Investigation of Growth, Electrical and
Opto-electronic Transport in Nanowires of
Charge Transfer Complexes

Thesis submitted for the degree of
Doctor of Philosophy (Science)

in
Physics (Experimental)
by

Rabaya Basori

Department of Physics
University of Calcutta
April 2015



To my Family



Acknowledgments

Though only my name appears on the cover of this dissertafi@reat many people have con-
tributed to its production. | owe my gratitude to all thoseople who have made this dissertation
possible and because of whom my graduate experience hasiedmat | will cherish forever.

First, | would like to express my special appreciation arahits to my advisoProf. A. K. Ray-
chaudhuri for his worthwhile guidance, support, inspiration and gtdy me throughout the entire
process of completing my PhD &tN Bose National Centre for Basic Sciences, Kolkata, Indiave
been amazingly fortunate to have an advisor who gave me ¢eeldm to explore on my own, and at
the same time the guidance to recover when my steps faltéteddpatience and support helped me
overcome many crisis situations and finish this disseriatiam incredibly grateful for all I have re-
ceived over these years.

| wish to express my sincere thank to Prof. T. Saha Dasgupté, Ranjan Chaudhuri, Prof, A. K.
Mukhopadhyay and others for representing physics in anwagyduring my course work. | also want
to thank Dr. M. Kumar, Dr. S. K. Pal for effective discussiarfany work. Special thanks to Dr. T. P.
Sai to introduce with the initial experimental work of my #ie | am grateful to Prof. K.S. Narayan
from JNCASR and Dr. A. Sinha from Bose Institute to give medbpgortunity to do experiments in
their lab for a short period of time.

| feel pleasant being a member of the New Nano Lab for thediieand healthy academic environ-
ment with an essence of family life. | would like to thank Kawsda who make the lab environment
easy for me from the beginning and help me to improve my woth effective suggestion. He help me
in learning electron beam lithography, FIB and other experital techniques. Thanks to Sudeshna di
with whom | can easily discuss my academic as well as persoatiérs. She never said 'no’ whenever
| asked for help from her and she always tries to give her bagtatefully acknowledge Sudeshnadi,
Shahnewazda and Rajibda for introducing me with C++ prograng. | would like to thank Barnalidi
for her support and suggestions. | would like to thank Maslotia, Rajeshda, Bipulda, Pobitrada,
Anindyadi, Sabyasachi, Rishi, Ravindra, Shaili, Bhividthasashree, Subarna, Putul for their support
and help whenever it needed. | spend a nice time with all ahttieem in the lab.

| am also thankful to the technical staff Joy, Shaktida, Riyurajitda, Deepankarda, Urmi, Amit
and others. | would like to thank the people of administetengineering, computer, library, electrical,
instrumentation, workshop, canteen, cleaner, securigydsuand other supporting staff of SNBNCBS
for their timely help and also for their the day-to-day aitigs in the centre.

Apart from the lab members, | am deeply grateful to one of st béendsUrbashi She was the
only one in the centre who is always beside of me in all my gaudflzard time unconditionally. We
not only take part in academic discussions, but can sharytbireg with each other. | will miss the
time | spend with her in the rest of my life. Lots of thank to mighd Jagadish for his support. Thanks
Tanmoy for introducing me with Full Prof software. | am als@mkful to Nasim, Suvankar, Saikat,
Washey Injamum for providing me scientific papers and othiéties whenever | asked. | will always
be happy remembering my all other friends.

My acknowledgements will never be completed without thecgdenention of my friendMd. Wali



Hossainwithout the support, encouragement and unconditional delphom it was not possible for
me to enter into my dream world of scientific research. He nbt spend his precious time for assist-
ing me, but also make me strong and independent. | woulddikkank Mubarak uncle, Wahida aunt
and each and every member in their family for their suppaodtlane.

Words are not enough to express my sincere gratitude to npecesd teacheir. Abul Kalam
Azad Without the support, inspiration and guidance of him ita$ possible to achieve MSc degree for
me. He and his wife always support and suggest in every drsteips of my life. | convey my sincere
gratitude to Ashit sir and Golam Robbani sir for their inggion.

Most importantly, none of this would have been possible atittihe love and patience of my family.
26 alphabet is not enough to thanks my parents. They havesbogemendous source of support and
encouragement throughout my life. | shall always miss miydes presence at every step in rest of my
life. My deepest gratitude to my brothémdadulto fulfil my wishes as much as he can. Words are
not sufficient to express my sincere thanks to all my brothassisters who always ready to sacrifice
anything for me. | would like express my sincere thanks to mogher in laws, sister in laws and my
nice and nephews for their love and support. | love and adha for their constant support and being
patient for the work | did. My dissertation is a tribute to afithem.

Rabaya Basori
Kolkata, India
April, 2015



List of Publications

Published

1.

Rabaya Basori K. Das, P. Kumar, K. S. Narayan and A. K. Raychaudhuri

Large photoresponse of Cu:7,7,8,8-tetracyanoquinodiaret nanowire arrays formed as aligned
nanobridges

Appl. Phys. Lett., 102 (6), 061111-4 (2013).

. Rabaya Basoriand A. K. Raychaudhury

Role of Contact and Contact Modification on Photo-respomsa Charge Transfer Complex
Single Nanowire Device
Nano-Micro Lett. 6(1), 63-69 (2014).

. Rabaya Basorj K. Das, P. Kumar, K. S. Narayan and A. K. Raychaudhuri

Single CuTCNQ charge transfer complex nanowire as ultré Inggponsivity photo-detector
Optics Express 22(5),4944-4952 (2014).

. Rabaya Basoriand A. K. Raychaudhuri

Graphitic oxide induced enhanced electrical conductamc€u: TCNQ nanorod film
Accepted inEEE Explore.

Ready for submission

1.

Rabaya Basoriand A. K. Raychaudhuri
Modification of temperature and bias dependent conductahaeharge transfer complex nanowire
grown with an electric field from vapor phase

. Rabaya Basorj M. Kumar and A. K. Raychaudhuri

Resistive switching mechanism in a single Cu:TCNQ nanowire

. Rabaya Basoriand A. K. Raychaudhuri

Electric field assisted growth of Cu:TCNQ nanowires.



Vi

TCNQ
CT
EBL
FEB
FIB
AFM
NPGS
XRD
FTIR
TEM
DEP
MSM
MSM
GO
PMMA
HRS
LRS
EDL
FET
SEM
CDW
PVD
NW
SNW
LUMO
HOMO
VRH
IpS

e

lii
VseT

@
T

Q ® QT

List of Abbreviations

Tetracyanoquinodimethane
Charge Transfer

Electron Beam Lithography
Focused Electron Beam
Focused lon Beam

Atomic Force microscopy
Nano Pattern Generating System
X-Ray Diffraction

Fourier Transform Infra-Red
Transmission Electron Microscope
Dielectrophoretic
Metal-Semiconductor-Metal
Metal-Insulator-Metal
Graphitic Oxide

Poly(methyl methacrylate)
High Resistive State

Low Resistive State

Electric Double Layer

Field Effect Transistor
Scanning Electron Microscope
Charge Density Wave

Physical vapor Deposition
Nanowire

Single Nanowire

Lowest Unoccupied Molecular Orbitals

Highest Occupied Molecular Orbitals
Variable Range Hopping
Source-Drain Current
Gate Current
llluminated-current

Set voltage

Barrier height

Carrier life-time

Nanowire length

Micro Coulomb

Electrical conductivity
Electronic charge

Inverse localization length

Z Degree of charge transfer
I Current
\% \oltage
A Ampere
K Kelvin
T Temperature
FEG Field Emission Gun
R Resistance
Q Ohm
o} Resisvity
G Linear Conductance
lph Photo-current
O Responsivity
G Photo-conductive gain (in Chapter 6)
R Contact resistance
R Sample resistance
&o Coherence length
L¢ Tunneling length
FBGFET Floating Back-gate FET
h Plank’s Constant
kg Boltzmann Constant
eV Electron-volt
nm Nanometer
Eg Pinning gap
Oe Density of state
rE Fermi energy
Ein Threshold field
s Source-Drain Voltage
Y Gate voltage
ldark Dark-current
VrReser Reset voltage
r Tunneling rate
T Carrier transit-time
d Nanowire diameter
nC Nano Coulomb
S Siemens

U—m Micro-meter
C-pt Carbon-Platinum



Contents

Table of Contents

Vil

List of Figures X
List of Tables XXi
1 Introduction 1
1.1 Chargetransfercomplex . . . . . . . . .. . . . ... e 1
1.2 Cu:TCNQ as charge-transfer complex . . . .. . ... ... .. 0o ..., 2
1.3 Review of electrical transportin C.TCNQ . . . . . . . . . . ... .. ... ... 10

1.4 Review of resistive switching in Cw.TCNQ . . . . . . .. ... ... ... .... 14
1.4.1 Resistive switching model in MSM or MIM devices

............ 19
1.5 Opto-electronic property of Meta.: TCNQ . . . . .. .. .. ... ... ...... 25
1.6 Motivations behind the presentwork . . . . . . . ... ... . L. oL 27
1.7 Structure ofthethesis . . . . . . . . . . . . e 28
Synthesis and Characterization 31
2.1 Introduction . . . . . . .. e 31
2.2 Synthesis of CL.TCNQ Nanowires: . . . . . . . . . . o i i i i et v e e e 32
2.2.1 Nanowire growth by Physical Vapor Deposition (PVD)thed: . . . . . . .. 32
2.2.1.1 Evaporation Chamber for PVD Growth: . ... ...... ... 34
2.2.1.2 Field assisted growth of C.TCNQNWs: . . . . ... .. ..... 35
2.2.2 Nanowire growth by Chemical Method: . . . . ... ... ... ...... 41
2.3 Characterization . . . . . . . . .. e e 41
2.3.1 Structural Characterization . . . . . . . . . . ... e 42
2.3.1.1 X-RayDiffraction: . . . .. .. .. ... .. . 42
2.3.1.2 Scanning Electron Microscope . . . . .. .. .. .. ... ... 45
2.3.1.3 Transmission Electron Microscope: . . . . . .. ... ...... .. 47
2.3.2 Compositional Characterization . . .. .. .. .. . ... 0w ... 50
2.3.2.1 FTIRSPectroscopy: . . . . . . v v v v i it e i e e e 05
2.3.2.2 Raman SPecCtroSCOPY: . . . . v v v v v i 3 5
2.4 Conclusion . . . . . . . . e 55
Device fabrication and measurement techniques 56
3.1 Introduction . . . . . . .. e 56
3.2 Lithography processes: . . . . . . . . . e e 57
3.2.1 Electron beam lithography: . . . . . . . . . . ... .. ... .. 57
3.21.1 ResSiSt: . . .. 58



CONTENTS

viii

3.2.1.2 Developer: . . . . ...
3.2.1.3 EBLsystem: . . .. . .. .. ...
3.2.1.4 Nano Pattern Generating System (NPGS) . . ..
3.2.1.5 The steps for generating EBL and transfernng |tsmtastrate

3.2.2 Focused ion beam lithography . . . . . .. ... ... ... ... ... ..

3.3 Device Fabrication . . . .. .. .. ...
3.3.1 Top-down approach (Attaching contacts to prefatettavires—Ex-situ fab-
rication): . . . . . . . e e

3.3.2 Bottom-up approach (Growing NWs on predefined patterim-situ fabrica-

1110 )

3.4 Experimental Techniques . . . . . . . . . . . . . e
3.4.1 Electrical measurement . . . . . . ... e
3.4.2 Opto-electronic measurement . . . . . . . . . .. ... e ..

3.5 Conclusion . . . ..

4 Temperature dependent electrical transport in Cu:TCNQ nanowire
4.1 Introduction . . . . . . .. e
4.2 Sample preparation in pre-defined electrodes . . . . . . .. ... ... ......
4.3 Electrical transport measurements . . . . . ... . L e e
4.4 Experimentalresults . . . . . . . . . . .. e
45 DISCUSSION . . . . . o o e e e e e e

4.5.1 Analysis of the conductance data with linear and mogat part . . . . . . ..

4.5.2 Linear conductance and the temperature dependéstivigs . . . . . . . ..
4.5.3 Parameters of non-linear conductance with threshold. . . . . . ... ...
4.5.4 Suggested scenario for effect of applied electrid fieiring growth leading to

change in conductivity of NW . . . . . . .. ... ... ... ........

4.6 Conclusion . . . . . .. e

5 Resistive state switching in a single Cu:TCNQ nanowire
5.1 Introduction . . . . . . . . . e
5.2 Fabricationofdevices . . . . . . . .. e e
5.2.1 Fabrication of symmetric electrode device . . . . . . ...... . . ... ...
5.2.2 Fabrication of asymmetric electrode device . . . . . ...... . .. .. ...
5.3 Typesofresistive switching . . . . . . . . . . . . . .. . .. .. .
5.3.1 Unipolar switching . . . . . . . . . ... ... .. e
5.3.2 Bipolarswitching . . . . . . . . .. . . e
5.4 Switching in symmetric electrode configuration . . . . .. .. .. ... ... ...
5.5 Switching in asymmetric electrode configuration e e
5.6 Analysis of switching data using MSM device model . . . ... ... ... ... ..
5.7 Phenomenological model of switching . . . . . ... ... ... . .........
5.8 Conclusion . . . . . . .

6 Opto-electronic effect in Cu:TCNQ nanowire
6.1 Introduction . . . . . . . . . e
6.2 Operating Principles of Opto-electronic Device

6.2.1 Electrical Contacts . . . . . . . . . . e e

6.2.2 Photoconductive Gain . . . . . . . ... e e e
6.2.3 Responsivity . . . . ..



CONTENTS iX

6.2.4 Spectral response of photoresponsivity . . ... ... ... ....... 125

6.3 Photoresponsive behaviour of C.TCNQ NWarray . .. .. ...... ... .. ... 125
6.4 Photoresponse inasingle C.TCNQ nanowire . . . . . . . . « o v v v v v 131
6.4.1 Spectraldependence . .. .. .. .. . .. .. ... e e, 132

6.4.2 Zero bias photoresponse . . . . . ... e 133

6.4.3 Bias dependent photoresponse . . . . . . ... oo e e e . 134
6.5 Role of contact and contact modification on photo-respon Cu.TCNQ . . . . . .. 137
6.6 Conclusion . . . . . . .. 142

7 Summary and Concluding remarks 143
7.1 Growth . . . e e 143
7.2 Electronic properties . . . . . . . ... e e e e 144
7.3 Opto-electronic properties . . . . . . . . . . e e 145
7.4 Scopeforfuturework . . . . . . ... e 146

A Effect of graphitic oxide on conductance of Cu:TCNQ 148
A.l Introduction . . . . . . . . L e 148
A.2 Experimentalresults . . . . . . . . .. . .. .. e e 149
A.2.1 Enhancement in chemically grown Cu:TCNQ nanorod film... . . . . . .. 149

A.2.2 Enhancement in PVD grown Cu:TCNQ single nanowire . ...... .. ... 151

A3 DISCUSSION . . . . . . . e 153
A4 Conclusion . . ... e 155

B Charge induced conductance enhancement in single Cu:TCN@anowire 156
B.1 Conductance enhancement by floating back gate MOSFEIMBSFET) . . . . .. 157
B.2 Conductance enhancement by electric double layer FEL{EET) . . . . . .. ... 159
B.3 Conclusion . . . . . . . .. 161

Bibliography 161



List of Figures

1.1

1.2

1.3

1.4

15

1.6

1.7

1.8

1.9

(Upper frame) The charge transfer between single miglesfuTTF (donor), TCNQ
(acceptor) and the CT complex TTF:TCNQ after transferringrge. (Lower frame)
Stacking of TTF:TCNQ moleculesin3D[2]. . . ... . .. .. ... . uu....
Chemical structure of the TCNQ molecule. The numberstethe molecular bond
lengths in nm calculated by Long etal [10]. . . . . .. ... . .. . ... ....
Schematics of (a) Phase-l and Phase-Il of Cu:TCNQ miglecamplex. Reprint with
permission from [12]. . . . . . . . .. e
Schematics of interpenetration network of (a) Phasadl (&) Phase-1l of Cu:TCNQ
molecular complex. Copy right with permission from [11]. . . .. ... ... ...

lonization of CT complex with complete charge transirl). Reprint with permis-

sionfrom [14]. . . . . . e e

lonization of CT complex with partial charge transfex@. Reprint with permission

from[14]. . . . . . e

(a) Schematic afft— rrstacking. Stacking in (b) Phase-I and (c) Phase-Il of Cu:QCN
Reprinted with permission from [15]. . . . . .. . . . . .. ... . . ... .. ..
(a) Band diagram of Cu:TCNQ. Stacking in (b) Phase-l QNDQ and (c) Energy
change of band bottom. Solid line is the energ@dfand of Cu-TCNQ; dashed line is
the energy of band of Ag-TCNQ. Reprinted with permission from [16]. . . . . .

Plots of conductivityr (S cnT?) versus temperature for bulk Cu:TCNQ Phase-1 and

Phase-Il measured on pressed pellets. Reprinted with ggionifrom [11]. . . . . . .

8



LIST OF FIGURES Xi

1.10 (a) SEM micrograph of Cu:TCNQ NW device. (b) Low bias adactance of three
Cu:TCNQ NW devices (symbols) and fits (solid lines) to the Hiable range hopping
model (c) Low bias conductance vs T for the same Cu:TCNQ NWtdsy solid lines
are fits to the power law, BTY. (d) I-V data taken at different temperatures. All curves
show a change from linear responge~ 0) to power-law dependence at a temperature
dependent high bias voltage. Insg—i;térl—+1 determined from the |-V data plotted against
eV/kgT. Reprinted with permission from [17] . . . ... ... ... ... .. .. 12

1.11 (a) Cross-sectional SEM micrograph of a/sf Au line with Cu:TCNQ NWs. (b)
log|l |-V curves of 200x200 um? Au/Cu:TCNQ/Al memory in on state at different
temperatures; voltage scan: -2 to -4 V and back applied tont@ory element with
R=10 kQ, and (c) corresponding [Ilf-T~* plot at -2.5 V across the memory element.
Copyright with permission from [18] . . . . . . . . . . . . . . .. oo 13

1.12 (a) Cross-sectional SEM micrograph of afsf Au line with Cu:TCNQ NWs. (b)
log|l|-V curves of 20x200 um? Au/Cu:TCNQ/AI memory in on state at different
temperatures; voltage scan: -2 to -4 V and back applied tonttmory element with
R=10 kQ, and (c) corresponding |H-T~* plot at -2.5 V across the memory element.
Reprinted with permission from [25] . . . . . . . . . . . .. ... .. ... .. 15

1.13 (a) SEM image of electrodes after Cu:TCNQ growth anasiéipn of top Al contacts
in test structure for integration in the CMOS backend-né&lischeme. (b) lad |-V
curve of a Cu:TCNQ memory element. Reprinted with permisg§iom [26]. . . . . . 15

1.14 (a) Schematic of the measurement circuit on the deviceuoTCNQ NWSs grown
in an anodic alumina membrane (AAM). (b) |-V characterstaf Cu:TCNQ NWs.
Reprinted with permission from [27]. . . . . . . . . . . .. ... .. 16

1.15 (a) SEM image of the Cu:TCNQ NW bridging electrode gtrree (b) Typical room
temperature |-V characteristics of a single Cu:TCNQ andtiplal NWs bridging be-
tween electrodes indicating a reversible bistable swighiehavior. The arrows show

the voltage sweep directions. Reprinted with permissiomff28]. . . . . . . ... .. 17



LIST OF FIGURES Xii

1.16 (a) Optical image of Ni/Au pads array, (b) SEM image shgwone NW in contact with
two pads. (c) I-V characteristics of individual Cu:TCNQ N#hd the arrow demon-
strated the sequence of applying the voltage. State | anditlated the electrical 'OFF’
and 'ON’ states, respectively. (d) The spacing betweenwleediectrodes versus the
switching threshold. Reprinted with permission from [23].. . . . . . ... .. ... 18
1.17 (a) Logl |-V curves for an Au/Cu:TCNQ/Al memory recorded during 100@0@e/erase
cycles. (b) Threshold voltages for ON and OFF switching efrtfteasurement series as
function of the cycle number. Reprinted with permissiomir[33]. (c) Data retention
measurement of the ON (write) and OFF state (erase) of thAcAGCNQ/P4PMS
(50 nm)/Ag device. Absolute values of current are plottedcfamparison. The high
and low conducting states were induced by -4 and +4 V (eacl® af\iidth), respec-
tively, and probed by using -0.5 V. The ratio between the ath @fF-state currents
(ON/OFF ratio) are shown on the right axis. The inset showsvilite/erase voltage
variation from a number of Ag/Ag-TCNQ/P4PMS (50 nm)/Ag dms. Reprinted with
permission from [34] . . . . . . . .. e e e . 20
1.18 Log| | |-V curves of Cu/Cu:TCNQ/M memory elements (20800 um, load resistor
R=10 KQ measured) in N2 filled glovebox directly after M (100 nm) tamtact de-
position, and after air exposure, (a) M=Al, voltage scan6-15— +15— 0V, and
(b) M=Yb, voltage scan 6+ —10— +10— 0 V. (c) Thermal image showing local
hot spots (yellow) for the LRS of a Cu/Cu:TCNQ/AI memory. @d (e) Proposed
switching mechanism; Oxidations are shown in red, redastia blue, and migration
of Cu+ in green. Reprinted with permission from[35]. . . . ... ... ... ... 21
1.19 (a) DC current-voltage plot showing bistable switghin a 10 um thick Cu:TCNQ
Phase-II film placed between two electrodes in a sandwicittstre. Each new scan
was performed after a relaxation period of about a minuieXRD spectra of Cu:TCNQ
as a function of voltage showing the reflection planes fohhaiases, Phase-l and
Phase-Il. (c) Single crystal structure of Cu:TCNQ ‘OFFtstRhase-II (left) transition-
ing to a proposed new ‘ON’state Phase-lll (center) at 3 Vofeld by a transition to

Phase-l at 6 V. Reprinted with permission from[12]. . .. ... .. ... ..... 22



LIST OF FIGURES Xiii

1.20 Schematics of the cation movement in a MIM/MSM devieg:glectrodeposition dur-
ing set process (b) breaking of metal flaments during resmtgss. Reprinted with
permission from [40]. . . . . . . . .. e 25

1.21 (a) High contrast pattern generated by optical beamsexp of Ag: TCNQ film. (b)Switching
characteristic of Ag:TCNQ induced by application of argasdr beam showing (i)
high- and (ii) low-impedance states. Inset: Time variatibrcurrent when laser beam
was periodically interrupted. The laser power was 25 mW Aadtam diameter was
100 um. Reprinted with permission from [41]. . . . . . .. ... ... .. .... 26

1.22 (a) VI data of Cu:TCNQ film (i) under radiation (488 nn8 2v/cn?) and (i) in dark.

(b) Isc with illuminated power. Reprinted with permission fromJ41 . . . . . . . .. 26

2.1 (a) SEM image of PVD grown NWs. Variation of (b) lengthi1/t) and (c) diameter
of NWs as a function of growth time for a constant evaporataie. . . . . . .. . .. 33
2.2 SEM image of PVD grown NWSs at a constant pressure of @) 5° mbar and (b)
1.2x % mbar respectively. (The pressure refers to pressure dgrimgth and not the
base pressure) . . . . .. e e e e 34
2.3 (a) Schematic of evaporation chamber. (b) Optical inEgbe metal-organic depo-
sition chamber, (i) optical image of inner side of the chanfoeusing crucibles and
sample holder. . . . . . . . .. 36
2.4 (a) Schematic representation of field dependent grofatihedNWs. (b) SEM image of
e-beam lithographycally fabricated Cu/Au electrode usagtéow NW. (c) SEM images
of NWs grown in presence of bias applied between two eleesdd) Dependence of
NW diameter on DEP applied between two electrodes. . . . . . ... ... ... 37
2.5 COMSOL Multiphysics Simulation of the distribution cd)(Electrostatic field and
(b) Dielectrophoretic force between two metal electrodgsasated by air. (i) and (ii)
respectively represents magnified image of direction anghherofile of the corre-

SpoNding. . . . .. e e e e 8 3



LIST OF FIGURES Xiv

2.6 (a) Experimental (circle) and simulated (square) tsesflNW diameter as a function
of EF applied between two electrodes. Schematic of Cu:TCNE ddowth under
externally applied field. (b) Nucleation of the ions, (c) NWhgth and (d) accelerated
nucleation process under field. Stacking of the Cu: TCNQ oudés during growth (e)
without field and (f) with field. Field growth NW are having betr— T stacking of
molecules. . . . . . . 40

2.7 (a) Schematic of NW growth using chemical method. Chaltyigrown NWs and

micro-rods with (b) Phase-l and (c) Phase-Il. . . . ... ... ............. 42
2.8 Schematic representation of Bragg'slaw. . . . . . . .. . ... ... L. 43
2.9 X-ray diffraction patterns of NWs grown with (a) PVD, @)d (c) chemical methods

showing Phase-| (upper and middle) and Phase-Il (lowestahgtructure. . . . . . . . 43

2.10 Schematic representations of the interaction of antieélectron beam with specimen . 45
2.11 SEM micrograph of (a) PVD grown Cu:TCNQ NW (b) micro-flemof chemically

grown Cu:TCNQ (c) Au nanoparticle attached on the surfaceheimically grown

Cu:TCNQ NW (d) chemically grown Cu:TCNQ micro pillar on CwiAurface. . . . . 46
2.12 Schematic diagram of Transmission Electron Microscop . . . . . . . . .. .. .. 48
2.13 Schematics of (a) camera length in presence of imagimegk, (b) geometry for elec-

tron diffraction producing SAED pattern, (c) SAED pattefradCu: TCNQ single NW

in reciprocal lattice plane, (d) [hkl] indexing by vectordaon. . . . . . .. .. ... 50

2.14 (a) TEM image of a single Cu:TCNQ NW of diameter 30 nm graw between
two electrodes of Cu/Au in gN4 membrane. (b) TEM image of a single strand of
Cu:TCNQ NW dispersed on a TEM grid. (c) High resolution TEMRFEM) image

of the corresponding NWs. (d) Selected area electron diftra (SAED) pattern of the

SAME. . . . L 51
2.15 Schematic representation of spectrum formation irRFSplectroscopy. . . . . . . . .. 52
2.16 FTIR spectra of TCNQ and Cu:TCNQ=@! stretching mode of neutral TCNQ is at

2229 cm! and after formation of Cu:TCNQitisat2205¢ch . . .. ... .. ... 52

2.17 Frequency of €N stretching mode as function of the degree of charge-tean().

Reprinted with permission from [69]. Copyright (1981) Anoan Chemical Society. . 53



LIST OF FIGURES XV

2.18 Micro Raman Spectra of TCNQ and Cu:TCNQ. . . . . . . . . . . «ooer oo oL 54

3.1 Schematic representation of positive and negativetresi . . . . . . . ... ... .. 58

3.2 (a) Schematic illustration of electron beam column. Ekctron beam lithography

SYSIEM. . . . e e e e 60
3.3 Schematic representation of raster and vectorscan. ....... . ... ........ 61
3.4 Block diagram of NPGS hardware connected to SEM system.. . . . . ... ... 63
3.5 Plotof beam current with spotsize.. . . . . . . . . . . .. . . e 64
3.6 Schematic showing lift-off process in bi-layer and #&rgyer resist coating. . . . . . . 65
3.7 Flowchart of EBLProcess. . . . . . . . . . . . @ i i i it i e e e 66

3.8 Schematic of (a) typical dual-beam column configurateowertical electron column
with a tilted ion column, (b) Gallium ion source, (c) Platmweposition using FEB.
Sample is tilted at 52to make the sample surface normal to ion column. (d) SEM
images of single NW device connected with FEB (near the NVd)EB (far from the
NW) deposited Pt. . . . . . . . . . e 67

3.9 Schematic representation of external electrode fativic by hard mask and photo
lithography. . . . . . . . . e 69

3.10 Flow chart of making contacttoasingle NW. . . . .. ... ... ........ 70

3.11 Schematic representation of device fabrication bydimpn approach with SEM image
of two and four probe configuration. . . . . . .. .. ... ... ... ... . 71

3.12 Schematic representation of device fabrication bioboup approach. SEM image of
NWs grown by bottom-up approach (a) from prefabricated @atebdes, (b) lateral
growth of NWs from side wall of prefabricated Cu/Au electesd (c) controlled uni-
directional growth of NWs, (d) single NW of diameter 10 nm nented between two
Cu/Au electrodes separated by 200nm. . . . . . . . . ... . e e e . 72

3.13 Home made cryogenic setup for temperature dependssitiehl and opto-electronic
measurement. (Lower left) Four and two (pseudo four) pralvdiguration for electri-
cal measurement. . . . . . .. e 73

3.14 (a) Schematic of cryogen-free VTI system. (b) Photolgmaf the whole system. . . . . 74



LIST OF FIGURES XVi

3.15 (a) Basic principle of AC resistance measurement. (lip@lectronic measurement

set-up for AC measurement. . . . . . . . .. e e 75

3.16 Opto-electronic measurement set-up for DC measurterfiépper left frame) Optical

4.1

4.2

4.3

4.4

4.5

4.6

4.7

image of the set-up Horiba Jobin-Yvon Fluorolog-3 speatimimeter. (Upper right
frame) Optical layout of the same. (Lower frame) Externak#ical connection for

takingdata. . . . . . . ... e e 77

Electron dispersion and band pattern of one-dimenkinakecular system: (a) metallic

state and (b) insulating state produced by Peierls transitE(k) is the energy of the
conduction electrons, k their wavevector, n(x) the electtensity in the metallic state.

Egy is energy gap at kskcreated due to Peierls transition. (c) Static distortiomhef

lattice and (d) charge-density wave as a result of distoridm is the amplitude of the
density modulation. Copyright with permission from[86].. . . . . .. ... .. .. 81
Schematic of the device for inplane growth of Cu:TCNQ Nithim prefabricated pads

(a) with and (b) without field. SEM images of Cu:TCNQ NWs cepending to the
growth conditions are represented by arrows. . . . . .. .. .. w oL 83
I-V data at different temperatures of NWs grown (a) wighdj E~ 2 x 10* V/cm and

(b) without field, B~ 0 V/cm. The \{, for temperatures k 100 are marked by arrows. 85
Bias dependent conductance G=dl/dV of NWs grown (a) watti (b) without field.

The value of G has been scaled by number of wires to obtaindhductance of a

single NW. . . . . L e 86
The non-linear part of conductivity for the NWs grown\adh and (b) without field as
different temperatures fitted to the modified Zener tunigetilation. Inset in (a) and

(b) indicates the CDW fitat40K. . . . . . . . . . . . . . . . . . e 88
Temperature dependence of the linear conductagc@Edkulated from the slope of
linear region ofl —V) for field grown and zero field grown NW. . . . . ... ... .. 90
Temperature dependent resistivity fitted with VRH madefa) field grown and (b)

zero field grown NWs at low bias (linear region) definegbasA/(Ggl), where A is the

areaandisthelengthofthe NW. . . . . .. .. ... ... ... .. ......... 90



LIST OF FIGURES XVii

4.8 Temperature dependence of the parameterg, (815G, (¢) B and (d) i (below 100

K) as obtained from the fit to modified Zener tunneling refatio. . . . . . . .. ... 92

5.1 Schematic of (a) symmetric (metal-1/NW/Metal-1) and&ymmetric (Metal-1/Cu: TCNQ/Metal-
2) electrode configuration. . . . . . . . . ... . e e 98
5.2 SEM image of PVD grown Cu:TCNQ NW devices having—{@)) symmetric (C-
Pt/Cu:TCNQ/C-Pt), and (c) asymmetric (Cu/Cu:TCNQ/C-Rarode configuration. . 99
5.3 Schematic representation of (a) unipolar and (b) brpalkectrical resistive switching.
HRS indicates for High Resistive State, and that of LRS isLifow Resistive State.
Copyrightfrom [4] . . . . . . . e 102
5.4 Log|l|—V curves of Cu:TCNQ single NW devices with diameter (a) 90 nih @) 65
nm, connected with FEB deposited C-Pt in C-Pt/Cu: TCNQ/GyRimetric electrode
configuration. Series load resistance R = Wdnd measurement has been performed
inair (insetin (a)). . . . . . . . . e e 104
5.5 Log|l|—V curves of Cu:TCNQ single NW device with large number oc sssive
cycles, (a) &, (b) 50" and (c) 458" cycles respectively. . . . . . . . . ... ... ... 105
5.6 Log|l|—V curves of two parallely connected NWs of Cu:TCNQ in Cu/CuNKgC-Pt
asymmetric electrode configuration measured inair. . . . ... ... ....... 106
5.7 Back-to-back Schottky diode MSM fit for ((a) and (b)) syetrit and (c) asymmetric
electrode configuration. Here, FEB deposited C-Pt acts dal ifid) and Cu:TCNQ
NW as semiconductor (S). M-S junctions act as Schottky @dnta . . . . . . . . .. 108
5.8 MSM fit where junction reduction takes place (blue sdl@). Generated I-V curves
keeping the junction parameters unchanged and using saegtdance (red dotted
CUIVE). . i i e e e e e e e e e e e 11
5.9 (Left frame) Schematic of MSM structure. (Right frame&)d diagram of MSM struc-
ture in absence and presence of applied bias across the M8&tuse. Applied bias
reduces the barrier height in both junction. In positivesbthjunction, barrier height
reduces due to forward bias and in negative biased junctorelb height reduces sig-

nificantly due to metallic filament formation. . . . . . .. ... .. .. ... .... 113



LIST OF FIGURES XViii

5.10 lllustration of filament alignment process in betweéW ldnd C-Pt electrode when

C-Pt electrode is in reversed bias i.e. state "2’ is -velysbéth (a) First, Cu ions are
aligned randomly. (b) With increasing bias Cu-filamentsggatting aligned towards the
electrodes to get switched to LRS fdr= Vset. (C) AtV > Vet all the Cu-filaments
are aligned towards the electrode creating tunneling fibtyato its extremum and
resulting switch in current. Again with reducing bias cutrdecreases. (d) At low bias

V < VgesetCu-filaments ruptures due to thermalenergy. . . . . ... ... ... 114

5.11 A pictorial representation of the model is shown. CWNTINW is sandwiched be-

tween to two electrodes made up of FEB deposited C-Pt, deplaby two interface
region where filament formation occurs. The upper part afrfdat is called top 't' and
lower is bottom ’b’. Central part is Cu:TCNQ material andledlcentre 'c’. Cu:TCNQ

NW acts assource of CUIONS. . . . . . . . o i i i e e e e e e e e e 116

5.12 Simulated results using phenomenological model. ¢g) Il —V curves of a single NW

6.1
6.2

6.3

6.4

of Cu:TCNQ connected with FEB deposited Pt in C-Pt/Cu:TCGKRt configuration,
load resistor R=10R in air. (b) Log|l| —V curves of two parallely connected NWs of

Cu:TCNQ in Cu/Cu:TCNQ/C-Pt configuration measured inair.. ... . .. .. ... 118

Schematic of band diagram of semiconductor. . . . . . .. ... . ... ..... 121
Major transitions and phenomena associated with dptirenic effects in homoge-
neous semiconductors. (a) intrinsic absorption, (b) ahdxtinsic absorption, (d) and

(e) capture and recombination, (f) trapping and detrappRegprinted with permission

from [133]. Copyright (1992) Cambridge University Press.]. . . . . ... ... .. 122
A Schottky barrier blocking contact between a metal atype semiconductor, formed
when workfunction of metal is larger than that of semicortidudReprinted with per-
mission from [133]. Copyright (1992) Cambridge Univerdftyess.] . . . . . . . . .. 123
Photo-current of a single NW as a function of wavelengiiket shows the absorption

spectra of NWs as a function of wavelength. . . . . . . ... ... ........... 125



LIST OF FIGURES XixX

6.5

6.6

6.7

6.8

6.9

(a)Top view SEM image of a Cu:TCNQ nanobridge device. dlaetrode from which
growth starts is marked by star and direction of growth iskadrby arrow.(b)Photo-
current of NW array at constant bias of 3 Volt as a function afglength. Inset shows

the absorption spectra of NWs as a function of wavelengtiidmperature dependent
resistivity of the NW array measured separately indark. ...... . . . ... ... .. 126
I-V curves in dark (black circle) and under illuminatidred circle) of Cu:TCNQ

NW array. Wavelength of illuminatiod = 405nm with power density,pt = 6.6 x
10°W/m?. Solid green curve is fit to the MSM device model. The barrieights

@ and @ obtained from the fit arey = 5+ 2meV and@ = 200+ 2meV in dark

and @, = 5+ 2meV andg, = 180+ 2meV under illumination. The inset shows the
schematic of barriers atcontacts. . . . . . .. .. .. ... ... 128
Reversible zero bias photoresponggV = 0) of Cu:TCNQ nanobridge device under

an illumination at wavelength 405 nm with varying power dgndnset shows depen-
dence of zero bias photocurrent on the incident optical paleasityPop. . . . . . . . 129
(a) Responsivity as a function of applied bias and (l)bes responsivity as a function

of no. of illuminated NWs bridging the electrodes. . . . . . .. ... ... .... 130
(a) SEM image of single nW device of diameter 30 nm ancwdést between two inner
probe is~ 200 nm which determines the length of the NW used for optotedaic
measurement. (b) Schematic representation of illuminagedple. (c) Photocurrent

(Ipn) spectral response of the single NW device kept at a constasiof 05V . . . . 132

6.10 (a) Reversible zero bias photorespohggV = 0) of Cu:TCNQ single device under

an illumination at wavelength 405 nm with varying power dgns(b) Dependence
of Ipp(V = 0) on the incident optical power densiBp:. (Inset) Ratio of illuminated
current over dark showing current gain at zero bias i0°. (c) Chopper frequency

dependence dbn(V =0) . . . . . . . . L 133



LIST OF FIGURES XX

6.11 1 —V curves in dark (black circle) and under illumination (bluecle) of a single

Cu:TCNQ NW MSM device. Wavelength of illumination is 405 n8olid red curve is

fit to the MSM model. The dashed-dotted curve and dashed ewevealculated —V

curves using the same MSM model with (i) dark value of semssstance but barrier

height values with illumination and (ii) illuminated valwé the series resistance value

but dark barrier values respectively. (inset) Schematid®V model. . . . . . . . .. 135
6.12 SEM images of (a)as synthesized single NW device of eli@m- 30 nm and length

~ 1lum (restricted by inter electrode spacing) having one can@dunic and other

Schottky type, and (b) after Schottky contact modificatigr-&EB deposited Pt . . . . 138
6.13 | —V of single NW device in dark before (triangle) and after (gjcontact modification.139
6.14 (a) Zero bias photocurrent (applied bias= 0) of the NW devices before (solid cir-

cle) and after (plus circle) Schottky contact modificatig¢h) Bias dependence of the

photo currentpp, = i — lqark @S a function of reverse bias. The inset shows the bias

dependence of the ratlg /lqark- (Wavelength of illuminated light =405 nm) . . . 140
6.15 Comparative study of the parameters for NW MSM deviceferk (left) and after

(right) Pt deposition: (a) Schematic structure with barhieights derived from model

with illumination and in dark; (b) Band bending of the contioie band in dark and (c)

Band bending under illumination. Relevant barrier heiglgtsvell as the resistances of

the strand of the NWs for the two devices are shown as derreed the model in dark

and under illumination. . . . . . . . . .. e e e e 141

A.1 Schematic representation of selective growth of Cu:Qa¥norod film and GO depo-
sition by partial maskingwith PMMA. . . . . . . . . .. .. .. ... ... 150
A.2 (a) Schematic representation for chemically grown natiéilm device. PMMA covers
the Au electrode from contact with GO. (b) SEM image of theickxand magnified
SEM image before and after GO deposition on film surface usech&asurements. (c)
I-V of chemically grown Cu:TCNQ nanorod film before (circJeend after (stars) GO

deposition. Inset shows the corresponding linearplot. ...... . ... ........ 151



LIST OF FIGURES XXi

A3

A4

A5

B.1

B.2
B.3

B.4

B.5

(a) Schematic and (b) SEM image of the single nanowiréceéaysed for measurements.

(c) IV of PVD grown Single Cu:TCNQ nanowire before (cirglemd after (stars) GO
deposition. Inset shows the corresponding linearplot. ...... . ... ........ 152
(a) Schematic representation of a single nanowire cctivtiy probe AFM measure-
ment. (b) SEM image of vertically grown Cu:TCNQ chemical ords on Cu/Au

film. Inset shows magnified image of one such nanorod. (c) Affsige of one chem-

ical nanorod. Inset represents AFM image of the same naaa@ifber GO dispersion. . 153

FTIR spectroscopic results of TCNQ and Cu:TCNQ beform afiter addition of GO. . 154

Schematic of floating gate FET structure of a single namowb) SEM image of the

single Cu:TCNQ nanowire device of diameter 70 nm used to aoredkating gate FET

Transfer characteristic of the FG-MOSFET single nanewevice. . . .. .. .. .. 158
(a) Output characteristic curve of the FG-MOSFET simglaowire device, (b) leakage
current corresponding to the gate voltagd order lower thangs current density. (c)
Schematic of induced charge in the nanowire due to positwe lgias. . . . . . . . .. 159
EDL-FET configuration of a single nanowire of diametet00 nm. PEO:LiICIQ=10:1
isused as gate dielectric. . . . . . . . . ... e 160
(a) Output characteristic curve of the EDL-FET singlaawire device. (c) Schematic

of induced charge in the nanowire due to positive gate bias. . . . . ... ... .. 160



List of Tables

1.1
1.2
1.3
1.4

2.1
2.2
2.3

4.1

5.1
5.2
5.3
5.4
5.5
5.6

6.1
6.2
6.3

Al

Reviews of electrical transport in Cu:,TCNQ . . . . . . . . . .. . o ... 11
Comparative study of conductivity inCu:TCNQ . . . . . . . .. ... ... .... 13
Comparative study of resistive switching in CT compleatenials . . . . . ... ... 19
Reported models used to explain resistive switchinguTCNQ . . . . . .. .. .. 23
Growth condition of chemically synthesized C.TCNQNW. . . . . ... .. ... 41
XRD data analysis of Phase-l and Phase-Il crystal streicif Cu:TCNQ. . . . . . .. 44
Source of signal from a sample in an electron microscope . . . . . .. ... ... 49
Fitted parameters for VRH model using Eqn.4.4 . . . ... ...... ... ..... 91
Electrode configuration and dimension of the devices . .. . ... ... .. ... 100
MSM fitted parameters in HRS and LRS for different devices. . . . . ... .. .. 108
OFF/ON resistance ration from fitted parameter. . . . . ... ... .. ... ... 109
Contact resistance {Rat HRS and LRS at the point of switching . . . . ... ... .. 109
Contribution of barriersinswitching . . . . . . . . .. ... ... ... ... .. 110
Parameters for generated I-V curves . . . . . . . . . e e 111
MSM fitted parameters of—V in Dark and under illumination . . . . . .. .. .. .. 135
Comparative study of photo-responsivity for differdiw's . . . . . . ... ... ... 137
MSM fitted parameters &f-V in dark before and after contact modification . . . . . 138
Degree of charge transfer from shift of®l stretchingmode . . . . . . . . ... ... 154

XXii



Chapter 1

Introduction

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

directed mainly towards the synthesis and characterizatimne dimensional nanoscale materials for

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

1.1 Charge transfer complex

This thesis addresses an important specific sub-area imdhd beld of NWs, namely NWs of charge-
transfer (CT) complexes. Molecular CT complexes are alaetionor-electron-acceptor complexes,
characterized by electronic transition(s) to an excitadkesin which there is a partial transfer of elec-
tronic charge from the donor to the acceptor moiety. Durittgraction between donor and acceptor,
charge is redistributed inside the compound. In this pmdée donor is oxidized by loosing charge and
acceptor is reduced. TTF:TCNQ (Tetrathiafulvalene-Tstaaoquinodimethane), Cu:TCNQ (Copper-
Tetracyanoquinodimethane) are such examples of CT commldxgure 1.1 (upper frame) shows the
CT between single molecule of donor TTF, acceptor TCNQ aedGh complex TTF:TCNQ after
transferring charge. Lower frame of Fig. 1.1 shows stackih§TF: TCNQ molecules, which consist
of a quasi-one-dimensional, chain-like arrangement ofthe and TCNQ [2]. The field of charge-

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

material suitable for high density device integration itufe technology.

1.2 Cu:TCNQ as charge-transfer complex

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

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

orbitals which influence different properties of the matkri

In organics, homonuclear molecular chains are bonded onlyah der Waals force; whereas in
CT complexes, additional Coulomb force and dipole inducwdd also take part in inter-molecular
bonds. Depending on these forces CT complex can be catedanizo strong and weak complexes. In
molecules of weak CT complexes electron shells are fullypisz and hence degree of charge transfer
Z between donor (D) and acceptor (A) is only marginal in theugd state, but can be much larger
in the excited state. In this complexes, molecules are sthelternatively (DA"DTA"DTA...)
and has lower electrical conductivity. TTF:TCNQ is an exéngf weak CT complex [5, 6]. In
contrast, strong CT complexes display a strong ionic chearand this is due to a large charge transfer
Z between donor and acceptor, even in the ground state. drctmplexes, molecules are stacked
separately (D*DT4D+4A~4A~4A~%...) and has higher electrical conductivity. More pregissirong
CT complexes can be classified into different ionic typesedelpng on the radical ion salts used for CT
complex [7]. First one is, radical ion source, where bothzed molecules (donor and acceptor) are

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

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

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

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

different deposition methods described for Cu:TCNQ thimgiland NWs. One is a wet chemical
process, which is based on a spontaneous electrolysisigeehf8]. A copper electrode is cleaned
in order to remove a possible oxide layer and then immegiatglped into a saturated solution of
TCNQ in acetonitrile. On contact with the solution, a diregidation reaction between Cu and TCNQ
takes place [11, 12, 13] and the form of reaction(Bt’) + (TCN@) — (Cu"TCNQ ). Another is
physical vapor deposition (PVD) method. In this method, TZahd Cu is thermally co-evaporated
onto a substrate in high or ultra-high vacuum; or TCNQ isrtredly evaporated on a Cu layer. Cu layer
is need to be activated thermally in order to accelerate iffiestbn of Cu into the TCNQ layer and
trigger the above stated reaction. Depending on the syisthascess and growth parameters Cu:TCNQ
has two phases: Phase-| with tetragonal (a = 3.887 A, b = ¢ 26614, = 9(° V = 493.5 &%) and
Phase-Il with monoclinic (a = 5.3337 A, b = 5.3312 A, ¢ = 18.8¥53= 94.036, V = 535.38 X)
crystal structure [11]. A simple schematic view of the twéfatient structures is shown in Fig. 1.3.
The structures of both phases are based on the repeat gattefour-coordinate Cu ion ligated to the
nitrile groups of separate TCNQ, but spatial arrangememGQ molecule is different in two phases.
The first difference is the relative orientation of TCNQ ni@ie around the Cu atoms. In Phase-l,
neighbouring TCNQ molecules are rotated @6th respect to one another, but all are in the same plane.
In this phase, a Cu atom is coordinated with four nitrogematof neighbouring TCNQ molecules
and N-Cu-N angles are 92nd 142 respectively, as shown in Fig. 1.3(a) [11]. In contrast, Jehi

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

direction, but in two perpendicular planes. In this cas&;INN angles are 103and 114.7 respectively
(Fig. 1.3(b)). The second major difference concerns the tfpinterpenetration of the networks. In
Phase-I, the two independent networks result in a columaak ®f TCNQ molecules with the closest
distance being 3.24 Aas shown in Fig. 1.4(a). This distatiosfor arr— rrorbital stacking. In sharp
contrast, the interpenetration in Phase-1l does not biiegtivo independent networks together. The
TCNQ rings are in fact out of alignment and mo- 7T stacking occurs as shown in Fig. 1.4(b). In this
case, the closest distance between parallel TCNQ uniteisame network is 6.8 A.

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

D+A—D"+A" (1.1)

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

and acceptor molecules further, the molecules need to @vertigh ionization potential:
Dt +A™ — D* + A% (1.2)

Therefore, high conductivity values are only possible inc@mplexes with separated stacks of donor



1.2 Cu:TCNQ as charge-transfer complex 7

|

TCNQ ™ + TCNQ'~ TCNQ + TCNQ*

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

and acceptor molecules {BDT*DT4A~“A~4A~%....). 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 influencermuctivity in this kind of systems.
For example, the acceptor molecule TCNQ is negatively amhitor Z = 1. Charge transfer within a
TCNQ stack in this case would occur by the conversion of twdNTQC anions to a neutral TCNQ
molecule and a TCN& dianion as shown in Fig. 1.5. This dianion configuration isrgetically
unfavourable due to the high Coulomb potentials. Henceaegehtransfer of Z = 1 results at maximum
in conductivity values typically for semiconductors.

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

follows:

D+D" —-D"+D
(1.3)

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

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

of the m—electrons of the molecules, is the dominating cause for gdmelectivity in a CT complex
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|
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Figure 1.6 lonization of CT complex with partial charge transfer{Z). Reprint with per-
mission from [14].

Figure 1.7 (a) Schematic oft— 71 stacking. Stacking in (b) Phase-l and (c) Phase-Il of
Cu:TCNQ. Reprinted with permission from [15].

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

of Cu:TCNQ in high impedance state is shown in Fig. 1.8(a).[B6band of Cu:TCNQ largely made
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Figure 1.8(a) Band diagram of Cu:TCNQ. Stacking in (b) Phase-I Cu:TG¥@ (c) Energy
change of band bottom. Solid line is the energyoband of Cu-TCNQ; dashed line is the
energy ofa’ band of Ag-TCNQ. Reprinted with permission from [16].

up of 4s orbital of Cu ([Ar]3d%4s'), while &’ bands are mainly composed mf- orbitals or lowest
unoccupied molecular orbitals (LUMO) of TCNQ. The overlaggpof neighbouringri— orbitals of
TCNQ is shown in Fig. 1.8(b). Fermi level of the compound .66 eV as shown by the dotted line in
Fig. 1.8(a) and cross the bands. During conduction, carrier migration of Cu:TCNQ mhatdepends
on the overlapping ofr— orbitals and at the Fermi levePB/di? being positive, it is reasonable to
consider that carriers are electrons. It has to be mentitimeids orbitals of Cu andrr— orbitals of
TCNQ forms bonding about the Fermi level and anti-bondingvabthe Fermi level [16]. The gap
betweena’ anda” is ~ 0.33 eV. Molecular arrangement beings unfavorabl@tmrbitals of TCNQ,

a’ bands appear to be narrow. Hence, electron have to overcigime&hergy barrier during migration
and as a result conductivity become low. Application of lieag enormous change in conductivities
and charge transfer. The energyabband is inversely proportional to bond length of Cu-N as show
in 1.8(c) and charge transfer decreases as bond lengttageseWhen applied field across Cu:TCNQ
exceeds threshold field, electrons in #feband starts to jump te@’ band i.e. anti-bonding orbitals of
Cu-N. This transition makes the Cu-N bond weak and increasdond length, resulting decrease in
the energy ol band. Therefore, more electron can jump frafnto & bands; in other words more
electron will fill the anti-bonding orbitals of Cu-N which rkathe bonds so weaker that Cu and N can
separate easily. As a resudt,band becomes conducting, with the Fermi level down to -1V.Gued

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

Cu:TCNQ NW with r—stacking, responsible for high electrical conductance.

1.3 Review of electrical transport in Cu:TCNQ

Basic reason of relatively higher conductance of Phasgstak structure of Cu:TCNQ compared to
that of Phase-Il has already been discussed in the previtasestion. Heintz et al. measured the
conductivity properties of Cu:TCNQ for the two crystallaghic phases [11]. They used pressed pel-
lets. These measurements revealed semiconducting pespfat both systems. Phase-| displayed a
room-temperature conductivity of®2x 10~ S/cm. In contrast, Phase-Il is a very low conductivity
semiconductor with a room temperature conductivity 85410~° S/cm. Temperature dependent con-
ductivity is shown in Fig. 1.9. The band gaps estimated fremperature dependence of conductivity
were 0.137 eV and 0.332 eV for Phase-l and Phase-Il respbcti®ne problem for the measurement

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

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

Zhou et al. [17] investigated the temperature and bias gelt#éependent electrical transport prop-
erties of in situ fabricated Cu:TCNQ NW. They have synthesgiZu: TCNQ NW laterally on e-beam
lithographically pre-defined electrodes of Cr-Cu/Au on &00Si/SiQ substrate by physical vapor
deposition method and an SEM image of the device is showngn EiLO(a). They found that at

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

Temperature
Reference Sample form Basic observation
range (K)
Measured electrical conductivity both for Phase-l and
Phase-Il which show semiconducting nature. Phase-
Bulk Cu:TCNQ
[11] 300-120 I higher conductivity than Phase-Il. Conductivity pf
(pressed pellet)
Phase-Il and Phase-I close to electrical properties in
‘'unswitched’ and 'switched’ state of Cu:TCNQ.
Nanowires are quasi-1D systems with large number
Nanowire
of nearly independent conducting channel in paral-
[17] array (Au-| 330-105
lel. power law dependence indicates the existence of
Cu/Cu:TCNQ/Au
Coulomb interaction in the NW.
Quadratic dependence of I-V indicates the charaater-
Nanowire array istic of space charge limited current. Temperature |de-
[18] 300-85
(Au/Cu:TCNQ/AI pendent conductance fit well with Arheneous model,
indicating activated transport.

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

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

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

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

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

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

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

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

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

Fig. 1.10(d) log-log plot of I-V curves at different temptnges. A transition between Ohmie{V) and

power-law behavior hVA+1) was observed as V increases. Power-law behavior has beenvet in

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

pendent high bias voltage. Inselisal—+1 determined from the |-V data plotted against eyTk
Reprinted with permission from [17]

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

dependent electrical transport measurement on Cu:TCNQ.
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Figure 1.11(a) Cross-sectional SEM micrograph of a st Au line with Cu:TCNQ NWs.
(b) log|l|-V curves of 206<200 pm? Au/Cu:TCNQ/AI memory in on state at different tem-
peratures; voltage scan: -2 to -4 V and back applied to theaneriement with R=10 R,
and (c) corresponding |H-T~! plot at -2.5 V across the memory element. Copyright with
permission from [18]

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

Aln|l| verses T plot (Fig. 1.11.(b)) results in a straight line from whichagtivation energy F~0.08

Table 1.2Comparative study of conductivity in Cu:TCNQ

Device structurg Conductivity (S/cm)| Reference
Pellet (Phase-I) 25x 1071 [11]
Pellet (Phase-II) 1.3x10°° [11]
Single NW 1.34x10°4 [22]
Single NW 1.67x102 [23]
Nanowire film 2x10°1 [24]

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

state of Au/Cu:TCNQ/Al memories confirms that the materiai KCNQ behaves like a semiconductor,
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which indicates that the current in the ON state is not sindply to conduction by metallic filaments, or
tunnel transport, unlike what is observed for polymer-dasetal/polymer/metal cells [21]. Table 1.2
summarises the comparative study of conductivity of Cu:TQCtiNat has been reported or calculated
from the data provided by different groups. The table shdwas there are variations in the data. The
highest in single NW is around.@7 x 102 S/cm. The cause of variation can be that most of these
reported experiments have undefined Z (extent of chargsfagrand also they used 2-probe measure-

ments that may have contribution from contacts.

1.4 Review of resistive switching in Cu:TCNQ

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

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

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

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

respectively. Fig. 1.13(c) shows the SEM image of the Cu:Qdin formed on 5Qum wide Cu lines.
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Figure 1.12(a) Cross-sectional SEM micrograph of a st Au line with Cu:TCNQ NWs.
(b) log|l|-V curves of 206200 pm? Au/Cu:TCNQ/AI memory in on state at different tem-
peratures; voltage scan: -2 to -4 V and back applied to theanerlement with R=10 ®,
and (c) corresponding |H-T~? plot at -2.5 V across the memory element. Reprinted with
permission from [25]
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Figure 1.13(a) SEM image of electrodes after Cu:TCNQ growth and dejoositf top Al
contacts in test structure for integration in the CMOS badkef-line scheme. (b) Idd |-V
curve of a Cu:TCNQ memory element. Reprinted with permis&iom [26].

Fig. 1.13(d) shows the ldg |-V curves of a Cu:TCNQ memory element (B x 200 um) taken with
a load resistor of 22®. The ON/OFF current ratio is about 10. In first few cycles dtage sweeps
the ON/OFF current ratio was about 150, which then reduceddaver value on repeated cycling.

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

were fabricated by Shen et al. and reproducible electrnigatking and memory effects were observed
by Shen et al. [27]. They have used anodic alumina membrasl¢§) of 60 nm and 200 nm pore
diameter and 1Qum thickness for synthesizing Cu:TCNQ NWs.uin thick film of Cu was coated
on one side of AAM by thermal evaporation and then the Cu sideedAAM was stuck to a quartz
substrate with a epoxy. Using electrodeposition a smallarhof Cu was deposited at the bottom of the
membrane. Then the membrane was exposed to TCNQ vapor imamdarnace for the formation of
Cu:TCNQ NWs. After that Cu was further deposited on top ofl@NQ for top electrode. Fig. 1.14(a)
schematically represents electrical circuit configuratod the NW device on AAM template. |-V
characteristics of Cu:TCNQ NWs is shown in Fig. 1.14(b) fosifive half of the applied bias. 1.0
MQ resistor in series with the sample was used to control cutheaugh the NW. Nanowire device
exhibits the same for negative polarity of the applied biasthe device performed unipolar switching
(Transition from high to low and low to high resistive state $ame polarity of the applied bias.) In
this device configuration, top and bottom electrodes werewfSymmetric electrode configuration is
the probable reason for unipolar switching. The ON/OFForti switching reaches 10

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

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

voltage bias is increased from 0 610 V, the current increases monotonically at low biased anti
sudden jump in current is observed at a positive threshdldge (\4) of approximately=7 V. The
Cu:TCNQ NW remains in the high-current state as the voltage is increased tg-10 V and while
the voltage is lowered from-10 to 0 V. In contrast, the Cu:TCNQ NW remains in the low-cotigtate
if the bias is not allowed to exceed this threshold voltagshasvn in Fig. 1.15(b).

Zheng et al. [23] fabricated a single NW device and obserlectrical resistive state switching.
Cu:TCNQ NWs were synthesized by a method that combine phlyaitd chemical vapor deposition
techniques as shown in inset of Fig. 1.16(a). In order to oreathe |-V properties of individual
Cu:TCNQ NW, synthesized NWs were separated from the suediyaultrasonication in alcohol. The
suspension was then deposited onto a silicon chip cappédanayer of 200-500 nm SO Pho-
tolithography was employed to form a square electrode am@gh consisted of 10 nm of Ni and 100
nm of Au, as can be seen in Fig. 1.16(a). Individual NW with djgontacts on both ends were then
located using SEM as shown in Fig. 1.16(b). The sample forsorement was 400 nm in diameter
and the spacing between the two electrodes wasthi(Fig. 1.16(b)). When the voltage applied to
the device was increased to the threshold voltage of 34 \¢uhent rapidly increased, indicating the
sample transfer from a high-resistance to a low-resistatate. After the voltage was swept down to
0V, the sample turned back to high-resistance state. The &ifgtance in the high-resistance state
and low-resistance state was approximately XD &hd 2.83 M2, respectively. The actual ON/OFF

resistance ratio for switching reaches 4 orders as can beisdbe logarithmic plot for I-V in inset
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of Fig. 1.16(c). Threshold voltage of switching was founchtive linear dependence of NW length
as shown in Fig. 1.16(d), indicating the local field depemeéeaf the phase transition. They have pro-
posed field driven solitions transportation model to exptawitching, which is basically based on self
multiplication of the charge carriers. At low electric fisJdnost of these charged defects present in the
CT complex NW are not free to move, but are thought to be dpatianfined by a three-dimensional
electrostatic potential [29]. These charged defects d@herthermally excited or introduced during
the crystal growth process. When the magnitude of the @ei#id is increased, these charges are
driven into motion by a field-assisted dissociation meckraniFurther dissociation of charges goes on
with increasing field, leading to a self-multiplication afreent at sufficiently high fields and results in
switching. Lowering of electric field make the charge cariemovable bringing the system to high
resistive state.

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

which determines how many times the device can be used te ami erase while using the material
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in memory device. Muller et al. reproduces the switchingperty successfully in Cu/Cu:TCNQ/A
cross-point cell arrays devices for many times. Fig. 1) 1vépresents the 19d |-V curves for an
Au/Cu:TCNQ/AI memory curves, recorded during 10000 wetase cycles with ON and OFF thresh-
old voltages in Fig. 1.17(b) [33]. Fig. 1.17(c) represehis tetention measurement of the ON (write)
and OFF state (erase) of the Ag/Ag-TCNQ/P4PMS (50 nm)/Adcaelsy another group [34]. They
have applied a voltage pulse ©i#4 V to write (ON) or erase (OFF) the states of the device, YoHid by

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

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

Table 1.3Comparative study of resistive switching in CT complex mate

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

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

of ANW for "array of nanowire’.

1.4.1 Resistive switching model in MSM or MIM devices

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

the two sides. The 'insulator’ or 'semiconductor’ in thes@stures is often an ion-conducting material.



1.4 Review of resistive switching in Cu:TCNQ 20

On-state

Wite/Erase Voltage (V) o
a A

Threshold Voltage (V)

cycle 4000
' - cycle 6000
{ - - - - cycle 8000
# - - -- cycle 10000

; —cycle 1
t‘ cycle 2000
¥

Off-state

‘ 3 )
On/Off ratio (a.u.)

20 40 60 80

Tisortiu Bt dondid ol ol Pudlrth T T T T T 6
A o B e A . 0 2000 4000 6000 8000 10000 : K
Voltage Memory (V) Cycle number Time (Min)

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

There are a number of models proposed to explain switchijimor MSM device. Cu/Cu: TCNQ/AI

or Au/Cu:TCNQ/Au configurations as discussed from repodiid are assumed to be MSM configura-
tion as Cu:TCNQ behaves like a semiconductor. Differentigsgproposed different models to explain
switching in Cu:TCNQ.

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

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

The CUTCNQ ™ salt acts as source of monovalentCeations. These ions migrate through a thin
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Figure 1.18Log | | |-V curves of Cu/Cu:TCNQ/M memory elements (20800 um, load
resistor R=10 R measured) in N2 filled glovebox directly after M (100 nm) tamntact
deposition, and after air exposure, (a) M=Al, voltage scar 6-15— +15— 0 V, and
(b) M=Yb, voltage scan 6+ —10 — +10 — 0 V. (c) Thermal image showing local hot
spots (yellow) for the LRS of a Cu/Cu:TCNQ/Al memory. (d) af@) Proposed switching
mechanism; Oxidations are shown in red, reductions in lalod,migration of Cu+ in green.
Reprinted with permission from [35].

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

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

low resistive ON state from high resistive OFF state as shiowig. 1.19 by Fernandez et al. [12].



1.4 Review of resistive switching in Cu:TCNQ 22

0.0030 002)

Phase |
—— Miyao et al 2014

—— 1mV/s 4th scan
0.0025 —— 10mV/s 3rd scan
—— 20mV/s 1st scan
—— 50 mV/s 2nd scan

(011)
©022)
Bis) ©a) (033)(024)

0.0020

0.0015 4

Current (A)

Relative Intensity

0.0010 4

0.0005

0.0000

8 Phase Il
—_ M tal 2014
voltage (V) ©013) yRosta

ol by
110 @19
5 10 15 20 25 30 35 40
2 Theta

Figure 1.19 (a) DC current-voltage plot showing bistable switching inl@ pum thick
Cu:TCNQ Phase-Il film placed between two electrodes in awafdstructure. Each new
scan was performed after a relaxation period of about a mirfo) XRD spectra of Cu:TCNQ
as a function of voltage showing the reflection planes fohlphtases, Phase-l and Phase-Il.
(c) Single crystal structure of Cu:TCNQ ‘OFF 'state Phaggeft) transitioning to a proposed
new ‘ON’state Phase-Ill (center) at 3 V followed by a traiositto Phase-I at 6 V. Reprinted
with permission from [12].

Although the authors do not show switching as shown in othevipus studies [26, 34, 35]. They
have performed dc current-voltage measurement betweed 6 &hon thin film of Cu:TCNQ which

shows conductivity comparable to Cu:TCNQ Phase-Il in thitage range 0-1 V and Cu:TCNQ film
goes from an 'OFF’ insulating state to an 'ON’ conductingestat approximately 4.5 V for first cycle
and at 2.5 V for rest of the cycles irrespective of the sca@ aatshown in Fig. 1.19(a). This could
be due to the fact that a small fraction of the conducting ehastill present even after the applied
voltage is switched-off. ON state conductivity in the vgkarange of 4-6 V is equal to Cu:TCNQ
Phase-I. This is due to transformation of Cu:TCNQ Phase¢{bva bias to Cu:TCNQ Phase-I at high

bias. To gain insight on the electrical switching mechanianad more importantly, determine if a struc-
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tural transformation on Cu:TCNQ plays a role on the eleatrswitching of Cu:TCNQ film materials
they performed iroperandoX-ray diffraction (XRD) as a function of applied potentiad ahown in
Fig. 1.19(b). At 0 V bias i.e. at 'OFF’ state, Cu:TCNQ film sh®WRD pattern of Phase-Il struc-
ture, intense peaks of which are @& 2 9.2° (002) perpendicular to the N-Cu-N coordination mode
and B = 16.8° (10-1). These peaks are shifted 6 2 10.3° and 2 = 18.3° with decreased inten-
sity as sulfficient bias is applied across the film. Theseethifteak corresponds to (002) and (011) of
Cu:TCNQ Phase-I. The decreased (002) intensity suggesttoatidn of the structure such that atoms,
and especially the heavier Cu atoms, are no longer aligngaames parallel to (001). The distortion
would result in deviation from the tetrahedral symmetryhat€u positions and as a result overlapping
occurs between the hybrid sp orbitals of the cyanide funeties and thet system of the benzene
rings, and Cu:TCNQ Phase-Il transformed to Phase-I| thraugmtermediate phase called Phase-lll
as schematically illustrated in Fig. 1.19(c).

There are some different proposed models/theories trgireglain the resistive switching in MIM
or MSM devices based on electrical effects. Electronic gianjection and/or charge displacement
is seen as one origin of the switching. Some uses charge¥taaiel which can explain the different
resistance states of a MIM/MSM cell by the modification of &lectrostatic barriers due to trapped
charges [36]. According to this model, charges are injetiedrowler Nordheim tunneling at high
electric fields and subsequently trapped at sites such astdefr metal nanoparticles in the insulator.
This model was later modified in order to incorporate chargeping at interface states, which is
thought to affect the adjacent Schottky barrier at varioesatfsemiconducting interfaces [37].

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

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

Reference

Basic Model

Supporting Experiment

[30]

Conductive chanA
nel formation and
disruption by redox

reaction

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

mation during the SET process.

on

U)

[42]

Conductive chanA
nels formation and
disruption by redox

reaction

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

interface indicates redox reaction at interface.

d Al
hi
en

the

[35]

Conductive chanA
nels formation and
disruption by redox

reaction

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

Performed Raman spectrs

unswitched and switched state

local

NW

1 in

[23]

Field driven soli-
tions transportatior

model

No supporting experiment has been performed.

[12]

Transformation
from Phase-ll to

Phase-I|

Performed XRD at different bias.

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

tive filament when reaching the anode. The system is theneirhotlu resistance ON state. The reset

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

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

g

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

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

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

1.5 Opto-electronic property of Metal: TCNQ

At 1982 Potember [41] for the first time observed that sendoecting organometallic films such as
Cu:TCNQ can switch between two stable states when exposepitittal radiation. Semiconducting
Cu:TCNQ, are grown as polycrystalline films directly on thetatlic substrates by reacting neutral
TCNQ in acetonitrile solution with copper. For electricatasurements, a top Al or Cr metal electrode
was deposited directly on the organic film, and contacts le&th lIonade in between top metal electrode
and metallic base substrate. For the optical and electiioabexperiments, the top metal electrode
was either omitted or prepared with a thickness that pegthipiartial transmission of optical radiation.
Depending on the specific material involved, they have date field strength between10® V/icm
and 2x 10* V/cm using laser source, required to cause switching tiiansi They have illuminated a
number of Cu:TCNQ and Ag:TCNQ specimens with the 488 and 4B8imes from an Ar-ion laser.

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

measurements made on the samples in conventional two-ptebode configuration. Illumination
creates high contrast in Ag:TCNQ film as shown in Fig. 1.21(ay measurement before and after
irradiation has been shown in Fig. 1.21(b).i.e. laser exposvith suitable power brings the system
from high to low resistive switched state.

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

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

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

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

1.6 Motivations behind the present work

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

1. Most of the reports are on NW/film grown on Cu film. Very few rejgoare on predefined
pattern. One of our aim is to control lateral growth of Cu:T@MNW on predefined patterns and
make single NW device with variable length and diameter. diaeneter and the numbers of NWs
bridging/connecting the two electrodes can be controlledguthe controlled evaporation rate. The
applied field between predefined electrodes during NW grabgh controls the diameter.

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

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

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

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

1.7 Structure of the thesis

The thesis is framed on the following works: (1) growth andictural characterization of NWs, (2)
device fabrication down to a single NW level using nanoliffaphy processes, (3) electrical and opto-
electrical investigations of a specific 1-D organic CT coexplThe specific CT complex investigated
in this thesis is a metal-organic Cu:TCNQ. The proper chargesfer has high densities of charge
carriers in Cu:TCNQ which leads to substantial electricalductivity and optical field-induced phase
transitions. This material is well known as described kefor its unique one dimensional electrical
property and also a large bipolar resistive state tramsitiben the applied bias crosses a threshold
voltage [8]. This resistive switching property opens upphbssibility to use this material as ReRAM.
A mechanism of switching with metallic channel formationreglox reaction has been reported [35],
but there are no experimental evidence for it. Few repoksoartemperature dependent electrical
transport of Cu:TCNQ NWs, though the actual mechanism oisfrart is not well explored [44, 17].
Very few works have been reported previously on CT completen® 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 tranispGuTCNQ NW, which was not
well studied before. Apart from that our important conttiba is in finding a new effect, i.e. photo-
conductivity in NW of such materials. An important new agpafcwork in this thesis is to take the
experimental work down to single NW level. The electricahdoctivity of a single NW of Cu:TCNQ
have been investigated and demonstrated the conductiomamism in a semi-quantitative way. It has
also been investigated that instead of NW arrays, whethgrgéesNW of this CT complex can show
stable and reproducible resistive switching like NW arraie have also looked into whether the con-
tact electrodes plays any role in the resistive switchingaffend these queries, precise electrical and
opto-electronic measurement on both single and bunches:3IGINQ NWs (average diameter ranging

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

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

This thesis starts with necessary literature of the easl@k in the field of CT complexes followed
by our motivation in undertaking the present work.

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

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

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

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

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

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

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



Chapter 2

Synthesis and Characterization

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

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

2.1 Introduction

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

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

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

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

2.2 Synthesis of Cu:TCNQ Nanowires:

We have synthesized Cu:TCNQ NWs using two different methB8$ and chemical method although
most of the thesis work particularly those on single NW haseriperformed with NWs grown by PVD

method.

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

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

or glass substrate and then TCNQ was evaporated on depGsitiidh maintained at- 13°C. TCNQ

in contact with Cu reacts with it and forms Cu:TCNQ. Mechanier the growth of Cu:TCNQ NWs
can be described as follows. Initially TCNQ molecules argoalded by the Cu film with which it in-
teracts forming Cu:TCNQ. Next, the incoming flux are adsdrbe these Cu:TCNQ surfaces and the
electrons are transferred from the base Cu film to the addor@NQ through the Cu:TCNQ due to
redox potential difference between Cu and TCNQ [51]. The T0blthus oxidised to TCNQion.
On the other hand, since the chemical potential of Cu is rdiffeat the two ends of the Cu:TCNQ

crystal with the chemical potential at the bottom end sigaiiily higher than the chemical potential
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Figure 2.1 (a) SEM image of PVD grown NWs. Variation of (b) length[{ v/t) and (c)
diameter of NWs as a function of growth time for a constanpevation rate.

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

represented as follows:
Cu(solid) + TCNQgas — [Cu" + TCNQ | +» Cu: TCNQ (2.1)

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

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

TCNQ molecules to approach the Cu film and with time, reactakes place via Cuion migration
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through the already formed Cu:TCNQ NW, and hence resultsimmér NW. Growth time and evapo-
ration rate has also significant effect on dimensionalityhefgrown NW. Initially, length of the NWs
increases with time and then it saturates. The growth besntyalled by diffusion of Ctr ions, one
would expect a reaction d¢fl] \/t, wherel is the length of the grown NW artds the time of growth.
Diameter of the NWs is almost constant for a constant evéiporeate. Nanowire’s length and diameter
as a function of growth time for a constant evaporation &hown in Fig. 2.1(b) and (c) respectively.
Slower evaporation rate gives thinner NW. Fig. 2.2(a) andlow SEM images synthesized with dif-
ferent evaporation rate. All experimental condition betogstant, we can assume evaporation rate is
proportional to the chamber pressure during evaporat®hjgher pressure indicates more number of
molecules are present in the evaporation chamber i.e. haylagoration rate and consequently lower
pressure signifies slower evaporation rate. Evaporatiéiat 10-6 mbar chamber pressure gives NW

diameter of~ 30— 100 nm, whereas NW diameter 10— 30 nm was achieved for.2x 10~ mbar

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

MMCATHAT
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Figure 2.2 SEM image of PVD grown NWSs at a constant pressure of (4% 5% mbar and
(b) 1.2x % mbar respectively. (The pressure refers to pressure dgriogth and not the
base pressure)

2.2.1.1 Evaporation Chamber for PVD Growth:

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

three crucibles used for Cu, TCNQ and Au or another evamoratiaterial, (iv) six electrodes each two
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are connected with one crucible to give power supply forihgahe crucibles, (v) three Pt100 ther-
mometer to measure the temperature of the crucibles, (v@naformer with adjustable rotor to supply
power across the electrode for evaporating the materiélya(sample holder mounted on a control-
lable rotating sample stage, (viii) a heater on top of thearholder, (ix) a temperature controller to
control the temperature of the heater, (X) a movable mechbsiutter in between crucibles and sample
holder and (xi) a door containing two view ports. On the topdk there is provision for two electrical
leads for applying bias across the sample electrodes. Tdmalwdr is pumped with a Turbomolecular
pump giving a base pressure ©f2 x 10~7 mbar. In this chamber three materials can be deposited
consequently without braking the vacuum. To do that the $asjage can be rotated such that the
sample be moved just above the required crucible. Threébbescare connected between three sets of
electrodes and the power applied between these electradeseccontrolled independently. Initially
we deposit Cu on subtrates like glass or Si/S0DSi/SgN4. After Cu evaporation, Cu coated substrate
in the sample stage is moved to the position of the crucibigadeing TCNQ organic powder. Power
is given to the leads of corresponding crucible to evapor&BlQ powder. At the same time sample
stage is also heated and temperature of the sample stagetisliea by the temperature controller.
We generally kept the sample stage at the temperature rdrdg®d 4@ C. TCNQ is evaporated and
vapor of TCNQ comes in contact with the heated Cu film on,SiGbstrate which results in growth of

Cu:TCNQ NWs.

2.2.1.2 Field assisted growth of Cu:TCNQ NWs:

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

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

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

This controlled growth of the NWs can be explained in the samork of two co-existing forces
namely Electrostatic Force (EF) and Dielectrophoretic RIPEEorce. It has been stated before that
the growth occurs due to diffusion of Cu ions through growimige. Application of a bias/ be-
tween two electrodes separated by lenbthives an electric field E. DEP force is the interaction
of non-uniform electric field with the dipole moment inducedan object. Thus, sawtooth like
geometry of our device is suitable for producing DEP forcehe Electric field can be defined as
\I—/, whereas DEP force acting on cylinder (assuming NWs aradwytal in shape) is [59],

Em— &n E€m—&n

Foep = A &0&mVpRE T, }OE? ~ V,COE?; where,C = A g5enRe| TS

voltage and separation between two electrodess numerical coefficient on the order of unitsg,

Eer =

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

&m andeg, are, respectively, the dielectric constant of free spdweydlative dielectric constant of the
suspending medium and material (Cu:TCN),is volume of material suspended in the dielectric
medium (air) which isrr2l, r is radius and being length of the NW equal to the separation between
two electrodes connecting the NWs. Depending on the sigp tie DEP force propels an object to-
wards either the EF maxima or minima. This generally usethiseparation of cells or the orientation

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

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

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

different field in Fig. 2.4(c) are supported well by the siatad 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 \ait$ calculating corresponding DEP
force at midpoint between two electrodes where DEP forcangmum, we have obtained the NW di-
ameter for different DEP force. Simulated diameter mergek with experimentally obtained results
as shown in Fig. 2.6(c). Slight deviation from experimeméults is due to estimation of DEP force
only without considering effect of EF on growth. Now, queatiarises why diameter is decreasing
with increasing bias. Let's explain first the normal growtlogess. The growth model of Cu:TCNQ
from vapor phase has not been worked out in details. In thervalpase growth, the length grows in
time following a time dependence that originates from diiun of ionic speciesl (J 1/t), while the
diameter does not change after initial growth period. Thasngter constrained growth is very similar
to growth in solution where Anodized Alumina Oxide (AAO) tplates have been used to limit lat-
eral growth. [51] In both the growth processes, two phenaa®r involved after the initial nucleation
phase. (See the schematic in Fig. 2.6). There is diffusioBuf from the Cu electrode though the
growing wire (after initial nucleation phase) to the opeovgth face. There is also diffusion of elec-
trons from the Cu electrode (due to redox potential) to tieegmwing surface, leading to oxidation
of the arriving TCNQ molecules to TCNQ, which then reacts with the diffusing Ctito make the
Cu:TCNQ. The efficiency of the process (ionic diffusion, adhas electron transport from Cu side to
growth face) would determine the extent of the charge teaisf The applied field during growth can
affect both the processes. This can also be explained vétettwo forces. As already stated that EF is
in favour of NW growth and bridging. When field is applied, ithgrthe growth of Cu:TCNQ NW from
positive (+ve) electrodes, Cu ions inside the NW attractechtds the negative (-ve) electrode due to
the EF, whereas DEP force pull the ions toward the electrixdes middle of the electrode gap. These
two forces acting on the NW are directed opposite to eachr oéiselts in decreasing the NW diame-
ter. At low bias EF dominates over DEP force which acceleradt®/ growth and NWs easily bridge
between two electrodes. As applied bias increases, EF gesged by the DEP force which pulls the
NWs opposite to growth direction. Due to these two oppositeds simultaneously acting on the NW
creates stress along the length, favourably directed tisvgrowth electrode of NW with increasing
field and consequently diameter decreases. The procedwinatically represented in Fig. 2.6(d). As
the NW grows from the vapor phase with arrival of TCNQ molesulthe successive molecules due to

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

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

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

field and (f) with field. Field growth NW are having better- 1T stacking of molecules.
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process will enhance the Cu ions migration from Cu electtodiee NW tip, thus facilitating the extent
of charge transfer and enhances. We will show later on in Chapter 4 that NWs growmiaplied

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 acetronitviligh different concentration was prepared
in a beaker. Cu film was made by thermal evaporation in highwac Cu:TCNQ NWs and microrods
are grown chemically by dipping the Cu film into TCNQ solutionacetonitrile with desired amount
of time at definite temperature in air atmosphere as showensatically in Fig. 2.7. We have used
10 mM concentration of TCNQ in acetonitrile at room tempemat Size of the nanostructures can be
controlled by growth time, temperature and concentratfohGNQ solution. Depending on the growth
time and temperature it may have Phase-I (tetragonal) [3[lo6Phase-II (monoclinic) [64] crystal
structure. Nanowires and microrods grown by chemical ntettave Phase-I structure for shorter time
as shown in Fig. 2.7(b) and they grow to Phase-Il structutedfgrowth is for longer time as shown
in Fig. 2.7(c) that can be confirmed from XRD analysis as dised 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-Il (Monoclinic)

2.3 Characterization

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

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

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

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

the basic principles and results obtained from our sample.

2.3.1 Structural Characterization
2.3.1.1 X-Ray Diffraction:

X-ray diffraction is the first step for determining the phadeny synthesized material. If the incident
X-rays have the same order of wavelength as that of the atdimiensions, then the radiations emitted
by the electrons can have a definite phase relations with mother. These radiations may, therefore,
undergo constructive or destructive interference protuechaxima or minima in certain directions.
When emitted wave differ by an integral multiple of waveldn@\) for a certain angle it gives con-
structive interference scattered or emitted waves follogy Bragg's relation [65] @ Sind = nA as
shown in Fig. 2.8, whera is an integerp is the angle of incidence ardjy, is distance between two
consecutive parallel planes of atom.

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

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

A3 [28] and is polycrystalline as we obtained the peak in cagmbfcrystalline sample with different
intensities [11, 12, 52]. Both for PVD and chemically growimaBe-| crystal, the X-ray pattern show
peaks at 2 = 10.89, 15.7%, 17.63, 22.48, 25.4¢, 28.64, 33.63 and 35.59, corresponding planes
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Table 2.2XRD data analysis of Phase-l and Phase-II crystal structiu@: TCNQ.

Phase-| Phase-ll
Synthesis
(Tetragonal) (Monoclinic)
method
Unit cell 20 d hkl | Unit cell 26 (°) | d(A°) | hkl

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

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

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

35.6 | 2.5188| 024

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

2 2
calculated using(%)h2 +K+12 = % where interplaner spacing) = Zs}l\w A being wavelength

of X-ray source. We have used G of wavelength 1.54056 Aat an accelerating voltage of 45kV
and 40 mA current in X'Pert PRO system of PANalytical compa@n the other way, chemically
grown Cu:TCNQ NW shows Phase-I (tetragonal) crystal stmecfor shorter growth time and Phase-I|
(monoclinic) crystal structure having unit cell with= 5.333 A,b=5.331 A,c=18.875 A 3 = 94.09,
andV = 538.38 & grown for longer time period [63] at comparatively high tesrgture (80C). For

monoclinic crystal structure the relation between int@nglr spacing and lattice parametegsb, c and
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2 12 2
Bisd—12=< ! >[h Ksi'p | I°  2hicogs . Phase-Il peak at@= 9.3 correspond to (002)

sieB ) | a2 b2 2  ac
plane, perpendicular to N-Cu-N coordination mode (see ER§(b)). Next peak in Phase-Il is located
at 20 = 15.7 correspond to (10-1) plane. Other peaks are&t=217.57, 22.32, 25.2P, 27.C7,

28.67, corresponding planes of which are (004), (013), (0-1-2)3}] and (015) respectively. All the
experiments performed in this thesis are with NW of Phasgdtal structure and mostly grown with
PV D method. Experimental results for Phase-I and Phase-kittsies of Cu:TCNQ are summarized

in Table 2.2.

2.3.1.2 Scanning Electron Microscope

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

alignment, filling factors, etc. In SEM, stream of monochatim electrons emitting from an electron
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S
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(Contrast) (SEM) M
Auger Electrons | Char];l];tserll;;l,[tPi-Ra"
(Compositional ( i )
Information)
Specimen Current
(Electrical Information)
Elastically
Scattered Electrons T
(SAED, CBED) Inelastically Scattered E
2 Electrons
Transmitted M

Electron Beam
(EELS)

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

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

electrons. Secondary electrons are produced due to ilcedasttering of electron beam with specimen



2.3 Characterization 46

Figure 2.11 SEM micrograph of (a) PVD grown Cu:TCNQ NW (b) micro-flowerafem-
ically grown Cu:TCNQ (c) Au nanoparticle attached on thefame of chemically grown
Cu:TCNQ NW (d) chemically grown Cu:TCNQ micro pillar on CuiAurface.

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

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

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

and beam spot-size of 2-3.

2.3.1.3 Transmission Electron Microscope:

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

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

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

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

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

the electron diffraction pattern.

Indexing of electron diffraction pattern: Ratio-technique: From Bragg’s law, 8 Sin@ = A, for small

diffraction anglef, Sin ~ 6 and hence, @& 6 = A. Again, if R be the distance of diffracted spot of
interest ('B’ in Fig. 2.13(b)) from the central spot (A’ inifr. 2.13(b)) and. be the distance between
screen and the sample as shown in Fig. 2.13(a) and (b) titwe2f = R ~ (for small angle of diffrac-
tion). Thus,Rdy =LA, orR=LA (%). Thus, one can Writeg—; = Ei If the camera constant{)

is known, one can easily determine the interplaner spacing.

Let's consider (hkl) value of the central spot ‘A’ is known.o index for the other spot we can
follow the procedure(1.) Choose one spot to be the origin and measytg2.) Measure the spacing
of a second spd®,. (3.) measure angle betweerR; andR;. (4.) Prepare a table giving the ratios of
the spacings of permitted diffraction planes in the knowacttrre.(5.) take measured ratig/R, and
locate a value close to this in the tabi@.) Assign more widely-spaced plane (lower indices) to the
shorter R value(7.) Calculate angle between pair of planes of the type one halxéd. If measured

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

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

Signal Source

Information

Secondary Electrons

Morphology and topography of the specimen SEM

Backscattered Electrons

Qualitative idea atomic number and topographical inforomat
by illustrating contrasts in composition in multiphase péaa

SEM

Auger Electrons

Surface sensitive compositional information

Characteristic X-Ray

Energy Dispersive Spectroscopy (EDS) and Electron Probe

Micro-Analysis (EMPA)

Elastically Scattered Electrorn

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

Electron Diffraction (CBED)

1]

Transmitted Electron Beam

Structural and chemical information (EELS)

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

spot patterns, the distanBeof diffracted spot from central spot is measured from SAERguas. This

represents reciprocal of the distance of interplaner sgalch). Match this interplaner spacindy

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

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

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

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

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

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

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

scale, lattice fringes and hence

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

2.3.2 Compositional Characterization

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

important characterization technique because from tHe®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 greferred method of infrared spec-

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

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

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

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

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

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

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

There is no direct way to estimate the degree of chargefeiafitom the observed spectra. Chappell
et al. [69] have studied vibrational spectra of many TCNQdasharge-transfer salts, whose degree of
charge transfer was independently known and created aatidib plot between the degree of charge-
transfer Z and the observed frequency peak for the TCNQ agrshoFig. 2.17. In Fig. 2.17 is repro-
duced from [66]. From Fig. 2.16 it can be seen that tkeNCstretching mode shows a peak at 2205
cm~1, whereas for neutral TCNQ this mode should be observed & @22*. The estimated charge-
transfer for the grown Cu: TCNQ by using the plot given in RAdL7 is Z~ 0.51%. Thus, Cu:TCNQ is

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

2.3.2.2 Raman Spectroscopy:

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

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

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

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

As from the experimental data in Fig. 2.18,-C=N stretching mode of neutral TCNQ is at 1451
cm~1. After formation of Cu:TCNQ, stretching mode is shifted ®71 cnT! due to charge transfer
from Cu to TCNQ [70]. To calculate the charge transfer betwaenor Cu and acceptor TCNQ, we
have focused on €N stretching mode, one of the Raman active mode of TCNQ. Framd® spec-
troscopic measurement, we found that theNCstretching mode which is at 2222 cifor neutral
TCNQ, shifted to 2204 cmt after formation of Cu:TCNQ. Degree of charge transfer frdnift $n fre-
guency of CG=N stretching mode [69] isz 51% (using calibration curve as shown in Fig. 2.17), which
is almost same as the Z obtained from FTIR spectroscopic ureagnt. Incomplete charge transfer
in between Cu and TCNQ obtained both from FTIR and Raman measunt 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 nekti8iructural characterizations of
the NWs were performed by XRD, SEM and TEM. For PVD growth waobonly Phase-I crystalline
structure while for chemically grown NWs both Phase-1 andgehll are obtained. FTIR and Raman
spectroscopic study indicate formation of Cu:TCNQ withamplete charge-transfer ef 51%. We
also grow NWs by PVD method within prefabricated electroaied applying field between them. The

field assisted growth has been simulated considering betitrestatic and dielectrophoretic forces.



Chapter 3

Device fabrication and measurement

technigues

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

needed for electrical measurements. Fabrication of namioggrom the synthesized and characterized
nanowires (NWSs) is an important aspect of this thesis. Mb#ieprocesses followed were developed
during the thesis work and thus forms an important work dgyelent of this thesis. Devices used for
measurements are mainly fabricated by electron and ion Hgéhography process. We have also dis-
cussed the experimental techniques which have been setiwsad to measure the electrical transport
i.e. current-voltage or resistance at different temperatas well as measurement of transport under
illumination. The measurement setups were automated b8 Gférfacing with C* programming

for data acquisition.

3.1 Introduction

In modern field of science and technology, along with bio,menthe most popular scientific prefix.
Working at the nanoscale enables us to understand anceutikzunique physical, chemical, mechani-
cal, and optical properties of materials that naturallyun@t that scale. Challenges in nano technology

include the integration of nano structures and nano méen& or with macroscopic systems that
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can interface with users. To understand the physical betevin nanoscale, nanodevices have to be
interfaced with macro electronic systems which is possiieugh various nanofabrication processes.
Photo, electron and ion beam lithography are some most adeitdtion processes. Use of lithogra-
phy for device fabrication opens the field not only for nowariication schemes, but the incorporation
of diverse material systems into the field of nanodevice.his thesis, our goal is to investigate the
transport and opto-electronic phenomena of the Cu:TCNCuabscale, particularly at the level of a
single NW. So, various nanodevices have been fabricatentdiog to the experimental requirement.
We will also discuss an important specific sub-area i.e.ewfit methods of nano fabrication along

with experimental techniques developed and used for mesamint.

3.2 Lithography processes:

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

lithographytechniques which were mostly used for device fabrication.

3.2.1 Electron beam lithography:

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

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

3.2.1.1 Resist:

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

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

If unexposed area of the resist is removed by the developairiths callechegativeresist. Exposure
of e-beam changes the chemical structure of the polymestrigessuch a way that e-beam makes the
bond stronger between two consecutive molecules of polysham such that the exposed regions
becomes stable and insoluble in the developer solutionyeslseunexposed area can easily dissolve
into the developer. HSQ is an example of negative e-bearstré&dfect of e-beam exposure on positive

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

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

schematically shown in Fig. 3.1.

3.2.1.3 EBL system:

For our work we used a Scanning Electron Microscope (SEMh witField Emission Gun (FEG)
equipped with a beam blanker that turns the e-beam ’on’ afiddaring raster scan. The electron
source of the SEM is used for writing patterns as shown in Zig(a). The photograph of our SEM
converted EBL system is shown in Fig. 3.2 (b). Electron calugpically consists of an electron gun -
a source of producing electron beam, two or more lenses terme the beam, scan coils for deflecting
the beam, a blanker for turning the beam on and off, a stignfat@orrecting any astigmatism in the
beam and finest focusing of the sample, apertures to heldfimmgthe beam, alignment systems for
centering the beam in the column, and finally, an electroaddet for focusing and locating marks on
the sample. Let’s briefly discuss the function of each eldrfeeming the electron column.

Electron gun Electron gun materials are chosen in such a way that electo easily emit from the
material surface by heating or applying sufficiently stretegctric field so that electrons get sufficient
energy to overcome the work function or tunnel barrier ofrtiegerial. There are two types of electron
gun sourcethermionic gurandfield emission gun

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

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

work function of tungsten and continuously refill the madkrievaporated from the tungsten gun. After
coating tungsten tip with zirconium oxide operating tenajare of tungsten reduces from 2700 K to
1800 K.

In field emission gura very strong electric field is used to extract electron feomaterial filament.

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

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

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

Figure 3.3 Schematic representation of raster and vector scan.

A brief description of scanning is given below.

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

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

In both vector and raster scan, the electron beam is turridzetbfieen the designed pattern areas
to be scanned. This is done by a beam blanker which deflecwleobtron beam far away from the
optical axis of e-beam so that the beam will not reach theispat This is accomplished by applying
an electric field to the plates perpendicular to the optigad.aThe plates are connected to a blanking
amplifier with a fast response time. To turn the beam off, gagd is applied across the plates which
sweep the beam off axis until it is intercepted by a downstreg@erture. If possible, the blanking
is arranged to be conjugate so that, upto first order, the lmahe target does not move while the
blanking plates are activated. Otherwise, the beam woalttlstreaks in the resist as it was blanked.

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

tor. A stigmator is a special type of lens used to compensatenipeifections in the construction
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and alignment of the EBL column. These imperfections canltrés astigmatism, where the beam
focuses in different directions at different lens settirtpe shape of a nominally round beam becomes
oblong, with the direction of the principal axis dependenttbe focus setting. Possible causes of
astigmatism are: (a) Asymmetry of the electromagnetic fisidhe beam path due to manufacturing
imperfection, which deviates the lenses and the pole piere the rotational symmetry. (b) Contam-
ination in the optical column. Such astigmatism is corrédig a special astigmatism corrector called
stigmator. Stigmators may be either electrostatic or m@gaad consist of four or more poles (eight
is typical) arranged around the optical axis. When the macturrents are applied to the respective
condenser lens coils, they generate magnetic fields, whithenadded vectorially resultant as a field.
By applying this electrically created astigmatism velttican the direction of the intrinsic astigmatism
of the electron-optical system, the effects of the two astitisms cancel each other, thus eliminating
any astigmatism from the electron-optical system. Thevsdigr cancels out the effect of astigmatism,
forcing the beam back into its optimum shape. For producief 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 mainlyls#te researchers to generate nano size
pattern for electron beam lithography. The objective foi@#as to provide a powerful, versatile and
easy route to use system for doing advanced e-beam litHogi@agon beam lithography using a com-
mercial SEM, Scanning Transmission Electron MicroscopeE(8), Focused lon Beam (FIB), dual
beam i.e. microscope containing both electron and ion be&tM conversion kit sold by J.C.Nabity
Lithography Systems (NPGS) both with FEI Quanta 200 and FELI®S 600 systems for e-beam
lithography was used to generate nanodevices for my rdseark. A block diagram overview of
NPGS/SEM hardware is shown in Fig. 3.4. The bold arrows (bhleur) shows the XY scan interface
between the software and the scan coils of the SEM systenglaasithe connection between the SEM
and an external picoammeter (some SEM system have builc@gammeter). Thin solid arrows show
the SEM’s blanker and the blanking output from NPGS, and tleamage signal that is sent from the
SEM to the NPGS hardware. Optional connections are showndaghed lines.

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

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

A general process flow for obtaining an EBL patterned sangp#hown in Fig. 3.7. According to

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

consideration of proximity effect and finally compile to a chime-executive file. After loading the

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

calibrate the writing field, beam current and adjust the b&suas and astigmatism. Finally, exposure

can be applied followed by developing to obtain the desiratepns.

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

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

in Fig. 3.7:

1. Substrate cleaning: The substrates used for e-beam lithography are initiafgredd by boiling them

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

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

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

are then rinsed in DI water and again boiled in 1:1:6 (voluat®n) of HbSO4:H,O,:DI water at 70

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

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

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

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

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

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

layer of low molecular weight resist (350K PMMA) i.e. sindkyer coated sample. In this PMMA
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Figure 3.6 Schematic showing lift-off process in bi-layer and singlgdr resist coating.

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

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

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

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

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

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

by Au evaporation of 50— 100 nm.

3.2.2 Focused ion beam lithography

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

and devices in the micro and nanometer scales. In this mpeesetal is directly deposited onto a
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umn with a tilted ion column, (b) Gallium ion source, (c) Riam deposition using FEB.
Sample is tilted at 52to make the sample surface normal to ion column. (d) SEM imafe
single NW device connected with FEB (near the NW) and FIB ffilam the NW) deposited
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cleaned wafer from a precursor and it does not need any usesist.r The instrument used in this
work is having dual beam sources: one source is a field emisdertron gun (SEM source) and
another is a FIB (Gallium ion) source. We use the SEM for EBbcpss as described earlier. The
FIB source is aligned at an angle of%&ith the SEM source as shown in Fig. 3.8(a). Combination of
these two sources offers lots of advantages in nano falamcas well as sample identification. SEM
column is used for sample inspection and imaging at highlugsa of specific features without the
risk of sample damage. On other hand, ion source is used tsilepetal and cutting/milling. Ga is
the most commonly used ion source for FIB instruments foloits melting points, volatility, vapor
pressure and excellent mechanical, electrical, and vaquoperties. Schematic diagram of Ga ion
source is shown in Fig. 3.8(b). This ion beams are accetiratdlimated and focused by a series of

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

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

3.3 Device Fabrication

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

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

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

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

tion.

3.3.1 Top-down approach (Attaching contacts to prefabricéed wires —EXx-situ fabrica-

tion):

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

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

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

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

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

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

to direct deposition by using FIB/FEB process.

3.3.2 Bottom-up approach (Growing NWs on predefined patters —In-situ fabrica-

tion):

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

Fig. 3.12(b) shows the same for dual layer metal (Au on topw)ff@r lateral growth. Fig. 3.12(c) shows



3.4 Experimental Techniques 72

(i) Predefined z
pattern made €——
by EBL process

(ii) NWs growth by
PVD on pre-
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electrodes

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

unidirectional growth of NW from Cu bridging Au electrode iwh is done by angular deposition of Au
on top of Cu. Nanowire length and diameter can also be cdedibly controlling electrode separation,
time of NW growth and evaporation rate as discussed in ch&pfsection 2.2). Fig. 3.12(d) shows
a single NW device of diameter10 nm and length~200 nm. Main advantage of this process is
that since the device architecture and electrode can b&disdd before the growth of NWs. As a
result, NWs will not suffer deterioration due to post treattn For the same reason this fabrication
process is called in-situ fabrication. The nanobridgeyarfabricated here being electrically connected
to leads, allow direct use as a nanodevice without any axditisteps and electrical/opto-electronic

measurements can be made.

3.4 Experimental Techniques

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

lower left of Fig. 3.13. We have measured 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 dependentiescind opto-
electronic measurement. (Lower left) Four and two (psewdw)fprobe configuration for
electrical measurement.

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

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

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

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

Cryostat

Super conducting

Superconducting ="y d
 mugnet ’ h magnet
¢ 5

Helbinm cylinder

Compressor Sample, heater,
sensor

Figure 3.14(a) Schematic of cryogen-free VTI system. (b) Photograpth@fvhole system.

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

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

(except helium gas in the reservoir).
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Figure 3.15(a) Basic principle of AC resistance measurement. (b) @pegotronic measure-
ment set-up for AC measurement.

3.4.1 Electrical measurement

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

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

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

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

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

and (b).

3.4.2 Opto-electronic measurement

Opto-electronic measurement have been performed usimgAiotand DC measurement techniques.
Zero bias photo-curreripn(V = 0) of the single and array of NW was taken using Lock-In-Amplifie
The photo-current was directly put into the current ampilifiput of the lock-in which has sensititvity
< 0.5 pA current gain. Schematic diagram of the measurementeoteho bias photo-response with
lock-in amplifier is shown in Fig. 3.15(b). The term zero biasrent is used because no bias has been
applied to measure the photo-current. The illumination tmased 'ON’ and 'OFF’ mechanically by
a shutter when data (shown in chapter 6) was taken. In thissaésser source of wavelength 405 nm
has been used as source of illumination. Power of the lagerik controlled by neutral density filter.
Power of the illuminated light falling on the sample is measuby putting a power-meter in place
of the sample. By measuring the total illuminated area orstimaple and power of illumination, we
have calculated the power density of illumination. Nanewdimension being known, we can easily
estimate the power falling on the NW. During DC measuremenst,have used Horiba Jobin-Yvon
Fluorolog-3 spectrofluorimeter for sample illumination.n Aptical image of the set-up along with

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

(150-Watt ozone-free xenon arc lamp) illuminated onto asitakion monochromator, which selects a
band of wavelengths. This monochromatic excitation lighdirected onto the sample. If the sample
emits luminescence, it is directed into emission monoclatomwhich select a band of wavelengths
and shines them into a detector. Although for our measureeraission is not an important part. The
spectral response ahé-V curves were recorded using a source meter (Keithley SM2208 voltage
source and a picoammeter (Keithley 6485) to measure cuilrenter frame in Fig. 3.16 illustrates the
external electrical connection for the opto-electroni@swements. We have measutedVv andl —t

in dark and after illuminating the sample with monochromdight of various wavelength. Power
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falling on the sample for the xenon source has been calibregig the known power for laser source.
Let us consided, (V =0) is the zero bias photo-current for illumination powePpin laser source, and
Ix(V = 0) is zero bias photo-current in xenon lamp source. Thus, ithation powe corresponding

IL(V=0 .
L ) ,orPy = &IL(V = 0). Experimental results has been

to Ix(V = 0) is calculated fron% = XV =0 ]
X pum—

discussed elaborately in chapter 5.

3.5 Conclusion

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

have also been discussed.



Chapter 4

Temperature dependent electrical

transport in Cu:TCNQ nanowire

In this chapter, we have reported the temperature and bigel@ent electrical transport properties
of array as well as single nanowire (NW) of Cu:TCNQ, latgraibnnecting two electrodes-(1um
gap) with and without the presence of external electric fagighlied between the electrodes during
growth. Temperature and bias dependent electron transpbthese bridged NW devices has been
investigated down to 40K with the aim to probe the effectroperature, applied bias and applied field
during growth on transport of Cu:TCNQ. It has been found it NWs show a linear part of the
conductance and a non-linear part beyond a threshold biase field applied during growth affects
both the parts. Below 100 K, the bias dependent conductaitbehweshold can be fitted to a modified
Zener tunnelling model in both types of NWs raising the |bi#giof charge density wave (CDW) type
charge transport in the Cu:TCNQ NWs. It has been proposettiigeenhancement of the conductance
in Cu:TCNQ NWs when the growth is performed in an applied Getdirs due to better charge transfer
as well as more ordered arrangements of TCNQ stacks. Thaifistbthe 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 metadl emiconductor NWs have been a topic of
considerable current interest [75, 76, 77]. Important jpeaters that determine the transport properties
of NW are material composition, growth condition, crystahiity, NW diameter etc. [78, 79]. In this
chapter, we investigate an interesting possibility whegpplication of electric field during growth can
influence the electrical conductivity of the NW when they girewn from a vapor phase. This question
becomes particularly relevant because there are attempgetelectric field assisted growth/alignment
as a tool to assemble NWs into large scale circuits [53, 54, Patticularly, in the context of semicon-
ductor NWs like Si or Carbon nanotube, it has been estaldishet an applied field can produce an
alignment field (due to large anisotropy in polarizatiorgtthan overcome the randomizing effect of
the thermal vibrations [80, 81, 82]. We address here theiggwether the applied field, in addition to
alignment, can also 'tailor’ its properties, particulaily electrical transport. The work reported here
was done in specific context of a charge transfer complex N\Vkefsons elaborated below. However,
it may be seen that this may have a general applicability fowth of NWs of similar such systems.
While electric field assisted growth in charge transfer ciexpave been reported before, [57] mainly
to align and make NWs grow as bridges between two electrodteswicron or sub-micron gap. The
possibility that such a growth process can actually leadtdrol/modification of physical properties
have not been reported before.

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

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

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

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

The work reported here was carried out in NWs of the chargestea complex Cu:TCNQ with
diameters in the range20 30 nm and length o1um. The NWs were grown from vapor phase as
nanobridges between prefabricated electrodes with arwbutitan electric field applied between them
(see Fig. 4.2). We investigated the electrical conductigT a wide temperature range (40 K to 300 K)

and find that there are substantial differences betweerswied are grown with and without an electric
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field. The NWs show a large component of non-linear trandpeyond a threshold field, which is also
strongly temperature dependent. We found that fadTOK, the non-linear component of the conduc-
tion resembles that of a CDW transport. In this temperatange the bias dependent conductance can
be well fitted to a modified Zener Tunneling model developeddOW transport [83, 84]. The applied
field during growth also modifies the non-linear componerihefconductance including the threshold
for the non-linear transport. These aspects have not beentee before in such charge transfer com-
plex NWs like Cu:TCNQ and also raises the possibility of simtestigations in other organic charge
transfer complexes.

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

likely mechanisms that lead to the property modifications.



4.2 Sample preparation in pre-defined electrodes 83

Cu:TCNQ

Figure 4.2 Schematic of the device for inplane growth of Cu:TCNQ NW withrefabricated
pads (a) with and (b) without field. SEM images of Cu:TCNQ NVgsresponding 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 growe-beam lithographically made
predefined electrodes. This process gives well defined NWs much less diameter. Another im-
portant advantage is that one can have the growth as a ndgehhat connects two prefabricated
contact pads which allows us to carry out electrical expenits without any post-growth processing or
lithographic processes. Also, NWs do not suffer deterionadiue to post treatment.

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

vapor was created by resistive heating of TCNQ at around@2W/e made two types of samples.



4.3 Electrical transport measurements 84

During growth, for one sample an electric field<R x 10*V/cm) was directly applied between the
pads. This sample is marked as D-1. If the electric field gtiers too high the wires which bridge the
electrode gap can get damaged, due to the high current gahsiugh them, as also been observed by
Sakai et al [56]. For the other sample no bias was appliechdgiowth. The NWs grown with a zero
field is marked as D-2. Fig. 4.2 demonstrate the schematid/éfgkowth condition and SEM images
of the corresponding devices of a real system used for memsunts. The NWs grow to bridge the
electrodes through the sidewalls of the Cu layer. Genetlaflygrowth is stopped as soon as few NWs
connect the bridge as determined by finite current betweseléttrodes. The nanobridges so formed
have typically 2-5 NWs of Cu:TCNQ of very similar diameteg 20— 30nm). The Cu:TCNQ NWs
grown by this method consist of more conducting Phase-1 Ci@, [11] as confirmed by XRD, TEM
and FTIR. From the FTIR data and the observed shift in the -&MNtching band we obtain average
charge transfer value (Z) e£0.6 for the Cu:TCNQ NWs grown by vapor phase. It can be seeswbel
that NWs grown in presence of field has good enough stackimgesee that one can observe the onset

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

4.3 Electrical transport measurements

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

a variable temperature insert in a Closed Cycle Refrigei@tdl cryogenic) down to 40K. The mea-
surements were performed forT40 K temperature because below that temperatures the rndgedr
are prone to mechanical failure. The nanobridges withsthednal cycling reproducibly in the tem-

perature range of 40 K to 300 K.

4.4 Experimental results

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

the current in the low bias region. The figure shows that tharea of transport in the two types of
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(a) Bias (V) (b) Bias (V)

Figure 4.31-V data at different temperatures of NWs grown (a) with fjée- 2 x 10* V/cm
and (b) without field, & 0 V/cm. The \{, for temperatures k 100 are marked by arrows.

NWs are somewhat different. The field grown NWs have highedaotance. The NWs show linear
(symmetric)l —V curves at low bias but beyond a threshold volt&gethe | —V curves become
strongly non-linear. The extent of non-linearity is alstiatient in the two NWs. Thé —V data taken
at different temperature show that there is a change in thdumtance behaviour below 100 K where
it becomes strongly non-linear and the threshold becomege mrmnounced (Data highlighted by a
circle). We show below that the strongly non-linear behaway be related to CDW type transport.
The non-linear character of the transport beyond a thrddhials can be seen more clearly in the
bias dependence of the conductanég és shown inG — E curves in Fig. 4.4. The data shown have
been scaled by the number of bridging wires in the nanobridgénat the value of the conductanGe
represents the conductance value of a single NW. It can befsma the data that the conductance of
the wires grown in presence of the electric field (sample B-13rger by few orders compared to that
of NW’s grown by the same method but with zero field (sample)DT2e bias dependel@ taken at
different temperatures also show that the nature of depeedefG on E change for K100 K. We
will discuss this issue in details later on.
We also note that while both the NWs show semiconducting\weties and the conductan€ereduces

on cooling, the reduction is much stronger for the zero fielwvgp NWs. In case of the field grown

sample D-1, the reduction on cooling is rather shallow. Tindihg low bias conductanc&y(Gy = 3—\'/
: Go . -
for V — 0) for the zero field grown sample at room temperature 5uS so thatez—/oh is ~1/8, signi-
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Figure 4.4 Bias dependent conductance G=dl/dV of NWs grown (a) with @mdvithout
field. The value of G has been scaled by number of wires to mhtes conductance of a
single NW.

fying that the NW strands are deep into the insulating sta#fying a substantial reduction & on
Go

cooling. However, for the NW’s grown in field at room tempelretez—/h <1. Thus the NW strands
grown in a field are on the verge of undergoing an insulataahteansition. The application of field
thus drives the NW's close to the transition boundary.

We have observed resistive state switching in Cu:TCNQ NWfala of E~ 1.4 x 10° V/cm. Since
the phenomenon of switching is not within the scope of thetdrawe kept the bias voltage below that
value. However, even in that bias scale we observe a strqpendence o5(E) on bias fieldE and
existence of a threshold bias for non-linear conductionotéN The onset of non-linearity is distinct
from switching). The thresholds in both the samples are r#thas the temperature of measurement
is reduced. We will do quantitative analysis of the nondinpart of the data later on.

The results presented above clearly show that when anielé&eld is applied to the NWs during
growth, the conductivity of the NWs so grown get strongly iified. The modification occurs in the
conductance, temperature dependence and also in thensam-fpart of the conductance. The experi-
ment establishes the enabling role of the applied electid @uring growth. It can thus act as a tool
to control the resulting conductance of the NWs. The fact tie experiments were carried out in a
nanobridge enabled us to reach conclusion about the cambethange at the level of a single NW

is important. Experiments carried out on a bundle or a filmuahsNWs would not have allowed us to

reach a clean conclusion.
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45 Discussion

4.5.1 Analysis of the conductance data with linear and nonihear part

The observed conductances of both the NW samples, contaiear part (bias independent conduc-
tance) and a strong non-linear part when the applied bissesoa threshold. One of the models that
has been proposed for such one-dimensional system is fiormait Luttinger liquid; when the tem-
perature is not too low, functionV, T) is predicted to behave approximately as one of the two power
laws: | OV T? at low bias and O VA1 at high bias [17] usually witlr > B. There are reports that
non-linear conduction in Cu:TCNQ may be following such tiela[17]. This was based on data taken
over theT range of 330 K to 105 K [17]. We find that on extending the datlwer temperature this
does not remain valid. Instead there is signature of cleastold for transport and the bias dependent
G both the NW samples show behavior that is different from éxaiected for a Luttinger liquid.

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

a related system of charge transfer complex TTF: TCNQ theodear signature of CDW transport in
bulk single crystals [92], films [93, 94], as well as in NWs [5h such a system the CDW transport
occurs due to Peierls transitions in TTF and TCNQ stacksvbé&leK. The NWs of TTF:TCNQ in
which such a CDW transport observed were grown from vapos@leetween prefabricated contact
pads, as has been done here [57, 95]. Though no CDW type traiasPeierls transition in Cu:TCNQ
has been reported till date, we investigated whether thdinear transport can be described by such
a scenario. Since the conductivity of Cu:TCNQ was not mesisbelow 100 K before, it may be that
such a phenomena was not observed or reported.

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

we write as:
G(E) =G+ G1f(E) 4.2)

WherekE is the field (=d—, d = electrode separation, which4s 1um in our case)s; is a measure of

the weight of non-linear part described by the functfgi). 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) wénd (b) without
field as different temperatures fitted to the modified Zenen&ling relation. Inset in (a) and
(b) indicates the CDW fit at 40K.

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

that:

f(E) = (E—En)” (4.2)

Where bothE;,, as well asy in both the samples have a shallow rise on cooling \Eithand y values

lying in the range 30 - 40 kV/cm and 2.5 - 3 respectively. Hogrebelow 100 K, there is a distinct
change in the threshold dependent conduction and the biendence o6 can be better fitted with a
modified Zener model developed for CDW transport [83, 84}. EDW system that shows non-linear

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

f(E)= (1—%) exp(—%) (4.3)

WherekEy, is the threshold field ané, 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 dat@kafor both the samples in the
G(E)

. . -G . E _
inset of Fig. 4.5, where we show the value of the scaled funcﬁei0 vs the ratloE—. Fig. 4.5
1 0
shows all the data for both the samples below 100 K plottetienstaled curves. It can be seen that
for both the samples, a functional form given by Eqn.4.3 iiesaalid. Linear conductandg for the

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

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

support from temperature dependent structural data.

4.5.2 Linear conductance and the temperature dependent restivity

The values of the field independent conductiv@y differ significantly in the two samples. This is
shown in Fig. 4.6(a). Near room temperature the field growesv{D-1) have a conductivity that is
about one order more than that of the zero field grown NWs (Dag)stated before. However, due
to steep temperature dependence of the more insulating N\, Gy of the two differ by nearly 2
orders at 100 K. There are also certain qualitative obsenathat can be seen in the temperature de-
pendences of th&g of the two NWs. The5y decreases from 300 K down to 250 K region for both the
samples, although steeper for the zero field grown NW. Hovyélere is a temperature independent
plateau in both the samples below 220 K region down to abdaKl®here they again show a gradual
decrease on cooling (see Fig. 4.6 and Fig. 4.7). From theuntainiceGy we obtain the resistivity

(o = i A=area,l=length of NW). We find thap shows activated behavior following a variable

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

1/n
p(T) = Po+exp<?> (4.4)

WhereTy is the energy scale for the hopping. And the expomeatd + 1, d being the dimensionality.
For 1-dimensional system like the one being investigatgobetedn=2. The value ofTy is related to

the inverse localization lengtlor§ and the width of distribution of site energies&) so thatTg ~ %
B
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Figure 4.7 Temperature dependent resistivity fitted with VRH modelahfield grown and
(b) zero field grown NWs at low bias (linear region) definegpasA/(Gol), where A is the

area and is the length of the NW.

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

At temperatures below 100 K they appear not to follow any well defined temperature relation. A

Table 4.1Fitted parameters for VRH model using Eqn.4.4

High Temperature Region Low Temperature Region
Synthesis Conditio
po (Q—cm) | To (K) po (Q—cm) | To (K)
Field grown 1.05x 102 | 1625 2.35x 1072 | 147
Zero field grown | 6.69x 10~/ | 6300 0.72 5

fit to Egn.4.4 (Fig. 4.7) shows very low value ©f as given in Table 4.1 particularly for the zero-field
grown sample. Such a behavior may arise from additional rlarof conduction like tunneling that

takes over when other channels of conduction freeze out.

4. 5.3 Parameters of non-linear conductance with threshold

The non-linear part of the conductance, whose weight we unedxyG,, show strong rise on cooling.
The parameters for fit to the modified Zener model (Eqn. Be3ndE;, both show an enhancement on
cooling. Thisis indeed a new observation. For the zero fiedd/g sample (D-2)(51 changes by nearly
one order on cooling from 100 K to 40 K tending to a temperaitudependent value at lower T. In the

same region, th&; for the field grown NWs (D-1) changes steeply by around 2 arderterestingly,
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Figure 4.8 Temperature dependence of the parameters(&hEG,, (c) B, and (d) i (below
100 K) as obtained from the fit to modified Zener tunnelingtieta

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

The existence of a distinct threshold field is seen in bothstimaples andk;, enhances on cooling.
Interestingly, the value d;, for the samples are very close. Enhancemert;pbn cooling has been
observed in other systems also that show CDW type trangBitj

The parameteEy shows somewhat larger fit noise. However it also increaseooting for both the
samples, more steeply for the field grown sample. For thefieldbgrown samplds is larger and has

a relatively shallow T dependence.

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

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

. (Eo\ . : : . :
the ratio (E—O) is an important parameter and gives the ratio of the tungdéngthL [ 1/t to the

th
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Eo Lt

En &
CDW systems likeNbSe [98]. For NWs like TTF:TCNQ is~ 10 at low temperatures. For the field

coherence length of the CDW systtfm( > . The value of the ratio is arourrd 2-5 for clean
grown Cu:TCNQ NWs, at 40 K the ratio is 10 while it4s20 for the zero field grown NWs. The fields
Eo ~ & * andEn ~ L. Since for both the NW', are nearly same, the larger value of the ratio
for the zero-field grown sample most likely arises due to snabherence length,. The coherence
lengthép is [ Eg*1 wherekEg is the pinning gap of the CDW. The application of the field} ieiads to
better alignment of the TCNQ stacks can lead to reductidgy@nd hence an enhancementgfand

a smallergp. The smaller value of the fieldy 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 origimeostrong non-linearity, it is present in
both samples but it is affected by the field applied duringvgino The strong non-linearity appears to

follow the transport behavior of a CDW system .

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

change in conductivity of NW

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

The growth model of Cu:TCNQ from vapor phase has not been edbdut in details. In the vapor
phase growth, the length grows in time following a time dejeste that originates from diffusion of
ionic species (Lengthl 1/t), while the diameter does not change after initial growttiqee This diam-
eter constrained growth is very similar to growth in solntishere Anodized Alumina Oxide (AAO)
templates have been used to limit lateral growth [51]. Irhkbe growth processes two phenomena
are involved after the initial nucleation phase as alreadgussed in Chapter 2. (See the schematic in
Fig. 2.6). There is diffusion of Cufrom the Cu electrode though the growing wire (after initiatle-

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

Application of an electric field during growth process witirance the Cu ions migrate from Cu elec-
trode to the NW tip, thus facilitating the extent of chargensfer andZ enhances. In general the
Cu:TCNQ NW grown haveZ ~ 0.55— 0.65. We have shown the a small incremen#imising such
materials as Graphitic Oxide can lead an enhancement iructinity by an order of magnitude [99].
Thus an enhanced, enabled by the applied electric field during growth caneéase the conductivity
in the field grown wire substantially as observed.

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

explain the observation that field applied during growth icaleed change the conductivity of the NW.

4.6 Conclusion

In conclusion, we have shown that application of electridfiduring vapor phase growth can be a
viable tool to enhance/modify the conductivity of NWs. Thectrical conductances of the NWs (mea-
sured) down to 40K shows a strong non-linear conductancehwifas a well defined threshold foT

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

The application of the field during growth enhances signifiilgethe linear part of the conductance and
for a single NW grown in field the conductance is closegq the boundary of insulator-metal transi-
tion. The parameters of the non-linear conductance alsogehevhen the wire is grown in an electric
field.

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

have applicability in growth of other semiconducting NWSs.



Chapter 5

Resistive state switching in a single

Cu: TCNQ nanowire

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

obtain semi-quantitative agreement with the experimeateitd.

5.1 Introduction

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

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

96
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determined by its ON/OFF current or resistance ratio, tiokekvoltage, cycling endurance, data den-
sities, writing/erasing time etc. For rapid advances ionmfation technology one need materials that
have capacity to be display non-volatile memory effect vhitjh ON/OFF current ratio, large cycling
endurance and low threshold voltage to make low power coimgumemory devices with long life-
time [107]. A resistive random access memory (ReRAM) cal capacitor like structure composed of
insulating or semiconducting transition metal oxides [1@8organic compounds [8, 18] sandwiched
between two metal electrodes that exhibits reversiblstiesistate (RS) switching on applying electric
field. This kind of behaviour is shown with a layer, where otmansports due to redox reaction can be
used for making the switch ON and OFF [21]. Two terminal semdtictor sandwich structures with
metallic electrodes are potentially ideal since its size lba made very small. The key feature of this
two-terminal memory device is the ability to switch the stahce of the device simply by applying a
voltage or a current pulse.

Organometallic compounds such as Ag:TCNQ, Cu:TCNQ are wellvn materials for their non-
volatile electrical bipolar RS switching [8, 18]. Lots of vikchave been done on electrical RS switching
of charge transfer complex materials like Cu:TCNQ NW ar@&yl1[8, 28, 30, 35] with high threshold
voltage and small ON/OFF ratio, where they have use®Alayer (responsible for switching) as top
electrode in a device of Cu:TCNQ NW array grown from Cu film. efdn are some reports on RS
switching in a single NW of Cu:TCNQ [23, 28] connected betwéso Au electrodes. Many mod-
els have been proposed to explain the switching mechanidroserare the formation of conductive
filamentary path by redox reaction [8, 18, 28, 30, 35] and ¢llmy of carrier between crystalline de-
fects [23] which has already been discussed in Chapter 1emergl, the different resistance states
are induced by the formation or dissolution of a highly cartthe path, i.e., filament, into a poorly
conductive medium. However, no experimental evidence orprehensive theoretical model has so

far been proposed in support of these scenario.

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

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

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

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

5.2 Fabrication of devices

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

~ 65nm respectively) are having symmetric but Schottky typeteode configuration connected with
FEB deposited Pt. On the other hand, device A-1 (NW diametédnm) is having asymmetric (one
electrode with Ohmic and another with Schottky type) etatgrconfiguration. Table 5.1 summarise
dimensions of different devices used for measurements.

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

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

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

5.2.1 Fabrication of symmetric electrode device

We have usetbp-downapproach to construct device with symmetric electrode gardition. S-1 and
S-2 are two single NW devices of different diameters with syetric electrode configuration. SEM
images of the single NW devices are shown in Fig. 5.2(a) ahd Tthe NWs are connected with
lithographically prepatterned Au electrodes by FEB depdst at low deposition current and field to
avoid any structural or physical property change in the N@V.dttaching leads for the measurements,
synthesized NWs are separated from the substrate by uiltcasion in ethanol and then dispersed
on SgNg4 (300 nm thick)/Si (insulating) substrate containing pmbricated Ti/Au electrodes made by

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

parameters.

Table 5.1Electrode configuration and dimension of the devices

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

5.2.2 Fabrication of asymmetric electrode device

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

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

assembly processes.

5.3 Types of resistive switching

Resistive switching refers to the physical phenomena whedéelectric suddenly changes its (two
terminal) resistance under the action of an electric fieldurent. A schematic of switching is shown
in Fig. 5.3 When a certain voltage or current is applied acthe device, it goes from high resistance
(OFF) state to the low resistance (ON) state by applicatfom threshold voltage called SET voltage
(VsgT) at certain polarity, whereas for same or opposite polafit@ET voltage the system returns to
its high resistive or OFF state and the corresponding velisaigalled reset threshold voltagé£sgy).

Depending on the polarity of SET and RESET voltage, resisivitching can be classified into two

categories:unipolar and bipolar [38]. .

5.3.1 Unipolar switching

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

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

5.3.2 Bipolar switching

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

Fig. 5.3(b).

5.4 Switching in symmetric electrode configuration

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

Resistive State (HRS) to ON state or Low Resistive State {l.R8icated by the sudden increase of
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current in the circuit (arrow '2"). Even though current cdrmpce (CC) was set to 1@\ and 10 kQ
load resistor was placed in series with the sample to pratgainst current burst, but the device reaches
to the compliance limit of the SourceMeter when it goes to ld&8Shown in Fig. 5.4. When applied
bias is reduced, current is also reduced (arrow '3’) andesystgain turned back to its HRS from LRS
with the voltage of same polarity but less than thresholtkga which i8/rRese7~0.5V (arrow '4’). In
this process SET and RESET process occurs for same poléapptied bias and hence we may call
it shows unipolar switching. The same electrical behaviewalso observed under reversed polarity
of applied bias but with lower ON/OFF ratio, although thectiledes are symmetric. Slight change in
ON/OFF ratio in positive and negative polarity may be dueiffeigence in contact area of deposited
C-Pt with the NW at the two ends, which acts as an importartbfan switching and is discussed
later. Besides, the Cu:TCNQ NW switching device exhibiteproducibility. We have collected data
continuously for 24 hours. Fig. 5.5 shows switching datadfad successive cycles. At the end of large
cycle, they may stored charge in the device, as shown inshiféro for the data after 480cycle in

Fig. 5.5 (c).

5.5 Switching in asymmetric electrode configuration

We have observed switching on another NW device (A-1) haasgmmetric electrode configura-
tion (Cu/Cu:TCNQ/C-Pt), one of which is purely Ohmic and e is Schottky type as shown in
Fig. 5.2(c). Thd —V curve as obtained from the measurement is shown in Fig. %i. device also
shows unipolar resistive switching and goes from HRS to LR®r@shold voltage of'sgt= 3.5V
(arrow '2"). Reverse state occurs \dtese7~0V. In this case RS switching is observed only in one
polarity i.e. when Pt anchored electrode of the NW is in neggtolarity w.r.t. the other electrode.
No switching is observer in inert atmosphere or in vacuunis itoted from Fig. 5.6 that device with
Ohmic and Schottky contact exhibits switching for one potasf applied bias only. Possible reason
of switching is the barrier height reduction due to metath@nnel formation in between the interface
of NW and electrodes which is elaborated later. In device, &ffe electrode being Ohmic this end
does not exhibit any switching and current is also comparéblthe switched state of the Schottky

contact end. Thus, both the device shows RS switching atrldweshold voltage compared to other
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Figure 5.4Log |I| —V curves of Cu:TCNQ single NW devices with diameter (a) 90 nith an
(b) 65 nm, connected with FEB deposited C-Pt in C-Pt/Cu: TGBRt symmetric electrode

configuration. Series load resistance R = Wdnd measurement has been performed in air
(inset in (a)).

reported devices of Cu:TCNQ array [18, 35, 45] or single NW&][Z'hus, from the results of devices
with symmetric and asymmetric electrodes it is clear thainesof electrodes take an important part in

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

5.6 Analysis of switching data using MSM device model

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

electrodes (M) connecting the semiconductor (S) NW. Thugrinal devices can be thought of



5.6 Analysis of switching data using MSM device model 106

1E'13 E 4 | . ] ) ] ® L] ¥ L]
-4 =3 0 2 4
Applied Bias (V)
Figure 5.6 Log || —V curves of two parallely connected NWs of Cu:TCNQ in

Cu/Cu:TCNQ/C-Pt asymmetric electrode configuration mesbsin air.

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

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

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

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

exp (—q(cpﬁ <Pz)>

(V) = Ioexp< qL/T . 1) ol : (5.1)
kT kT KT

where,V' =V — IR, R being the series resistance, apdand ¢, are the barrier heights associated
with two contacts (M's) in forward and reverse bias respetyj k being Boltzmann constant amg
is ideality factor of a diodelg is current flow across the metal-semiconductor interfacéhbymionic

emission in both direction leads to a form fgras

lo= A*T%xp(%") (5.2)
@ being barrier height in the metal-semiconductor interféces Richardson constant afidis temper-
ature. lllumination can reduce barrier heigltd) by metallic channel formation in the interface region
between NW and contact, leading to sharp jump in currentregraent.n generally lie between 1
- 2 for an ideal Schottky diode, although during MSM fittingngsequation 5.1, we find somewhat
high value ofny. High n value arises because the contact we are working with is nigkeath Schottky
contact.

The fits to the MSM model are shown in Fig. 5.7 for the three dewistudied. Two of the devices
are symmetric type (S-1 and S-2) with NW diameters 90 nm andrG5espectively. A-1 is the
asymmetric device with NW diameter of 70 nm. Though the san®ll and S-2 are symmetric, the

contacts are found to have different barrier heights andaots leading to different ON/OFF ratio for

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

Fig. 5.7, the model fits the data well. Table 5.2 give the m@alVit 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

HRS LRS
Device
R (kQ) | prrs(Q—cm) | 1 (eV) | @ (eV) | R(KQ) | prs(Q—cm) | @1 (eV) | @ (eV)
S-1 |2 85x 10 0.48 0.27 0.1 425%x10° | 0.14 0.018
S-2 |5 6.63x 104 0.34 0.20 0.4 53x10°° 0.24 0.019
Al |3 6.07x 1074 0.702 | 0.026 | 0.2 4.05x10° | 0.39 0.026

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

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

(a) It appears that there is a change in resistance/régisti’ithe NWs after switching, although
the extent of change may vary.

(b) Theprusof the NWs in all the three devices in HRS lie in the range 0.850mQ—cm. After
switching (in LRS)p s lie in the range 40 - 531Q—cm. Such a value of resistivity in LRS is what
one observes in high resistance metallic systems (likgsalhd transition metals). The value pfin
LRS has quantitative uncertainties, arising from the fit. Wilediscuss this issue later on.

(c) It is gratifying that thep in LRS and HRS being rather similar in the three samples, show
reproducibility of the NW fabrication.

(d) The large change in resistance that occurs on switckinguich larger than that can arise from
change in the resistance of the materials. This establessntial role of the contact. In Table 5.4 we
show the change in contact resistance) @ the HRS and LRS at the point of switching, & defined
has total contribution of both contacts. But, one of thermbdorward bias, Rwill be dominated by

the reverse bias contact.

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

HRS LHS Ratio Switching ratio
Device
Rc (Q) Rc (Q) +ve polarity | -ve polarity
S-1 | 314x10° | 335x10* | ~094x10° | ~ 10 <10t
S-2 | 1.3x10° 36x10* | ~36x10" | ~36 ~ 500
A1 | 1.099x10° | 349x10* | ~3.15x10% | ~33x10° | -
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It can be seen that jump of device current at switching Igrgakes from drop in contact resistance
for both polarity of the applied bias. Rvill be polarity dependent.

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

The contact barrier heights undergo significant changesvitotsng. From Table 5.2 and 5.4, it
can be seen that the barrier heights in the HRS are substantidhey reduce in the LRS by a large
amount and consistently one of the junction becomes almusiowith ¢ < 0.02 eV which is lower
than the room temperature energy §.025 eV). Such reduction of barrier value at reverse polarfity

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

Table 5.5Contribution of barriers in switching

HRS LRS Change in switching for exponential
Device - — 1%
o /KT | /KT | @u/kgT | /KT | € 67 e 6’
S-1 | 18.45 10.55 5.3 0.7 514x 10° | 1.89x 10*
S-2 | 13.2 7.8 9.26 0.74 5.14x 10* | 1.52x 10°
A-1 27 1 15 1 1.62x10° | 1

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

To find the extent in inaccuracy, we have generated a serlég ofirves where we kept the junction
parameters unchanged and fit them by varying sample resgst&nom the calculated curves along with
data are shown in Fig. 5.8. The range of values of sampletaasiss for which one get reasonable fit

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

HRS LRS
Device
RKQ) | @(eV) | @(eV) | RKQ) | a(eV) | @ (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
: MBMRS
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Figure 5.8 MSM fit where junction reduction takes place (blue solid Jin&enerated I-V
curves keeping the junction parameters unchanged and saimgle resistance (red dotted

curve).

5.7 Phenomenological model of switching

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

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

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

During measurement across MSM device, one junction stagrimerd bias condition (+ve biased
junction) and another is in reverse bias condition (-vedaigsnction). In this system, Cu:TCNQ NW
acts as source of copper ions. When sufficient bias\(¥g1) is applied across the NW, Cuons
migrate towards -ve polarity junction and form filament Isteucture between NW and C-Pt electrodes
junction with -ve polarity. At the same time, +ve polarityngtion barrier also reduces due to forward
bias action. Combination of these two effects result in ghjamp in current at V>Vset. Process

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

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

towards the Pt electrodes and form Cu filament bridge betW&¥rand top/bottom domain (schematic
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Figure 5.10 Illustration of filament alignment process in between NW &1t electrode
when C-Pt electrode is in reversed bias i.e. state '2’ isy-béhsed. (a) First, Cu ions are
aligned randomly. (b) With increasing bias Cu-filaments getting aligned towards the
electrodes to get switched to LRS fdr= Vset. (C) AtV > Vse all the Cu-filaments are
aligned towards the electrode creating tunneling proligli its extremum and resulting
switch in current. Again with reducing bias current decesagd) At low biasv < VreseT
Cu-filaments ruptures due to thermal energy.

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

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

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

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

We solve the model by numerical analysis of carrier trartsphs the tunnelling rates depend on

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

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

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

rate equations for simplest model for the system can be as

% - [rEl—b%(l— n°) — P enPNg(1—n)]f (V)
% = [P>SNpn®(1— 1) — PNy (1) £ (V) ®3)
dnf

< = M Nen®(1—n) — rt—EZnt%] f(V)

WherenP,n® andn' are occupation of bottom, center (NW) and top resp&ét.’, ¢ rc-t and
B2 and are the tunnelling rate from electrode to bottom, bottomenter, center to top and top to
electrode respectively. For transport through the NW partde use the rate constant which is a
hopping rateN;, N¢, Np are total number of states in top, center and bottom domespectively. Here
we assumed that the process of charge transport is throoglizied state although(V ) represents the
dependence of the transition probabilities between thestvbsystems, liket to b or b to ¢ etc, on the
given external voltag¥. f(V) may have very complex form. For the sake of simplicity, forirf ¢v)
is f(V) = sinhKV. The functionf (V) reflects the dependence of probabilities on the appliedreadte
voltage. Note that we take(0) = 0 i.e. in absence of bias there is no current. The occupaficertdral

part (Cu:TCNQ) does not change significantly. This has atsmlestablished by the MSM fit that the

resistance of the NW does not play a significant role in switghTherefore, we can assum®almost
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constant. Assuming that the number of Cu-filaments is santepirand bottom as initial condition,

then the above rate equation can be rewritten as

drP pE1-bNEL

9t =L 5 (1) =P nPNe(1 - n%)] (V)

% = MP=CNp[nP(1— n%) —nS(1—nt)] (V) (54)
drf i e ¢ t—e2,t N2
S = MNen®(1 ) — P82 22T £(v)

. . _dn® .
n® andn' are related by simple relations. The current can be deflneglfa‘dx, where X is'b’, 'c’

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

drP 1—nP
a5 :cl[( 5 ) —rpnP(1—n%)] (V)
dn® b—c b (] C t
=" MNo[n° (1) —n°(1—r)]f (V) (5.5)
drt nt
= Calrrf(L—n) = 2] (V)
where,C; = MEL-PNgy, rp = E& andr; = E& We notice that just rescales the

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

We solve these equations numerically. From Eqn.5.5, weeaithait sudden changerodr C leads
to sudden jump in the current. In this case, the sudden chaingenay be attributed due to addition
of more aligned channels or Cu-filaments to have higher flingeate. In the MSM model this is
equivalent to drastic reduction in the barrier potentiakrd] we will try to model our experimental
results qualitatively. Thé —V curve from analytical results are shown in Fig. 5.12 for tviffedent
electrode configurations which is similar to our experiraémésults shown in Fig. 5.5 and Fig. 5.6.
We assume that the Cu filament® @ndn') and electrodes are half filled amg =0.48. We take,
MEl-bNg;, =1078, rP = rt =10, K1 =K2 =0.04 and jump in is 60 times of its initial value & =3.3
and reduced by approximately 56 times néar0.33. On negative voltage, we start with-300 and
it changes by 2 times &t =-3.3V. This can be attributed to the realignment of the Canfiénts and
therefore, there is jump in the Current. During simulatiogthe device A-1 we notice that electrodes
have quite large effect on the-V curve. To model this material, we assume that the Cu filan{ehts
andnt) and electrodes are half filled anfl =0.48. We takeNg; =108, rP = rt =5 | K1 =K2 =0.58

which is almost 11 times higher than type 1 electrode whetie side of electrodes are Pt. The jump
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Figure 5.12 Simulated results using phenomenological model. (a) [LbgV curves of a
single NW of Cu:TCNQ connected with FEB deposited Pt in GCRITCNQ/C-Pt configu-
ration, load resistor R=10¢kin air. (b) Log|l| —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 & ~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 decreagetyge 1 electrode. This effect may be

attributed to V dependence of tunnelling rate. We have asduanfunction which can be written
1

l+expf—a(Vs—V))

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

asrb—¢=rb-c1— ], wherea indicates that how strongly the tunnelling rates
calculations. We also notice thegeset~0.5V the current is same as in the beginning. On negative
voltage, we start witlh =210 and there is a jump inatVsegt =3.3 V. We notice that —V curve have
two jumps for the asymmetric electrode device A-1 on thetpesV/ which may be because of energy
alignment or Cu-filaments get realigned dndncreases. Thus, the switching depends on nature of
electrodes as we can see this from both experiment as wethatased results.

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

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

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

5.8 Conclusion

In conclusions, we have observed unipolar electrical R$ctwrig in a single NW of Cu:TCNQ with
symmetric (C-Pt/Cu:TCNQ/C-Pt) and asymmetric (Cu/Cu:TRE-Pt) electrode configuration. Both
the device shows reproducible electrical switching and orgraffect with high on-off resistance ratio
(~10% and at lower threshold voltage. We emphasize that thereveme few reports of resistive
switching in single Cu:TCNQ NW. This is also the first repdruinipolar switching in this material. We
have presented a phenomenological model that explainxpiegimental results of resistive switching.
This model may provide useful guidance in this active andnising area of research. The model
proposed here is based on two aspects: (a) that the switphiglgomena is predominantly controlled
by the change at the contact which we establish through alsiMg8M type device model and (b)
that the transport through the contact region as well asutfirdhe body of the NW is localized in
nature controlled by hopping/tunneling type process. Wainksemiquantitative agreement with the

experimental data.



Chapter 6

Opto-electronic effect in Cu:TCNQ

nanowire

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

with a barrier height reduction under illumination.

6.1 Introduction

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

first, although there are past reports of resistive statéchimg in Cu:TCNQ films using high power

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

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

6.2 Operating Principles of Opto-electronic Device

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

ducting materials.

E, 7/ - } Conduction Band
——
' Band Gap

N ,
E, —————————— [ ValanceBand

Figure 6.1 Schematic of band diagram of semiconductor.

Impurity levels

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

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

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

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

Transport
., y . /
7 ) ¢ 7 )
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(b) (d) )
-2 —o—
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()
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v \ 2
Contact Contact

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

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

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

6.2.1 Electrical Contacts

The physical situation of electrical current flow underrfiination also involves the effect of contacts.
Effect of electrical contacts between a metal and a semigtiod under illumination can be described
in terms of different classes of behaviour like: (a) ohmiateat - able to fill up carriers created by
photoexcitation when they are drawn out of the material byajpplied electric field. (b) blocking
contacts - unable to fill up carriers created by photoexoitaivhen they are drawn out of the material
by an applied electric field. Current varies less than lityaaith applied bias and become saturated. A
typical blocking contact to an n-type semiconductor is shawFig. 6.4. Such contact is also called a
rectifying contact or non-ohmic contact or a Schottky karrhe quantityyg is the energy difference
between the workfunction of metaliyy) and semiconductormyy), where @ is diffusion potential.
Now, barrier height experienced by an electron in movingiietal to semiconductor 8= q@gv — Xs.
wherexs is electron afinity of the semiconductor. Thus, barrier heig larger tharmgg, by an amount
E; — Er, Ec andEr being energy of bottom of conduction band and Fermi levglaetvely.

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

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

same for convenience.]

exp (—q(cow @))

(V) = Ioexp< q:T _ 1) kT : (6.1)
1 exp( Z92 Y 4 exp( Z92 ) exp( I
kT KT nkT

where, wherey' =V — IR, Rbeing the series resistance, andndg, are the barrier heights associated
with two contacts (M's) in forward and reverse bias respetyj k being Boltzmann constant angd
is ideality factor of a diodelg is current flow across the metal-semiconductor interfaceéhbymionic

emission in both direction leads to a form 1gras

lo = A*T%xp(%”) 6.2)

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

reduce barrier heighty(s) by carrier generation, leading to photo-current enharmcgm

6.2.2 Photoconductive Gain
Photoconductive gain (G) is number of carriers generatetiegacnumber of photons incident on the
sample [134], which is directly related to lifetime and s#rtime of photo-generated carrier.

G— Nearrier ~ T _ MV

= =—=—T 6.3
Nphoton Tt 12 ©3)

where,T in lifetime of the generated carrigy,is transit time of photo-generated carrigris mobility
of carrier,V is bias applied across the sample &igllength of the sample.
6.2.3 Responsivity

Responsivity [0) is defined as the amount of photo-current generated dueit@aowver falling on

the sample (electrical output to optical input in an opteectbnic device) and is represented as fol-



6.3 Photoresponsive behaviour of Cu:TCNQ NW array 125

10
| Ues —UV-Visible Abs.
Spectra of CuTCNQ
8+ ‘ 0.604
[ X ) 3
] @ 2 454
6 e ®
~ <
z ® o 0.304
= o
2 4
= ) 0.15 4=
i 1 300 400 500 600 700 800 900
L 24 ® Wavelength (nm)
4 . .\/. & . o . 2
04 @ o000 O
L) . L] b L)

T v T v v T g T
300 400 500 600 700 800 900
Wavelength of Exposed Light (1) (nm)

Figure 6.4 Photo-current of a single NW as a function of wavelength.etrshows the ab-
sorption spectra of NWs as a function of wavelength.

lows [135]:
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Thus, from equn. (4.3) and (4.4), prolonging life time ofrer, reduced transit time of photon and

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

6.2.4 Spectral response of photoresponsivity

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

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

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

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

6.3 Photoresponsive behaviour of Cu:TCNQ NW array

Opto-electronic measurement was performed first on a Cu@ GV array ¢80 NWs in number)
device (with asymmetric electrode configuration) of averdgameter o~~30 nm grown on two pre-
fabricated electrodes of separation7/dm with bottom-up approach as shown in Fig. 6.5(a). The

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

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

The spectral dependence of the photo-currésf(4 )) in Fig. 6.5(b) was taken in the wavelength
range 300-750 nm with applying bias\bf= 3 V. The spectral response of the data shows a peak around
A =405 nm. To check whether the spectral response has a refatiba absorption, we measure later
indeed. The absorption data are taken by two methods. Orthistby dispersing the NWs in ethanol
by ultrasonication and taking data with the dispersing m@gliand other method is by dispersing the
NWs on a polished quartz plate and then allow the dispersiedium to evaporate. In both cases the
normalized absorption was found to be similar with a maximatnaround the sam& (= 405 nm)
as shown in inset of Fig. 6.5(b). Comparison with the absmmpand the optical responsé(A))
curves shows that the optical response is indeed causea lapsorption of the light in the Cu:TCNQ
NW predominantly at the peak absorption range, while atdongavelength the response is at least an

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

Fig. 6.6 shows a typicdl—V data taken on such a nanobridge device (Fig. 6.5(a)) at darklso
under continuous illumination of wavelength= 405nm with optical power densiiy,p: = 6.6x10°W/m?.
Thel —V data of such a device is not symmetric which arises due to m&frnt contacts which we
qguantify below. The dark as well as illuminated-V data have been analysed considering the device
as metal-insulator-metal (MSM) structure, where Cu etels act as metal electrodes and Cu:TCNQ
NWs as semiconductor. The current through the device hasdtwiponents: a zero bias photocurrent
Ipn(V = 0) and a bias dependent curré\ ). The zero bias photo-curreht,(V = 0) is measured sep-
arately. The bias dependent curréf\t ) both in dark and under illumination through the MSM device
is fitted using equation (4.1) with a model of two back-totb&chottky diodes, connected by a series
resistance R, representing the resistance of the NWs betihegwo electrodesp and¢ are barrier
heights of the two contacts with forward and reverse biage@s/ely. Thermionic emission current
lo does not change on illumination i.e. enhancement of cuureder illumination is independent of
thermionic emission. The bias dependéntV obtained from the equation above has been added to
experimentally observe zero bias photocurrgqntV = 0) to obtain the total device currehtin the
device. If the two M contacts in the MSM structure are ideaitign = @), then thel —V curves will
be symmetric. However, unequal barrier heiglgsA @) at the two contacts will lead to asymmetric
| —V curves as observed. A simple schematic of the barriers anM8M device model used in the
analysis are given in the inset of Fig. 6.6. From the fit of tkgegimentall —V data using Eq. (4.1) we
obtaing, = 5+ 2meV andg = 200+ 2meV in the dark with NW resistancB® = 8.0+ 0.1kQ. (Note:
The parameters are obtained from the best fit to experimdataland the fit procedure gives the pa-
rameters uniquely. Variation of resistance or barrier @aloeyond the error limits leads to perceptible
deviation of the fit from the experimental data.) The obseérvarrier height @) is rather small in
the NW electrode junction. The low barrier indicates that ¢contact is almost ohmic, representating
growth end of the NW device marked with star in Fig. 6.5(a)otkter end where NWs make contact to

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

resistivity data £ 0.38mQcm) measured separately in dark as shown in Fig. 6.5(c).
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Figure 6.61-V curves in dark (black circle) and under illuminationdreircle) of Cu:TCNQ
NW array. Wavelength of illumination = 405nm with power densitgop: = 6.6 x 10°PW/m?.
Solid green curve is fit to the MSM device model. The barridgits ¢ and ¢ obtained
from the fit areg, = 54+ 2meV andg, = 2004+ 2meV in dark andp, = 5+2meV andg =
180+ 2meV under illumination. The inset shows the schematic oidx@ at contacts.

On illumination at 405 nm, the barrier heights change maigjiralong with change of NWs re-
sistance R. Whilep, remains unchanged and there is a small loweringgofrom 200+ 2meV to
180+ 2meV. On illumination, the main change occurs for the sersstance (R) that shows a signifi-
cant reduction. The value of the series resistance undenilationR = 1.0+ 0.1kQ as obtained from
the fit. This is an order lower than the valueRin the dark. The suppression of the series resist&ce
is due to the photoconductivity in the NWs between the twdats. In this context, it is noted that in
many NW based photodetectors (working as MSM device), thearse under illumination can arise
from the photoconductivity of the NW and also from significkowering of the barrier under illumina-
tion [137, 138]. In the NW arrays grown directly on Cu eled&s, we find that the barrier being low,
the contribution arising from lowering of barrier is alssvi@nd most of the response arises from the
photoconductivity nature of the wire.

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

device, it produced current only by illuminating with lighig. 6.7 represents the photo-response of
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the array of NWs at zero bias, taken at a wavelength 405nm at different incident powers using
a mechanical chopper (frequency 130 Hz). In zero bias, the @arent was below the instrumental
limit of detection which is & pA. Thus, we may consider dark currégt< 0.5 pA. As can be seen in
Fig. 6.7, the current under illuminatidi ~ 8 nA at an illumination power densitgypt = 6.6 x 10°
W/m?. Thus, at zero bias, photocurrent géin —I4) /14 is at least 10°. This gain is much higher than
the gain obtained in thin film of Cu:TCNQ NW [43]. There is nagistent photo-current as the dark
current is fully recovered when the illumination is turndfl @he photoresponse time shown in Fig. 6.7
is limited by the speed of the mechanical chopper. The alesehany reported zero bias response in

Cu:TCNQ films is likely due to much larger electrode separathan the carrier recombination length.
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Figure 6.7 Reversible zero bias photoresporggV = 0) of Cu:TCNQ nanobridge device
under an illumination at wavelength 405 nm with varying podensity. Inset shows depen-
dence of zero bias photocurrent on the incident optical palgasityPy .

The zero bias photo-currei,(V = 0) increases with the incident optical power dens#y; as

shown in the inset of Fig. 6.7. It was found to have dependehp@otocurrent on optical power as
lph(V = 0) O Py (6.5)

From the fit, we find/~ 0.15. The exponentdepends on the process of electron-hole generation under
illumination, trapping, and recombination of the carriarshin the NW array [139]. The fractional

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

139]. It has been explained due to existence of localizgustreear the band edges that controls the
process of recombination and the resulting in photocuffe88]. The value ofy depends on the energy
distribution of the localized states. In a specific modeQlfdr localized states near the conduction
band edgekH.), if they are distributed with an exponential dependencéhab the density of states
is given asg(E) = g(EC)e%, whereg(E) andg(E.) are densities of states at energiesand E,
respectively, andt; is a characteristic energy scale, the exporyeatElf—ﬁgT. From the observed value
of y; we findE; = 4.6 meV, which is more or less same as our fitted reguit 5 meV.

The responsivity[] as defined in equation (4.4), depends on NWs’ potoresponsittge as well
asPsample WherePsampleis the power absorbed by the NWs of the array. We assume titheadower
falling on the surface of the NW array is absorbed so thatdta powerPsample= PoptAN, N being the
number of the NW in a particular device aAds the average area of each NW. This underestimates the
responsivity because not all the power incident on the NVébsorbed. Due to sub-linear dependence
of the photo-current on the optical power (see Eq. 4.5), ¢ne hias responsivity! (V = 0) was found
to be decreased with increasing illumination powiefV = 0) at low power Pyt = 7.8 x 10* W/m?)
was 23 mA/W and it decreased to 0.3 mMA/W Ry = 2.0 x 10° W/m?. However, application of bias
enhances the responsivitysignificantly. AtV =2.0V, 0 =1 A/W. The variation of responsivity with
bias is shown in Fig. 6.8(a). For bi&%> 2.0 V, [ was found to have linear dependence on V and it

reached] = 6 A/W at 60 V. The device can be operated uptod¥ without damage. The variation

of O with number of NW was also stated in Fig. 6.8(b), whéeralecreases linearly with increasing
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number of NW of same length in a device due to increasl ims well as effective areA of NW.
Although this linear dependence l6fon NW number is an over estimation due to limited no. of data
points.

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

The fact that the responsivity increased significantly wiwea 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 éransmplex Cu:TCNQ NW exhibit pho-
toresponsive behaviour irrespective of its electricaktsiing property. In this section, we will discuss
opto-electronic results obtained from a single NW of Cu: T&Nhese reports showed that it was pos-
sible to make photo devices based on a single NW, which camn shbstantial photo-response. One
of the reported data on Si NW observed generation of sulisitgofitotocurrent even at zero applied
bias [140]. This gives possibility of making a solar cell asllvas unbiased photo detectors. In some of
the inorganic NWs like ZnO [120], the reported resopongivian reach a value of ¥@\/Watt under
an applied bias of .0 V. The highO detectors [ > 10* A/Watt) for single photon detection are made
using avalanche diodes [141], single NWs p-n junction typetpdetectors [135] or from supercon-
ductive films [142]. In this paper we report a photodetectadmfrom a single NWs of charge transfer
complex Cu:TCNQ that can reach a responsivity B* A/Watt, well in excess of 1DA/Watt, at a low
bias of 10 V.

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

represented in Fig. 6.9(b). llluminated light b= 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 distdretween two
inner probe is~ 200 nm which determines the length of the NW used for optotedaic
measurement. (b) Schematic representation of illuminagedple. (c) Photocurrent,f)
spectral response of the single NW device kept at a consiasnobQ5 V

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

6.4.1 Spectral dependence

In Fig. 6.10(a) we have shown the photo-response of the éetizero biagpn(v = 0), taken at a
wavelengthA = 405 nm at different incident powers ranging from38 to 2.6 mW using lock-in-
amplifier as already described in experimental techniqagasein Chapter 3. Fig. 6.10(b) represents
the photocurrent at different power density for constaopger frequency of 2 kHz. The power density
at the largest power corresponds te 20° W/m?. At that illumination power density, the single NW
device shows a large enhancement of the current to 120 nAdaditkecurrent at zero bias was below
the detection limit (& pA) of lock-in-Amplifier. The enhancement of photo-cuttrener dark is thus
> 1.2 x 10° as shown in inset of Fig. 6.10(b). For a constant illumingteder (2.6 mW) photocurrent
increases with chopper frequency and saturates after 2 &ldlaawn in Fig. 6.10(c). So, the zero bias
measurement has been performed with constant choppeefregof 2 kHz to get maximum response.
The zero bias photo currenip,(V = 0) with the optical power densitl,x as shown in Fig. 6.10(b)
was found to have dependenkg(V = 0) O ngt ,where the exponent~ 0.3— 0.4 for a number of
devices tested. Due to the sub-linear dependentg@f = 0) on optical power densiti,p,[1(V = 0)
decreases ak,; increases. In general, the power dependence of the photatulepends on the
distribution of trap states around the Fermi level YB-or systems with traps distributed uniformly with

energy around theE y~ 1 [139]. However, for many photoconductors (in bulk forpgz 1 — 0.5
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Figure 6.10 (a) Reversible zero bias photorespomsgV = 0) of Cu:TCNQ single device
under an illumination at wavelength 405 nm with varying podensity. (b) Dependence of
Ipn(V = 0) on the incident optical power densiB . (Inset) Ratio of illuminated current
over dark showing current gain at zero bias440P. (c) Chopper frequency dependence of
lph(V =0)

(b)

showing a non-uniform distribution of trap states arourd[E33]. In NW arrays as well as single
NW [118, 143], the typical exponent was found to e 0.3— 0.5. It thus appears that in NWs the

traps have a broad distribution of energy around Ehe large carrier generation rate in a confined

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

6.4.2 Zero bias photoresponse

For the device under test (DUT), the NW has a diameéter30 nm, with the length between electrodes
used for optoelectronic measuremenk00 nm. Assuming the NW absorbs all around and over the
whole lengthl between the electrodes, an optical power densitygf = 1 W/n? corresponds to
1.9 x 1071 W absorbed by the sampl®mpid between two electrodes. Since the absolute value
of the absorbance is not known this is the maximum power akesoby the sample. The value of
Psampleis thus an overestimation. F&pt = 2 x 10° W/m? the responsivity at zero bids(V = 0) =
lp:fv;lo) ~ 3 AW~L. The above estimate of the(V = 0) is made with the assumption that all the
optiscaeTIp;ower that falls on the wire is absorbed. As pointatlefore this overestimates the value of

samplePsampie@nd thus is a lower bound an(V = 0). This is more than that seen in GaN NW [144]

[O(V = 0)0.1 AW~1] that shows one of the highest recorded zero bias respgnsind much higher
than that seen in Si single NW [14Q][V = 0)0.6 mAW1].
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6.4.3 Bias dependent photoresponse

Application of bias enhances the responsivitysignificantly. Thel —V data on the device in dark
and under continuous illuminationFample < 1.24 x 10~7 Watt, A = 405 nm) is shown in Fig. 6.11.
The measured](V) ~ 8 x 10*(4 x 10%) AW~ for an applied bias o¥ = 1V (-1V) which is due
to photoresponsive behaviour of Cu:TCNQ as well as redudtiobarrier height at the metal-NW
interface as obtained from MSM fit.

The observed ultra large responsivity of Cu:TCNQ NWs bas&iMMievice can arise from contri-
butions of three factors elaborated below. Two of thesefaatepend on the photoconductive response
of the NW and the third on the MSM device configuration. Semitator NWs with diametes 100
nm generally show very large photoconductive daifl,.34] already defined earlier &= ;P—;, lphis
the photo-current generated due to absorbed photor-luxs from equation (4.3 also depends on
carrier life timet and photon transit timg through the device. Largé > 1 can occur due to one or
more of the following reasons. Existence of surface stagad to formation of depletion region near
the surface that gives rise to built-in field which effeclwbreaks the photo generated electron-hole
pair. The strong lateral field can trap the holes (for n-typedtictors), thus prolonging the photocar-
rier (electron) life time {). Secondly, close proximity of the electrodes can redueectrrier transit
time (r;) leading to large enhancement of the photoconductive Gaiince,G is directly related to
O (from equation (4.3) and (4.4)), increaseGrincreases responsivity) of a device. The reduction
of the device length scale by reducing electrode separ&tio200 nm) is thus one of the causes that
enhancel.

In addition to the above, a third and rather effective way nbasmce gain in the device under
consideration originates because it is configured as a MShtele In MSM devices the Schottky
barriers at the junctions can get reduced by the photo-g&tercarriers [137, 145]. This causes a
large enhancement of the photo-currésyt, which in turn leads to a large enhancementbf For
the device used here, under illumination, the barrier lieggreduced~ 0.1eV and resistance changes
from 1.0kQ to 0.03 K2 as shown in Table 6.1. Reduction in barrier height and i@si&t are obtained
after fitting thel —V curves in dark and under illumination (Fig. 6.11) using Edf.1) under the

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

curves are shown in Fig. 6.11 (red line). All the fit paramefer both the dark and under illumination
are tabulated in Table 6.1. The suppression of the serietaeseR is due to the photoconductivity
in the NW between the two contacts. Thus, large enhancenidght aevice current is a combined
contribution of both barrier height reduction and photabactivity in the NW. It is observed (Table
6.1) that on illumination, the barrier heights change todowalue,, ~ 0.18 eV andg, ~ 0.34eV and

the resistance of the NWs reducesRe 0.03 Q. Both the barrier heights are thus reduced by nearly

the same amount & @ ~ 0.1 eV on illumination.

Table 6.1MSM fitted parameters df—V in Dark and under illumination

Conditions | @ (eV) | @ (eV) | R (kQ)

Dark 0.27 0.45 1.0
luminated | 0.18 0.34 0.3

An estimation of the lowering of barrier height due to phgtsmerated carriers is given below.
(Uph — Odark)
Odark

The photosensitivityS which is defined aS = , Where gy, is the conductivity under
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illumination andayark is that in dark. We have calculated in NW,is ~ 33. Considering that the
change in the conductivity due to the illuminatiohd = oph — Tgark) Of the NW is solely due to the
change in the carrier densitd ), without any change in mobility, we can get a measure of Hange
in carrier densityﬁ—(:1 ~ 33 under illumination. This change in the carrier concdituraAn would lead
to a change in the chemical potential which will lower the &tity barrier [142]. The lowering of the
no+An>_ Using @ ~ 33, at room temperature, we

No No
obtainA@=0.09 eV. This is very close to the actual lowering observed th lttwe barriers4 ¢ ~ 0.09

kgT
Schottky barrier would thus b& @ ~ Z In <

eV andA@ ~ 0.11). This is clear evidence that the photo-carriers geaeéiay illumination in the NW
reach the junction region and lower the barriers.

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

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

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

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

ZnS 200 0.12 5 [149]

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

GaN 80 2x 103 1 [144]

Si 80 ~ 10 1 [121]

ZnO 60 ~10° 1 [120]
Cu:TCNQ | 30 8x 10* 1 This work

6.5 Role of contact and contact modification on photo-respa@e in Cu: TCNQ

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

of Schottky contact, measurement has been performed agfigute out the role of contact in photo-
response. Fig. 6.12 shows the SEM image of the device befmrafter modification of the contact
stated as$S— 1 andS— 2 respectively.

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

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

Schottky diodes (Egn. (6.1)) connected by a series resis®rwhich mainly represents the resistance
due to the portion of the NW between the electrodes. As shavwig. 6.13,¢ and ¢, are the barrier
heights associated with Ohmic and Schottky contact resspgctwhen Ohmic contact is in positive

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

Table 6.3MSM fitted parameters df—V in dark before and after contact modification

Conditions @ (meV) | @ (meV) | R (kQ)

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

Fig. 6.13 show the fit to thé—V curves. As a validation of the model we find that the valuéof
obtained from the model fit is close to the value calculatethfthe independently measured 4-probe
resistivity of the NW. Low enough value @f (¢ ~ 27 meV) at room temperature indicated the con-
tact is Ohmic, whereag, is quite higher ¢ ~ 200 meV) as the NW just touches the surface of Au
electrodes and act as Schottky type contact. Asymmiketrid is due to difference in barrier height at
two contact ends of the NW. This asymmetryl in V reduces after anchoring the free end of the NW
with FEB deposited Pt, which is due to blocking contact learnieight reductiong, ~ 180 meV) after
contact modification as shown in table 6.3. The resistan¢beoNW R changes somewhat during the

capping process and increases by 20 % (6D k
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Figure 6.131 —V of single NW device in dark before (triangle) and after (@yccontact
modification.

The effect of the contact and the contact modification on ti@gresponse was investigated. In
Fig. 6.14(a), we show the results of measurement of the peggionse for zero bias (applied bias
V = 0). The zero bias photoresponse, which is dominated by colbdariers, is enhanced significantly
in deviceS2 due to the capping by Pt. Photocurrent as a function of loiabdth the cases (pre and
post anchored) is shown in Fig. 6.14(b). The current showimeisotal device current measured, which
under illumination is marked dg while that under dark is the dark currdgi.«. (The bias dependence
of the of the ratidj; /l4ark IS sShown in inset of Fig. 6.14(b) for the two devices.) Thetpharrentipn(V)
at an applied bia¥ is defined as difference of the current under illuminatignand the dark current
lqark @t a given biaslfn = liy — lqark). There is no external field at zero bias and photogenerateitics
reach the electrodes without any recombination. This isipsbecause of the close proximity of the
electrodes~ 1um, which is smaller than or of the order of the typical recamaltion length in such
materials.

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

where we plot the ratidy; /lqark @s @ function of the bias. It can be seen that at higher Bids><0.5
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Figure 6.14(a) Zero bias photocurrent (applied bis= 0) of the NW devices before (solid
circle) and after (plus circle) Schottky contact modifioati (b) Bias dependence of the photo
currentlpy = liy — lgark @s a function of reverse bias. The inset shows the bias depeaaf
the ratioly /lgark. (Wavelength of illuminated lighth = 405 nm)

V) the effect of barrier modification shrink down as effectlud illumination also diminishes.

From the measured—V curve under illumination, using Egn. (4.1), we could dedtieebarrier
height modifications produced by the illumination. Both tierier heights change to lower values.
For instance for devic&l,@ ~ 20 meV andg, ~ 160 meV and the resistance of the NWs reduces
to R=0.9KQ under illumination. The change in barrier heights on illnation areA@ ~ 7 meV and
A@ ~ 40 meV with a reduction in resistance by a factor g6 Hue to photoconductivity. The pho-
tosensitivity S can be evaluated from the change in resistance and for theed&l, S= 4.6. After
modification of contact, ir&2, the barrier heightp, ~ 130 meV under illumination, corresponding to
a change oA @ ~ 50 meV. The change id@ meV is similar to that irSL. Under illumination inS2
NW resistance reduces froR¥6.0kQ to R=0.5kQ leading to a photosensitivitg= 11.

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

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

illumination.

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

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

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

not reach the electrodes. However, in our case the elecsegairation being small it is likely that it is
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less than the total of depletion widths at the contact regidiis will give rise to a built-in field which
will collect the carriers. If the two junctions are symmedli then the net current at zero bias will be
zero. However, existence of asymmetric junctions at thednas will ensure a non-zero net current.
Another mechanism that also contributes to the transpghofo-generated carriers in MSM junction
is tunnelling through the barrier at the junction [153]. 98 prevalent when the photon enetyy is
much greater than the barrier heightwhich is adequately satisfied in our case. Existence of auch
tunneling of the photo-electron at the junction can thusrmgleer source of the photocurrent at zero
bias. The nature of the contact is thus a critical parametecdllection of charge and results in a
zero bias current. It is then justified that the barrier modifon by FEB deposited Pt that modifies the
barrier height will affect this process. The barrier heigdttuction due to the capping of the contact will
thus enhance the photo current. The physical process #u te the dominant role of the contact and
the contact modification can be best summarized by the sdleb@nd diagram shown in Fig. 6.15.
The figure shows the barriers, the depletion regions, clsamgthese parameters in dark and under

illumination in both the devices that lead to the changegaese on modification of the contact.

6.6 Conclusion

In summary, we have reported bias dependent as well as zasopbiotoresponse in an array of
Cu:TCNQ NWs fabricated as nanobridge devices. Photoresspimenhanced in a single NW with
shorted length (200nm) reaching a responsivity value-df0> A/W with the enhancement of zero
bias photocurrent over dark currentisl0®. Bias dependent current in dark and under illumination is
fitted with MSM Schottky diode model. Enhancement of curtamer illumination is explained under
light induced carrier generation in the NW and reductionarfrier height at the MS junction. Role of

contact and contact modification on photo-response in CNQGIW has also been discussed.



Chapter 7

Summary and Concluding remarks

In this final chapter, we summarize important observatidrhie thesis work and discuss the scope
for future investigations. We have spent lot of time in depaig high vacuum evaporation chamber
for insitu NW synthesis, experimental techniques such as e-beangigapby, electric field assisted
direct growth between pre-fabricated electrodes, cdettajrowth of thinner diameter NW (as small
as 10 nm) and were extensively used during the work. Impbdiaservation during this thesis work is

pointed out bellow:

7.1 Growth

(O We have synthesized Cu:TCNQ NW both by physical vapour dépoesand chemical methods.
NWs are also grown within prefabricated electrodes, whaeeiag defines the length of the NWs.
Nanowire diameter were also controlled by evaporation chfECNQ, thickness and temperature of
Cu film during growth. We have grown NW of diameter rangingrr&0 nm to> 100 nm. Even we
are able to grow successfully a NW of diameter 10 nm and le2gthnm.

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

(O As grown NWs are characterizes by X-RD, SEM, TEM, FTIR, anthRa spectroscopy. Nanowires

143
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are found to be Phase-| (tetragonal) and Phase-Il (monoclmcrystal structure. Charge transfer be-
tween Cu and TCNQ was (50 - 60)% which is enhanced to 81 % bgfeaing extra charge from
graphitic oxide to Cu:TCNQ. All the experiment performedtlns thesis work are performed with

Phase-I in crystal structure.

7.2 Electronic properties

(O We have investigated the temperature and bias dependetricgktransport properties of array as
well as single NW of Cu:TCNQ, laterally connecting two etedes ¢ 1um gap) with and without the
presence of external electric field applied between thereldes during growth. We have found that
application of the electric field during vapor phase grovah be a very viable tool to enhance/modify
the conductivity of NWs. The electrical conductance of th&/&N(measured) down to 40K shows
a strong non-linear conductance which has a well definedibtd for T< 100K. The non-linear
conductance was found to follow a modified Zener tunnelinglehgroposed for CDW transport.
Such an observation was not made before and opens up theifiyssf new investigation of CDW in
this system.

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

(O We proposed a scenario for the field growth condition wheeeagbplied field helps diffusion
of Cu ions from Cu to the growing face leading to enhancedgehtnansfer leading to enhanced lin-
ear conductivity. The field applied during growth has beesppsed to improve the stacking of the
TCNQ moiety leading to enhancement of conductance and bhuge in parameters of the non-linear
conduction. Though the experiment has been done in confexicharge transfer complex NW, the
concept may have applicability in growth of other semicartishg NWs also.

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

consideration. Non-percolating metallic domains such@sadts, vacancies at edges of Cu:TCNQ,



7.3 Opto-electronic properties 145

metallic clusters, or metallic filaments sandwiched betws¥/ and metal electrodes formed metallic
channel at voltage greater than threshold voltage and bmangystem from high to low resistive state.
At reduced bias, thermal agitation disrupt the metallicneie and bring back the system to its high
resistive state.

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

data

7.3 Opto-electronic properties

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

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

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

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

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

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

7.4 Scope for future work

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

(O Nature of channel formed during switching can be estimayetiéasuring resistivity of the NW
before and after switching i.e. in high and low resistivdesta

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

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

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

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

Our next target will be to separate out these two effect by MS@ear-field scanning optical mi-



7.4 Scope for future work 147

croscopy) in a single Cu:TCNQ NW. This will allow us for therface inspection with high spatial,

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

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

and electrical transport in Cu:TCNQ.



Appendix A

Effect of graphitic oxide on conductance

of Cu.TCNQ

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

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

A.1 Introduction

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

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

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

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

A.2 Experimental results

Enhancement in conductance due to addition of GO is obséathdn chemically synthesized nanorod
film as well as PVD grown single nanowire of Cu:TCNQ. Experinta 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 conaeetan chemically grown Cu:TCNQ
nanorod film. Nanorod film was synthesized by dipping Cu abdilen into homogeneous solution
of TCNQ in acetonitrile. For controlled and selective growef Cu:TCNQ complex, after deposition
of Cu film on an insulating glass substrate, masking has beae dn the Cu film, followed by Au
deposition on top of masked Cu-coated substrate. This akective exposure of Cu film to react
with TCNQ when immersed into the solution. Thus, inplanefigpmation of the fabricated device
will be Cu-Au/Cu:TCNQ/Cu-Au as illustrated in step (5) ofgFiA.1. This device has been used to
to measure I-V without GO. Au electrodes are then coverel imgulating PMMA polymer resist to
avoid direct contact of GO with electrodes, so that no cuméihpass through GO when it is dispersed
on top of surface of Cu:TCNQ nanorod film as shown in step (7Figf A.1. All the deposition

and growth process is schematically illustrated in Fig..ADkevice of the nanorod film is illustrated
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schematically in Fig. A.2(a). Two interface regions of AUCTCNQ was covered with PMMA resist
to avoid short circuit of GO with Au electrodes. SEM image lué tevice and magnified SEM image

before and after GO deposition on film surface is shown in Bi@(b). Electrical measurements

2

PMMA
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@ Cu ﬁlm CuTCNQ Cu, area of GO G
deposition growth reaction depaniiiin 9

Si/Si0,

:! Masking @ Remove
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Au film

deposition

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

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

Cu:TCNQ and GO reduction which is explained elaboratelyiscussion section.
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Figure A.2 (a) Schematic representation for chemically grown nané@hoddevice. PMMA
covers the Au electrode from contact with GO. (b) SEM imag¢hefdevice and magnified
SEM image before and after GO deposition on film surface usethéasurements. (c) I-V
of chemically grown Cu: TCNQ nanorod film before (circlesylafter (stars) GO deposition.
Inset shows the corresponding linear plot.

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

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

well as contact electrodes without masking it (Fig. A.3(d)) this configuration, to get the effect of
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GO on NW conduction, one has to be confirmed that GO does nefdlake in conduction. Electrical
measurement results before (circle) and after (star) GO@giggn was shown in Fig. A.3(c). In this
case enhancement in conductance. 8310? i.e. two order higher compared to the normal nanowire
conductance without GO. To confirm whether GO make any satistaontribution to conduction or
not we have performed an experiment as discussed below.

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

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

:: 10° :
(a) | : (©)

Current (A)
;\l
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+—%— CuTCNQ+GO ¢

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

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

from the NW as shown in inset of Fig. A.4(d). This experimeomfirms that current couldn’t follow
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the path through GO film and all current is passing throughdérewire only. Thus, enhancement of

current in single nanowire as shown in Fig. A.4(b) is due tdigwh of GO layer onto the surface of

Cu:TCNQ.
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Figure A.4 (a) Schematic representation of a single nanowire conuyigiirobe AFM mea-
surement. (b) SEM image of vertically grown Cu:TCNQ cherhi@norods on Cu/Au film.
Inset shows magnified image of one such nanorod. (c) AFM inohgee chemical nanorod.
Inset represents AFM image of the same nanorods after G@rdisp.

A.3 Discussion

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

When Cu:TCNQ forms it has partial charge transfer from Cu #ede is scope for further charge
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transfer. When GO is dispersed on Cu:TCNQ nanorods, efesgaiive TCNQ takes charge from GO.
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Figure A.5 FTIR spectroscopic results of TCNQ and Cu:TCNQ before atet afidition of
GO.

Fig. A.5 shows the FTIR spectra derived from different materprepared with KBr as pellet
material which is used as background, while TABLE Al summewithe data obtained from these
experiments. Electronegative material TCNQ, where thiewiatcharge is fractional, distributed over
an aromatic donor molecule and screened by the conductemtrehs, has €N stretching band at
2228 cnr?! [161]. After reaction with Cu, &N stretching band is shifted to 2201 cfconfirming
Cu:TCNQ formation. To calculate the degree of charge tean&f) in metal-TCNQ salts we have
chosen nitrile stretching mode because that occurs at adney overlapping the strong electronic
absorption in most conducting TCNQ salts. Amount of chargesferred from Cu to TCNQ is 0.60

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

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

Materials C=N stretching mode (cm') | Shift (cm™t) | 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 cthand corresponding degree of charge transfer for
this shift is~ 0.81. Thus, due to addition of GO, charge transferred to Cu:@G#increased. The
change in Z=0.21. This enhances its conductivity that isist@nt with our experimental result shown
in Fig. A.5. This enhancement in charge carrier concewoinaticcurs due to transfer of electronic
charge from GO to TCNQ as one can see from Fig. A.5, whee®\Gtretching mode at 2228 crh

in neutral TCNQ is shifted to 2220 cmh when GO is added to it and corresponding degree of charge
transfer is~ 0.16 as stated in Table A.1. The degree of charge transfer)(i3 1us comparable to the
AZ~0.21, same for Cu:TCNQ case. Thus, shift i stretching mode due to addition of GO is same
for TCNQ (2228 cmi! — 2220 cntt) and Cu:TCNQ (2201 cmt — 2192 cnm) which confirms the

charge transfer from GO to TCNQ for both cases.

A.4 Conclusion

We have demonstrated a simple method to increase the camdecbf chemically grown Cu:TCNQ
nanorod film as well as PVD grown single nanowire using gripbkide. Conductance of chemically
Cu:TCNQ nanowire film is increased by10 times, whereas enhancement in a PVD grown single NW
is > 107 order. This increase in conductance after addition of GQuéstd charge transfer from GO to
Cu:TCNQ film and hence increase of carrier concentrationurTCNQ film which is confirmed from
FTIR data. Amount of charge transfer from GO to Cu:TCNQ isragimately same as from GO to
TCNQ. Thus, electrical conductance of Cu:TCNQ can be tuyegraéphitic oxide even though GO is

an insulator.



Appendix B

Charge induced conductance
enhancement in single Cu:TCNQ

nanowire

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

double layer FET. Experimental outcome from each processdescribed below:
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Si0,/100nm
Conducting Si

Si0,/100nm

Figure B.1 Schematic of floating gate FET structure of a single nanowireSEM image of
the single Cu:TCNQ nanowire device of diameter 70 nm usededasure floating gate FET
effect.

B.1 Conductance enhancement by floating back gate MOSFET (FG
MOSFET)

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

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

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

Vg and drain current,gs for a constant Ys = 1 Volt is illustrated in Fig. B.2. From the transfer
characteristic curve, it is observed that current enhafocgmsitive bias of gate-source voltage. So, we
have measured currergd as a function of source-drain voltageyy/through the device for different
positive gate voltage. From the transfer characteristivesguUOFF-state current for the deviceAs
0.5uA. Output or drain characteristic curve i.g ¥s. Vps for constant \j which can be used either
in enhancement mode or depletion mode are depicted in F&{aB. Thus, for a positive value of
the gate-source voltage, current through the device iseseas expected from transfer characteristic
curve as can be seen in Fig. B.2. Whereas negative value esgatce voltage depleted or reduced
the drain-source current as shown by dotted curve in Fig. B/8 have also plotted leakage current
through the dielectric layer from source to gate in Fig. B)3thich is negligible compared to device
current. This enhancement of current for positive gate isidsie to charge induced in the nanowire as
illustrated schematically in Fig. B.3(c). When positivdtage is applied across the back control-gate,
electrons will accumulate below the gate oxide layer. Duesfmacitive effect, oxide layer will induce
electron in conducting Si floating gate followed by hole iation in the oxide layer near the floating
gate surface. This oxide layer also acts as dielectric addcigs positive charge due to capacitive
action. This positive charges are confined in a thin regiatled channel, extends all over the way
through the nanowire from source to drain as shown in Fig(d.3When a negative bias is applied
to the drain with respect to the source, positive chargekdrchannel drift towards the drain. Thus a

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

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

induced charge in FG-MOSFET configuration increases cdaadae of Cu:TCNQ nanowire.

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

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

liquid EDL-FETSs of organic semiconductors appeared in 2Q&3]. Use of ionic-liquid results in a

high charge carrier accumulation in the solid, much morectifely than solid dielectric materials. In

this section, we describe recent developments in the fiddtdransistors (FETS) with gate dielectrics
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Figure B.4 EDL-FET configuration of a single nanowire of diameter 100 nm.
PEO:LICIO=10:1 is used as gate dielectric.
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Figure B.5 (a) Output characteristic curve of the EDL-FET single namevdevice. (c)
Schematic of induced charge in the nanowire due to posiate lgias.

of ionic liquids, which have attracted much attention duéhtir wide electrochemical windows, low
vapor pressures, and high chemical and physical stabiilitye, capacitive effect of ionic liquid is used
to enhance the performance of transistor. In this sectiohave tried to improve the conductance of
Cu:TCNQ by induced charge using PEO:LiGI(10:1) as gate electrolyte.

We have connected a single nanowire by four probe with FEBsltgrl Pt. Among them One
probe is used as source, one is as drain. lonic liquid (PEDA,4=10:1) is put on top of the nanowire

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

Source-drain current as a function opyfor different constant Y is shown in Fig. B.5(a). En-
hancement inds is observed due to application of positivg.\When positive bias is applied across
the gate metal electrode anions accumulate near the suffgete metal-electrodes and due to capac-
itive effect cations will store far from the anions i.e. neanowire. This accumulation of cations near
nanowire induces negative charge in the nanowire and isesethe carrier density of the nanowire,
resulting in enhancement of current through the device. rgghanduction process is schematically
illustrated in Fig. B.5(b). Although, the change in curramtEDL-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 nanowiiredoged charge inside the nanowire.
Charge induction in the nanowire is performed by floatinged&E T and by electric double layer FET.
The EDL-FET method is an excellent methodology to achiegh ltharge injection at solid/liquid

interfaces, and enables the development of flexible dewndgheir low-power operation.
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