ(V = 0)0.6 mAW−1].
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6.4.3 Bias dependent photoresponse

Application of bias enhances the responsivityℜ significantly. TheI −V data on the device in dark

and under continuous illumination (Psample≤ 1.24×10−7 Watt, λ = 405 nm) is shown in Fig. 6.11.

The measuredℜ(V) ≈ 8× 104(4× 103) AW−1 for an applied bias ofV = 1V (-1V) which is due

to photoresponsive behaviour of Cu:TCNQ as well as reduction in barrier height at the metal-NW

interface as obtained from MSM fit.

The observed ultra large responsivity of Cu:TCNQ NWs based MSM device can arise from contri-

butions of three factors elaborated below. Two of these factors depend on the photoconductive response

of the NW and the third on the MSM device configuration. Semiconductor NWs with diameter< 100

nm generally show very large photoconductive gain,G [134] already defined earlier asG≡ IPh

qF
, IPh is

the photo-current generated due to absorbed photon fluxF. As from equation (4.3)G also depends on

carrier life timeτ and photon transit timeτt through the device. LargeG≫ 1 can occur due to one or

more of the following reasons. Existence of surface states lead to formation of depletion region near

the surface that gives rise to built-in field which effectively breaks the photo generated electron-hole

pair. The strong lateral field can trap the holes (for n-type conductors), thus prolonging the photocar-

rier (electron) life time (τ). Secondly, close proximity of the electrodes can reduce the carrier transit

time (τt ) leading to large enhancement of the photoconductive gainG. Since,G is directly related to

ℜ (from equation (4.3) and (4.4)), increase inG increases responsivity,ℜ of a device. The reduction

of the device length scale by reducing electrode separation(∼ 200 nm) is thus one of the causes that

enhanceℜ.

In addition to the above, a third and rather effective way to enhance gain in the device under

consideration originates because it is configured as a MSM device. In MSM devices the Schottky

barriers at the junctions can get reduced by the photo-generated carriers [137, 145]. This causes a

large enhancement of the photo-currentIPh, which in turn leads to a large enhancement ofℜ. For

the device used here, under illumination, the barrier height is reduced∼ 0.1eV and resistance changes

from 1.0kΩ to 0.03 kΩ as shown in Table 6.1. Reduction in barrier height and resistance are obtained

after fitting theI −V curves in dark and under illumination (Fig. 6.11) using Eqn.(6.1) under the

framework of model of back-to-back Schottky diode that is used to model MSM devices [138]. Fitted
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Figure 6.11I −V curves in dark (black circle) and under illumination (blue circle) of a single
Cu:TCNQ NW MSM device. Wavelength of illumination is 405 nm.Solid red curve is fit to
the MSM model. The dashed-dotted curve and dashed curve are calculatedI −V curves using
the same MSM model with (i) dark value of series resistance but barrier height values with
illumination and (ii) illuminated value of the series resistance value but dark barrier values
respectively. (inset) Schematic of MSM model.

curves are shown in Fig. 6.11 (red line). All the fit parameters for both the dark and under illumination

are tabulated in Table 6.1. The suppression of the series resistanceR is due to the photoconductivity

in the NW between the two contacts. Thus, large enhancement of the device current is a combined

contribution of both barrier height reduction and photoconductivity in the NW. It is observed (Table

6.1) that on illumination, the barrier heights change to lower value,φ1 ≈ 0.18 eV andφ2 ≈ 0.34eV and

the resistance of the NWs reduces toR = 0.03 kΩ. Both the barrier heights are thus reduced by nearly

the same amount of∆φ ≈ 0.1 eV on illumination.

Table 6.1MSM fitted parameters ofI −V in Dark and under illumination

Conditions φ1 (eV) φ2 (eV) R (kΩ)

Dark 0.27 0.45 1.0

Illuminated 0.18 0.34 0.3

An estimation of the lowering of barrier height due to photo-generated carriers is given below.

The photosensitivity,S which is defined asS=
(σph−σdark)

σdark
, whereσph is the conductivity under
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illumination andσdark is that in dark. We have calculated in NW,S is ≈ 33. Considering that the

change in the conductivity due to the illumination (∆σ = σph−σdark) of the NW is solely due to the

change in the carrier density (∆n), without any change in mobility, we can get a measure of the change

in carrier density
∆n
n0

≈ 33 under illumination. This change in the carrier concentration ∆n would lead

to a change in the chemical potential which will lower the Schottky barrier [142]. The lowering of the

Schottky barrier would thus be∆φ ≈ kβ T

q
ln

(

n0+∆n
n0

)

. Using
∆n
n0

≈ 33, at room temperature, we

obtain∆φ ≈ 0.09 eV. This is very close to the actual lowering observed in both the barriers (∆φ1 ≈ 0.09

eV and∆φ2 ≈ 0.11). This is clear evidence that the photo-carriers generated by illumination in the NW

reach the junction region and lower the barriers.

In a MSM device, the photocurrent through the device dependson the light induced barrier reduc-

tion in the contact region [137]. It had been shown that in MSMtype devices made on NWs, one can

obtain lowering of barrier, if large number of carriers are created or diffuse into the contact region due

to illumination [138, 124]. Control of contact barrier by electrical gate controlled charge injection has

been recently utilized in Si NW devices [146]. Lowering of interfacial barriers on illumination at the

metal-semiconductor junction in polymer field effect transistors, have been investigated using optical

excitation directed in the electrode region without optically perturbing the channel [147]. Even charge

generated in piezo-electric ZnO NW was found to lower the barrier [145]. The analysis of theI −V

data presented above shows substantial lowering of barriers at the two M-contacts under illumination.

The extra carriers generated optically, that lead to photoconduction enhancement, however, diffuse to

the barrier region leading to lowering of the Schottky barrier. A recent experiment on CdS NW MSM

device, using near-field scanning microscope and localizedexcitation, has shown that such indeed is

the case that most of the photo-response arises at the reverse biased MS junction [146, 148] which leads

our experimental results. Table 6.2 pointed out the responsivity value for different NW devices under

comparable bias and compared with the responsivity of single Cu:TCNQ NW device.

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

of the material, reduced diameter also enhances the responsivity of 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]

In2Se3 80 89 3 [151]

V2O5 100 482 1 [152]

GaN 80 2×103 1 [144]

Si 80 ∼ 104 1 [121]

ZnO 60 ∼ 105 1 [120]

Cu:TCNQ 30 8×104 1 This work

6.5 Role of contact and contact modification on photo-response in Cu:TCNQ

We have observed Cu:TCNQ as photoresponsive material and discover a shorter length single NW as

ultra large responsivity photodetector. Irrespective of the material property, we will now discuss the

role of contact on photo-response and how one can modify the contact to increase the response further.

For that we have taken a single NW device, which is combination of Ohmic and Schottky contact,

made bybottom-upapproach and measured current in dark and under illumination. After modification

of Schottky contact, measurement has been performed again to figure out the role of contact in photo-

response. Fig. 6.12 shows the SEM image of the device before and after modification of the contact

stated asS−1 andS−2 respectively.

The I −V data in dark as shown in Fig. 6.13 is for the device before and after modification of

the blocking contact. Growth end of the NW acts as Ohmic contact and free end of the NW touching

the other Au electrode acts as Schottky type. It has been observed that after anchoring (capping the

Cu:TCNQ/Au contact with FEB deposited Pt) there is an enhancement of the device current. This en-

hancement mainly arises from the reduction of the barrier height at the blocking contact as the analysis

shown below. TheI −V data is analyzed in the frame work of MSM configuration where the Cu and

the Au electrodes connecting the NW act as the metal (M) electrodes and Cu:TCNQ NW is the semi-

conductor. The bias dependent current through the device isfitted to the model of two back to back
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Figure 6.12SEM images of (a)as synthesized single NW device of diameter∼ 30 nm and
length∼ 1µm (restricted by inter electrode spacing) having one contact Ohmic and other
Schottky type, and (b) after Schottky contact modification by FEB deposited Pt

Schottky diodes (Egn. (6.1)) connected by a series resistanceR, which mainly represents the resistance

due to the portion of the NW between the electrodes. As shown in Fig. 6.13,φ1 andφ2 are the barrier

heights associated with Ohmic and Schottky contact respectively when Ohmic contact is in positive

bias,R is resistance of the NW. Fitted parameters sre tabulated below: Solid lines through the data in

Table 6.3MSM fitted parameters ofI −V in dark before and after contact modification

Conditions φ1 (meV) φ2 (meV) R (kΩ)

Pre-anchoring 27 200 5.0

Post-anchoring 26 180 6.0

Fig. 6.13 show the fit to theI −V curves. As a validation of the model we find that the value ofR

obtained from the model fit is close to the value calculated from the independently measured 4-probe

resistivity of the NW. Low enough value ofφ1 (φ1 ≈ 27 meV) at room temperature indicated the con-

tact is Ohmic, whereasφ2 is quite higher (φ2 ≈ 200 meV) as the NW just touches the surface of Au

electrodes and act as Schottky type contact. AsymmetricI −V is due to difference in barrier height at

two contact ends of the NW. This asymmetry inI −V reduces after anchoring the free end of the NW

with FEB deposited Pt, which is due to blocking contact barrier height reduction (φ2 ≈ 180 meV) after

contact modification as shown in table 6.3. The resistance ofthe NWR changes somewhat during the

capping process and increases by 20 % (6.0 kΩ).
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Figure 6.13 I −V of single NW device in dark before (triangle) and after (circle) contact
modification.

The effect of the contact and the contact modification on the photoresponse was investigated. In

Fig. 6.14(a), we show the results of measurement of the photoresponse for zero bias (applied bias

V = 0). The zero bias photoresponse, which is dominated by contact barriers, is enhanced significantly

in deviceS2 due to the capping by Pt. Photocurrent as a function of bias for both the cases (pre and

post anchored) is shown in Fig. 6.14(b). The current shown isthe total device current measured, which

under illumination is marked asIill while that under dark is the dark currentIdark. (The bias dependence

of the of the ratioIill /Idark is shown in inset of Fig. 6.14(b) for the two devices.) The photocurrentIPh(V)

at an applied biasV is defined as difference of the current under illuminationIill and the dark current

Idark at a given bias (IPh≡ Iill − Idark). There is no external field at zero bias and photogenerated carriers

reach the electrodes without any recombination. This is possibly because of the close proximity of the

electrodes∼ 1µm, which is smaller than or of the order of the typical recombination length in such

materials.

The enhancement of the photocurrent after the barrier modification mainly occurs at the low bias as

one can see in Fig. 6.14. This is expected because at higher bias the device current is restricted by the

wire resistance due to finite voltage drop across it. In the low bias region, the device current is mainly

junction limited being controlled by the barrier height. This can also be seen in the inset of Fig. 6.14(b),

where we plot the ratioIill /Idark as a function of the bias. It can be seen that at higher bias (|V| ≥ 0.5
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Figure 6.14(a) Zero bias photocurrent (applied biasV = 0) of the NW devices before (solid
circle) and after (plus circle) Schottky contact modification. (b) Bias dependence of the photo
currentIPh= Iill − Idark as a function of reverse bias. The inset shows the bias dependence of
the ratioIill /Idark. (Wavelength of illuminated light,λ = 405 nm)

V) the effect of barrier modification shrink down as effect ofthe illumination also diminishes.

From the measuredI −V curve under illumination, using Eqn. (4.1), we could deducethe barrier

height modifications produced by the illumination. Both thebarrier heights change to lower values.

For instance for deviceS1,φ1 ≈ 20 meV andφ2 ≈ 160 meV and the resistance of the NWs reduces

to R=0.9kΩ under illumination. The change in barrier heights on illumination are∆φ1 ≈ 7 meV and

∆φ2 ≈ 40 meV with a reduction in resistance by a factor of 1/5 due to photoconductivity. The pho-

tosensitivityS can be evaluated from the change in resistance and for the device S1, S= 4.6. After

modification of contact, inS2, the barrier heightφ2 ≈ 130 meV under illumination, corresponding to

a change of∆φ2 ≈ 50 meV. The change in∆φ1 meV is similar to that inS1. Under illumination inS2

NW resistance reduces fromR=6.0kΩ to R=0.5kΩ leading to a photosensitivityS= 11.

The enhancement of the total photocurrent in the single NWs MSM device has contributions of

illumination-induced reduction of the barrier at the junction, as well as photoconductive reduction of

the series resistance of the wire which gives us a measure of the photosensitivityS. In the present device

the lowering of the barrier at the contact under illumination is a major reason for the photo response,

which in turn accentuates the effect of the photoconductivity. As a result the barrier modification leads

to a change in current in the device. Importantly, the barrier modification has a large effect on the

zero bias photocurrentIPh(V = 0) as can be seen from Fig. 6.14(a). The enhancement of the photo

current can be nearly 2 orders forV = 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 before (left) and
after (right) Pt deposition: (a) Schematic structure with barrier heights derived from model
with illumination and in dark; (b) Band bending of the conduction band in dark and (c) Band
bending under illumination. Relevant barrier heights as well as the resistances of the strand
of the NWs for the two devices are shown as derived from the model in dark and under
illumination.

is the modification of the contact by the FEB deposited Pt which causes this large change. All the

measurements are done at low bias so that the NW is under safe region of electric field below the phase

change threshold during the measurements [23]. The lowering of barrier on illumination occurs due

to diffusion of photo-generated carrier into the contact region. We have calculated change in barrier

height,∆φ from change in carrier concentration under illuminationS=
∆n
n0

, for S2 which is 43 meV for

∆φ1 and 62 meV∆φ2. This is somewhat larger but close to the observed change of∆φ2 ≈ 50 meV. The

Cu contact being Ohmic with a low enough barrier, there is a negligible change in the barrier height.

In both the devices studied we find clear signature of photocurrent at zero bias that is substantially

larger than the dark current and the current critically depends on the barrier height and the nature of

the contact. The observation of zero bias current in both thedevices (S1 andS2) points to a common

origin. The existence of such a current depends on the field due to the built-in potential that exists near

the contacts. If the electrode separation is more than the depletion width, there will be no axial field

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

not reach the electrodes. However, in our case the electrodeseparation being small it is likely that it is
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less than the total of depletion widths at the contact regions. This will give rise to a built-in field which

will collect the carriers. If the two junctions are symmetrical then the net current at zero bias will be

zero. However, existence of asymmetric junctions at the twoends will ensure a non-zero net current.

Another mechanism that also contributes to the transport ofphoto-generated carriers in MSM junction

is tunnelling through the barrier at the junction [153]. This is prevalent when the photon energyhν is

much greater than the barrier heightφ , which is adequately satisfied in our case. Existence of sucha

tunneling of the photo-electron at the junction can thus be another source of the photocurrent at zero

bias. The nature of the contact is thus a critical parameter for collection of charge and results in a

zero bias current. It is then justified that the barrier modification by FEB deposited Pt that modifies the

barrier height will affect this process. The barrier heightreduction due to the capping of the contact will

thus enhance the photo current. The physical process that leads to the dominant role of the contact and

the contact modification can be best summarized by the schematic band diagram shown in Fig. 6.15.

The figure shows the barriers, the depletion regions, changes in these parameters in dark and under

illumination in both the devices that lead to the changed response on modification of the contact.

6.6 Conclusion

In summary, we have reported bias dependent as well as zero bias photoresponse in an array of

Cu:TCNQ NWs fabricated as nanobridge devices. Photoresponse is enhanced in a single NW with

shorted length (200nm) reaching a responsivity value of∼ 105 A/W with the enhancement of zero

bias photocurrent over dark current is≥ 105. Bias dependent current in dark and under illumination is

fitted with MSM Schottky diode model. Enhancement of currentunder illumination is explained under

light induced carrier generation in the NW and reduction of barrier height at the MS junction. Role of

contact and contact modification on photo-response in Cu:TCNQ NW has also been discussed.



Chapter 7

Summary and Concluding remarks

In this final chapter, we summarize important observations of this thesis work and discuss the scope

for future investigations. We have spent lot of time in developing high vacuum evaporation chamber

for insitu NW synthesis, experimental techniques such as e-beam lithography, electric field assisted

direct growth between pre-fabricated electrodes, controlled growth of thinner diameter NW (as small

as 10 nm) and were extensively used during the work. Important observation during this thesis work is

pointed out bellow:

7.1 Growth

© We have synthesized Cu:TCNQ NW both by physical vapour deposition and chemical methods.

NWs are also grown within prefabricated electrodes, whose specing defines the length of the NWs.

Nanowire diameter were also controlled by evaporation rateof TCNQ, thickness and temperature of

Cu film during growth. We have grown NW of diameter ranging from 10 nm to> 100 nm. Even we

are able to grow successfully a NW of diameter 10 nm and length200 nm.

© We also observed the effect of electric field on NW diameter applied between two electrodes

during growth. The NW diameter decreases with increasing field and the possible reason for it has been

investigated by COMSOL Multiphysics simulation. It has been found that NW growth under field is a

balance of two forces (electrostatic and dielectrophoretic force).

©As grown NWs are characterizes by X-RD, SEM, TEM, FTIR, and Raman spectroscopy. Nanowires

143
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are found to be Phase-I (tetragonal) and Phase-II (monoclinic) in crystal structure. Charge transfer be-

tween Cu and TCNQ was (50 - 60)% which is enhanced to 81 % by transferring extra charge from

graphitic oxide to Cu:TCNQ. All the experiment performed inthis thesis work are performed with

Phase-I in crystal structure.

7.2 Electronic properties

© We have investigated the temperature and bias dependent electrical transport properties of array as

well as single NW of Cu:TCNQ, laterally connecting two electrodes (∼ 1µm gap) with and without the

presence of external electric field applied between the electrodes during growth. We have found that

application of the electric field during vapor phase growth can be a very viable tool to enhance/modify

the conductivity of NWs. The electrical conductance of the NWs (measured) down to 40K shows

a strong non-linear conductance which has a well defined threshold for T≤ 100K. The non-linear

conductance was found to follow a modified Zener tunneling model proposed for CDW transport.

Such an observation was not made before and opens up the possibility of new investigation of CDW in

this system.

© The application of the field during growth enhances significantly the linear as well as non-linear

part of the conductance of NWs grown in presence of field. Zerofield grown NW have conductance is in

insulating regime, but field grown NWs reach conductance value close to the insulator-metal transition

boundary (G =
h
e2 ).

© We proposed a scenario for the field growth condition where the applied field helps diffusion

of Cu ions from Cu to the growing face leading to enhanced charge transfer leading to enhanced lin-

ear conductivity. The field applied during growth has been proposed to improve the stacking of the

TCNQ moiety leading to enhancement of conductance and also change in parameters of the non-linear

conduction. Though the experiment has been done in context of a charge transfer complex NW, the

concept may have applicability in growth of other semiconducting NWs also.

© We have presented a phenomenological model that explains the experimental results of resistive

switching and performed numerical analysis to build a modelin evidence of our phenomenological

consideration. Non-percolating metallic domains such as dopants, vacancies at edges of Cu:TCNQ,
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metallic clusters, or metallic filaments sandwiched between NW and metal electrodes formed metallic

channel at voltage greater than threshold voltage and bringthe system from high to low resistive state.

At reduced bias, thermal agitation disrupt the metallic channel and bring back the system to its high

resistive state.

© This model may provide useful guidance in this active and promising area of research. The

model proposed is based on two aspects: (a) the switching phenomena is predominantly controlled by

the change at the contact which we establish through a simpleMSM type device model and (b) the

transport through the contact region as well as through the body of the NW is localized in nature con-

trolled by hopping/tunneling type process. We obtain semiquantitative agreement with the experimental

data

7.3 Opto-electronic properties

© For the first time, we have observed that the charge transfer complex material which is mainly

known for its electrical switching property also show good optoelectronic property. We have measured

I −V on array and single NW of Cu:TCNQ in dark and under illumination and it shows excellent opto-

electronic effect. Large amount of measurable photo-current can be achieved even without applying

any bias.

© We got zero-bias responsivity of the order of few mA/W in NW arrays while around 3 A/W

for single NW, which is the highest zero-bias responsivity till date. In the single NW device, we have

achieved∼ 105 A/Watt responsivity for a applied bias of 1 volt, which is a good sign to use the device

as single photon detector.

© This excellent opto-electronic effect is mainly due to photo generated carrier and reduction

of barrier height due to illumination. It also depends on carrier life time and transit time through

the device. Existence of surface states lead to formation ofdepletion region near the surface that

gives rise to built-in field which effectively breaks the photo generated electron-hole pair. The strong

lateral field can trap the holes (for n-type conductors), thus prolonging the photocarrier (electron) life

time. Secondly, close proximity of the electrodes can reduce the carrier transit time leading to large

enhancement of the photoconductive gain and consequently responsivity. Another effective way to
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increase photoconductive gain is Metal-Semiconductor-Metal (MSM) type devices where a Schottky

barrier at the junction can get reduced by the photo-generated carriers leading to large enhancement of

the photo-current.

© The present report of a very large photo-response, thus addsan opto-electronic element to the

existing electronic switching property and raises the possibility of an opto-electronic control to a MEM-

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

7.4 Scope for future work

© In the NW fabrication front, it will be a great challenge to reduce diameter and length as small as

possible so that quantum phenomena can be observed.

© Nature of channel formed during switching can be estimated by measuring resistivity of the NW

before and after switching i.e. in high and low resistive state.

© Although we have proposed a phenomenological model with numerical analysis of metallic

channel formation to explain unipolar switching, there is no experimental evidence of it. It will be

a challenging work to grow NW in a electronically transparent membrane and observe the metallic

channel in switched state under TEM.

© Photoconductive gain should be increased in lower diameterNW and for shorter length. To

investigate the quantitative dependence of photocurrent on length and diameter of NW one can perform

opto-electronic measurement on (a) NW with constant lengthand varying diameter and (b) constant

diameter with varying length.

© Conductance of Cu:TCNQ can be increased by induced charge byusing it as FET device. Also

fractional amount of charge being transferred between Cu and TCNQ during growth, more charge can

be transferred to Cu:TCNQ directly from a material of havinghigher ionization potential like GO. It

will be a challenging work to enhance the conductance of Cu:TCNQ by induced charge as well as by

direct transfer of charge to it as Cu:TCNQ is a charge transfer complex material.

© We have already been observed that Cu:TCNQ single NW acts as ultra-high responsivity mate-

rial which is due to photo-responsive behavior of the material as well as illuminated barrier reduction.

Our next target will be to separate out these two effect by NSOM (near-field scanning optical mi-
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croscopy) in a single Cu:TCNQ NW. This will allow us for the surface inspection with high spatial,

spectral and temporal resolving power.

© Although we have observed the presence of CDW (charge density wave) in Cu:TCNQ NW at

low temperature, we need a details investigation on that. Wewill do 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 conductance of Cu:TCNQ nanowire using

graphitic oxide. Conductance of chemically grown Cu:TCNQ nanowire film is increased by∼ 10

times, whereas enhancement in a PVD grown single NW is> 102 order. Increase in conductance is due

to electronic charge transfer from graphitic oxide to Cu:TCNQ which is supported by FTIR spectra.

A.1 Introduction

In last few years, chemically modified graphene (CMG) has been studied in the context of many

applications such as polymer composites, energy-related materials, sensors, field-effect transistors

(FET) and biomedical applications, due to its excellent electrical, mechanical, and thermal proper-

ties [154, 155]. Graphitic Oxide (GO) which is obtained by chemical oxidation of graphene, is electri-

cally insulator due to their disrupted sp2 bonding network. GO films are especially attractive because

their aromatic conjugated domains and reactive functionalgroups allow the films to be modified by

different functional organic and inorganic material via covalent or non-covalent bonding [156, 157].

Thus, it is possible to tune the structural, optical and electrical properties of GO according to the ap-

plication needs. On the other hand, organic material 7,7,8,8-Tetracyanoquinodimethane (TCNQ) is an

excellent electron acceptor with a wide diversity of electron donating 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 alternative multilayer sheet as conducting anodes

for making solar cells where carrier density and mobility ofthe combined sheet increases. Flexible

electronic and opto-electronic materials had been proposed by Zhang et al with reduced graphene oxide

(rGO) sandwiched by a high density metal nanoparticles (Cu and Ag) combined with organic molecule

of TCNQ [160]. But, there is no report on change in electricalproperty of Cu:TCNQ if this charge

transfer complex material is induced by GO. In this report wehave investigated a simple method to

enhance the electrical conductance of Cu:TCNQ nanorod film and a single Cu:TCNQ nanowire by just

applying a film of GO on Cu:TCNQ nanorod/nanowire surface. Weshow that charge transfer between

GO and Cu:TCNQ take place which leads to change in the conductivity of Cu:TCNQ film.

A.2 Experimental results

Enhancement in conductance due to addition of GO is observedboth in chemically synthesized nanorod

film as well as PVD grown single nanowire of Cu:TCNQ. Experimental outcome of each case has been

discussed below:

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

In this section, we have reported the effect of GO on conductance in chemically grown Cu:TCNQ

nanorod film. Nanorod film was synthesized by dipping Cu coated film into homogeneous solution

of TCNQ in acetonitrile. For controlled and selective growth of Cu:TCNQ complex, after deposition

of Cu film on an insulating glass substrate, masking has been done on the Cu film, followed by Au

deposition on top of masked Cu-coated substrate. This allowselective exposure of Cu film to react

with TCNQ when immersed into the solution. Thus, inplane configuration of the fabricated device

will be Cu-Au/Cu:TCNQ/Cu-Au as illustrated in step (5) of Fig. A.1. This device has been used to

to measure I-V without GO. Au electrodes are then covered with insulating PMMA polymer resist to

avoid direct contact of GO with electrodes, so that no current will pass through GO when it is dispersed

on top of surface of Cu:TCNQ nanorod film as shown in step (7) ofFig. A.1. All the deposition

and growth process is schematically illustrated in Fig. A.1. Device of the nanorod film is illustrated
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schematically in Fig. A.2(a). Two interface regions of Au/Cu:TCNQ was covered with PMMA resist

to avoid short circuit of GO with Au electrodes. SEM image of the device and magnified SEM image

before and after GO deposition on film surface is shown in Fig.A.2(b). Electrical measurements

Figure A.1 Schematic representation of selective growth of Cu:TCNQ nanorod film and GO
deposition by partial masking with PMMA.

were performed on Cu:TCNQ nanorod film using a source-meter with current resolution of 1 pA.

Measurements were done to check that there were no substantial contributions from contact resistance.

All the measurements were performed in dark and in ambient atmosphere at room temperature. As

expected, excellent electrical properties were observed for the Cu:TCNQ nanorod films. We performed

electrical I-V measurements on the film of organic charge transfer complex Cu:TCNQ nanorods with

two different conditions: without and with GO deposition onnanorod film. Fig. A.2(c) represents the I-

V of the device taken before (circle) and after (star) depositing GO. Almost linear I-V curves (see inset

of Fig. A.2(c)) represent that the contacts (Cu/Au) are ohmic contacts. The figure clearly represents

that due to deposition of GO conductivity of the device is increased by 10 times over Cu:TCNQ

nanorods without GO. The extent of charge transfer can be controlled by controlling charge transfer on

Cu:TCNQ and GO reduction which is explained elaborately in discussion section.
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Figure A.2 (a) Schematic representation for chemically grown nanorodfilm device. PMMA
covers the Au electrode from contact with GO. (b) SEM image ofthe device and magnified
SEM image before and after GO deposition on film surface used for measurements. (c) I-V
of chemically grown Cu:TCNQ nanorod film before (circles) and after (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 nanowire device (D-2) connected with FEB de-

posited Pt (Fig. A.3). Electrical measurement has been performed on that device in dark without GO

deposition on the surface of nanowire as shown in Fig. A.3(c)(circle). I-V has also been performed

after deposition of GO on top of NW surface. Better way to selectively deposit GO on top surface

of the NW is by covering the device with PMMA resist and removing the resist only from the NW

surface region by e-beam exposure. But this process is not suitable for such a small dimension NW,

as it need to go very high magnification during e-beam exposure. At such a high magnification range

high energetic E-beam can destroy the metal-organic Cu:TCNQ NW, which hampers the selective de-

position of GO on NW surface. And that is the reason why GO has been deposited on NW surface as

well as contact electrodes without masking it (Fig. A.3(a)). In this configuration, to get the effect of



A.2 Experimental results 152

GO on NW conduction, one has to be confirmed that GO does not take place in conduction. Electrical

measurement results before (circle) and after (star) GO deposition was shown in Fig. A.3(c). In this

case enhancement in conductance is 3.3×102 i.e. two order higher compared to the normal nanowire

conductance without GO. To confirm whether GO make any substantial contribution to conduction or

not we have performed an experiment as discussed below.

A device has been made where nanorods are grown vertically onAu film. Electrical measurement

has been performed on this vertical nanowire by conducting probe AFM (Atomic Force Microscopy)

measurements as illustrated schematically in Fig. A.3(a).An SEM image of vertical nanorods grown by

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

chemical method is shown in Fig. A.4(b), whereas inset of Inset of Fig. A.4(b) shows magnified image

of such a vertical nanorods of∼ 3µm length and 600nm diameter used for measurements. Fig. A.4(c)

also shows the AFM image of the nanorod. For conducting probeAFM measurement, Au film, the

base of Cu:TCNQ nanorod is grounded and bias is applied on conducting Pt/Ir AFM tip (Fig. A.4(a)).

The nanowire shows an excellent I-V curve as shown in Fig. A.4(d) as expected. After that, GO was

dispersed on top surface of the nanorod and same electrical measurement has been performed after GO

deposition. An AFM image of the nanorod after GO deposition is shown in inset of Fig. A.4(c). In this

configuration AFM tip is now being in contact with the insulating GO, the tip is not receiving any signal

from the NW as shown in inset of Fig. A.4(d). This experiment confirms that current couldn’t follow
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the path through GO film and all current is passing through thenanowire only. Thus, enhancement of

current in single nanowire as shown in Fig. A.4(b) is due to addition of GO layer onto the surface of

Cu:TCNQ.

Figure A.4 (a) Schematic representation of a single nanowire conducting probe AFM mea-
surement. (b) SEM image of vertically grown Cu:TCNQ chemical nanorods on Cu/Au film.
Inset shows magnified image of one such nanorod. (c) AFM imageof one chemical nanorod.
Inset represents AFM image of the same nanorods after GO dispersion.

A.3 Discussion

The proposed explanation of the observed conductance enhancement is the charge transfer of electrons

from GO to Cu:TCNQ. This explanation was validated by measuring the charge transfer that can be

done using FTIR spectroscopic measurements. TCNQ is a well known electron acceptor material.

Electron donor Cu reacts with TCNQ and transfers fractionalamount of charge to TCNQ and forms

Cu:TCNQ. It has been known that Cu:TCNQ or TCNQ is more electronegative than GO [157, 159].

When Cu:TCNQ forms it has partial charge transfer from Cu andthere is scope for further charge
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transfer. When GO is dispersed on Cu:TCNQ nanorods, electronegative TCNQ takes charge from GO.

Figure A.5 FTIR spectroscopic results of TCNQ and Cu:TCNQ before and after addition of
GO.

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

material which is used as background, while TABLE A1 summarizes the data obtained from these

experiments. Electronegative material TCNQ, where the cationic charge is fractional, distributed over

an aromatic donor molecule and screened by the conduction electrons, has C≡N stretching band at

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

Cu:TCNQ formation. To calculate the degree of charge transfer (Z) in metal-TCNQ salts we have

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

absorption in most conducting TCNQ salts. Amount of charge transferred from Cu to TCNQ is∼ 0.60

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

Table A.1 Degree of charge transfer from shift of C≡N stretching mode

Materials C≡N stretching mode (cm−1) 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 cm−1 and corresponding degree of charge transfer for

this shift is∼ 0.81. Thus, due to addition of GO, charge transferred to Cu:TCNQ is increased. The

change in Z=0.21. This enhances its conductivity that is consistent with our experimental result shown

in Fig. A.5. This enhancement in charge carrier concentration occurs due to transfer of electronic

charge from GO to TCNQ as one can see from Fig. A.5, where C≡N stretching mode at 2228 cm−1

in neutral TCNQ is shifted to 2220 cm−1 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 (0.16) is thus comparable to the

∆Z≈ 0.21, same for Cu:TCNQ case. Thus, shift in C≡N stretching mode due to addition of GO is same

for TCNQ (2228 cm−1 → 2220 cm−1) and Cu:TCNQ (2201 cm−1 → 2192 cm−1) which confirms the

charge transfer from GO to TCNQ for both cases.

A.4 Conclusion

We have demonstrated a simple method to increase the conductance of chemically grown Cu:TCNQ

nanorod film as well as PVD grown single nanowire using graphitic oxide. Conductance of chemically

Cu:TCNQ nanowire film is increased by∼ 10 times, whereas enhancement in a PVD grown single NW

is> 102 order. This increase in conductance after addition of GO is due to charge transfer from GO to

Cu:TCNQ film and hence increase of carrier concentration in Cu:TCNQ film which is confirmed from

FTIR data. Amount of charge transfer from GO to Cu:TCNQ is approximately same as from GO to

TCNQ. Thus, electrical conductance of Cu:TCNQ can be tuned by graphitic 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 semiconductors have been extensively investigated for

the recent decade, in which realizing high-mobility, low-power, and fast-switching devices has been

a central subject to take the best advantage of their simple and low-cost production processes. For

this purpose, the material combination in the layered structure of organic FETs is being intensively

studied because the interfacial phenomena are crucial in determining their device performances. Elec-

tronic transport, opto-electronic effect and switching phenomena observed in Cu:TCNQ nanowire has

already been discussed. There are few other processes to tune or enhance the conductance in Cu:TCNQ

nanowire by applying field during growth; applying threshold bias across the nanowire; or transferring

charge from a donor material (Graphitic Oxide) with higher ionization energy to a compound with less

ionization energy (Cu:TCNQ ) etc. Cu:TCNQ nanowire conductance can also be enhanced by induced

charge in the nanowire. These can be done by floating gate MOSFET (FG-MOSFET) and electric

double layer FET. Experimental outcome from each process are described below:
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Figure B.1 Schematic of floating gate FET structure of a single nanowire. (b) SEM image of
the single Cu:TCNQ nanowire device of diameter 70 nm used to measure floating gate FET
effect.

B.1 Conductance enhancement by floating back gate MOSFET (FG-

MOSFET)

We have used conducting Si sandwiched by two SiO2 (100 nm thickness) layer as a floating gate.

Here,insulating SiO2 layer acts as gate dielectric layer. Cu:TCNQ nanowire device is made on one

surface of the substrate containing the SiO2 layer. Au deposited opposite to another surface of the sub-

strate containing SiO2 layer and used as control gate. Schematic of the device is shown in Fig. B.1(a).

SEM image of the single nanowire device of diameter∼ 70 nm used to make single nanowire FET is

shown in Fig. B.1(b). Conducting Si used as floating gate is surrounded by insulating SiO2 layer and

being electrically isolated from the surrounding, charge induced in floating gate remains constant for a

long time. Double dielectric layer also reduces leakage current through the device.

The transfer characteristic for a FG-MOSFET can be determined experimentally, keeping drain-

source voltage, VDS constant and measuring drain current, IDS for various values of gate-source voltage,

Vg. The transfer characteristic relates drain current (IDS) response to the input gate-source driving

voltage (Vg). Since the gate terminal is electrically isolated from theremaining terminals (drain, source,

and nanowire), the gate current should be essentially zero,so that gate current is not part of device

characteristics. The transfer characteristic curve can locate the gate voltage at which the transistor

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

Vg and drain current, IDS for a constant VDS = 1 Volt is illustrated in Fig. B.2. From the transfer

characteristic curve, it is observed that current enhancesfor positive bias of gate-source voltage. So, we

have measured current IDS as a function of source-drain voltage VDS through the device for different

positive gate voltage. From the transfer characteristic curve, OFF-state current for the device is∼

0.5µA. Output or drain characteristic curve i.e. ID vs. VDS for constant Vg which can be used either

in enhancement mode or depletion mode are depicted in Fig. B.3(a). Thus, for a positive value of

the gate-source voltage, current through the device increases as expected from transfer characteristic

curve as can be seen in Fig. B.2. Whereas negative value of gate-source voltage depleted or reduced

the drain-source current as shown by dotted curve in Fig. B.3. We have also plotted leakage current

through the dielectric layer from source to gate in Fig. B.3(b) which is negligible compared to device

current. This enhancement of current for positive gate biasis due to charge induced in the nanowire as

illustrated schematically in Fig. B.3(c). When positive voltage is applied across the back control-gate,

electrons will accumulate below the gate oxide layer. Due tocapacitive effect, oxide layer will induce

electron in conducting Si floating gate followed by hole induction in the oxide layer near the floating

gate surface. This oxide layer also acts as dielectric and induces positive charge due to capacitive

action. This positive charges are confined in a thin region, called channel, extends all over the way

through the nanowire from source to drain as shown in Fig. B.3(c). When a negative bias is applied

to the drain with respect to the source, positive charges in the channel drift towards the drain. Thus a

current will flow from source to drain. With increasing+Vg number of induced positive carrier in the



B.2 Conductance enhancement by electric double layer FET (EDL-FET) 159

Figure B.3 (a) Output characteristic curve of the FG-MOSFET single nanowire device, (b)
leakage current corresponding to the gate voltage,∼6 order lower than IDS current density.
(c) Schematic of induced charge in the nanowire due to positive gate bias.

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

induced charge in FG-MOSFET configuration increases conductance of Cu:TCNQ nanowire.

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

Charge carrier control is a key issue in the development of electronic functions of semiconductive ma-

terials. Beyond the simple enhancement of conductivity, high charge carrier accumulation can realize

various phenomena, such as chemical reaction, phase transition, magnetic ordering, and superconduc-

tivity. Electric double layers (EDLs), formed at solid-electrolyte interfaces, induce extremely large

electric fields. The ionic liquids have attracted much attention, their utilization as a gate dielectric ma-

terial is a new trend in the history of the EDL-FETs. Since theelectrolyte solutions of organic solvents

and water are volatile and unstable in air, it is hard to maintain them at a constant concentration. In

contrast, the ionic liquids are free from these difficulties, and their low molecular weights and high

polarizabilities make them much more conductive than conventional electrolytes. Studies on the use

of EDL-FETs in ionic-liquid gate dielectrics were initiated in 2007 in experiments using an inorganic

semiconductor [162], which was insoluble and robust even inionic-liquids. The first report on ionic-

liquid EDL-FETs of organic semiconductors appeared in 2008[163]. Use of ionic-liquid results in a

high charge carrier accumulation in the solid, much more effectively than solid dielectric materials. In

this section, we describe recent developments in the field-effect transistors (FETs) with gate dielectrics
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Figure B.4 EDL-FET configuration of a single nanowire of diameter∼ 100 nm.
PEO:LiClO4=10:1 is used as gate dielectric.

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

of ionic liquids, which have attracted much attention due totheir wide electrochemical windows, low

vapor pressures, and high chemical and physical stability.Here, capacitive effect of ionic liquid is used

to enhance the performance of transistor. In this section wehave tried to improve the conductance of

Cu:TCNQ by induced charge using PEO:LiClO4 (10:1) as gate electrolyte.

We have connected a single nanowire by four probe with FEB deposited Pt. Among them One

probe is used as source, one is as drain. Ionic liquid (PEO:LiClO4=10:1) is put on top of the nanowire

and use as gate dielectric. Positive bias is applied on the dielectric 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 of VDS for different constant Vg is shown in Fig. B.5(a). En-

hancement in IDS is observed due to application of positive Vg. When positive bias is applied across

the gate metal electrode anions accumulate near the surfaceof gate metal-electrodes and due to capac-

itive effect cations will store far from the anions i.e. nearnanowire. This accumulation of cations near

nanowire induces negative charge in the nanowire and increases the carrier density of the nanowire,

resulting in enhancement of current through the device. Charge induction process is schematically

illustrated in Fig. B.5(b). Although, the change in currentin EDL-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 nanowire byinduced charge inside the nanowire.

Charge induction in the nanowire is performed by floating gate FET and by electric double layer FET.

The EDL-FET method is an excellent methodology to achieve high charge injection at solid/liquid

interfaces, and enables the development of flexible devicesand their low-power operation.
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