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ABSTRACT

This thesis describes the design, construction and application of a novel vacuum
system for the preparation of thin films of organic charge-transfer compounds. The method
of thermal evaporation was used for four materials: tetrathiafulvalene (TTF) and three of its
derivative's, dimethyltetrathiafulvalene (DiMe-TTF), trimethyltetrathiaﬁxlvaléne (TrMeQTTF)
and bis(ethylenedithio)tetrathiafulvalene (BEDT-TTF). The resulting thin layers were
characterised using optical and electron microscopy, infrared/visible spectroscopy and dc

conductivity measurements down to 77K.

Thin films of tetrathiafulvalene, after doping with iodine, exhibited a maximum value
of dc, in-plane room temperature conductivity ¢ of 8.012.4 S cm”. Semiconducting
behaviour was exhibited over the range 77-300 K with AE = 0.09+0.02 ev. The effect of the

deposition rate on film morphology is reported. TTF iodide layers were also prepared by co-

evaporating the two components. These films exhibited a maximum conductivity of 2.940.4
S em™ at room temperature. Agaiﬁ, semiconducting behaviour was noted over the range 77-
300 K with AE = 0.240.02 eV. A comparison of the optical, structural and electrical
properties of the two types of films is made.

DiMe-TTF and TriMe-TTF thin films were also successfully prepared. Doping with
iodine resulted in in-plane, dc room temperature conductivities of 10 and 107 S em™,

respectively. These values, together with data from optical spectroscopy, suggested that both

salts were in the full charge-transfer state.

(BEDT-TTF) iodide thin films were deposited by evaporating the organic compound
and subsequent doping. Doped films possessed a dc, in-plane room temperature conductivity

of 10° S cm™. Annealing these layers at 60°C resulted in an increase in conductivity with a




final value of 1.6 S cm™. Semiconducting behaviour over the range 77-300 K was exhibited
by the annealed films (AE = 0.028 eV).

Finally, thin film transistors, incorporating TTF and BEDT-TTF doped layers, were

fabricated and their electrical characteristics measured.
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CHAPTER ONE

INTRODUCTION

‘Organic metals’ is a relatively new and very promising area of materials research.
Though organic compounds are usually electrically insulating, bcertain mateﬁalé can be as
conductive as ordinary metals. They may even exhibit superconductivity. This phenomenon
was originally observed in 1980 for compounds under applied pressure. Currently, the

highest critical temperature for an organic material (excluding fullerenes) is 11.5K at ambient

pressure (for k-(BEDT-TTF),Cu[N(CN);] Br) and at 12.5K for applied pressure (for

k-(BEDT-TTF),Cu[N(CN),] Cl at 0.3 kbar).

Most conductive organic compounds exist in the form of a powder or as single
crystals. Their unique electrical properties can therefore be difficult to exploit. In contrast,
thin films are easily incorporated in microelectronic devices. Different methods can be used
for film formation; the most common techniques are spin-coating, electrochemical
deposition, Langmuir-Blodgett deposition and thermal evaporation. In this thesis, we
examine thin films fabricated by thermal evaporation. The technique has been extensively
used for inorganic materials to prepare a variety of coatings. However, it is only relatively

recently that the method has been used to form organic thin films.

This thesis is concerned with thermally evaporated thin films of materials based on
the electron donor tetrathiafulvalene (TTF). Chapter 2 introduces the background to organic
metals and provides a chronological review of the most important developments in this area.

Work on single crystals of the materials studied is also reported. Chapter 3 describes the



method used for film formation. It also includes reviews of previous work and discusses the
incorporation of charge-transfer layers in a thin film transistor structure. In chapter 4 the
various experimental techniques used are described, while chapter 5 gives a detailed
description of a purpose-built vacuum system designed and built for this project. Chapter 6
reports on the properties of thin films of tetrathiafulvalene .prepared using the single source
and co-evaporation methods. The effect of the deposition rate and substrate temperature on
film formation is discussed. In chapter 7, thin films of three more related materials are given.
These are dimethyl-TTF, trimethyl-TTF and BEDT-TTF. The two first were synthesised in
the Chemistry Department at Durham while the third was purchased commercialiy. Finally, in '
chapter 8, layers of TTF and BEDT-TTF are incorporated in thin film transistor structures.

Chapter 9 summarises all the results and makes suggestions for future work.



CHAPTER TWO

ORGANIC CHARGE-TRANSFER MATERIALS

2.0 Introduction

In this chapter, an introduction to ‘organic metals’ is given. This is followed by the
history of the development of these materials. Work that has been reported on the

compounds studied in this thesis is discussed in detail.

2.1 Organic Metals
2.1.1 Physical Concepts

Most organic solids are electrical insulators with values of electrical room

temperature conductivity in the range 10°-10"* § cm™. Organic metals are charge-transfer
and ion-radical salts that can exhibit conductivities G as high as 10° S cm™. The magnitude of

o for most of these materials is generally much less than that of a metal. Some of these
organic metals also become superconducting at low temperatures. Examining the
temperature dependence of conductivity, several different behaviours can be seen. These are
summarised in Figure 2.1. The temperature dependence of the conductivity of a metal,

copper in this case, is also shown for comparison. Metallic behaviour (increasing ¢ with

decreasing temperature T) is seen for (TMTSF);ClO4. Below a temperature called the
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Figure 2.1: Variable temperature conductivity values at ambient pressure for a range of
highly conducting materials.




critical temperature T, a transition to a superconducting state is evident. Another salt of the

TMTSF family, (TMTSF),PFs is also metallic down to a temperature (transition
temperature) at which a metal-semiconductor transition occurs. The same behaviour is
observed for TTF-TCNQ (Figure 2.1). Semiconducting behaviour is often observed for
organic charge-transfer compounds. In this case, conductivity decreases with temperature in

the following manner

c= coexp(—%) 2.1)

where AE is called the activation energy. For an intrinsic semiconductor AE represents half
the band gap, while for an extrinsic material AE may be equal to half the energy between a

donor or acceptor level and the corresponding band edge.

Organic metals consist of donor and acceptor molecules between which a reaction of

the following sort takes place

DA < [DT][A7]

where D and A stand for the donor and acceptor species, respectively and pt represents the
presence of a radical ion. In Figures 2.2 & 2.3, the most widely investigated organic donors

and acceptors are shown. Organic metals can be either single-chain, ion-radical salts, e.g.,
(TMTSF)," X" salts, where the anion is a closed shell species or two-chain conductors, e.g.
TTF"*-TCNQ™ charge-transfer complexes, in which both components are open shell

molecules. The donor and acceptor molecules often stack face-to-face within the crystal

lattice. Two alternative structures are possible, the mixed and segregated stacks, Figure 2.4.
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Figure 2.4: (a) Mixed and (b) Segregated donor-acceptor stacks.

Molecular compounds with mixed stacks are not highly conductive due to electron
localisation on the stacks. High conductivity is associated with crystal structures in which
the donor and acceptor molecules are relatively planar and form segregated stacks with
considerable n-electron overlap and delocalisation along these stacks. Conduction is
therefore highly anisotropic, with the width of the conduction band dependent upon
interactions between the molecular orbitals of neighbouring molecules. As a consequence,
organic metals are termed quasi-one-dimensional. Two-dimensionality has also been
~ exhibited, where the inter and intrastack distances are similar and conduction can occur in

two-dimensional sheets.

The degree of charge-transfer p represents the average number of electrons
transferred from the donor to the acceptor molecule. This is a very important factor in a
charge-transfer compound and depends principally upon the ionisation potential of the donor
and the electron affinity of the acceptor on average. The ionisation potential is the energy
required to remove an electron from a donor while the electron affinity represents the
tendency of the acceptor to accept an electron and form an anion. For p=1, charge transfer is
complete (all donor molecules are ionised) and only conduction of the following sort 18
possible

D™+ D" DT+ D’
where for simplicity only the donor stack is considered. In this case, conduction can only

occur down the stack at the cost of a large Coulombic energy Up, where Up is the



Coulombic repulsion energy between two charge carriers on the same molecule. The

activation energy in this case will be given by AE=Uo-V) where Vi is the Coulombic

repulsion between electrons on adjacent molecules. For p<l, neutral molecules and ions are
present and the stack is of a mixed valence. The unpaired carrier can move along the stack,

as shown below, without having to overcome large Coulombic interactions and the system is

a conductor.

TTF® + TTF "= TTF " + TTF’

2.1.2 Historical Review

The first experimental indication that molecular compounds could exhibit significant
electrical conductivity was from Akamatu et al, who reported a room temperature
conductivity ogT of around 10 S em™ for a bromine salt of perylene [1]. Perylene itself is an
insulator with oRrT = 101 - 107 S em™. This was a verification of the prediction made in
1911 that certain organic solids might exhibit an electrical conductivity comparable to that of

metals [2].

The first stable, conducting organic molecule was synthesised by Melby ef al. [3].
The compound was 7,7,8,8-tetracyano-p-quinodimethane (TCNQ), an electron acceptor; its

structure is depicted in Figure 3.2. Many salts of TCNQ were found to be electrically
conductive, for example Csy(TCNQ); was conductive but became insulating when the
temperature was lowered [4]. Most of the M(TCNQ), salts, in which M is a monovalent

cation (alkali metal or organic) were found to be semiconductors (i.e. having thermally

activated electrical conduction) with activation energies of 0.05-0.2 V.



In 1970, Wudl et al. [5] synthesised the organic donor tetrathiafulvalene (TTF) and
observed that highly conducting materials could be prepared when it reacted with halogens

. . -1
and pseudo-halogens. The first salt to be prepared was the chloride with orr =# 3 S cm .

Combining TTF with TCNQ resulted in a 1:1 salt that was the first molecular crystal to
exhibit metallic behaviour. Between the temperatures of 298K and 60K, the salt possesses
‘fhe characteristics of a metal (increasing ¢ with decreasing T) [6]. Below 60K metal-
semiconductor ‘transition prevénted the appearance of superconductivity. The conductivity

was 500 S cm™ at room temperature, with a maximum of 10* S cm™ at 60K.

After the discovery of TTF-TCNQ, oﬁe of the most obvious modifications was the
replacement of sulphur in TTF with a heavier chalcogen. Such a substitution could result in
increased dimensionality of the system due to the spatial increase of the chalcogen orbitals in
the interstack directions, reduce the Coulombic repulsion via the more polarizable
substituting atoms and change the band filling by changing the ionisation potentials of the
new donors. In 1974, tetraselenofulvalene (TSF) was synthesised and its 1:1 salt with TCNQ

was prepared [7]. This proved to be another organic metal with a metal-semiconductor

transition at ca. 40K. The room temperature conductivity was 800 S cm'l, greater than that
of TTF-TCNQ.

A decrease in the transition temperature was exhibited by the 1:1 salt of TCNQ with

another donor, hexamethylenetetraselenafulvalene (HMTSF) [8]. In this salt, the phase

transition was suppressed to 1.1K. The close Se...N contacts provided increased
dimensionality.

In 1978, Jacobsen et al. prepared the charge-transfer salt (tetramethylselenafulvalene)

-dimethyltetracyano-p-quinodimethane (TMTSF-DMTCNQ) [9]. In this 1:1 salt, the effect



of pressure in suppressing the metal-semiconductor transition was seen. The maximum
conductivity observed was 10°S cm™ at 1K and 10 kbar.

The first highly conductive organic salts that did not contain TCNQ or one of its
derivatives were found by combining tetramethyl-TTF (TMTTF) and tetrahalo-p-
benzoquinones (X4BQ, where X= F, Cl, Br, I) [10]). The maximum conductivity was
observed by the pressed powder of the chlorine salt (orT = 20 S cm'l). Single crystals were
only obtained for the bromine salt. These exhibited a thermally activated conductivity (OrT =
58 cm'l).

Superconductivity was first discovered in organic metals in the TMTSF family in
1980 [11]. The (TMTSF),X salts, where X is a monovalent anion, known as the Bechgaard
'salts, were all highly conductive (orr = 430-780 S cm'l). Most of these compounds
underwent a phase transition below 20K; an exception was seen for the -PF6' salt where
superconductivity was observed at 0.9K when applying the pressure of 12 kbar. The
(TMTSF);ClO4 complex was the first superconducting material (T = 1.3K) at ambient
pressure, but only when slowly cooled. The structure of the (TMTSF),X salts was found to

be two-dimensional. The TMTSF molecules formed stacks along the o crystallographic axis,
which was also the direction of the highest electrical conductivity. These stacks also resulted

in the formation of infinite two-dimensional molecular sheets, with the TMTSF molecules
connected through interstack Se...Se interactions. These interactions added dimensionality

beyond that provided solely by the one-dimensional stacking of the TMTSF molecules. A

three-dimensional network was prevented by the anion columns. At room temperature the

intermolecular intra- and interstack Se...Se distances were similar. However, as the



temperature was lowered the distances between chains decreased almost by twice as much as
- the distances between TMTSF molecules within each stack. This led to increased interchain
bonding and electronic delocalisation through the selenium atom network for low

temperatures.

Another modification of the TTF molecule occurred in 1978 when bisethylenedithio-
tetrathiafulvalene BEDT-TTF or ET was first reported by Mizuno et al. [12]. The (BEDT-
TTF),Cl04 (1,1,2-trichloroethane)q 5 salt was the first in the sulphur based system to exhibit
metallic behaviour over the temperature range 298-1.4K [13]. Superconductivity was
subsequently discovered for the ET family; first for (BEDT-TTF),ReO4 at 1.4K at 4 kbar;
the iodine salt B-(BEDT-TTF),l; exhibited superconductivity at ambient pressure [14]. For
the latter material, the critical temperature could be increased from 1.4K to 8K by use of
anisotropic pressure [15].

Up to 1986, all salts that exhibited superconductivity were based on a n-cation. The
first superconducting system was found for the 7-anion bis-[bis-(4,5 dimercapto-1,3-dithiole-
2-thione)nickel (Ni(dmit),). The salt was TTF-[Ni(dmit),]> and had a critical temperature of
1.6K at 7 kbar [16]. _

One further metallic m-anion salt was synthesised by Aumiiller ef al. in 1987 [17].
The anion was 2,5-dimethyl-N-N'-dicyanoquinonediimine (2,5-DMDCNQI), based on

TCNQ. The Cu(2,5-DMDCNQI), salt exhibited metallic behaviour down to 1.3K that was
not interrupted by a phase transition. The conductivity was ort = 800 S cm™ and showed a

maximum of 5 x 10° S cm’! at 3.5K.



Superconductivity was also observed for the asymmetrical organic donor
dimethyl(ethylenedithio) diselenadithiafulvalene (DMET) [18]. (DMET),Au(CN), had a high
room temperaturé conductivity (2500 S cm'l). This complex showed a metal-semiconductor
transition at about 25K at ambient pressure but superconductivity was exhibited below 0.8K
for applied pressure (5 kbar ).

Kobayashi et al. reported, in 1987, the first molecular superconductor based on a 7-
acceptor molecule and closed-shell cation [19]. The salt was Me4N[Ni(dmit);] and had a
critical temperature of 5K at 7 kbar.

By substituting sulphur with tellurium in the TTF molecule, the organic donor
tetratellurafulvalene (TTeF) was synthesised [20]. The 1:1 salt with TCNQ proved to be

highly conductive (crT = 1800£300 S cm'l) and was metallic down to 77K.

In 1988, two more superconducting charge transfer salts were reported. One further
salt of ET, «x-(BEDT-TTF),Cu(SCN), was found to exhibit ambient pressure
superconductivity at a high T, = 10.4K [21]. The other compound was based on the hybrid
asymmetric molecule methylenedithiotetrathiafulvalene (MDT-TTF). The salt (MDT-

TTF),Aul, was superconducting at T, = 3.5K at ambient pressure [22(a)]. According to Kini

et al. the value of T, could be raised to 4.5K [22(b)].

The first electron donor containing oxygen was synthesised in 1990. Wudl ef al,

substituted the four outer sulphurs for oxygen atoms [23]. The resulting molecule, BEDO-

TTF, formed an organic metal when combined with iodine in (BEDO-TTF), 413 with a room

1

temperature conductivity of 100-280 S cm™. The same year, Beno ef al. reported

10




superconductivity in a BEDO-TTF salt. (BEDO-TTF);Cuy(NCS)3 was found to be an

ambient pressure superconductor with T, = 1.06K [24]..

The superconducting organic materials possessing the higher T¢ currently are based
on ET. The salts are k-ET,Cu[N(CN),] X for X = Cl, Br. The bromide salt had a

T, = 11.6K at ambient pressure while for the chloride salt T = 12.5K at 0.3 kbar [25].

Recently, superconductivity has also been reported for the (TMTTF),X family.

Balicas et al. suppressed the metal-insulator transition in (TMTTF),Br by applying the
relatively high pressure of 26 kbar. A transition to the superconducting :state was seen at
0.8K [26].

In 1977, it was discovered that the conductivity of polyacetylene (CH)y could be
increased by 13 orders of magnitude upon doping with various donor and acceptor species to
give n- or p-type conductors [27]. Conductivities approaching 10° S cm™! were found in

doped (CH)x (e.g. [CH(AsF¢)o.1]x). This initiated research into the field of conjugated

organic polymers. Although variants of (CH)x have been since investigated, none has

approached the high conductivity of doped polyacetylene. However, research in this field

continues.

2.2 Tetrathiafulvalene Salts

"The most widely investigated TTF salt is probably TTF-TCNQ [6]. Here, TTF and
TCNQ form segregated stacks, both contributing to the electrical conductivity. The degree

of charge-transfer has been determined to be p = 0.59, which means that on average, -0.59%

11




(-e is the electron charge) was transferred from TTF to TCNQ molecules. The salt exhibited

a one-dimensional character, the electrical conductivity in the least favourable direction
(perpendicular to the stacking axis) being about 2 x 10 of the value along the stacking axis
(~500S cm'l). This complex generated a lot of interest due to its metallic character down to
60K.

In 1976, Jacobsen et al. reported the synthesis of the TTF-MTCNQ salt, where
MTCNQ stands for Methyl-TCNQ [28]. This salt was also found to be highly conductive,
orT = 200-500 S cm”. The temperature dependence of conductivity displayed a broad
maximum near T = ZlOK (Omax/O300x ~ 1.2) and the conductivity was thermally activated
below this region.

Another organic acceptor, 11,11,12,12-tetracyanonaptho-2,6-quinodimethane,
TNAP (Figure 3.2), produced a charge-transfer compound when combined with TTF [29].
The salt was 1:1 stoichiometry and exhibited a room temperature conductivity of 40 S cm™.
A sharp drop in the value of ¢ was seen at 185K, below which the conductivity was
thermally activated with AE=0.1 eV.

A series of conductive TTF salts have been synthesised by combining TTF with
halides or pseudohalides. These complexes are quasi-one-dimensional compounds containing
catiqn radicals only, in contrast with a cation-anion-radical system such as TTF-TCNQ. The
charge carriers are holes and conduction takes place only along the TTF chains. Due to the

high electron affinity of the acceptor molecules, the degree of charge-transfer p can be

derived straight from stoichiometry. Somoano et al. have reported salts with thiocyanate

(SCN) and selenocyanate (SeCN) in the stoichiometry (TTF);2(SCN)7 and (TTF);2(SeCN)

12



[30]. Both salts were found to be conductive with crr =550£250 S em” and oRrT = 7501250

S cm™ for the thiocyanate and the selenocyanate salt, respectively. Metal-like characteristics
were noted above 200K but both compounds underwent a metal-semiconductor transition

around 170K. (TTF)X,, where X = Cl, Br, I have been synthesised and studied for different

values of n.

(ITE),

For the iodide salt, n has taken the values of 0.70-0.72, 2, 3 while the simple salt (n=1) could

not be prepared [31-33]. (TTF)p700.72 proved to be the most highly conductive
(orT ~ 100-450 S cm'l). The structure was monoclinic, the TTF molecules forming

segregated eclipsed stacks in which the plane of TTF was approximately perpendicular to the
stacking axis. Parallel to the TTF stacks were columns of equally spaced hqlogen atoms.
These were considered not to contribute to the conduction because the distances between
the halogen atoms were too large to allow considerable interaction. In Figure 2.5, the
temperature dependence of conductivity is shown [32(b)]. This decreased slightly with
decreasing temperature in the high temperature region T > 210K, at which temperature a
transition is evident. This transition, that led to a less conducting state; was attributed to
intrachain interactions. Below 210K, the activation energy varied from 0.12 eV at 170K to
0.084 eV at lower temperatures. A hysteresis loop was evident during warming up. It has
been suggested that this results from a weak interstack coupling. Due to weak coupling
between stacks, the individual chains did not go through the transition at the same

temperature [32(b)].
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Figure 2.5: Temperature dependence of the normalised conductivity of (TTF)Ip70.0.72

measured along the stacking axis (taken from Ref. 32(b)).

In the iodide salt formed for n=2, the TTF molecules formed segregated stacks as
~ before, but the iodine columns now contained small polyiodide species, predominately Is
[33]. The conductivity along the stacking axis was found to be 107 S em™ and was thermally
activated with AE = 0.24 eV. For the salt formed for n=3, again the iodine columns consisted

of I;” ions. The compound could be written as TTF)( 157) and was not very conductive
p

(c~10"S em™)[33].

(TTF)Br,&(TTF)Cl,

Bromide and chloride salts of TTF of different stoichiometries have been studied [33,34].

The most conductive salts were obtained for n = 0.77 and n = 0.71-0.76 for the chloride and
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bromide salts, respectively. The structures of the these salts were found to be similar to that

of the (TTF)70.072 (monoclinic with the TTF and Br molecules forming segregated
stacks). The conductivities were 100-500 S cm™ and 200-500 S cm’! at room temperature

for the chlorine and bromine salts, respectively. For (TTF)Bro.71-0.76 the conductivity

underwent a transition to an semiconducting state at 180K, below which it was thermally

activated with AE = 0.081 eV. No hysteresis was observed during the warming up cycle.

In the (TTF)Br and (TTF)CI salts, the TTF molecules formed eclipsed cation dimers
interspaced with pairs of halogen ions [33]. As expected from stoichiometry, full charge-

transfer occurred between the acceptor and donor molecules. The conductivity was found to
be low, as expected for fully oxidised compounds, with G < 10* S em™. The relatively high
value of 6 (~ 0.3 S cm'l), originally reported from Wudl et al. for (TTF)Cl [5(b)], suggests

that these salts were impure and contaminated by other halide phases. The salts prepared

with n = 2 were also insulating.

2.3 Dimethyl- and Trimethyl- Tetrathiafulvalene Salts

Another derivative of TTF was combined with TCNQ in an attempt to suppress the
phase transition in TTF-TCNQ. Symmetrical dimethyltetrathiafulvalene, DiMe-TTF, was
first prepared by Prinzbach ef al. in 1965 [35]. The cis- and trans-isomers are shown in

Figure 2.6a. The room temperature conductivity of the simple salt DiMe-TTF-TCNQ was

the same for both isomers (orT = 50 S cm'l). A decrease in the transition temperature was

seen for the cis- (58K) and the trans-(50K) isomers [36].
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Figure 2.6: (a) Cis and trans-isomers of symmetrical DiMe-TTF and (b) unsymmetrical
DiMe-TTF.

In 1977, Wudl et al. reported the synthesis of unsymmetrical DiMe-TTF, in which
- the methyl groups were located on the same side of the molecule (Figure 2.6b) [37]. As an
electron donor, this molecule is superior to TTF as its ionisation potential is lower. A series
of radical cation salts based on this DiMe-TTF have been reported [38]. Their stoichiometry
has been determined to be 2:1, in éontrast with the TTF salts but in agreement with the

(TMTSF),X salts. For all compounds, the temperature dependence of the conductivity

measured along the stacking axis was very similar to that of (TTF);2(SC)7. A smooth

maximum for ¢ was observed below room temperature but a metal-semiconductor transition
occurred at lower temperatures. An exception was seen for the thiocyanate salt which
exhibited semiconducting behaviour over the entire temperature range. Conductivity data for

these compounds are summarised in Table 2.1.
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Ccr Br I PF¢ BF4 SCN™

0295K 50-100 150 100 250-300 | 100-150 2-10
(S cm'l)
Tmax 255 215 200 265 240 -
(K)

Table 2.1: Electrical conduction of the DiMe-TTF salts. Tmax is the temperature at which
maximum conductivity was observed.

The synthesis of TriMe-TTF was first reported in 1995 [39], and its salts have not yet

been synthesised.

2.4 Bis(ethylenedithio)tetrathiafulvalene Salts
A second family of organic materials exhibiting superconductivity was found in the
ET family. Most of these salts were found to be two-dimensional with some of the interstack
S...S distances being shorter that the intrastack molecular distances. Thus, conduction could
take place in two-dimensional sheets instead of one-dimensional stacks.
The iodine salt of ET produced a lot of interest due to its numerous crystalline

phases. Ten phases, with different physical properties, have been identified by X-ray analysis.

The electrical behaviour of these is summarised in Table 2.2
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ET polyiodides G295K Properties Ref.
(S em™)
o-(ET)21;3 20 Metallic >130K 40
Superconductor
- 30 41
P-(ET)Ls (T, = 1.4-8K)
' Superconductor
- 30 42
O-(ET)ls (To= 3.6K)
Superconductor
- 40-150 42
(B2l (T = 3.6K)
Superconductor
- 15 43
Y-(ET)3(I3)2.5 (T.=2.5K)
n-(ET)I3 107 Semiconductor 44
5-(ET) I3(C2H3Cl3)0.333 15 Metallic > 160K 44
e-(ET)I3(Ig)o.5 107 Semiconductor 44
A-(ET)21515 107 Semiconductor 44
C-(ET)2lp0 107! Semiconductor 45

Table 2.2: Cation-radical salts in the (ET) iodide system.

The transition to the superconducting state occurred for most of the phases at

ambient pressures. An exception was seen for the B-phase, where the pressure of 1 kbar

increased T from 1.4K to 8K.

Transformation between the different phases has been achieved by specific heat
treatment. For example, annealing a-phase crystals at 70-100°C for 10-20 hours produced

B-phase crystals [46]. This phase, called oy-phase to distinguish it from B, is an ambient
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pressure superconductor at 8K. On heating phases with large iodine content, i.e. € and C,

iodine is lost resulting in conversion to the B-phase. In these cases, the resultant crystals

exhibit superconductivity at a higher critical temperature of Tc= 7.5K [47]. By annealing the
B-phase a new one, called B; was discovered [48]. An increase in the transition temperature

was also seen, being 7K for this crystal.

Other salts of ET range from being semiconductors to superconductors. For example,

a~(ET),IBr, was found to be a semiconductor but B-(ET),IBry was superconducting with
T, = 2-2.8K [44]. The B-(ET),ICl, salt was metallic but a transition to the superconducting
state was not observed down to 1.3K. The (ET);CuBr; salt was also found to be

semiconducting (c =0.6 S cm'l) [49].

2.5 Summary

The major landmarks of the development of organic conductors have been presented
in chronological order. The materials, that were of interest in this work, and the physical

properties of their salts have also been discussed in detail.
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CHAPTER THREE

THIN FILMS

| 3.0 Introduction

This chapter is divided into three sections. First, a gen¢ra1 introduction to thin films is
given, followed by some of the experimental techniques for film formation. Thermal
evaporation, the method used in this project is discussed in detail, while other techniques are
briefly mentioned. Previous work on organic thin films depositéd by thermal evaporation is

then considered. Finally, the development and history of organic thin film transistors (TFTs)

is outlined.

3.1 Thin Films

Historically, the physical dimension of thickness was used to draw a distinction
between thick and thin films. A thickness of 1 um (1000 nm) was often accepted as the
boundary. A recent viewpoint is that a film can be considered thin or thick depending on
whether it exhibits surface-like or bulk-like properties. Another view classifies a film
according to its usage: being thin if it is exploited for surfabe properties and thick for bulk
properties. The same coating material can therefore be a thin or a thick film depending upon

the application.

Thin films have a very large surface to volume ratio and thus, can be regarded as ‘all

surface’. The surface of a material may have quite different properties from the bulk. There
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can be many reasons for this but these mostly concern the fact that the surface atoms are not

surrounded on all sides by similar atoms (as are interior atoms).
Thin films have found applications in many fields, the main ones are summarised below:

Optically Functional: Laser optics, reflective and anti-reflective coatings, selective solar
absorbers.

Electrically Functional: Electrical conductors, active solid state devices, electrical insulators
and solar cells

Mechanically Functional: Wear and erosion resistant coatings, hard coatings for cutting
tools.

Chemically Functional: Corrosion resistance coatings, engine blades and vanes, marine
equipment.

3.2 Thin Film Deposition Techniques

3.2.1 Thermal Evaporation

Thermal .evaporation is one of the physical vapour deposition (PVD) techniques.
Historically, the first evaporated thin films were probably prepared by Faraday in 1857 when
he exploded metal wires in a vacuum [1]. In PVD methods, atoms are removed from the

source by thermal means. There are three stages to such processes.

Step 1: Creation of vapour phase species.

Step 2: Material transport from the source to the substrate in the vapour

phase.
Step 3: Condensation and film growth on the substrate.
The transformation of a condensed phase into vapour involves the conversion of the
thermal energy supplied to the evaporant to mechanical energy as represented by the
expansion into vapour. The change in the equilibrium vapour pressure with temperature is

given by the Clausius-Clapeyron equation [2]
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Inp = -£+ const 3.1
RT

where p is the vapour pressure assumes that the heat of evaporation (AH) is constant, T the
temperature, R the universal gas constant and H the enthalpy (Equation 3.1). The process
takes blace in a vacuum environment. The use of low pressures serves to reduce the amount
of impurities in the film and it also enhances the probability of straight line propagation for
the evaporant (see chapter 5). As more vapour atoms arrive on the substrate, the vapour
pressure (at the substrate) increases. When this reaches the equilibrium vapour pressure,
condensation takes‘place and a film is deposited. Some of the most important features of thin

I

film formation by thermal evaporation are discussed in the sections below.

Film Thickness Uniformity

The thickness uniformity of the films resulting from thermal evaporation is an
important factor. Consider evaporation from either a point or a small surface source onto a
parallel plane-receiving substrate surface, as indicated in Figure 3.1. The film thickness t is
given by

dM

1
t:.._
p dA

(.2)

where M; and p stand for the mass and the density of the deposited material, respectively,

while A is its surface area. For the point source

_Mcos§d Mh Mh
dmpr®  Ampr®  Amp(h? +17)*?

(.3)
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where M is the total mass of the evaporated material, © the angle of incidence, h the source-

substrate distance and | the distance on the substrate as seen in Fig. 3.1. The thickest deposit

(to) occurs at 1 =0, in which case t, =M/ 47ph”® and thus

t ]
t, (1+(/h)?}"? G

SUBSTRATE
% Z 2% %

.

Figure 3.1: Geometry of evaporation onto parallel plane substrate from a surface source.

Similarly, for a surface source

(= Mcostkos¢ M hh M h?* , (3.5)
aprr mprrr ap(h?+1%)? '

where ¢ is the angle of emission. For a parallel substrate =¢ and so cos §=cos¢=h/r.

When normalised to the thickest dimensions, or t, =M/ zph’

t 1
& (/T 69

For example, consider 1=1.75 ¢cm and h=5.5 cm. This gives a thickness decrease at the edges

of the sample of 18 %, i.e., if tp=1 um then t=0.82 pm.
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Film Formation

Interest in thin film formation processes dates at least to the 1920s. During research
at the Cavendish laboratories on evaporated thin films, the concepts of nucleation,

coalescence and growth were advanced [3].

Condensation is the transformation of a gas into a liquid or solid.
Thermodynamically, the only requirerﬁent for condensation is that the partial pressure of the
film material in the gas phase be equal to or larger than its vapour pressure in the condensed
phase at the same temperature, i.e. vapour is saturated. However, this is true only if
condensation takes place on film material already condensed on a substrate of the same
substance. In the case where the substrate has a different chemical nature, a third phase, the
adsorbed phase, in which vapour atoms are adsorbed on the substrate but have not yet
combined with other adsorbed atoms, exists. Condensation is initiated by the formation of
small clusters and through combination of several adsorbed atoms. These clusters are called
nuclei and the process of cluster formation is called nucleation. The process of enlargement
and coalescence of the nuclei to finally form a coherent film is termed growth. Frequently,

nucleation and growth occur simultaneously during film formation.
There are three basic growth modes [4] ( illustrated in Figure 3.2):

(i) Three-dimensional (3-D) island, or Volmer-Weber, growth, during which small clusters
are nucleated directly on the substrate surface. The clusters then grow into islands which in
turn coalesce to form a continuous film. This type of growth occurs when the film atoms are

more strongly bound to each other that to the substrate.
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(ii) Two-dimensional (2-D) layer-by-layer, or Frankvan der Merwe, growth occurs when the
binding between film atoms is equal to or less than that between the film atoms and the

substrate.

(iii) The Stranski-Krastanov mode is a combination of the previous two. In this case, after
forming one or two monolayers, further layer growth becomes unfavourable and 3-D islands

form.

3-D Island
Growth

2-D Layer-by-
layer Growth

Stranski-Krastanov

Growth
Figure 3.2: Schematic representation of the three film growth modes.
Direct

R i Adatom
Thermal c-evaporahion Critical Capture
Accomodation I Metastable Size Island l

\ Cluster Cluster Growth
O
Surface Diffusion

Figure 3.3: Schematic representation of processes leading to three-dimensional nucleation
and film growth.
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Figure 3.3 illustrates the mechanism involved in 3-D nucleation and growth. An
impinging flux must be first thermally accommodated on the substrate. This typically occurs
within a few vibrational periods of the surface atoms. The adatoms (adsorbed atoms) can
then diffuse on the surface to interact with other adatoms or re-evaporate. Clusters smaller
than the critical size could dissolve; clusters bigger than the critical size, will continue

growing and thus become islands which in turn coalesce to form a continuous film.

@ e
NUCLEI GROW COALESCENCE

- CONTINUOUS FILM

CHANNELS HOLES

Figure 3.4: Schematic illustration of sequential steps during nucleation and the early stages
of film growth [Ref. 5].-

Figure 3.4 illustrates the various steps involved in thin film formation. Large islands
continue to grow by capture of mobile adatoms and small clusters and/or by coalescence

with nearby smaller islands and occasionally with other larger islands. Thus, the film becomes
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semi-continuous with a network of channels and holes. Secondary nucleation, nuclei growth
and island ‘coalescence can also occur in the voids. The secondary islands are then
incorporated into the growing film as it becomes continuous. The point at which this occurs
depends both on the evaporant and the substrate; for example, a film of gold evaporated on a

glass substrate at room temperature becomes continuous at an average thickness of about 30

nm.

Important Deposition Parameters

The first stages of nucleation and growth depend upon the deposition parameters.

The effect of some of these is described below:

Substrate Surface: Thin films tend, in the first instance, to replicate the substrate on which

they are evaporated (epitaxy). Dust particles on the surface produce pinholes in the film (the

term pinholes is used to express a number of defects in the film, the simplest being a hole).

Substrate Temperature (Tg): This is one of the most important parameters in film growth.

The energy of the incident atoms is already high and consists of two pérts, the latent heat of
evaporation (AH in Equation 3.1) and the thermal velocity attained by the hot vapour source.
The energy retained by the molecules condensing on the substrate depends on the binding
energ}; or heat of adsorption. If this is low compared with the latent heat of evaporation
possessed by the condensed molecule, then the molecule retains high energy and may be

mobile on the surface. A high T provides additional kinetic energy, so that a molecule may

migrate to sites of lower surface potential and form a preferred structure. So, a

discontinuous island structure is predicted to persist and a continuous film will take longer to

31



develop for these values of Ts. At much higher substrate temperature there may be sufficient
energy available for re-evaporation to occur.

An example has been given for gold and silver thin films [6]. On a cold substrate,

these are highly disordered but the nucleation rate is high and continuous films are formed at

low average thicknesses. As T approaches ambient, the structure is more aggregated but
there are signs of a preferred crystal orientation in the aggregates. At higher Ts, a more
pronounced orientation is observed.

Deposition Rate: (affected by the source temperature) Levinstein [7] used the techniques of

electron diffraction and electron rﬁicroscopy to study the surface of evaporated metal films.
He came to the conclusion that when the rate of arrival at a surface is high, there are many
atoms migrating across the surface and the rate of nuclei formation is high. Films formed at
high deposition rates therefore tend to have a smaller grain size than films deposited slowly.
At sufficiently high deposition rates, the film is amorphous. This occurs since the adatoms do
not have enough time to diffuse across the surface and find low energy sites before they are

buried by subsequently deposited adatoms.

Residual Gas Atmosphere: This determines principally the quantity of gas that will be
trapped in the film structure. The use of low pressures reduces this quantity and also

guarantees that chemical reactions between the gas and the evaporant will not take place.

The Co-evaporation Technique

The incorporation of two or more sources for the evaporation of different materials

in the same vacuum is widely used to produce multilayer films. By operating two sources
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simultaneously, it is possible to deposit multiconstituent films which are not amenable to

direct evaporation. The types of sources used are the same as in single-source evaporation.

SUBSTRATE (T,)

Figure 3.5: Two-source evaporation arrangement.

As the two materials evaporate, their vapours meet in the vicinity of the substrate.
The constituent vapour pressures are lower over the compound than over the pure elements.
Thus, the vapour pressure of the compound becomes saturated and a film is deposited. The

degree of saturation needed to deposit the compound but not the pure elements depends on

the condensation coefficients, i.e. on the substrate temperature Ts. Often, the individual
compounds cannot deposit in a specific Ts range. An example is CdSe, compound formation

is only possible within a restricted range of T values [2].

The objective of two-source evaporation is the deposition of films having one
particular stoichiometry. Therefore, the central problem in this technique is the control of

the rate of the constituent vapours. This rate can be partly controlled by adjusting the source

temperatures Ty and T».

33



3.2.2 Other Techniques

In the following, some of the most widely used other deposition techniques are

briefly reviewed.

Chemical Vapour Deposition (CVD): CVD is the process of chemically reacting a volatile

compound of a material to be deposited with other gases, to produce a non-volatile solid that
deposits atomistically on a suitable substrate. The deposited film thickness uniformity
depends on the delivery of equal amounts of reactants to all surface areas. By varying the
experimental conditions such as substrate material and temperature, composition of the
reaction gas mixture, total pressure gas flows, etc., films with defined properties can be

grown.

Sputtering: The ejection of atoms from the surface of a material by bombardment with fast
heavy particles is called sputtering. The process is one of momentum transfer. Sputtered
species (atoms or clusters of atoms) can be condensed onto a substrate in vacuum, as with
thermal evaporation. There are several variations of the basic sputtering process. For
example, if the material is vaporised by irradiation of a laser beam, then the technique is

called laser induced evaporation.

Langmuir-Blodgett (I.B) Technique: Langmuir films are formed by depositing a small

amount of a suitable material in a volatile solvent on the surface of a highly pure subphase,
usually water. When the solvent evaporates, it leaves an expanded monolayer on the water
surface. By slowly compressing the film, this forms an ordered surface layer one molecule
thick. To form LB films, a suitable substrate must be repeatedly passed 'through the surface
layer; The materials used are normally amphiphilic, i.e. they posses a hydrophilic head group

and a hydrophobic tail.
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Spinning: One of the simplest and quickest means of depositing uniform thin films is by
spin-coating. The material deposited is first dissolved in a suitable solvent and is then filtered
to remove particulate matter; finally spreading and spinning at a predetermined speed and
time takes place. Materials deposited by this method do not require to be amphiphilic, as for
LB films. The quality of the films can be controlled by adjusting the substrate temperature

during spinning, the spinning speed and time.

3.3 Evaporated Thin Films of Organic Charge-Transfer Complexes

~ Though the evaporation technique has been used widely for metals and other
inorganic materials, thin film formation of charge-transfer complexes has not yet been studied
widely. These compounds are generally composed of two kinds of chemical species and it

can be difficult to control their stoichiometries in the resultant complex.

3.3.1 Tetrathiafulvalene (TTF)

Yudasaka et al. [8-10], have reported the preparation of (TTF) iodide thin films by
thermal evaporation. Iodine and TTF were evaporated simultaneously in high vacuum, using

the co-evaporation technique. The source temperature for TTF was kept between 50°C and
70°C and deposition rates were maintained between unity and several tens of nm min"". Films
were deposited on mica and their structure was found to depend strongly on the substrate
temperature Ts. For T < 0°C, uncomplexed TTF coexisted with TTF7ls; for T > 25°C,
nothing was deposited; for Ts between 0°C and 25°C polycrystalline films of TTF7ls,

identified by X-ray analysis, were obtained. In the latter case, highly orientated rod-like
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Figure 3.6: Electrical conductivities of an evaporated (TTF);Is thin film, measured parallel
and perpendicular the stacking axis, as a function of temperature (taken from Ref. 10).

crystals were evident by scanning electron/tunnelling microscopy [11]. The dc room

temperature conductivity, o, showed anisotropic behaviour. Measured parallel to the column

axis c, this was several hundreds S cm™ and exhibited a hysteresis loop in its temperature

dependence. Measured perpendicular to the stacking axis, o~10 S cm” and showed no

hysteresis in its temperature dependence. In the latter case, examining the shape of the curve,
three different regions can be identified with transitions at 210K and 150K, Figure 3.6. The
activation energy was 0.055 eV for temperatures between 300K and 210K, 0.15 eV between

200K and 150 K and 0.01 eV between 190K and 120K,
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Figure 3.7: Electrical conductivities of the o-phase (open circles) and the B-phase (full
circles) of an evaporated (BEDT-TTF),I; film as a function of temperature (taken from
Ref. 12).

3.3.2 Bis(ethylenedithio)tetrathiafulvalene (BEDT-TTF)

Kawabata et al [12,13], have prepared (BEDT-TTF) iodide thin films by
evaporation. BEDT-TTF powder doped with iodine, prepared by direct reaction, was used
as the starting material. Films were deposited on a glass substrate and showed dependence
on the source-substrate distance h. For h greater than 3 cm, the resulting films consisted

solely of (BEDT-TTF) molecules. When h was smaller than 3 cm, a strong dependence of

the film structure on the substrate temperature, as for TTF, was seen; for Ts < 50°C,
amorphous films of (BEDT-TTF) iodide were obtained. These were conducting with ¢ =

0.01 S cm™. For Ts = 70°C, films consisted of the a-phase (c =1 S cm'l); for Ts = 80°C,

films consisted of B-phase (c ~1 S cm'l); for Ts> 100°C no iodine was found in the samples.
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Figure 3.7 shows the temperature dependence of the conductivities for the a.- and f- phases.
By annealing the o-phase at 90°C for 40 hours, films consisting of the supercoﬁducting o~
phase were obtained, exhibiting c ~ 0.5 S cm’? [14,15] An island structure was seen after
examination under the STM, with dimensions ~ 1 um and 0.1 um for the o and the ay-phase,

- respectively [16].

3.3.3 TCNQ Salts

In 1974, Chaudari et al. [17] reported epitaxial films of TCNQ-TTF from acetonitrile
solution on NaCl substrates. Polycrystalline films were obtained when T, was kept at or near
room temperature; for Ts = 70°C only two kinds of crystal orientation were seen
(biorientated films) whjlg deposition on a substrate with particular orientation and for
70°C < Ts < 95°C single positioned grains were identified. These layers exhibited a
'conductivity of orr ~ 30 S cm™. For the biorientated films, this‘value was an order of
magnitude smaller.

The method of co-evaporation has also been used to produce thin films of TTF-
TCNQ [18]. The ratio 6f TTF :TCNQ for films on SiO, was examined for different Ts; for
31°C <T, < 42°C, this was found to constant with a value of unity; below this T region the

ratio was greater than one (TTF rich films) and above, less than one (TCNQ rich films). It
was assumed that the morphology of the films consisted of single crystals, in between which

there was amorphous phase. Conductivity values were between 1 S cm” and 100 S em™.

A derivative of TCNQ, 2,5-bis-methylthio-7,7’,8,8’-tetracyanoquinodimethane

(BMT-TCNQ) has also been evaporated [19]. Films on quartz, polyethyleneterephthalate
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(PET) and KBr were crystalline and were in the same phase as that of single crystals,
according to X-ray diffraction analysis. No special care was taken with the substrate

temperature, i.e. substrate was at ambient temperature. The room temperature conductivity

value was c =2 x 10'5 S cm'l.

3.3.4 Phthalocyanines

Vacuum deposited thin films of metal phthalocyanines, formed by the single source
method, have been widely investigated. The effect of the substrate temperature has also been
studied for these materials. Uyeda et al. [20], have evaporated platinum-, copper- and zinc-

phthalocyanines. Films deposited on mica were found to have a different structure for

different values of Ts. For 150°C < T < 170°C, well-defined single-directional orientations
were found; for Ts = 250°C, and for 200°C < Ts < 250°C double-directional and triple-
directional orientations were observed, respectively. Yudasaka et al. [21,22] reported on
evaporated films of Si(Pc)(OH), on mica and glass, obtaining Si(Pc)(OH), for Ts < 200°C
while polymerisation was formed for Ts > 200°C. Lead-phthalocy.anine (PbPc) on alumina

showed a structural dependence on the source temperature, the molecules were found to
fragment if this was above 670K [23]. Christen et al. [24] have also reported evaporated

films of PbPc. In this study, films ‘were deposited on NaCl crystals and consisted

predominantly of the monoclinic form for Ts= 520K and of the triclinic form for Ts= 590K.
Tanaka et al. [25] reported films of PbPcly on mica by evaporating PbPc and subsequently

doping with iodine. Ts was set to 50°C for these films. A difference in structure of

poly(fluoroaluminium phthalocyanine) evaporated films was seen for slow or rapid formation
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rates; an amorphous structure resulted from a rapid evaporation while partially crystalline
layers were obtained for a low deposition rate (0.2 nm sec'l) [26]. One application for

evaporated metal phthalocyanine films is in gas and vapour sensors [27-28].

'The co-evaporation technique has also been used for the formation of phthalocyanine
films. Yudasaka ef al. [30] have reported iodinated nickel phthalocyanine thin films on quartz

by double source evaporation of iodine and nickel phthalocyanine. These films were
conductive with a value of ogr~ 0.1-1 S em’! (conductivities in single crystals vary from one
to several hundreds S cm'l). This value was found to decrease with time, becoming one

order of magnitude less over a period of 60 days.

3.4 Organic Thin Film Transistors

Many transistor devices that exploit the properties of inorganic semiconductors have
been fabricated, e.g. JFET, MISFET, MOSFET. The most widely used transistor structure
incorporating organic layers is shown in Fig. 3.8. This device is termed a thin film transistor
(TFT).

Semiconductor

Source

Oxide layer
Substrate

QGate

Figure 3.8: Schematic view of the TFT structure.
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The arrangement in Figure 3.8 is preferred to other structures as the addition of the organic
film is the final component in the fabrication process. In theory, the gate insulator (oxide
layer in Figure 3.8) should not affect the conduction mechanism in the transistor, which takes
place only through the organic material. The current-voltage characteristics of a TFT are

similar to those of a conventional MOSFET.

Mobility p is an important parameter of the carrier transport. This describes how
strongly the motion of a charge carrier is influenced by an applied field E, and relates the

field to the drift velocity v by
v=uE (3.5)

The transistor’s operating mechanism will be discussed in detail in Chapter 8. In

Table 3.1, a summary of the materials that have been used for organic TFT devices is given.

Material Gate Insulator | Conductivity| Mobility Comment
Deposition Method (S cm'l) (cm2 v! s'l)
Polyacetylene
/
Direct synthesis from polysiloxane 18x10° [31]
CyH; gas
Spin Coating Si02 [32]
Poly (N-
methylpyrrole)
Chemical Si0, 2x 107 1021 [33]
polymerisation
Polythiophene (a) No saturation for
. thick film.
Electrocher.mcal SiO, 10 107 (b) No field-effect for th
Synthesis as-grown film.
[34-36]
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Lutetium

bisphthalocyanine
Vacuum evaporation |zinc phthalocyanine 107 10™-6 SCLC region
on Si0Oy
Si0, No field-effect [37,38]
‘ | -5 -3
Si3Ny4 on SiO; 25x10 3x10 [39]
Thulium
Phthalocyanine
Vacuum evaporation |  Si;Ny on SiO; 107 1.5x 107 [39]
Poly(3-
hexylthiophene)
Spin coating Si0, 10 107-10 [40]
Scandium
diphthalocyanine
Vacuum evaporation nickel 107 [41]
phthalocyanine on
Si0;
- 10° No field-effect
Si0, o field-effec
a-sexithienyl
Vacuum evaporation Si0, 107 2.1x107° [42)
cyanoethylpuillulan 34x10% [43]
polystyrene No ﬁeld'effect [43]
polymethylmetha- No field-effect [43]
crylate
polyvinylalcohol 9.3x10™
po]yvinylch]oride No field-effect [43]
cyanoethylpullulan 41x10" [44]
Si0, 10°-10" [45] -
poly(3-
hexylthiophene)
/arachidic acid
Langmuir-Blodgett Si0, 4x 107 7% 107 [46]
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Quinquethiophene/
arachidic acid

Langmuir-Blodgett SiOy 3 %107 1x10” [46]
Tetracene [47]
Vacuum evaporation Si0, 10710 No field-effect was seen
Pentacene
Vacuum evaporation Si0, 10 2x 107 [47]
Spin coating SisN, 107 107 [48]
Poly(3-
butylthiophene)
Spin coating Si0, 107 [49]
Poly(3-
hexylthiophene)
Spin coating SiO, 1x 107 [49]
Poly(3-
octylthiophene) P
A Si0; 3x10 [49]
Spin coating
Poly(3-
decylthiophene)
Spin coating Si0, 6x 107 [49]
Erbium [50]
diphthalocyanine
Vacuum evaporation SisNy No field effect
Lead phthalocyanine [50]
. : SCLC region
V .
acuum evaporation Si3Ny No saturation was seen
Terthiophene [51]
Vacuum evaporation Si0, 10% No field effect
Quaterthiophene
Vacuum evaporation Si0, 107 2x107 [51]
Quinquethiophene
Vacuum evaporation Si0, 108 107 [51]
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Polythienylenevinyle
ne
Spin Coating Si0, 10°-10° | 22x10" [52]
Ni(dmit), [53]
Langmuir Blodgett |- SiO, : 2.4x107 As-deposited
18x 10" After iodine-doping
EDT(SC18), [54]
. o SCLC region
Langmuir-Blodgett Silica 011 No saturation was seen

Table 3.1: A summary of the organic TFTs and their properties.

The values of mobility found in these devices range from 107 to 107! em” Vst

These are considerably smaller than those observed in inorganic semiconductors (1400 cm”

V‘lv s and 8000 cm? V™' s for electrons in Si and GaAs, respectively). The highest value of
mobility (~1 em? V!g! ) was found for the poly(N-methylpyrrole) TFT. Figure 3.9 shows
the current-voltage characteristic for a successful organic TFT [41]. Vps is the drain-source
voltage, Ip the drain-source current and Vg the gate voltage. However, saturation

characteristics (i.e. constant Ip) are not always observed and sometimes evidence for space-

charge limited conduction (SCLC) is noted. Such behaviour is shown in Figure 3.10 [50].

As evident from Table 3.1, the choice of the gate insulator can affect markedly the

properties of the TFT. For example, for lutetium bisphthalocyanine no field effect was

observed for a TFT using SiO; as the gate insulator [38]. In contrast, a mobility as high as
102 cm? V' s was exhibited for a TFT incorporating an additional insulating layer on top

of the Si0, [39]. The effect of the insulating layer on the TFT properties was also observed
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Figure 3.9: Drain current I, versus drain voltage Vpg for various values of gate voltage VG
for an scandium phthalocyanine thin film transistor (taken from Ref. 41).
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Figure 3.10: Drain current I versusdrain voltage V pg for various values of gate voltage VG

for a lead phthalocyanine thin film transistor. The supralinear behaviour (SCLC region) is
evident (taken from Ref. 50).




for a-sexithienyl; an increase in the mobility from 10% em® Vs to 107 em? Vs was
seen using different insulators [42-45]. This phenomenon has been attributed to carrier
trapping states at the insulator surface. It has been suggested that these surface states can

neutralise the charged species formed in the organic layer by the gate voltage.

3.5 Summary

The deposition method, physical vapour deposition, use‘d‘ for thin film formation in
this work has been discussed. Other formation techniques have also been described briefly.
. The growth mechanism of evaporated films, from nucleation to a continuous film, has been
given. This was followed by a history of evaporated organic charge-transfer materials and an

outline of the organic thin film transistor.
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CHAPTER FOUR

EXPERIMENTAL DETAILS

4.0 Introduction

This chapter provides a description of the techniques used for characterisation of the
semiconduéting evaporated layers. Section 4.1 describes the preparation of the substrates
prior to the evaporation of the thin film. The thermal evaporation method has already been
discussed in the previous chapter and the vacuum system purpose built for this work will be
described in the following chapter. Sections 4.2 and 4.3 outline the techniques used for the

optical, structural and electrical characterisation of the samples.

4.1 Substrate Preparation

Evaporated films were mainly deposited on glass microscope slides of dimensions
2.5x1.5 cm’ . in some cases mica was also used. The cleaning procedure followed was the

same for both substrates. These were first degreased using Decon 90 and rinsed thoroughly
with deionised water before being ultrasonically agitated in pure water for 30 min [1]. Gold

electrodes were then deposited on the clean substrates. The evaporation was performed in an
Edwards E306A vacuum coating system, at pressures less that 10 mbar, using a resistively

heated tungsten boat as an evaporation source. A layer of chromium was deposited first to

improve the adhesion of the gold on the glass/mica. Evaporation thicknesses were controlled
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using a crystal oscillator and a mechanical shutter. Electrodes consisted of a 40 nm gold layer

deposited on 15 nm of chromium.

4.2 Optical and Structural Characterisation
4.2.1 Optical Microscopy
A Vickers M17 optical microscope with reflected and transmitted modes available

was used to study the surface of the evaporated films. The microscope could magnify up to

800 times and was equipped with a camera with which micrographs could be obtained.

4.2.2 Infrared/Visible Spectroscopy
The intensity of light passing through an absorbing material is reduced according to

Beer’s Law [2]
I=1,e™ @.1)
where I is the measured intensity after passing through the material, I, is the initial intensity,

a is the absorption coefficient and 1 is the path length. Eq. (4.1) is often written as

A= —logw{ITO] 4.2)
where A is the absorbance of the sample and is given by 4 = (logio e)al = 0.43al.
The optical absorption spectra were rheasured on a Perkin Elmer Lambda 19
ultraviolet/visible/near-infrared spectrophotometer. An uncoated glass substrate placed in the

reference beam was used for background correction.
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4.2.3 Scanning Electron Microscopy

To study the morphology of the films in more detail, scanning electron micrographs
were recorded using a Cambridge Stereoscan 600 system. This was used in secondary mode
with the elecfron beam accelerated through 25 kV. The samples were pasted onto aluminium
stubs using conducting silver which helped earth and stabilise the sample during study.
Highly insulating samples were coated with a layer of gold to avoid charging under the
electron beam [3]. This gold film was deposited by glow dischargé sputtering using a

Polaron Instrument SEM coating unit.

4.3 Electrical Characterisation.
4.3.1 Elimination of the Contact Resistance

The resistance R of a material between two electrodes is defined as

R=— 43)

where V is the potential difference and I the current flowing between the two electrodes.
Consider first the two-terminal arrangement shown at Figure 4.1(a) where each electrode

serves both as a current and a voltage contact.

TREREWY]

(a)

Figure 4.1: 2) Two-terminal and b) Three-terminal contact arrangements.
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The total resistance is given by

R:¥:2RC+RS

(4.9)

where Ry is the semiconductor resistance and Rc is the contact resistance, defined as the

resistance at the metal/semiconductor interface. To evaluate Rs, Rc must either be known or

Re <<Rs.

To overcome this problem, a three-terminal arrangement, shown in Figure 4.1(b) was

developed [4]. Three identical contacts were made with spacings d; and d;. Assuming

identical contact resistances for all three contacts allows the total resistance to be written as

R. =R_. +2R,
1 s1

(4.5)

where i=1,2, Rgj and Rj are the semiconductor and the total resistances between different

electrodes, as shown in Figure 4.1. Combining the two equations that derive from Eq. (4.5)

for i=1,2, gives

R, -2R. Ry

R,-2R. Ry

But Rs1/Rsy = dy/d;, and by substituting this in Eq. (4.6)

R,-2R, d

M
R,-2R. d,

Solving for Rc gives

— (de] ;Rldz)
© Z(dl _dz)
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The value of R, was then subtracted from the measured resistance to give an accurate value
of the resistance of the evaporated film. The three-terminal contact method was used
throughout this work with d; = 4.46 mm and d; = 1.46 mm. The electrodes length and width
were 5.9 mm and 15 mm, respectively. Apart from evaporated gold, electrical contacts were

also established after deposition of the semiconducting film, using either air drying silver

paint (Acheson 915 electrodag) or carbon cement (Neubauer Chemikalien Leit-C).

4.3.2 Electrical Mealsurements

Electrical measurements were performed in air in a screened sealed sample chamber
which also allowed measurements to be taken under vacuum. Variable bias voltages were
supplied by Time Instruments 2003S voltage célibrators. Dc éurrents were measured using a

Keithley 410A picoammeter. The measurement circuit is shown in Figure 4.2.

111 O

Figure 4.2: Electrical circuit used for conductivity measurements.

The dc conductivity ¢ was calculated from

d
RA

o= (4.9)
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where Rg is the semiconductor resistance, d the distance between the electrodes and A the

cross-sectional area given by A =It, where I is the length of the electrodes and t the

thickness of the evaporated layer [5]. Substituting this into Eq. 4.9)

(4.10)

An Alpha-step 200 was used to measure the thickness t of the organic layers.
4.3.3 Low Temperature Measurements

Low temperature measurements over the range 77-300K were undertaken in an

Oxford Instruments DN 704 exchange gas cryostat. Figure 4.3 shows a cross section.

ﬁ'iLiquid nitrogen entry ports

L | Exchange gas and
Jg / sample space
f 1

Heat exchanger, temperature
sensor and heater

Figure 4.3: Cross section through the cryostat used.

through this system. The sample was pasted on a special holder and electrical contacts were

established using air drying silver paint or carbon cement. Liquid nitrogen was used to lower
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the temperature of the heat exchanger. Helium was the exchange gas between the heat

exchanger and the sample. A W+W312 chart recorder was used to monitor the variation of

dc current with time.

4.4 Summary
The method for substrate preparation has been described. After deposition of the
organic layer, the evaporated films were characterised by optical, structural and electrical

techniques.
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CHAPTER FIVE

DESIGN AND CONSTRUCTION OF A VACUUM SYSTEM FOR

THERMAL EVAPORATION

5.0 Introductibn

For the needs of the research work, a novel vacuum system was designed and built in
the School of Engineering Workshop. In this chapter, this system is described in full. The
vacuum environment is discussed in Section 5.1, while, in Section 5.2, a detailed description
of each component’s function is given. First, the components that were bought commercially

are introduced and then the construction of the vacuum chamber is explained.

5.1 Vacuum Properties

The need for an operating environment for the evaporation of thin films which
interferes as little as possible with the process of thin formation is essential (e.g. eliminates
oxidation of metals during heating, reduces contaminants trapped in the film). Various
‘degrees’ of vacuum are used; their terminology with reference to operating pressure ranges,

is given below.

Low vacuum......................... 760 - 25 Torr (1 - 0.22 bar)
Medium vacuum................... 25 - 10 Torr (0.22 bar - 10” mbar)
High vacuum........................ 107 - 10" Torr (10'3 - 10 mbar)
Very high vacuum................. 10 - 107 Torr (10'6 -10” mbar)
Ultrahigh vacuum.................. 2elow 10” Torr (10'9 mbar)
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5.1.1 The Mean Free Path

In all vacuum deposition techniques, it is essential that the gaseous species travel ina
straight line from the source to the substrate. At high pressures, gas molecules do not
traverse large distances because of frequent collisions and deflection from their path. The
mean distance travélled by particles between successive collisions is called the mean free path
(mfp) A, which depends on pressure. To calculate A, kinetic theory is used. Here, molecules
are assumed to be smooth, hard, elastic spheres of diameter ¢ [1]. A binary collision occurs
every time the centre of one molecule approaches within a distance c of the other. If we

.imagine the diameter of one molecule increased to 26 while the other molecules are reduced

to points, then in a distance A the former sweeps out a cylindrical volume no*h. A collision
will occur under the condition mo*An = 1, where n is the number of molecules per unit
volume. For air at room temperature and atmospheric pressure, A ~50 nm, assuming ¢ ~ 0.5
nm.

A molecule collides in a time given by A/u, where v is its velocity, and using the
relationship above, air molecules make around 10" collisions sec™. Thus, gas particles do

not travel in uninterrupted linear trajectories but, as a result of collisions, they are knocked to
and fro, executing a zigzag motion and accomplishing little net movement. Since the number
of molecules per unit volume n is directly proportional to the pressure P, a simple relation for

ambient air is

A=38x107/P (5.1)

where A is given in cm and P is in mbar. For pressures down to 107 mbar, A is so large that

molecules effectively collide only with the walls of the vessel.
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Reduced pressures also result in a lower gas impingement flux. The latter is a
measure of the frequency with which molecules impinge on, or collide with, a surface. It also
expresses the time required for a surface to be coated by, and contaminated with, a
monolayer of gas molecules. This issue is important when one attempts to deposit or grow

films under extremely clean conditions. In air at atmospheric pressure and ambient

temperature, a surface will acquire a monolayer of gas in 3.49x10” s, assuming all impinging

atoms stick. On the other hand, at 10'° mbar a surface will stay clean for 7.3 h.

For thin film deposition processes, thermal evaporation requires a vacuum between
the high and ultrahigh regimes, whereas sputtering and low pressure chemical vapour

deposition are accomplished between the medium and high vacuum ranges.

5.1.2 Materials In Vacuum

The ultimate pressure achievable in any vacuum system depends on the materials
used in its construction. Outgassing and permeation are two important fgctors [2].
Outgassing is the release of bonded gas and vapour from a surface. Gas can interact with the
surface of the solid and be taken up at it. This behaviour is called adsorption and can exist in
two forms; physisorption and chemisorption. In physisorption, the adsorbate is bound to the
surface by van der Waals forces due to the interaction of fluctuating dipoles. Chemisorption,
which is associéted with higher bonding energies than physisorption, involves a chemical
reaction between the adsorbate molecule and a surface atom. Outgassing will depend greatly
on the history, cleanliness and time of exposure to the atmosphere. Water vapour is the main

component released when a solid surface is exposed to a vacuum.
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Permeation is another means by which gas can find its way into a vacuum system.
This is a three-step process. First, gas adsorbs on the outer wall of a vacuum vessel, then it
diffuses througﬁ the bulk and finally desorbs from the interior wall. If equilibrium has been
established, gas will desorb from the vacuum chamber at a steady rate and the process
behaves exactly like a small leak. Hydrogen and helium permeate through glass, although
glasses do exist that are relatively impermeable to helium. Any gas that is soluble in a metal
may permeate it since permeability is directly proportional to solid solubility. Hydrogen will

permeate most metals but this is least in aluminium.

Several ways of limiting the effects of outgassing and permeation on a vacuum
system have been found. Outgassing can be reduced by exposing the system to atmospheric
air for shorter times as possible and/or using’a suitable cleaning treatment. The process of
outgassing can be accelerated by baking the system at high temperatures for sufficient time.
Permeation only becomes a significant factor in ultrahigh vacuums but even then its effect

can be minimised by careful choice of vacuum materials.

5.2 The Vacuum System

A schematic diagram of the vacuum system used in this work is given in Figure 5.1;
A photograph of the equipment is shown in Figure 5.2. There are two main parts: the
pumping system, which determines the ultimate pressure and the vacuum chamber, in which
evaporation takes place. The pumping system consists of the instruments that create and
- monitor the vacuum. The vacuum chamber is versatile and can be modified according to the

wishes of the researcher.
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Figure 5.1: Schematic representation of a vacuum system showing all components.






5.2.1 Basic Components

Vacua were first produced by mechanical pumps that removed a definite volume of
the gas from the vessel to be exhausted, compressed it and released it to the atmosphere. For
rotary oil-sealed pumps, a sliding vane pump is mainly used [3]. The action of the pump is

illustrated in Figure 5.3.

EXHAUST INLET
]
—N_’_\"ﬁ
VALVE _ OIL
VOLUME 1
VOLUME3 — |
SPRING-LOADED _—|
SLIDING VANE
ROTOR
VOLUME 2

Figure 5.3: Cross section through a rotary oil pump.

The pumpAhas a rotor located off-centre in a cylindrical housing, the stator. The top
of the rotor seats against the top of the bore of the stator closely enough that the lubricating
oil will form a vacuum seal at the junction line. The bore, the rotor, their junction line and the
two sliding vanes form three volumes. Volume 1, connected to the inlet, is expanding. Gases
in the vacuum chamber connected to the inlet can expand into this volume and are removed
from the chamber. Volume 2 contaiﬂs gas that has been removed from the vacuum chamber
and is being compressed. Volume 3, connected to the exhaust through a flapper valve,
contains gas being compressed further. When the pressure in ;lolume 3 reaches atmospheric

pressure, the gas can escape through the flapper valve and out the exhaust to the
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atmospliere. For pressures below atmospheric in volume 3, the flapper valve prevents air
from leaking‘ backwards from the atmosphere into volume 3. When the vane separating
volume 3 from Volume 2 has passed the line connecting volume 3 to the exhaust, there is a
small amount of gas entrapped. Most of the this gas, as it is further compressed, is able to
leak through the vacuum seal between the spring-loaded vane and the wall of the cylindrical
bore of the stator and back into the new volume 3 (formerly volume 2). Some of this gas
leaks into volume 1 through the vacuum seal between the rotor and the bore and thus puts
limits on both the pumping speed and the ultimate vacuum that can be achieved. If a second
stage is added, by connecting the exhaust of the first stage to the intake of the second, lower
pressures can be reached. The lowest pressure obtained by a single-stage rotary vane pump is
about 10 mbar. However, a two-stage may reach an ultimate pressure of 10™ mbar. Rotary
vane pumps have an extremely high compression ratio that allows them to pump drawn-in
gases against atmospheric pressure. This special feature makes these basic pumps suitable for
a wide range of operations. The Edwards 2M8 rotary pump was used in our vacuum system
initially for roughing the chamber down to pressures ~10"2 mbar and afterwards for backing
the diffusion pump. Edwards 17 mineral oil was used as operating fluid. Because organic
materials were évapofated in the system, an Edwards Inlet Chemical Trap ITC 20 with
éctivated charcoal as the sorbent was connected before the pump. This provided protection
against various aggressive vapours which could attack the pump or the pump oil. It also
4 prevented high molecular weight vapours, which can cause lacquering or clogging, from
reaching the pump. But even so, the rotary pump oil had to be changed approximately every

four months.

When the pressure in the vacuum chamber decreases to a value where the mean free

path is greater than the dimensions of this volume, the residual gas molecules experience
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more collisions with the walls than with each other. In this case, it becomes necessary to wait
until the gas molecules travel into the inlet of the pump and then give them a preferred
direction of motion by momentum transfer. This is accomplished by the diffusion pump, the

basic components of which are shown schematically in Figure 5.4 [4].
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_______________ zzzz] | DIFFUSION
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Figure 5.4: Schematic representation of a diffusion pump.

A heater causes the oil to boil and to vaporise in a flue. The vapours flow up the
chimney and out through a series a nozzles. These nozzles direct the vapour stream
downward and towards the water-cooled outer jacket, where it condenses and returns to the
boiler. The vapour flow is supersonic and remains so until it hits the wall. Gases that diffuse
into this supersonic vapour stream are, in general, given a downward momentum and ejected
into a region of higher pressure. Modern pumps have several stages of compression, usually
three or four. Each stage compresses the gas to a successively higher pressure than the

proceeding stage as it transports it toward the outlet.
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resistance wire enclosed in a glass or metal envelope is exposed to the pressure in the
vacuum system while being part of a Wheatstone-bridge circuit. An identical wire in a similar
but evacuated and sealed enclosure serves as a reference. The wire filament is heated by a
passage of an electric current, the temperature of the wire depends on the current passing
through it and the rate of heat loss by conduction, convection and radiation. If the current
passing through the wire is maintained at a constant value then the rate of heat loss will
depend on the thermal conduction by the gas and so on the pressure of the system.

B
A

== B

ANODE

CATHODES

MAGNETIC FIELD

Figure 5.6: Schematic of a Penning ionisation gauge

For pressures lower than 103 mbar, a Penning gauge is used [6]. The principal

arrangement is shown in Figure 5.6. A dc potential of about 2 kV is maintained between a
ring-shaped anode and two cathode plates. Recause of the ubiquitous presence of cosmic
rays and stray radioactivity, a few secondary electrons are liberated from the electrodes.
These initiate soﬁe ionisation, whereupon positive ions strike the cathode with enough
energy to cause substantial secondary errﬁssion with subsequent ionisation of the gas. As a
result, a self-sustaining glow discharge is obtained. The magnetic field causes the electrons to
travel in long helical paths before reaching the anode and to make many ionisation collisions.

The total discharge current, which consists of positive-ion and electron emission currents, is
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used as a measure of the gas pressure of the gauge. There is often a heater attached to the

anode to burn off surface contamination.

To monitor the pressure in our system at all times, an Edwards Pirani-Penning 1005
vacuum gauge was used. The instrument combines a Pirani PRM10K and a Penning CP25K
gauge (operating ranges 200-10" mbar and 102107 mbar, respectively) and therefore can

be used for all pressure ranges. In addition, an automatic protective switch for switching off

the Penning gauge at high pressures was included.

The pumping system, as described above, could create a vacuum in the high range,

with an ultimate pressure between 10" mbar and 10° mbar and thus, was suitable for the

physical evaporation technique.

5.2.2 The vacuum chamber

The vacuum chamber is the most important part of a vacuum system. Modifications
can provide different evaporation conditions to suit to the material that is being evaporated.
The evaporation of organic materials is a relative new area of research and requires special

provisions that most commercial vacuum chambers do not provide.

A novel cha_mber, Figure 5.7, was designed and constructed in the School of
Engineering Workshop. The chamber, of anodised aluminium, was cylindrical with an
outside and inside diameter of 23 cm and 20.3 cm, respectively and 20 cm of height. It
consisted of three pieces: the lid, the main body and the base. The substrate holder was
attached on the lid, the main body was a cylinder and the sources were located on the base.
Two windows, built into the main housing, allowed viewing of the interior. These were made

of 6 mm thick, 3.8 cm diameter pyrex glass. An extra cylindrical ‘spacer’, 5.7 cm high and
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also manufactured from anodised aluminium, was used to increase the source-substrate

distance.

Resistive heating was used to provide the vapour. Several evaporation sources are
commercially available to suit the needs of the particular material to be evaporated. These
include filaments, baskets, boats and crucibles of different shaf)es, sizes and materials [7].
Organic materials are usually in a powder form and a combination of a filament and a
crucible is needed to hold the material in place during pumping down and to provide the

necessary heat for vaporisation. The arrangement used in this work is shown in Figure 5.8.

v
r 1.5cm
Tl !
—>1.27 cm e TITERMOCOUPLE

CAVITY

THERMOCOUPLE

Figure 5.8: The tungsten filament and glass crucible.

The filament was purchased from Testbourne (model B8A) and was made of
tungsten (melting point 3382°C). The crucible was pyrex glass, which can withstand
temperatures up to 400°C, and was specially fabricated in the Durham University
Glassblowing Workshop. To monitor the temperature of the powder in the crucible
accurately, a special cavity, extending both on the inside and the outside of the crucible was
added. To this, a thermocouple (type K of nickel-chromium/nickel-aluminium, operating

range: -50°C to 400°C) was securely inserted during deposition.
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The above combination (filament-crucible) was used for evaporation of TTF and ET.
Todine was also co-evaporated in the system and, as nothing was commercially available for

this type of material, a special crucible was designed and built. This is shown in Figure 5.9.

STAINLESS

STEEL PIPE
PTFE > 2 e \ —
TODINE
2cm

THERMOCOUPLE _—pl - <4— BRASS BASE

POCKET

Figure 5.9: The crucible used as a source for iodine.

The crucible consisted of a brass base, onto which iodine crystals were placed, and a
PTFE cylindrical top of 2 cm diameter. Iodine was vented throﬁgh a stainless steel pipe (2.5
mm diameter) attached to the side. Both ends of the pipe were cut horizontally: (a) at the
inside end to allow more iodine to penetrate and (b) at the outside end to direct iodine to the
substrate. The temperature of the crucible was monitored by a further thermocouple (type K)

that was inserted in a small hole in the brass base.

As iodine evaporates at room temperature at ambient pressures, a means to cool the
iodine crucible, to below 0°C, was required. This system, had also to provide the heat
necessary for iodine vaporisation during deposition. A suitable arrangement used a Peltier
effect heat pump. This is based on the principle that if an electric current passes between two
junctions of dissimilar materials, then heat will be evolved at one junction and absorbed at the

other. The iodine crucible was bonded on a 3x3 cm® Radio Spares (RS) Peltier heat pump

with RS heat sink compound, allowing good heat transfer. The brass base of the iodine
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crucible was easily cooled or heated. During co-evaporation, the filament source and the
iodine source were quite close, so that the temperature of the one could affect the other. The
temperature of the TTF/ET crucible was monitored accurately by the thermocouple attached

to it. To minimise the effect on the iodine source, the top of the latter was made of PTFE, a

poor thermal conductor.

As clear from the discussion above, simultaneous evaporation of more than one
material, was possible. This could be either two materials in the powder form, in which case
two filament-crucible combinations, as shown in Figure 5.8, were used, or one filament-
crucible and iodine. A small modification also allowed simultaneous evaporation from all

three different sources.

The substrate holder is shown in Figure 5.10. It was a cylindrical block, 7.5 cm in
diameter, made of chromium plated brass. This was attached to the chamber lid via two
stainless steel pipes that extended to the outside of the chamber. The pipes were not fixed
but could move vertically to allow an increase/decrease in the source-substrate distance. For
many organic materials it is necessary to cool or heat the substrate to obtain high quality thin
films. An 4x4 cm’ Peltier device, on which the glass/mica substrate was bonded was used
here (as for the iodine crucible). Heat sink compound provided an adhesive bond between
both the substrate holder and the Peltier device, and the Peltier and ihe substrate holder.
Mecﬁanical leaf springs made sure that the substrate would remain in place. To monitor the
temperature of the substrate, a thermocouple (type T of copper/copper-nickel operating
range: -200°C to 400°C) was attached, via a mechanical clamp and heat sink compound, to a

separate substrate piece of smaller dimensions.
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Figure 5.10: Schematic presentation of the substrate holder. On closer view the substrate
configuration is evident.

A mechanical shutter was used to regulate the amount of material deposited. This
was a stainless steel disc of 5 cm diameter and of adjustable height. It was placed about 1 cm

below the sample and was removed during evaporation.

To maintain uniform temperature in Peltier devices it is necessary to extract heat
from one side while supplying it from the other. As both Peltier devices (for the substrate and
for the iodine source) were used mainly for maintaining temperatures below 0°C, heat was
removed from their baék side by circulating cool water. A reservoir to hold a small quantity
of ﬂuid was placed behind each Peltier. Water was cooled and circulated by a 2I0-RAD

4875 refrigerated circulator. The ultimate negative temperature that could be achieved at one
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surface of the Peltier device was related to the temperature on the other side, the maximum
difference being 67°C. The devices have a maximum operating temperature of 110 °C, while
in theory no limit exists for negative temperatures. Ry using water at 5°C, the ultimate
cooling temperature of both the substrate and iodine source was -25°C. Using special oils,
the temperature of the cooling fluid could be lowered below 5°C and thus, the temperature

of the substrate/iodine crucible could be lowered further.

Each thermocouple was connected to a CAL 9900 température controller. For the
filament and the substrate Peltier, the power was supplied by two ZENITH Z404
transformers. For the iodine Peltier, a dc power supply was designed and manufactured in

the School of Engineering Electronic Workshop.

For some of the materials evaporated, the sticking coefficient was zero when the
substrate was kept at ambient temperature and it was necessary that this was cooled with the
help of the Peltier heat pump during deposition. To avoid water condensation on the film,
nitrogen gas was introduced via a dedicated connection to the chamber. This was used first
to bring the chamber to ambient pressure and then to bring the thin film to ambient

temperature.

To avoid cross-contamination, the vacuum plant was dedicated to the evaporation of
organic materials and the chamber was cleaned thoroughly with a solvent, mainly acetone,

after an evaporation was performed.

An extractor fan was placed a short distance above the chamber to remove the
vapour of the evaporated materials after the chamber was opened. As the latter were mainly
organics and therefore toxic, the fan provided a fast and effective protection for the

researcher. The fan was connected to a fume cupboard that removed the fumes further via a
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filter and eventually released them to the atmosphere. A face mask provided further

protection against toxic fumes while all handling of the chamber was carried out using rubber

gloves.

5.3 System Specifications

The full specifications of the purpose-built system are summarised below. The

specifications of each instrument with operating conditions are given also.

‘Vacuum Range
Penning gauge range 102-107 mbar
ultimate vacuum 10°-10 mbar
typical pumping time 90-120 min

(from atmospheric to ultimate pressure)

TTF/ET source temperature : Maximum value
temperature controller limit 1800°C

source crucible limit 400°C
thermocouple (type K) limit 400°C

their combination 400°C

Iodine source temperature Minimum value

Components limits

temperature controller limit o -200°C
thermocouple (type K) limit -50°C
cooling fluid limit _‘ -10°C
Peltier with the above cooling fluid -80°C
their combination -50°C
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operating conditions in this work .

cooling fluid (water) 5°C

Peltier with the above cooling fluid -25°C

their combination -25°C
Substrate temperature . Min/Max value

components limits

temperature controller limits -200°C/1800°C
thermocouple (type T) limits -200°C/400°C
cooling fluid limits -10°C/70°C
Peltier with this cooling fluid -80°C/110°C
their combination -80°C/110°C

operating conditions in this work (the substrate temperature was only lowered)

cooling fluid (water) 5°C
Peltier with the above cooling fluid -25°C
their combination -25°C

5.3 Summary

The vacuum system used for the thermal evaporation of organic materials has been
described. Components of the pumping mechanism were all purchased commercially while

the chamber was designed especially for the needs for the experiment.
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CHAPTER SIX

FORMATION OF THIN FILMS OF TTF USING THE SINGLE
SOURCE AND CO-EVAPORATION TECHNIQUES: RESULTS AND

DISCUSSION

| 6.0 Introduction

In this chapter, the structural, optical and electrical behaviour of thin films of (TTF)
iodide are discussed. The effect of deposition rate on the film structure is also reported. Two
ldiﬂ'erent deposition methods were used for the thin film preparation: single source
- evaporation and co-evaporation. In the former case, doping was achieved after deposition of
the film, while for the latter, doping occurred during the evaporation process.

’

6.1 Single Source Evaporatiofl of TTF

6.1.1 Film deposition

TTF powder, with a rpelting point of 120-123°C and 97% purity, was purchased
from Aldrich and used Withc;ut further purification. The molecular fonﬁula of TTF is shown
in Figure 6.1. A small quantity (35-50 mg) was placed in a glass crucible whose temperature
was continuously monitored. It was then heated up slowly, pnder vacuum, and the

temperature at which evaporation occurred determined by the change in the Penning gauge

reading. Evaporation was found to commence at a temperature of 50°C for a background

pressure of 2x10” mbar. To examine the effect of the source temperature, this was varied
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from 50°C to 80°C in 5° steps. Glass microscope slides of dimensions 25x15 mm® were used

as substrates. The source-substrate distance was set to 13 cm. Doping was achieved by

exposing the evaporated films to iodine vapour in a sealed container. .

)=

Figure 6.1: Molecular formula of TTF.

It has been reported [1], and was verified here, that the sticking coefficient of TTF is
zero, i.e. no film would deposit, when the substrate was kept at temperatures above 0°C.

After some experimentation with the substrate temperature (Ts), it was decided that all

evaporations would be performed at Ts = -10°C. The deposition conditions are given in

Table 6.1.
Source Temperature Thickness Deposition Rate

C) (um) (nm min™)
5042 1.14£0.2 7316
5582 1.1+0.1 100£13
60+2 1.310.3 140136
6512 1.3+0.2 170+30
7012 ‘ 2.310.2 230427
7542 0.8+0.2 400+112
8012 ‘ 1.510.1 480148

Table 6.1 Relation between the source temperature and deposition rate. A summary of the
films prepared.
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6.1.2 Film Morphology

The structure of the thin films was polycrystalline and found to depend markedly on
the deposition rate, ie. on the source temperature (Ts). Doping with iodine was
accompanied by a marked change of colour from light yellow fo black. A photograph of a
typical (TTF) iodide evaporated thin film ié shown in Figure 6.2. The morphology of the thin
ﬂlms was not affected by doping. The rate of film formation is determined by the number of
vapour atoms reaching the substrate per unit time and this is direcﬂy proportional to the rate
of evaporation. Increasing the source temperature increases fhe vapour flux. Films deposited
at a Tsc = 50°C consisted mainly of needle-type crystals in between which isolated crystalline
plates (plateiets) could seen. Films were not upiform and the existence of pinholes was
evident. Figure 6.3 shows an optical micrograph of a (TTF) iodide thin film prepared at Ts
= 50°C. Figure 6.4 compares electron micrographs of (TTF) iodide films evaporafed at Ty
of 50 and 60°C, respectively. At a source temperature of 60°C, the morphology of the
deposited film consists of approximately equal quantities of needles and platelets. The
diameter of the crystalline needles was measured to be about 10 pm for a 1.3 pm thick film.
These films were more uniform than those deposited for Tsc=50°C, uncoated areas were still
evident but the size of these had decreased. Further increasing the source temperature
resulted in films consisting solely of platelets (Figure 6.5(a)). The micrographs suggested
that film formation proceeded in the 3-D island growth mode (Section 3.2.1). At a source
temperature of 80°C, a change in morphology was evident, with the films consisting of

flakes (Figure 6.5(b)).
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Summarising, a change in film structure with the value of Tsc was observed. For low
deposition rates (low values of Tyc), films consisted mainly of needle type crystals (large
grain size). Increasing the deposition rate (high values of Ts) resulted in films consisting
solely of crystalline plates (finer grain size). The size of the needles (~10 um) was found to
be much greater than fhe size of the platelets (<4 pm). The effect of deposition rate on the
film formation has been reported before for evaporated thin films of metals. In his book,
Holland [2] notes that high rates of film formation results in more nuclei initially formed.
This produces a fine grain structure. Ohring [3] has come to the same conclusion: ‘..it is
clear that increasing the deposition rate results in smaller islands’ (see Section 3.2.1). The

higher deposition rate obtained for a Tsc =80°C, resulted in a completely different structure,

possibly amorphous.

6.1.3 Infrared/visible spectroscopy

The films were characterised using optical absorption spectroscopy. In the literature,
only the optical spectrum of TTF in solution is available [4,5]. The differences between the
optical spectra of a compound in the solid state and in a solution generally arise from the fact
that intermolecular interactions are much weaker in the solution phase. For the sake of
comparison, the optical spectrum of powder TTF was obtained following the procedure
below:

TTF powder was mixed with NUJOL to make a thick paste and was spread on a
glass microscope slide. The spectrum of TTF powder, in the visible and near infrared regions

was then obtained (Figure 6.6(b)).
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Figure 6.6 compares the solution and solid spectra of TTF. A band at 380 nm exists
in both cases but the band around 450 nm in the solution spectrum is shifted and split into
two in the powder spectrum, at 490 nm and at 510 nm. Figure 6.7 shows the optical
spectrum of a typical as-deposited evaporated TTF thin film. This is similar to that of
powder TTF. The band at 380 nm was always present in the as-deposited films and the two
closely spaced absorptions at 490 nm and 510 nm were either exhibited separately or as one
broad band around 500 nm. According to Hunig et al. [4], all the above absorptions are

attributed to intramolecular excitations within the TTF molecule.

The optical spectra of the doped samples were similar to those from the literature

[5-8]. Figure 6.8 shows a typical optical spectrum of a (TTF) iodide evaporated thin film.
The bands at 380 nm and 500 nm in the as-deposited spectrum are slightly shifted to 400 nm
and 560 nm, respectively. Two new absorptions, at 870 nm and 1550 nm, appear in the near
infrared region. According to Sugano ef al. [5], the absorption bands around 400 nm and
560 nm are due to intramolecular transitions of TTF" ions and that ét approximately 870 nm
is attributed to intermolecular charge-transfer between TTF™ ions within a stack. In
particular, it is interpreted as an isovalence transition of the type

TTF™ + TTF"— TTF*" + TTF’
In the near infrared region, an absorption around 1500 nm can be seen. A study by Scott ez
al. [6] on powdered samples of (TTF)-halide systems reveals a band around 2000 nm which
is consistent with the high conductivity (= 400 S cm™ at room temperature). This is
" attributed to an intervalence transition of the type

TTF® + TTF — TTF ™ + TTF’
The 1500 nm band is almost certainly associated with the mixed valence state, necessary for

the compound to be electrically conductive.
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Figure 6.6: The spectrum of TTF, (a) in acetonitrile solution, as taken from Hunig et al . [4],
and (b) in powder form as measured in this work.
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6.1.4 Electrical Characterisation

Linear current versus voltage behaviour was noted for all TTF films investigated.
Figure 6.9 shows the I-V characteristics for an evaporated TTF film, both before and after
doping. Using the three point probe method (Section 4.3.1), the effect of the contact
resistance was eliminated. Table 6.2 contrasts the in-plane, dc room temperature

conductivity for the as-deposited and iodine doped films.

Source Temperature (°C) | In-plane, dc conductivity | In-plane, dc conductivity

as-deposited after iodine doping
Gas(S cm™) Gaop(S cm™)

5042 (7.1£1.9)x107 2.240.6

5542 (7.0+1.9)x10” 2.340.6

602 (1.240.4)x10® 43415

6542 (4.9+1.7)x10° 6.142.1

7042 (4.2+1.1)x107 | 5.8+1.6

7542 (3.4+10)x10° 8.0+2.4

802 (1.30.4)x107 0.68+0.2

Table 6.2 In-plane, dc room temperature electrical conductivity for the undoped and iodine
doped TTF thin films.

The as-deposited TTF thin films exhibited dc room temperature conductivity values

in the range 1.24x10” to 4.9x10° S cm™.

These figures are considerably higher than that
reported by Wudl et al. (6(25°C) = 1072 cm'l) [9]. We believe that the reason for this is

the impurities present (3%) in the TTF powder used as the starting material. Low impurity

levels in inorganic semiconductors are well-known to affect the resistivity. An example is
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Figure 6.9: In-plane, dc room temperature current versus voltage characteristic fora 1.3 um
TTF thin film, (a) as-deposited and (b) after iodine doping.



silicon, where even an addition of 2 ppm of arsenic reduces the resistivity by a factor of 10°
[10].

As can be seen from Table 6.2, an increase iﬁ the in-plane, dc room temperature
conductivity of almost seven orders of magnitude was observed upon doping, with values
ranging between 0.68 and 8.0 S cm™. This suggests that charge-transfer between the TTF
molecules and iodine was established. The conductivity value also implies that the degree of
charge-transfer between the donof and acceptor molecules was less than unity and that the
complex was in the mixed valence state, in complete agreement with results from the optical
spectra. Single crystals of (TTF) iodide [9,11,12] have exhibited much higher conductivities
(100-450 S cm™) but this difference can be explained by the polycrystalline nature of the
evaporated films. Grain boundaries (i.e. the interface between two adjacent single crystal

regions) exist in polycrystalline films and can represent an obstacle to electron conduction.

Erom the Table 6.2, it is evident that the in-plane, dc room temperature conductivity
of the undoped films increases (though only slightly) with increasing source temperature,
until the latter reaches 80°C. At this temperature, a significant decrease is observed to a
figure lower than that exhibited at a source temperature of 50°C. The conductivity of the
films after iodine doping seems to follow the same pattern. One reason for this concerns the

method used to measure the conductivity G, given by

_1d

i (6.1)

where I and V are the current and voltage, t the thickness of the film and | and d the
electrode’s length and separation, respectively. The electrode pattern used for electrical

characterisation was the same for all films prepared. Implicit in the calculation of ¢ from
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Equation (6.1) is that the entire area between the electrodes was uniformly covered with

TTF. However, the electron micrographs suggest (Figure 6.4) that this was not true for low

values of Ty (i.e. existence of pinholes). The erroneous assumption leads to a lower value of

o. For high values of Ty, this experimental error becomes less significant because the total
uncoated area is decreased. The significant decrease in the conductivity observed for
T5.=80°C could result from the different morphology exhibited for this temperature (Figure

6.4(b)). This could also imply a different crystallographic phase of (TTF) iodide thin films.

Figure 6.10 shows the temperature dependence of the in-plane, dc conductivity of an
(TTF) iodide thin film. Examining the shape of the curve closely, three different regions can
be identified with transitions at 160K and 130K. The calculated activation energy was 0.095
eV for temperatures between 290K and 180K, 0.083 eV between 160K and 140K and
0.073 eV between 130K and 100K. If a single activation energy over the entire temperature
range was assumed, a value of 0.09+0.02 eV was obtained. No hysteresis was observed
during the warming up cycle. For single crystals of the monoclinic form of (TTF)lp7, a
transition, attributed to intrachain interactions, has been reported at 210K [9,14]. Below this
temperature a change in AE from 0.084 eV below 170K to 0.12 eV between 170K and
210K was seen. The former value compares well to that exhibited by our evaporated films
for intermediate temperatures (0.083 eV). For the single crystals, a clear hysteresis loop has
also been noted: The origin of this has been attributed to interchain interactions (it has been
suggested that interchain coupling is weak and individual chains do not go through the
transition at the same temperature [15,16]). The evaporated films reported here exhibited no
such hysteresis. However, the stacking axis in our films was ill-defined (i.e. the.ﬁlms were

polycrystalline). The conductivity measured was therefore a mixture of the conductivities
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Figure 6.10: In-plane, dc room temperature conductivity versus reciprocal temperature for a

1 um thick (TTF) iodide thin film. The arrows indicate the transition temperatures.
Conductivity values were evaluated for V=5 V.
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Figure 6.11: Time dependence of the in-plane, dc room temperature conductivity in air of a

1.3 um thick (TTF) iodide thin film. Conductivity values were evaluated by measurement of
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along and perpendicular the stacking axis. The temperature dependence of the conductivity

of the evaporated films was the same, within experimental error, for all films prepared with

Tsc<80°C.

The value of the in-plane, dc room temperatlire conductivity was found to depend on
time. In particular, samples stored in air were stable over a period of 20 days, after which a
decrease was seen (Figure 6.11). The conductivity was monitored for a total period of 240
days, revealing a drop of three orders of magnitude. This significant decrease cannot be
attributed to a decrease in iodine content since re-doping did not restore the high
conductivity. This long term degradation of the conductivity is probably associated with
structural/chemical changes in the film, perhaps resulting in a different phase. However, no

differences in the film morphology were apparent on examination under the SEM.

6.2 Co-evaporation of TTF and Iodine

6.2.1 Film deposition

A second evaporatién source, for iodine, was added to the vacuum chamber. A
crucible, as described in Section 5.2.2, was used for this. To allow comparison with films of
(TTF) iodide prepared by single source evaporation,‘ the substrate temperature was kept at
-10°C (Section 6.1.1). The source-substrate distance was set to 6 cm and the.chamber

volume reduced to allow the two evaporating materials to mix and react before condensing

on the substrate. Glass microscope slides of dimension 15x25 mm? were used as substrates.
The chamber was maintained -a pressure of 2.5x10” mbar. The source temperatures of both

TTF and iodine sources ( Tse(TTF), Tsc(I)) were varied. Tables 6.3-6.5 show the conditions

used to prepare a range of films. -
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Tse(I) Thickness Deposition Rate
O (um) (nm min"")
0+2 1.7+0.2 85+10

-10£2 1.0+0.2 337

-20+2 0.2+0.02 11£2

Table 6.3: A summary of the films prepared with T(TTF) = 50°C.

Deposition Rate

Ts(D) Thickness
(°C) (um) (nm min™)
0+2 0.7+0.2 100+28
-10+2 0.4+0.1 57+14
-2042 0.7+£0.2 70£20

Table 6.4: A Summary of the films prepared with T(TTF) = 60°C.

Te(D Thickness Deposition Rate
(°C) (nm) (nm min™")
02 0.6£0.1 300+51

-10£2 1.240.1 630+60

2052 0.6£0.2 26490

Table 6.5: A summary of the films prepared with T(TTF) = 70°C.

6.2.2 Film Morphology

The colour of the films varied according to the iodine content, which, in turn, was

related to the jodine source temperature Tsc(I). Films prepared at a high T (I) and low
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Ts(TTF) were as black as those prepared by single source evaporation, shown in Figure 6.2.

Different combinations of Ts(I) and Ts(TTF) resulted in films with colours ranging from
dark purple to dark yellow. Figure 6.12 shows a photograph of a film prepared with
Tse(I)= -20°C and Tso(TTF)= 50°C. The morphology of the films was also found to depend
on the preparation conditions. Deposition rates for the (TTF) iodide films ranged from
significantly lower (11 nm min'l) to higher (630 nm min'l) values compared to those
observed for films prepared with the single source evaporation. Figure 6.13 shows an optical

micrograph of a 0.6 um thick (TTF) iodide thin film prepared with Ts(TTF) = 70°C and
Ts(I) =-20°C while Figure 6.14 shows electron micrographs of two (TTF) iodide samples

prepared under different conditions. These suggest 3-D island growth (Section 3.2.1).
Deposition was found to be quite uniform. Pinholes still existed but the size of these had
considerably reduced compared to films prepared by the single source evaporation (e.g.
compare the optical micrographs in Figures 6.3 and 6.13). In general, the pattern that was '
followed by the (TTF) iodide films prepared by the single source evaporation was also
followed by the films prepared by the co-evaporation, i.e. low deposition rates result in large
grain size and higher deposition rates in smaller grain size. Figure 6.14(a) was prepared with
a much' higher deposition rate than (b) and the difference in the crystal size is clearly evident.
In co-evaporated films, the large needle-type structure seen for films prepared by single
source evaporation was not observed, the grain size was, in general, found to be smaller.
This is also evident by comparing micrographs of films prepared by the two evaporation
methods and with similar deposition rates. The grain (needles/platelets) size seen in Figure

6.4 (a) is larger than that (platelets) in Figure 6.14(a) even though the deposition rates were

comparable (73 and 85 nm min™" for the two films).
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6.2.3 Infrared/visible spectroscopy

As expected, the optical spectra of the (TTF) iodide films prepared with the co-
evaporation technique exhibited similarities to those of the (TTF) iodide films prepared with
the single source evaporation technique. Figurés 6.1*-17 show the optical spectra of the
(TTF) iodine thin ﬁlms, grouped according to Ts(TTF). Rands around 320, 400 and 20
nm were exhibited by all films. These are due to local excitations and their origin has been
explained before (Section 6.1.3). The 870 nm absorption, present only in the spectra of some
films (especially those with high Ts(I)), is attributed to charge-transfer between TTF
molecules. In the near infrared region a band, whose location changed from film to film,
would appear. The (TTF) iodide films prepared by single source evaporation exhibited an

absorption at similar wavelengths. This was attributed to transitions of the sort:

TTF" + TTF'—> TTF’ + TTF

However, for the single source evaporated (TTF) iodide films, the position of this band did
not depend on the preparation conditions. This different wavelength for the maximum of this

band in the co-evaporated films probably reflects the different degree of iodide doping.
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Figure 6.15: Optical spectra for (TTF) iodide films deposited on a glass substrate with
Tsc(TTF) = 50°C, (a) 1.7 um thick and with Tsc(I) = 0°C, (b) 1 um thick and with Tgc(I) =

-10°C and (c) 0.2 um thick and with Tsc(I) = -200C.
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Figure 6.16: Optical spectra for (TTF) iodide films deposited on a glass substrate with
Tso(TTF) = 60°C, (a) 0.7 um thick and with Tgc(I) = 0°C, (b) 0.4 pm thick and with Tsc(I) =

-10°C and (c¢) 0.7 pum thick and with Tgc(I) = -20°C.
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Figure 6.17: Optical spectra for (TTF) iodide films deposited on a glass substrate with
Tso(TTF) = 70°C, (a) 0.6 pm thick and with Tgc(I) = 0°C, (b) 1.2 um thick and with Tsc(I) =

-10°C and (c) 0.6 pum thick and with Tgc(I) =-20°C.



6.2.4 Electrical Characterisation

The in-plane, dc room temperature conductivity of the thin films depended on the

preparation conditions. Ohmic behaviour was observed for all samples investigated (Figure

6.18).

Current (Amp)
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Figure 6.18: In-plane, dc room temperature current versus voltage characteristic for a 1.7
pm thick (TTF) iodide thin film prepared with Ts(TTF) = 50°C and Tg(I) = -10°C.

The conductivity values are summarised in tables 6.6-6.8.

Tse(D) Thickness o
(°C) (um) (S em™)
0£2 1.7+0.2 29404 .

-10+£2 1.0+0.4 1.5+0.4

-20+2 0.2+0.3 1.2+0.2

Table 6.6: In-plane, dc room temperature conductivity for samples prepared with
Ts(TTF) = 50°C.
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T.(T) Thickness c
(°C) (im) (S em™)
0£2 0.7 (1.4£0.4)x10°

“10+2 0.4+0.3 0.13£0.02

22042 0.7+0.2 (4.9+1.6)x107

Table 6.7: In-plane, dc room temperature conductivity for samples prepared with
Ts(TTF) = 60°C.

Ts(D) Thickness c
O (um) (S em™)
0+2 0.6+0.2 (6.3+1.3)x107
-10£2 1.2+0.1 (1.2+0.16)x10”
~20+2 0.6+0.2 (2.2+0.16)x10™

Table 6.8: In-plane, dc room temperature conductivity for samples prepared with
Ts(TTF) = 70°C.

As can be seen from Tables 6.6-8, dc room temperature conductivity increases with
increasing Tsc(I). For Ts(TTF) = 70°C, an increase of two orders of magnitude is observed
for every 10°C increase in the Tso(I). This is explained by the fact that higher iodine content

provides more charge carriers. The sample deposited with a Tse(I) = -20°C, exhibits a dc

room temperature conductivity very close to that of as-deposited TTF samples (Table 6.2).

Evidently, not enough iodine is present in the film.

For Ts(TTF) = 60°C, an increase is also observed for Tg(I) = -20—>-10°C with a

high value of conductivity exhibited for Ts(I) = -10°C. Further increase in Ts(I) resulted in
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a decrease in conductivity to a figure lower than exhibited for Ts(I) = -20°C. As can be seen
from Figure 6.16, all three samples prepared with Ts.(TTF) = 60°C exhibited the full charge-

transfer band around 870 nm. In the case of the film prepared at Ts(I) = 0°C, this band was

much stronger. A decrease in the value of conductivity for this film would, therefore, be

expected.

For Ts(TTF) = 50°C, no significant differences were observed for different values of

Ts(I). We believe that the low value of Ty (TTF) allowed more time for the two

components to react before depositing on the glass substrate. The highest value of the in-
plane dc room temperature conductivity is similar to that exhibited by the (TTF) iodide films

prepared by the single source evapdration technique.

The temperature dependence of the dc conductivity for two of the more conductive
(TTF) iodide films (c=29S cm’! prepared with Ts(TTF) = 50°C and Ty(I) = 0°C and
for o =lO. 13 S cm’ prepared with Tg(TTF) = 60°C and Tg(I) = -10°C ) was investigated

and found to be similar. This is shown in Figure 6.19. Examining the shape of the curve, two
| regions can be seen with a transition occurring at 120K. The activation energy varied from
0.21 eV between 300K and 130K, to 0.14 ¢V between 120K and 100K. If a single activation
energy was assumed over the entire temperature range, its value would be 0.2+0.02 eV. This
latter ﬁgure is close to that one being reported for (TTF) iodide films (0.25 eV) prepared by

the LB technique [17]. It is also similar to the 0.24 eV value reported for single crystals of
orthorhombic (TTF) I,. In the latter case, the dc conductivity measured along the stacking
axis was three orders of magnitude lower that the oﬁe reported here for our evaporated films

[13]. A small amount of hysteresis was noted in Figure 6.19. Single crystals of (TTF) Io7
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Figure 6.19: In-plane, dc room temperature conductivity versus reciprocal temperature for a
0.7 um thick (TTF) iodide thin film prepared with T (TTF) = 60°C and T(I) = -100C. The
transition temperature at 120K is also shown. Conductivity values were evaluated for V=5 V.
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Figure 6.20: Time stability of the in-plane, dc room temperature conductivity in air for a
1.7 um thick (TTF) iodide thin film prepared with Tsc(TTF) = 60°C and Tgc(I) = -100C.
Conductivity values were evaluated by measurement of the I-V over the range -20 V to 20 V.



have exhibited a similar but much stronger hysteresis loop in the dc conductivity measured
along the stacking axis of the TTF radical cations [13,14]. Yudasaka ef al. [1,18], have also
reported (TTF) Iy thin films prepared by co-evaporation. In their films, domains of highly
orientated rod-like crystals were identified by scanning electron microscopy [19] and
measurements of the dc conductivity along and perpendicular the stacking axis were
possible. These workers reported a hysteresis loop in the temperature dependence of the
conductivity along the stacking axis but a single activation energy was observed for the dc
conductivity measured pe;rpendicular to the stacking axis. Conductivity values measured

along and perpendicular to the stacking axis were of the order of 500 S cm and 10 S cm'l,

respectively [20]. This latter value compares well with the values exhibited for films
_prepared in this work, both by the single source and co-evaporation. However, the structure
of our evaporated films was found to be polycrystalline. Dc conductivity values measured in
this work are mixtures of the conductivities measured along and perpendicular the stacking
axis. This is a possible reason for our lower conductivity observed (compared to that of

Yudasaka’s films along the stacking axis) and the smaller hysteresis loop exhibited.
Finally, we tried to repeat the preparation conditions of the films reported by
Yudasaka et al. [1], these were: Ts(TTF) = 60°C, Ty (I) = 0°C and Ts = 14°C. Samples

were deposited on glass and mica but their in-plane, dc room temperature conductivity was

5-8 S cm'l, in contrast with the value of 300 S cm reported by Yudasaka ef al. Our films

were polycrystalline and we cannot be sure why the domains of highly orientated crystals

observed in the films reported by Yudasaka et al., were not observed in our films.

As for the (TTF) iodide films prepared by the single source evaporation, the value of

the in-plane, dc room temperature conductivity of the co-evaporated films was found to
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depend on time. Samples stored in air were stable for a period of 15 days after which a
decrease was seen (Figure 6.20). A drop in conductivity of three orders of magnitude was
observed after a period of 105 days. Re-doping did not restore the previous value of
conductivitg and, as for the single source evaporated (TTF) iodide films, a structural (that

SEM analysis could not reveal) or a chemical change must have taken place in the film.

6.3 Comparison Between the Two Types of Films

The (TTF) iodide thin films produced by the single and co-eyaporation techniques
showed several similarities. The optical spectra of both exhibited the same bands in the
visible region. In the near-infrared, an absorption around 1500 nm was evident for the films
produced by single source evaporation. This absorption, identified as a mixed-valence band,
was also present in the spectra of co-evaporated films but its location varied from 1300 nm
to 2500 nm, depending on the preparation éonditions. The in-plane, dc room temperature

conductivity of the co-evaporated films ranged from 2.2x10° t0 2.9 S cm'l, the highest

value being in the same order of magnitude as that exhibited b\} the single source evaporated
films. One significant difference was noted in the activation energy values measured. The
figure for the co-evaporated films (0.2 eV) was almost twice that for the single source
evaporated films (0.09 eV). Both tgpes of film were found to be polycrystalline and therefore
have a limited conductivity due to grain boundaries, the density of which were greater for the
co-evaporated films (due to the smaller grain size). This could explain the larger activation
energy measured. On the other hand the difference in AE could suggest different
. crystallographic phases for the two types of films. The conductivity value for both films was

found to depend on time but co-evaporated films were more unstable. In particular, the time
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required for the same decrease of three orders of magnitude in conductivity, was for the
single source evaporated films almost double (240 days) that for the co-evaporated films

(105 days).

6.4 Summary

Thin films of (TTF) iodide were deposited on glass using two different vacuum
evaporation techniques. First, a single source (TTF) was used and the films were doped with

iodine after deposition. Films were conductive with dc room temperature conductivity values
between 0.68 and 8.0 S cm™’. For the second technique, TTF and iodine were evaporated
simultaneously from two separate sources. For these films, the dc conductivity covered an
extended range of values ( 10°-10 S cm'l), according to the iodine content. Similarities were

exhibited in the optical spectra and in the in-plane, dc room temperature conductivities for
the two types of films. However, the thin layers prepared by single source evaporation were
found to be more conductive, more stable and easier to produce than those prepared by co-

evaporation.
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CHAPTER SEVEN

OTHER MATERIALS : RESULTS AND DISCUSSION

7.0 Introduction

In this chapter, evaporated films of three related organic materials are reported. Two
of these derive from TTF and were chemically synthesised in the Chemistry Department at
Durham, while the third is the well-known electron donor (BEDT-TTF), obtained from a
commercial source. In each case, doping with iodine resulted in the formation of a charge-
transfer compound. The structural, optical and electrical properties of the thin films are

presented here.

7.1 Dimethyl-Tetrathiafulvalene

7.1.1 Film Deposition i’arameters

Dimethyltetrathiafulvalene (DiMe-TTF), with a melting point of 119-120°C, was
provided by the Chemistry Department in Durham and used without further purification. Its
molecular formula is given in Figure 7.1. This is the unsymmetrical DiMe-TTF, i.e. the
methyl groups are located on the same side of the molecule [1]. A small quantity (35-50 mg)
of this was placed in a glass crucible and thg temperature raised to 58-60°C. Glass

microscope slides of dimensions 25x15 mm? were used as substrates. It was found that, as

for TTF, no film would deposit if the substrate was kept at ambient temperature, so Ts was

set to -10°C for all evaporations attempted. The source-substrate distance was fixed at
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" 13 cm. The vacuum chamber was kept at a pressure of 2.5x10” mbar during deposition. Film
déposition rates were kept between 20 and 30 nm min” and typical film thicknesses were
0.4-0.9 um. Chemical doping was achieved by placing the samples in a sealed iodine jar. A
reaction between the DiMe-TTF film and iodine was evident, with the colour of the samples

changing from light yellow to black over a period of 3-4 min.
[ S> < | :|/ :
S s CH,
Figure 7.1: Molecular formula of DiMe-TTF.

7.1.2 Film Morphology

The morphology of the thin layers was found to be similar to that of evaporated TTF
films. The films were not continuous and uncbated areas could be seen on examination
under the optical microscope (Figure 7.2). A polycrystalline structure was revealed and
further information was oBtained using the SEM. Figure 7.3 compares electron micrographs
(;f the same DiMe-TTF thin film, both before and after doping. A 3-D island growth is
evident by the micrographs (Section 3.2.1). The as-deposited films again consisted of two
types of structure: dominant needle-type crystals and crystalline plates. After doping,b
thickness measurements at the same point on the film revealed an irreversible thickness

increase (~ 200%). We cannot be sure about the explanation for this phenomenon which has

not been reported previously and was not observed for the thin films of TTF. Examined
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“under the SEM, pinholes were still evident in the doped samples but the structure was
different. The crystalline plates were now dominant although needle-type crystals could still
be seeﬁ. A change in crystal orientation was also evident. Such changes in the film
morphology upon doping (i.e. from needlé to plate-type crystals and the change in crystal

orientation) could be a possible explanation for the thickness increase.

The composition of the films was investigated using EDAX analysis. For undoped
films, the sulphur peak was dominant while the presence of the iodine in doped samples
revealed that chemical doping had been achieved (Figure 7.4). The strong silicon peak

originated from the glass substrate.
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Figure 7.4: EDAX analysis for a 0.9 um (DiMe-TTF) iodide thin film deposited on a glass
substrate.
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7.1.3 Optical and Electrical Properties _

The substitution of the acidic hydrogen atoms with methyl groups did not change the
optical properties markedly. According to Tonancé et al., the methyl substitution of the
hydrogens results only in a slight decrease in the energy of the low frequency absorption
peaks [2]. Figure 7.5 compares optical spectra of a DiMe-TTF thin film, before and after
doping. The IR/Visible spectra of the undoped DiMe-TTF thin films were found to be very
similar to those of pure TTF evaporated films. Upon doping, the 520 nm band in the as-
deposited spectrum is slightly shifted to 570 nm, while a strong band located around 870 nm
appeared. The 570 nm band is due to intramolecular transitions of DiMe-TTF" [2]. The
absorption at 870 nm has been reported before for TTF salts and has been attributed to
intermolecular charge-transfer between TTF™ molecules within a stack [2-4]. No other bands
were observed in the infrared region, suggesting that the compound was in the full charge-

transfer state. Therefore, only intermolecular transitions of the type
DiMe-TTF'" + DiMe-TTF**— DiMe-TTF>" + DiMe-TTF’
are possible.

For TTF-halide salts, the composition'directly and unambiguously defines the extent

of oxidation of the TTF chains, and therefore the degree of charge-transfer, p [2]. This is
because the halogen, with its large electron affinity, is always crystallographically present as

X". However, for some iodine salts, p can be lowered through the formation of I, i.e.
+ - 0 -
2TTF +3I - 2TTF + 15

The in-plane, dc room temperature conductivity of the undoped samples was difficult
to measure reliably. For all iodine doped samples examined, the current versus voltage

characteristics were linear, suggesting ohmic behaviour (Figure 7.6). An increase in

96



5 ..
3
g
=
2
<
i , -
O...l_...lé..l..L
300 410 520 630 740 850
Wavelength (nm)
(a)
4
3.5
3
8 25
g
= 2
2
2 15
1
0.5
0
300 850 1400 1950 2500
Wavelength (nm)
(b)

Figure 7.5: Optical spectra of a DiMe-TTF evaporated thin film deposited on a glass ‘
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conductivity was observed after iodine doping. The highest value achieved was 10% S em™.

However, this decreased over a period of two hours to a final steady state of 10° S cm™.

This low value of conductivity, compared to the (TTF) iodide evaporated thin films, is not
inconsistent with previous results. Studies on (TTF) X, where X is halide, show that these
materials can be crystallised with a variety of values for p. If p = 1, charge-transfer is
complete and, in this case, the TTF molecules are fully oxidised and the compound is an
insulator, in complete agreement with tﬁe results presented here. If p < 1, charge-transfer is
incomplete, hence the TTF molecules are only partially oxidised and the stack is of mixed
valence type (Section 2.1.1). For example, for (TTF)Br and (TTF)Brq 71.0.76, the difference
in the room temperature conductivity is six orders of magnitude [3]. The same behaviour has

also been reported in salts of TCNQ where the difference in conductivity can be as large as

ten orders of magnitude [5].

Current (Amp)

Voltage (V)

Figure 7.6: In-plane, dc room temperature current versus voltage characteristic for a 0.8 pm
thick (DiMe-TTF) iodide thin film.
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7.2 Trimethyl-Tetrathiafulvalene

7.2.1 Film Deposition Parameters

Trimethyltetrathiafulvalene (TriMe-TTF), with a melting point of 103-104°C, was
provided by the Chemistry Department in Durham and used without further purification. Its
molecular formula is shown in Figure 7.7. A small quantity (35-50 mg) was placed in a glass

crucible whose temperature was raised to 55-60°C. Glass microscope slides, of dimensions

25x15 mmz, were used as substrates. As for TTF and DiMe-TTF, T was set to -10°C for all

the evaporations. The vacuum chamber was kept at a pressure of 2.5%10”> mbar and the
source-substrate distance was 13 cm. Deposition rates were maintained between 20 and
30 nm min”’ and a typical thickness of the obtained films was 0.7 um. After exposure to

iodine vapour over a period of 3-4 min, chemical doping was evident by a marked change of

colour, from light yellow to black.
H3C\[ S S CH;
= |
S S ~ CHj
Figure 7.7: Molecular formula of TriMe-TTF

7.2.2 Film Morphology

The adherence of the material onto glass was found to be very poor in comparison to
DiMe-TTF and TTF layers. The difference in film quality between DiMe-TTF and TriMe-
TTF could be seen using 6ptical microscopy where, for TriMe-TTF, uncoated substrate

areas were larger and more abundant (Figure 7.8). Figure 7.9 compares electron micrographs
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of an evaporated TriMe-TTF thin film, both before and after doping. Scanning electron
microséopy revealed that the growth proceeded in the 3-D island growth mode (Section
3.2.1). The as-deposited film was hardly continuous, with crystalline plates scattered
randomly over the substrate. Upon doping, an irreversible increase in thickness (~ 200%)
was observed, as for DiMe-TTF. The films still consisted of crystalline plates, but these were
now larger, accounting for the change in film thickness.

Figure 7.10 shows the results of EDAX analysis on a doped -ﬁlm. Again, the relative
ir_1tensity of the iodine peak is high, consistent with data for (DiMé-TTF) iodide films. The

strong silicon peak originates from the glass substrate.

7.2.3 Optical and Electrical Properties

The optical absorption spectra for the undpped TriMe-TTF evaporated thin films
were identical to those of DiMe-TTF and pure TTF films, and also to the spectrum of this
material in solution [6]. _The optical spectra of the (ioped samples in the visible region were
also the same as those of (TTF) iodide. In Figure 7.11, bands around 300 nm, 380 nm and
500 nm were present and, as noted before, wére attributed to intramolecular transitions
between TriMe-TTF" molecules. The full charge-transfer band appeared around 870 nm (as

for DiMe-TTF).

The dc room temperature conductivity of the undoped samples could not be
measured, suggesting insulating behaviour. After doping, an increase in conductivity was
observed but, as the optical spectra suggested, full charge-transfer was taking place between
the donor and acceptor molecules and electron conduction was only possible at the expense
of a large Coulombic repulsion energy (between two electrons in the same molecule). Ohmic

behaviour was found in all the doped samples examined. Following doping, the highest value
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Figure 7.10: EDAX analysis for a 1 pm thick (TriMe-TTF) iodide thin film.
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Figure 7.11: Optical spectrum of a I um thick (TriMe-TTF) iodide thin film.



of the dc room temperature conductivity observed was 10° S cm™. However, this decreased

over a period of 2 hours to a final steady state of 107 S em™.

Current (Amp)

Voltage (V)

Figure 7.12: In-plane, dc room temperature current versus voltage characteristic for a
1.1 um (TriMe-TTF) iodide thin film.

7.3 BEDT-TTF

7.3.1 Film Deposition Parameters

BEDT-TTF (ET), 98% pure and with a melting point of 244°C, was purchased from
Aldrich and used without further purification. Its molecular formula is shown in Figure 7.13.

A small quantity (35-50 mg) was placed in a glass crucible and the temperature raised to

110-120°C. Glass microscope slides of dimensions 25x15 mm” were used as substrates. It

was found that ET would deposit on substrates which were kept at ambient temperature, so
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Tg was set at 25°C. The temperature at which evaporation commenced was determined
experimentally as 105°C. However, the deposition rate was very low and adhesion of the ET
on the glass substrate was poor, in comparison with the other materials examined. The

source temperature was therefore raised above 105°C and the source-substrate distance was

fixed at 6 cm. Films prepared with deposition rates 60-75 nm min"' and thicknesses ranging

between 0.3-0.6 um were obtained. The chamber was evacuated to 2.5x10” mbar during

deposition. The samples were doped with iodine and were annealed in air at 60°C.

S S
I S> :S:[ j

s S S 5
Figure 7.13: Molecular formula of BEDT-TTF.

7.3.2 Film Morphology

The structure of the ET films was polycrystalline and was similar to that of TTF. For
the as-deposited films, needle-type crystals and crystalline plates were both present [Figure
7.14(a)]. Larger crystalline plates (large areas), identified by EDAX analysis, were also
evident. Compared to evaporated films of other materials, reported in this chapter earlier, the
general crystal size was very small and, perhaps for this reason, no significant uncoated areas
were evident. After exposing.the films to iodine vapour for a period of 3-4 min, the colour
of the samples changed from light yellow to a pearl-like colour. The film morphology,

revealed by the SEM, appeared unchanged. After annealing in air at 60°C for 35 min, the







structure was examined again. The doped-annealed samples were also polycrystalline and
consisted of both needle-type and crystalline plates. A plate-like morphology has been
observed before for evaporated films of the (BEDT-TTF) iodide [7]. No difference in
thickness upon doping or annealing was observed. Figure 7.14 compares electron
micrographs of an as-deposited (BEDT-TTF) thin film and a doped and annealed at 60°C
film of (BEDT-TTF) iodide. The results of EDAX analysis on an annealed sample can be
seen in Figure 7.15. Note the low level of iodine present in the film; this will be discussed

later in this chapter. The strong silicon peak originates from the glass substrate.

7.3.3 Infrared/Visible Spectroscopy

" The sampies were characterised using optical spectroscopy. Figure 7.16 compares
optical spectra of a S00 nm thick (BEDT-TTF) thin film, as-deposited, doped and doped and
annealed in air at 60°C for 35 min. The spectra of the as-deposited samples exhibited no
strong absorption peaks. Broad shoulders observed at 400, 450 and 500 nm resembled those
of pure TTF. In this spectral region, only intramolecular transitions of the ET molecules are
anticipated. Upon d(;ping, a 400 nm band in the optical region became evident while a very
broad band around 1000 nm appeared. Goldenberg ef al. have also observed the former band
in (BEDT-TTF) iodide films prepared by the Langmuir-Blodgett technique [8]. The very
broad ébsorption at 1000 nm extends from 800 nm to 1400 nm and consists of two main
bands: at 850 nm and 1300 nm. The former is also observed for doped thin films of TTF,
DiMe-TTF and TriMe-TTF and has been attributed to the full charge-transfer between the

donor ET and the acceptor iodine molecules. Transitions of the sort
BEDT-TTF" +BEDT-TTF ™" — BEDT-TTF*' + BEDT-TTF’

are responsible for this absorption.
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The band at approximately 1300 nm is considered to be a charge-transfer band,
revealing the mixed valence state of a CT salt. It is attributed to intermolecular transitions

between the ion radicals of the kind
BEDT-TTF+° + BEDT-TTFO - BEDT-TTF0 + BEDT-TTF+'

(TTF) iodide thin films, prepared both with the single and co-evaporation technique, have

exhibited a similar absorption but at higher wavelengths (1400 - 2500 nm).

After annealing the sample for 35 min at the above temperature, the band around
850 nm retains its intensity but the mixed-valence around 1300 nm has diminished. No other

band is observed in the near infra-red region.
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Figure 7.15: EDAX analysis on a 400 nm thick (BEDT-TTF) iodide film on a glass
substrate, annealed in air at 60°C for 35 min.
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Figure 7.16: Optical spectra for a 500 nm thick (BEDT-TTF) iodide film, (a) as-deposited,
(b) after doping and (c) after doping and annealing in air at 60°C for 35min.



7.3.4 Electrical Properties

The as-deposited  samples exhibited insulating behaviour, their conductivity was
comparable to that of the glass substrate. After exposure to iodine vapour, a conductive

material was formed. Ohmic behaviour was exhibited (Figure 7.17) and the dc room

condﬁctivity observed was in the range (0.5-1.1) 107 S cm™. Doped samples were annealed

in air at 60°C. The change in dc room temperature conductivity with annealing time, is

shown in Figure 7.18. As evident from the graph, the optimum annealing time was 35 min,
giving a maximum room temperature conductivity of 1.6£0.6 S cm™. Annealing for longer

times produced a reduction in the conductivity, eventually reaching the level noted in the

2.5x10°

2.0x10°

1.5x10°
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Figure 7.17: In-plane, dc room temperature current versus voltage characteristic for a
400 nm annealed (BEDT-TTF) iodide thin film. In the inset, the I-V characteristic for the
_same film after doping but before annealing is shown.
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Figure 7.18: In-plane, dc conductivity at 60°C versus annealing time for a 400 nm thick
(BEDT-TTF) iodine thin film.
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Figure 7.19: In-plane, dc conductivity versus temperature for a 400 nm thick annealed
(BEDT-TTF) iodide thin film.



as-deposited films. Subsequent EDAX analysis revealed that all the iodine content had left
the film. For the sake of simplicity we will refer to these films as insulating-annealed from
now. If the insulating-annealed films were re-doped and also annealed at 60°C again, the
electrical behaviour varied. Some of the samples became quite insulating, while others
became conductive but not as highly as before. Thus, the same film, as-deposited and after
becoming insulating-annealed (at both stages consisting only of BEDT-TTF molecules)
behaves differently after doping and annealing in air at 60°C for 35 min. This may simply be
a result of a different crystallographic form for the as-deposited and insulating-annealed

films.

The temperature dependence of the dc conductivity of the annealed films was weakly
semiconducting in nature, a single activation energy of 0.028+0.002 eV was measured. From
the shape of the curve in Figure 7.19, the possibility of annealed films consisting of the
a-phase can be excluded, as the sharp decrease in the temperature dependence of the
conductivity of the o@-phase (BEDT-TTF) iodide around 140°K was not observed here [9].
The dc conductivity of the annealed films was monitored for a period of 60 days and was
found to be stable.

(BEDT-TTF) iodicie is known to crystallise in numerous phases [10, see also Section
2.4]. Thin films of (BEDT-TTF) iodide have been produced previously by thermal

evaporation but using crystals of (BEDT-TTF) iodide as the starting material [7,11-13].

Kawabata et al. showed that, depending on the substrate temperature, different phases-

amorphous, o, B- and oy- (by annealing the o-phase [14])- can be obtained. In this work,

the means to determine the exact phase of our evaporated films were not available.

However, we can speculate by comparison the properties of our films with those of
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Kawabata’s. Our doped films éxhibit a conductivity value of three orders of magnitude
(10'3 S cm'l) lower than that of Kawabata’s o-phase (1 S cm'l, obtained as-deposited). For
our annealed films, the conductivity is similar to that of Kawabata’s B- or oy-phase.
However, there is sié,niﬁcant difference in the activation energy value (for our annealed films
AE = 0.028 eV and for Kawabata’s B- and oy-phase AE =0.017 eV). The fact that heat

treatment can result in complete evaporation of iodine has also been reported in Kawabata’s

films, but for temperatures above 100°C. It is possible that our films follow a similar pattern:

the doped films consisting of the oi-phase and the annealed layers of the oy-phase.

On the other hand, the following explanation is also plausible: it has been found that
on heating phases with large iodine content, i.e. € and , iodine is readily lost with
conversion to B-ET,I3 [10, 15]. It has to be noted here that the a- and p- phases are those
containing least iodine. If our evaporated doped samples consisted of the e- or (- phase, then
heat treatment might result in the above phase transition. This could also explain the low
iodine level at Figure 7.15. For single crystals, longer annealing times (~4h) at temperatures

higher that 60°C (100°C) are needed for this structural change.

7.4 Summary

Thin films have been prepared of three materials. (DiMe-TTF) iodide and (TriMe-

TTF) iodide proved to be very poor electrical conductors with values of dc conductivity in

the range of 10° S ecm™! to 107 S em™. Both salts are compounds in which full charge-

transfer occurs between the acceptor and donor molecules, making electron conduction

difficult. This could arise from the stronger donor abilities of DiMe-TTF and TriMe-TTF {6,
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Section 2.3] compared to TTF and ET. Furthermore, the quality of the thin films was found

to be very poor, with no uniformity and large uncoated areas.

Conductive films of (BEDT-TTF) iodide (maximum ¢ = 1.6 S cm'l) were obtained
by doping the as-deposited samples and subjecting the latter to specific heat treatment. Their

activation energy was found to be almost double of that reported for - and ay- (BEDT-
TTF),I3. Further work is needed to identify fully the crystallographic structure of our thin

layers.
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CHAPTER EIGHT

THIN FILMS TRANSISTORS: RESULTS AND DISCUSSION

8.R Introduction

In this chapter, the fabrication and characterisation of thin film transistors (TFTs)
using an organic evaporated film as the active semiconducting layer are reported. TTF and
BEDT-TTF evaporated layers were used. The electrical behaviour of these TFTs was

examined with organic layers both in the as-deposited state and the after doping with iodine.

8.1 Thin Film Transistor Model

The most widely used ﬁeld-eﬁ’ect transistor (FET) is the metal-insulator-
semiconductor FET (MISFET) [1]. Silicon MISFET’s are also known as MOSFETs,
because their insulating layer is a thermally grown silicon oxide film. A schematic view of the
a conventional MOSFET structure is given in Figure 8.1(a). The source and drain contacts
each form a p-n junction with the silicon substrate. If a sufficient and properly polarised gate
voltage Vg is applied to the gate contact, the bands at the semiconductor/insulator interface
can bend to form an inversion layer (an n-fype surface layer on an p-type substrate or the
inverse). This layer establishes a conductive channel between the source and the drain. A
conventional MOSFET is therefore a minority carrier device, i.e. a device where the current
is carried by holes for an n-type semiconductor and by electrons for p-type. From

capacitance-voltage measurements on organic MOS diodes, no evidence for formation of an
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inversion regime has yet been reported [2-4]. Because of this, organic MOSFETs operate by

the formation of an accumulation layer. The basic equations are derived below [5-7].

An ideal MOS diode is defined as follows [1]:

(i) At zero applied bias, the energy difference between the metal work function and the
semiconductor work function is zero. (The work function is defined as the energy required
to remove an electron from the Fermi level to a position just outside the material (vacuum
level).) In other words, the energy bands are flat (flat-band condition) when there is no
applied voltage.

(i) The only charges that exist in the diode under any biasing conditions are those in the
semiconductor and those with equal but opposite sign on the metal surface adjacent to the
oxide. |

(111) There is no carrier transport through the oxide under any biasing conditions, i.e. the

resistivity of the oxide is infinite.

A schematic view of TFT is shown in Figure 8.1(b). The x-axis is directed from the
source-drain channel to the gate, and the y-axis from the source to the drain. The total

charge per unit area induced by the gate voltage at a distance y from the source is given by
Q) =-[Ve - wsM] Ci 8.1
where y(y) is the surface potential and C; the insulator capacitance per unit area. In the case

of accumulation, there is no depletion region and the total surface charge is located in the

accumulation layer. We shall assume that
vs(y) = V() + Vo (8.2)
where V(y) is the bias between point y and the source (assumed to be grounded) and V, is a

constant which is explained later in this section. The channel conductance g is then given by
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Figure 8.1: Schematic view of the structure of a) a MOSFET device and b) a
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Figure 8.2: A typical drain current versus drain-source voltage curve for a TFT.



g= )}a-o (x) dx, (8.3)
0

where X, is the thickness of the accumulation layer. If we assume a constant mobility p in the

accumulation layer, we obtain
g=aZu | Q)|/L (8.4)
q is the absolute electron charge and Z and L are the channel width and length, respectively.
“The resistance dR of an elemental section dy is given by

R=__ & (8.5)

gl [ZpQ,()]

and the voltage drop across this elemental section by

IDdy

dvV=I,dR=—22
[ZuQ;(Y)]

(8.6)

where Ip is the current flowing between the source and the drain. Substituting Eqs. (8.1)
and (8.2) into Eq. (8.6) and integrating from the source (y and V = 0) to the drain (y =L and
V = Vp) gives
Io = (ZHCIL) [(Vo-Vo) Vo V2] 6.7

The region OA in Figure 8.2, where Ip, varies linearly with Vp, corresponds to small values
of the drain voltage (Vp<Vg). As Vp is increased for fixed Vg, the point will be reached
where VDZVc,. The gate electrode is then effectively positive with respect to the drain and
the film begins to deplete in the vicinity of the drain, giving the portion AB of the
characteristic in Figure 8.2. Saturation (BC in Figure 8.2) is reached when the drain current
is pinched off. This condiﬁon corresponds to depletion of all the carriers in the vicinity of the
drain which occurs when

VD = V(;-Vo (88)
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The drain current at saturation Ip g is obtained by substituting this value to Eq. 8.7
Tpa = (ZUCi/2L) (Vo-Vo) (8.9)
From the above, V, seems to have the same role as the threshold voltage in conventional
MOSFETs. However, the threshold voltage arises from the fact that, for strong inversion to

occur, the gate voltage has to be large enough to make the Fermi level cross the middle of

the semiconductor bandgap. In an ideal TFT, where such an requirement does not exist, one
should have V,=0. This voltage has been introduced to account for a ‘pseudo threshold
voltage’ that is observed in organic TFTs. Several explanations might be found for this, e.g.
flat-band shift due to a work-function difference between the semiconductor and the gate
contact, fixed chargés in the semiconductor-insulator interface. It has to be noted that V, is
strongly dependent on the preparation of the FET.

In an accumulation MOSFET, the channel is not isolated from the bulk (neutral)
region by a depletion region and an ohmic current I has to be taken account in parallel with
the channel current Ip. Thus, the measured source-drain current is

Iist =Ip + Ig

8.2 Fabrication of Thin Film Transistors

Devices were similar. to those used in other investigations at Durham University.
Processing was undertaken in a class 1000 microelectronics clean room. A schematic
diagram and a plan view of the TFT structure is shown in Figure 8.3(a,b). Single-crystal
silicon with a resistivity of 13.9 Q cm was used as a substrate. The type of the silicon wafer
did not matter as far as it does not affect the conduction mechanism. The gate insulator was

provided by a layer of silicon dioxide, grown by dry oxidation. An array of interdigitated
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electrode patterns (Figure 8.3(c)), to act as source and drain, with a channel length of 20 pm
and width of 4 cm, was etched, usmg a standard photolithography technique, into an
evaporated layer of gold undercoated with chromium to improve adhesion to the oxide layer.
The gate electrode was deposited by thermal evaporation onto the substrate after removal of
the oxide layer using a solution of hydrogen fluoride. Finally, an organic film, to act as the

active layer, was added.

8.3 TTF Devices

8.3.1 Evaporation of TTF

The evaporation conditions for TTF described in Section 6.1.1 were also followed
here. For the TFT substrates, the gate insulator (silicon dioxide layer) was 32020 nm thick.
Film deposition rates were kept between 400 and 800 nm min™ and typical film thicknesses
were 1-2 um. Doping was achieved by exposure to iodine vapour in a sealed container for 3-

5 min.

8.3.2 Electrical Characterisation

The TFTs were characterised using the electrical circuit shown in Figure 8.4. To
check the quality of the oxide, the measurements were first undertaken before addition of the
evaporated film. Figure 8.5 shows the drain current (Ip) versus source-drain voltage (Vps)
for such a TFT. From currents exhibited for TFTs with an organic layer (to be presented
later in this section), it is evident that the conduction via the oxide is negligible, i.e. oxide
layers can be regarded as insulating. It is also essential to establish that the gate is fully

insulated from the drain-source electrodes, so no current should be observed on application
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of a gate voltage for zero Vps. For the TFTs used here, this latter current could not be

measured ( <10 Amp for 40 V). After evaporation of TTF, the TFT was characterised

again. Figure 8.6 (a) shows the Ip versus Vps characteﬁstic for an TFT with an 1.4 um thick
evaporated as-deposited TTF film. At low drain voltages, Ohm’s law is obeyed (I .cV). This
linear variation is attributed to the ohmic current resulting from the bulk free-carriers. For
higher drain voltages the current increases more rapidly than the voltage. This supralinear
behaviour is evidence for a space-charge-limited current (SCLC) resulting from carriers
injected by the metallic electrodes[S]l. Such effects have been reported previously for organic
TFT structures [9-11]. Varying the gate voltage ( -100 V, 100 V) did not result in a change
of the Ip-Vps curve, i.e. no effect of the gate voltage was observed. After doping, an increase
in the drain current of almost six orders of magnitude was exhibited. Figure 8.6(b) shows the
Ip versus Vps characteristic for an TFT with an 1.4 um evaporated TTF film after doping. In
this case, Ohm’s law is obeyed for low voltages but at higher voltages (>11 V) the heat
dissipated in the film is too high resulting in damage to the film, evident from a decrease in
conductivity. In a semiconducting film, Joule heating will raise the témperature of the sample
and, as a consequence, increase the carrier density. At constant bias, the current flow
through the film Vwill rise and it will, in turn, increase the heating effect and generate more
carriers. The sample temperature will continue to rise until damage in the film ensues. The

critical value of voltage for this phenomenon to happen, was found to be V=11 V. If after

reaching this point, the low voltage readings were taken again, these were found to be lower
that the ones taken the first time. Figure 8.6 (b) shows two sets of readings, the second (full

circles) being taken after the voltage was allowed to reach the value of the critical voltage

(V¢). As for the device before doping, varying the magnitude and polarity of Vg (from
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Figure 8.6: (a) Drain current Ip versus drain-source voltageVps for an as-deposited 1.4 pm
thick TTF thin film transistor for Vg = 0 V. Varying the Vg (from -100 V to
100 V) did not alter the characteristic.
(b) Drain current Ip versus drain-source voltage Vps for an 1.4 um thick (TTF)
iodide thin film transistor for Vg =0 V. Varying the Vg (from -100 V to 100 V)

did not alter. the characteristic. The arrow indicates the value of the critical
voltage for overheating to occur. The data points represented by the full circles
were taken after sample overheating.



z-IOO V to 100 V) did not alter the shape of the Ip versus Vps curve, i.e. no field effect was

observed.

The important role of the semiconductor-insulator interface in determining the
characteristics of a TFT has been discussed in the literature. Different inorganic insulators in
a TFT have resulted in no field-effect for SiO, and a field-effect for Si3N4 for the same
organic semiconductor [11]. The difference arising from different inorganic insulators is the
number of surface étates at the interface which act as traps for the semiconductor carriers.
To overcome the above problem, the combination of an inorganic and an organic insulator
has been investigated on. Madru ef al. [12], have reported the fabrication of an organic TFT
device in which the gate insulator consisted of two layers: Si0, plus an organic insulating
layer. A field effect was not observed for devices which did not include the insulating organic
film. Again, it was suggested that states at the SiO, surface could neutralise the charges
produced by the gate voltage and that an additional insulating layer of a molecular crystal
was required to guarantee a field effect. Horowitz et al. [13], have also reported on the role
of the semiconductor-insulator interface. Their study showed a carrier mobility that
depended on the nature of the insulating layer (being ten times higher for a TFT with an
organic insulator than for a TFT with an inorganic one, for the same organic semiconducting
layer), which shows that the charge transport of the device was predominantly governed by
the properties of the semiconductor-insulator interface. Although organic TFTs using Si0;
as the gate insulator have been successfully fabricated [14,15], the use of organic insulating
layers has also been explored [16]. Gamier et al. [17] have reported an all-organic TFT.

Summarising, the choice of the insulating layer in the TFTs reported here could be the
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reason for the devices not exhibiting a field effect. The use of other inorganic or organic

materials or a combination of the two, acting as the gate insulator might optimise the

device performance.

The values of iﬁ-plane, dc room temperature conductivity calculated from the TFT
electrode pattern were found to be 107 - 10% s em™ and 107 i 10% S cm’! for the
undoped and doped samples, respectively. These figures are one to three orders of
magnitude lower than those being reported in Chapter 6 for samples deposited on glass.
There are two possible explanations for these differences: a) the different substrate,
deposition rates were found to be higher for silicon than for glass for the same source
temperature ( 800 nm min” at Ts=75°C for silicon) and b) the different electrode pattern.
To check these ideas, silver-paint electrodes were made on the silicon oxide on which the
evaporated film Was deposited. This resulted in an in-plane, dc room temperature
conductivity comparable to that found for films on a glass. Therefore, the electrode pattern

must be responsible for the lower value of conductivity exhibited. In Table 6.1, the
deposition rate of 400 nm min™ noted for Ts= 75°C is the same on the glass substrate and
on the gold electrodes (the latter were evaporated on the glass substrate before the addition

of the organic layer, Section 4.1). Thus, on the TFT structure, in the vicinity of the

electrodes, evaporation took place with different deposition rates onto the different regions
of the substrate, i.e. 400 and 800 nm min” on gold and on the silicon oxide, respectively.

This could have resulted in an interfacial region of high resistance. Clearly, further

experiments are required to substantiate this.
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8.4 BEDT-TTF Devices

8.4.1 Evaporation of BEDT-TTF

The evaporation conditions for BEDT-TTF described in Section 7.3.1 were also used
here. In the TFTs used as substrates, the gate insulator (silicon dioxide layer) was

360420 nm. ET layers prepared with deposition rates 80-95 nm min”' and thicknesses

ranging between 0.4 and 0.7 pum were evaporated on the TFTs. Samples were doped with -
iodine and were annealed in air at 60 °C for 35 min ( this is the optimum annealing time as

calculated in Section 7.2.3)

8.4.2 Electrical Characterisation

Again, the electrical circuit shown in Figure 8.4 was used for measurements on the
TFTs. Using the same procedures as in Section 8.3.1, the quality of the oxide layer and the
insulation between the gate and the drain-source electrodes were first checked. After the
evaporation of the ET, the TFTs were characterised again. Figure 8.7(a) shows the Ip
' versus Vps characteristic for a TFT with an 0.6 pum thick as-deposited evaporated ET film.
Ohmic behaviour was exhibited for V=0 V, in agreement with the TFT theory. On varying
the magnitude and polarity of the gate voltage ( from -100 V to 100 V), no field effect was
found. Figure 8.7(b) shows the Ip versus Vps characteristic for the same device after
exposure to iodine vapour and annealing in air at 60°C for 35 min. The values of current
exhibited were now five orders of magnitude higher than for the as-deposited TFT. The same
ohmic behaviour was .exhibited for drain-source voltages up to 20 V. Overheating, as found
for the TFT device, was observed for greater voltages. In Figure 8.7(b), two sets of readings

are shown, the second (full circles) being taken after the value of the critical voltage
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Figure 8.7: (a) Drain current Ip versus drain-source voltageVps for an as-deposited 0.6 im
thick ET thin film transistor for Vg = 0 V. Varying the Vg (from -100 V to
100 V) did not alter the characteristic.
(b) Drain current Ip versus drain-source voltage Vps for an 0.6 um thick (ET)
iodide thin film transistor for Vg = 0 V. Varying the Vg (from -100 V to 100 V)

did not alter the characteristic. The arrow indicates the value of the critical voltage
for overheating to occur. The data points represented by the full circles were
taken after sample overheating.



(V=20 V) had been reached. Varying the value of the gate voltage in the doped TFTs, from
-100 V to 100 V had no effect on the electrical behaviour, i.e. no field effect was exhibited.

We believe, that as for the TTF device, the choice of the gate insulator was responsible.

Different inorganic or organic insulators might result in different electrical behaviour.

Using the electrode pattern of the TFT, a value for the in-plane, dc room temperature

conductivity of 10® S em™ for the as-deposited ET films was obtained. This value could not

be measured with the three point probe method (Section 7.3.3). However, this is not

inconsistent with the results reported here. The resistance is given by

R=~
I

(8.10)

&=

where p and t are the resistivity and the thickness of the film, d and I the electrode length and

distance, V the applied voltage and I the current. The current is then given by

[=—= (8.11)

From the above equation is clear that the higher the ratio %, the higher the value of I for a

fixed applied voltage. In the electrode configuration of the TFT, d=4 cm and 1=20 um which

gives a much higher ratio than that in the three point probe method where %:—‘ 1. Therefore,

conductivity measurements of insulating materials are favoured in an electrode configuration
with a small value of d/I.

The value of the in-plane, dc room temperature conductivity exhibited by doped
samples, as calculated by the TFT measurements, was 107 S cm'l, lower than that reported

for samples deposited on glass (Section 7.3.3). As for TTF, deposition rates were different
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onto the gold electrodes and the oxide layer. We suggest that this could result in an
interfacial region of high resistance. Examining the area in the vicinity of the gold electrodes
using the optical microscopy revealed no differences in structure between the films on

different substrates (Figure 8.8).

8.5 Summary

TFT structures were fabricated incorporating TTF and ET as the active
(semiconducting) layer. No field effect was observed for either device, either before or after
the organic film had been doped with iodine vapour. We believe that the semiconductor-
insulator interfaée played a significant role in the device operation. Further experimentation
with the material used as the gate insulator is needed. Judging from other studies reported,

an organic insulating layer might result in a field-effect.
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CHAPTER NINE

CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK

9.1 Conclusions

The thermal evaporation technique has been used successfully to fabricate thin films,
0.4-1.2 pum thick, of organic charge-transfer compounds. The conclusions presented here are

divided into sections according to the materials used.

Tetrathiafulvalene (TTF) would not deposit on substrates held at :i temperature
above 0°C (Tg > 0°C). However, good quality films, consisting of well-defined crystals,
were prepared for Ts. = -10°C. Two different types of structure, plates and needles, were
identified by scanning electron microscopy, suggesting 3-D island growth. The effect of the
deposition rate (affected by the source temperature Tg;) on film structure was examined. For
low deposition rates (low values of Tg:), mainly needles, up to 10 um in length, were seen. In
contrast, for high deposition rates (high values of Ty), the films consisted solely of small-

sized crystalline plates (<2um). The latter case also resulted in more uniformly coated
samples. In the optical spectra, two bands related to the charge-transfer between the donor
and acceptor molecules were seen in the near infrared region, that located at 870 nm was
attributed to intermolecular transitions between cation radicals while that around 1500 nm
was associated with the mixed valence stéte. Peaks in the visible region were identified as

transitions within the cation. The dc, in-plane room temperature conductivity of films doped
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with iodine (Omsx =8 S cm'l) was two orders of magnitude lower than that for single crystals
measured along the stacking axis (ogrr = 100-450 S cm'l). The former compared well to that

reported for co-evaporated TTF-iodide films measured normal the stacking axis (~10 S cm'l)

[1]. However, attempts in this work to form TTF-iodide films by co-evaporating the

coniponent materials did not enhance the value of 6, which ranged from 10°t03 S cm™.

The structure of co-evaporated films was found to consist of both plates and needles and was
therefore similar to that of the single-evaporated layers. The optical spectra of the two types
of films also compared well. These were identical in the visible region and both exhibited the
full charge transfer band at 870 nm band. The mixed-valence band around 1500 nm observed
for the single-source evaporated films, ranged from 1300 nm to 2500 nm, depending on the
deposition conditions, for co-evaporated films. A signiﬁdant difference seen for the two types
of film, was in the value of the activation energy; that for co-evaporated films (0.02 eV)
being almost double that for single evaporated films (0.09 eV). An irrecoverable decrease
with time was seen in the value of conductivity for both types of films. In particular, a drop
of three orders of magnitude occurred in 240 days and 105 days for single and double source

evaporated films, respectively. -

TTF iodide films have been also prepared at Durham using LB deposition (work
outside this thesis) [2]. The latter films exhibited a maximum room temperature conductivity
value of 1 S cm'l_. This compares well with the value of o reported in this work for
evaporated layers. Both types of films were semiconducting with the same value of activation
energy (0.09 eV).

Dimethyl-TTF was found to form poor quality films. As for TTF, a film would not

deposit for Tg > 0 °C. Deposition at Ty = -10°C was not uniform with large uncoated
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substrate areas evident. A 3-D island growth was suggested by the electron micrographs.
Both types of structure, plates and needles, were seen for the as-deposited films. Upon
doping, an irreversible increase in thickness (~200%) was observed. SEM analysis revealed a
change in crystal orientation A difference was also observed in the structure with doped
layers consisting mainly of plates. The above changes could explain the aone thickness

increase. In the optical spectra, only the full-charge transfer band was exhibited in the near
infrared region. The in-plane, dc room temperature conductivity was low (10'6 S cm'l). This
value and the absence of any other bands in the near infrared region suggested that the

compound was in the full charge-transfer state.

The results for trimethyl-TTF films were comparable to those for dimethyl-TTF. The
quality of the films was very poor with plate-like crystals scattered on the substrate. An

irreversible increase in thickness (~200%) was seen upon doping with iodine, as for
dimethyl-TTF .iAgain the optical spectra and the value of the conductivity (OrT =107s cm'l)
suggested that the compound was in the full charge-transfer state. There are no publications
that we are aware of dealing with film films of methyl-TTFs deposited by other methods.

ET was the only material (from those studied in this work) that would deposit at
substrates kept at ambient temperature. Thermal annealing was used to examine whether the

well-known transformation from a—oy phase [3] would be exhibited. Heating the doped
films at 60°C for 35 min resulted in an increase in the value of conductivity from 102 to

1S cm’. Annealing for longer times led, eventually, to the complete loss of iodine. In the

optical spectra, a change was also seen, with the band around 1300 nm exhibited by the

doped films, no longer being present in the spectra of the annealed films. The conductivity of
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the annealed films was weakly thermally activated with AE = 0.028 eV. This value is

significantly higher than that exhibited by a-(ET)2I3 evaporated films (0.017 eV) [4].

LB deposition has also been used to prepare ET iodide layers [5]. In general,

evaporated films reported in this thesis exhibited a room conductivity value (~1 S cm'l) of

one order of magnitude higher that for LB films (~lO'1 S cm'l).

| Attempts were made to incorporate the (TTF) iodide and (ET) iodide films into thin
film transistor structures. In both cases, modulation of the source-drain current by the gate
voltage was not evident. This léck of field effect has been observed before and has been
attributed to neutralisation of the chafge species, induced in the semiconductor by the gate

voltage, by surface states at the gate insulator [6].

9.2 Suggesﬁons for Further Work

The work reported in this thesis on single-source evaporated TTF films is fairly
complete. However, a fuller understanding of the structure of the thin films could be
achieved by X-ray analysis. This would allow identification of the phase of the films and
comparison with results from single crystals would be easier and more precise. As evident in
Section 3.3, the substrate temperature is an important factor in determining the structure of
evaporated layers. In this work, the effect of the source temperature was examined
thoroughly. Evaporation on different substrates, with a more organised or amorphous

surface, would also be a useful factor to examine.

Results from the methyl-TTFs were quite disappointing. Single-source evaporation

produced films in which full charge-transfer bertween the donor and acceptor molecules took
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place. However, this might be avoided by regulating the degree of doping. This suggest that

co-evaporation might be used for these compounds.

The ET-iodide system is very interesting. Single crystals of (ET),l3 have exhibited

ambient pressure superconductivity (see Section 2.4) The possibilify of superconductivity
being observed by thin films of this salt is worth examining further. Future studies on films
reported in this work requires the use of X-ray analysis. The phase of the salt could then be
identified. Varying the nature of the substrate and the substrate temperature could result in
different phases of the iodine salt and, therefore, in improving the electrical properties.
Furthermore, co-evaporation could represent an elegant way of preparing superconducting

thin films.

Further experimentation is also needed for the TFT structures incorporating the thin
films. The problem encountered in this work (absence of a significant field effect) has been
identified and the solution has also been suggested. Alternative TFT structures should be
used ih which the choice of the gate insulator should be varied. If necessary, a combination
of two insﬁlators, either two inorganic or an organic/inorganic system might be used to
reduce the surface state density ét the semiconductor/gate insulator interface. The effect of
damaging the sample by overheating could be avoided by increasing the spacing between

electrodes.

As the size of microelectronics components is further reduced, it is anticipated that
organic materials may become increasingly important for a wide range of electronics
applications (e.g. TFTs, light emitting diodes, gas sensors) [7]. Results reported in this work
show that thermal evaporation is a convenient method for fabricating organic layers. Possibly

the greatest drawback is the number of parameters that can be varied in order to improve the
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quality of the film (i.e. source and substrate temperature, nature of the substrate).With co-
evaporation a further parameter (a second source temperature) is added. The fact that quite
large thicknesses (~500 nm) are needed for a continuous evaporated film could represent an
obstacle in some electronic applications. In general though, reproducible results are obtained

and thermal evaporation could become a well-established method for organic thin film

fabrication.

Finally, evaporation of other charge-transfer materials are possible in the new vacuum
system built in this work. This system is a powerful tool that allows the researcher freedom
to vary the deposition conditions to suit the needs of evaporation of individual materials and

hopefully to produce high quality thin films.
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