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Abstract

In this thesis, the growth of metlike naphthalocyanine (Nc) and copper
naphthalocyanindCuNg on both bare Si/Si©and octadecyltrichlorosilane
(OTS) modified Si/Si@ surface were studied. The effects of the substrate
temperature on morphology and structure of Nc and CuNc thin film growth were
presented. For these purposes thin films of Nt @aNc prepared by thermal
vacuum evaporation were studied using atomic force microscopy (AFM)-and X
ray diffraction (XRD). We observed that the increase of substrate temperature
during growth affects the morphology, preferential molecular orientation and
degree of crystallinity of both Nc and CuNc thin film, which were used as active
layersin organic field effect transistor (OFET) devices.Organic thin film
transistors (OFETS) were fabricated using these molecules as the active layers
and their electrical characteristics were measured under both vacuum and

atmospheric conditiorsnd they were found to exhilpttypetransistor action

A series of samplesf the Nc and CuNc thin films were grown on Si/gS&nd
OTSmodified oxide surface at different substraemperaturebut fixed
equivalent deposited thickness. The growth conditions, particularly the substrate
temperature strongly affect nucleation simd ahape of the organic thin film. In
general, the thin film morphology shows a near circular grain and elongated
grain shape at low substrate temperature, while the thin Nc film shows small
needlelike structure and extended neetile crystalline struaires with large

gaps at high substrate temperature. The optimum substrate temperature during
the growth of Nc on both surfaceis achieved at 200C, and this occurs for
growthof CuNc at 180C and 160C on Si/SiQ and OTS surfaces, respectively,

for which the naphthalocyanine thin film showtke best morphological and

electrical properties.

We used Nc and CuNc thin films prepared at different substrate temperatures as
active layers to fabricate bottom and-tmmtact organic field effect transistors.
Their electrical characteristics were measured at room temperature in vacuum
and ainn thedark. We plotted the output characteristic and transfer characteristic

of all OFET devices so that the effects o&ip size ad crystal structure on the



performance characteristic of NGFET device ould be investigated. Then we
studied the effects of hysteresis and charge traps on device performance when
expoedto air. We found that the changes gerentéty exposureof the device

to atmosphere may be reversed by anneétiethin film to D100 °C in vacuum.
We reported the highest mobility (§.16 + 0.23 102 cn? /Vs for top-contact

Nc device prepared at 200°C on S#dter annealing in vacuum, and also we
reported the highest mobility ¢8.56 + 0.14) x 102 cm? /Vs for top-contact
CuNc device prepared at 180°C on S#iter annealingn vacuum. We found
that the topcontact device alwayperforms better than thbottomcontact
device We attributed this to the change of morphology of active layer in the
interface between contact metal and 5iO

Solvent induced selissembly, selfrapping, and seHorganizing of eP30 cyclic
porphyrin polymers on the Au surfatdet are deposited from two solutions and
various concentrations in ambient conditiwas also studiedrhis results in the
arrangemenbdf cyclic polymersin different configurations such as stacking
columnar, supramolecular nesting and uniform height ¢nexa close packed
structure These conformations are observed using scanning tunnelling
microscopy. Highly covered surface stacking columnar like porous iaradgo
observedWe show that toluene:methanoixturecan play a crucial rola self
assembl of supramol ecul ar struct-urestaakitnwc
conformation perpendicular over surface in three dimensionssegyle in
double nested nanoring conformation. Cyclic porphyrin polymers deposited
from toluene shows nested nanorings structureh s single nanoring self
trapped inside a neaircular shape single ring on surface. Diluted solgion
using a large volume of methanol relative to the toluene can supphess
adsorptionof nanoring to the surface. Interestingly, adsorptiohthe cyclic
polymer from toluenanethanol 3:5 can result in the formation of uniformly
height hexagonal close packing on surface, where nanorings aggregate as
columnar stacks in two layers, dependent on concentration. Our results show that
the selfassemblyof attificial cyclic polymers is dependent on solvent and
concentration provides a significant step towards controlthaf three
dimensional arrangement of supramolecular conformation on ssinfesoeg

non-covalent interactions.
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Chapter 1

Introduction

Organic semiconductoesge attractive materials for applications in organic field
effect transistors (OFETS), gas sensors, photovoltaic solar cells and light
emitting diodes(LEDs) due to their easy processability (low temperature
evaporation and solution processing), low cotisable chemical structures
compatibility with flexible substrates, strong optical absorptivity and efficient
light emission[1]. In particular, the smalholecule organic semiconductors
such as porphyrgiand phthalocyanirgeare interesting species that have been
used as active laygin organic field effect transistors which athin film is
formed by deposition of the organic semiconductoa sntablesubstratg2-4].

High performancerganic field effect transist¢©OFET) can be formedor thin
filmswith a high degree of molecular order. Typically, the substrate temperature

can be used to control ordering and orientation of the mole&)les

1.1 Organic Molecular Structure

The building block of all matter ithe atom.When two or more atoms are
brought together, the interaction of their valence electoamsresultin the
combiring of their atomic orbitals, thugiving rise tomolecular orbitalsvhich

can be eithebondingor antibonding.

Bonding molecular orbitals are generated friomear combination®f atomic
orbitals that lead to lower enerdlyan the original atomic orbitals. However,
antibonding moleculawrbitals lead to higher energy leselnd are generally not
stable. Therefore, the singnergy levels of an atom combine to fotwo
molecular energyandtheir separatiors relatedo thestrength of the interaction

of atomic orbitals. The ground stasethe lowestenergy orbitals that is filled by
electrons. The highest occupied molecular orbital (HOMO) is the highest energy
orbital, which is filled by electrons. The lowest unoccupied molecular orbital
(LUMO) is the lowest energy orbital, which is ritked by electrons.A further

classificationis determined by the molecutarbital symmetry, such abe (i
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(sigma) bond that is symmetrical with respect to rotation around the internuclear

axis,andthe” bond t hait. Generallyalsey mim eskstwonger than

the °~ bond. Anti bond.ianeglsadarned duenbrmally a b e |

are unfilled

The electronic ground state configuration of an isolated carbon &om
pO ¢O ¢b ¢b . Thisimpliesthat it can only form two covalent bonds with

other atoms[6]. When other atomare close to the cdon atom, one of the

carbon 2s electrons will promote to the unoccupied 2p orbital, thus the carbon

atom forms an excitedtatepO ¢O ¢b ¢b ¢b , implying that the four

valence electrons are available for bonding. If the 2s combines with on@rtwo

three of the 2p orbitals, this will lead to form hybridizégdmicorbitals of two
sp, three sh or four sp, respectively. For example, GHbrms four sg, both
C:Hs and GHs form three spwhile the remaining electron in-grbital (2p)
leavesun-hybridized that is perpendicular to hybridized orbitalgerlappingp,
orbitalswill lead to form” b between carbons and resultdre | o c a |

electron(see figure 1.1.1andalsoCzH: form two sp molecular orbitals].

o bond
frarmework B, orbitals of

of C-C bonds  spPcarbon Delocalised electrons

in = bonds

Figure 1.11: Orbitals of carbon atom: a) carbon atom witinee sp hybrid
orbitals and onejun-hybridizedorbital b) structure of benzene rif@Hs) with
0 bonds f or m %ogpitals betvedn &) and (), asdpalso §
orbital exists in each carbon atoms with direction perpendicular to f
orbitals pl ane c) ’ b, corbithls fesulting i
del ocalisaf7j.on °~ el ectron

1.2 Basic properties of organic semiconductors

Organic materials behave like semicondusb@cause their moleculbave a -

conjugaté systemin which carbon atoms are bondbg alternating single and

sati

double bondslt is possible to use these materials to fabricate semiconductor

2

(



Chapter 1

devices, such a8BFETs,solar cells andlEDs.Organic semiconductscan exist
in two forms such as small molecule (copper phathalocyanine) and organic

polymess like poly (benzimidazobenzophenanthrolisegle Figure.2.1.

b — —
a N O O
\ N N= q
N ca N @N N——
\ N /
\ A i: 1 N N—+

- —n

Figure 1.21: Organic semiconductors into two form such as a) s
molecule (copper phathalocyanine) and b) organic polymer
(benzimidazobenzphenanthroline)

Figurel.2.2illustratet h e e n e r g-gonjugate redlecule.fThedonding
“-orbital has a low energy as compéitetheantirb o n d i -orlgtal, thére is a
N band @ tgpcal anergyhgap in the range 435eV, which
correspondto a photorenergy in the range diievisible spectum. Thisenergy
gap makes it possible for organic materialdehave like semiconductdgy.

4 —— c*-orbital
antibonding orbitals

ﬁ n*-orbital

>,
@ l H - -
b | optical excitation
» |
——L r-orbital
bonding orbitals
c-orbital

Figure 1.22: Theenergy levels of a-conjugatel molecule show the bondirig
orbital with | ow energy and *amdgag8].
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1.3 Porphyrins and phthalocyanines

The structure oporphyrin (Figurel.3.1g and phthalocyanine (Figute3.1c)

shows some similarity with the biological molecules chlorophyll and
haemoglobin, and also their chemical and thermal stabilities niade
interesting species to be studied for many applications in industry. The porphyrin
is amacrocyclic planar aromatic compound,igfhhas an extensive delocalized

" -electronsystem providinguniquechemical and physical properties, and many
researchers have studied their optical and electrical propg&jedhese
moleculescan alsoform a complex byoordinationwith a metal atom in the

central cavity othemacrocycé with four pyrrole nitroges (Figure1.3.1b, d).

Figure 1.3.1: Molecularstructures of metdree porphyrin (a), zinc porphyrin
and metafree phthalocyanine (c) and copper phthalocyadhe

Figure 1.3.2 showthe highest occupied molecular orbital (HOM@)isolated
metal phthalocyanineThis correspond to the valence band in inorganic
semiconducta and its lowest unoccupied molecular orbitaLUMO)
correspondto the conduction bando].
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:
LUMO (7t%*) HOMO (m)
Figure 1.32: Schematialiagram of a) théowest unoccupied molecular orb

“*Db)t he hi ghest occupi ed mo | e mata
phthalocyanine [10]

Figurel.3.3 showsthe energyband diagrams & phthalocyanine OFET in ap
channel mode of operation, including the highest occupied molecular orbital and
the lowest unoccupied molecular orbital. The energy band diagram fayatero
voltage (V) is shown Figurel.3.3 a In the energy band diagram agative
appliedgatevoltage shown in Figurg.3.3b, the bands are bent upwards and the
HOMO approachksthe fermi level, this leagto an accumulation of holes near
the interface between Si@nd organic materigl 1]. Therefore, this active layer

can be used asghannel OFET device.

N\
Er \
P

LUMO

Er P ey \Y - Ef

\@ LOMO Metal ‘e

P-type organic gate i+
Metal semiconductor

gate \

Vg:O Vg<0

Figure 1.33: Schematicenergyband diagram shows the highest occu
molecular orbital (HOMO) and the lowest unoccupied molecular ¢
(LUMO) for phthalocyanine OFEWwhich has structure of metakide-(p-type;
semiconductara) The OFET at no gate bias. b) The OFET at negg#tebias
show the pchannel devices
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OTFTs have been widely fabricated using small molecules as active
semiconducting layers. Many small molecule organic semiconductors have been
used for fabricating OFESIsuch as rubrend 2] phthalocyaning¢l3] pertacene

[14], porphyrazing15], and thiophengl6] derivatives.

A great challenge for optimizing the performanc©®&ETsis tocontrolthe film
morphology and orientation of organic semiconductor molecutggovemerd

in charge mobility and charge injection across electrodes and organic
semiconductor interfadgpically occur when molecules orderaii”~ st acki ng
configurationwith an edgeon orientation[17]. Therefore, it isimportant to
know how moleculesnteract with the substrate surface in order to make it
possible to controlhe arrangement of molecules @nsurfacg18]. Sincethe
intermolecular force in organic filns are weak, the moleculsubstrate
interaction willmodify thearrangenentand packg of molecules indifferent
structures on asurface[19, 20] Therefore, the type of substrate surface is an
important parameters for controlling molecular ordering and orientation in the
films. For example when metal phthalocysn(MPc)is deposited onhe most
commonlyused substrate (Sir indiumtin oxide (ITO)),at high substrate
temperatur¢ghe molecules stand edge orientationdue to thaveak interaction

at thesurfacemoleculeinterfaceg21]. The OFETs show the highest performance

in this orientabn [5].

Among different organic semiconductors, the most broadly studied small
molecule organic semiconducs@re phthalocyaninderivativeg11, 2224]. In
contrast, porphyrinsanother species of tetrapyrrole derivatives, have been less
investigated. There are liretireports offabrication of OFET devices based on
porphyrin compoundd-or example in 2004, Aramaki et al. reported solution
processed OFET device for planar staet tetrabenzoporphyrin compound
[25], and also in 2003, Noh et al. reported sublimation deposition OFET device
of 2,3,7,8,12,13,17,18ctaethylporphyrinato platinuni26]. In 2010, Ma et al.
reported single crystals of methke 5,10,15,2@etrakis(4
pentyloxyphenyl)porphyrin, whiclvereused to fabricate OFET with relatively

good performanci7].
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Althoughthe semiconductor properties of phthalocyanine moledudee been
extensively investigatedthe fabrication of OFETs fronthe larger analogue
molecule naphthattyanine (Nc)(Figure 1.3.4) has beerimited to solution
processedlc derivatives withattached side grosjn order to promote solubility
[28]. The thin film properties of sublimed naphthalocyanine molecule have been
rarely studied29-31], dthough severalgroups have sublimed monolagerf

Nc molecules on surfac¢32-36].

In this thesis, we repottie first demonstration dc OFETs under both vacuum
and atmospheric conditionshese deviceshowp-type operation andwe also
discussNc thin film growth by thermal evaporation on silicon oxide at various
substrate temperaes as investigated using both atomic force microscopy
(AFM) and X-ray diffraction (XRD).

Figure 1.34: Molecularstructures of naphthalocyanir

Also we have investigated the sasembly ottyclic porphyrin polymes on
Au(111) which result in a new mode of supramolecularganisation of
nanoring when deposited froreolution[37]. The porphyrin polymers show
disordeed arrangement due to their flexibilif{$8]. These combine to givihe
cyclic polymes unique forms ofsurface organization such as stacking and

nesting[37].
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Chapter 2

Organic field effect transistorsand theory of thin film growth

In this chapterwe describe the organic semiconductor materials, and how they
were used in organic field effect transistor (OFET), and the progress that ha
been made on this devia@nd also we descrilbtlee theory behind operation mode

of the OFET system, the results give the current and mobility equation.

We describe the supramolecular organisation on surface using solution and

evaporation methods. Finally, vegplaintheory of thin film growth.

2.1 Organic semiconductors

Organi ¢ s emi coomudated malecudes that entain carbon and
hydrogen, as well as other elements, such as oxygen, sulfur and nitrogen.
Organic semiconductors can be divided into two systems, small molecules and
polymers. Examples of small molecule semiconductors are aromatic
hydrocarbon compounds, such as pentacene, oligothiophenes and
phthalocyanines. Thin films of small molecules can be thermally deposited
and/or solution processed and can form highly ordered crystatimictures.
Examples opolymerorganic semiconductoesepolyacetylene, polythiophenes

and their derivatives. Polymeric materials are usually deposited from solution

and form disordered structures on a surface.

There are important differences betwegganic and inorganic semiconductor
materials. In conventional semiconductor or inorganic semiconductors such as
Si and Ge atoms form covalent bonds which stabilise the crystal structure.
However, molecular organic semiconductors bind through van der Waals
interactions. Therefore, conventional semiconductors typically form a
crystalline structure, but molecular organic semiconductors often form
polycrystalline or amorphous filsnand have lower dielectric constant and a
lower shielding of charges, which ing$that the coulomb interaction between
charge carriergs stronger than in conventional semiconducfbfsGenerally,
inorganic semiconductors have high charge carrier mobility as compared to

organic semiconductors. Therefore, it is difficult for transistors based on organic
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thin films to compete with inorganic transistors in applications demanding high
perfomance. Nevertheless, organic semiconductors are interesting materials for
electronic devices because they can be deposited on different substrates with
very low cost and cover large areas. Such substrates include polymers, glass and
metal foils. In additia, organic compounds can easily be processed in solution
or using vacuum deposition. Furthermore, organic polymer thin films are not
only compatible with silicon substrates but also with flexible substiaies
Organic semiconductors have been used to fabricate many different electronic
devices, for examplegrganicfield effect transistors (OFETS), organic light
emitting diodes (OLEDs) and solar cells are the mosamckd systems, which
already have been produced and are available commercially including very
bright, highly efficienent colour display8]. There is also significant progress
made in the fabrication of OFH#, 5] and organic thin film photovoltaic cells

for the geneation of low cost solar enerd§]. Themaindisadvantage of organic
semiconductors is tiresensitivityto exposure to air. Organic electronic desice

can be encapsulated in order to avoid film degradatisunlting inextended life

time [6].

In 1930 Lilienfeld, who first proposed the principle of the fieffect transistor
(FET), described the operation of a FET device as a capacitor in which one plate,
a semiconductor film, acts as a channel betwwercontacts. The accumulation

of charge carriers in the channel can be tuned by changing the voltage across the
capacitor; this is the gate voltage. Organic materials were known as a new type
of semiconductor in the 194Q%]. The first metal oxidesemiconductor field
effect transistor (MOSFET) based on silicwas fabricated in 1968].1n 1986,
Tsumura and et al. first reported the fabrication of an organic field effect
transistor based on polymeric organic semicondud@&jrsin 1989, Horowtiz
reportedanorganic field effect transistor based on a small conjugated molecule,
a -sBxithienyl [10]. The OFETs based on small molecules showed high
performance as compared to those with a polymer active layer. In 2003, Kelley
et al. fabricated OFETs based on pentaaarereported a high mobility of 5
cm?/Vs. This is attributed to high ordering of molecuj&]. In 2002, Sandberg

et al. reported that two orientations of pobgByl-thiophene) film are observed

with the polymer chain either parallel or perpendicular to the surface. The
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highest mobility of 0.cm?/Vs wasobserved when polymer chains were in an
edgeon orientatior{12]. These were deposited by spin coaandgthe mobility
could be increased up to 0.2%ivis when polymer was deposited by dipating
[13].

2.2 Organic field effect transistor (OFET)
[8, 14, 15]

The basic structure of an organic field effect transistor consists of the following
components source and drain electrodes are in contact withorganic
semiconductothin film, which isinsulated from the gate electrode by an oxide
layer with thicknesstoy, (see figure 2.2.1) The organic semiconductor is an
active layerwhich allows a conductingchannelto form betweensource dain
electrodesThe channel hdgngthL and widthW.

L

Dr aie Sour

v

Semi con

ndop®issiubstr a-

Figure 2.21: The basic structure adp- contact organic &ld effect transistor
(OFET)

2.2.1 Device operation

An organic field effect transistostructure(as shown in previous section) is
arranged as gate/oxide/organic semiconductor stack. This configuration is
comparableao the planar capacitor that consiet parallelplates separated by
dielectric, with a capa@nceper unit area obxide, Cox,

- 2.21

0 ‘
0

- is the relative permittivity of the oxide, and is the vacuum permittivity.
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In order to take electrical measurengmivo potentials are appliestross the
device, the gate voltag¥y, and drain voltage/qs, while the source electrode is
earthed Ys = 0) (see Figure 3.24lin chapter 3.

Generally,organic field effect transistors operate in the accumulation mode
because charge carriers accumulate at the-&@iconductor interface when
gate voltage are appli¢til]. Accumulated chargare injected fronthesource
electrode. TheOFET may formeither n-channel or gchannel dependg on
whether holes (positive charges) or electimegative charges) are accumulated
in the organic semiconductoxide interfaceby applying gate voltageFor
example, the channel is callegtpannel if holes are accumulde theinterface

due toapplyinga negativegatevoltage while it is called4channel if electrons

accumulatelue toapplyinga positivegatevoltage

The accumulatedharge in the channe equal tathe gate voltage multiplied by

the capacitance of the oxide. However, some of these charges will not contribute
to current in the device because they aregpedpttrap sites at the oxide/organic
semiconductor interfacd herefore, the gate voltage shouldtbgher than the
minimum voltagehat requires tdill these traps before the transistor charisel
turnedon. This is thethreshold voltageVin, The charge trap densit [16], is

given by

v 0 2.22

Therefore the effective ga voltage isVy - Vin. The threshold voltagdepends
strongly on the organic semiconductor layer and oxide matetiaétransistor.
The acumulatedreecharge carriers per unit area charge carrier densitg)s,
thatis inducedin the channeaby applying a specific gate voltagése Vi) only,
withoutapplying drain voltage, can be determined by

~

0 0 w W 2.23
From the above discussionf gate voltageexceeds the threshold voltage, a
uniform distribution of the charge carriers wile inducel in the channehs
shown in FigureZ.2.2a), but applyinga drain voltage results in form a linear

gradient of charge density in the channel from source to the drain electrode

14



Chapter 2

Figure @.2.D, c). Therefore, the potential within channarieswith channel

position, x, from the source electrode< 0, V(x) = 0 to the drain electrodex(

=L, V(X) = V). The charge carrier density thginduced in the channel depends

on the positionx, along the channel, and can be determined by

The

wh e t ie the field effect mobilityf the semiconductor.

The

The

and

0)

~
¥

v

QY

Qw

pot edvtai carl xsdsr odpi,v e n

QY ———
(OVRV)

6 W W W

Qw

WL w'

w

by

2.24

resi stand®kefofant ed eaqiemnd rag |l yserc th yon

2.25

2.26

dr ailgc acubeenobt ai ne do firfo mveE Gswsbtsidont u
t heemdbbonhsogr déhe 2e furdtm oswe 0,Y(X)2 (

t o txXrd,VKr=&d),n aAssumisginbdapendent of

carrieasdéanbl bw

D Qh wd " O OZmH Qo

®o wwz?w

2.27

2.28

Basedhld&/n charact er i sFtEiTc ss hofwna&n 2. s ]glur @

we now c ablbquwa2mpd o8 yt he | i near [a&]d satu
we apply a small dr afi Inow od ftt &ng wrurgehrhtd rhee
conducting channel bet ween source and
curdgevitt h i ncreasiVag idrpdiiresvdlhttcagcehanne
resistor. This iIs called 2hal.R2Tmetaher e
l' i near regionVWithesnalah ear vohamgelst ect i v

15



Chapter 2

(¥-Viht her ef oraefgctahlee ndgleatedne drain current equation

can be simplified to

7 2.29
) —#1t1 6 6 6

The mobility ofthe OFET in the linar regime(* ) can be calculad by

differentiating Equatior2.2.9with respect td/g at constan¥yg

., P 2.210
7# 6 T6

By i nctrlega aiimgWwwontialgetther ed ¢ weod tVageg dét e
=Vg-Vehat t hivVsei Epnooiwirg ada sir ati on (Vd= avim volt
resul tsofifn tphiencchhhannel nearpidfiadddouasn e
because-daptlkeaederegion is eadulohdies n e X
| etdasat urodt dmhaei n , QOuThmhenpi nch off point
beginning of the€éi gatBerzati on r egi me

Furt her i ncreasevsunint Itbheec dmeat Mk aveof) & eacgteh
gavel t\agaeVUAhl edsdarexpaddthadgpl eted region
the draidoeour rienBotnes @ lunyehne pi nch of f p o
toward t he stohuirsc erressldelctttsi wdre | en g kb €Char
bubhetpotremiai abk uw(cxh) gnsy)edt hfei nocfhf spoi nt
(Fi gur @e)Fdtri2i.  trheea sdornai emaium s:¢dibd sskaatwn

as¢ hseatiuamtdr aiOna rcaliarlrleendt t he saturati on |
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a) Vg> Vin, Vu<< Vg-Vin b) Vg> Vin, Vu= Vg-Vin C) Vo> Vi, Va> Vg-Vin
Vf; pinch-off point
V(X) = Vg-Vin

Ve VG pinch-off point

Insulator / Insulator

Insulator

mr{Substrate

Linear regime Pinch-off point Saturation regime

Figar228Schematic diagrams of the d
and the cdveeWwpendesga) t We&<lgMne
the beginning of the-ofsfat pvoa Ygiviohr
satur at iVonvgV: ¥l gli.7oln (

In the saturation region, & = (Vg-Vin), the drain curred© is pinched off at

accumulated regime and does not dependevig,omplying— 1t Therefore

by neglecting channel shorteningltotthe saturation drain currei@® is given by

substitutingVy = Vg - Vininto Equation 2.2.8 as follows

w— 1 # 6 2.211
O é ———6
, C
LTt # 2212
(@) c 6 6

The mobility of an OFET device in tlgaturation regimé  can be calculated
by differentiatingthe square root othe saturated drain curref® in Equation

(2.2.12)with respect to/q

2.213
— oz (U #
O e q— 6 6
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H O_ . 7t # 2.214
T6 © T
C, = O_ 2.215
! T H# To

In this thesis, all mobilites fADFET devices are calculated from #aturation

regime.

The Equation2.2.8, 2.2.9, 2.2.12.2.12 are based on ideal conditions, such as
the insulator having no charges, the semicondtintrdator interface having no
charge traps, alsassuminghe work function of the metal arsstmiconductor

are equal, the charge carriers in the channel have constant malsitgeglects
contact resistanceand the channel length must be larger than oxide thickness
(L>> tox) [18]. These equations are nevertheless used widely to calculate

mobility in OFET devices.

2.3 Progress in performance rand p-channel organic transistors

Both conventioal inorganic and organic semiconductor materials can show
either ptype or ntype characteristics?entacene is an example of dype
organic semiconductgseeFigure 3.2.1% Pentacene the most widely studied
material for OFETs because thigrseonductor shows high mobility that are
stable inair [19]. On the othehand, Goillustratesn-type behavioufseeFigure
3.2.16, but ntype semiconductors usually are not suitable for practical
application because tineelectrical characteristiare verysensitive toair [20,

21].

2.3.1 Progress in performance of ptype organic transistor

The first organic field effect transistors fabricated using a small orgaslecule

is Cuphthalocyanine were fabricated using vacuum deposition system in 1964
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[22]. Generally, theraretwo ways to improve OFEperformance that can be
described as fadws. Optimising deposition parameters of thin films can be
achieved in order to improve the morphology and structural order of the
semiconductor layer. This gives rise to an enhancement of the OFET
performance. Transist®configurationcanalsobe improvel by changing source

and drain electrodes, gate electrode and dielectric layers in tor@ptimize
OFETSs performancg9].

After these early studies, the organitype semiconductors can be divided into

three main groups in terms of the most widely used for fabricating OFETS;
thiopheneoligomers, polythiophenedigure 2.3.) and pentacene. Thiophene
oligomers represent a g class of organic materials with high mobilitthe
first study within t hsesthiophemeuTherewasa Cc o n c
significant i mprovement -dexithiodpheme OEEBTar g e
devices from 0.00&n?/Vsin 1989[10] to 3x10?cn?/Vs in 1995[23]. Another

two organicsemiconductors within this group have been investigated based on
U-v-dihexyksexithiophene with highest reported mobility 0.1 éws in 1997

[24]a n d  arldihexykduianterthiophene with mobility reported 0.23%vis

in 1998[25].

Polythiophenes are another grouppetfype organic semiconductotisat have
been used in solution processBBET devices with a mobility of T0cn?/Vs
[9] as reported in 1986. Polykyl thiophene) waslsoused inOFET as a
polymer semiconductor, which led to an increased carrier mobility fordd
/IVs [26]. Another new polymer semiconductor irhis group is poly(3
hexylthiophene) which is used to fabricate OFRvith a high mobility of 0.1
c? /Vs reportedin 1998[27]. Pentacene is the most well kndwle carrier
group of small molecule semiconductors, because of its air stability and high
charge carrier mobility. For the first time in 1992, Horowitz anavookers used
pentacene ake active layer in OFETSs, and reported mobility @3 cm?/Vs
[28]. Since then, many OFET devices based on pentaesipe semiconductor
have been fabricated, atite highest mobility of 2.4 cfifVs was reported in
2000[29]. In addition, pentacene solution proces&#ET devices have also
been fabricate{BO0].
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[\
S

n
Figure 2.31: The structure of thiopher@igmer

2.3.2 Progress in performance of atype organic semiconductor

High performance 4type organic semiconductors allow fabrication of
heterostructur©FET devices and complementary logic circyt$ype organic
semiconductors have been the most widely investigated tcadldteave been
disproportionally developed as compared ttype OFETs because dhe
instability of ntype materials in air. This &tributed to the instability of organic
anions, which react with water and oxygen. This gives rise to unstable glevice
Most transistors with-type organic semiconductor perform well in vacuum but

not in air[31].

In 1990, Guilland and ecworkers reported the first study ortype OFET for
both organic semiconductotstetium bisphthalocyanine (Rai) and thulium
bisphthalocyanindPeTm) [32]. The stability ofthe device is good uwter
vacuum at room temperaturehd mobility of ntype semiconductors Rais and
PeTm are measured in sitto be 2x10* cn? /Vs and 1.4103 cn? /Vs,
respectively. Interestinglyn exposure of the device to air andaequisitionof
electrical measurements only dype transistor characteristic was observed. In
1994, Brown and cavorkers used tetracyanquinodimethane (TCNQ) to
fabricate ntype OFETY33]. Gold electrodes were usedsamirce and drain to
make bottorrcontact OFET configuration and the mobility of the device was ~
3x10°cn?/Vs.

In 1995 Haddon et al. useddid fabricate rype OFET device$34]. Deposition

of Ceo films were performed under ultrahigh vacuum (UHV) resulting in the
formation of random polycrystalline grains. Gold and chromium were used as
electrodes. If g films are deposited on ptesated substrate with tetrakis(dime

thylamino)ethylene (TDAE) this leads to an increase of the mobility of FET from
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0.08to 0. cn?/Vs. On exposuref CsoOFETS to aithedevices stopperating
andthe resistivity of the dege increaseby about 5 orders of magnitude. If the
device is reheated at elevated temperature in a UHV chamber overnight, the
operation othedevice could be restored. This implies that the electron traps are
formed by oxygen within the dg active layer Performance of the device can
also be affected by impurities in the molecular semiconductor film.

In 1996, Katz and cworkers reported many organic semiconductors based on
the naphthalene structuf85, 36] which are used as active layer QFET
devices. The first material 1,4,5m@&phthalenetetracarboxylic dianhydride
(NTCDA) was used ifOFET device, ané mobility of around %103 cn?/Vs

was measured when material was depositemisatbstrateemperature 55C.
However, mobility of 1¢ cn?/Vs was measured ferdevice thatvasprepared

at 25°C. The change of mobility is caused by change of thin film morphology.
The mobility ofthe OFET device is reduced by 2 orders of magnitude when
exposue device to air, and lower mobility was measured if device is exposed to

moisture in atmosphere.

In 1996, Garnier ando-workers reportedsh y pe or gani ¢ s-emi con
diphenyt3,4,9,10 perylenetetracarbgkc diimide (PTCDlIph) (see Figure
Figure 2.3.2 that was used to fabricat®©FET device, and measured charge
carrier mobility of 1.%10° cm?/Vs [37]. A bottomcontact OFET configuration

was usedvith both gold and aluminium as electrodes. They foaintbbility is

3 times lower for aluminium electrodes. There is rapid degradation ireffelct
performance in air, the device do not operate after three days for gold contact,
anddeteriorateeven quicker foadevice with aluminium contacts. Thescaused

by oxidation of aluminium electrodeélso both oxygen and/or moisture form
charge traps in the film. In 1997, Ostrick amdworker studied anothertype
organic semiconductor 3,4,9;p@rylenetetracarboxylicdianhydride (PTCDA),
and they used it as active laye@@®FET device This materiahadpoor charge
carrier mobiliy of 10%-10° cn? /Vs [38]. The variation of charge carrier
mobility with increasing substrate temperature from 130k to 348k also
studied. Thishowedhat charge carriers transport by hoppingvdsfound that
OFET devices do not operate feemperature lower than 130Kelvin. In
addition, thes@®©FETs do not operate imoist airsimilar to most of the 4ype
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OFET devices. In 2002 Malenfant et al. studiedhe n-type organic

s emi ¢ ond udodtyb3;4,910peiyldipe tetracarboxylic diimide TEDI-
CgH), and use it as active layer@FET devicd39]. This material was deposited
onto asubstrateat 50°C substrate temperature un@eracuum pressure of 25
35 mTorr,andthickness of 50 to 100m. The electrical measurements show that
themobility of OFET deviceswasas high a®.6 cn?/Vs. HowevertheseOFET

devices showedlower mobility in air.

Figure 2.32: The structure oPTCDIph molecule

In 1996, Bao and cworker[40, 41]found that coppephthalocyanine (CuPc)

is a ptype organic semiconductp42, 43]In 1998, they also reported copper
hexadeca fluorophthalocyanineiEuPc) as an active layer of an OFET, and
found that it showstype characteristicRlO]. F.esCuPc OFET device show an
increase of mobility from $103 to 0.03 cm/Vsif the substrate temperatui®
increasedrom 30°C to 125°C. They also found thatifCuPc OFETs stable
when exposed to air. This is attributed to fluorine atoms that provide a barrier to

prevent moisture penetrating into the films.

2.4 Deposition of organic semiconductas

In general, organic semiconductor thin films are deposited using two techniques
either from solution phase or vapor phase, depending on the solubility and vapor

pressure of the semiconductor species.

2.4.1 Vacuum deposition

The deposition of organic semiconductor thin films from vacuum thermal
evaporation is performed by heating the organic semiconductor under low

pressure usin@ resistive heating source. This typetbin film growth is
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performedn an ultrahigh or a veryhigh vacuum chamber. Polymers cannot be
deposited by this technique because at high temperature they tend to decompose.
The main advantage of this technique is that the thickness and purity of the film
can be controlled. In addition, by controlling substraemperature and
deposition rate, highly ordered molecular films can be grown. The disadvantage

of this technique is that it needgpensive equipmerind consumes relatively

large amountsf material.

The highest mobility for pentacene has been repdor vacuum deposidthin

films [44, 45] The vacuum deposition methods are organic moleddam
deposition (OMBD), organic vapor phase deposition (OVPD) and laser
evaporation, which have been used to grow thin film for OFET fabrication. In
this work, both thermally evaporated macromolecular organic semiconductors

and solution deposition of ciyc porphyrin polymers have been studied.

In order to improve the performance of OFET desjidhe surface treatment
prior to depositiopand postdeposition annealing shouddsobe considered. The
deposition rate of organic semiconductalso affects tleir nucleation density

on surface substrate. Generally, for growth at room substrate temperature, if
deposition rate is increased, this will result in a reduction of the average grain
size and increased nucleation density. This will help charge carrieop toom

one grain to another easily because larger grain size requires higher energy to
avoid barrier between graif@6]. Furthermore, adsorption of oxygengisture

and impurities from the air accumulat the boundaes of grairs. Therefore,

thin films with interconnected grains can show higher mobility than graitin
separate boundarids. the kst two decades, an investigation of the relationship
between deposition rate and mobility of charge carrier for pent€@ER& has

been reportefd7]. Pentacenehin films wereprepared wittdeposition rates of

1, 3, 5 and 7 nm/s at room temperatare] thefield effect mobility was found

to increase with deposition rate in spite of the lower crystallinity of the film.
During the past few years many studies hagenbreportean the effects of
deposition rat¢48-50]. Another group reported an increase in the field effect
mobility with increasing deposition rate, which is attributed to the higher

orderingof molecules in the channi].
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Substrate surface properties have a considerable effect on the orientation of
molecules and the morphology of semiconductor tiinst It is found that the
current flows in an OFET withithefirst layer of semiconductdbl]. In OFET
devices both inorganic and organic dielectric makerhave been used as
insulator layer. There are many inorganic materials that have been used in
OFETs as gate dielectric layers, such as; S83N4and AbOs [52-56]. These
dielectric films are not compatible with a plastic substrate. A dielectric layer with
high dielectric constant may be favourable beeabss leads to higher output
currentand higher charge carrier conceion for a given gate voltadé7].
Polymer dielectrics have been used as the insulator layer in QEBTSS8, 59]

in spite of having low dielectric constan@]. There are several advantages of
polymer dielectricstheir insulating properties are goahd they have a high
breakdown voltage they are flexible, and they can easily be prepared using a
solution process. Investigation of polymer dielectric matehak been widely
reported59, 61, 62] Some examples of dielectric polymérnat have been used

in OFETs are polyvinylphendB0, 45, hexamethyldisilazane(HMDJp3],
polymethyl methacrylate (PMMA), and octadecyltrichlorosilane (OTR®ey

have been used in OFETs in order to reduce trapping sit€3H5on a silicon

oxide surface and improve the crystalline growth of organic semiconductor
layers[44]. PentacendDFETson OTStreated oxide layer have been repdrt

and their performance was better than devices without the OTS tredfhent
Pentacene has been grown on a PMMA surface leading to growth of large single
microcrystals, whiclareused in OFET$§64].

2.4.2 Solution deposition

Solution deposition has been used to deposit semiconductor polymer film by
spin-coating. This technique is used to produce homogenous films, and precise
control of film thickness over large areas. This technique can dxt itishe
polymer has a good solubility in liquid. Unfortunately, many organic polymers
are not soluble. Therefore, they are attached with side groups in order to promote
solubility [65]. In this work, we used solution immersion to deposit cyclic

polymers on a gold surface.
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2.5 Supramolecular organization on gold and graphite surfaces

Complex supramolecular architectures are constructed using noncovalent bonds
or weak interactiom to combine moleculesn ordered arrangement3.he
relevantintermolecular forceare 1" st ac ki nlgqg n dhiyddped-g e n
acceptor interactions, hydrophobic interactioakgctrostatic forces, van der

Waals interactions and metaand coordinatior66].

Historically, the biological species from nature such as the proteins tertiary and
quaternary structure and the DNA double helig known as supermolecules,

which inspiredresearchexto construct supramolecular architectuf@s, 68}

Since then, there has been a significant advance in supramolecular field with the
development of newnaterialsin chemisty including sel-assembly, molecular

machines and host guest chemistBupramolecular chemistryas described

by J.M Lehn in 1978 as f[@hRomersithey beyo
supramolecular fieldre Cranj69], Pedersefi70] and Lehr[71], theyhavebeen

awarded with thd987 Nobel prize in therea of hosguest chemistrjor their

work on cryptandsand crown ethersAlso this year 2016, the Nobel prize in

chemistry was awarded for the development of molecular magtghe

Recently, there has been great interest in the formation of supramolecular
structures from solution/thermal evaporation on gold and highly oriented
pyrolytic graphie (HOPG) substrates because they are potentially suitable for
applications in the fabrication of nawevices. Extended supramolecular
nanostructures have been organized in monolayer, bilayers and with their axes
oriented perpendicular to surfacén this thesis, we havased selfassembly
conceptdo form 3 dimensionasupramolecular structureghichare stabilised

by baseddect r o st at i d nd red a cdxamplessothesé different
supramoleculaconfigurationare depicted with their STMriages and schematic

diagrans asdescribed below
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2.5.1 Limitation to monolayer

In this section, we have chosenir example of moleculeghat can be deposited
on surface as monolayerof supramolecularstructureseither by solution

depositionor thermaldeposition

The selfassemblyof 5,10,15,2&etrakis(4carboxylphenyl)porphyrin (TCPP)
from solution forms supramolecular monolayer networkheragonalboron
nitride (hBN), where the molecules astabilisedby hydrogen bondg (see
Figure 25.1) [73].

-----

i - _ *'-“*".-t¥

Figure 2.51: Structure of TCPP (left side), and STM image
supramolecular network of TCPP arrangement on Au(11l) deposif
solution deposition (right sid¢} 3]

In addition,the thermal evaporation of copper phthalocyaiiidd, metalfree
naphthalocyaning75], under vacuum condition lead to form monolayer of
supramolecular structuren Au(111) surface bonded by van der Wdalse
with their molecular plane parallel to the substrate (see Fighr@) 2.

Figure 2.52: STM image for supramolecular network of phthalocyarfiat
side)[74] and naphthalocyanir(@ght) [75] arrangement on Au(111) depos
by vaccumdeposition
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Furthermore, the selfassembly ofa mixture of perylene3, 4, 9, 10
tetracarboxylic dimide (PTCDI) and melamine molecules in
dimethylformamide leadto the formation ofmonolayes of a supramolecular
hexagonal network ogold. This ariss from aninteraction (three hydrogen
bonds) between PTCDI and melamjié]. This supramolecular network can be
used ashostguest template. The supramolecular network of PT@Bllamine
on goldwasexposed to guest molecules by immersiom Bolution of Go in
1,3,5trichlorobenzendt was found that th€s0 moleculesvere capturevithin

thenetwork pors in regular heptameric clustdi&] (see Figure 3.3).

H
T C Fh_
a N=H H-Q) o}
= ESeRes:
H

Figure 2.53: The selfassembly of PTCDBinelamine molecules on gold-d
schematic diagram of a) melamine b) PTCDI c) hydrogen bondil
supramolecule d) supramolecular network. e, f STM image of supramo
network (the scale bar 5 nifif6] b) adsorption of & into network porous (il
scale bar 5 nnfy7]

Also the monolayer supramolecular networks are shown on HOPG. The
supramolecular PTCDBhelamine porous netwodan also be formeoh HOPG
when adsorbed from solutigi8].

In another examplahe tetracarboxylic acids tectons are deposited from a
nonanoic or heptanoic acid solutiandform atwo dimensional supramolecular

network on HOPG. Coronene was addedhe nanonoic acid solution of the
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tetracarboxylic acidgectons that k& to acion asa guest moleculdgransforming
thesupramolecular network configuratipro] (see Figure 3.4).

Figure 2.54: The selfassembly of supramolecular network of tetracarbo
acids molecules on HOPGhaschematic diagram of a) tetracarboxylic acic
coronene (guest molecule) . ¢) STM image of supramolecular networ
adsorption of coronene into network pordte scale bar 4 nmy9].

2.5.2 Bilayer

Here p-terpheny3 , 5 ,-tet@dddyNpxyliccadipNJTPTGpoleculewaschosen
to showhow it can be deposited on surfacedmible layer of supramolecular

structures.

The selfassembly ofTPTC in nonanoicacid on HOPG surface leadto an
extended supramolecular monolayer network with pores. These pores are then
used asa host template to accommodate guest molec#enonplanar guest
speciesfullerene (Csp) was added to nonanoaxid solution resuling in the

growth of a bilayer supramolecular network withedtrapping both thetwo

layers. However, after a planar guest species (coronene) was added to nonanoic
solutionthe Ceowas displacedndthe bilayer configuratiordestabilised This

gives rise tothereverson to a monolger supramolecular TPTC netwoj&0]

(see Figure &.5).

It is found thatthe most of molecules could be arrange rasnolayer

supramolecular structuraore than the bilayeayn surfacs.
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Figure 2.55: Schematic diagram of bilayer arrangement of supramole
TPTC in pore structure with trappingdCThe first layer pore structure (bl
and the second layer (grdg)].

2.6 Theory of thin film growth

Thin film growth occurs through very complemonrequilibrium surface
processess illustrated irFigure 26.1 [81]. Atomsor moleculesare deposited
with deposition rate (R} processa) in Figure 26.1), and are incidenbn a
surface substrate, where they aséerred to asadatoms, and this process is
known as adsorption. Then the adatoms diffuse on the surface with a diffusion
constant (D) (b)A datoms can forndimers, by joining other adatom(c). In
addition, adatomsnay meet existing islands resol in island growth by
adsorption at the islaneddge (d). Attached adateman migrate from the edge
of islands (e), or diffusion acinadatom may occur along the island edge (f). If
adatoms are deposited on top of islaride above surface processes may occur
there as well (g), (h). Finally, adatoms mayexaporate (iJ81-84], which is
known as desorptionln this section we describe some of these surface
processes, which are important for studying organic thin film growth.
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Figure 2.6.1: Typical surface processes during thin film groy&m]
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2.6.1 Adsorption and desorption

When atoms or molecules evaporate, they will arrive at the substrate surface with

depaition rate R, which is given by85],

0 261

2
Mg A EA4

Where P, and m are the pressure and mass of atom or molecule, respectively. In
addition, the temperature and Boltzman constant are denotedlpbgnd k,
respectively. When the molecules or atoms impinge onto surfategir
probability of adsorptiorat the surfacés equal tosticking coefficientS,. The
impinging particleis trapped or baund with atoms at the surfaead losests
kinetic energy by transferring energy to the atoms at the surface. This binding
may be due to physical adsorption (physisorption) or chemical adsorption
(chemisorptioh [86]. In physisorption, this bonid often due to an derWaals
forces, a weak interaction forcelue to induceddipole-dipole interactions
between adsorbed molecsind the surface. Transferring charge from molecule
to substrate or vice versa does not occur in thisaypend. Notice that thean

der Waalsforces are the most relevanteraction betweethe molecules and

surfacevhicharestudied in this thesis. &pical binding energy in physisorption
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is below 0.%V. Figure 26.2 show that the molecule arrivestte surfacewith
kinetic energy E[86]. Whenthe molecule impingeon thesurface, it will lose

its kinetic energy by exciting the atomdlae surface. This gives risetrapping

of the molecule within the potential well and adgtion on the surface. Téh
adsorption energyg,, can be determined from the depth of the potential well.
However, the molecule can regain energy by heaiegurfacelf the molecule
has enough thermal energy to overcome the potemihlO , the molecule will

re-evaporated leave the surface, this is called desorption.

The residence time of the adsorbate orstivéace,t , is given by

_ 2.6.2
z zA

wheret is of the order of 18%s, the adsorption enerd is typically 0.25&

or less, andhe residence timg is approximately 1.6< 10%sec at room
temperature. It is evidetftat the substrate temperaturg can be used to control
themolecular adsorption residence tirheaccording to equation@2. At low
temperature, the adsorbate residence time on surface is relatively longeand
surface sticking coefficient is very high. However, at high temperature the
adsorbate residence time on surface is very short betteus®leculecan re
evaporateTherefore, the surface sticking coefficient for adsorbate is very low.

The other process of molecular adsorption is called chemisorption. In this case,
achemical bond forms betweé#meadsorbed molecule and substrathich can

be either covalent or ioni The ionic bond will form if complete numbers of
electronsarereleasd from theadsorbed molecule and capturedifsysubstrate

or vice versa. Howevea,covalent bonarisesrom sharing electrons in binding
orbitals between adsorbate and surface satiesatom. Aypical binding energy

in chemisorption is above 0.8e
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Potential energy
o

Figure 2.6.2: Schematic diagram of physisorptipatential[86]

2.6.2 Diffusion

The adsorbed molecule may diffuse across the surface because thermal
fluctuatiorsallow theadsorbate to have sufficient energy to overcome a potential
energy barrier and then transfer frédmeinitial adsorption site taneighbouring

site. Figure 6.3 showdiffusion of an adsorbed atom frcaminitial adsorption

site (x) with adsorption energy-Ho a neighbour site (¥ with energyEyp. In

order to transfer the adsorbate from positior) (xto position (%), it has to
overcome the energy barrier of tramsi state Eq between (¥ and (%) state.

t is the hopping time, which is given [87]

_ 2.63
z zA

The diffusion energy barrier is denoted, andU~ o, § is of the order of 1&

SecC.

The number of the hopsl, can be determineftom theresidence time ofhe

molecule on the surfade, N is given by

Z_ Z_A_ 2.64
z z

The adsorbed molecutkffuses with average distande,before re

evaporationl is given by
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- 2.65
LA AE R
V4

where,a, is the lattice constant
The diffusion constanD, for molecule that visitedll sites can be given by

$z .A 2.66

And the diffusion constanthas — unit. Where theD can be derived from
equation2.62 and2.65,

2.6.7
$

A i
4

z

Potential energy

Figure 2.6.3: schematic diagram of molecular diffusion from initial posi
into atrap site[87]

From equation 3.3, at low temperature, the diffusion of the adsorbate on
surface is suppressed because molecule has long hopping timethis case

the growth of film occurs by sticking molecule where they adsorb. However, at
high temperature, the hopping time is shandtheresidence timés also short.
This impiesthat increasing the substrate temperafiyreill lead toa decrease

in molecular diffusion lengti., and alsoa reduction in boththe sticking

coefficient S and nucleation rate.
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Further deposition of molecules on the surface, gige nucleatiorandresults

in the formation ofstable islands. After that the islands will grow not only by
attachment of molecules diffusingn the substrate but also by molecular
impingement directly on the island. If a molecule falls on tommalready
formed island,lte molecule may diffuse on the island and reach its edge, where
the molecule will face a new potential energy barrier, callesl Ehrlich-
Schwoebel barrier. The molecule has to overcome this barrier so thajitrgan

to a lower terraceFigure 26.4 shove a schematic diagram of molecular

diffusion process on surfaesd surface potential enerfr].

Potential energy <«— Ehrlich-Schwoebel barrier

Diffusion barrier

9000080900000
0080000000000
Figure 2.6.4: Schematic diagram of diffusion procesw surface potential enel
profile of atom[87]

2.6.3 Nucleation

The rate equation dhe density of single molecudg , can be written a34]

A
AO
From equation 3.8, the density of single molecute forol 1 can be written

2.68

J\l|_’

as follow

T 2z 2.69

wheret is the residence time.

In addition,O is the average distance between single molecules on the surface,

which is given by
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— 2.6.10

Therefore, the probability for one molecule to join another molemudieform a
dimerwill increaseif O 0. From equationg.6.2,2.6.5,2.6.9 and 2.6.10the

abovecondition for two molecules to meet can be rewritten as

Z A 2.611
Az
From equation 3.11 the deposition rateequiredto nucleate molecule on

2

surfacedepends oithe substrateéemperature. This implies that the probability
of one molecule joiing another can be increased if the deposition rate is

increased.

t is the timeover which apair of moleculess stable Figure 26.2 shows the
physisorption potential diagrarand() is given by
__ 2.612
z z A
The binding energy barrier is denoted@y

A pair of molecules will separate if the time athird molecule(3 to arrive is
longer tharly, while if T is longer than time dhearriving third molecule, then
they will combine in order to form a larger cluster. Therefore, the stable

nucleation will occur.

So far, two molecules bimy toeach other hebeen discussed abov@onsider
first the case when theland of two molecules is stablfter it nucleaion, there
will be an increase in the density of islanélsanda decrease in the density of

single moleculs¢ . Generally, the rate equation is given by

Al . 2.6.13
- A I

AO $

Al " 2.6.14
_ 2 I

5 ¢c$ 3

The dffusion constant is denoted by.
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Equation 26.13 reveals that increasing the density of islands is duleettorm

of new islands generd by thecoalescence of single molecsil&herefore, the
rate of growth is proportional the probability of one molecule joining another.
Equation 26.14 illustratesthedependence dhedensity of single molecusaot
only on deposition rate but alsm theformation of twemolecule clustersThe
decreasof € is attributed tadheform two-molecule clusters. The third term of

this equation refers tine captureof single molecules by the islands.

2.6.4 Energetics of growth

The interaction between the substrate and adsodaatessult in growth thin
film in different morphologiesThe growth modenay be classified o three
types (Figure &.5),according tdhe surface eneigscan be used to distinctions
between thenfB5]. The firstmode is calledheFrankvan der Merwe growth (or
layer by layer growth), a monolayer fawn the surface frorthe adsorptiorof
thefirst atoms or moleculeé\fter thatasecondayer formsThe same behaviour
occurs fothegrowthof subsequent layerkigure 26.5a).Layer by layer growth
occurs if thesubstrate surface has a larger enefgytban the ovetayer film

surface energy ().

Figure (26.5b) shows thesecondgrowth mode, which is called Volm&veber
growth (or island growth])84]. This mode occursfif [ , and leads to form

island directly on the substrate surface.

In addition, growth layers on the surfacanlead tothe formation of strain
Therefore, anreffective interface energy between substrate and filn) (s
induced[83]. Thisenergy increases with increasilager thickness Growth of
further layerseventuallyleadsto overgrowth of stable islands because |

[ . This growth mode is known &ranskiKrastanov growth or layer plus island
growth (Figure 2.5c), and isobserved in many crystal growth systems. In other
words, the initial stage of growth is layer by layer growth, Wwhen thehin film
thicknesgeaches at a certain critical value, then istamidl start to form on top

of initial layer.
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Classification otthe above growth mode is based e assumption of limited
effect of kinetic and chemical reaction in the interface betwkerilm and
substate while without this assumption the growth process will be very

complex.

a) b) )
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Figure 2.6.5: Schematic diagram of three types of film growth modes a) F
van der Merwe (or Layer by layer growth)) Volmer-Weber (or island growt
c¢) StranskiKrastanov (or layer plus island growf8]

2.7 Summary

In this chapter,an overview of organic semiconductooyganic field effect
transistors (OFET)and geration model of electricaharacteristic of OFET are
illustrated. The mobility of the OFET devices is derived frone 1(V)
characteristics of an ideal OFHJevice.The literature review of pagress in
performance nand pchannel organic transistoe shown. Solution and
vacuumdeposition oforganic semiconductor thin filmand supramolecular

organization on surfacese described

Thebasics of organic thin film growth have been described through thermal and
kinetic processes of molecules, such as deposition, diffusion and nucleation. The
initial stages of crystal growth are described by thermal energy and rate equation,
and also thre basic growth modes are described through the energy between

material and surface.
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Instrumental Techniques

In this chapterye describehe experimentgbrocesaused topreparesample of
porphyrin cyclic polymers thatvere adsorbed onmAu (111) from solution
deposition under ambient conditidn addition, we describe thechniques used
to fabricate organithin film transistor such as, vacuum evaporatioorg&anic
thin film on Si/SIQ substrate, thermal evaporation of electrodes
octadecyltrichlorosilane (OTSjubstratemodification and the acquisition of
electrical characteristicsof devices. Finally, we describethe instrumental

techniquedo image thin films for all samples.
3.1 Sample preparation in air

3.1.1 Au(111) surface preparation

Goldon mica is used as a substrate to investigate moleculasselimblyGold

thin films with the thickness of 300 nm are bought commercially from Georg

Albert PhysicalVapour Deposition; these films are oriented with the (111)
direction normal to the surface. TAe(111)substrate is used because it can be
prepared easily and is chemicallyrihand is also a good electrical conductor.

The atomic arrangement on (111) surfaces for niengnetals, such a&g and

Pt is a hexagonal clogecked structure, with no reconstruction. This is not the
case for the Au(111) s anstiudianen whichi2Z h f or
atoms of gold are incorporated within 22 lattice sites of bulk gold across the
<110> direction resulting in an overall minimization of the energy of the surface
layer[l. The atoms within this O6ébhsurfacd ngbon
are alternately positioned dacecenteredcubic (fcc) sites antdlexagonatlose

packed (hcp) sites along the reconstructed unit cell, which has lettistant

6.3 nm in the <110> directid@]. The regions between fcc and hcp are separated

by bright lines, which exhibit an out of plane corrugation of 0.02 nm. These lines

are rotated around the (111) direction by 120° every 25 nm sththatollow

different <112> directions to form the so called zigzag structure or herringbone

reconstruction. The atomic arrangement of the herringbone reconstruction atoms
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of gold surface was first resolved by J. V. Barth anavodkers as illustrated in
Figure 3.1.1.

} 6.3 nm !

<112 > @ First Layer
]_ <110 > O Second Layer
Figure3.11:Schematic of 22 I &3 recons:

surface atoms fit into 22 bulk sites. The sites of fcc and hcp atoms are sho

This reconstruction was experimentally investigated using STM. Figure 3.1.2

shows a topographic image of the Au(111) surface with clear terraces, step
edges and the herringbone construction. To produce a flat and clean Au(111)
surface the samples were aafed in a butane flame using butane gas prior to

use.

f
. -y
Figure 3.12: A topographic STM image of the herringberezonstructe
Au(111) surface, forming a zigag structure, scanning parameters sample
Vs=1V, tunnelling current E 0.03 nA,
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3.1.2 Solution depositionof molecules

In this thesis, the STM is used to image adsorbate molecules thassethble

on the Au(111) surface and are deposited from solution under ambient
conditions. To beg, the Au(111) samples were flame annealed as described
above. After that the molecules are dissolved in an appropriate solvent. The
substrate is then immersed in the solution for a fixed time, typically 10 min.
Finally, the samples were blown dry usingegen. Images were then acquired
using STM with all measurements carried out under ambient conditions. Another
technique that can be used to deposit molecules on a surface is drop casting in
which a 10 ¢l dropl et of Iftieevagomtiont i on
of the solvent is slow at room temperature, STM can be performed at the liquid
solid interface by immersing the tip in the solvent. However, many solvents
evaporate quickly. As a consequence, the solution droplet on sample will
evaporag¢ completely, and the STM will scan the sample surface at tiselair

interface.

The selection of solvent depends on the following factors. Firstly, the target
molecule must be soluble in the solvent. In addition, if the imaging is performed
at the liquid-solid interface the solvent should be electrically -conductive
because the current will otherwise pass from the tip thrtheglsolvent to the
sample surface, effectively shorting the tunnelling current. Typically, up to 1mg
of material is dissolvenh 10 ml of solvent. After that, the solution is transferred

to an ultrasonic bath to ensure solution is effective.

In this work two different solvents have been used in order to deposit molecules
on a surface, toluene, methanol and toluene/methanol resxtlihe effects of
solvent on molecular seffssembly are studied, and it is found that different
solvents can generate the arrangement of different molecular structures on a
surface, such as stacked and nested supramolecular structures. These structures
have been found to depend not only on the moletdkecule and molecule

solvent interaction but also the interaction between the adsorbed species and the
surface. In addition, it is found that salsembly at highmolecular

concentratiorcan result in dighly disordered and densely packed structure on
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a surface, while molecular adsorption at low concentration can provide

monolayer thickness adsorbate arrays.

3.2 Fabrication of organic field effect transistors

3.2.1 Structure of organic field effect transistors (OGFET)

The structure of two tyeof OFET devices are showin Figure 3.2.1, where
sourcedrain electrodesnay be evaporated aftthe semiconductor layer (top
contact OFET), or before (bottenontact OFET)First, a topcontact device is
illustrated inFigure 3.2.1a. The Si/SiGsubstrate consists of atype silicon

wafer on which a thermal oxide (thickness 20800 nm) is grown. In some
experiments a monolayer of octadecyltrichlorosilane OTS is evaporated on the
oxide layer in order to passivate the substrate. A layer, wiibalthicknes4d5

nm, of an organic semiconductor is sublimed on the dielectric substrate using a
physical vapor deposition system. Two ohmic contacts, the source and drain,
consisting of a 10/108m titanium/gold layer, are evaporated onto the organic
saniconductor layer using vacuum thermal evaporator and shadow mask. The
OFET channel lengtfL), which is the distance between two metallic contacts,

is typically 25¢ mThe typical width (W) of the channel is 1.5 nm, which
represents the length of the dfede.

a b

Sour L Dr a
Semi con SOUr semicon Dra
ntypsubistr at ntypsubistr at

Figure 3.21: Schematic diagrams of two types of organic field effect trans
a) top contact device, b) bottom contact device

Secondly, a bottorsontact configuration of an OFET device is illustrated in
Figure 3.2.1b. In this case the organic semiconductor layeteposited,

following the evaporation of source and drain contacts. In our study of OFETSs,
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a naphthalocyanine thin film is grown as an active layer either before or after the
deposition of the two edacts; therefore, not only tagntact but also bottom

contact OFET devices are studied.

3.2.2 Vacuum deposition of organic materials

A vacuum deposition system, which is necessary to fabricate organic FET
devices, was constructed to enable both the growth of organic semiconductor
thin films, and the acquisition ofextrical measurements situ. This system is
shown schematically and in a photograph in Figure 8 8.%/hen the substrate

is inserted into the vacuum deposition system, a scroll backing pump evacuates
the chamber from atmospheric pressdmvn to ~1& mbar. Then a turbo
molecular pump is operated to reduce the pressure down to ~1middl, the

base pressure of the systérhe pressure can be monitored by a combined pirani

and penning gauge.

[
Turbo
Q
a - ]
Shut
D | Growth ch @ D
Heater :Kmdsen c
hol der organi c mol ecu
Elec{ i within (ol
connections
Film thi
cjmonitor
b ‘

£

Figure 3.22: Both schematic diagraia) andphotograptof the vacuum
deposition systertb)
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Knudsen cell (Kcell) consists of a heater and a crucible abowm @®ng, which

is filled with 1050 mg of organic semiconductor powder (see Figur&33.i

order to heat the ¥ell, current is passed through a resistive heateounding

the crucible. Both the sample holder angdl are integrated into the vacuum
system. An external power supply is used to pass the current through the crucible
heater so that the-Kell temperature can be controlled. If thermal deposition of
organic material occurs at a specific temperature, the sublimed molecules will
cross the chamber in a molecular beam from the crucible onto the sample holder.
There is a shutter between thecKll and the sample holder. It protects the
sample holder from lireg exposed to molecular adsorption before the deposition
rate stabilises. The shutter is opened when the deposition rate stabilises at the
required level which typically takes 45 minutes. A quartz crystal thickness
monitor enables both thin film thickee and deposition rate to be measured

during sublimation.

Figure 3.23: Photograph of Knudsen cell and crucible that fills with sc

organic material.

Another important parameter for growing molecular films is the substrate
temperature which can affect the morphology of the thin film significantly.
There is a resistive heater connected to the sample holder and fixed underneath
a ceramic insulator that gports the OFET sample. For taking electrical
measurements situ, contact probes is attached to source, drain and gate (see

Figure 3.24a,b. Two insulated wires are used to connect both the resistive wire
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and power supply in order to provide current to the heater. -fypK

thermocouple is used to monitor substrate temperature.

The use of this system is simple. The surface temperature is fixed for each
experiment, and both the deposition rate and totalggosee kept constant. Note
that for high substrate temperature the thickness and dosage are not equivalent

due to a temperatwgependent sticking coefficient.

Sourpr ai

a
Gat
OFET Gat
Samp Cer at
i nsul
Heat er
sampbeéd
b

Vs
- -

Figure 3.24: The chemati(:a) ancphotograpr(b) of the heater, sample holder

electrical connection for OFET sample
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3.2.3 Thermal evaporation of gold contacts

A thermal evaporator is used to deposit metallic thin films under vacuum
conditions (typical base pressure’lIfibar) (see Figure 3.2)5 This system
consists of two tungsten boats and tungsten wire baskets which may be
resistively heated, and also a santpbéder 6ee Figure 3.8.a, b, §. When the
temperature increases, materials such as gold in the tungsten boat will first melt
then evaporate onto the substrate and form a thin film, while titanium is sublimed
from a tungsten wire basket. In our experiments, ititanand gold were
evaporated onto a Si/Si®Gubstrate through a shadow mask to form source and
drain contacts with a channel gap of
and gold were 10 nm and 16én, respectively. In addition, the deposition rate

for evaporation of titanium and gold were typically 0.2 nm/sec and 0.5 nm/sec,

respectively.

Sampl
under
shadow
ma s k

ol |

-

Vacuum

Figure 3.25: Schematic diagrargright) andphotoghrapt{left) of thermal evaporatc
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Titanium

a Gold b
|
I g -
—>)

Figure 3.26: Schematic diagram of tungsten boat (a), tungsten wire bask

and their photograph inside thermal evaporator chamber (c).

An OFET device in the bottom or tegontact configuration can be fabricated by

evaporating source and drain contacts either onto an organic semiconductor layer

or onto the Si@ substrate usg a shadow mask. Figure 3.2.7ashow the

shadow mask consisting of a plate, which has a pattern of three rectangular holes,

and a tungsten war which passes over the centre of the holes. This wire is

necessary in order to generate a gap between source and drain and the wire width

determines the OFET chanrnehgth L.

Wi ndowlungst

3 mm wire with
Me t a di ameter
f ol

MM 5
a

Samp
Si /.S

Figure 3.27: The schematic diagram of shadow mask structure (a) and
Photograph of shadow mask setup on sample holder (b)
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In this work tungsten wire is used with a widt, 2 5  gvimch is equivalent
to the gap between source and drRimotograph obottom-contactorganic field
effect transistothat fabricated by evaporati@o thin film on Si/SiQ substrate

is shown in (Figur&.2.8.

Figure 3.28: Photograph of organic field effect transistor afo@hin film on
Si/SiO substrate

3.2.4 Selfassembled monolayer of octadecyltrichlorosilangOTS)

Previous studies have shown that the electdbaracteristics of organic field
effect transistors can be improved by using Oni&lified silicon oxide
substrate, which is formed before deposition of the semiconductor layer on the
surface [3-5]. Treating the silicon oxide substrateitiw selfassembled
monolayers (SAMs) of OTS not only improves the properties of the oxide
substrate, but also will reduce the carrier trapping at the surface due to
passivating OH bonds to the surfd6g

Seltassembled monolayers of organosilane OTS have attracted the attention of
researchers because they form on Si&id glass surfaces and also since they
can modify the chemical and physical properties of these surfaces. In order to
make the bare Si/Si&ubstrate more hydrophobic, the substrate was treated by
octadecyltrichlorosilane (OTS). As a result, the contact angle of the substrate can
be increased from 45° to 10pF]. OTS consists of a polar headgroup ($iCl

and long hydrocarbon chains:6837), as illustrated in Figure 32.

Cl.,
5|WMW

cl cl

Figure 3.29: Chemical structure of octadecyl trichlorosilane (C
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An OTSmodified Si/SiQ substrate is used in this thesis in order to obtain a
substrate with passive organic termination, which can be used to control of
growth morphology. The formation of OTA\Ms on hydroxylated silicon oxide
surface can be explained through covalent linkage of polar headgroupg (SiCl
to surface hydroxyl groups (OH). Also ordering and packing of OTS occurs due
to attractive van der Waals interaction of the alkyl chains (spgd=3.2.0) [8].

The selfassembly mechanism of OTS organosilane is that the polar headgroup
reacting with hydroxylate surface resulting in a loss of Cl atoms. As a result two
types of covalent bonds of siloxane-(3iSi) are formed, one betwe¢he OTS
headgroup and SDH group of surface, another one between two adjacent OTS
headgroup$9, 10].

CH,
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Figure 3.210: The selfassembly mechanism of OTS on Sl
surface

There are two methods to form SAMs@TS on a silicon oxide substrate. They

can be classified into liquid phase and vapour phase methods. In the case of the
liquid phase deposition the SAMs of OTS were formed by immersing the
substrate into a solution, which consists of OTS dissolved inxaurai of
cyclohexane and chloroform, followed by rinsing. In the vapour phase
deposition the OT®Hased SAMs were formed on the silicon oxide substrate by

evaporation of OT$L1].
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In this work, a furnace tube is used to adsorb monolayer3 8fddto a Si/Si@

substrate. The setup of the furnace tube for evaporation of OTS is shown in
Figure 3.2.1. The Si/SQsubstrate and 40 ¢l of OTS
furnace tube and a constant rate flow of nitrogen gas 0.1L/min is then passed
throughthe tube. The substrate and OTS inside the furnace tube is positioned at

two different temperature points $5and 83 , respectively. The substrate is

placed into the higher temperature region so that the multilayer of OTS and
contamination cannot badsorbed onto substrate. The entire process of OTS

evaporation onto a Si/SgBubstrate took around five hours.

.1 L Source Substr ad|e

- 0 Tub

Figure 3.211: Setup of furnace tube for SAMs of OTS on Si/S#0bstrate

We have used two techniques to check the properties oft@ated substrates,
AFM and contact angle measurements (taking a camera picture of water droplet
on Si/SIQ/OTS samples anleasuring contact angle using computer software).
The surface roughness of SAMs of OTS on a surface can be evaluated using
AFM. In order to confirm the formation SAMs of OTS, the change of the contact
angle is measured using a contact angle techniquereFgR. P [9] shows the
contact angle both for the bare oxide surface and thet@a&d oxide surface.

The bare Si@surface, which has a small contact angle around 60°, is a
hydrophilic surface. The OFBodified oxide substrate, which has a large
contact angle between08 and 95°, is a hydrophobic substrate. The OTS
modified oxide substrate makes it possible for surface to increase the contact
angle to the highest value around’10which is related to the SAMs treatment
condition.
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Figure 3.212: The contact angle of ba&#/SiO, and of OTSmodified SISiO,
substrate 9]

The analyses of AFM images for the bare and @iddlified substrate are

shown in the Figure 3.2.130 conclude poth analyse®f AFM images and
contact angle measurements are important data because the profile across the
OTStreated substrate are show low surface roughness (~ O(Figuje 3.2.13

c, d similar to that of bare substrate (~ 0.7 r(figure 3.2.13y, b). In addition,

the contact agle is consistent with the highest value stated in the literature. The
results imply that the SAMs of OTS on Si/Si€ubstrate can be successfully
prepared.
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Figure 3.213: Both AFM image and height profile for bare substeateand fo
OTS treated substrated
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3.2.5 I(V) measurements

In this thesis, thd(V) characteristics of naphthalocyanine (Nc) organic field
effect transistors OFETSs are extensively studi@). measurements were taken

for both fabrication cofigurations of devices, bottogontact OFETs and tep
contact OFETSs. A higher performance wasaoi#d for tgp-contact OFETSs than

for bottomcontact OFETs. In addition, electrical measurements were taken
under vacuum at room temperature and inside dark chamber directly after thin
film deposition and also under ambient conditions. It is found that NETS
exhibit transistor action even in air. FinalY) measurements were taken in
vacuumandatmosphere for devices with and without Gm8dification of the

SiO, substrate. We use a probe station to take OFET characteristics
measurements. Transistor perhance improves for devices with Ofi®ated

oxide.

Figure 3.2.4 shows the setup of the OFET measurements circuit. The drain
current l4, can be measad if the potential differenceyr, across a series
resistor R, is determinedseeEquation 3.2.1 an®.22). Therefore, thd(V)

output characteristic and transfer characteristic of OFETs can be plotted. In order
to obtain thd(V) characteristic, a drain voltages, can be applied over a range
-100 V to + 100V while the gate voltagey, is kept constant and this
measurement is taken for different gate voltages varying &% to +60 V

(see Figures3.2.19a, . Alternatively, thel(V) transfer characteristic can be
obtained ifay is kept at constant value whilg is varied(see Figure8.2.2@, b

). The resistarY, value for differenfOFET devices can be changed fromk3g

to 10Mq , depending on the channel or dr a
channel current, a small resistor is used for electrical measuremendgiirim

avoid a high voltage drop across the resistor. However for low channel currents,
a large resistor is used for improved current sensitivitye potential difference
between source ambiain electrodes is denoted Yy, and the voltage drop cross

resistor isVr.
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Figure 3.214: The setup of OFET electrical measurements circuit

3.21

6 6 6 3.22

3.2.6 Fullerene and pentacene thin films organic field effect transistors
as test systems

In this thesis organic semiconductors, such as fullergnar@ pentacene have
been used to test the constructed experimental arrangement and device
fabrication. The OFET devices were fabricht@milar to those described in

section 3.2.1Figure 3.2.5 and Figure 3.24.6 show the structure of g and

Figure 3.215: Structure ¢ Figure 3.216: Structure of pentacene
fullerene Go

pentacene, respectively.
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Cso Was grown on an-type doped silicon wafer that has a silicon oxide>SiO
thickness tox, of 200 nm, while pentacene was grown ontye doped silicon
wafer that has silicon oxide SiQhicknessof 300 nm. Only botteonontact
OFET devices with € active layer are fabricated becaudlee fabrication
process of toggontact configuration device requires exposure @ft€air, but
electrical characteristic ofegis not stable under ambient condition resulting in

a lower mobility. However, the fabrication @FET device with a pentacene
active layer igprepared in both bottom and topntact configurations because
pentacene thin film are not significantly changed if exposed to air. In order to
metalize the Si/Siesurface with source (s) and dradf) €lectrodes, metals were
deposited using thermal evaporator system. Chromium (25 nm) and gold (40
nm) were evaporated to metalizesOFET devices. Titanium (10 nm) and gold
(100 nm) vere deposited to metalize pergae OFET device. Both fullerengsC

thin film and pentacene thin film are grown under vacuum pressure $frstar
typically. This results inlisordered polycrystalline grains ofdWith dimensions
between 66L00 nm. The vacuum deposition of first layer of pentacene results
in a terrace and ep morphology. The vacuum deposition system used here is
equipped with electrical connections to the OFET device so that the electrical
measurements can be takersitu prior to exposure to ambient conditioi$ie
surface morphology of égthin film (seeFigure 3.217a) and pentacene thin film
(see Figure 3.28 a) are studied using atomic force microscopy (AFMi.
addition, the thin film height profiles ofegare shown in Figure 327 b and

that for pentacene are shown in Figure182.
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Figure 3.217: a: The surface morphology of ad@hin film is imaged using atorr
force microscopy (AFM). b: the height profile acrosssatfiin films.
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Figure 3.218: a: The surface morphology of a pentacene thin film is imaged
atomic force microscopy (AFM). b: the height profile across pentacene thin fili

The output characteristic of adOFET shows-channel behaviour (see Figure
3.219a), while pentacene is aghannel transistor (see Figure 32b). If the

gate voltagevy is applied to the therganic field effect transistodevice, its
channel willturn on and the drain currehtwill pass through channel between
electrodes. In addition, tharain voltage Vq is applied to device (see Figure
3.2.14) so that the drain current can be increased linearly at low drain voltage
Va. However, for high draiwvoltageVsq the drain currenty will not depend on

Vg; as a result the current will level off to the saturation cui@nt The output
characteristic curve shows not only a linear region but also a saturation region
clearly for both pchannel device and schannel devices. The output
characteristics for § OFETs shows the threshold voltageis about +30 V to

turn on the rchannel, while it is found to be arousD V to turn on a {whannel
OFET.
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Figure 3.219: a: The output characteristic ofamannel transistor for asgthin
film; b: The output characteristic ofghannel transistor for pentacene thin f

The transfer characteristics foichannel and qghannel transisto@e shown in

Figure 3.2.Paand Figure 3.2@b, respectively. A plot of drain currehtversus

gate voltage/y with constant drain voltage 50 V , and a plots@f s versus
gate voltage/y are drawn in order to determine the field effect mobility of the
electronsee and holesh and also the threshold voltaye. The mobilities for
OFET of Go and pentacene thin films are found to(B& + 0.01) x 103 cn?

/Vs and(3.4+ 0.8) x 10° cn?/Vs, respectively.
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Figure 3.220: a: The transfer characteristics for achrannel transistor of aet

thin film. b: The transfer characteristics foccpannel transistor of pentacene
film.

The estimated drain currehtacross resistor and mobilities of OFET can be
determinedusing Equatior2.2 12and Equatior2.2 15, Wis the width of OFET
channelL is the length of OFET channélis the capacitance per unit afea
SiO; substrate oxideThosetwo equatios are derivedn section 2.2.1.

o~ 2 (U #
O e ——
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3.3 Scanning probe microscopy

3.3.1 Scanning tunneling microscopy

Scanning tunneling microscopy (STM) was developelBit laboratories by
Gerd Binning and Heinrich Rohrer. STM is a technique that is capable of
imaging in real space conductive surfaces with atomic scale resolution, and has

become one of the most important tools in the field of nanoscience.

The basic pringle behind scanning tunneling microscopy is the quantum
mechanical tunnelling phenomenfd2-14]. In order to scan a surface by STM

in an experiment, a metallic tip is positioned above a conducting or
semiconducting surface. The tip is brought close to the surface, so that their
separation is about several angstroms. If a small bias voltage is dpgiliesbn

tip and the surface, electrons can tunnel from the tip, passing through the
potential barrier and into the sample surface (or vice vgt§4) The direction

of the tunnelling current can be controlled by bias voltage polarity. The
magnitude of tunnelling current is extremely dependent on theutipce
separation. The STM uses tunnelling current as a feedback parameter to control
the tipsurface distance very piisely so that the topography of the surface can
be imaged, while the tip is scanned across the suifé¢e

3.3.1.1 Quantum mechanical tunnelling

STM imaging of the atomic arrangement of a surface is based on electron

tunnelling through the vacuum gap between the metallic tip and the surface.

However, describing the tunnel current of an STM experiment within an accurate

theory is complicated because this requires precise information about the atomic
structure of the tip and surface. Specifically, the exact terminatithe metallic

tip is often not known.

A simplified representation of the vacuum gap between tip and sample is a one
dimensional rectangular potential barrier, as shown in Figure R3]1The
electron wave functign ), satisfies the one dimensional tisimelependent

Schradinger equation.
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o 0
cIMCQ 50C 3 W O

T MQEMD T
Yo Y MMEM O ®
1 MVED D

This equation describes an electron of massenergy O, incident on a finite
potential barrier of heightY, and width & The wave function of an electron,

[ w, outside ad inside the potential barrier is given by,

LA " A @ m 3.32
7/ #A $A n @ A
%A g A
where 9 FHHORO are constantd| is a decay constanf ——— , Qis

wave number of the incident electréh 2—. The reflection and transmission

coefficients, , and 0, are defined
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Figure 3.31: Quantum tunnelling through a one dimensional potential barrit
electron impinges on the potential barrier from a metallic tip
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The square of the absolute value of transmitted itumael 0 is equal to the

transmission probability’Y for an electron to tunnel through the barrier.

4 B 3.33

The transmission coefficient can be calculated by solEggations 3.3.2
assuming that the wave function @ and its derivative are continuous across
the boundaries ab mandw & Therefore, the transmission probability is

given by
O BT (A 3.34
P Tom p o

For a thick barriefl ¢ p the transmission probability of an electron passing

4

through the potential barrier is, approximately, exponentially dependent on the

barrier width,(3 and square root of the barrier height-).

40 & As o A 3.35

Therefore, the tunnelling current decays exponentially with increasing barrier

width wand can be written by the following expressjb4]

)0 46 A 3.36

Figure 3.3.2 shows schematic diagrams of the Fermi levels of two metals for
different separations and bias voltages. When the tip and surface are far and
isolated from each other, their Fermi levels are different (see Fighi@a)3.As

the separation between {Hobstrate is brought into close proximity with a zero
bias voltage applied, #r Fermi levels are aligned and a contact potential
between tip and surface is established as shown in Figure 3.3.2 b. However, if a
bias voltage is applied between the tip and surface the Fermi level will shift by
‘Q aupward or downward depending on thaarity of bias voltage. In the case

of applying a negative bias to the tip the Fermi level endgwvill shift by ‘Q w
upward then electrons with energy betwé&rand ‘O  'Q wwill tunnel from

occupied states in tip to unoccupied states orstitace (see Figure 3.3.2 c).
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However, by applying a positive bias to the tip the Fermi level will shift by
‘Q clownward so that electrons with energy betw&rand O '‘Qwcan
tunnel across the barrier from occupied states in the substrat@coupred

states in the tip (see Figure 3.3.2 d).

a) Large separation ¢) Negative tip bias

fbllp
Filled tip states
Filled tip states Filled sample states I
b) Equilibrium Filled sample states
- Ty T Contact potential d) Positive tip bias
- = F —_ -
Vil
LI"['IF‘ i

(I)-;tl'llﬂ le

¢'~.:|ml~lc ¢li?
E, F

Filled tip states

Filled sample states Filled tip states Filled sample states

Figure 3.32: Schematic energy level diagram for different bias voltage:
metal tip/vacuum/metal junction; (a) if the two materials are far away; (b)
two materials are close together; (c) a negative bias voltage is applied to
(d) a positive bias vidge is applied to the tip

The tunnel current flowing for a small bias voltage is given approximately by,

YA T % A6 3.37
Wherg ¢ O , is the density of surfaces at the Fermi level. The tunnelling
current is exponentially dependent on the distance between tip and sdyface,

and the decay parametér which is determined by the work functian ,

[ T 3.38

For STM experiments a typical work function is in the range e/ and the
distance between tip and surface is about a few A so that the change in the

tunnelling current can be calculated and it is foundhange by onerder of
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magnitudewhen & is increased by 1 A . This current sensitivity to distance

enables the STM to resolve atomic arrangements on surfaces.

3.3.1.2 Bardeen formalism and TersoffHamann theory

In the previous section the tunnelling current was calculated by effectively
treating the sample and tip as parallel plates with an electron wave function
satisfying the one dimensional tinmedependent Schrddinger equation.

In the Tersoff and Hamann they f or STM, which is
perturbation theory16], electronic states of tip and surface are considered as
two independent systems which are close enough for their electron wave
functions to overlap inside the barrier region, allowing electrons to tunnel. The
tunnelling pobability per unit timet), for an electron to transfer from a tip state

[ ,through the potential barrier into a surface states given by formula,

C A 3.39

> 1% %

where 0 , is the tunneling matrix element between the statesthe tip and
statesv of the surfaceO and'O aredefined as the energy of stateandv

respectively.

0 is given by the overlap integral evaluated over a surface inside the potential

barrier regior{17].

z 2 . 3.310
- — ¢ 'n@G ¢ n¢ AO
c |
The Tersoff and Hamann formula, describing tinenelling current evaluated

when a small bias voltage is applied between tip and surface, can be written as,

L 3.311
y S0 e o

A p A% - 1% %
A6
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whereQO is theFermiDirac function.

Forsimplification, at small bias voltagad low temperatur&quation3.3.11 is
given by[18].

A 3.312
) e - 1% %1% %

- h

Tersoff and Hamman developed this model for a tip with arbitrary shape. They
further assumed that the tip was spherical with a radiug, aihd centred at the
point, i . Also they model the tip as a spherical potential well with the separation
Q) between the tip and the surface (see Figure 3.B33) They showed that the
tunneling matrix element for a tip and a surface with the same work function is

given by

- JEA ¢ O 3.313

Samp

Figure 3.3.3: Schematic diagram of tunnelling geometry. The shape of the
assumed to be locally spherical

The tip wave function is taken to be the ground state of spherical potential well,
an swave. When a small bias voltage is applied across the junction the tunneling

current can be expressed[49],

Y4 %F O0s1% % k mOfe 3.314
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where” 1 RO islocal density of states, LDOS, of the surface at the Fermi level.
This calculation shows that constant current STM images are equivalent to
images of the LDOS, assuming #herical oneatom tip. Therefore this theory

is appropriate and widely used for describing the majority of STM images, and

shows that images do not simply reproduce surface topogfaphy

3.3.1.3 Voltage-dependent STM imaging

When a large voltage is applied, the tunnelling current may be approximated as
follows,

e ) 3.315
Y mOm AG6A6

STM images show different featuresditerent voltages; therefore, imaging the

surface structure is voltage dependent.

Semiconductor surface images, obtained by STM are found to be dependent on
the polarity and magnitude of the bias voltage. In the case of applying a negative
bias to the tighe Fermi level energywill shift by eV upward then electrons

with energy betwee® and O  'Q wwill tunnel from occupied states in tip

to unoccupied state on the in surface (see Figure 3.3.2c). Therefore, the STM
images obtained at a negattigbias are referred to as unoccupied state images.
However, by applying a positive bias to the tip the Fermi level will shifRhy
downward so that electrons with energy betw€eand ‘O  'Q wcantunnel
across the barrier from occupied statesubstrate to unoccupied states in the

tip (see Figure 3.3.2q21]. Therefore the STM images obtained at a positive tip
bias are referred to as occupied state images. For example (seSRBgl)ehe

STM images of Si(001) reconstruction surface shows both filled state and empty

state for negative and positive surface bias, respec{@2]y
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Filled states Empty states

Figure 3.34: STM images of reconstructed Si(001) surfaeg,shows fillec
states at negative surface bib ghows empty states at positive surface
The schematics at the bottom show side view of dimer structure of the ¢
Adopted from[22]

3.3.2 Scanning tunnelling microscopy seup

The basic structure of an STM consists not only of mechanical elements such as
a metallic tip and a piezoelectric tube, but also electronic elements including a
feedback loop and amplifiers for current measurenmamtllustrated in Figure
3.3.5.When an atomically sharp metallic tip is brought close to the surface with

a separation between tip and surface of few angstroms, and a small bias voltage
is applied to the tip, the electron may tunnel through the potéatigkr to the
surface[23]. The direction of the tunnelling current can be controlled by
changing the polarity of the bias vadfe. The piezoelectric tube is used to
precisely control the vertical height and lateral coordinates of the tip within sub
angstrom precision. This is possible because piezoelectric materials have
properties to deform their shape if a voltage is appliedsacthem. Also these
materials can generate voltage, if stress is applied on them. This makes it
possible to scan the tip over a surface area using the lateral and vertical

deformation of the piezoelectric tufi].
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Figure 3.35: Basic structure of a STM system showing tip, surface, bias v
between them, feedback and piezoelectric

The STM can be operated in two modes: in the constant current mode, the tip
scans above the surface in they-directions. A feedback loop maintains the
tunnelling current at a constant val(see Figure 3.3.6) because the vertical
position of tip is continuously adjusted using thpiezo. For instance, if the
feedback detects changes in tunnelling current due to higher or lower features on
the substrate, the feedback will increase or decreasepiiee@ voltag to adjust

the tip height, Thus thegiezo retracts if current increases and expands if current
decreases. The vertical height of the fias a function of the lateral positian

y is plotted and displayed by computer ($égure 3.3.6 a)The advardge of

this mode is that relatively rough surfaces can be imaged.

In constant height mode a tip is scanned quickly over the surface because the
feedback is disabled, and the vertical position of the tip is {izee Figure 3.3.6

b). The tunnelling currentaries as the tip moves across surface features and the
variation of the tunnelling current as function of the lateral position is plotted
and displayed bgomputer (se€&igure 3.3.6d). This mode works well for very

flat surfaces, but the tip can easilsh into the surface or shift away from the

surface due to misalignment so that tunnelling current cannot be measurable.
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Figure 3.3.6: STM imaging surface topography (a) in constant current mode
in constant height mode. Also, tip currennlA) curve versus lateral positiors
(nm) are shown for both mode, d)

3.3.3 Atomic force microscopy (AFM)

In the previous section the STM was introduced. This technique can be used to
image surfaces but is only compatible with conducting and semiconductor
substrates. To address this limitation of STM, Binnig, Quate and Gerber invented
a new type of scanning probe microscope, the atomic force microscope AFM in
1986. The AFM is capable of imaging nonconductive surfaces with nanoscale
resolution[24, 25] The most important part of the AFM experimentalgeis

a force sensor, usually a cantilever or quartz tuning fork. In this research
cantilevers are used. Typically the cantiletiprassembly is fabricated from
silicon, or silicon nitride. These consist of a sharp probe mountedlasea

beam.

The cantileveor sample is mounted on a piezoelectric transducer to enable the
accurate positioning of the tip relative to the pat atomic dimensionssing
thepiezoelectric transducer it is possible to control the sample motion édndhe

and adirections. he sample is positioned in close proximity to the tip using the
z-piezo and raster scanned in thio directions. In order to monitor the
cantilever deflection, a laser beam is focused onto the top surface of the tip and

reflected onto the centre of pgldiode detector, which consists of four separate
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segments (see Figure 3.3.7). During scanning the cantilever will deflect in
response to changes in surface topography. This leads to a deflection of the laser
beam; as a result the laser spot will move afwam centre of the photodiode

and the intensity of the spot will change in each of photodiode quadrants
producing an electrical signal, which is proportional to the vertical (up and
down) tip motion. In addition the difference in intensity of right anl le

segments can be used to measure the twisting or lateral tip rfzéjon

In the simplest mode of AFM operation, contact mode, the topography of the
surface induces a deflectios@, of the cantilever due to the variation of the
interaction force Q between surface atts and the probe. The bending of the
cantilever can be determined by the deflection of the laser beam. The interaction

force between tip and surface can be

& EYU 3.3.16

whereQis the spring constant of the cantilever, a¥id is the cantilever

deflection.

In the contact mode, a feedback loop maintains a constant cantilever deflection
at each scanning point. Feedback reduces-fliezo voltage if the probe scans
over a high feature on surface, so that the piezo will retract to adjust the
deflection of cantilever. Alternatively, themezo voltage is increased if the
probe is above low feature on surface, so that the piezo will expand to maintain
a constant deflectionof cantilever. Finally the piezoelectric scanner
displacements in three directions x, y anavill be recorded and displayed to

generate a topographic image of the surface of sample.
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Figure 3.3.7: Atomic force microscope (AFM) seip

Figure 3.3.8 shows the deflection of the cantilever as the tip and sample
separation is varied. This variation is shown for both approach and retraction
curves. The approach profile is started from positian where the tip is far
away from surface so there is no interaction between them, and as a result no
deflection is generated in the cantilever. At positiod® @ there are very
small interactions, but at positiod the curve shows a sharp dip duette tip
jumping into contact with surface. This instability occurs when ghdace
gradient of the attractive force is greater than the spring constant of the
cantilever. Further movement of the tip toward surface at positiAs o tip
results in an upard cantilever deflection due to a rise of the repulsive force. The
position @ demonstrates the completion of an approach profile and the start of
the retraction curve profilgd® QO 'Q0 ¢ . At positions w° Q during the
retraction cycle, the adhesidorce begins to act between tip and the surface as
results the cantilever deflect downward maintaining contact with the surface. At
position 'QO 'Q the cantilever is deflected further until the elastic force for the

cantilever overcomes the tgurfaceadhesiorforce 'O , then a tip abruptly
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retractsaway from the surface at pointQ . Further withdraw of the tip from the
surface returns the cantilever back to the original point away from the surface

Q0 . Hookeds Law c arhe ddesiomoreddD tfromcal cul
the displacement regiof2 Q. In addition the energy of the adhesi@h  can

be worked out from the area under the log@a ‘Q ‘Q[27].
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Figure 3.38: Schematic of forcedistance curve for approaching and retrac
the tip and to the surface.

3.3.3.1 Atomic force microscopy (AFM) modes

The AFM can be operated in three different modes to acquire images of a sample
surface: contact modapn-contact mode and tapping mogeeFigure 3.39).

In these modes different regimes of interactions between the tip and surface are
probed and the typical separation is different. In contact mode, the interaction

between tip and surface istime repusive regime of forcelistance curve. This

force causes deflection of cantilever, as the tip is tracked over the surface

topography. As discussed above, to keep the force constant the cantilever
deflection is maintained at a constant value by adjustingdhgélever height

using zpiezo voltage. In this mode it is possible to obtain high resolution images,
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but the lateral force between sample and tip act on the sample geethptmay
damage soft materi§28, 29]

In the noncontact mode, the cantilever is placed over the surface at a large
separatiorabout (210 nm). At this distance, the interaction force between tip
and sample is small and is due to long range weak attractive forces, such as
electrostatic, van der Waals or magnetic foli@. To operate this mode the
cantilever is oscillated at a frequency close to its resonance frequency. In order
to detect interaction forces between the tip and surface, changes in the frequency

or amplitude of the oscillating cantilever are measured. The eharigequency

is proportional to the force gradient-. During scanning the frequency or
amplitude is kept constant by adjusting the height of the cantilever using the z
piezo. The force gradient is kept constant and theleight of the catilever is

used to generate surface image. Historically, the resolution in this mode is lower
than that in contact mode because the interactions between tip and sample are
weak, and their separation is large. Nowadays, this mode can be used to give
high resolution images as well. However, this mode can be useful for scanning
soft and fragile sample surfaces because the tip has weaker physical interactions
with surface so there is less possibility to damage the suf28ce31] The
tapping mode AFM was developed to enhance lateral resolution and reduce the
effects of distortion and damage. In the tapping mode the tip intermittently taps
or contacts the stace so that the separation between tip and sample \gries

the oscillation amplitude 0:10 nm. To operate the tapping mode the cantilever
oscillates close to its resonant frequency but is positioned closer to the surface
or oscillated at higher amplitegdthan in the nogontact mode. A feedback loop
maintains constant oscillation amplitude, frequency or phase. To a first
approximation this results in the force gradient between tip and sample
remaining constant during imaging. By adjusting the heightefcantilever

using the-piezo, this height is used to generate the surface topogi2ph32

34]. However, detailed image interpretation is difficult in this mode; because
forces are not uniform over the range of movement of the cantilever. Tapping

mode was exclusifg used in this thesis.
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Figure 3.39: Force-distance curve highlighting the regime of operation for diffe
modes of AFM

3.4 Summary

In this chapter, Au (111) surface preparation and solution deposition of cyclic
polymers using immersion method have been introduced. The details of the
expeimental technique used for fabricating organic field effect transistors have
been given. The structure of the OFET device anddh®arison of the bottom

and topcontact configuration have been discussed. The-assémbled
monolayer of OTS on Si/S¥Ohas been confirmed, and leads to form
hydrophobic oxide surface. The setup of OFET electrical measurements circuit
are discussed, and applied to measi(x§ characteristic of fullerene and
pentacene OFETissituand ambient conditions to test the proagdabricating
devices and the constructed experimental arrangement. The basic physics behind

STM and AFM techniques and their structure have been explained.
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Thin film growth

In this chapter metatfree naphthalocyanine (Nend copper naphthalocyanine
(CuNc) thin films were grown on both Si/Si@nd OTSmodified substrates
using vacuum deposition. The effects of growth conditions on film morphology,
the crystallinity and the preferential molecular orientation have been

investgated using AFM and Xay diffraction (XRD)

4.1 Growth of naphthalocyanine thin films

Naphthalocyanine (Nc) was purchased from Sigttaich. The Nc and CuNc
molecular structures are shown in Figure 41 Thin films of (Nc) on Si/Si@

were preparedyosublimation under vacuum at a typical pressure<a0f mbar.

The naphthalocyanine source is heated to3@BD°C resulting in a deposition

rate of approximately 1nm/min. A quartz crystal microbalance was used to
measure the thin film deposition rated thickness, and the deposited thickness
was calibrated by AFM. The substrate temperature was measured using a
thermocouple. The Nc and CuNc source were heated t6dG@hd 560°C,

respectively for 10 hours before deposition to purify the source mlateri

In order to compare the thin film morphology at different substrate temperatures,
the effecive volume sticking coefficien,, fractional coverage,, and t he
of the length to the width (L/W) of the thin film morphology were determined
and ploted against substrate temperature (for example see Fiduse 411.7,
4.1.8and4.19).
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Figure 4.11: Molecular structures of Nc (a) and CuNc

(b)

4.1.1 Growth of naphthalocyanine thin films on SiQ

The study of the growth of naphthalocyanine thin films was performed in two
stages. Firstly, a series of samples were grown with the smualent
deposited thicknes), but at diferent substrate temperaturds, Secondly, a

set of samples were grown with different deposition thicknesses but at the same
substrate temperature. AFM images show that the thin film morphology of
naphthalocynine deposited at room temperature consisted of amorphous small
grains. In addion, needldike crystalline structures were formed when the
naphthalocyanine film was grown at high substrate temperature. To analyse the
growth of continuous thin films, such as grains and nelédiestructure network

we have plotte®,, Y and L/W agaist substrate temperature.
The effective volume sticking coefficient,

. W 4.11
Y —
w

is defined as the ti@ of the volume of adsorbatég,qs on the substrate to the
total volume of evaporated molecul@s,, which is incident on the surface as

measured for room temperature deposition.

Vadsis determined from the AFM images. Each pixel of the AFM image has a
measured height and a fixed area. The pixels with lowest heriglassumed to

be the substrate background while the pixels of adsorbed material are those with
specific thickness. Then, the height of the pixel with material is multiplied by its

unit area, giving the volume of material on each pixel. After that, tla tot
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volume of materiaVadson the surface is obtained by summing the volumes of
each pixel. In addition, a thickness calibration is performed through the AFM
height profile across an edge formed by scratching material (Figug. 4.

The value ofVewp is determined from thickness of the deposited material
(equivalent taD) at room temperature multiplied blye surface aredQuation

4.1.2). The thickness is determined using the calibrated deposition rate.
The total volume of evaporated material is,

W O wo 4.12

whereA is the area of the AFM image being analysed.

To summarise, the effective volume sticking coefficient can be calculated from
Vads divided by Vew In particular, the volumesticking coefficient of
naphthalocyanine is approximately equal to 1 for low substrate temperatures in
the range from room temperature up to 170 °C but decreases dramatically for
substrate temperature higher than 170 °C until it finally drops to zer®4C24

(see Figure 4.6).

In addition, the fractional coverage?, of material on the surface can be
calculated from the area covered by the adsorbate divided by the AFM image

area,

0 Qi ¢1 LR 4.13
0 "0O0Qd4& O ®N Q'
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Figure 4.1.2: The line profile across a scratch in Nc on Si/Si€vealed by &
AFM image. The height marked by number 1 corresponds to the height of3
substrate, while number 2 and 3 corresponds to the Nc

4.1.2 Substrate temperature dependence

Thin films were grown at substrate temperatures in the rangd@tC but fixed
equivalent deposited thicknegs,of 15 nm. The growth conditions, particularly

the substrate temperature strongly affect nucleation size and shape of the organic
thin film. The surface roughness profile across all AFM images of Nc films

grown m Si/SiQ substrate are plottgBigure 41.3 and 41.4 right columr).

Figure 41.3 shows AFM images of Nc thin films at different substrate
temperatures in the range 2130°C for samples AENc18, 19, 30, 21. The thin

Nc film grown at room temperature@hlis a dense circular grain structure with
average sizé 40 nm that has surface roughnésg nm (Figure 4..3a, b). The

thin film morphology changes from a near circular grain to an elongated shape
at substrate temperature 7. In particular, we@bserved small elongated grains

at 57 °C with average size along the major axis about 43 nm and surface

roughness of 3 nm (Figurel.3c,d). At substrate temperature M and 130C
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the average size of the elongated grains increased to 80 nm and 14§wra (Fi
4.1.3 e, g) and also the surface roughness increases from 2.2 nm to 8 nm (Figure
4.1.3f,h).

We have observed that the thin film morphology changes from grain to a small
needlelike structure at 3=170°C. Figure4.1.4 displays the AFM images of Nc
thin films grown at substrate temperatures in the rangé 230°C for samples
AENCc22, 28, 31, 36. The optimum substrate temperature during growth is
achieved at 200°C, for which naphthalocyanine thin films show best
morphological (Figurét.1.4a) and etctrical properties (see chapter 6). At this
temperature the thin film forms a webnnected needléke crystalline

structure with flat terraces and low surface roughness.

The thin Nc film changes from a small neelilke structure to extended needle
likecrystalline structures at high substrate temperatiiemean that the growth

occursin facefacedirectionmore than edgedue to the higher binding energy

on moleculesfaces than edges, thiarisesf r oim i nt er acti-on bet
face ofmolecules For exampleat 214°C (Figure4.1.&), the crystals have

widths of about 175 nm. The crystals become longer and more obvious in the
films grown at 228230°C (Figure4.1.4e,g) with needles of lengths up to 1.2

em. Further mor e, tcdnbejanedtegettedas dambe sesent r u c
clearly in the inset Figuré.1.4e and marked by a blue arrow, indicating that the
crystals grow as islands initially then join together to form a crystalline network.

The crystals have no preferable orientation legutlina disordered arrangement

on the surface. The line profiles across AFM images of Nc films grown at
substrate temperature in the range 2@30°C (Figure4.1.4left column) show
aheighto 17225 nm. Note that the sxilzemdf al

To conclude, the Nc thin films at high substrate temperature grow as large and
regular crystals. If the substrate temperature increases further, the Nc forms a
discontinuous crystalline film with large gaps. This gives rise to a negative effect
on the performance odDFETs. These results confirm that the grain shape, size
and crystalline structure of film can be controlled by varying the substrate

temperature.
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Figure 4.13: Topographic AFM images (left column) and surface rougt
profile (right column) of grain structures of naphthalocyanine Nc thin filn
Si/SiQ; grown atdeposition rate 1Lnm/miand different elevated substr:
temperatures: (a, b) 2T, (c, d) 57°C, (e, f) 70°C, (g, h)13C¢°C.
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Figure 4.14: Topographic AFM images (left column) and height profiles (
column) of needlike crystalline structures of naphthalocyanine Nc thin {
on Si/SiQ grown at different elevated substrate temperatures: (afQO(c]
214°C, (e) 225°C, (g) 230°C.
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At substrate temperatures of greater than°’24@he deposition oNc on Si/SiQ
shows just bare oxide (sample AENc23), as shown by topographic AFM images
(Figure 41.5a). Line profilesacross this image show a low surface roughness of
about 0.4 nm (Figure #5b), implying complete re@vaporation of impinging
naphthalocyanine Nc at this temperature.

b)) .ec AENC23

[a—
— b
|

Height [nm]
o O o O

o ivkRon®
1

0 02 04 06 08 1
Distance [um]

profile (right column) of bare Si/SKD as a result of Frevaporatio
naphthalocyanine Nc when it is grown at substrate temperaturé€£246

Figure 41.6 shows the variation of the volume sticking coefficient of the Nc
growth at equivalent thickneds nm as the substrate temperatures increases
from room temperature up to 246. There are no significant changes in the
volume sticking coefficient of Nc 0Bi/SiO; at substrate temperature ranging
from 25°C to 170°C but it drops rapidly at higher substrate temperatures until
eventually no adsorption occurs at 245 If the temperature of the substrate is
increased, the molecules will have a higher therenargy which leads to an
increase not only of molecular diffusion but also the rate of desorption from the

surface.
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Figure 4.16: The volume sticking coefficient, of the Nc growth versus t
substrate temperature for an equivalent thicka&ssn.

At low substrate temperature the morphology of Nc thin films (see Figur8s 4.
right) shows a densely packed grain struct8reemains constant at 1, indicating
that desorption of molecules is very small. At high substrate temperatures
ranging from 180°C to 230 °C, the morphology shows the needl&ke
crystalline structure (see Figurel4t left column). In this range signifiaat
desorption occurs leading to large gaps on the substrate. The®fdreps
dramatically from 0.79 at 214C to 0.38 at 230C.

The fractional coverage of Nc versus the substrate temperature is shown in
Figure4.1.7. At low substrate temperaturdspm room temperature up to 200

°C, the adsorbed material is well connected (see Figut&sahd Figure 4..4a)

so that the fractional coverage is approximately constant at 1. In contrast, at high
substrate temperature ranging from 244 to 246 °C the wwface is not
completely covered and the size of gaps in the film increases with temperature

(see Figure 4.4 left column) so that the fractional coverage drops.
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Figure 4.17: The fractional coverageY, of Nc growth versus the substi
temperature for an equivalent thicknésam

The average length of Nc islands shows a considerable rise as the substrate
temperature increases. In addition, the average width of these islarelsses
slightly with substrate temperature up to a peak value of 180 nm at2hdt

falls to 110 nm at 228C as shown in Figure 48. Furthermore, the ratio of
length to width changes with different substrate temperature (Figtr@) 4.
because thgrowth structure changes from circular grains to extended needle
like structure at substrate temperature above’C7/(Figure 41.3 and 41.4 left
column). As discussed below it is likely that higher thermal energies allow the
molecules to diffuse on treurface and then stack in an edgeorientation in

the large needtéke crystalline structure.

At room temperature the ratio of length to width is close to 1. For substrate
temperatures up to 13C the AFM images show an elongated grain structure
with an increase of the size, and a length to width ratio which is constant at
approximately2. The ratio of length to width shows a rapid increase at substrate
temperature from 208 up to 23C0C, reflecting the growth of extended needle

like crystalline stratures.
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Figure 4.1.8: The average length and width of Nc grains versus
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Figure 4.1.9: The ratio of length to width versus substrate temperatul

4.1.3 X-ray diffraction study of thin films structure

The structure of Nc films with thicknessBsabout 15 nm at different substrate
temperatures (21, 120, 180 was investigated using-bay diffraction (XRD)
with Cu KU radiation (& = 412d4pljot.s ,Wef

the sample prepared at room temperature (see Hdgudda). For this sample
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we did not observe a sharp intense peak, indicating an amorphous thin film.
However samples prepared at 120and 88C ex hi bit a cl ear pe
= 5.84 + 0.09° corresponding to a plane spacing perpendicular to the surface of
1.51 N 0.02 nm, and also higher order
implying crystalline thirfilms (see Figure 4.10b and 41.10c). In other words,

the XRD data show that crystalline structure of thin films was enhanced as a

result of increasing the substrate temperature during growth.

d=1.51 nm C

Crystalline 180 o

JL A A
% | [|d=1.51 nm b
[2)
€
>
o
L,
2
B
c
Qe :
IS J Crystalline 150<c

Amorphous

5 10 15 20 25 30
20[°]

Figure 4.110: X RD d a2 da wfray ihtensity for the Nc amorphous a
crystalline thin films prepared at different substrate temperatures during
a) 21°Cb) 120°Cc) 180°C
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The crystal structure of a nanetallised Nc has not been published. In 1992,
Yanagi et al. reported that the molecular bulk orientation of metal
napthalocyanine (ZnNc) prepared by vacuum deposition on glass shows a
di ffracti ®%59° whichiktsa to ou? \d@lugl]. On the basis of the
above article this corresponds to iapéanar spacing d =1.51nm, in which
molecules prefer to stack as an edgearrangement with respect to a surface
(Figure 4.1.11a). In addition, for molecules adsorbed on NaCl they oberve
anotherpeat 2d = 26.5A, which is not pres:
an interplane distance 0.33 nm, in which molecules prefer to stack as-arface
arrangement with respect to tharface (Figure 4.11b). From the above
discussion we conclude that the Nc molecules prefer to stack as aoredge
arrangement with respect to Si@t high substrate temperature similar to
orientation of ZnNc on glass. The Bragg formula was used to cadctiia

distan@ between the reflecting planésas follows:

T c¢AQEI 4.14

where n, is the order of diffractiong; the X-ray wave lengthand d, the

diffraction angle.

a ) B-I.’-Snm b)
b +IE T
Wit ? XX
glass substrate NaCl substrate

Figure 4.111: Schematic diagram of ZnNc film shows molecular stackir
which molecules stood perpendicular to glass surface withpldae distanc
1.51(a), and the molecules parallel to the NaCl surface with-pdaer
distance 0.33nm (1]

AFM and XRD show that the thin film growth changes from amorphous to
crystalline structure with increasing substrate temperatures. Flra
shows amorphougrowth at room temperature, while molecules stack -@tge

to the substrate and form crystalline configuration (nekiktestructure) at 3O
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120 °C (Figure 41.12b). The thin film growth mode at high substrate
temperature can be explained as follows overall film is grown as islands

initially then join together to form a crystalline network see (inset Figurdet.

in blue arrow)

X it Mm%w

Figure 4.112: Schematic illustrates growth modes, molecular ordering
molecular packing of Nc molecules on S&dirface deposited at (a) RT, (b)

°C

The growth morphology of Nc is very similar to that observed for
phthalocyaningPg. Narayanaret al. reported an investigation of molecular
ordering and packing of CuPc molecules using positron annihilation
spectroscopic (PAS) and-pay reflectivity (XRR) techniques. They observed a
layer plus island formation with amorphous structure for filmwgrat room
temperature (Figure %13 a), near layer by layer formation with crystalline
structure of molecules stacking edge at = 100-150°C (Figure 41.13 b),

and island formation with large gaps between nekkiecrystalline structures

at Ts=225°C (Figure 41.13 c,d)[2].

c) AGO d) Ae

Figure 4.1.13: Schematic illustrates growth modes, molecular ordering ar
molecular packing of CuPc molecules on S80rface deposited at (a) RT, (
100, (c) 150, and (d) 225 2]
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In addition, in 2001, Hisatomo and-emrker reported vacuum deposition of
oxotitanium phthalocyanine (TiOPc) thin film on Ofigdified Si/SIQ, where

TiOPc moleculegreferentially nucleated in an edge orientation3, 4]. The

size of Pc grains increases if the substrate temperature is increased similar to our
observamn for Nc. In 2009, Gentry etal. reported asymmetric grain growth of
phthalocyanine thin films when the deposited temperature was increased and
found almost spherical grains with size 35 nm at@ZXnd elongated needle

like forms with size 200 nm at 26T. They also observed the optimimum
growth temperature for films grown at 200. This is attributed to low surface
roughness for elongated needlle crystald5]. Other groups have also reported

the effect of depsition temperature on the grain siZetee phthalocyanine thin

films [6-8]. Several groups reported that the growth of thin films of organic
molecules such as phthalocyanine and pentacene on graphene, where these
molecules prefer stack in a faoa orientation on the substrate due to the
favoriabli et detweentthe malecules and substf@jeThis implies

that both substrate temperatures and surface properties can be used to control of
molecular orientation[10-13]. Finally, the diffraction peaks of Nc show

differences, as expected, with these analogue molecules such as nickel

pht hal ocyanine that s lcarespoadingtd stacking p e al

space at 1.25 nii4].
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4.1.4 Thickness dependence

Thin films of naphthalocyanine wegegown on Si/SiQin order to investigate
the dependence of thin film growth on thickness at two substrate temperatures:

room temperature and 18G.

4.1.4.1 Substrate at room temperature

We have grown a series of samples at room temperatures, AENc09, 18, 40, of
naphthalocyaninéhin films on Si/SiQwith thicknesses 5 nm, 20 nm, 105 nm,
respectively in order to investigate the variation of thin film morphology with
thickness. The analysis of grain size shows a typical dimension of 25 nm when
the thickness of the material is 5 r{ffigure 41.14a). The grain size becomes
larger with continued adsorption as follows: from 31 nm at deposition thickness
20 nm to larger grains of 85 nm at thickness 105 nm (Fiydré4, e). The line
profile across AFM images of Nc films with variodeposited thicknesses from

5 nm to 105 nm illustrated that the surface roughness increased from 1 nm to 8
nm (Figure4.1.14, d, f right column). It seems that the most significant
difference in grain size is generated by varying growth temperature &eeys
section 41.2) as compared to that by varying the sample thickness only. Many
groups have also studied the thin film growth as a function of thickness. In 2011,
Schinemann et al. reported thermal evaporation of ZnPc thin film on a 5i/SiO
substrateat different thickness 5 nm, 10 nm, 25 nm, and 50 nm with different
substrate temperature for each thickness. The thin film morphology shows that
the grain size and surface roughness increases by increasing both thickness and
substrate temperature. XRD ddor ZnPc films show crystalline structure that

is independent of thickness for a fixed substrate tempeidtbire
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Figure 4.114: (lefty AFM images and (right) the height profiles
naphthalocyanine Nc thin film growth as grain structure on SiSiDstrate

room temperature with various deposited thickness: (a) 5 nm, (c) 20 nm,
nmwhile fixed deposition rate 1nm/mirscale bar 200 nm

Table 41.1 illustrates the variation of the average length and width of grain
growth with increasing deposited thickness at room temperature. There is a slight
increase in average length from 25 nm to 85 nm and width from 23 nm to 60 nm
of grains as the depositddckness increases from 5 nm to 105 nm. The changes

of grain size with increasing thickness are clearly observed from AFM images
(Figure4.1.14 left column).
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Table4.11: Thevariation of the average length and width of grain grow

with increasing the deposited thickness on Sif@iyoom temperature

Calibrated thickness  Grain average Grain average
Sample '
[nm] length [nm] width [nm]
AENCc09 5 25 23
AENCc18 20 30 28
AENCc40 105 85 60

4.1.4.2 Substrate temperature at 18(8

In this section, the experiment discussed in previous sediibd.1 was
repeated, but here we have heated the substrate to a fixed temperasure 180
during thin film growth. We grew two samples named AENc42, 37f
naphthalocyanine thin films with thicknesses 13 nm and 80 nm, respectively.
The thin film morphology shows an extended nedildk= crystalline structure

with free gaps, and as shown in Figur@.¥ba, c, there is no preferable
orientaton of growing needles. The size of the crystalline structure of
naphthalocyanine thin film and the gaps between them have been affected by
increasing deposited thickness; increasing the thickness from 13 nm to 80 nm
resulted in a significant increase irethverage width of needle planar terrace
from 81 nm to 190 nm. As a result, the thin film morphology changes from a
network of crystalline structures at low thickness into a go@siinuous film at
higher thickness because gaps between crystalline seacive reduced. This
may be due to the deposited molecules growing laterally rather than nucleating
new islands on the Si/Si@ubstrate. For this reason, the width of needle terrac
increases. The line profiles across the thin films in AFM images shaoler wi
planar terraces for 180 nm films as compared to 13 nm films (Figrideb, d).

Overall, it seems that the substrate temperature can control molecular ordering,
while the dimensions of needli&e crystalline structure can be controlled by

both subgstte temperature and deposited thickness.
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Figure 4.115. AFM images of naphthalocyanine Nc thin film on Si/Sifth
thicknesses 13 nm and 80 nm (left column) at substrate temperatuse di&
the height profile across AFM image (left column)

4.1.5 Effect of OTS treated SiQ substrate

Another method to modify the molecular orientation on a surface is by
silanization of the sample surface.tms work, the Si/Si@substrate is treated

with octadecyltrichlorosilane (OTS) as described in section 3.2.4, which results
in a change of the chemical termination of the surface substrate. Forming a
monolayer of OTS on Si>surface passivates the surfaaad makes it highly
hydrophobic. The degree of hydrophobicity can be estimated by measuring the
contact angle of a water droplet on the surface. In this work, a large contact angle
of 107° was measured for the OFBodified oxide substrate. Many groupvéa
previously deposited different organic semiconductor layers on the- OTS
modified oxide substrate and have found improved properties of OFETs. For
example, in 2002, Shtein and-emrker reported that the grain size of pentacene

thin-film was considerablgmaller on OTSreated Si@as compared to that on
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bare SiQ substrate. This was attributed to the greater adhesion interaction
between pentacene and the OTS monolayer than that between pentacene and the
SiO2[16]. In 2008, Li et al. reported that the Oi®dified substrate changes

the thin film norphology of vanadyl phthalocyanine (VOPc), which leads to

high performance electrical device OFHTIZ].

In this work, we were interested to investigate the effect of OTS on Nc
morphology and electrical properties ©OFET devices. A series of Nc films,
AENC56, 58, 72, 67, were grown on OfT®dified oxide atifferent substrate
temperatures in the range §21 2143 ) with fixed deposited thicknes6Q) nm.

AFM images of Nc film morphology and corresponding height profiles are
shown in Figuret.1.16. It was found that Nc film growth on both bare S&dd
OTSmodfied substrates showed grains and elongated grains at low substrate
temperature while at high substrate temperature it shewtetdecheedlelike

crystalline structure anglongatedrystals.

At room temperature, films deposited on both untreated an8-t@ated
substrates show circular grain structure (Figude3d.and 41.16a), which do

not appear to be strongly dependent on chemical termination of the dielectric.
The grains have a size35 nm similar for that observed for bare gi@nd are
denselypacked on both substrates. At substrate temperatuse @8 observe
elongated grains, which have an elliptical shape with average length to width
ratio 2.8 and show a disordered arrangement on the OTS similar to elongated
grain structures we observed dretbare Si@at 138 Figure 41.16¢c and
4.1.3g). The line profile across Nc film on OTS shows surface roughness about
4 nm at room temperature, but a higher value, 8 nm, at 1Z@e Figure 4.16

b and g.

At high substrate temperature ranging from36@ 214 (Figure4.1.16e, g),

we observe extended needlle crystalline structures on the OT&odified
substrate and the elongated crystals become more obviougat Zhé average
length of crystals increases from 290 nm at growth temperatuse 0680 nm

at 214 . However, the crystalline structures show a significant increase in width
on the OTSmodified substrate increasing from 65 nm at growth temperature

20 to 180 nm at 213t. The thin film on the modified substrate shows many
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overlapping ancompact neediike structures, as can be seen at320Bee
Figure4.1.16e). The overlapping of needle crystalline indicate that Nc moleculs
can grow perpendicular to the Oh$odified substrate. Interestingly, in 2002,
Knipp reported that the pentacene emilles prefer to grow vertically on OTS
treated substrates as compared to untreated djeThe line profile aarss
AFM images shows that the height profile increases from 15 nm at 2060

nm at 214 (Figure 41.16f, h).

For comparison, we observe extended nekkibecrystalline structure on bare
Sidzat O B 7 e average length of crystallites are smahan that on
OTSmodified surface, while their average width are larger than that on OTS
modified surface. The thin film shows uniform crystalline structure on the
unmodified substrate (see Figurel.4a - g), while the thin film shows

overlapping crystédites on the OTSnodified surfacgsee Figure 4.16e - g).

It is seems that the initial stage of growth needle crystalline structure is as an
island then the islands join together to form a crystalline network since there are
clear sites in which crystale structures coalesce as marked by a blue arrow in

Figure 41.16g (inset zoom in)
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Figure 4.1.16: Topographic AFM images (left column) and height profiles (
column) of grain and needlie crystalline structures of naphthalocyanine Nc
films on OTS modified Si/SiQ substrate grown at fixed thickness and diffe
elevated substrate. Notease bar for (g) is 400 nm.
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The volume sticking coefficier® of Nc growth on OTSnodifies substrate was
measured for samples at different substrate temperature, and plotted in Figure
4.1.17. S, é 1 for room temperature growth, and remains at this value up to 160
°C implying that molecular revaporation is small in this range. In contrast,
there is a slight drop inySrom 0.95 at 200°C to 0.70 at 214C. At these
temperatures the Nc morphology exhibits extended needi&e crystalline
structures (Figure 4.16e,g), but they do not completely cover the surface. This

implies that the thermal energy results in a reduction of the nucleation density.

o
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|

0 T T T T ]
0 50 100 150 200 250

Substrate temperature [°C]

Figure 4.1.17: Volume sticking coefficientS,, of Nc growth on OTSnodifiec
substrate at different substrate temperature and fixed thickness.

Figure 41.18 shows changes in the fractional cover¥gef a series osamples

of Nc grown on OTSnodified SiQ substrates at different substrate
temperatures. The fractional coverages remain close to one for substrate
temperatures ranging from room temperature to AB0because there is a
complete coverage of grain structsiren OTSmodified substrate (Figures
4.1.16 a, c). However, the fractional coverages decrease slightly at high substrate
temperature from 0.94 at 20C up to 0.85 at 214C because the needike
crystalline structures form and these do not completelgratie OTSmodified
substrate (Figure 4.16e, Q).
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Figure 4.118 The fractional coverageY, of serious samples with O
modified SiQ at different substrate temperatures and fixed thickness

The average length and width of Nc grown on OTS treated @i@nges with
increasing substrate temperature, as shown in Figlr#4.The change from

grain structure into needlie crystalline structures, implies that the additional
thermal energy makes it possible for molecules to stand and stackmrdge

low substrate temperatures, the average length for grain structure start increasing
slightly from 36 nm at 2XC to 110 nm at 120C while the average width
maintains stable around 40 nm. In contrast, at high substrate temperatures, the
average length of gstallites increases fro@90 nm at 200C to 680 nm at 214

°C, and the average width reach peaks 180 nm at°€l4There are clear
increases in the size of grain and nedittie crystalline structures for a sequence

of samples with different substrate teenatures (see Figureldl6 left column).
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Figure 4.119: The average length and width of Nc islands on OTS treated Sit
substrate versus substrate temperature
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Figure 41.20 confirms that the ratio of length to width of Nc grown on OTS
modified SiQ substrates varies with the substrate temperature. At room
temperature, the length to width ratio is equal to 1, implyirag the grains are
approximately circular. However, at substrate temperatures aboVkClP@

ratio of length to width increases substantially, indicating that ndidle
crystalline structure grows longitudinally. At 21@ the ratio of length to witit

drops, implying that needlée crystalline structure undergo lateral growth.
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Figure 4.120: The ratio of length to the width of Nc on Ofsodified SiQ
substrate plotted against substrate temperature

4.2 Growth of copper naphthalocyanine (CuNc) thin films on SiQ and
OTS treated oxide

4.2.1 Substrate temperature dependence

In this section, we have chosen a closely related organic semiconductor to
investigate, copper naphthalocyanine CuNc, so that thefilimmmorphology
and electrical device performance can be compared for-fne¢aind metallized
naphthalocyanine. The preparation conditions, such as substrate temperature
during growth[19], deposited thickned20], type of surface substraji2l, 22]
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the chemical modification of the surface substrate by octadecyltricholrosilane
can affect the morphology of CuNc thin filmsth a behaviour which is similar
to that observed for NG.he CuNc source was heatedthe higher degre@®00

- 560) °Cthan that of Nso that CuNc molecules can sublimate on substrates.

A series of samples AECNc02, 03, 04, 10 were grown at differdrstrsie
temperatures in the range 2C i 340 °C but fixed equivalent deposited
thickness oBO nm. We found that the thin film morphology changes from grain
to elongated grain at substrate temperature®C4é&nd from grain to needléke
structure at 340C.

Figure 42.1 shows AFM images of the CuNc thin films grown at different
substrate temperature and equivalent thickness. To begin, the CuNc thin film is
grown at room temperature (see Figur2.¥a). The thin film has a surface
roughness of about 7 nregle Figure £.1b) and reveals a high density of circular
grains, which have sizes in the range of-3 nm. The thin film grown at
substrate temperature 120 shows a slight increase of the size of grains to 82
nm (see Figure 2.1c), and has a surfaceughness of about 4 nm (see Figure
4.2.1d). Furthermore, the thin film grown at 180 exhibits a small elongated
grain structure and a disordered arrangement on the surface (see Rdwgk 4.
The size of elongated grains shows a significant increaseX10 nm at 160°C

to 210 nm at 220C. Finally, the CuNc thin film grown on Si/SiGubstrate
exhibited extended needi&e crystalline structure at 340C (see Figure
4.2.1g). The stacking molecules stood on surface with an *edgever large
domans forming needles with planar terraces with a size about 300nm. The
crystallites are in different orientations, and have highly facetted edges. The
corresponding line profiles of each AFM image in FiguizX4right column)
show that the surface roughnest thin films depends on the substrate
temperature during growth. A similar effect of the substrate temperature during

growth on film characteristics have been observed for copper phthalocyanine

[2].
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Figure 4.21: Topographic AFM images (left column) and height profiles (
column) of grains and extended crystalline structures of ¢
naphthalocyanine CuNc thin films on Si/SiGubstrate grown at differe
elevated substrate temperatures: (afy@1(b) 120°C, (c) 160°C, (d) 340°C
while fixed deposition rate 1nm/min
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Figure 42.2 shows the variation of theolumesticking coefficient $ as a
function of the substrate temperature. At substrate temperatures ranging from
213 to 22B& , the volumesticking coefficient remains stable. This implies that
desorption of molecules is small, and almost all impinging Colééecules
remain on the surface. There is a slight decrease (8,81) at 348 because

at this temperature the morphology of CuNc shows extended crystalline
structures with small gaps (Figu#.1g). This implies that the thermal energy
makes it possilke for molecules to diffuse and form crystalline structures -or re
evaporate resulting in gaps on surface. However, the sticking coefficient is not

reduced strongly in this temperature range as observed for Nc.
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Figure 4.22: Volume sticking coefficientS,, of CuNc thin films grown on Si©
substrate at different substrate temperature and fixed thickness

For comparison, theariation of the volumesticking coefficient $as a function

of the substrate temperatdoe growthbothNc and CuNc thin filmen SiG are
re-plotted inFigure4.2.3 It seems tha®, of CuNc is higher than that of metal
free Nc. This imply that the adsorption energy of CuNc is higher than the Nc.
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Figure 4.23: Volume sticking coefficient, Sv, of Nc and CuNc thin films grc
on SiQ substrate at different substrate temperature

Figure 42.4 shows the vari@n of the fractional coveragé as a function of the
substrate temperature for CuNc thin film growth on Si(bstrate. There is no
significant change in the fractional coverage for a substrate temperature ranging
from 21°C to 220°C, because at this range the CuNc morphology exlgtais

and smalelongated grain structures, which completely cover the surface. In
contrast, Y d e c°Cibecause atsthisi teyriparatuse tha CuNS 4 0
morphology adopts an extended nedile crystalline structure with small gaps.

This implies tlat the molecular density decreases as the thermal energy of CuNc
molecules increases on the substrate, which results -avamoration of

molecules and gaps between crystalline structures.
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Figure4.24: The fracti onal coverage, Y,
samples on Si@substrates at different substrate temperatures and fixed thi
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Figure 425 shows the average length and width of CuNc islands versus
substrate temperature. There are three modes of growth of CuNc as follows:
grain structure at sk 140°C, small elongated grains structure farranging
from 140°C to 280°C, and extended needige crystalline structure atsTO

340. This implies that similar to metmee Nc, the thermal energy makes it
possible for molecules to diffuse and stack in an exygerientation in order to
change from the amorphous grain structures to an extended -tikedle
crystalline structure. As a consequence, there is a slight incretiseanerage
length of grains with increasing substrate temperature frommt@t 21°C to
80nm at 120C. Then the average length increases sharply for siuaifated
grains structure from 110 nm at 18D to 210 nm at 220C up to a peak value

at 300 nmfor extended needlike crystalline structure at 34W. In contrast,

the average width remains approximately constant at 35 nm for a substrate
temperatures ranging from 2C to 180°C, and then significantly increases to
100 nm at 340C.

The ratio ofthe length to the width versus substrate temperatuyfdqiTCuNc

on SiQ is plotted in Figuret.2.6. This ratio increases from 1.1 to 4.1 substrate
temperatures ranging from 2C to 220°C. However, it decreases to 3 nm at
340°C. This implies that latral growth of the extended needike structures
occurs at high temperature.
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Figure 4.25: The average length and width of CuNc islands or 8&Psus substrat
temperature at fixed thickness
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Figure 4.26: The ratio of length to the width of CuNc islands on Sidtted
against substrate temperature at fixed thickness

4.2.2 Effect of OTS treated SiQ substrate

We also investigated the growth @fpper naphthalocyanine (CuNc) thin film

on the OTSmodified SiQ. The thin film thickness was maintained at 30 nm.
During the deposition of CuNc, the substrates were held at different temperatures
21°C, 120°C, 160°C, 220°C, 280°C and 340C for sampés named AENc11,

12, 13, 14, 15, 16, respectively. AFM images and corresponding line profiles
reveal that the CuNc thin films morphology depend on both -@68ified
substrate and substrate temperature. In general, the passivation, bBSi®
similar effect on CuNc growth as previously described for mété Nc.

Figure 42.7a shows that CuNc thin films grow as circular grains on an-OTS
modified SiQ substrate held at room temperature, and the size of grain is about
30 nm. Elongated grains are observedsat T20°C with a size about 100 nm
(see Figuret.2.7c,e). In contrast, CuNc thin films on bare S#) 120°C grew

as small grains (see Figur4.c), indicating the mobility of molecules on OTS
modified SiQ is higher, resulting in higher degree of crystallinity at lower
substrate temperature. In Figur@.Z.(right column) the line profile reveals that

the surface roughness is approximately 5famCuNc growth at all substrate

temperatures.

Figure 42.8a shows thin films of extended crystalline structures and-well
connected crystallinity in films grown at ¥ 220°C with the size of 280 nm,

showing that the CuNc molecules preferentially ordeain edgeon orientation
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that has axes of stacking parallel to the surface. Eer 280°C and 34C°C,
extended crystalline structures are formed with the size of 400 nm and large gaps
between them because-aeaporation of molecules starts to occur asth
temperatures (see Figure28c,e, note the scale bar are 400 nm). Needle
crystallites with planar terrace are formed due to aggregation of crystallites in a
locally parallel arrangement. Figude2.8 (right column) the line profile for Nc
growth revebs that the surface roughness increases with increasing substrate
temperature from 6 nm at 220 to 20 nm at both 280 and 34CC.
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Figure 4.27: Topographic AFM images (left column) and surface rougt
profile (right column) of grain and small elongated grain structures of Cul
films on OTSmodified Si/SiQ substrate grown at substrate temperatures:
°C, (c) 120°C, (e) 160*C while fixed deposition rate Inm/min
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Figure 4.28: Topographic AFM images (left column) and height profiles (
column) of extended needli&e crystalline structure of CuNc thin films

OTS modified Si/SiQ grown at substrate temperatures: (a) 220(c) 280°C,
(e) 340°C while fixed depositionrate 1nm/min

The thin film morphology of CuNc on Sand OTSmodified substrates are
compared to identify the difference in thin films properties as the surface
substrate is modified. In the case of the CuNc film grown on bare Hi©
morphology show asymmetric grain structures at room temperature, sitl a
which increases with increasing surface temperature, and also elongated needle
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like structures at substrate temperatwe B40°C (Figure 42.1g). In contrast,
the morphology of CuNc thin film on the OrBodified substrate is more
ordered at interediate growth temperatureg ( p &Cjr while the extended
needlelike structure occurs at substrate temperatgreZR0°C. In additionwe
observeelongated graistructure ofCuNc on bare Si@at Ts O 63 and on
OTS at 5O 2as .

Figure 4.2.9 shows the variation of the volume sticking coefficientaS a

function of Ts.
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Figure 4.29: Volume sticking coefficientS,, of CuNc of series samples gro
on OTSmodified SiQ substrate at different substrate temperature and
thickness.

Figure 42.10 and Figure £2.11 show the data of the average length (L), width
(W) and length to the width ratio (L/W) for CuNc/OTS. The general trends are
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Figure 4.210: The average length and width of CuNc growth on OTS treate
SiO; substrate versus substrate temperature at fixed thickness 30 nm
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similar with that already observefdr CuNc/SiQ, Nc/SiG and Nc/OTS.
However, here for CuNc/OTS the L/W ratio decrease; at T60°C.
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Figure 4.211: The ratio of length tthe width of CuNc growth on OF&odifiec
SiO; substrate plotted against substrate temperature at fixed thickness 3(

The growth morphology of CuNc is very similar to that observed for metal
phathalocyanine. For example, in 2003, Xiao et al. reported that the control of
substrate temperature maikegyossible for them to control the orientation and
morphology of copper phthalocyanine thin filf@8]. In 2008, Ligiang reported
thermal evaporation of vanadyl phthalocyanine on oxide and-i®ddfied

oxide substrates. The thin films on both substrates shows a grain structure, while
the size and the shape of grain structure on OTS surface is slightly larger than
that on SiQ surface[17]. In 2002, Hisatomo et al. reportégat the molecular
alignment of oxotitanium (IV) phthalocyanine can be controlled when this
semiconductor was deposited using conventional vapor deposition on

octadecanethiol modified surface substrsgs

4.3 Summary

In this chapter, metdlee naphthalocyanine (Nc) and copper naphthalocyanine
(CuNc) thin films were grown on both Si/Si@nd OTSmodified substrates

using vacuum deposition. The effects of growth conditions, in particular
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substrate temperature, on film morphology, the crystallinity and the preferential
molecular orientation have been investigated using AFM anay)tiffradion
(XRD) were investigated.

We found that the optimum substrate temperature during growth is achieved at
200°C, for which Nc thin films on Si@and OTS show the best morphological
and electrical properties (see chapter 6) because the thin film forms-a well
connected needligke crystalline structure with low surface roughness.
However, the optimized growth temperature for CuNc thin films on &i@

OTS substrates are determined tq1#0) °C and(160)°C, respectively.

The XRD data show that crystalline structure and molecular orientation of thin

film were enhanced as a result of increasing the substrate temperature, which
also leads to change® the surface morphology. The naphthalocyanine
molecules prefer to nucleate either as amorphous arrangéynaint structure)

at low surface temperature, or stood edgalirection with stacking axes parallel

to the substrate and form crystalline confagion (needldike structure) at

hi gher surface temperature. The -direct
stacking so that OFETs show high performance for films with ndiale
crystallites. This improvement in performance of OFETSs is discussbd next

chapter.
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Naphthalocyanine organic field effect transistors

In this chapter we describes electrical measurements of -fretal
naphthalocyanine and metallated naphthalocyanine organic field effect
transistors (OFET) grown at different substrate temperatures as described in the
previous chapter for both bottecontact and tojgontact configurationsn bare
Si/SIG; and OTSmodified oxide We measured the output and transfer
characteristics for all OFET devices in air and vac{m

5.1 Organic field effect transistors and currentvoltage (I-V)
characteristics

The variation of drain curreff® in the saturation regioas a function of gate

voltage,Vy, is given by[2],

L1 #
e—
(g

‘O 6 6

The channel length,, and width, W, i n owur devices are 25
respectively. The capacitand@y, per unit area of the 200 nm thicky, SIO»

dielectric which we use is 17 nF/émThe threshold voltage and the hole
mobility are denoted hwi, and, en, respectively The mobility of the charge

carriers in the saturation region may be related to the measured current as follows

[3]

., ¢, hO
Le7% T
the slope , can be calculated from the transfer characteristic by plotting

sO s versusVg for fixed sourcedrain voltage, and the threshold voltage is
obtained from the intercept with the gate voltage aXie. aboveawo equations

are derived at section 2.2ahd rewritten here for easy look .at
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From the output characteristic, the ON/OE#irent ratio of OFETs can be
obtained from the drain current in saturation region at maximum gate voltage
divided by the minimum drain current at zero or positive gate bias. The ON/OFF
current ratio is an important performance parameter that impliesdility af

transistor to turn off.

The threshold voltage is the minimum gate voltage that is needed to generate a
conducting channel between the source and drain electrddespplication of

a gate voltage leads to the accumulation of charge carridgtee ahsulator
/semiconductor interface. These charges will first fill traps at the interface and
then further induced charges will be introduced into the channel (see Figure
5.1.1).

Hysteresis phenomena often occur in OFET characteristics. This phenomenon
results in a difference in the value of drain current during a ramp up and ramp
down of the gate voltag]. In this study, and many previous papers on OFETS,
hysteresis is observed when electrical measurements of devices were taken in
ambient condition§4, 5].

The effective charge trap density may be estimated from the threshold voltage

as follows[2, 6],

w O 5.11
n
5

0 5.12

0 ;
n
If w or 0 is positive, this refers to the hole donors or electron trap and the
transistor is normally of@ m@ow 1. However, ifw or U is negative,

this refers to the hole trap and the transistor is normallyoff (mw 0w ).

Vi 0 0 5.1.3

V6 6 6 5.14

v Y6 # 5.15
' N
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The charge trap density is denoted Nty The charge trap density difference
between that in vacuumU  and air0  is denoted by thee N The shift in

threshold voltage between that in vacuwm andc  is denoted by .

From the above discussion, we conclude thédif morY0  m this implies

that the introduction of holes (electron traps = hole dopants). HoweVer, if

morY3  mthis implies that the hole traps.

Trap site

Hole trap
Free positive charge

N-type Si

Free electron charge

Figure 5.11: Schematic diagram of traps in OFETSs: trapped holes in 1
semiconductor bulk and the insulator/semiconductor interface.

5.2 Performance of Naphthalocyanine Nc organic fiel effect transistor

with bottom-contacts

5.2.1 Effect of substrate temperature on OFET characteristics in vacuum

In the previous chapter, we studied the effects of substrate temperature on the
morphology and crystallinity of the Nc and CuNc films. It is evident from AFM
images of Nc that the structurefibfins changes from amorphous to the extended
needlelike crystalline as the substrate temperature is increased see Fig8re 4.
and Figure 4..4. Here, we use these films as an active layer to fabricate bottom
contact Nc organic field effect transistgFsgure 5.2.1)The deviceAENc54,

55, 61, 48 correspond to films prepared at 21 °C, 160°C, 200°C, 220°C,
respectivelyTheir electrical characteristics were measured at room temperature

in vacuum and the dark. We found that the performance @MET devices is
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strongly dependent on the grain size and crystal structure of the semiconductor

layer.

@

— , N e
\V& Draii gemico) S0Ur___ |
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Figure 5.21: The setup of bottorcontact OFET on bare Si/Si@iith
electrical measurements circuit

Figures5.2.2 @, c, e and g) shows the output characteristics of these devices.
For each device, the dependence of drain curgemt dirain voltage is measured

in bidirectional mode (sweeping both up and dot = +5V to -70V) at
discrete gate voltage¥{= -0V to-60V). The output characteristics show that
the Nc film operates as an accumulatiecohannel OFET device. Generally,
there is a rapid increase in the saturation drain cui@nts the applied gate
voltage is increased. We observed a maximum saturation curkggia)lof
about-0 . 0 2 \g-A60 & for the OFET grown at 2IC (Figure5.2.2a), and

an increasein the maximum saturation current with increasing substrate
temperature. For example, the OFET grown at 160shows a maximum
saturated currente0.7e A Va=-60 V (Figure 5.2.2c). The highest saturation
current of-24e A \g & -60 V (Figure 5.2.2ris measured for the OFET
prepared at 200C. However, there is a significant decrease in the maximum
saturation currenttedd . 1 2 &sA 220°C (Figure 5.2.2g)7].

Figures 5.2.2 (b, d, f and h) show the transfer characteristics of these OFETSs in
the saturation regime in a bidirectional mode with gate voltage varying from +
5V to-70V, and the drain voltag¥y, fixed at-60V.
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Figure 5.22: Output characteristics (a, ¢, e and g Left coluamgjtransfe
characteristics (b, d, f and h right column) of bottoomtact Nc OFETS ¢
bare Si/SiQ prepared at different substrate temperature$2160°C, 20(
°C, and 220C, respectively) measured in vacuum and the dark.

Table 5.2.1 shows the effect of substrate temperature on OFET performance
parameters. We obtained the highest mobilitylod + 0.05)x 102 cn?/Vs for
OFETSs prepared at 20€C while the OFET device prepared at°’Z1shows the
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lowest mobility of(1.3 = 0.01) x 18 cn?/Vs. The threshold voltag¥i is the
minimumgate voltage where the device transfers to the on state. A hysteresis is
observed causing shift of the threshold voltage frorl6 V toward negative
voltage-27 V for the device prepared at 2C. Interestingly, the threshold is
lower for the devices prepared at 160 and ZD0We have measured the highest
on/off drain current ratio of POfor the OFET prepared at 20@€. We have
measured a lower value on/off ratio for device prepared at@6@/e find that

the hole mobility and on/off current ratio increase with increasing substrate
temperature from 23C up to 200C, but then thegearameters decrease for 220
°C. In addition, the threshold voltaya has a lower value and no hysteresis is
observed for OFETs prepared at 18D and 200°C as compared to OFETs
prepared at 22C and 220°C. The devices channel is normally off because
threshold voltages for all devices are less than zero. According to these
parameters, the performance of the OFETs grown at’@0B significantly

better than those grown athertemperatures

Table5.21: Substrate temperature effect on performance parameters
bottomcontact OFET device: (a) sweep up, (b) sweepn.The electrical
field was 2.4AMV/m

Maximum On/Off
Substrate OFETs _
. saturated Threshold . drain
Device temperature mobility (cn?
current  voltage (V) current
(°C) IVs) _
(HA) ratio
AENC54 21 -0.02 -16to-27° (1.3+0.01) 10°
x 10°
AENCc55 160 -0.7 -10 (2.8£0.14) 107
x 10
AENCc61 200 -24 -20 (1.4+0.05) 10°
x 1072
AENCc48 220 -0.12 -242t0-27°  (3.0+0.06) 104
x 10
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In 2008, Hirao reported the highest fiatfect mobility of about 1.& 102 cn?
/Vs and the largest on/off ratio of about* I6r soluble naphthalocyanirig],
this mobility is similarto that observed for thermally evaporated Nc at 200
while the on/off ratio we measure one order of magnitude larger than that of

soluble naphthalocyanine device.

Study of CuPc deposited at differend i$ discussed here for comparison. In
2016, Narayanan et al. reported the vacuum thermal evaporation of CuPc thin
films on to the Si@ surface with different substrate temperatures room
temperature (RT), 100, 150, and 225. The OFETSs transfer characteristics
show hysteresis that result in shifting threshold voltage for example=a225

°C the threshold voltage changes from 9 V40/1as gate voltage sweep up and
sweep dowr[6]. In 2015, Maheshwari et al. reported that the estimated hole
mobility value for CuPc OFET made on bare oxide at room temperature is 9
10% cn? /Vs, which is higher than mobility of Nc OFET on Si@ith same
substrate temperature by the factor of 70 ( see TaRIB [9].

To summarisethe mobility of the OFETS is highest for a substrate temperature
of 200 °C. AFM images show that the morphology is also dependent on the
substrate temperature, implying that the variation of the OFETs mobility is due
to the change of thin film morphologyé crystallinity where the direction of
current f 1l ow i -stackingofdciWe davd observed comtinuious e
highly crystalline films at 200C, the temperature for which we observe the
highest charge carrier mobility. We attribute the digant decrease in the
mobility for Ts> 200°C to the discontinuities of the film and large gaps between

needlelike crystals discussed in the previous chafitéy.
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5.2.1.1 Effects of atmospheric exposure on OFET characteristics for
device grown at 180°C

In order to investigate the influence of exposure to ambient condition on the
semiconductor active layeand OFET performance, a Dbottarontact
configuration Nc OFET (similar to Figure 5.2.1) was prepared at substrate
temperature 180°C (AENc52). The electrical characteristics were measured as
grown in vacuum then directly after exposure to ambient condiidme dark,

and then under the same conditions 1 day later.

The output characteristics are shown in Figures 5.2.3 (a, ¢ and e). There is a
significant increase in the maximum saturated drain current at gate voltage (V
=-60V) after exposure to air. Tldata are shown in Table 22We also observe

a small hysteresis in air, which may be due to impurity and trapped charge in the
interface between semiconductor and Sii@lectric. It can be clearly seen that

the saturation regime shifts to higher sowtlcain voltage after 1 day exposure

to air, in particular at high gate voltage (Figbre.3c), and the channel is found

to be off for \4 = 0 in vacuum (pchannel normally off) while this is not the case

for the device after exposure to air. That is a pasigate voltage is reqed to

turn the device off (jchannel normally on). Therefore, the highest on/off current
ratio is about 1%for measurement in vacuum while this decreases by three orders

of magnitude after 1 day in air.

The correspondinggansfer characteristics are shown in Figures 5.2.3 (b, d and
f). It is evident that the threshold voltagé,, decreases toward positive gate
voltage with exposure time to ambient which may be due to increasing electron
traps. Therefore, the density af-enduced traps was estimated from the shift of
threshold voltagesé W) measured in vacuum and 1 day exposure to air (Figure
5.2.3 b ad f). ApplyingEquations5.15, gives a density of electron traps/hole
donors 1.8 10'2 cm?. There is a considerable increase of the hole mobility in
the saturation regime, and the highest valug8ad + 0.34)x 103 cn?/V is
recorded after 1 day exposuii@ble 5.22).
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air and 1 day in air, respectively.
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Figure 5.23: Output characteristics (a, ¢ and e left column) correspo
to transfer characteristics (b, d, and f right column) of Nc OFET or
Si/SiG; named AENC52 that prepared at 180°C and measured in vact
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Table5.22: Effects of atmospheric exposure agrfermance parameters o
bottomcontact OFET device as prepared at 180°C: (a) sweep up, (b) s\
down.The electrical field was RIV/m

Maximum  Threshold On/Off
OFETs _
_ Measurement saturated  voltage . drain
Device N mobility
conditions current V) current
(cm?/Vs) '
(HA) ratio
AENC52  Vacuum -4.3 -15 (3.0+0.13) 100
x 103
AENCc52 In air -5.6 -82t0-11° (4.7+0.16) 10°
x 103
AENC52 1 day in air -26 +2 (8.3£0.34) 107
x 103

Similar effects have been observed in studiesCaPc OFETs. In 2016,
Narayanan et al. reported the fabrication of CuPc OFETs. The measurements of
the electrical characteristics were performed in air at room temperature in the
light. They studied the &fct of thin film growth modes on hole and electron trap
concentrations. The highest electron and hole traps concentrations observed are
about 2.1x 10'? and 8.9x 10 cmv? for a film grown at 228C, which shows an

island growth mode with large voifs]. Also Padma et al. have reported an

increase in mobility for CuPc based OFET if the device is exposure[&].air

To summarise the drain current and mobility increased under ambient
conditions, but there is a small hysteresis in the transfer characteristic for
measurement in air, and the threshold voltages is shifted toward positive gate
voltage formeasurement after 1 day exposure to air. It is likely that the increase
in electron traps/hole donors resulting in an increasing hole concentration is due
to exposure to oxygen. Oxygen has been shown to act as a dopant in bulk CuPc
films leading to reduak holetrapping and higher hole doping irchannel
deviced?2].
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5.2.2 Effect of substrate temperature for OTS treated oxide on OFET
characteristics in vacuum

In this section, we discuss the influence of OTS modification of the silicon oxide
surface on the performance of OFETs. We fabricated four battotact
OFETs(AENCc56, 60, 72, 73) in which Nc films are grown on Gm8dified

oxide substratessE 21°C, 180°C, 200°C, 220°C, respectivelyThe output
characteristics are shown in Figure 5.2.4 left column, and transfer characteristics
in the right column. Thedetails of OFET performance parameters are
summarized in Table 52.The maximum saturated drain curremndkaat gate
voltage (\y = -60 V) are increased significantly frord pA to -57 pA for
substrate temperatures varying from 21°C up to 200°C, ategglg, but then

drop t0-0.85pA at 220°C. We attribute these changes in the current to the
morphology change from grain to crystalline structure as previously discussed.
In addition, we have observed thatdsafor films grown on OTS is always
highe thanthe value measured for films grown on bare silicon oxide (see section
5.2.1). This enhancement of the current for films on OTS might be due either to
reducing the hydroxyl groug®©H) at the Nc/SiQ interface, (these groups act

as trapping sites forhargesbecause oxygen thatre negatively chargeahay
attract holes that are positively charped the higher crystallinity of the films

on OTS surface at lower substrate temperature as compared to films on bare
oxide GeeFigure 41.3 and 41.16 in chapter . We have measured the highest
value of on/off ratio 19for a device prepared at 2C, but then it decreases by
one order of magnitude for higher temperatures with small leakage current about
1 nA for devices prepared at 180 and 200C. It seems that the-ghannel is
normally off in vacuum for all devices on OTS similar to OFETs prepared on

bare oxide (section 5.2.1).

Figure 5.2.4 (b, d, f and h) is transfer characteristics in the saturation region of
the OFET devices
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Figure 5.24: Output characteristics (a, ¢, e and g Left column) corresponc
transfer characteristics (b, d, f and h right column) of Nc OFETO 06
modified oxide named AENCc56, 60, 72, 73 and prepared at different su
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The details of device performance parameters are summarized in5T2Bldt

can be seen that hole mobility increases with increasing substrate temperature,
and the highest value ¢2.3 + 0.10)x 102 cn? /Vs is measured at 20C.
Interestingly, we have found the lowest threshold voltagelofV for both
devicesprepared at room temperature and 2@ while it occurs at more
negative gate voltage for the other two devices.

Table5.23: Effects of OTSmodified oxide and substrate temperature on

performance parameten$ bottomcontact OFETSs The electrical field was 2.-

MV/m
. On/Off
Substrate  Maximum  Threshold OFETs drai
rain
Device temperature saturated voltage mobility
current
(°C) current (LA) (V) (cm?/Vs) .
ratio
AENCc56 21 -1 -10 (6.3+£0.20) 10°
x 10
AENCc60 180 -10 -24 (1.0£0.03) 104
x 102
AENC72 200 -57 -10 (2.3£0.10) 104
x 107
AENC73 220 -0.85 -18 (8.8+ 0.50) 104
x 10

The performance parameters for the analogue molecule CuPc are discussed here.
In 2005, Xiao et al. reported copper phthalacyanine thin film grows on bare
Si/SiO; and OTSmodified SiQ substrates and also the performance parameters

of the organic CuPc thin film transistors on both substrates. The field effect
carrier mobility of about 4.3x10cn?/Vs for the device on the OT@rminated

the surface was about2lorders of magnitude Hegr than that for a device
grown on SiQ. Also a lower threshold voltage and higher on/off ratio was
observed for devices with an Osodified surface. This was attributed to the

order and connectivity of thin films grown on the GE®minated surface, wth
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was confirmed by XRD and AFNL1]. The estimated hole mobility for Nc on
OTSmodified oxide grown atoom substrate temperature is higher than CuPc
mobility on OTS by factor of 1.5. Similarly, a lower threshold voltage and higher
on/off ratio for Nc OFET on OTS are observed as compared to that on bare oxide
(also sedable 5.2.1)

To conclude, theptimum substrate temperature is at 20ecause this device

has the highest mobility and also lowest threshold voltage. The devices prepared
with OTSmodified oxide always have higher mobility and reduced hysteresis
as compared to the devices preparedtioe bare silicon oxide. We have
attributed this difference to the reduction of trap sites at the
insulator/semiconductor interface by passivating with OTS and to an increase in
the crystallinity of Nc films on OTS at lower substrate temperature as skstus
previously. The threshold voltages are always negative for both-@d8ified

oxide and bare Sidevices. Finally, the mobility is enhanced by the factor of
1.7 for OTSmodified oxide devices as compared to device onz Ri@h
prepared at 200°C

5.2.2.1 Effects of atmospheric exposure on OFET characteristics for an
OTS treated oxide device prepared at 128C

Here, we have studied effects of atmospheric exposure on a boitdact
OFET (AENCc58) grown on OT-&odified oxide at = 120°C. The electrical
characteristics were measured as prepared in vacuum, in air and after 3 hours in

air (Figure 5.2.5). The OFET performance parameters are listed in 3.adle

Figures 5.2.5 (a, ¢ and e) shaweérsus \{at discrete gate voltagg ranging
from-10V to-60V. There is an increase in the maximum saturated drain current
Imax.sa@dt gate voltageMy=-60 V) after exposure to air with a higher current of
-1.5 pA measured after 3 hours exposure to air. In addition, there is an increase
in the on/off current ratio of about one order of magnitude. We attribute the
increase in the drain current to the oxygen which might act as a dopant to
increase the hole concentration in the bulk Nc film as discussed previbhsly.
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transfer characteriss of this device in saturation region are measured in

different conditions and plotted in Figures 5.2.5 (b, d and f).
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Figure 5.25: Output characteristics (a, ¢ and e left column) corresponding to ti
characteristics (b, d, and f right column)af Nc OFET on OTS named AENCc
prepared at 120°C and measured in vacuum, in a@&féer® hours in air, respective
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It is clear from Table 5.2.that the mobility increases by a factor of about 3 after

3 hours in air. There is a small hysteresis in the transfer characteristic for both
measurements in air. The threshold voltage for measurements in vacuum and air
are approximately the same which nimydue to a suppression of the effect of
hole trapping at the SgBemiconductor interface by passivation with OTS. In
contrast, the threshold voltage for the device prepared on barsl®i®s a shift

toward positive gate voltage for measurements i(sairtion5.2.1.1)[12]

Table5.24: Effects of atmospheric exposure and time dependent or
performanceparameters for OTS treated oxide bottoomtact OFET device
as prepared at 120°C: (a) sweep up, (b) sweep ddwerelectrical field was

2.4MV/m
Maximum On/Off
Threshold OFETs )
. Measuremeni saturated N drain
Device N voltage (V)  mobility
conditions current current
(cm?/V's) _
(HA) ratio
AENC58  Vacuum -0.55 -30 (6.6+039 10
x 10
AENCc58 In air -0.68 -27%t0-30° (1.7+0.10) 104
x 103
AENCc58 3hoursinair  -1.5 -222t0-28° (2.1+0.01) 10°
x 103
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5.2.3 Mobility versus substrate temperaturefor bottom-contact
naphthalocyanine OFET

The hole mobility of bottontontact Nc OFET devices that are prepared at
different substrate temperatures ranging from@1o 220°C on both bare SO

and OTSmodified oxide surface, and measured in differentdd@ns (vacuum,

in air) are summarised in Figure 5.2.6 and the corresponding Talde Bh2.
mobility shows the same trend and increases with increasing substrate
temperature up to 200°C then drops for further substrate temperature. This
decrease imobility was attributed to the discontinuities of films or forms the
large gaps between crystal structures at highThere is an increase in the
mobility values if device is stored 1 day in air. The mobility of the OTS pre
treated surface is higher thtrat for bare Si@at each substrate temperature.

¢ Bottom contact as prepared
0.03 - invacuum

M Bottom contact in air

0.025 - o X
T Bottom contact in air 1 day
2
b= 0.02 Bottom contact with OTS =
ﬂo 015 as prepared in vacuum )
@ ~¥-¥=2 | X Bottom contact with OTS x ®
= in air
5 0.01 " eBottom contact with OTS in s
= air 1 day

0.005 - X m

m e
0 M ‘ ‘ § . ‘ *i‘ ‘
0 50 100 150 200 250
Substrate temperaturedd]

Figure 5.26: Mobility versussubstrate temperature of bottarontact Nc
OFETson bare Si@and OTSmodified oxide
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able5.2.5: Mobility (cm?/V's) versus substrate temperat(€) of bottom
contact Nc OFETs on bare Si@nd OTSmodified oxide

Bottom
Bottom
contact Bottom Bottom
contact Bottom )
Bottom with contact contact
Substrate as contact ) _
contact OTSas with with
temperature prepared = inair 1 _ _
. in air prepared OTS in  OTSin
in day _ . _
in air air 1 day
vacuum
vacuum
22 1.3x10° 1.4x10* 6.3x10% 6.8x10*
120 4.7x10°% 4.1x10* 6.6x10% 1.7x10% 2.1x10°
160 2.8x10* 2.8x10°3 2.1x10° 5.6x10% 9.3x10°
180 3.0x10° 4.7x10° 8.3x10° 1.0x102 1.4x10? 1.6x102
200 1.4x102 2.0x10? 2.3x10° 2.5 x10?
214 3.0x10* 6.8x10* 4.6x10% 9.3x10*
220 4.2x10*% 1.2x10°8 8.8x10% 2.3x10°8

5.3 NaphthalocyanineNc organic field effect transistor with top-contacts

5.3.1 Effect of substrate temperature on OFET characteristics in vacuum

In the previous section, we have investigated the electrical characteristics of
bottomcontact OFET device. In order to study thBuences of contacts and
growth temperature on the performance of OFET, we have fabricated top
contact OFET devices in which Nc films are grown at different substrate
temperatures under vacuum, but then transferred through air to deposit metal
contacts.The devices were annealed after returning to vacuum for 3 hours at
100-120°C. After that electrical measurements were taken in vacuum at room
temperature under dark conditions. The OFET devices are labelled as AENc65,
68, 62, 66, which correspond to the flms prepared at 21°C, 160°C, 200°C,
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and 214 ° C. Their electrical characteristics are plotted in Figure 5.3.1, and the
details of their performance parameters are summarized in 3.8ble

The output characteristics of OFET devices are shown in Edu&1 (a, c, e

and g left column). As beforey ik measured versi4g at discrete gate voltage

Vg ranging from-10V to -60V. The maximum saturated drain curremt ba@t

gate voltage\(g = -60 V) increased from 0.28 pA to-186 pAas the substrate
temperature is increased from 22 to 200°C but then dropped for 2T€ due

to the change in film morphology as previously discussed. The highest on/off
current ratio of 10is measured for a device prepared atQthat is in the off
state avg= 0 V. It is important to clarify that this transistor was in an on state
(channel normally on) before annealing in vacuum. However, the on/off current
ratio is lower by two orders of magnitude for devices prepar2dCC and 24

°C, and these deviceave pchannel normally on even for positive gate voltage.
We attribute this to atmospheric adsorption that leads to increase in hole
concentration while the channel can be turned o¥yat O V if the devices are
annealed in vacuum for longer time. In digah, the saturation region for the
device prepared at room temperature can clearly be seen while it became less

obvious at higher substrate temperature.

The transfer characteristics in the saturation region are also plotted (Figures 5.3.1
b, d, f and h) Note thatfor the following measurementsymbols AA refers to
after annealed sample, and BA refers to before annealing sample.
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Figure 5.3.1: Output characteristics (a, ¢, e andagltransfer characteristics (b,
f and h right column) of top contact Nc OFETs on bare SyS&ned AENCc65, 6
62, 66 and prepared at different substrate temperatur@€(AB0°C, 200°C, ant

214°C, respedvely) measured after annealimgvacuum and dark.
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It can be seen clearly from Table 5.3.1 that the mobility increases by two orders
of magnitude as the substrate temperature increases from room temperature to
200 °C, but then the mobility decreases at higher substrate temperature. The
threshold voltage/ is negative for the device prepared at°Zlwhile it is
positive for the device prepared at 200 and 214°C, implying transistor
channel is normally off at 27C.

Table5.3.1: Substrate temperature effect on performance parameters o

contact OFET deviceThe electrical field was 2MV/m

Maximum On/Off
Substrate Threshold OFETs _
_ saturated N drain
Device temperature voltage mobility
current current
°C) V) (cm?IVs) :
(HA) ratio
AENCc65 21 -0.28 -13 (3.07£ 0.12) 104
x 10%
AENCc68 160 -102 +10 (3.22+0.10) 10°
x 102
AENCc62 200 -186 0 (5.16+£ 0.23) 107
x 107
AENC66 214 -22 +5 (8.91+0.38) 107
x 103
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To conclude the transport properties and the performance of OFET devices
fabricated with topcontact at different substrate temperature show always better
hole mobility than the bottornontact OFET devices whose films prepared at the
samesubstrate temperature. This is probably due to differences in thin film
morphologies at the electrode/semiconductor interface forcdopact and
bottom-contact devicesee Figur®.3.2 where the grain size on Si area (C)

are larger than that on gold electrode (A),. (Bywever, theon/off ratio for the
top-contact transistas lower than that for a bottoontact device, and the top
contact OFETs are mostly normally on. This might be due to the exposure of
devices to air prior to metal evaporation on active layer.

o )

Figure 5.32: AFM image of naphthalocyanine thin film deposited on
electrode and SiQsurface. Area (A): naphthalocyanine film deposited ol
electrode. B: naphthalocyanine film deposited on the interface between
SiO; surface. C: naphthalocyanine film deposited ornSi®face away from ti
edae of electrode.

5.3.2 Effect of annealing sample and atmospheric exposure on OFET
characteristics for samples grown at 120C

In this section, we describe the influence of annealing Nc films in vacuum and
the time dependence of atmospheric exposure on the performanoentapt
OFETs, grown at substrate temperature 120. We measured electrical
characteristics of OFET devices as follows: as prepared in air, after annealing at
100°C -120°C for 3 hours in vacuum, after exposure to air directly and then for

1 day in air (Figure 5.3). The OFET device is labelled as AENc64. The output
and transfer characteristic are analysed to obtain the performance parameters
listed in Table 5.2.
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The output characteristic of OFET devices is shown in Figur8 @a3b, e and

g) in which } versus \gcurve is plotted for discrete gate voltage Vg ranging
from -10V to-60V. The maximum saturated drain curreqi ka@t gate voltage

(Vg =-60 V) for device that measured: as prepared under ambient condition, and
later after 1 day exposure air are laglthan those measured for the annealed
device in vacuum and then directly after exposure to air. In addition, a clear
saturation region is not observed after long exposure to atmosphere. However,
the saturation region for the annealed devices, immeditfielyexposure to air

can be clearly observed. In addition, the on/off current ratio after annealing in
vacuum is increased by two orders of magnitude. This device in all measurement
conditions shows ghannel normally on, and it can be difficult to tuire
channel off even for very high positive gate voltage, in particular when
measuring in air. We attribute this decrease in drain current and increase in
on/off ratio for the device in vacuum after annealing either to degassing of
adsorbed oxygen leading a decrease in hole concentration, or reduction in the

contact resistance after annealing device.

The transfer characteristics in the saturation region are also plotted for different

measurement conditions (Figures 8.8, d, f and h).
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It can be seen clearly from Table 2 &at the mobility increases by one order

of magnitude if the device annealed in vacuum, while it subsequently decreases
if the device is reexposed to air for 1 day. Interestingly, the transfer
characteristics show hysteresis only if the device is expwsail. In addition,

the threshold voltage is almost zero for the device annealed in vacuum, while it
is shifted toward positive gate voltage with time if device is exposed to air.
Therefore, the change of trap density could be obtained by comparingfshift
threshold voltageae VW in transfer characteristicof both measurement
conditions: annealed in vacuum and directly expose to aE& -35V)
according td=quation5.15. This is found to be 3. 10'2cm2.

Table5.3.2: Effect of annealing and atmospheric exposure on performar

parameters of topontact OFET device prepared at 120%he electrical field

was 2.4MV/m
Maximum On/Off
Threshold OFETs .
. Measurement saturated N drain
Device N voltage mobility
conditions current current
V) (cn?/Vs) :
(MA) ratio
AENCc64 As prepared -125 +70  (8.6+0.27) 10
x 103
AENCc64 Annealed in vacuun -43 -5 (29+0.12) 1
x 102
AENCc64 In air -32 +30  (1.8+0.05) 10
x 102
AENCc64 1 day in air -259 +150 (3.1+0.10)0 10
x 103
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In 2014, Tsegie et al. reported the effect of annealing thin films of zinc
phthalocyanine derivatives on organic OFET performance. The thin film was
heatedto7UC under vacuum, and t hperfoadeect ri c
as deposited and after annealing under ambient conditions. They found that the
mobility improved, and contact resistance reduced after annealing. This was
attributed to interchain aggregation and crystallization of thin film layers. In
addition,the hysteresis and threshold voltage after annealing show lower values

than measured for the-deposited film13].

To summarise, the Nc OFET device shows high performance in vacuum
condition after annealing when the device lagher hole mobility, lower
threshold voltage and higher on/off ratio than when measured in air.

5.3.3 Mobility versus substrate temperature for top-contact
naphthalocyanine OFET: summary

The electrical measurement (hole mobility) for-tmmtact OFETs adlifferent
temperature (2220 °C and in different conditions: as prepared in air, annealed
in vacuum for (106L50)°C, directly after exposure to air and 1 day left in air
are summarised in Figure 543and Table 5.3. Similar to bottorrcontact
devicesthere is an increase in the mobility as the substrate temperature increases
reaching a peak at 20Q, but then decreasing for higher substrate temperatures.
The mobility after annealing devices in vacuum is always higher than that
measured as preparedair. This result is consistent with solution processed Nc
derivative OFETs that reported an increase in mobility by a factor of 18 after
annealing[14]. The mobility is significantly decreased when the device s re
exposed to air, in contrast to the previous measurments for bottotact Nc
OFETSs (see section 5.2.3). This decrease in mobility might be due to effect of
oxygen adsorbed thenetal/semiconductor interface that acts as a site for

trapping holes, or increase in the contact resistance faoiajact configuration.
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Figure 5.34: Mobility versus substrate temperature of top achiNcCOFETSs ot

bare SiQ

Table5.3.3: Mobility (cm?/Vs) versus substrate temperat(f€) of top-
contact Nc OFETs on bare SIO

Top contact ~ Top contact Top
Substrate _ ) ~ Top contact
as prepared ir annealedin contactin
temperature _ _ in air 1 day
air vacuum air
22 2.1x10% 3.0x10% 2.2x10%  2.7x10%
120 8.6x10% 2.9x10%? 1.8x10%  3.1x10%
160 1.4x109 3.2x10%
180 1.5x10%2 3.5x10% 2.5x10%2
200 2.5x10%2 5.2x1092
214 4.0x10% 9.0x10°3
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Overall the results for tepontact devices show better performance than bettom
contact Nc OFET devices at the same substrate temperatures and measured under

the same conditions (sé&ure 5.35).

0.06 1 4 Bottom contact in vacuum
W Bottom contact in ar °®
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Figure 5.35: Mobility versus substrate temperature of -tgmtact an
bottomcontact NOOFETSs on bare Si©andOTS-modified oxide
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5.4 Copper naphthalocyanine CuNc organidield effect transistors

5.4.1 Effect of substrate temperature on bottomcontacts OFET

characteristics in vacuum

In the previous chapter, we studied the influence of copper naphthalocyanine
(CuNc) on the film morphology and crystalline structure, and compavéth
metalfree naphthalocyanine film. In this section, we will investigate metalled
naphthalocyanine OFETs. We have fabricated bottorntact CuNc OFET
devices grown at different substrate temperatures. The OFET devices are
labelled as AECNc02, 03, 0®6 corresponding to films prepared at 21°C,
120°C, 180°C, and 220°C, respectively. The electrical characteristics were
measured in vacuum and plotted in Figure 5.4.1. These characteristics were
analysed in order to obtain details of performance paraspetbich are listed

in Table 5.4.1.

Figure 5.4.1 (a, c, e and g) shows the output characteristic of OFET devices.
There is a significant increase in the maximum saturated curgndafrom -
0.15pA to -72uA as the substrate temperature increases 2T to 180°C,
respectively, but then it drops 102 pA at 220°C. The on/off current ratios are
around 16- 1P for these devices, which showchannel normally on behaviour.

The device prepared at 180 has the highest value lafax.safdue to a chage of

film morphology and the formation of a highly crystalline structure.

Figure 5.4.1 (b, d, f and h) show the transfer characteristic in the saturation

region for OFET devices prepared at different substrate temperatures.
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It can clearly be seen from Table 5.4.1 that the mobility incrdfases(1.3 +
0.04)x 10* cn?/Vsto (1.8 + 0.06)x 102 cn?/Vs as the substrate temperature

increases from room temperature to 1®D but then decreases for higher

substrate temperatures. As for the increase in saturation current, we attribute this

increase t@hanges the crystalline structure.

Table5.4.1: Substrate temperature effect on performance parameters

bottomcontact OFET deviceThe electrical field was 2.4 MV/m

Maximum On/Off
Substrate Threshold  OFETs _
_ saturated N drain
Device temperature voltage mobility
current current
(°C) V) (Cé/V s) ,
(HA) ratio
AECNCc02 21 -0.15 -10 (1.3+0.04) 10°
x 10
AECNCc03 120 -37 0 (1.1+£0.04) 10°
x 102
AECNCc05 180 -72 +20 (1.8£0.06) 107
x 102
AECNCc06 220 -12 0 (6.0£0.28) 10°
x 103

A study of lead phthalocyanine (PbPc) deposited at differgatdiscussed here

for comparison. In 2015, Yao Li et al. reported thin films of lead phthalocyanine
(PbPc) deposited using vacuum thermal evaporation on Sikilstrate at
different substrate temperatures 60, 100, 140 and 180°C. The optimal
performancef organic fieldeffect transistors was observed for thin films grown

at 140 °C because it provides the highest mobility of31D* cn? /Vs and
maximum drain currerl5). However, we observe the optimum performance of
CuNc OFETSs als = 180°C with mobility two orders of magnitude higher than
that of PbPc.
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To summarise, the optimum temperature to grow CuNc film for OFET devices
is 180°C.

5.4.2 Mobility versus substrate temperature for both bottomcontact and
top-contact coppernaphthalocyanine OFET

We have fabricated additional devices CuNc to investigate the effect of OTS
termination,exposure to air and a comparison between boetontact and top
contact devices. The electrical measurements were taken using a similar
approach as for metéilee naphthalocyanine and summarised in (Figure 5.4.2
and corresponding Table 5.4.2). Their output and transfer characteristics are

shown in Appendix A.

Bottom contact as prepar:
in vacuum

0.04 .
Bottom contact in air
Bottom contact with OTS
as prepared in vacuum
Bottom contact with OTS
in air

X Top contact annealed in
vacuum

o
o
@

Mobilities [ cn? /Vs]
o o
o o
= N

o K
0 50 100 150 200 250 300 350 400 450 500
Substrate temperature&d]]
Figure 5.4.2: Mobility versus substrate temperature of bottcomtact CuN
OFETs on bare Si©

For bottomcontact CuNCOFET on SiQ substrate, we have measured the
mobility as prepared in vacuum. Thesults show that the mobility increases
from (1.3 + 0.04)x 10*to (1.6 + 0.05)x 10°cm?/Vs as temperature increases
from 21°C to 160°C, and the highest mobility b8 + 0.06)x 10%cm?/Vs was
measured at 188C. However, there was a significant decrease in mobility to
(2.1 +0.1) x 10*cm?/Vs for the substrate temperature at 340°C. In addition, we
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have repeated the electrical measurements for same devices at each temperature
after exposure to air. The resulshow a decrease in mobility at each
temperature; in contrast to bottesontact NCOFETS in air (see section 5.2.3).

Also Braga and Horowitz reportethat the mobility decrease if OFET is
exposure to oxygen. They attributed this either to increase akgheénsity or
increase of the contact resistafité].

Furthermore, for bottorsontact CuNc OFET on OTF@odified SiO,, the
electrical measurements show higher mobility for each substrate temperature as
compared to mobility of OFETs on bare oxide, but we have repeated the
electrical measurements for the same devices at each substrate temperature in
air, and we have obsexd a decrease in mobility, which is again inconsistent
with bottomcontact measurements in air for REETS. This may be due to
increase in resistance on exposure to air for CuNc while increasing hole dopants
associated with oxygen adsorption for mdtaé Nc. The similar gas sensitivity

behaviour have been observed for Pc and INifPE

For topcontact CUNGOFETSs on oxide dustrate at growth temperature®Zl
120°C and 180°C, we have measured the mobility after annealed device for (100
150)°C in vacuum. The results show an increase of mobility as compared to
bottomcontactOFETs at same growth temperatures. We attributed this increase
in mobility to the chage of morphology in the metal/semiconductor interface
for the topcontact devicseeFigure 5.3.2
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Table5.4.2: Mobility (cm?/Vs) versus substrate temperat(f€) of bottom
contactand top contadCuNc OFETs on bare SO

Bottom-
Bottom- Bottom- Top-
Bottom- contact
Substrate contact as . _ contact contact
contactin with OTS .
temperature prepared _ with OTS annealed
_ air as preparec _
in vacuum _ in air in vacuum
in vacuum
21 1.3x10%  1.2x10% 1.6x10° 9.9x10* 4.0x10*
120 1.2x102 7.6x10° 2.6x10%2 2.0x102 1.5x102
160 1.6x102 8.8x10° 2.8x10% 2.1x102
180 1.8x10%2 9.8x103 3.6x10?
220 6.0x10° 1.7x10% 1.1x102 1.0x10?
280 2.4x10° 3.5x10% 7.2x10%® 5.3x10°
340 2.1x10* 9.2x10° 9.2x10° 9.0x10°

To conclude, the performance of CUNEETSs shows higher mobility than the
Nc OFETs at same growth temperature, growth condition and measurement

condiions

5.5 Summary

In this chapter, Nc and CuNc OFETgere fabricated, and their electrical
characteristics were measured in vacuum and air. We found that the device
parameters were affected by preparation conditisuch as substrate
temperature andTS-modification of the substrate, armiso measurement
conditionssuch asxposure to ambient conditions and post annealing.

The OFETs charge carrier transport is enhanced at high substrate temperatures
because the degree of crystallinity of Nc and CuNc films is increased with
molecules in an edgen orientéion, with the stacking axis parallel to the
substrate and the direction of flow of charge carriers. This corresponds to
molecules standing perpendicular to the substrate in the Adedtystalline
structure. We found that the optimum substrate tenyreraluring growth is
achieved at 200C, for which Nc thin film on Si@and OTS shows the best
electrical properties. In addition, the optimized growth temperature for CuNc
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thin films on SiQ and OTSterminated substrates was determined to be’€C80
and B0 °C, respectively.

The chemical modification of Sivith a selfassembled monolayer of OTS was
performed and followed by the growth Nc and CuNc thin films. AFM images
show that the interactions between the OTS and both the Nc and CuNc films
produced a eedlelike structure at lower temperature with a smaller size as
compared to that on bare SiO'he changes of surface morphology and the
reduction of surface traps caused by the surface treatment improved the field

effect mobility and reduced hysteresis.

The effect of exposure of Nc or CuNc OFET devices to atmosphere on carrier
transport, hysteresis and threshold voltage stability has been studied. The
changes in hysteresis threshold voltage and mobility of charge carriers in OFETs
following exposure to aiis likely due to the introduction of excess holes and
filling of hole traps. The mobility decrease for CuNc when exposed tehach

is attributed to the metal Cu may lead to increase in resistance on exposure to
air. We have found that the density bbege carrier trap is about 1802 cnr

2 for bottomcontact OFET device and about X710'? cm? for top-contact

OFET devices.

The thin films of metalled and nemetalled naphthalocyanine molecules in-top
contact OFETs configuration are annealed at 14@WC for 3 hours in
vacuum, that lead to improve performance of devices. The transfer
characteristics show lower hysteresis and threshold voltage of tharpesiled
devices in vacuum as compared forghene device as deposited films in the air.
The improvement in mobility in the annealed device is possibly due either to
degassing of oxygen from semiconductor layer during annealing in vacuum that
lead to decrease hole concentration in semiconductadoction in the contact

resistance after annealing device.

The topcontact OFET devices always show higher mobility as compared to that
of bottomcontact OFET devices possibly due to different film morphology at
the interface between metal and Si€urfacefor top aml bottomcontact

configurationsee Figure 5.3.2.
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Supramolecular structures of porphyrin nanorings

We have studied-P30 the cyclic polymer (nanoring) with 30 porphyrin units.
The nanoringareadsorbed on Au(111) from solutitly immersionin different
solvens at variousconcentratios. Scanning tunneling microscopy (STM) and
AFM are used to imagie nanorings orthe substrate. This approach resut
selfassembly of single layer nanorgignd supramolecular structures such as
stacled and nested nanorisg which are similar to those formedusing
electrospray deposition from solution onto a surféedd under vacuum
conditiong1]. For our experiments theR30 nanorings are dissolved in toluene.
Then this solution is diluted further either by toluene, methamola
toluene/methanahixture @:5 by volumg, to investigate whetheahe adsorbate
shape and configuration is solvent and/or concentration depenQ@ent.

experiments werperformedat room temperature under ambient conditions.

6.1 Porphyrin monomer

Porphyrin molecules have attracted scientific and technological attention
because of theipotential application in sensor, photovoltaics, maldand
optoelectronic devicg®-5], and theif -conjugated electrons are delocalised
asobservedn biological derivatives This allows twoimportantprocesss to
occur which are mediated byhese moleculesoxygen transport and light
harvesting. Porphyrin molecules may be synthesised with different sidesgroup
and central metal atasnn order to obtairdifferent structuresand to control

optical and electronic properti§s.

Porphyrin is a macrocyclic organic compound, comsysdf four pyrrole rings
joined by four methine bridgeé = C H(Figure 6.1.1). The porphyn can
accommodate guest species in the centre of cavity typically a metal ion (Co, Zn,
Cu) throughdeprotonation of nitrogen atomghis leads to changs in optical

and electronic propertig¢Bigure 6.1.2).
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methine bridge pyrrolering

Figure 6.11: porphyrin structure and exchange of proton H bond betwee
nitrogen atoms N

Another factor making porphyrin an interesting moledsléhe aromaticity of
its 7 el e The moletulamy smami ci ty can be ver
rule: (4n+2) is equal to the number ‘ofelectrons in the molecule, where rais
zero or positive integer number. For example there aré 2Rctrons in
porphyrin,soi t s at i sf i withnid3.uvAbdvesall ayosnatic polyneers

and organic semiconducta have attractiveelectronic properties because the
HOMO (highest occupied molecular orbital) and LUMO (lowest unoccupied
molecular orbital)are analogougo the valence and conduction barafsa
semiconductor. A a result, aromatic systems are good candidates for making
organic electronic devices. In addition, porphyrin has high thermal stability.
Moreover, the electronic and optical properties in porphyrin system are strongly

dependent on substituents and cowaithd metahtoms.

Figure 6.1.2: Porphyrin bonded to a central metal atom

There are two significant positions of a porphyrin structtheb and mes o
points, where chemical groupsich as araryl group (Figure 6.1.3) may be
substituted for hydrogen atoms in order to functionaliske porphyrin.
Functional groups, that have only C, H and O atoms in their structure, are
substituted at different positienin different molecules. For example,

haenoglobin and chlorophyll are naturally occurring molecules, which are
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substituted athe b- position whilemanysynthesised porphyrin derivatives are
substituted athe meso position.

Ar

b—»
OCyHy 7

L

meso—> Ar=

OCgH

Ar

Figure 6.1.3: Porphyrin structure with aryl group substitution and a central m
atom

6.1.1 Butadiyne linked porphyrin oligomer

Porphyrin macrocycles have been joined together in various ways. The
photophysics of porphyrin oligomeis considerably changed when thase
linked by different types obridging groupsand using differentattachment
positions. In 1990, Aerien used two types of bridge, ethynyl and butadiyoyl,

link porphyrins This givesrise tothestrongest electronwoupling of porphyrins

if they are connected through meseso positiog f ol | emvesodnddb y b
much weaker effect fob-b links [7]. Lindsey observead weak interactiorof
porphyrins when theyvere linked by a diphenylethyne bridg¢8]. Kim and
Osuka reported two porphyrins linked through three attachment positions, meso
me s 0 a n-bl[9].tIrwanlditibn, zinc porphyrin macrocyslean bdinked
together bya butadyne bridge at mesmeso positions in order to form
porphyrin oligomes, which leads t@an enhancement of tieéectron conjugation
system (Figure 6.1.4)10]. Porphyrin oligomes have a flexible conformation
which can influence their organisation a surface substrat®orphyins linked

by butadiynebridge to form porphyrin oligomer and porphyrin nanorarg
studiedin this thesis.They were synthesised by the Anderson group at the
University of Oxford.
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Figure 6.14: Zn-porphyrin oligmer linked by butadiyne brid¢

6.1.2 Linear porphyrin oligomers

As discussed irthe previous section porphyrin molecules can be covalently
bonded together by appropriate functional gsotgform a linear porphyrin
oligomer. In this sectiorthe synthesis o& linear porphyrin oligomer from
butadiynelinked porphyrin monomersby using template strategy [11] is

described

Figure 6.1.5 illustrateghis strategy in which three porphyrin units are
assembled at three bindingesitof templateby a metal coordination bond
between Zrandtemplate(see section 6.1.3 for more details about the template
work). Then the covalent coupling occurs betweparphyrin monomes by
butadiyne bridggefollowed by remoul of thetemplateusingpyridine Porphyrin
units and molecular templates are shown in red and blue, respeckoeely
example,a linear porphyrin oligomer witl3 monomerscould be formed from
three porphyrirgroups withalinear template of 3 binding siteéBhis implesthat

the number of porphyrin units in the product is edaahe number of binding

sites ofthetemplate.

Varieties of linker groups have been udegl many researcher® create
covalenly coupled porphyrin oligomeras described irthe previous section
while a conjugated linker group is favoured in order to allow electron
delocalisation occurs across twole molecie. A conjugated butadiyne link

groups isused withinthe oligomers thatarepresented in this work.

Porphyrin  template Porphyrin
remove .
monomer == oligomer

Q00 hingi
30 assemble b|nd|ng;I & templati'd-\.)ﬂ)

Figure 6.15: Templatestrategy to synthesis linegrorphyrin oligomerghar
consisted of three monomers.
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6.1.3 Vernier templating and cyclic polymer

Long chain porphyrin oligomers were synthesised flartadiynelinked short
linear porphyrin oligomers usirggtemplate directed stratedg this method, the
length of porphyrin oligomer can be determined fritv@ number of building
blocks (porphyrin unis) (n) multiplied by the length of a porphyrin group (a =
1.33nn). In the Vernier approachtamplate molecule defined llye number of
binding sitegm), leadto anoligomer,with anumber of porphyrin groups equal

to thelowest common multiple of n and iRor example, if we have (n = 3) and
(m = 2); the length otheresulting oligomer wilbe equal to (6 x a), see Figure
6.1.6a [12]. The long oligomer is generated by covalently bonding adjacent
porphyrin groups of short oligomers. Finally, the molecular temgagenoved.

A cyclic polymer nanoring is a novel type of porphydarived nanostructure,
which has recently been synthesi§g®?, 13] The Vernier template strategy has
been used tgynthesizecyclic polymer nanoringthrough a circular template
(Figure 6.1.6). The number oporphyrin group in a cyclic polymer depersd
on the length ofthe initial porphyrin chains andhe size of the template.
Synthesised nanorisgvith the followingnumbers oporphyrin units 6, 8, 12,
16, 18, 24, 3040 and 50have been producdd, 14]. The nanoring eP12 ha
been synthesised using porphyholigomess and circular molecular template
with 6 binding site [12].

a
[-P3 remove PG
indi template -
2 .+3uassemble - bmdmgi . lemp = :
b remove

T assemble@\ﬁ) binding© . template { \1
a2 S /X@ — W _JcP12

Figure 6.16: Synthesisingporphyrin oligomers usinga templatedirectec
strategy Porphyrin units and molecular templates are shown in red anc
respectively. Short chain porphyrin oligomer assemhlssg a molecula
template. A chemical reaction occurs that e#ulthe formation of covalen
bonding between initial short oligonseio producea long porphyrin oligome
and finally the molecular template is removead). A linear porphyrin oligome
with 6 monomers is formed from short oligomers of 3 porphyrin groupsa
linear template of 2 binding siteb) A cyclic porphyrin polyner with 1:
monomers is formed fromlinear porphyrin oligomer of 4 porphyrin units ar
circular molecular template of 6 binding sif&g].
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In order to give details about the work of templaternfertemplated synthesis
of c-P12using template T6 are shownkigure6.1.7. Thelinear zineporphyrin
tetramer {P4 reacts withthe hexapyridyl template TBy metal coordination
between(Zn) porphyrirt(N) template then coupling of-P4 by covalent bond
butadiyneoccurs.These reactionkad tonanoringtemplate complexes-P12
-(T6)2. Addition of pyridine can be used to removéhe template from the

nanoringc-P12[12].

SIS Sy
N l ¢ ania N c-P120(T6):

c-P12
Figure 6.17: Verniertemplated synthesis of-R12 in the presence
hexapyridyl template T6. a) Structurelwfear oligomer(l-P4), b) structure ¢
hexapyridyl template T6 c) generation of nanotiegplate complexes-
P12-(T6). Ar is a side grouf3,5-bis(octyloxy)phenyl) attached to all °
porphyrin to promote solubility of nanorif@2].

In addition, the Vernier template strategy is used to synthesise cyclic polymers
using porphyrin oligomerthat consist of 10 building bloskand circular
molecular templatewith 6 and 8 binding siteto form ¢P30 and €240,
respectively (Figure 6.8) [1].
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o COOB

c-P30+(T6)s

@ ii
- oo " O

Figure 6.18: The Vernier template strategy is used to synthesise

polymers using (i) porphyrin oligomevith 10 building block and circul:
molecular template with 6 and 8 binding site to form @B30 and (iii) eP40
respectivelyf1]

A schematic diagram of a cyclic polymer nanoring withZ30porphyrin units
boundtogether by butadiyne bridgés shown in Figure 6.9. Octyloxy side
chains are attached by aryl groups porphyrin macrocycle in order to promote
solubility. The Zn-Zn spacing betweemeighbouringporphyrin unis in the
linear polymer is 1.33 nrfll5] indicating adiameter of 12.7 nnfor a circular
conformation which isthe separation of opposite Zn atoms wittarcircular

ring.

c-P30

Figure 6.19: Chemical structure of a cyclic polymer nanoring with-Z3t
porphyrin unitsboundtogether by butadiyne bridg®©ctyloxy side chais are
attached via aryl groups (Ar) to promote solubility.
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6.1.4 Porphyrins and intermolecular interactions( -~ i nt er acti on)

The-" "1 nt er aooncoealent intermolacular interaction between
aromatic rings, which occurs due to London dispersion fofté& This

interaction plays a crucial role in stacking biological systems and organic
molecules such as proteins and porphyrins. In 1990, a simple electrostatic model

was suggested by Hunter andnSher s-" f omt éracti ons, w h
descri bed as a -frarnesvork aroune thg pedpheayragdealdo U

t wo negat i vekedtrgn cloddsaim bpth @romatic fadé3] as shown

in Figure 6.110.

Figure 6.1.10: An s hybridised atom in aromatic syste

There are sever dl iditfebe@esd aroonaticongssie o f

to multiple points of intermolecular interaction. These geometries include face

to-face stacked (sandwich), offset stacking (parallel displaced) and@ e

(T-shape stacking) as illustrated in Figure 611.The faceto-face stacked
geometry shows an unfavepuablieeelatter
offsetandTs hape stacking-Ulgiaveract dWjeui ablee a
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Figure6.11>: For mes a@fteracti on bet ween
face stacked ; b) offset stacked; c) Edaee stacked.
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Por phyrinnt e mware modellad using molecular mechanics
calculations, which predicted fate-face stacking, while Hunter and Sanders
experimental studies demonstihéa offset geometrjl7]. The latter gemetry

sets the pyrrole ring o fcavityatehe geoterofh yr i n
the other porphyrinThis arrangement supressee” 1 ° r epul si on bet
“-electrons of the stacked pyrrole ring, while increadivegattraction between a

posiively charged metallic atom in the central cavity of one porphyrin with the

“-electrons of the pyrrole ring at the neighbouring porphyrin see Figur6.1.1

Figure 6.1.12: Offset stacking geometry of the cofacial porphyrin
dimer

6.2 Single heightstructure of c-P12and c-P24nanorings

In previous studie§l2, 13] the 12porphyrin nanoring (¢°12)[12] and 24-
porphyrin nanorin(g-P24) [13] were adsorbed on Au(11Xjom a mixture
toluenemethanol (3:1 by volumewith 5% pyridine) using electrospray

depositionunder vacuum conditian

Severalisolatednearly circular €212 moleculeswere observedoy STM (see

Figure 6.2.4, b) They wereadsorbed preferentially aurfacestepedges and

had heights of 0-0.2 nm indicating monolayer heighthe high resolution of
STM images maleit possible to counthie 12 porphyrin subunitsandthe

expectedn---Zndiameterof 4.7nmwasmeasured foc-P12

Figure 6.2.b show the STM image of theP24 nanoringsthatwerenot only
adsorbedpreferentially at surface step edgespreviously observed farP12
but also deviate frorgircular shape due tithe flexibility of this large cyclic

polymer. Therefore, the ZnZn diameterdeviatesfrom the expected valuef
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10 nm The topographic height shewhat these nanorings are single layer with
the height- 0.1 nm. This mearthey coverthe surface asnonolayemanorings
with porphyrin units parallel to the surfabecause the expected height for

edgeon porphyrin unit would be- 1 nm.

A e

* 5. -

Figure 6.21: The STM images of 1zorphyrin nanoring (¢12) (a)[12] anc
24-porphyrin nanoringc-P24)[13] (b) adsorbed on Au(11X)om a mixture
toluenemethanol (3:1 by volume, with 5%yridine) using electrospre
deposition Scale bars 5 nm (a) and 10 nm (b)

6.3 Supramolecular stacking and nesting of nanorings

6.3.1 Stackingstructure of c-P24 nanorings

Similar tothepervious sectiofiL3], the24-porphyrin nanoringvassubsequently
adsorbed on Au(111)y Svatek etl. using electrospray depositioHowever,
the cP24 was dissolved imixture toluenemethanol (3:1 by volumewithout
the addition of pyridind14]. In this case, the-B24 nanorings were adsorbed
with different height (see Figure 6.3.1 anfl.3.2 due tothe formationof
columnarstacks ofc-P24 They also found that if pyridine is added tothe
solution, only single layer nanorings are adsorbed on surface. This infalies
the stacking structuris dependent on solvent. Thssiggestghat the stacking

occurs inthe solvent priorto depositionon surface
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Figure 6.31: STM images of 24orphyrin nanoring (¢°24)[14] adsorbed c
Au(111) from toluenemethanol (3:1 by volume without the addition ¢
pyridine using electrospray deposition. Single ring marked by (1), double
ring (2), triple stack ring (3).Scale bars 20 nm

Figure 6.3.2a,b) showsthe height profile along-P24 nanoringsdentified bya
colour labelled tragevhich shows heightsof 0.1 nm for single ringand 07 nm
for triple stack.

' triple stack
1.2 , .
single ring
E
£08
5
-
% 4 8 12 4

Distance (nm)

Figure 6.32: the height profile along-B24 nanoringsre identified by colour
labelled tracgesingle ring (red) and triple stack (blue) [14].

Figure 6.3.3show theschematic diagram of single ring, doubdad triple
columnar stacks of nanoringsth the layer spacing in the stacks

a) b) ©)

Figure 6.3.3. Schematic diagram of single rig), double(b) and triplestack:
nanorings (c)
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A histogram (Figure6.3.49 shows heights of ¢c-P24 nanorings[14]. The
frequency shows that the most of the nanorings are clustered abeightof
0.1nm, whichcorrespadsto thesingle height nanoring®llowing by two and

three stacking layers, with heights@# nmand0.7 nm respectively

Figure 6.34: A height histogram of-€24 nanorings adsorbed at Au(1IHm
methanol/toluengl4].

6.3.1.1 Flexibility and bending energy of cyclic polymers

The adsorption of-€24 nanorings ora surface give rise tothe formation of
single height ringsvith distorted shapandstacked nanorirgynearly circular
shape) Equation6.3.1 is wsedto determine the deviationy, of a ring from a

circular shap¢l4],

C g 0 6.31
where the long and short axes (Figui29.of a nanoringaredenoted by and
b, respectively. If the ring is circular, the deviation paramgisrequal tazera
ExperimentHy the valueof g was found to be decreat® stacked nanorings
with increasing heighimplying that the mechanical stiffness (rigiditypf

stackedhanorings is incread¢l4].

»
>

a

Figure 6.35: schematiaiagram showing long and short axeslistortedring
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