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Abstract

In recent years there has been a significant interest in the use of polyaromatic molecules in

(opto-) electronic devices. This family of molecules tends to be vibrantly coloured and

have interesting optical and semiconductor properties hence a specific interest in display

devices. In this thesis, thin films of organic polyaromatic molecules 3,4,9,10-

perylenetetracarboxylic dianhydride (PTCDA), perylene and tetracene on copper single

crystals were investigated. The molecules were deposited in Ultra High Vacuum (UHV)

onto clean copper crystals under a number of different substrate conditions where they

formed ordered thin films. The films were characterised using scanning tunnelling

microscopy (STM), low energy electron diffraction (LEED), thermal desorption, X-ray

photoelectron spectroscopy (XPS) and vibrational spectroscopies, electron energy loss

spectroscopy (EELS) and reflection/absorption infra-red spectroscopy (RAIRS).

PTCDA, the most widely investigated of the molecules, was analysed on Cu(211) and

(110) surfaces and was shown to have strong interactions with the copper rows of the

substrates strongly influencing the structures formed. XPS results indicate a strong bond to

the surface through loss of the anhydride oxygen atoms with subsequent layers

physisorbed. On Cu(211) PTCDA formed a unit cell of a = 16.1A, b = 24. lA, (3 = 85°. On

Cu(110), PTCDA forms a unit cell ofa= 18.9A, b = 18.9A, (3 = 75°.

Perylene proved to be the most complex molecule with annealing of the initial monolayer

vital in determining the structure of the subsequent layers. A highly ordered structure with

molecular rows far larger than the terraces of the underlying copper could be formed after

heating as opposed to a less ordered structure. The three thin film structures of perylene

recorded were: a-phase: a = 11.0A, b = 1 l.OA, p = 77°, P-phase: a = 10.84A, b = 10.84A,

P = 65° and y-phase: a = 20.7A, b = 19.3A, p = 90° all of which are significantly different
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from the bulk crystal structures. Photoluminescence experiments show that the different

multilayer structures lead to different wavelengths of emission due to different

intermolecular interactions within the films. The recorded photon emission results from a

excimer due to overlapping of 71-orbitals in the novel crystal structure. Below two

monolayers, no emission is recorded due to quenching by the substrate.

Tetracene forms only monolayers at room temperature. If cooled, multilayers can be

formed. Two tetracene monolayer structures were observed, the first driven by interactions

with the copper rows produced a centred 12 x 2 structure, and the second, formed by

annealing the first, involved molecules which were close packed and interdigitated, giving

a compressed primitive 6 x 1.83 structure.
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Introduction

In recent years, the production of cheap, high technology electronic and opto-electronic

devices has increased greatly. Different materials have been investigated to try to improve

both performance and economy of these devices1'2'3'4'5.

Si wafers
Today's

Poly-Si
Hybrids

processors

Organics
— Low-cost ICs

a-Si:H
— Smart cards,

displays
— E-paper

Polythiophenes
-A- Thiophene oligomers
—»- Pentacene

O Organic/inorganic hybrid

1988 1992 1996 2000 2004 2008
Time (years)

Fig. 1 Performance of organic and hybrid semiconductors, taken from rer. Organic

devices are predicted to be increasingly competitive with inorganic devices.

From Fig. 1, it can be seen that over the last decade and a half, performance of some

organic semiconductors has increased sufficiently that they are equivalent to some silicon-

based systems. It is projected that over the next few years their electron mobility will

increase such that they become fast enough to compete with inorganic devices on a level

footing4'6. Organic films have a number of advantages over the old inorganic systems.

Relatively low pressures and temperatures are used to produce devices and they can be

deposited easily onto a large number of substrates while retaining their "activity". Initial

successes in electronic paper have been due to the flexibility of the organic (pentacene)

transistors7. One of the major factors driving the research in this field is the huge increase

in the use of small portable electronic devices like mobile phones, personal data assistants

(PDAs) and laptop computers. These constantly need to be made lighter, more powerful

and more efficient to cater to the increasing product demand and market forces. The

organic film devices tend to use much less power than equivalent inorganic systems so can

4
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last longer on the same battery power. They are also lighter, increasing portability and

cheaper to produce therefore cheaper to sell6. There is also evidence that they can be used

to produce extremely efficient solar cells8'9'10.

Within the umbrella of organic chemistry, there are many families of molecules that are

under investigation for such electronic applications - nano-tubes, polymers, polyaromatic

molecules and more. Some molecules of these families have the same common property

that allows them to conduct electricity, which is a large de-localised 7i-electron system.

Investigations of 3,4,9,10-perylenetetracarboxylic dianhydride (PTCDA), one of the

molecules to be investigated in this thesis, show that when the molecule is deposited onto a

flat semiconductor surface -Si(l 11)11, the thin film structure is the same as the bulk crystal

structure with the molecules aligned parallel to the substrate. This structure provides stacks

of molecules through which the 7t-electron orbitals overlap providing an easy path for the

current to flow. Experimentally, conductivity perpendicular to the surface is 100 to 1000

times that parallel to the surface, which supports the theory that the current is carried

through the overlapping 7i-electron system11. It is expected that other planar molecules

with similar de-localised aromatic electron systems will have similar useful electronic

properties.

At the interface of inorganic/organic chemistry are macrocyclic molecules such as the

phthalocyanines and triquinolines. Like the organic molecules under investigation, these

families also have delocalised rr-electron systems that stack during crystallisation allowing

conduction. These molecules are well known as industrial dyes and have well documented

opto-electronic properties12. Through molecular orbital calculations, it is believed that light

emission is produced via a charge transfer from the benzene rings to the inner macrocyclic

ring5. The colour of these molecules can therefore be controlled by choice of metal ion in

the centre of the molecule, affecting the charge around the inner ring5.

5



A Possible Application

One application of macrocyclic and polyaromatic molecules is an organic light emitting

diode (OLED).

M cathode

Luminescent material

Passivating layer

ITO anode

Glass, plastic, etc.

Fig. 2 Organic light emitting diode (OLED) taken from ref13

The OLED (Fig.2) was produced at Imperial College London and shows how these

materials might be combined to form a working device. The three molecules chosen for

this device have been extensively studied with a view to being incorporated in

devices14,15'16. They also represent the three colours used in current cathode ray tube (CRT)

displays and are therefore of particular interest in the opto-electronic area.

When a voltage is passed across the device, the positive anode produces holes by drawing

electrons off the PTCDA, and electrons are added to the Alq3 from the negative cathode.

Recombination of holes and electrons at the transition between materials can occur to

produce light17,18. The differences in energy between the hole state and electron state lead

PTCDA

H2Pc

LIGHT
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to different colours of light, achieved by constructing the devices from different materials.

The metal cathode also acts as a mirror to reflect all the light outwards. H2PC acts as a

passivating layer and as a colour filter for the light. In the case of this device, the blue P^Pc

layer absorbs a significant quantity of the light produced at the PTCDA/Alq3 interface

severely reducing the efficiency of this device in this application. If light of the correct

wavelength is shone onto such a device, a current will flow. This shows how these

molecules are also suitable for photovoltaic devices.
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Aims

PTCDA was the first molecule to be investigated as an organic/inorganic heterojunction19,

taking the first step towards organic devices. Because of this, PTCDA has probably been

the most investigated material for organic device applications. However, the problem of

how to harness its properties is yet to be fully addressed. Deposition onto amorphous

surfaces such as glass is commercially viable, as the substrate needs little preparation.

When PTCDA is deposited by molecular beam epitaxy, the molecules are seen to grow in

crystallites with size and shape dependent on exact growth conditions but sharing the same

20 21
structure as the bulk crystal ' . When deposited onto metal single crystals, the interactions

of the molecules with the surface structure can have an effect on the thin film structure.

When deposited onto Cu(100), PTCDA forms a structure that is almost identical to the

(102) plane of the bulk crystal structure22. On Cu(110), the slightly larger spacing of the

copper rows leads to a slightly different structure where the molecules are perfectly

quadrupole coupled without being offset23. Varying the substrate structure can affect the

thin film structure, which may allow finer tuning of the film properties. The drawback is

that it is a far more time consuming and therefore less commercially viable production

method.

This project aims to investigate thin films of PTCDA on Cu(110) and Cu(211) single

crystals and investigate their structures from sub-monolayer to multilayer. The effects of

substrate temperature both during and subsequent to deposition will be investigated as heat

increases the mobility ofmolecules on the surface and may allow increased ordering or the

formation of different structures. Previous studies have implied that the initial monolayer

of PTCDA bonds to copper through loss of the anhydride oxygen atoms24. To investigate

this further, as well as studying PTCDA deposition on copper single crystals, perylene (the
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core of PTCDA with no functional groups) will also be investigated under the same

conditions. It has been suggested that the interactions between aromatic molecules and
25

substrates increase with the increase in the number of aromatic rings . As perylene and

PTCDA have the same aromatic system, differences should be attributable to the different

functional constituents.

The shape of these molecules is important as the precise two-dimensional structure

depends on the interactions of the molecules with the substrates but also requires that there

is little or no strain from the intermolecular interactions. Tetracene is chemically similar to

perylene as it is constructed of benzene rings but is linear instead of rectangular. This

shape difference should highlight any structural differences that molecular packing

provides over substrate interactions. Tetracene also relates to anthracene and pentacene,

which have three and five benzene units respectively. Anthracene was used as the photo-

conductor in the first ever photocopier5 and pentacene has been investigated for use in a

f\ 9fi 97 98 • • •

number of applications . Tetracene has been relatively little studied but, as it sits

between anthracene and pentacene and is closest to perylene in molecular weight, it seems

an obvious choice.

With all three molecules, sub-monolayer investigations should provide a description of the

molecule-substrate interaction. At a thickness of several monolayers, the film surface

should no longer be experiencing any direct substrate interactions. It can be assumed that

the film is exhibiting the characteristics of the bulk although structural influences from the

substrate may persist. Of particular interest are the methods through which the molecules

actually attach to the surface. They may undergo decomposition or dislocation to form a

new covalent chemical bond to the surface. Alternatively, they could remain fully intact

and bond to the surface through hydrogen, Van der Waals, or 7i-bonds. This distinction is

9



important in terms of stability of the films as they may be subjected to high temperatures in

their various applications or device processing.
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Substrates

For this project, two substrates were used, the Cu(l 10) and the Cu(211) (Fig. 3). Copper is

less likely than other metal surfaces to suffer contamination from FhO, Ff> and CO - typical

gases in UHV systems - so the creation and maintenance of clean surfaces is relatively

easy. The two surfaces are both "flat" low index surfaces with C2V and Cs symmetry

respectively. The low rotational index of these surfaces opposed to the (111) and (100)

faces (6-fold and 4-fold rotational symmetry respectively) means there are a maximum of

two rotational and reflectional domains. If there are no specific interactions between the

substrate and the molecules, then there are an infinite number of possible orientations

molecules may take on the surface.

Close packed copper

(111) terraces

Fig. 3 a) Cu(211) and b) Cu(110) surfaces: Generated using ref29

The unit cells of the two surfaces are both rectangular with dimensions 6.27A x 2.56A and

3.62A x 2.56A for Cu(211) and Cu(l 10) respectively. As they are both the same along the

<110> direction, the close packed copper rows, the reasons behind any differences in

11



structures of the absorbed molecules should relate to the different spacing of the copper

rows parallel to <110>. It has been shown that on low index metal surfaces e.g. copper and

silver, the PTCDA molecules lie flat on the substrates30'22. The Cu(211) has a "flat" surface

as defined by that of the unit cell but there are narrow terraces which have significant

character of the (111) plane. As PTCDA is known to lie flat on other metal (111) faces e.g.

silver and gold , the (111) character of the surface may encourage the molecules to be

flat with respect to the terrace and therefore tilted with respect to the surface normal. This

in turn may lead to novel structures.

12



Molecules and Properties ofMolecules

3,4,9,10-Perylene Tetracarboxylic Dianhydride (PTCDA)

PTCDA is an organic semiconductor and industrial dye. Its deep red colour and associated

optical properties make it an obvious molecule to investigate. The molecule consists of a

rectangular five ring aromatic system with a dicarboxylic anhydride group on each end.

Molecular orbital calculations suggest that the electron density of the delocalised n-

electron system is evenly distributed across the whole perylene core of the molecule33 34

and not two joined naphthalene units as was thought previously. The two dicarboxylic

anhydride groups provide the molecule with significant functionality and lead to the

possibility of some novel interactions with the surface.

The geometry and dimensions of PTCDA and all other molecules were optimised in

Hyperchem™ using a single point optimisation (determines the total energy of the

molecule in Kcal/mole, and the electron charge distribution in the molecule) followed by a

Polak-Ribiere algorithm geometry optimisation. This allows the lowest energy

conformation of the molecule to be calculated by optimising the geometry. In the case of

PTCDA, this shows the molecule to be planar with molecular dimensions of 10.86A x

6.64A not including Van der Waals radii. These were obtained from the literature35, which

leads to molecular dimensions of 13.86A x 8.64A (Fig. 4).

N.B. Molecules are measured from atomic centre to atomic centre. Adding the literature

Van der Waals radii values to this gives the total dimension of the molecule.

13



13.86A

8.64A

Fig. 4 3,4,9,10-Perylenetetracarboxylic dianhydride (PTCDA): Molecular dimensions

include Van der Waals radii. Mr = 392.3g

36 •The molecule, like all those being investigated in this project has (D2h) symmetry , which

combined with the rectangular shape of the molecule, should allow it to undergo molecular

close packing.

PTCDA was one of the first organic molecules to be extensively studied for devices. This

has lead to a large number of papers, relative to those discussing similar polyaromatic

organic molecules, discussing structure and properties on many semiconductor surfaces

including Si(l 11)11'37, InAs(lll), InSb(lll)38, GaAs(l 11)/(100)39'40'41, graphite42'43'44"45'46

and various low index metal surfaces - Au(l 11 )47'48-49'50? Ag(l 11)51'52/(1 10)53'54'55'56/(100)57

and Cu(l 10)58'59/(100)60'61'62. Studies of PTCDA have shown that structural templating can

be maintained through layers in excess of 300nm thick63. On the Cu(100) surface, the

initial monolayer of molecules form a commensurate rectangular lattice ((4a/2 x 5a/2)

R45°) with a unit cell dimension of 18.1A x 14.5A64. The molecules grow in islands and

form domains of up to 200nm wide. This unit cell is approximately the same on all flat

surfaces, and matches that of the (102) plane of the bulk crystal61. There is also strong

14



evidence that the size, shape and degree of ordering within the domains of molecules on

metal surfaces is influenced greatly by annealing of the substrate6 .

In its bulk form, PTCDA has two crystal structures, the a and (3 phases, whose

characteristics are given in Table 1. The (102) plane of both these phases are almost the

same at around 19.5A x 12A .As can be seen from Fig. 5, the molecules within the

structure alternate by 90° which is believed to be driven by the quadrupole moment within

the molecule, i.e. 5- end groups attracted to 5+ charge on the centre of the molecule.

Table 1 Crystal structure of PTCDA67

a-phase (3-phase

space group P2,/c P2,/c

a 3.74A 3.78A

b 11.96A 19.30A

c 17.34A 10.77A

P 98.8° 83.6°

o o

Fig. 5 (102) plane of p-PTCDA68
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This structure has been recorded from single monolayers through layers many hundreds of

nanometres thick69'70, so the structure appears to be driven by intermolecular interactions

and not through interactions with the different substrates used in the various experiments.

As PTCDA has oxygen functional groups, it is likely that it will form stronger bonds to the

substrate than those molecules without such functionality. The bonds with metal surfaces

in particular are strong enough to promote partial dissociation of the molecules59. XPS

analysis of PTCDA on copper foil and tin disulphide shows that the relative intensities of

71 72the two Ols environments change as coverage increases ' . In the bulk sample, a doublet

peak in the ratio 2:1 is seen, the larger representing the carbonyl oxygen atoms (4 per

molecule) and the smaller representing the anhydride oxygen atoms (2 per molecule). At

sub-monolayer coverage, only a single peak is observed in the oxygen region, which based

on its binding energy is likely to belong to the carbonyl oxygen atoms69. This can be

explained in some way, by the molecule bonding through some of the oxygen atoms or loss

of some of the oxygen atoms (Fig. 6).

PTCDA has been observed to lie flat on most surfaces so bonding would occur through

each end. If the molecules were to stand up on a surface e.g. on Cu(211) it may have the

suggested bonding at one end only and the unaltered C2O3 at the other.

Fig. 6 a) represents an electron donation from the surface contributing a negative charge at

the oxygen atoms. This contribution could cause them all to become more equivalent so

only a single XPS peak would be seen. As coverage increases the subsequent layers are

bonded through inter-molecular interactions and remain intact with reduced contribution

from the surface so the two oxygen environments diverge and two peaks become visible.

Fig. 6 b) represents the loss of the anhydride oxygen and the formation of a covalent bond

to the surface so only the carbonyl signal is visible in the XPS. The subsequent layers

would not lose their anhydrides so the anhydride oxygen environment again becomes

16



visible. Fig. 6 c) suggests bonding through loss of one of the carboxylic groups. This has

been seen to occur in the similarly functionalised phthalic anhydride73. Slight changes may

occur in the Cls peak but they are masked by the significantly larger signal from the body

of the molecule.

Fig. 6 Suggested methods through which PTCDA may bond to copper. Upper

diagram shows bonding. Lower diagram shows probable orientation of molecules

relative to the surface under each of the conditions, a) Oxygen atoms are made

equivalent through electron donation from the substrate, b) Through loss of the

anhydride oxygen, the molecule forms bonds to the surface, c) Suggests a similar
n-y

#

mechanism to that seen in phthalic anhydride where C=0 is lost and bonding to the

surface occurs through the remaining carboxyl group. In some cases, the molecule

may bond to the surface through one end only in an upright fashion. In these cases,

the end of the molecule not bonded to the surface would remain structurally

unchanged.

17



Perylene

Perylene is structurally similar to PTCDA having the same core but without the anhydride

and carbonyl functional groups. Perylene is also an organic semiconductor with a

delocalised rr-electron system, which has been used to manufacture a number of devices.

Organic Field Effect Transistors (OFETs) based on perylene single crystals have exhibited

room-temperature electron mobility of 5.5cm /V-s, five times that of the nearest organic

competitor74. It has been investigated in a number of device applications but it has not been
7S If,

extensively investigated as a deposited thin film ' although work on perylene micro-

crystals has been done77. Its colour probably accounts for this lower interest. PTCDA is red

and fits within the RGB device umbrella, perylene is yellow so does not and is therefore of

less interest for optical applications.

H H H H

-H

925k
-H

11.25A ►

Fig. 7 Perylene: Molecular dimensions include Van der Waals radii. Mr = 252.31g

Early investigations into perylene suggested that its electronic structure is more like that of
70

two naphthalene units with two C-C single bonds joining them i.e. the de-localised %-

18



electron system is better considered as two parts which may have implications for the

molecule - surface interactions. Subsequent modelling of the electronic structure suggests

that this is not the case and the central bonds may elongate to prevent distortion in the

planarity of the molecule79. This would give a single aromatic system spread across the

whole molecule. The molecular structure and dimensions are shown in Fig. 7.

Perylene also occurs in two crystal forms, the a and (3 form (Table 2). The a-form has

molecules paired in dimers in a herringbone structure. The P-form has a similar

herringbone structure but is based on monomers instead of dimers as shown in Fig. 8.

Table 2 Crystal structures ofa and p Perylene

a-phase78,80 p-phase81

Space Group P2,/a P2i/a

a 11.27A 11.27A

b 10.82A 5.88A

c 10.26A 9.65A

P 100.55° 92.1°

The p-phase of perylene is only metastable at room temperature and above 140°C it

converts to the a-phase. The two structures are similar, apart from the b dimension, which

in the P-phase is approximately half that of the a-phase due to the structure only

containing two monomers instead of two dimers.
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Fig. 8 a) Alpha perylene: P2j/a, a=11.27A, b=10.82A, c=10.26A, P=100.55° and b)

Beta perylene: P2i/a, a=11.27A, b=5.88A, c=9.65A, p=92.1°

Compared to PTCDA, little work has been carried out on the structure of perylene

adsorbed on surfaces. A NEXAFS study of perylene on Si(lll)82 suggests that the

molecules deposited on the surface are all flat lying: layers up to ~50A were grown. While

PTCDA films are generally observed to grow in the bulk crystal structure, this cannot be

the case for perylene on Si(lll) as both the alpha and beta phases have molecules that

would be significantly tilted to the surface if the bulk structure were grown. Assuming that

the structure grown is not amorphous then it must be a new structure regardless of the

preferred bulk plane orientation with respect to the substrate. Grown on Cu(lll), the

83
perylene molecules are aligned along the <110> directions of the surface . As expected

this give three separately ordered rotational domains due to the six-fold symmetry of the

(111) surface. The molecules are suggested to align with the long edge of the molecule

along the <110> direction, although the relatively poor resolution of the STM images and

the almost square shape of the molecule make it difficult to confirm. The choice of the

Cu(llO) surface for our experiments addresses this problem as there can only be one

domain ifmolecules align along the <110> direction with a rectangular unit cell.

20



Tetracene

Tetracene has a slightly different structure to the previous two molecules although it

retains the D2h symmetry. The four benzene units form a long straight molecule (Fig. 9).

As it is of similar molecular weight and functionality as perylene, it is expected to behave

similarly in terms of substrate interactions and deposition temperature. It also has a similar

de-localised 7i-electron system that the other molecules have.

13.63A

Fig. 9 Tetracene: Molecular dimensions include Van der Waals radii. Mr = 228.29g

oa oc Of.
Like perylene, relatively little work has been done on tetracene adsorption ' ' compared

to PTCDA. The polyacenes as a family have been investigated as isolated molecules and

bulk solids for a number of years87'88. As mentioned before, anthracene was the photo-

conductor in the first ever Xerox machine, indicating the molecules have optical and

optoelectronic properties that may be of interest.

The most studied of the family is pentacene, the five-ringed analogue of tetracene. On

Cu(llO) it has been shown to have an extremely high degree of ordering, aligning along

21



89
the <110> direction and forming long, uninterrupted rows in the <001> direction . The

molecular spacing is governed by a combination of the molecular size and the copper row

spacing. The molecules are only 1.2k apart which is only slightly bigger than the quoted

molecular width of 6.5A (6.99A by my Hyperchem calculations) i.e. the molecules try to

close pack but the structure is relaxed slightly by the important molecule - substrate

interactions. Pentacene has also been used in electronic devices such as TFTs (thin film

transistors) although these use the bulk crystal, not thin films7'90.

Fig. 10 a) Tetracene and b) Pentacene bulk crystal structure (crystal data from

refs91,92 and is shown in Table 3)

As can be seen in Fig. 10, the bulk crystal structures of the two molecules are almost

identical as would be expected from two such similar molecules. Due to such similarities,

tetracene and pentacene would be expected to display similar characteristics when

deposited onto a surface. It should be noted that as perylene, but unlike PTCDA, tetracene

has no plane common to all the molecules in the bulk crystal structures. This increases the

likelihood of thin film growth leading to a novel structure and properties.
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Table 3 Crystal structures of tetracene and pentacene93

Tetracene91 92Pentacene

Space Group P 1 p i

a 7.98 7.90

b 6.14 6.06

c 13.57 16.01

a 101.3° 101.9°

P 113.2° 112.6°

y 87.5° 85.8°
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Experimental Methods

Ultra-High Vacuum (UHV)

The majority of techniques to be used in this project involve Ultra-High Vacuum (UHV).

UHV is used to ensure that the samples under investigation are kept as clean as possible for

as long as possible. It also allows low energy and ion based techniques to be used without

interference from gas phase scattering. UHV chambers are large, Austenitic stainless steel

structures usually constructed with flanges for the attachment of view-ports and analytical

apparatus94. The flanges are sealed with gaskets of oxygen free copper, as the vapour

pressure of rubber is too high and would prevent a good pressure being achieved due to

continuous out-gassing.

Vacuum chambers are pumped using a variety of techniques to provide as good a base

pressure as possible. The initial pumping stages are carried out by rotary pumps to a

pressure of 10"3 - 10~4mbar. Once these pressures are reached, the systems can be pumped

by turbo pumps (high speed, rotary vane pumps) or diffusion pumps. These allow a

chamber to reach UHV pressures - around 10"'°mbar. Rotary pumps and turbo pumps all

contain moving parts that can interfere with scanning probe methods through the presence

of vibrations. To overcome this, ion pumps and titanium sublimation pumps are required,

as they have no moving parts95. A good base pressure is considered to be 10"10 - 10"" mbar.

To reach this pressure by pumping alone would take many weeks due to the extremely

slow pumping speed of certain contaminants (principally water). To remove water in a

time-scale that is convenient, it is necessary to bake the chamber. Baking overnight at

temperatures of over 100°C is sufficient to remove the water from the system. Any
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increase in temperature will facilitate the removal of water from a UHV system. At higher

temperatures (over 200°C), damage may be done to components of spectroscopic

instruments within the systems. A balance must therefore be struck between a high enough

temperature to remove water at a satisfactory rate but low enough to prevent damage. If the

organic samples are to be baked in situ to improve purity, caution must be taken to remain

below the sublimation temperature to prevent contamination to the system or complete

removal of the material. In our systems, we typically bake at 120°C to 150°C.

As UHV chambers are extremely finely engineered, problems can arise. Principally, leaks

from atmosphere (due to improperly sealed gaskets or faulty valves) or "dead" (unpumped)

spaces can lead to surface contamination such as oxygen. As will be discussed later, this

extra surface modification can give rise to interesting structures of adsorbed molecules
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X-Ray Photoelectron Spectroscopy (XPS)

XPS is a method of identifying what atoms are present in a surface and in what proportion

with other atoms present. It can also provide some structural data. Individual photons of a

specific energy are generated by firing a beam of electrons ofmany keV at anodes made of

a particular metal. The most commonly used are aluminium (1486.6eV) and magnesium

(1253.6eV). It is important to have two different anodes as it allows one to distinguish

photoelectron peaks from Auger peaks (photoelectron peaks move as their energy is

relative to that of the photon that excited them, Auger do not as they are caused by a decay

process that is not dependent on the photon energy - when displayed as kinetic energy: the

reverse is true if displayed as binding energy). Using two anodes allows easy identification

of Auger peaks and also allows photoelectron peaks to be analysed at a second position if

the first overlaps with an Auger peak.

The beam of photons is passed through a thin window of aluminium foil to remove stray

electrons. The photons are then directed onto the sample, where they penetrate many

hundreds of nanometres into the surface. This leads to emission of electrons from the core

and valence shells of the atoms in the surface (Fig. 11). These excited electrons can only

pass through a few nanometres of the sample before losing sufficient energy and being re¬

absorbed, making XPS an extremely surface sensitive technique. The kinetic energy of the

electrons that are emitted from close enough to the surface to escape without loss of energy

can then be detected by the analyser. The vacuum level is the "zero kinetic energy line" i.e.

the point at which there is no longer an interaction with the atomic nucleus. The vacuum

level tends to be 3-6eV above the fermi level or HOMO96.
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Fig. 11 Energy levels involved in XPS96. Photon (hv) of specific energy excites core

electron. It requires Binding Energy (B.E.) to reach the Vacuum level. Remaining

energy is measured Kinetic Energy (K.E.).

As a very specific energy is required to remove electron from a specific core level

(Equation 1), the exact identity of the atom can be determined from well established tables.

As the energy of electrons varies a little depending on the environment of the atom,

multiple peaks or small shifts in binding energy can give a little information on the

bonding present within the sample.

Equation l95

Kinetic Energy (K.E.) — hv - Binding Energy (B.E.)

The conservation of energy expressed in Equation 1 states that the binding energy is the

exact energy required to remove an electron from its initial core level to the vacuum level

and the kinetic energy is what is left from the photon energy put into the system. So by

scanning an energy region of 1200eV to 5eV with a short dwell time on each specific

energy, a spectra of all the separate kinetic energies can be displayed. Since kinetic energy

depends on hv and the primary characteristic of a core level is the binding energy,
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Equation 1 is employed to present the spectra as electron intensity versus binding energy.

Auger emission is a two electron, one hole process, where one electron is emitted in a

primary process leaving the hole. An electron from a higher orbital decays, fills the hole

and a second electron is emitted93. Auger peaks tend to be wider than photoelectron peaks

and in groups due to the multiple combinations of decays and emissions that can occur. As

this process is not dependent on the energy of the photon electrons, the peaks do not shift

in kinetic energy depending on the anode used.

As the energy of valence electrons is less well defined (They are shared between atoms

therefore they are not atom specific), they are not seen as sharp peaks, but are smeared out

across a wide range. This makes them a lot less useful for elemental qualitative and

quantitative analyses by XPS.

In this project, XPS has been used to provide an indication of layer thickness by

comparison of overlayer peaks with substrate peaks. Secondly, peak shape of the bulk

sample compared with that of the initial layers might give indications of the bonding

process of the molecules to the surface. Film thickness can be determined in two ways. The

first requires a significant difference in the molecular structure of the first layer (e.g.

PTCDA losing the anhydride oxygen atoms on copper). As the second layer grows,

differences should be seen in the peak positions and shapes. The second involves plotting

peak intensity versus time. At thickness increases, if growth is on a layer by layer basis, the

intensity gradient should decrease with time. The onset of a new layer of growth should

correspond to a gradient change, allowing thickness to be calibrated. As layer thickness

increases, binding energies of peaks can shift to higher energies as electron contributions

from the substrate decreases. This can also give indications of film thickness.
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XPS Transmission Function

To increase the accuracy of quantification from XPS spectra, the transmission function of

the spectrometer was calculated under the same conditions that the experimental results

would be collected. This allows inconsistencies in the specific photon energies of our

system to be calibrated to allow accurate quantification of samples. The XPS of gold (Au

4f7/2, Au 4f5/2, Au 4d5/2, Au 4d3/2, Au 4p3/2, Au 4pl/2 and Au 4s peaks), copper

(Cu2pl/2, Cu2p3/2, Cu3s, Cu3pl/2 and Cu3p3/2 peaks) and silver (Ag 3s, Ag 3pl/2, Ag

3p3/2, Ag 3d3/2, Ag 3d5/2, 4s and 4p3/2 peaks) were recorded as they are easy to clean

(and keep clean) and they have peaks across the entire binding energy range. The wide

range of peaks is required to cover the entire binding energy range to provide a more

accurate calibration. For each individual element, binding energy was plotted against the

peak intensities after allowing for cross section effects and the best straight line was fitted

through them. This straight line was then normalised so that the binding energy of 286eV

equalled 1 (corresponding to the Cls peak as it has a relative sensitivity factor of 1). This

was repeated for the other two elements. From the three straight lines, a best fit is

generated to give the transmission function (Fig. 12, Equation 2).

Equation 2

Transmission Function Correction = 1.40399 - (0.00141 x Binding Energy)

The binding energy of any XPS peak can be fed into this equation to produce a correction

factor. The peak area is then divided by this correction factor to produce a more accurate

result. Once divided by the photo-ionisation cross sections (relative sensitivity factors) an

accurate percentage composition should be produced.
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Transmission Function for Al Ka
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Fig. 12a XPS Transmission Function: data. Gold, Silver and Copper peaks are used

to calibrate the spectrometer. Data is fitted with best straight line for each data set.
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Fig. 12b XPS transmission function. The best straight-line fit through all the best

straight-line fits of the Gold, Silver and Copper data gives the Transmission

Function. y= 1.40399 - (0.00141 x B.E)
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Low Energy Electron Diffraction (LEED)

Low Energy Electron Diffraction (LEED) is one of the most widely used tools in surface

science. It can be used simply to provide spot positions which relate to the size, shape, and

orientation of the unit cell of the surface, or intensity/voltage curves can be related to

computer simulations at known electron beam incidence to give exact atomic positions. A

focussed electron beam, of well-defined energy, is aimed onto a surface and then scattered

by the atomic cores present. Well-ordered surfaces give good constructive interference of

the scattered electrons at well-defined directions. The scattered electrons are then

accelerated by a charged phosphorus hemispherical screen so they have sufficient energy

to produce diffraction spots when they strike it97 (Fig. 13).

Fig. 13 Low Energy Electron Diffraction (LEED) schematic

The voltage of the two grids in front of the screen can be varied to tune the scattered

electrons to provide a more defined LEED pattern. The negative voltage of the grids are set

slightly below that of the electron beam to prevent any inelastically scattered electrons

Grids

Phosphor
Screen ~

Ele<
Gur
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reaching the screen. If the negative voltage of the grids is higher than the negative voltage

of the scattered electrons, the electrons are deflected, reducing the brightness of the

background98.

As the electrons scatter from an ordered surface, at certain angles, the path difference of

the scattered electrons differs by an integral number of wavelengths (Fig. 14).

a = inter atomic distance When nX = a sin 0,
n = integer diffraction spots are seen.
X = wavelength

Fig. 14 Scattering of electrons on a one-dimensional chain96. When n is an integer, the

wavelengths of the scattered electrons constructively interfere leading to diffraction

spots on a LEED screen. When n is not an integer, the waves destructively interfere

and no spots are seen.

At angle 0, where n is an integer, the electron beams constructively interfere leading to

spots on the LEED screen The angle that leads to an offset of one wavelength is known as

the first order spot, two as second order etc. LEED is sensitive of ordered areas of around

100A due to constraints of the electron beam (aperture and beam focussing). The more

highly ordered the surface, the sharper the spots will be. If looking at an adsorbate or clean

crystal surface, domains over 100 A will produce spots that are sharp. Depending on the

level of coverage, the overlayer spots may be seen in conjunction with the substrate spots
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or may obscure them completely. If there is disorder or the domains are under 100A, then

the spots will become more diffuse or will not be seen at all (high coverage, low order will

obscure substrate spots). A highly ordered surface will also give good contrast between the

spots and the background97. If the ordering is poor the background will be much brighter.

LEED can be used prior to carrying out experiments to ascertain whether or not the

substrate to be used is clean and has large, ordered domains. It can also provide an

extremely quick method of establishing whether or not an ordered structure has been

produced before carrying out more time consuming experiments such as STM. If an

ordered LEED pattern is recorded then the geometry and spacing of the overlayer spots

with respect to those of the substrate are vital in deducing the unit cell parameters.
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Vibrational Spectroscopies: Reflection/Absorption Infra-Red Spectroscopy(RAlRS)

Transmission Infra-Red and Electron Energy Loss Spectroscopy (EELS)

Vibrational spectroscopies are extremely important in many forms of analytical science as

they can identify the sorts of bonds that exist within or between molecules. This becomes

even more important on a surface due to the surface selection rule (Fig. 15)9 . Reflection

Absorption Infra-Red Spectroscopy (RAIRS) and Electron Energy Loss Spectroscopy

(EELS) both rely on the premise that atoms within every molecule are vibrating in a

number of different ways and directions (in-plane, out-of-plane etc).

Reinforced

/
Cancelled

3 @0 Dipoles

Dipole reflections

Fig. 15 Surface Dipole Selection Rule. When a dipole is perpendicular to the surface,

the reflected dipole causes an overall reinforcement of the initial dipole. If the dipole

is parallel to the surface, the reflected dipole is the opposite of the original so cancels

it.

On a metal surface any dipole close enough to have an interaction will induce a dipole in

the substrate that is best thought of as an image (i.e. the induced dipole is the reflection of

the original). The image dipole arises from the response of the metal valence electrons to
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the external dipole and is particularly efficient at vibrational frequencies that are well

below the metal plasmon frequency. If the dipole is perpendicular to the surface, the dipole

and its mirror image have the same directional vector and are therefore are reinforced. If

the dipole is parallel to the surface, the mirror image has the opposite directional vector

and cancels out the real dipole.

In EELS, an electron beam of a specific energy is fired at a sample in UHV and the kinetic

energy of the scattered electrons are measured by an energy analyser. The majority of the

electron scatter elastically (E=E0) and give rise to a large peak (the elastic peak) but a small

number of electrons undergo a discrete energy loss (or gain) due to specific bond

vibrational modes and can be seen as peaks at lower (or higher) energies. The EELS

spectra obtained in this project have all been recorded with a specular geometry, i.e.

incidence angle = exit angle. Due to the surface dipole selection rule, only vibrational

modes whose dipole change is perpendicular to the surface can be seen and these bands are

quite intense, dipole changes parallel to the surface are not seen. EELS also has an impact

scattering mechanism where all bands can be seen but usually at much lower intensity than

the dipole allowed modes. These modes are best observed away from the specular

direction.

RAIRS causes a similar excitation of vibrational modes of molecules, but the energy

comes from the absorption of infrared radiation. Older, dispersive systems used a beam

that scanned the photon frequencies and compared the intensity as a function of frequency

with that of a beam being passed through a reference cell at the same time. To collect a

single spectra could take around four minutes for a transmission spectra or much longer for

RAIRS, with relatively poor intensities. Newer IR spectrometers, Fourier Transform
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Spectrometers (FT-IR) use only one infrared beam that contains all the information of the

sample (Fig. 16).

Beam Splitter

Moving Mirror"| IR Source

Long Path Beam
Laser Beam
Short Path Beam

Fig. 16 Schematic of FT-IR spectrometer", the IR beam is split with one beam

traveling further via a moving mirror. The precise pathlengths are calculated using a

fixed frequency laser allowing Fourier Transform to calculate intensity for each

frequency.

The IR beam passes through a beam splitter, one beam going to the sample, the other to a

moving mirror before going to the sample. When they recombine at the beamsplitter, they

constructively or destructively interfere so intensity can be measured across the whole

frequency range. As the mirror moves, the precise path length of the two beams can be

calculated (using the fixed frequency laser beam as a reference)100. The spectrometer

records the intensity at each known path-length and the computer processes this

information using a Fast Fourier Transform procedure to calculate the intensity at each

frequency and produce a single beam spectra. This allows a sample to be collected in

seconds instead of minutes meaning many more scans can be run in the same time leading

to significantly lower background noise levels and increased chance of detecting extremely

small peaks.
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For this project, it was considered useful to record the IR spectra of the various free

molecules. To achieve a sufficient level of transparency, the molecules were ground with

KBr to make a 10% mixture. This was then pressed into thin translucent pellets that were

ideal for IR transmission experiments. As the pellets allowed a relatively intense signal to

be collected, the DTGS (Deuterated TriGlycerine Sulphate) detector was used. It is not

very sensitive to small intensities but retains sensitivity to a lower wavenumber(~400cnf').

Transmission spectra were collected from 410 - 4000cm"1 over 128 scans. These spectra

were reprocessed against a unique background of a signal recorded through the atmosphere

in the analysis chamber using the same experimental parameters. The reprocessed spectra

show all IR allowed vibrational frequencies in the molecules. These peaks were assigned

by comparison with literature results101'102'55 and are discussed in the relevant results

section.

Once the spectra of the molecules has been recorded and assigned, Reflection/Absorption

Infra-Red Spectroscopy (RAIRS) can be carried out. In RAIRS the molecules are

deposited onto a surface and instead of the infrared beam being passed through the bulk of

the sample, it is scattered off the surface at a grazing angle of -4° (Fig. 17).

Fig, 17 RAIRS grazing angle. In our experiments, a grazing angle of 4° is used.

Calculations show the optimum angle to be 2°103, but this may vary due to the exact

properties of the metal substrate. At smaller grazing angles, the signal is masked by

"background reflections" from the substrate so the IR signal is seen to drop off sharply.
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The ideal spectrometer would carry out scans across a range of grazing angles from 2-10°

but this is would be experimentally difficult achieve and impossible in our case. On

Copper, 4° offers a good compromise between intensity and quality of signal. As the

intensities from the molecules are tiny, the DTGS detector was unsuitable so an MCT

(Mercury Cadmium Telluride) detector was used instead. It is only sensitive down to

700cm'1 but when cooled with liquid nitrogen, it is capable of recording extremely low-

level intensities.

Detector

Path of IR beam

Source

Fig. 18 RAIRS apparatus: Nicolet Magna 860 coupled with UHV chamber containing

substrate and chemical deposition apparatus.

The pathlength of the IR beam in the apparatus used is only 100cm from the port on the

side of the spectrometer (fig. 18). The shortness of this distance reduces the amount of

signal degradation as the beam travels to the detector. The atmospheric pressure sections of

the system are enclosed and mated to the UHV RAIRS with airtight seals and are purged

with either dried air or nitrogen from a gas cylinder or liquid nitrogen boil-off. Purging the
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system reduce stretching bands at 2300cm"1 arising from atmospheric CO2 and the various

water bands at 1300-1900cm"' (O-H bending [region] coupled with rotation in gas phase

[fine structure within region]) and SSOO-dOOOcm"1 (O-H stretching bands)104. Purging of at

least twelve hours was required if using dried air after opening the system until

experiments were carried out. This time was greatly reduced if nitrogen was used.

The substrate was mounted in a section ofUHV chamber with access to standard analytical

tools such as LEED, mass spectrometry and STM. The sample in the RAIRS can be heated

to 500°C or cooled with liquid nitrogen or helium to extremely low temperature. The

sample, when in position to be analysed by the RAIRS, is in direct line of sight to the

dosing apparatus. These combined features allow experiments to be carried out involving

both temperature dependent and coverage dependent experiments. As the signals from

RAIRS are extremely weak, it is preferable to spend a significant amount of time

optimising the signal collected from the surface by fine-tuning the exact position of the

sample. When the experiments are run, 256 scans were collected for each single beam

spectra. All the spectra are processed against a background spectra collected under the

same conditions at the start of the experiment.
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Scanning Tunnelling Microscopy (STM)

STM was first developed in 1981 by Binnig and Rohrer at IBM who later went on to win

the Nobel Prize for Physics for its invention105. Whilst being one of the newer surface

science techniques, it is also one of the fastest growing and most useful. Until its invention,

there was no way to easily image a surface at the molecular or atomic level. STM can even

produce information on subatomic structure of the surface under analysis. The wavelength

of light ~300nm is the main constraining factor in standard optics. Anything smaller does

not reflect energy from the light and is not optically visible. Electron microscopes are

available but do not have sufficient resolution to provide the fine sub-atomic detail that

[
STM can achieve.

Fig. 19 STM tip (macroscopic and microscopic views). An STM tip, typically

tungsten, is produced by electrochemical etching in KOH solution. The resulting tip

should be atomically terminated to produce STM images.

STM works by creating an image using the electronic structure of the surface. A tip,

generally tungsten (Fig. 19), is manipulated across the surface by piezo-electric motors and

a current is passed through it to create a circuit. Piezo-electrics allow extremely small (sub-
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A) movements to be made that combined with current changes allow a picture of the

surface to be produced10 . For STM to succeed, the substrate under investigation must be a

conductor or semiconductor so that current may flow.

An STM tip is produced be electrochemical etching of a tungsten wire with a solution of

sodium or potassium hydroxide (~2M although exact concentration is not critical). The

tungsten wire is placed through the centre of a tungsten loop and immersed in the

hydroxide solution. A power supply is connected to the wire and loop and a current is

passed through the circuit. The wire being etched is the positive electrode and the loop

around it is the negative electrode107. Tungsten atoms enter the solution as W4+ ions, the

4e~ then react with water to provide 40H" and 2H2 (g). A visible sign that etching is

successfully taking place is the evolution of gas bubbles at the positive electrode. Over

time, the wire can be observed to becoming increasingly thin at the point around which the

loop is situated. Eventually, the weight of the wire and tip holder into which it is mounted

cause the wire to stretch and snap. This should produce an atomically terminated tip.

An STM can be run in either constant current mode or constant height mode. In constant

current mode, the tip is moved in an out from the surface as it scans to maintain a constant

current between the tip and the surface. A computer translates these movements into an

image. In constant height mode, the tip travels back and forth without moving

perpendicular to the surface. As the topography of the underlying surface changes,

differences in the current passing between the tip and substrate should be observed106. It is

these changes that are translated into an image in this mode. For this project, all STM

images were collected using the constant current mode.

The resolution of the images can be altered by changing the gap voltage (the bias applied

to the surface), the feedback setpoint (tunnelling current), and the loop gain (slows the

feedback loop and reduces tip oscillations). However, good resolution images can only be
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achieved with a high quality tip. An STM tip must be terminated with a single atom so that

the current flows through an extremely localised point. If the tip has a few atoms at the

same height then the current flow will be spread across this area and it will be impossible

to distinguish surface features. In rare cases, a double tip can be produced where the tip has

two distinct single atom points at the same height but they are sufficiently far apart that

they can both produce high-resolution images. The effect is a shadow image.
J rjo a #

In experiments of PTCDA on Si(100) conducted in St. Andrews , distinct duplications

can be seen to the side of each of the islands (Fig. 20). This is explained by having a

double tip a few tens of nanometres apart. The second tip seeing what the first did shortly

after. It is extremely rare that images of this resolution would be collected to illustrate this

point so clearly.

Fig. 20 STM of PTCDA on Si(110) recorded with "double" tip. The dual image, as

indicated by the outline, indicates that there must be two termination points on the

tip in use leading to two points on the surface being scanned simultaneously.

As STM works by imaging via a flow of current, induced by voltages typically of 0.01 -

2V, it is not the nuclei of the atoms involved that are seen but the associated electron
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orbitals. The tip can be set to a positive or negative bias. If negative, electrons flow from

the tip into the sample so the image formed is of the empty states of the sample, if positive

it is of the filled states. If molecules are being imaged, it may not be apparent which part of

the molecule is being imaged or what orientation it is in. Molecular orbital calculations of

adsorbed molecules and in some cases even of free molecules can be used to establish

where the HOMOs and LUMOs are within the molecule and therefore the structural

orientation.

If at any point, current can no longer flow the computer has no reference to control tip

height. This can occur for a film deposited onto a substrate that is sufficiently thick to

insulate against current flow. This can cause the tip to crash into the substrate resulting in

damage to the surface, tip or piezo-electrics.

In this project STM was used to image thin organic films in the range of sub-monolayer to

-20ML.

As STM images are analysed on computers, there are some constraints as to how the

images are processed which introduce errors into the measurements. The images are

displayed as a set number of pixels, which in turn define the points the computer uses to

provide measurements e.g. a measurement from pixel a to b may be 1,87nm but a to one

pixel further away from b may be 2.14nm. This margin for error or spatial resolution can

be quantified as the total width of an image divided by the number of pixels in that width.

This in turn affects how measurements are taken from the images. If the dimension of a

feature is taken then it has this standard error. It follow therefore that if the measurement is

recorded as an average over ten of the features in a line, then the error would also be

divided by ten, making the result far more accurate.
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Auto-Correlation of STM Images

Auto-Correlation of an STM image takes each peak of an intensity map and plots it in

relation to all other peaks. This then provides an image that emphasises the periodic

information that was hidden by random elements within the original image. These auto¬

correlation graphs tend to allow measurements to be averaged over a greater number of

features decreasing the error in measurements and therefore far more useful data for

construction of an accurate structural model.
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Mass Spectrometry

Mass spectrometry is one of the most useful and versatile tools available to the surface

scientist. It can be used in establishing UHV conditions - providing information on the

initial levels of contamination within a system or indicating that there may be a leak if

oxygen is present. If the chamber does have a leak then mass spectrometry is usually used

in conjunction with a squirt of acetone on the flanges to isolate the location. It can be used

to monitor out-gassing of chemicals for deposition or filaments within the chamber to

ascertain when acceptable levels of contamination are present. Mass spectrometry can

indicate whether a chemical has reached an appropriate deposition temperature or vapour

pressure, as its fragments will appear in the spectra. It can also be used in desorption

experiments to record molecules and fragments leaving the surface under the influence of

heat to provide thermodynamic information on the formation boundaries of the initial

monolayer and subsequent layers. All these investigations are carried out using the same

simple apparatus.

A mass spectrometer works by producing ions of the parent molecule and ions of

fragments of the molecule. The sensitivity available within these systems is sufficiently

high that they can detect the smallest amounts (partial pressures of generally as low as

lxlO"nmbar or lxlO"14 for a top of range system109) of contaminants (e.g. oxygen) that

may interfere with the experiments or pick up desorption from sub-monolayer coverage of

a surface.

The filament in the mass spectrometer ionises the molecules passing through it before they

enter the quadrupole mass analyser (QMA)110. In this, there are four conducting rods,

paired diagonally, that by switching the charge can accelerate the ions towards the

detector. As the switching occurs, it has an increasing effect on the motion of the ion
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causing it to undergo greater acceleration and therefore greater oscillation in its path of

travel97.

Fig. 21 Quadrupole Mass Analyser (QMA). After ionisation, the ions spiral down the

quadrupole being accelerated at different rates depending on their masses. Only ions

of a particular mass will reach the detector110.

The amplitude of the oscillation of the ion increases until it hits the electrode and becomes

neutral again. The lighter the ion, the fewer number of cycles before it hits the electrode.

Ions that are not collected by the electrodes travel the full length of the QMA to the

detector. The QMA therefore can be tuned so that only selected ions of the correct mass

travel the full length of the quadrupole to the analyser. This allows both collection of a

single mass or a collection across a wide range ofmasses, both ofwhich are highly useful.
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Temperature Programmed Desorption (TPD) - by fragment, pressure and

vibrational mode

As discussed in the introduction of this thesis, the molecules under investigation tend to

remain intact when deposited onto surfaces. XPS results ofPTCDA on copper111 indicate a

loss of the anhydride oxygen to form covalent bonds with the surface that would be quite

tightly bound. Subsequent layers are bonded by intermolecular interaction to the layer

below and are significantly less tightly bound. Even if the initial layer is not covalently

bonded, the interactions are usually measurably stronger than those of subsequent layers

due to increased electron density on the surface, i.e. molecule-molecule interactions are

usually weaker than molecule-substrate interaction. By desorbing any film by the

application of heat, the weakly bound multilayers should desorb at a lower temperature

than the monolayer. The transfer ofmolecules from the solid phase to the gas phase can be

measured by a number of routes to provide structural or stoichiometric information.

By applying energy into the surface as heat with a controlled temperature ramp, an

accurate correlation can be made between recorded signals and the temperatures at which

they appear. By far the most common form of TPD is to record the molecular fragments

produced by mass spectrometry. As the molecule may break up when desorbed (or the

monolayer may fragment but the multilayer molecules may not), a number of signature

peaks of the molecule are chosen and recorded for the entirety of the experiment. The area

of a multilayer desorption peak is proportional to the number of layers present. The area of

the monolayer peak (if a complete monolayer were grown) should remain the same

irrespective of how thick the subsequent layer is. The ratio of these can be used to deduce

the layer thickness (Fig. 22).
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Multilayer
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Fig. 22 TPD - Coverage or corresponding TPD signal as a function of deposition time.

Under layer by layer growth conditions, peak corresponding to the first layer will

grow then saturate. At the point of saturation of the initial layer, the peak

corresponding to the overlayers will appear.

In cases where the mass spectrometer has difficulty detecting the molecular fragments, due

to constraints in the detection limits since quadrupole/MS is less sensitive to heavy

fragments, it may be possible to detect total pressure bursts at the multilayer and

monolayer desorption temperatures. This may not be of use in determination of layer

thickness but should accurately represent the desorption temperatures. In the event of the

two desorption peaks overlapping, an alteration of the temperature ramp may separate

them.

A third method is growth and desorption with continuous monitoring in RAIRS. The

RAIRS spectra give structural information due to the presence or absence of vibrational

modes. Following the intensity changes of these during film growth can indicate the

completion of the monolayer and allow the determination of the spectra of a thick layer. If

the substrate is then heated, the peaks get smaller as the layers desorb with multilayer

peaks desorbing first followed by the monolayer peaks. If at any point during desorption,

under the influence of a temperature ramp, the desorption ceases but peaks are still present,

this indicates a significant change in the binding strength of the molecules. This is likely to

be the point at which the entire multilayer has been desorbed, but not hot enough to desorb
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the monolayer. Continued heating should see any remaining peaks removed (at the same

higher temperature). Under the influence of heating, the peaks disappear as the molecules

desorb.

There is evidence that fragments of the three molecules do remain on the surface. LEED

investigations after TPD tend to show only substrate spots, but they are not as sharp prior

to the experiments. With PTCDA on Cu(llO), even after light Ar+ bombardment and

annealing, a subsequent film grew amorphously as opposed to the flat molecules that were

observed before, indicating a significant level of contamination was still on the surface.

Perylene and tetracene residues were easily removed, indicating that PTCDA is a far more

tightly bonded molecule.

RAIRS TPD produces the most information of the three but is more difficult and time

consuming to carry out but importantly it is not constrained by molecule size and related

detection limit problems in a mass spectrometer. This makes the RAIRS method of most

use in this project.
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Luminescence

An integral part of this project is to investigate some of the properties of the films that have

been grown. One of the main areas of interest in these molecules is that of display devices.

For this reason we chose to investigate the light emitting properties of the films.

Luminescence is the phenomena of a substance absorbing energy in some form and the re-

emitting the energy as light (Fig. 23).

Energy

Absorption Emission

' f- ground state

Fig. 23 Luminescence process112. The absorption of energy (light/heat/electrical)

excites an electron to an excited state. As the electron decays to the ground state,

energy is emitted in the form of light.

A molecule is excited from the ground state (/) to an excited state (e) by absorbing energy.

The molecules then decays back to the ground state after time (t), emitting a photon of

light as it does. The length of time that a molecule remains excited is important in defining

the sort of luminescence involved. If t ~10"8 seconds then the process is fluorescence, if

emission is around a second or more, it is referred to as phosphorescence. In the range of

10"' - 10~5 seconds it could be long fluorescence or short phosphorescence112. The process
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can be established by temperature dependent studies (phosphorescence is temperature

dependent, fluorescence is much less so).

The type of luminescence that a substance displays has an effect on what applications it is

used for. If a substance has good phosphorescent properties then it would be better suited

to ambient lighting applications e.g. back-lighting a mobile phone display. If it has good

fluorescence then it would be better suited to a display device. We are not concerned

specifically with what luminescent properties we observe, as applications for all sorts are

available.

Photo-Luminescence

As the films studied in this project are grown in UHV, to remove them from the system to

carry out property testing for device applications would compromise results with respect to

the UHV characterised structure. Photo-luminescence, light produced by stimulation with

light, was chosen as the first method due to the ease at which an in situ experiment could

be set up. Samples were stimulated with a laser of known wavelength (InGaN diode laser -

408nm), which is in the ultra-violet (UV) region, just out of the range of human vision.

This is advantageous as, when the laser is shone against a non-photoactive sample, nothing

is seen at all. When shone against a photoactive sample, photo-luminescence could be

clearly seen with the naked eye.

When a sample had been prepared, a fibre-optic cable for collection of the emitted light

was moved so that it was ~5-10mm from the surface. The fibre-optic cable was mounted

on linear drive so that it could be retracted during film deposition. The laser was aligned
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externally from the UHV chamber through a glass view-port so that it pointed directly at

the surface. The angle between the fibre-optic cable and the laser beam was -45° but this

could vary from system to system depending on the flanges available to set up the

equipment (Fig. 24). To optimise the signal, the substrate was manipulated so that the

normal was half way between the input and output so the angle of incidence and emission

are equal (due to the physical constraints of some of the systems this is not possible so the

closest compromise is used). With this set-up, the recorded spectrum contains a signal

from the laser at 408nm. This is significantly lower than the wavenumbers of emission

(500-700nm) so does not cause interference.

Fig. 24 Photo-luminescence schematic. UV Laser light was shone onto the substrate

through a viewport. Emission was recorded via a fibre optic cable attached to a CCD

detector. The resulting spectra was displayed and captured by PC.

The sample was irradiated by the 408nm laser and the light that was emitted was captured

by a grating CCD detector for spectral display and recorded on a computer (Fig. 25). The

set-up and capture times were extremely small, allowing these experimental recordings to

be carried out extremely quickly. The photo-luminescence of a pre-grown film could be

52



collected in a few minutes. This allowed many data points to be collected during a film's

growth with minimum disruption to the growth process, reducing possible contamination

to the film and system.

The experiment could also be carried out ex situ allowing the comparison of films in UHV

and those exposed to the atmosphere using the same equipment.

Wavelength/nm

Fig. 25 A typical photoluminescence spectrum: Perylene on Cu(llO). Peak at 408nm

is UV laser. Photons in the range 470 — 730nm are the luminescence from a perylene

thin film.
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Electro-Luminescence

With the success of the photo-luminescence experiments, electro-luminescence

experiments were attempted. Electro-luminescence is the stimulation of light by the

application of an electric current. The experimental system was based on that of the photo-

luminescence with some minor modifications to facilitate the stimulation of emission. The

end of the fibre-optic cable was placed in a small glass sphere that had been coated with a

thin layer of gold. Whilst the exact thickness of the gold was unknown, it was visible but

translucent suggesting a thickness of 100-300nm. The glass sphere was isolated from the

fibre-optic cable but was attached to an electrode. It was hoped that by moving the sphere

(with the fibre-optic inside) into contact with the sample, a circuit would be formed.

Passing a small current through this circuit would stimulate emission that could then be

recorded (albeit at a lower intensity due to the gold film and glass) through the fibre-optic.

Due to the input and output travelling through the same apparatus, it was possible to align

it perfectly perpendicular to the sample, maximising any signal that may be achieved.

Fig. 26 Electro-luminescence experimental set-up. Gold film and copper substrate

provide electrodes for perylene film. Emitted light was collected via fibre optic cable.

Gold Film

Copper Substrate
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A thick film of perylene was grown on a Cu(llO) substrate under the standard

experimental conditions. Whilst its thickness was unknown, it was calculated to be in the

order of a few tens on monolayers thick. LEED showed no spots, indicating a sufficient

level of coverage. Photo-luminescence was checked visually with the laser, which

confirmed the presence of a light emitting film. The sample was aligned and a digital

voltmeter was attached to the gold sphere electrode and the sample mount electrode. The

sample was slowly moved into contact with the gold sphere, confirmed by the continuity

setting alarm. Resistance measured across the device was recorded at 11Q. Low currents

(10~2A) and around 1.5V were passed through the device but the contact would break

down. Localised heating of the sample at the point of contact causing the film to desorb

probably caused this.

The experiment was repeated with liquid nitrogen cooling of the sample (~190K). After

dosing of a similar thickness of film the experiment was carried out as before. Again,

emission could be seen from the film when stimulated with the laser but, as before, the

contact would break down when a current was applied albeit at a slightly slower rate than

before. During both experiments, constant monitoring of the photo-luminescent output was

being done. In both cases no change from the background reading was observed.

While this experiment did not produce any electro-luminescence, it did indicate a

drawback of devices with metal - organic film contacts. The contacts are subjected to

localised heating due to high resistance at the point of contact. This heating is likely to

cause a breakdown in the organic film, destroying the contact. The device built for this

experiment was extremely crude and had a number of aspects in it that should be improved

to provide results but this falls out with the remit of this project.
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Sample Preparation - Chemicals

The chemicals to be used were not purified further in any way prior to insertion into the

UHV chamber. All chemicals used are commercially available: Perylene, Aldrich-99%,

PTCDA, Acros-98% and Tetracene, Acros-98%.

PTCDA, having a sufficiently low vapour pressure was baked in situ which gave a

significant period of out-gassing. It was also heated slowly to deposition temperature

behind a closed gate valve to reduce the risk of surface contamination. Perylene and

tetracene on the other hand have higher vapour pressures leading to a risk of losing the

chemical through sublimation during the baking process. PTCDA was typically deposited

at 220°C, perylene at 130°C and tetracene at 115°C. Because of this, the latter two

chemicals were introduced to the systems after the bake-out was complete (but before the

system had fully cooled to ensure a good base pressure could still be attained). These

chemicals were out-gassed as the PTCDA was, but at a lower temperature than the

deposition temperature to avoid vaporising the entire contents of the doser. Once degassed,

the samples were monitored using mass spectrometry to monitor whether any water was

coming off the chemical sample. If sufficiently low levels were observed then the sample

was ready for deposition. Experimental results (specifically STM and RAIRS) show that

this process of chemical preparation was more than adequate for the experiments to be

carried out with no evidence of contamination to the films.

Deposition was originally going to be monitored by quartz crystal microbalance (QCM),

but this was found to be insufficiently accurate at the low levels of coverage required. A

second method of calibration was to be XPS, as discussed earlier, as changes in the

intensity curve should occur at each separate layer. As will be seen later, this proved to be

highly inaccurate. The most accurate method proved to be RAIRS desorption experiments
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as they gave an obvious monolayer peak under desorption conditions which then allowed

total coverage to be evaluated (Fig. 27). From this the doser could be calibrated in terms of

ML/min and layers of specific thickness could be grown as desired. The coverage v time

graph is not linear because with any of the analytical techniques used in this project, they

can only measure spectra from a certain thickness of film. Once this thickness has been

exceeded, the spectrometers can only measure the top portion of the film, so coverage

becomes constant.

Coverage

Time

Fig. 27 Graph of Coverage v Time that can be calculated from RAIRS or XPS. As

film thickness increases, the graph appears to plateau with time as techniques

involved are surface sensitive i.e. can only penetrate a finite depth into the film.
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Sample Preparation - Substrates

The copper substrates used were commercial crystals, one cleaved to reveal the (110) plane

and the other cleaved to expose the (211) plane. Preparation of these samples involved,

when required:

Mechanical polishing using various grades of diamond polishing paste, from 25 to 0.25pm,

with oil and coarse or smooth polishing cloth. In UHV, the crystals were bombarded with

Ar+ ions at a typical voltage of 500eV for five to ten minutes and annealed to 500°C. This

process was repeated typically for three to five cycles but longer if required. Occasionally

overnight annealing at 200-300°C was used as well. In the various different UHV systems,

where available, XPS, LEED and STM were used to assess the cleanliness of the substrate

prior to experiments commencing.

Characterisation of Clean Surfaces

The two clean surfaces were predominantly characterised by LEED. As discussed earlier,

the sharper the image, the larger are the domains of that surface and the higher the contrast

between the spots and the background, the higher the order within the domains.

• %

• •

#

[ 84eV

Fig. 28 LEED of clean Cu(l 10) LEED of clean Cu(211)
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The Cu(llO) is a simple structure with unit cell dimensions of 3.62A X 2.56 A. In

reciprocal space the long dimension of the LEED pattern represents the shorter side of the

rectangular unit cell in real space but the ratio of the long dimension against the short

dimension remains the same.

The Cu(211) surface is altogether more complicated. The LEED pattern from the surface

has both weak and intense spots that arise from interference between electrons scattered by

different atoms within the substrate unit cell.

• 1

<p 2

S 3

• 1

O

Fig. 29 Cu(211) unit cell and model LEED pattern

Measurements from the LEED pattern indicate that the unit cell is that shown in (Fig. 29).

This pattern of spot intensities arises from third order splitting of beams characteristic of

the (111) terraces.
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Oxygenated Cud 10) Surfaces

During the course of the project, due to a few imperfections in the UHV systems being

used, the copper surfaces became inadvertently oxygenated. On closer inspection, this gave

rise to some interesting results which in turn lead to the substrates being deliberately

exposed to oxygen to control the experiments.

The structure obtained when the Cu(110) surface is exposed to oxygen is the p(2xl)

structure113 (Fig. 30).

(3 Copper Row

(3 Added Copper Row
O Oxygen

►<110>

Fig. 30 Oxygen on Cu(110): Added Row structure - p(2xl): Unit cell = 3.62A x 5.12A

An oxygen atom sits on the short-bridge site between two copper atoms on the <110>

direction. Copper atoms then add into the structure where the oxygen sits in a relative long

bridge site. Three models have been suggested for the growth mechanism, a missing row

model, a buckled row model and an added row model. A comprehensive STM study has

dismissed the first two models and shown that the third mechanism is most likely114.

Growth of the copper rows is more rapid on smaller terraces, implying an influence of
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copper atom migration from the step edges, eliminating the buckled row model. There is

also no evidence of missing copper rows next to the oxygen chemisorption sites so the

missing row model can be discounted.

The structure obtained at low coverage appeared to produce islands of 2x1 oxygen, which

were characterised by both LEED and STM. The islands grow in the <001> direction with

the thickness and length influenced by the coverage115. High coverage forms thicker,

longer islands, typically ten oxygen rows wide and hundreds of nanometres long. When the

surface was deliberately exposed to oxygen, multiple structures were observed at high

coverage.

Fig. 31 A typical image of oxygen islands on Cu(110). The lines shown are rows of

alternating copper and oxygen atoms, perpendicular to the close packed <110>

substrate direction. Close packed oxygen rows are two substrate copper atoms apart

(5.12A). Where a gap between rows is visible the spacing is three copper atoms

(7.68A).

While many attempts were made to resolve this new structure, insufficient data and poor

resolution STM images made this difficult. Investigations of these surfaces showed the

visible rows to have spacing of 1.5 to 2 times the width of the 2x1 oxygen structure. These

structures are likely to be p(3xl) and p(4xl) structures of the copper added row structure

(N.B. Gaps in p4xl structure fill up upon increased exposure to oxygen to become p2xl).
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These structures have not been individually investigated but have been observed and

briefly discussed in previous studies116'117. At extremely high oxygen exposure, a c(6x2)

structure has been observed118'119'120 which is similar in structure to the cuprite (CU2O) bulk

crystal lattice. Again this is unlikely as the c(6x2) forms structure a structure of hexagonal

spots, never rows.

Due to these varied and differing structures obtained, it was found that quick formation of

oxygenated surfaces by introduction of pure oxygen directly into the UHV system was

extremely difficult to control. Exposure to a leak from a "dead" volume over a longer time,

e.g. overnight, produced a far higher quality oxygen p(2xl) structure.
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Dosing Apparatus

The organic molecules under investigation in this project were deposited using a home

built dosing unit. The apparatus consisted of a variable power supply, so both current and

voltage could be adjusted during deposition to optimise conditions, a container holding the

chemical to be deposited, a heating element and a thermocouple. It was not so important

that the thermocouple give an accurate reading of the actual temperature but it should be

reproducible so the same reading, corresponding to a specific deposition rate was achieved

under the same conditions over different experiments.

Fig. 32 shows the initial doser design. Commercially available UHY feed-throughs with a

standard CF38 flange, consisted of three 130mm copper rods and a K-type thermocouple

with ceramic insulation were used. One of the copper rods was extended by 5cm for

increased structural integrity (Third copper rod is redundant or can be used for increased

strength). An 80mm long glass tube (7mm inner diameter, 10.5mm outer diameter) was

sealed at one end and tapered 10mm from each end. A lug was attached to the sealed end

for connection of the thermocouple. The glass tube had a tungsten filament (15coils)

wrapped around it with the open end attached to the extended copper rod and the sealed

end attached to one of the shorter rods. The tube was filled with sample and a small

amount of stainless steel mesh was used to ensure no chemical could fall out if the doser

was inverted.
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Fig. 32 Dosing apparatus (not to scale!). Sealed glass tube contains chemical for

deposition. Thermocouple is mounted to a lug on the outside of the tube. Filament is

coiled tightly around the tube to provide heating.

As the thermocouple was mounted externally to a glass lug, the reading obtained was a

substantial underestimation of the sample temperature. Difficulties in attaching the

thermocouple junction also lead to movement and poor contact between the thermocouple

and the doser. The design of the doser was evolved to overcome this problem. The

thermocouple cable was routed down a two bore ceramic tube, which was then sealed into

the tapered end of the glass tube with liquid ceramic. This new design allowed the

thermocouple junction to sit within the bulk chemical giving extremely high

reproducibility and accuracy of the readings.

The only draw back of the Mk.2 version was that its construction made it extremely

difficult to clean so a new one would have to be constructed for each new material. The

final design used a glass tube (2mm inner diameter, 7.5mm outer diameter) (Fig. 33). The

thicker glass with narrower cavity allowed much more uniform heating of the chemical. A

slight tapering of the tube all that was required to hold the thermocouple in place and

prevent back dosing (depositing chemical backwards to the flange instead of outwards to

the substrate). This design could be easily cleaned and reused with different chemicals.
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Fig. 33 Modified doser without feed-through mounting. Thermocouple is inserted into

base of glass tube to give reading at the sample. Tapering of the tube provides a good

fit for the cable. Filament is tightly coiled as before.
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Organic Molecular Beam Deposition

Initially it was planned that experiments would all involve direct dosing of chemicals onto

the substrates under investigation. As coverage increased, kinks should be visible in

surface sensitive intensities of spectral data at the transitions between separate layers

(assuming layer by layer growth). The doser was pointed with the aperture aligned straight

at the substrate at a distance of six to twenty centimetres (depending on the physical

constraints of the UHV system being used). As PTCDA has a sticking probability of one, it

was considered sufficient to turn the single crystal substrate away from the molecular beam

until the PTCDA sample was sufficiently degassed and a significant molecular flow had

been reached. The sample was then turned to face the dosing aperture for a set length of

time before being turned away. This had a few drawbacks with risk of surface

contamination from the out-gassing and from deposition in other parts of the chamber. The

systems were modified so the dosers were behind gate valves in side inlets that had their

own pumping systems. This allowed the dosers to be out-gassed and warmed up with no

risk of contamination to the clean surface. Once the doser had stabilised at the required

temperature, the pumping of the inlet was ceased and the gate valve to the chamber was

opened. The sample was turned to face the doser for the required time before the gate valve

was closed. This allowed optimal direct dosing.

This method was sufficient for PTCDA, as after dosing, little PTCDA remained mobile

within the UHV chamber due to the extremely low vapour pressure. For perylene and

tetracene, as their vapour pressures are higher, the molecules continue to desorb from and

re-adsorb on the chamber walls from a previous deposition process. This leads to

background dosing. Substrates that had been cleaned but left in the chambers with the

molecules present could be analysed after a few hours (or less!) and evidence of low
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coverage structures of the molecules could be seen. The advantage of this process is that

the deposition rate is extremely slow allowing the molecules plenty of time to diffuse

across the substrate. This lead to the observation ofhighly ordered, low coverage structures

that may have otherwise been extremely difficult to produce. Over time, usually two to

four days, the molecules could be removed from the system by pumping so background

deposition no longer occurred. Alternatively, baking of the system was required.
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Gaussian 98® and Hyperchem™

In this project, due to the lack of relevant information available in the literature, it has been

necessary to carry out computer optimisations of our molecules to provide information on the

structure and properties of the molecules. The programs use semi-empirical methods, based on

experimental data and ab initio methods which are based solely on mathematical principles. Both

these methods use the Schrodinger equation and apply it to the entire molecule by making different

approximations. Semi-empirical methods tend to be a little less accurate than ab initio methods but

are substantially faster to carry out121.

The simplest of these, Hyperchem™, has in the case of this project, been used solely as a tool for

carrying out simple geometry optimisations which also provide the molecular dimensions. A single

point optimisation calculates the total energy of the molecule in Kcal/mol and the electron charge

distribution across the molecule (semi-empirical method)122. This is followed by a Polak-Ribiere

algorithm geometry optimisation which allows the lowest energy conformation to be found. All the

molecules under investigation in this project are planar and untwisted which provide an easy

confirmation that the computer program has produced an incorrect result. Once the molecular

dimensions have been calculated, literature results are used to calculate the Van der Waals radii of

the molecules35.

Gaussian 98® was used to calculate the frontier orbitals of the molecule and vibrational

frequencies of the in plane and out of plane modes of the molecule by ab initio methods. The

geometry must be optimised using the same level of theory and the same basis set to provide a

valid result. In this project, B3LYP density functional theory is used with the 6-3 lg basis set. The

program calculated the lowest energy geometry and dimensions of the molecule. It can then

calculate the shapes of the molecular orbitals before calculating the principal axes of inertia,

rotations, translations and finally frequencies of the possible vibrations12^.
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Experimental Results

3,4,9,10-Perylenetetracarboxylicdianhydride (PTCDA)

The shape and properties of PTCDA has made it been one of the most widely investigated

polyaromatic molecules in the adsorbed state. The molecule had already been investigated

on a number of "flat" surfaces as discussed previously (PTCDA pll). Our initial

experiments involved repeating studies carried out on a number of low index transition

metal surfaces but also using Cu(2l 1) on which adsorption of PTCDA had not previously

been studied. When the unit cell of the Cu(211) surface is compared to that of previously

investigated samples, it is seen to be much larger than that of (110) and (111) surfaces. The

molecule is sufficiently large, that on the flatter surfaces, it covers four to six substrate unit

cells, which means it is exclusively seen to lie flat. On the Cu(211) surface, the molecule

will only completely cover one to two unit cells of the surface. As this changes the nature

of the interaction between molecule and substrate it has been suggested that the molecules

may stand upright or be significantly tilted. The large (111) terraces that are present in the

(211) structure support this. If a molecule lay flat on these, it would be at an angle of 19.5°

to the (211) surface plane.

A concern of the substrate, is that the Cu(l 11) face is the lowest energy face of a copper

crystal. Any exposed crystal face has a tendency to drive itself towards this structure

although for Cu(l 10) tendency is rather weak as it only has a slightly higher energy. As the

Cu(211) has large (111) terraces, it was thought that over time, the (111) terraces might

grow in width and the step height will grow from one to an increasing number of atomic

steps. This would overall provide an environment where the already observed PTCDA

structure on Cu(l 11) would form.

69



X-Ray Photoelectron Spectroscopy (XPS)

As PTCDA has an assumed sticking probability of one (due to its size and functionality), it

was decided to attempt to calibrate the deposition rate using a peak intensity versus

deposition time graph using XPS. Assuming layer by layer growth, as coverage increases

by one monolayer, a small change in gradient of the intensity v time graph should be seen.

Each change in gradient should represent the formation of a subsequent monolayer as its

completion would attenuate electrons from lower layers although, in practice experimental

uncertainties usually limit this observation to only a few layers at best

A second use of XPS, which is only relevant to PTCDA of the molecules under

investigation in this project, is determination of the bonding to the copper surface. Studies

of PTCDA on other flat surfaces124 have shown that the XPS spectra of the initial stages of

coverage differ from those of a bulk PTCDA crystal sample. Both the carbon Is (Cls) and

oxygen Is (Ols) peaks are shifted to slightly lower binding energies at low coverage. The

oxygen 1 s region shows two peaks in the bulk sample but only one in the initial coverage

on certain metal surfaces. The higher binding energy and smaller of the two peaks is

missing which, due to its size must represent the two anhydride groups. The larger peak,

twice the size and representing the four carboxylic groups is present, which suggests the

two anhydride groups have been removed or significantly chemically modified so that they

are shifted under the carboxylic peak and masked. If this effect is seen for PTCDA on

copper then a mechanism for bonding may be deduced. The lower binding energy of the

sub-monolayer molecules results from the electrons being less tightly bound to the atoms.

This is a sign that the molecules have a negative charge as a result of charge transfer from

the surface. This can be explained by the following:
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Koopmans' theorem states that B.E is equivalent to -sorb (i.e. the negative of the orbital

energy). This initial state approximation is not entirely correct as, once an electron is lost

from the nucleus, the remaining electrons "relax" to increase stability. In the case of

adsorption at a metal surface, an ion can be further stabilised by electron contribution from

the highly mobile electrons in the metal substrate and adjacent molecules. As film

thickness increases, the ions receive fewer electrons from the surface so the binding energy

is not lowered so much. As a result of this, binding energy will increase with increasing

distance from the metal until there is no longer any electronic interaction with the metal

substrate (Fig. 34).

Fig. 34 Energy level diagram of binding energy stabilisation: final state

approximation. Electrons from the surface stablise molecules on the initial layer,

decreasing the binding energy. As film thickness increases, less stabilisation from the

substrate occurs and binding energy increases. As stabilisation can occur from other

molecules in the film, binding energy is never as high as that of an isolated molecule.

A second possibility for the shift in the binding energies of the peaks in the XPS spectra

could be due to the phenomenon of chemical shift. As the electrons are excited from the

core levels of an atom, how that atom is bonded to neighbouring atoms has a profound

effect on the binding energy. If the PTCDA molecules remain fully intact on deposition

Isolated molecular ion

Ion on subsequent layers
Ion on 1st Layer

Binding
Energy

Molecule

71



onto copper, then chemical shift is not an issue as energy changes must result from the

final state approximations discussed previously. If however, the molecule loses one (or

both) of the anhydride oxygen atoms (as discussed in Fig. 6 - pi 6 & 17) to form a bond to

the surface in the initial monolayer, this will affect the electronic characteristics of the

remaining atoms. As the multilayer molecules are likely to remain intact, this would result

in chemical differences between molecules of the first and subsequent layers. As the

balance of molecules shifts from one to the other (as film thickness increases) then the

peaks arising from specific atoms could be expected to shift in binding energy. As will be

seen from STM images later (p 82) it is likely that both these explanations contribute to the

observed chemical shift.

A sample of PTCDA was desiccated overnight and baked for 24hours at 100°C. The

sample was pressed into a pellet so the XPS spectra of the bulk sample could be recorded.

The relative intensities of the bulk sample could then be compared to the thin film spectra

to give indications of structure and bonding. The areas of interest for PTCDA are the

Carbon Is peak (the only core photoelectron peak of carbon) and Oxygen Is peak (the

most intense of the detectable oxygen peaks). The hydrogen is not seen as binding energy

and photo-ionisation cross sections are too low.
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Fig. 35 Cls (287.6eV) and Ols (534.4eV) XPS peaks of bulk sample. Green lines show

spectral peaks. Blue, magenta and red lines show fitted peaks. Blue shaded area is

range covered by baseline. Spectra recorded at room temperature.

The Cls region (Fig. 35 left) shows a large peak at 287.6eV with a weaker band at

291.5eV. When the peaks are fitted (using CasaXPS software), they have a ratio of

approximately 5:1 as expected from the molecular stoichiometry, which indicated that the

large peak represents the perylene core of the molecule (fitted by two peaks indicative of

subtle differences in the individual carbon environments) and the weaker feature represents

the carbonyl carbons. The Ols peak (Fig. 35 right) consists of a doublet at 534.4 and

536.5eV. When the peaks are fitted, the 534.4eV peak has twice the area of the 536.5eV

peak, which is in agreement with the molecular structure of two anhydride oxygen atoms

and four carbonyl oxygen atoms. The ratio of the Cls peaks to the Ols peaks is important

in ensuring the integrity of the structure and the purity of the sample is sufficient for

experiments to be carried out. The peak areas which have been divided by the relevant

relative sensitivity factors (R.S.F) in CasaXPS are then further corrected for by the

transmission function described in the experimental section (TF=1.40399-(0.00141 x

B.E.)). As the transmission function is calibrated to the Cls peak, the calibration factor for
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carbon is one. For the Ols the correction factor is 0.65. Division of the peak area by this

number and further comparison with the carbon peak areas gives a ratio of 3:1. The ratio of

carbon to oxygen in PTCDA should be 4:1 in so there is poor agreement with this. The

discrepancy may arise as PTCDA is known to form the tetra carboxylic acid on contact

with water. This would decrease the ratio of carbon to oxygen towards 3:1. However, on

sublimation in vacuum, PTCDA reforms from the acid to the anhydride.

When deposited in thin layers onto a surface, differences in the ratios of the peaks with

respect to each other may give clues as to the method of bonding to the surface. A number

of experiments were carried out to investigate this. For PTCDA on Cu(211), deposition

was by incremental dosing on top of the previous layer - i.e. one minute coverage plus one

minute coverage would equal two minutes in total. This assumes that there are no

significant changes to the surface during the analysis and remaining time before the next

layer was deposited. For each new experiment, an XPS spectrum was taken of the clean

copper surface. This could then be subtracted from the thin film spectra to provide more

accurate results thereby minimising the effects of background contamination. The "blanks"

from day to day could also be normalised to each other, as they should represent equivalent

surfaces, so the thin film data can be aggregated to provide a more statistically significant

result.

For all experiments, the same deposition temperature was used. This provided a constant

parameter during dosing by which all other changes are compared. Three experiments were

carried out to produce a complete picture of dosing. One to five minutes coverage (Fig.

36), one to fifteen minutes coverage (Fig. 37) and one to sixty minutes coverage. At the

rate of deposition chosen, by sixty minutes, a thick film, with no remaining substrate

interaction should be present and the copper Cu2p3/2 peak should be fully attenuated.
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Fig. 36 Ols and Cls XPS spectra 0-5 minutes PTCDA on Cu(211). Peaks shift by

~0.5eV B.E as coverage increases. Initial coverage has no Ols at 533eV. This appears

as coverage increases and coincides with the shift to higher binding energy. The B.E

shift is also observed in the Cls spectra. Spectra recorded at room temperature.
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Fig. 37 Ols and Cls XPS spectra 0-15 minutes PTCDA on Cu(211). Peaks shift by

~0.5eV B.E as coverage increases. Initial coverage has no Ols at 533eV. This appears

as coverage increases and coincides with the shift to higher binding energy. The B.E

shift is also observed in the Cls spectra. Spectra recorded at room temperature.
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Investigation of the Ols and Cls peaks shows that with increasing coverage, the peaks

move slightly to higher binding energies by 0.5eV. This may be due to changing

interactions with the substrate and associated changes in the molecular structure. The lower

binding energy of core electrons in the initial layers indicates they are not as tightly bound

as those of the thicker films due to the metal induced relaxation described earlier (Fig. 34).

This implies that the structure is no longer receiving electronic donation from the substrate.

As discussed previously, under these conditions the molecules have been observed to tend

towards the bulk crystal structure.

The Ols peak displays an interesting effect that is indicative of the bonding to the surface.

In the bulk PTCDA XPS spectrum, a doublet peak is observed at the Ols position. At

extremely low coverage, only one peak is seen at 530.5eV (N.B. this corresponds to the

534.4eV peak of the bulk sample. The shift in binding energy is due to "charging" of the

bulk sample that is affected by the differing electronic properties of the materials under

investigation. Perfect earthing of the samples would prevent this but is not always possible

due to constraints within the system. The thick PTCDA pellet itself has some insulating

effect preventing proper earthing. As this is the larger of the two peaks in the bulk sample,

it is assumed to represent the four carbonyl groups. The anhydride oxygen atoms are either

not present, or are sufficiently chemically different to those of the bulk that they have been

shifted to a lower binding energy and are being masked by the carbonyl peak. This

suggests one of three possible methods of bonding shown earlier (Fig. 6, pi 4). The first is

that the oxygen remains intact in the first monolayer but charge transfer takes place from

the substrate to the PTCDA molecules. This smears the electron density across the two

carbonyl and one anhydride oxygen atoms making them all equivalent. As coverage

increases and the second layer begins to grow, the second peak appears to grow up from
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the baseline, not appearing from behind the first peak, which suggests this method of

bonding for the initial layer is unlikely. The second method is similar to that seen in

phthalic anhydride on Cu(llO)125, where C=0 is lost leaving a COO" attached to the

surface. While the Cls peaks of the XPS spectra are not sufficiently intense in the region

required at low coverage to confirm this, later STM results show the molecule to be fully

symmetrical in the first layer indicating that such bonding cannot be possible in this case.

The most likely method of bonding is therefore due to the loss of the anhydride oxygen

atoms and the formation of oxygen - copper bonds to the surface. As the second layer

begins to grow, the molecules remain intact so the second oxygen environment appears in

the XPS spectra. It is not fully understood where the removed anhydride oxygen atoms go

in this process. On other metals24, it has been suggested that the oxygen atoms combine

with surface hydride species to form volatile molecules that are displaced from the surface

by PTCDA and removed from the system by pumping. This cannot be the case for copper,

as surface hydride species do not exist at room temperature under UHV conditions. It is

likely that the oxygen atom forms a strong copper oxide species close to the molecule from

which it originated. With oxygen on copper, the p(2xl) added row structure readily forms.

As this is not seen, it is suggested that the PTCDA molecules prevent sufficient copper

mobility for this structure to form.

11f\
Table 4 Literature values for the peaks (0-5mins) observed are:

Binding Energy (B.E.) Assignment Relation to PTCDA

533. leV C-O-C Anhydride Oxygen, 01 s

531.0eV o=c Carbonyl Oxygen, Ols

288.8eV c=o Carbonyl Carbon, Cls

284.4eV c Perylene Core, Cls
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The values in Table 4 agree with the bonding that would be expected within the molecule.

The peak positions for the thicker film shift upwards by ~0.4eV due to less relaxation

within the film. As the layer thickens, the molecules receive fewer electrons from the

surface so the molecules are more neutrally charged so binding energy increases slightly.

As the shift in the Cls and Ols is of the same amount (0.5eV) in the multilayer, this

implies that the reduced relaxation affects the whole molecule equally, therefore the

molecule must be fully intact at this point in the film growth. With stoichiometric and

literature agreement of the peak assignments, it is possible to infer that the initial layer of

the molecule loses the anhydride oxygen to bond directly to the copper surface. As

coverage increases molecules that are not in contact with the copper physisorb on top of

earlier layers and are bonded by n-n and Van der Waals interactions. This does not involve

the loss of the anhydride oxygen hence it reappears in the XPS spectra.

PTCDA On Cu(211): 0-5mins - 120999

Time (minutes)

Fig. 38 Peak area v time: PTCDA on Cu(211) 0-5mins. Gradient increases at ~lmin

corresponding to the onset of the second oxygen environment and overlayer of

PTCDA.
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If peak intensity is plotted against time (Fig. 38), the onset of the 531.0eV peak

corresponds with a change in gradient in the coverage v time graph. At sub-monolayer

coverage, as the molecule must lose its anhydride oxygen atoms to form a bond with the

copper, there is a relatively low probability of this happening so the sticking probability is

less than 1. Once the first layer is complete or sufficiently complete for the second layer to

start forming and the molecules bond via Van der Waals interactions, the sticking

probability increases so the rate of coverage increases.

PTCDA on Cu(211): 0-60mins
C1s and 01s Peak Areas v Time

to
Q)

<

CO
CD
CL

Time (minutes) Time (minutes)

Fig. 39 Peak area v time: PTCDA on Cu(211) 0-15mins and 0-60mins. After initial

monolayer, growth is linear. No decrease in gradient is observed as would be expected

for a thick film due to depth exceeding Inelastic Mean Free Path of the scattered

electrons. This indicates that the coverage does not exceed ~10 ML.

PTCDA on Cu(211): 0-15mins - 110399
C1s and 01s Peak Area v Time

14000

OlS 533.4eV

01s 531.4ev

- C1s
01s (Combined Area)
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As coverage increases (Fig. 39) it does so in a linear fashion. This implies that the structure

that forms after the initial monolayer does not change significantly for many 10's of layers

(60 minutes deposition is thought to provide approximately 30-50 ML). This agrees with

the widely reported phenomenon that PTCDA tends to grow in the bulk crystal structure

when deposited on flat surfaces.

The gradient change observed at 1 minute in Fig. 38 but not seen in Fig.39 is further

indication of coverage being approximately on monolayer per minute. Due to slight

differences in the deposition conditions, the coverage at one minute could have been

recorded at point one on Fig. 40 for one experiment and point 2 in another. When plotted

with other experimental points from the experiments, two different graph shapes would be

produced. The first would match the shape seen in Fig. 38, 0-5 minutes coverage the

second would correspond to Fig. 39, 0-15 minutes coverage. This gives further evidence

that under the conditions used for these experiments, the initial monolayer takes around a

minute to grow. Once growth of subsequent layers has begun, coverage increases in a

linear fashion. Fig. 40 therefore shows an ideal model for coverage v time of PTCDA on

Cu(211).
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Fig. 40 Possible coverage v time graph of PTCDA on Cu(211). Initial growth (sub-

monolayer) is slower than the overlayer growth of PTCDA on Cu(211). This is likely

to be due to the molecules diffusing to find an exact binding site (see STM results).

The overlayer molecules do not have to diffuse so far to fing the correct site so are

more likely to stick, hence the linear growth. As the 1ML point or gradient change

occurs at ~lminute under the deposition conditions in use, conditions may occur

where there is sufficien error in the measurement that the coverage v time graph

appears like Fig. 39 (0-15mins) with a steeper gradient than the overlayer growth.
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STM of PTCDA on Cu(211)

PTCDA was deposited onto Cu(211) and studied by STM to investigate its bonding and

structure. The substrate was held at around 120°C during deposition to facilitate molecular

diffusion. A partial monolayer was grown to investigate whether or not any indication of

the bonding method could be seen. No novel LEED patterns were observed but substrate

spots were largely obscured.

Fig. 41 Sub monolayer PTCDA on Cu(211): 41 x 41 nm: Tunnelling conditions - gap

voltage: -0.264V, feedback set: 2.796nA, loop gain: 0.52%
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Fig. 42 Individual molecules on Cu(211) taken from fig.41: 5 x 5nm: tunneling

conditions as per Fig. 41. A shows PTCDA bonded through one side only. B shows

PTCDA with equal bonding on both ends. C shows contamination by perylene.

Initial investigations (Fig. 41) clearly show that the molecules align along the <110> close

packed copper direction. The spacing between the molecular rows is typically ~18A which

corresponds to the width of three copper rows in the <111> direction of the Cu(211)

surface. The PTCDA molecules are too large (13.86A x 8.64A) to be spaced by only two

copper rows if they are perpendicular to the <110> direction of the Cu(211). The fact that

they do occupy a commensurate position at the third row distance indicates that at low

coverage there is a strong molecule - substrate interaction. Closer investigation of these

images shows that there are three distinct sub-molecular structures (Fig. 42). Molecule B is

typical of the "figure of eight" structures often observed previously e.g. Chizov et al127.

The line profile across this molecule (Fig. 43 B) shows that it is lying flat and it is aligned

with the two anhydride oxygen atoms (if they are still present in the molecule) along the

<110> direction. As the "figure of eight" structure is visible, the molecule may be

completely intact but this disagrees with XPS results. Molecule C is assigned to a short

row of contaminant perylene molecules. The "two bar" internal structure of the molecule is

one that is discussed in the later chapter concerning perylene adsorption on Cu(llO).

Sublimation of a sample of PTCDA produces small quantities of perylene. It is likely
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however that the vast majority of perylene in the dosing apparatus would be sublimed at

lower temperatures than the PTCDA and would be pumped away before the doser is

opened to the deposition chamber. The lower strength with which perylene is bonded to

copper would also allow it to be preferentially displaced by the strongly bonded PTCDA

molecules as coverage increases. The most interesting of the three molecules is A. The

molecule does not have the "figure of eight" structure of the molecule B that is associated

with a complete, symmetrical molecule. This suggests that the structure of the molecule

may have changed.

Fig. 43 Line profile ofmolecule A (Fig. 42 A) and molecule B (Fig. 42 B): Line profiles

drawn perpendicular to <110>. The different widths of the upper features of the

molecules show clearly that molecule A is tilted with respect to B as these would be

similar if the molecules shared the same orientation.

The size and shape of the molecule, suggests that it sits on the surface perpendicular to the

<110> direction. The line profile (Fig. 43 A) suggests that molecule A is not flat, but

angled from the surface. It is therefore possible to suggest that this is evidence of the

molecule bonding to the surface through the loss of the anhydride oxygen. If this is so, then

the evidence suggests that it bonds through one end only, causing the molecule to be

angled to the surface. It is not clear however whether or not the molecule is flat on the
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terrace and protruding over the step edge, or it may be attempting to stand upright on the

small terrace and leaning back on the step edge (Fig. 44).

Fig. 44 PTCDA bonding through loss of anhydride oxygen when perpendicular to

<110> direction: Left - PTCDA flat on terrace, Right - PTCDA upright from terrace

but leaning back due to interactions with the step edge.

The fact that both completely bonded molecules and partially bonded molecules are

present at sub-monolayer coverage casts doubt over the XPS results as a method of

measuring film thickness as it is extremely difficult to assess the onset of the second layer

of growth. The ratio of the two oxygen peaks at very low coverage does suggest that

molecules containing only the carbonyl species are the only ones present or at least are in

large excess. This would imply that the B type molecules (Fig. 42) are also bonded through

loss of the anhydride oxygen atoms. The A type molecules, as they are tilted are likely to

only be bonded through one end so one of the molecules two anhydride oxygen atoms are

still present, albeit at half the concentration.

Coverage was increased to around one monolayer. LEED patterns were collected at 13eV

but were of too poor quality to gain useful structural information although there was

definitely some suggestion of ordered crystal structure. At the energies where the overlayer
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spots could be seen, the substrate spots could not making it very difficult to calculate unit

cell dimensions.

Fig. 45 LEED of PTCDA on Cu(211):13eV

The structures observed in the STM images show distinct similarities to the (102) face of

the bulk crystal however, there are some differences. A feature of the (102) plane of the

bulk crystal is that it has quadrupole coupling of the molecules (end of one molecule

interacts with side of adjacent molecule). This is also seen on the Cu(211) surface but the

structure is distorted by what is almost certainly interactions with the underlying copper

surface. The molecules form pairs, with the end of one molecule facing the side of the

next.
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Two possible orientations
of PTCDA pairs. 50° from
<110> in both directions.

1""

Fig. 46 PTCDA on Cu(211) 31 x 31nm: Tunnelling conditions - gap voltage: -0.758V,

feedback set: 1.158nA, loop gain: 0.263%. Two structures of PTCDA can be seen in

this image. They are mirror images of each other with the mirror plane

perpendicular to the <110> direction (unit cells shown in fig. 47).

The molecules form the unit cell and its mirror image, as expected for this symmetry of

surface. Fig. 47 shows how the structural features of the two domains can clearly be seen

oriented -50° from the <110> direction.

The model shown in Fig. 47 shows the positions of the molecules relative to the underlying

copper rows for the two possible orientations. In this structure, all the molecules parallel to

the <110> direction sit over equivalent sites and all the molecules perpendicular to the

<110> direction sit over equivalent sites. If the structure were dominated by quadrupole

coupling, then molecules of the same orientation would sit over one of two alternative sites

(Fig. 48). As PTCDA has a strong interaction with the copper, it is unsurprising that the

structure is influenced by the surface copper atoms.
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Fig. 47 Vector unit cell and dimensions of two PTCDA structures on Cu(211)

<110>

Fig. 48 Model of actual structure and quadrupole coupled structure compared. In the

quadrupole coupled structure, molecules in the <110> direction are not aligned over

equivalent sites if they have strong interactions with the copper rows. In the offset

(actual structure) they do.

. <1U> >

Molecules sit over

equivalent copper sites.

Actual Structure

Quadrupole Coupled structure with
equivalent inter-molecular spacing
to Actual Structure.

Molecules sit over

different copper sites.
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PTCDA on Cud 10)

After investigations on the Cu(211) surface, it was decided to deposit PTCDA onto

Cu( 110) as the structure seems to be driven by the interactions with the copper rows. The

atomic arrangements of the rows of the two surfaces are the same, although if the terraces

ofCu(211) are considered the symmetries are different, but the copper rows are only 3.62A

apart on Cu(l 10) instead of 6.21k. on Cu(211).

Infra-red Spectroscopy of PTCDA on Cud 10)
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Fig. 49 Bulk IR spectrum of PTCDA in KBr. Peaks assigned from refs 128',29',30>131
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The infra-red spectrum of PTCDA in KBr was collected to provide the bending and

stretching modes of the free molecule. The peaks were assigned by from literature

values128'129'130'131 (Fig. 50). There is a slight discrepancy between the papers as to the exact

assignment of peaks. However, there is agreement that all peaks detectable by our RAIRS

system below 900cm"1 are all out-of-plane modes.

Fig. 50 700cm"1 to 1200cm"1 of RAIRS spectra of PTCDA on Cu(110) as a function of

coverage. Black line shows overlaid free molecule spectrum - smaller peaks from this

may not be visible in RAIRS due to lower intensity. Peak positions refer to RAIRS

spectra.

Once the peaks had been identified, RAIRS was carried out and the results clearly show

significant differences related to the molecular orientation (Fig. 50). The molecules were

deposited onto the Cu(l 10) surface under controlled temperature conditions. Peaks visible

in the free molecule spectra are clearly not visible in the RAIRS (Table 5). When

compared to the peak assignments, the visible peaks all represent C-H out-of-plane
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bending modes and the missing peaks all represent the C-H in-plane bending modes. This

data shows that the molecule, as in many other examples lies flat on the surface,

correlation tables132'133 show a conversion of the B3U symmetry modes of the free molecule

to Ai when the symmetry is reduced to C2V on the surface. Only these vibrations with A]

symmetry are visible.

Table 5 Comparison of vibrational modes of PTCDA "free" molecule and PTCDA on
Cu(llO)

Free Molecule and PTCDA/Cu(l 10) Assignment
Symmetry134
732.8 Ag 736.7 C-H Out-of-Plane Bending

or C-C Ripple
757.9 B3u - In-plane mode

810.0 B3u 810.0 C-H Out-of-Plane Bending
or C-C Ripple

860.1 B3u 860.1 HC-CH Wagging

939.2 Ag - C-H In-Plane Bending

1026.0 Ag - C-O-C Stretch

1122.4 Ag - C-O-C Stretch

1151.3 Ag - C-H In-Plane Bending

860.1 810.0 736.7

900 880 860 840 820 800 780 760 740 720 700 680 660

Wavenumber fcm"1)

desorption

Fig. 51 Desorption of PTCDA from Cu(110): see fig.52
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Fig. 52 Desorption of PTCDA from Cu(110): Area of 736.7cm"1 peak, C-H out-of-

plane stretching mode v temperature (°C). Multilayer desorbs at ~126°C, monolayer

desorbs at ~155°C.

The substrate was heated slowly to monitor temperature controlled desorption (Fig. 52 &

Fig. 53). As temperature increased, the intensity of the major peaks can be seen to slowly

decrease to 109°C where a sharper drop-off is seen until 126°C. Above this temperature

only a single monolayer is present until around 155.6°C where this too is desorbed.

Knowing these desorption temperatures, we can control the substrate temperatures during

growth to determine the conditions so that the structures are optimised. This in turn should

make it easier to characterise any structures that are recorded.
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STM of PTCDA on Cud 10)

As Cu(l 10) does not have the terraces found on the Cu(211) surface, and the copper rows

are closer together, a different structure is expected. The closer (3.6A) copper rows should

allow closer packing of the molecules. The structure observed (Fig. 56) appears to be

perfectly quadrupole coupled with the molecules aligned with the anhydride groups along

the copper rows and alternating with molecules perpendicular to the copper rows. Viewed

over a large area, it is apparent that the structure has some interesting fine detail (Fig. 53).

Fig. 53 PTCDA on Cu(110) 300 x 150nm: tunnelling conditions - Gap voltage: -0.19V,

Feedback set: 0.915nA, Loop gain: 1.468%. Fingers of PTCDA grow along the <110>

direction apparently propogating from copper step edges.

Initial inspection indicates that the PTCDA molecules grow outwards from the step edges

in long fingers that follow the <110> direction. The presence of light fingers and dark

fingers seems to indicate molecules at different heights and suggests multiple layer growth.

The flat regions in between the fingers and areas at the ends of the fingers contain patches

of molecules that appear to contain no order. These are more obvious in Fig. 54. It is also

apparent from this image that the dark patches between the fingers are also filled with
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ordered molecules. Height profiling (Fig. 55) suggests that they are a molecular layer

lower down. Due to the level of exposure of the copper crystal to the PTCDA molecular

beam, it in unlikely that sufficient molecules would have been deposited to produce almost

two full ordered layers. Coverage should be approximately one monolayer.

Fig. 54 PTCDA on Cu(llO) 100 x lOOnm and line profile: tunnelling conditions - Gap

voltage: -0.19V, Feedback set: 0.915nA, Loop gain: 1.468%. Areas of the substrate

not covered with molecular fingers appear to contain patched of disordered

molecules. The line profile across the fingers shows then to be around 5nm wide and

fairly uniform in width.

Magnifying these fingers shows that they are composed of PTCDA molecules in long

bands of quadrupole coupled molecules (Fig. 55). In the disordered areas of molecules,

bare patches can be seen which are likely to be the substrate copper. Considering this, the

apparent height differences observed are likely to be misleading and caused by structural

effects as discussed below. The structures observed are unbroken from the patches of bare

copper to the brightest fingers. If multilayers were present, the steps between layers should

be visible.
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Fig. 55 PTCDA on Cu(llO) 80 x 15nm. Closer inspection of the fingers show them to

be made of rows of quadrupole coupled molecules. The fingers do not however

appear to be a new layer of growth. Tunnelling conditions - Gap voltage: -0.21V,

Feedback set: 0.915nA, Loop gain: 0.405%.

This phenomenon of fingers of PTCDA on the Cu(110) surface has been reported

135 136 137 • •

previously in the literature ' ' . The lighter and darker molecules were described in

terms of height differences and attributed to the PTCDA molecules rearranging the

underlying copper atoms so that there is an added copper layer under the lighter areas.

While real height differences are a common explanation for lighter and darker areas in

STM images, it is not the sole possible cause. Lighter areas could also indicate that the

molecules have a higher conductivity than those of the same height but darker. This could

be caused by the differing underlying copper structure or by differing packing densities of

the molecules.

Closer inspection of our data suggests the structure and its interactions with the substrate

may be far more complicated. The molecular pairs along the <110> direction are about

23A long which corresponds to nine close packed copper atoms and is close to the

minimum close packed intermolecular distance of 22.5A based on molecular Van der

Waals dimensions (Hyperchem™ calculations - pi3 and ref. 35) From earlier results, we

have seen that PTCDA has strong interactions with the close packed copper rows but with

the quadrupole coupling it appears to have comparably strong interactions with the

95



adjacent molecules. Measurements of the molecular separation in the <100> direction are

consistently greater than 23A and tend to be around 27 or 30A. Even allowing for errors in

measurement, these distances are too great to correspond to close packing of the molecules

but are also inconsistent with a commensurate structure (as they would be around 25, 29 or

32A) (Fig. 56A).

If the molecules were close packed then they would sit over different sites on the copper. If

they were completely incommensurate then there would be no density fluctuations due to

packing or underlying copper atoms. If the molecules proved to be commensurate but only

over a number of unit cells, then the molecules may show a repeating density fluctuation

due to the different sites the molecules sit over but the fluctuations would be far more

regular than is observed. However, if the molecular spacing were dominated by

interactions with the close packed copper rows, then all the molecules would sit over the

same site of the copper and therefore no difference in electronic density would be seen and

all molecules in the STM images would be the same brightness. If the copper rows do have

a strong interaction with the molecules, but the molecules also have a strong inclination to

close pack with each other, then there may be a complex combination of the two. If the

molecules are attracted to each other, but they also pull the copper row to which they are

also strongly attracted out of position, this will have an effect into the bulk crystal. The

result of this could be differing tunnelling conductivities, which in turn would affect the

"height" of the molecules when imaged by STM (Fig. 56).
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Fig. 56 Aspects of PTCDA bonding to Cu(llO) surface: A) Quadrupolar coupling

between PTCDA molecules but intermolecular spacing determined by commensurate

interaction with "fixed" substrate atoms, B) Intermolecular spacing determined by

intermolecular Van der Waals interactions leading to incommensurate structure, C)

as B) but with local disruption of topmost Cu atoms leading to local site equivalence

of PTCDA pairs, D) as C) but including deeper relaxation of Cu structure.
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Perylene

Infra-Red Spectroscopy - Perylene

Perylene was mixed with KBr, ground and pressed into a translucent pellet. A transmission

IR spectrum was collected (Fig. 57) and the vibrational modes were assigned by reference

to the literature138,139 (Table 6).
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Fig. 57 Transmission IR of perylene in KBr highlighting in plane and out-of plane

vibrational modes.
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Table 6 Vibrational modes and symmetries of perylene (free rotational state) 138'139>140

Wavenumber (cm" ) and symmetry Vibration

540.0 (B3U) C-C-C Out-of-plane bending

765.6 (B3u), 810.0 (B3u), 889.0 (B,), 966.2 (B2g) C-H Out-of-plane bending

1041.4 (B2u), 1126.2 (Biu), 1149.4 (B3g), C-H In-plane bending
1186.0(B3g), 1215.0(B3g), 1280.5 (B2u)
1330.7 (B2u), 1380.8 (B3g), 1492.7 (B2u), 1591.0, C-C Stretching
1652.7 (B2u)
2339.3, 2362.4 Atmospheric C=0 Stretching (ofC02)

3047.0 (B2u) . C-H Aromatic stretching

Two strong modes are observed at 765.6 and 810.0 cm"1 which correspond to the C-H out-

of -plane bending, all higher wavenumbers correspond to in-plane modes. A b initio

calculations of the frequencies of the vibrational modes of perylene were compared with

the vibrational modes of the recorded spectrum (Fig. 58). The out-of-plane modes clearly

match well those from the literature shown in Table 6. These two, large out-of-plane

bands, should make it easy to resolve the orientation of the molecules on the surface. As a

result of the surface dipole selection rule, if these bands alone are present then the

molecules are flat, if they are absent then the molecules are upright. A different ratio of in

and out-of-plane modes could indicate a tilted molecule or a mixture of several distinct

structures. If the ratios remain the same as the transmission spectra then all molecular

orientations are present and the sample is probably amorphous.
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Fig. 58 Comparison of perylene transmission IR spectrum with Gaussian98

calculated spectra of all modes and out-of-plane modes only.
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RAIRS - Perylene on Cu(110)

C-H Out-of-Plane Bending

Wavenumber(cm-1)

Fig. 59 Growth of perylene on Cu(110):
769cm"1 and 814cm"1 C-H out-of-plane
bending modes

Increasing

Wavenumber(cm-1)

Fig. 60 Growth of perylene on Cu(llO):
1494cm"1 C-C aromatic stretching

Out-of-plane

bending

C-C stretching

■ adivc
—A- bdivc
—bdiva

a) 769cm"'
b) 814cm"'
c) 1494cm'

Time (minutes) Time (minutes)

Fig. 61 Changes in peak area vs. time
during continuous deposition of
perylene

Fig. 62 Ratios of peak area vs. time,
prior to 12 minutes, there is no visible
mode at 1494cm"1.

Deposition was carried out on a room temperature substrate with a relatively slow initial

deposition rate. The only peaks noted initially are the two out-of-plane modes at 765.6 and
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814.0 crrf'(Fig. 59), indicative of the molecules lying flat on the surface. An investigation

of the various symmetries shows that only the vibrations with B3U (i.e.765 and 814cm"1 -

540cm"1 is below the range of the RAIRS detector) remain visible if the molecule is flat on
1 T9

the substrate (They convert to A\ symmetry ). As coverage increased, the in-plane modes

become visible (Fig. 60). The areas of several of the peaks are plotted against time to show

the rates of evolution change over time (fig. 61). The ratio of the peak areas (Fig. 62)

shows clearly that the out-of plane modes grow at a constant rate with respect to each other

(the ratio of peak areas is constant). The in-plane mode at 1494cm"' must be growing at a

faster rate than the out-of-plane modes as the ratio of out-of-plane to the in-plane modes is

decreasing as coverage increases. This suggests that initially, the perylene molecules are

predominantly flat but as coverage increases, an increasing proportion of molecules are no

longer flat, indicating that the overlayers are becoming increasingly disordered. This fits

with the model of a highly orientationally ordered initial structure that is driven by

substrate interactions. As the deposited layer thickens, the interaction between the substrate

and the grown film becomes weaker and more disordered, allowing molecules to stand

upright (or tilted).
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Table 7 Data for Fig. 61 and Fig. 62

Time Peak Areas

(minutes) a) 769cm"1 b) 814cm"1 c) 1494cm"1

0 0 0 0

12 7.22 5.73 0.67

24 11.60 8.54 1.61

36 15.46 11.34 2.44

48 18.81 13.76 3.10

60 25.98 19.32 4.63

72 33.93 25.43 5.98

Coverage

0.0-^\2ML 4ML SML

-0.2- 14ML " 7
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Fig. 63 Peak 1494cm"' v Time: Adjacent peaks (visible in fig. 60) appear and

disappear as coverage increases. Two of these are plotted v time. Calculated total film
thickness is marked. This oscillation may be as a result of the "pinning effect" of the

perylene growth. As this is a two layer process it may produce the oscillation.
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Fig. 63 shows the variation in intensity of the weaker in-plane modes around 1500cm"1 as a

function of deposition time. The small peaks can be seen growing to an intensity

equivalent to around a monolayer and then disappearing and reappearing repeatedly (Fig.

60). If plotted against time (Fig. 63) then it is clear that these peaks are oscillating in

intensity with a constant time interval. When the intensities are calibrated against the layer

thickness (calculated via TPD), the sequence appears to follow a perfect two-monolayer

pattern. As the experiment was done as both constant deposition and constant temperature

it is impossible to say whether or not this is a real feature of the surface or a mechanical

effect caused by the spectrometer. It is possible that this effect will be connected to the

novel structures investigated by STM. There is evidence that the multilayer structure is

driven by a "pinning" effect where the upper layer stabilises the lower layer. If this is a

two-layer process then it may cause a structural distortion visible in RAIRS.

104



Desorption of Perylene from Cu(110)

As a continuation of the deposition experiment above, once the film had been grown, it

was desorbed under the influence of a temperature ramp (RAIRS - TPD). The temperature

was slowly ramped (~0.5K/min) to allow a slow desorption of the deposited film (Fig. 64).

The peak intensity dropped off increasingly fast at 30°C before dropping off sharply

between 39°C and 43°C. Small peaks remained until the temperature reached 57°C when

they too disappeared. It is likely that these correspond to the multilayer and monolayer

desorption temperatures. The behaviour of the 814cm"1 feature is shown in Fig. 65.

Wavenumber(cm-1)

Fig. 64 Temperature Programmed Desorption of Perylene from Cu(110): RAIRS

spectra in the range 740 - 840cm"1 collected during heating (0.5K/min). 769 and

814cm"1 peaks are out-of-plane bending modes. Multilayer desorbs between 39.0°C

and 42.8°C, monolayer desorbs at 57.4°C.
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Fig. 65 Desorption of perylene from Cu(110): Intensity of 814cm"1 peak v time.

Multilayer desorbs at ~40°C, monolayer at ~57°C

If it is assumed that the small peaks at 769 and 814cm"1 that remain between 43°C and

57°C are the monolayer peaks, then their areas can be used to approximate the thickness of

the multilayer (Table 8). By this method, the initial multilayer can be determined as

approximately twenty monolayers thick. This suggests that under the deposition conditions

used, the first monolayer was completed in around 3.5 minutes

Table 8 Areas ofmultilayer and monolayer peaks

Multilayer Area Monolayer Area Calculated Multilayer Thickness

769cm"1 34.95 1.85 18.9 layers

814cm"1 24.68 1.22 20.2 layers
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Low Energy Electron Diffraction (LEED)

With the multilayer and monolayer desorption temperature calibrated from RAIRS - TPD,

LEED studies were carried out to monitor any ordered structures that may be present (Fig.

66). The crystal was facing away from the perylene doser so that the deposition rate would

be extremely slow (i.e. only from background deposition). This would allow the capture of

subtle changes in structure as coverage increased. The substrate was held at 40°C to

facilitate the diffusion of molecules over the surface to optimise molecular packing.

On initial exposure to perylene (l-5minutes), a slight halo was seen around the (0,0) spot,

recorded at 28eV. As exposure time increased (10-20 mins), spots could be seen above and

below the (0,0) spot. At 20 minutes, spots begin to appear at approximately ±37° relative to

the "12 o'clock" position, and by 24 minutes, the vertically positioned spots have

disappeared. As coverage increased further, the spots became sharper and the angles

increase to 40-42°. Increased coverage caused the spots to disappear (possibly due to a

disordered monolayer) but annealing to 100°C returns the sharp monolayer spots with an

angle between upper spots of 80°. From earlier RAIRS-TPD experiments, the desorption

temperature of the monolayer had been calculated at 57°C which is significantly below

100°C at which a LEED pattern (presumed to be the monolayer structure) for perylene was

recorded. This may be due to the slow pumping speed of perylene from the vacuum

chamber. This would account for spontaneous reformation of the monolayer LEED pattern

when the substrate cools below the monolayer desorption temperature but should not allow

a LEED pattern to be recorded above it. It is more likely that due to thermal constraints

within the RAIRS chamber, thermal effects cause changes in the substrate (expansion,

buckling etc) that affect the IR beam pathway and prevent the film being detected.
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1 Minute 5 Minutes 10 Minutes 15 Minutes

20 Minutes 22 Minutes 24 Minutes 26 Minutes

28 Minutes 30 Minutes 32 Minutes

32 Minutes 62 Minutes Annealed to 100°C

Fig. 66 LEED of perylene on Cu(110) under constant deposition conditions. After 62

minutes, sample was annealed to 100°C. All images collected at 28eV. Initial halo
around 0,0 spot indicates a disordered structure with the molecules at the minimum
intermolecular distance. As the structure becomes more ordered, spots resolve and
the distances and angles become fixed at those of the unit cell.
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Due to the discrepancy between the monolayer desorption temperature recorded in the

RAIRS-TPD experiment and the LEED experiment a film was grown at 60°C. This should

be above the lower recorded desorption temperature. The LEED pattern was recorded at

60°C to ensure that no structures were formed as the substrate cooled. The recorded pattern

was different to that recorded at the lower substrate temperature. Six spots were now

clearly visible instead of four with two in the horizontal positions. The angle between the

two upper (and lower) spots had decreased to 65° (Fig. 67). Increasing coverage on top of

this new structure (with the substrate at room temperature) then provided a significantly

different LEED pattern and therefore structure (Fig. 68). The unit cell is now rectangular.

Fig. 67 LEED of perylene film grown at 60°C - 26eV. This corresponds to the P-phase

that will be discussed later.

Fig. 68 LEED of thick film of perylene -19eV. This corresponds to the y-phase that

will be discussed later.
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If the three structures are assigned a (Fig. 66), P (Fig. 67) and y (Fig. 68) phases and unit

cell dimensions are determined from the LEED pattern by correlation with the substrate

spots the following is found:

Measuring the initial halo (Fig. 66) a dimension of 13.0A is recorded. This corresponds to

the inter-molecular distance that molecules would achieve if there was no orientational

order of the molecules, i.e. they can orient themselves in any of the 360°

a-phase unit cell: a = 12A ± lA, b = 12A ± 2A, P = 79° ± 3°(angle is an average of all

LEED patterns)

P-phase unit cell: a = 10.8A, b = 10.8A, P = 65°

y-phase unit cell: a = 20.7A ± 0.2A, b = 19.3A ± 0.1A, p = 90° (dimensions calculated

from STM images as no substrates spots were visible for calibration)

Model LEED patterns are shown in Fig. 69.

As the initial structures are grown, compression can clearly be seen. This could correspond

to closer packing of molecules as coverage increases. The y-phase is significantly different

and is likely to stem from a completely different structure.

0°
0°o o w

a-phase P-phase

o Substrate Diffraction Spot
° Overlayer Diffraction Spot

ooooooooo

ooooooooo

Y-nhase

Fig. 69 Ideal models of a, P and y LEED patterns. 0 is smaller in the a-phase than the

p-phase and the spots at position x are absent.
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STM

RAIRS suggested the molecules were predominantly lying flat and the LEED studies

indicated three distinct structures with differing unit cells. The experiments were

reproduced in the STM in an attempt to image the films corresponding to the various

phases.

Four distinct phases were observed in the LEED experiment, the halo, a, (3 and y-phases.

The halo represents an extremely low level of coverage of perylene on the copper surface.

As it was expected to be extremely difficult to produce an extremely low level of coverage

under normal deposition conditions, a lower sublimation temperature was used (~90°C) for

only three minutes. The sample was dosed with the substrate at room temperature. The

LEED pattern recorded was the halo seen in the initial images of the LEED experiment.

Isolated molecules of perylene on copper are presumably weakly bound and easily moved

by the STM tip and thermal diffusion. They can also be quite "transparent", where their

electron density is similar to that of the substrate so there is little obvious contrast in the

STM images. Molecular resolution can be difficult to find as molecules may be

overlooked. When molecules are imaged, colour contract processing of the images makes

them more obvious.

It is only once the molecules start forming clusters of three or four molecules that they

become far more obvious. The STM image (Fig. 70) shows that the molecules can form

both islands on the terraces and decorate the step edges. The subsequent images (Fig. 71)

of repeated scan over the same area show the same cluster. This indicates that the island

size and shape varies significantly between scans because of the mobility of molecules

suggesting a structure of islands in equilibrium with highly mobile single molecules.
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of Perylene

Scanned in Fig. 71

Molecules Dressing Step Edges

Fig. 70 Low coverage perylene on Cu(110). Tunnelling Conditions: -0.008V, 0.132nA,

Loop gain 2.06%. Individual and small groups of molecules can be seen on step edge

and in small islands on terraces

Fig. 71 STM images showing mobility of perylene molecules. Tunnelling conditions as

fig.70. Island decreases with size with each subsequent scan. Molecules are easily

removed.
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Auto-correlation images based on such STM images agree with measurements from the

"halo" LEED pattern and indicate a consistent inter-molecular distance of 1.3nm.

After these images were collected, the regions at the edges of the scan area were examined

but no evidence of tip-deposited molecules were seen suggesting they had either undergone

tip induced desorption or that they were just being moved again by thermal diffusion.

Subsequent studies by Q. Chen141 proved that the molecules are not desorbed, but are

"shunted" across the surface by the tip. On an oxygenated surface (—50% oxygen 2x1), the

copper islands at the sides of the image fill up first before propagating their structure into

adjacent copper islands. The oxygen regions form a barrier that prevents the perylene

diffusing away across the surface, so islands of molecules form far more easily. The tip

interaction is best described as shunting as if it were a stronger interaction then it is less

likely that the molecules would be deposited at the edge of the scan area, but would instead

be dragged back across the image.

This stage of growth can therefore be described as molecules that are loosely bound to

each other that form clusters of molecules that are 1.3nm apart but have no directional

order, hence the halo instead of spots on the TEED pattern.
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Coverage was increased to approximately one monolayer with the LEED showing that of

the a-phase with compression from 1.3nm tol.lnm.

Fig. 72 One monolayer of perylene on Cu(llO). Tunnelling conditions: -0.067V,

0.299nA, 8.73% Molecules can clealy be observed to form a full monolayer.

Auto-correlation functions of the images show them to contain a higher degree of order

than is immediately apparent from the STM images (Fig. 72). From measurements using

the auto-correlation of the STM image, it is seem that the unit cell dimensions agree with

those recorded from the LEED pattern. As all the data fits, this structure can be assigned as

the a-phase with dimensions of: a = 12A ± lA, b = 12A ± lA, P = 79°. The unit cell

contains a single perylene molecule. This structure could be commensurate with a c(8x4)

structure which would give precise unit cell dimensions of a = 12.5A, b = 12.5A and (3 =

70.6°. The orientations of the molecules within this structure are unclear due to insufficient

resolution in the STM images, however the inter-molecular spacing are large enough that
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the molecules may have any orientation. This may be the influence that prevents the

structure from optimising the close packing of the molecules. Continued deposition on top

of the a-phase gives rise to the same LEED pattern and structures in STM. This implies

that the (3 and y phases must be temperature dependent.

Before the evolution of the a-phase, there was no evidence of any structure connected with

the vertical spots on the LEED pattern (Fig. 73). This phase was seen after the formation of

the structure that gives rise to the halo LEED pattern but shortly before the surface

achieved its first monolayer coverage with the a-phase.

spots

Fig. 73 Low coverage of perylene on Cu(llO). LEED pattern represents a phase

between the low coverage shown in Fig.70 and 72

This may indicate that before the final compression leading to production of the a-phase, a

brief phase transition occurs to another structure that as yet has been unidentified in the

STM. It is possible that this LEED pattern has some connection with the y-phase structure

that will be discussed later. It is suggested that the lower layers of the y-phase are "pinned"

by an upper layer. It could be possible that in the absence of an upper layer that the y-phase

begins to form but is too unstable without a second layer so reverts to the a-phase.

'Vertical
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When a-phase structure was annealed to 70°C, the LEED pattern changed to that

characteristic of the hexagonal structure which, when measured suggested a further small

contraction had occurred. STM showed that significant changes in the structure have

indeed occurred. Fourier transformation of the STM image produces a diffraction pattern

that matched that of the p-phase LEED pattern.

Fig. 74 Annealed monolayer of perylene on Cu(llO), LEED (grey) and FFT of STM

image. Tunnelling Conditions: -0.115V, 4.282nA, 6.97%Loop Gain. LEED and FFT

of STM images are the same indicating that the structure observed in STM must be

real.

The molecules on the terraces are now clearly aligned with each other and they share the

same orientation (Fig. 74). This alignment accounts for the compression seen in the

dimensions and angles of the LEED pattern. The LEED pattern and the apparent structure

in the STM images have different symmetries. This can be accounted for by known

distortions that can occur in STM images such as drifting of the piezo-electrics.
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The LEED patterns must be correct so we can accurately say the unit cell dimensions for

the (3-phase LEED pattern are: a = 10.84A, b = 10.84A, (3 = 65°. This recognises that there

are two separate phases of mirror symmetry that combine to produce one LEED pattern.

Investigations of the STM images show that the molecules now all share the same

orientation. Measurements taken from the STM images give a unit cell of a = 12.5A, b =

8.5A and (3 = 90° (Fig. 75). This structure is commensurate with the underlying copper

substrate and has unit cell vectors of:

3 n ^-3 1 ^

.-2 3 J and ^2 3
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Fig. 75 P-phase of perylene on Cu(llO). Tunnelling Conditions as Fig.74. Molecules

are more highly regularly oriented than the a-phase

An interesting feature of this structure is the small fingers up to about ten molecules long

that are starting to appear as the second layer of this structure (Fig. 76). These fingers were

perfectly aligned with the underlying substrate along the <110>, close packed copper

direction.

Fig. 76 Fingers of perylene growing on top of the P-phase (unit cell marked).

Tunnelling Conditions as Fig. 74. Fingers are aligned with <110> direction whereas P-

phase structure is not.
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The orientation of the rows of fingers was confirmed by comparison of LEED patterns

with visible substrate spots with the Full Fourier Transform of the STM images. As the

overlayer spots are the same it can be confirmed that the <110> direction is that marked in

Fig. 76. It seems odd that the structure follows the substrate so exactly with a layer of an

incommensurate structure in between. There is however some evidence, discussed later, to

suggest that the underlying layers undergo a rearrangement to align themselves with the

overlying structure and substrate.

As the overlying "fingers" indicate the <110> direction, this can be defined on the new

monolayer structure. The supercell (shown in green in Fig. 75) is maybe commensurate

with the substrate and has dimensions of 36A x 22A (14x6).

Continued growth on top of this structure or continuous dosing on a clean substrate with

annealing in the initial stage of growth, produced an intermediate stage where the two

different crystal structures could clearly be seen on the same STM image. This showed a

linear structure (y-phase) that had grown from the "fingers" seen in the previous images

(Fig. 74, Fig. 76) separated by patches of the previous crystal structure that is the annealed,

one monolayer thick structure (P-phase). These structures are highly reproducible but are

absolutely reliant on the annealing stage during the growth. This can be through forming

the P-phase from the a-phase through gentle heating, or by producing the p-phase initially

while cooling the substrate through the monolayer desorption temperature (~60°C) under

molecular beam conditions or with sufficient molecules in the system to permit

background deposition. The P-phase must be produced before the y-phase can be produced.
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Fig. 77 (3 and y-phases of perylene on Cu(llO). Tunnelling Conditions: -0.016V,

0.725nA, 4.64% Loop gain. Annealing with sufficient deposition allows both phases to

exist.

The LEED pattern recorded from this structure is, as expected, a combination of the p-

phase and the y-phase. The limited resolution of the STM images does not allow detailed

examination of the molecular orientation within the linear structure, but information is

available regarding the molecular spacing. The separations of the rows at this coverage are

not uniform. Auto-correlation can be carried out on line profiles to extract the average

spacing for perylene rows intersected by the line profile. Measurements ranging from

1.6nm to 1.9nm between the perylene rows were recorded. These measurements do not

seem to relate in a commensurate way to the spacing of the underlying copper rows that

run parallel to the perylene rows. The molecular distance along the rows is around 1,2nm,

which corresponds approximately to the close packed intermolecular distance.

It is also significant that both crystal structures exist at the same height. This is evidence

that, as coverage increases, the structure changes from one to the other as opposed to the y-
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phase growing on top of the p-phase giving strength to the restructured monolayer

argument. From this image, others at the same coverage and those at higher coverage, there

is some evidence of the growth mechanism. At the ends of the linear structures, the

molecules on the layer beneath can be seen to be more disordered than the exposed

molecules surrounding it. As in the lower coverage images, these disordered molecules are

seen next to patches of the P-phase, under the growing y-phase, it can be assumed that a

rearrangement of the initial monolayer has taken place. Due to the constraints of current

spectroscopic techniques, this is currently impossible to confirm.

Further growth on top of the transitional phase, produced an exclusively y-phase crystal.

The growth leads to the surface of a perylene crystal of -20 monolayers thick (Fig. 78)

being "smoother" than that of the copper substrate on which the crystal is grown. Line

profiles drawn across the surface showed a height different of only 0.5nm over a distance

of 2000nm. However, the surface was covered with small pits that seemed to reach down

to the substrate. These were believed to be caused by contamination on the substrate that

hindered the subsequent multilayer growth or electron beam damage from LEED

investigations. These pits were used as an approximate method of measuring film thickness

that compared well with RAIRS-TPD experiments.

121



Fig. 78 Line profile across 2000nm perylene/Cu(110). Tunnelling Conditions: 0.006V,

1.862nA, 12.82% Loop gain. Line profiles show surface to be flatter than the

underlying copper. LP across holes gives indication of layer thickness.

k

For the smoothing to occur, the molecules in the initial layers must have filled any

roughness in the surface due to the high molecular diffusion observed previously,

permitting uninterrupted crystal growth of the subsequent layers. This indicates that there

are few substrate interaction that affects the process of growth of the thicker films,

although there are indications that there are important interactions at lower coverage. The

most obvious of these is the fact that the long perylene chains are aligned along the same

direction as the close packed copper. If there were no interaction from the substrate then it

would be expected that many more orientations would be seen, however, the crystal

surface has the same symmetry as that of the underlying substrate (C2V). The structure is

basically described as highly ordered rows of perylene, with subsequent rows sitting over

the gaps between rows of the level below (i.e. ABA stacking) (Fig. 79).
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Fig. 79 Thick film (~20monolayers) perylene on Cu(llO). Tunnelling Conditions:

0.007V, 0.468nA, 5.56% Loop Gain. Adjacent molecules in rows alternate orientation

by 90°. Where they don't, a clear defect is seen. The molecules in the row below

appear to be orientated the same as the molecules directly above them in top row.

Based on STM images and their auto-correlation images, the unit cell has dimensions of:

a = 20.7A ± 0.2A, b = 19.3A ± 0.1A, c= 3.4A and (3 = 90° (Fig. 82). As discussed above,

the angle and symmetry of the unit cell match those of the substrate, so a rectangular unit

cell is unsurprising. The unit cell length of 20.7A corresponds to eight copper atoms along

the <110> (close packed) direction. The unit cell structure is probably incommensurate in

the b direction, however two unit cells are close to being commensurate with eleven copper

rows. Over this distance, it is unlikely that this is a major driving force controlling the

structure but it probably helps reinforce it.
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Within this structure, the orientation of the molecules with each other is most interesting.

Quantum mechanical calculations of the HOMO and LUMO molecular orbitals of the free

molecule were carried out using Gaussian98 (Fig. 80). While the HOMO has orthogonal

nodal planes perpendicular to the plane of the molecule, the LUMO only has the one

intersecting the naphthalene units. Since the bias used for the STM images was very low it

is likely that tunnelling from HOMO and to LUMO are important. This suggests that the

low intensity, which bisects the molecular image, corresponds to the plane bisecting the

naphthalene units as shown in Fig. 80. When the orbitals are superimposed, a node can

clearly be seen along the centre of the length of the molecule. When this is compared with

the STM images, it is clear that this relates closely to the molecules that are observed (Fig.

81).

HOMO LUMO HOMO + LUMO

Fig. 80 Molecular orbital calculations of perylene free molecules. (Gaussian 98) When

the two orbitals are overlaid, two features with a node are observed that match the

STM images of the thick perylene film.
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Fig. 81 Molecular models of perylene superimposed on STM image (taken from blue

square in Fig. 79) based on MO calculations shown in Fig. 80.

Along the <110> direction, the molecules in each row show clear quadrupole coupling

where adjacent molecules are rotated by 90° to each other. Defects do appear in the

structure where two molecules will be oriented with their long edges parallel but adjacent

molecules are never seen to appear short end on. In structures involving quadrupole

coupling, the effect is expected to be three-dimensional, i.e. have the correct charge

balanced orientation with respect to molecules above and below it as well as around it.

This structure clearly breaks this rule. In the colour insert in Fig. 79, the molecules of the

row beneath can be seen to have the same orientation as the row on top, in the grey section,

the molecular orientation is seen to remain the same across three molecular levels. With

this level of packing, the molecules in alternate rows must be packed at the optimum

distance. These inter-row, inter-molecular interactions must have a strong influence on the

structure. The patterns of the line defects support this view. In the rows along the <110>

direction, where two adjacent molecules are seen to share the same orientation, not only

does this same defect occur in every adjacent row in the same layer, but it also can be seen

in the layers below. This causes distinct lines in the structure (in the <100> direction)

which, appear to travel through the entire width of the image. It was not possible to define

their actual lengths as zooming out to image a larger area reduced resolution sufficiently
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that the lines were no longer visible. The implication of this structural feature is that they

form distinct grain boundaries that are perpendicular to the <110> direction. There does

not appear to be any structural defect that affects the structure in the <100> direction.

Fig. 79 also provides some insight into the crystal growth mechanism. Earlier results

indicated that the y-phase can only grow on the p-phase. Due to the orientation of the y-

phase a reconstruction of the initial monolayer would most obviously fit the growth

mechanism. From the high coverage images and the orientations of the molecules within

the structure, there is evidence that the upper layer stabilises the layer below which in turn

propagates growth in the <110> direction. At the end of the rows shown in Fig. 79 (top left

corner) the molecules of the penultimate layer appear to be highly disordered. Closer

inspection shows these to be similar to the P-phase. It is unlikely that these areas of

disordered molecules stop growth of the structure as this would prevent film thickness

reaching 20 monolayers as observed. This suggests the structure grow through a

reconstruction and "pinning" involving both the upper and lower structure.
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Fig. 82 Crystal structure of y-perylene142. Centred orthorhombic structure, a=20.7A,

b=19.3A, c=20.7A, p = 90°
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Photoluminescence of Pervlene on Cud 10)

In situ photoluminescence of perylene on Cu(l 10) was also investigated to provide insight

into the structure and growth. To obtain the photoluminescence spectrum for perylene, a

small amount was dissolved in toluene and the spectrum was collected (Fig. 83).

Waveiength/nm

Fig. 83 Photoluminescence and UV-Vis absorption of perylene in toluene143'144

The spectrum clearly shows the principal absorption at 450nm which has been assigned to

emission from monomeric perylene145,146. In contrast, the bulk a-phase of perylene

contains dimers. When emission is stimulated in the solid, not only can the electron be

excited to a higher level in the original molecule, but it can be transferred into a higher

level of the adjacent molecule in the dimer. This causes positive and negative charges that

attract causing an increased stabilisation of the dimer. This excited dimer is known as an

excimer. As the excimer is more stable, the emitted photon has a lower energy at about
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550nm147'148'149'150. As the y-phase thin film has molecular packing that allows molecules in

each layer to sit extremely close to molecules in adjacent layers, it was thought that a novel

excimer interaction could occur. Due to the ABA layer growth of the perylene y-phase any

molecule can form an excimer with the molecule in the layer above it or below it (or both).

Because of this, photons emitted from this sort of excimer would be expected to have

energy lower than the 550nm emission of the standard excimer.

Wavelength/nm Dosing time (min)

Fig. 84 Photoluminescence as a function of dosing time (minutes). Intensity increases

linearly with increasing coverage.

As the spectrometer setup allows collection of spectra without hindering deposition, it was

possible to collect the photoluminescence spectra as a function of time. As coverage

increased, the intensity of the photoluminescence increased (Fig. 84). The peak at 410nm

arises from the laser beam used to stimulate emission from the perylene film. Its

wavelength is sufficiently removed from the region of interest not to interfere with results.

The peak arising from the perylene film is indeed seen to occur at 600nm, which as
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expected is lower than the normal bulk excimer signal at 550nm. The plot of

photoluminescence versus dosing time show that there is a time lag before

photoluminescence is observed. This is obviously coverage dependent. The initial

monolayer probably takes a few minutes to form and is unlikely to provide a significant

photoluminescence signal due to quenching of the excited state by the substrate. As

coverage increases and the second monolayer is formed the photoluminescence appears.

Until the completion of the second monolayer, this signal may still be partially quenched,

hence the delayed onset of photoluminescence and noticeable kink in the graph.

The thick film of perylene was then desorbed while the luminescence was recorded. In

between the collection of each luminescence spectra, the sample was moved into the EELS

spectrometer to confirm film thickness (Fig. 85).
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Fig. 85 Photoluminescence as a function of desorption. Intensity decreases with

decreasing layer thickness. Between 3 and 2 monolayers photoluminescence is lost

due to quenching from the substrate.
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As expected, the desorption is a reverse of the deposition. The EELS spectra (Fig. 85

Right) confirm that the photoluminescence decreases steadily with coverage until between

two and three monolayers. By two monolayers, the signal has disappeared completely.

This may be explicable by the mechanism through which the structure grows.

Photoluminescence from the initial monolayer (p-phase) is quenched so no emission is

produced. As the second layer begins to grow, there is insufficient of the y-phase for

photoluminescence until some critical coverage is reached, close to the formation of the

second layer. As the third layer grows, the structure is consolidated and photoluminescence

increases. This is coupled with increasing separation from the copper substrate that inhibits

the quenching effect of the substrate.

The temperature dependence of photoluminescence was monitored by growing a thick

layer of perylene at 130K. As this did not have the necessary annealing stage, it was likely

that the a-phase multilayer structured thin film was present as opposed to the more highly

ordered y-phase. At 130K, the luminescence signal (Fig. 86) was a slightly different shape

than before (Fig. 85) with the principal peak at 590nm. The temperature could be ramped

to 240K and cooled to 130K repeatedly with no change to the peak shape or position.

Within this range, as temperature increased, the intensity of emitted light decreased. Above

240K, the peak shape changed irreversibly to that observed previously for the y-phase (Fig.

85). As temperature increased, the intensity of luminescence increased up until 31 OK

which is the multilayer desorption temperature above which emission is lost. This

temperature dependent intensity change is the opposite of what was expected. If the film is

not desorbed, but cooled back down to 13OK, the luminescence intensity increases further

and the peak shape does not change although the shoulder at 530nm becomes more

obvious.
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By comparing the intensity of emission of the first phase at 240K (-120 units) and the

second phase, once annealing is complete, at 240K (-1450 units) it can clearly be seen that

the intensity of the second phase is far greater (by roughly a factor of 10). This helps

explain the observation of the increasing intensity during annealing of the film. If the film

was held at 240K for a long period, the second phase would form and the

photoluminescence intensity would be seen to rise. Once full transformation from the first

phase to the second was complete, the intensity would stabilise. Cooling would then

increase intensity and heating would reduce it as expected. What is observed in the

experiment is an increase in intensity due to the structural changes, which is greater than

the decrease in intensity due to the increased temperature.
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Annealing from 130K to 240K decreases PL
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Fig. 86 Phase transition observed in perylene thin film after annealing. Between 130K

and 240K intensity decreases. At 240K a phase change occurs to a more photo

luminescent state. Once this phase is fully formed, intensity increases as the sample is

cooled. Above 310K photoluminescence is lost due to multilayer desorption.

By comparison of the structures resolved using STM grown under specific temperature

conditions with the temperature dependence of the photoluminescence, a close enough

match is seen to assign the specific photoluminescence spectra to structures. The lowest

temperature structure observed in the STM is the a-phase and is likely to produce emission

at 590nm. At around 240K the change in energy of the emission and the peak shape
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indicate that a structural change has occurred which is likely to be a change to the y-phase

which is known to form from annealing of the a-phase. Once the structure has fully

changed, the luminescence signal from the y-phase is retained even if the film is cooled

below the temperature at which it formed. Once the y-phase is grown, it is extremely stable

and the a-phase cannot be recovered.
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Tetracene

Infra-Red Spectroscopy
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Fig. 87 Transmission IR of 5% tetracene in KBr. In-plane and out-of-plane modes

are highlighted as their presence in RAIRS will indicate the plane in which the

molecules lie on the surface.

As with the previous molecules studied for this project, IR was used to establish the known

characteristics of the molecule in its bulk form before being introduced to the surface. An

infra-red (IR) spectra was collected from a pellet of tetracene ground with KBr to a fine

powder pressed at ~3 tons for 2minutes. The spectra (Fig. 87), provides information on all

permitted vibrations which were assigned from the literature151'152. The vibrational
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spectrum of the tetracene free molecule was calculated using Gaussian98® and provided

an extremely close match with the experimental results, with errors in agreement less than

10%. Typically, Gaussian98 calculations overestimate vibrational frequencies by 2-6%.
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Fig. 88 Calculated v recorded vibrational spectra for an isolated tetracene molecule.

The close match of the recorded and calculated spectra allow accurate identification

of in -plane and out-of-plane modes.

The close match of the measured and calculated spectra for the free molecule (Fig. 88)

indicates that there is nothing in the bulk crystal structure that hinders or promotes any of

the vibrational frequencies. Specifically, the molecule in the bulk crystal clearly retains its

planar structure. The two peaks at around 910 and 740cm"1 which correspond to out-of-

plane C-H bending modes will be expected in RAIRS if the molecules are flat lying. The

appearance of the less intense in-plane modes, particularly those above 1000cm"1 would

indicate the molecules are upright.
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RAIRS

Tetracene was deposited onto Cu(l 10) in UHV for RAIRS with the copper substrate held

at room temperature (Fig. 89).

V) 100 .a -

£
v.
~

100.2 -I

—i—
aoo

—i—
900

~T"
1000

Wavenumber^cm'1)

Increasing
Coverage

Fig. 89 RAIRS of tetracene on Cu(110) grown at room temperature. Peaks at 740 and

890cm"1 are out-of-plane bending modes. In-plane modes are absent.

The spectrum clearly shows the growth of only two peaks in the lower region of the spectra

at 740 and 890 cm"1. From the transmission spectra of the bulk sample and the

Gaussian98® calculations, these vibrations can be confidently attributed to the C-FI out-of-

plane modes. As there are no in-plane modes present, it can be deduced that the molecules

are flat lying on the surface. The fact that the peak intensities saturate very quickly leads to

the conclusion that the initial monolayer is thermally stable at room temperature but

subsequent layers are not so multilayer film growth is not possible. This implies that

tetracene has the weakest molecule to molecule interactions of the three molecules

investigated.
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The experiment was repeated with cooling to the substrate. The thermocouple reading

recorded a sample temperature of around 10°C instead of 30°C for the non-cooled sample.

Due to the design of the manipulator and sample mounting, the actual sample temperature

is likely to be slightly (5-10°C) lower than the recorded temperature.

Fig. 90 RAIRS of tetracene on Cu(110) cooled to 10°C. Peak at 740cm"1 shifts to

752cm"1 as coverage increases. As coverage increases further, out-of-plane modes

disappear and in-plane modes appear.
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Significant differences could be seen in the evaluation of the spectrum of tetracene

deposited on the cooled sample (Fig. 90) compared to that deposited and recorded at room

temperature (Fig. 89). The initial growth stages are exactly the same with only two peaks

seen at 740 and 890cm"1 (both C-H out-of-plane bending). As coverage is increased

further, the out-of-plane mode at 890cm"1 disappears while the peak at 740cm"1 shifts to

752cm"1. At the point where the out-of plane modes disappear, the in-plane modes appear.
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All in-plane modes become visible but for clarity, only 998.9cm'1: C-C stretching and

1164.8cm"1: C-H in-plane stretching are shown in Fig. 90. As all the out-of-plane modes

are not lost it can be deduced that the molecules are not switching to standing up. The first

layer probably remains flat and has peak positions shifted and the intensities altered by the

interactions with the subsequent layers. The new layers growing on top have the upright

character. The RAIRS spectra clearly indicate a phase transition between the monolayer

and subsequent layers. When heated, the exact reverse of the growth is seen, with the

overlayers disappearing before the 890cm"1 peak reappears until it too is desorbed.
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STM

It had been observed in the RAIRS experiments that only the first monolayer could be

formed at room temperature and subsequent layers can only be grown at low temperature.

This made the study of multilayers extremely difficult. Heating the monolayer structure

and monitoring with LEED showed subtle changes in the monolayer structure that were

investigated using STM.

A monolayer was deposited at room temperature and annealed to 70°C. A distinctive

LEED pattern was recorded and STM images were collected after cooling to room

temperature. From RAIRS it is known that the surface forms a complete monolayer with

no additional layers present. The sample was cooled to room temperature and analysed by

STM. The sample was then annealed to the higher temperature of 180°C and imaged again

after cooling. The two sets of results (70°C and 180°C annealing) will be discussed side by

side for ease of comparison (Fig. 91).

Fig. 91 STM of tetracene on Cu(llO) deposited at room temperature and annealed to

70°C (left) Tunnelling Conditions: -0.169V, 1.682nA, 3.70% Loop gain, and 180°C

(right) Tunnelling Conditions: -0.005V, 0.137nA, 0.87% Loop gain
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It can clearly be seen that the molecules in both images line up with their long axis parallel

to the <110> direction. This indicates an interaction between the substrate and molecule

that reflects the linear shape of the molecule and the linearity of the close packed copper

rows. Another indication that the molecules are aligned precisely along the <110> axis is

that in all the areas scanned there is only the one orientation seen. If it were rotated away

from a high symmetry direction then a domain of the mirror image would also be present.

Analysis of the <001> direction (perpendicular to the <110> and shown as black arrows in

Fig. 91) shows the first difference between the two images. In the left image of Fig. 91, the

columns of molecules along the <001> direction appear to be aligned perfectly where there

are no defects in the columns. In the right image of Fig. 91, first impressions suggest a

higher level of order as there are less visible defects and the columns along <001> appear

to be generally longer before they change direction. However, if the perpendicular <001 >

axis is overlaid then it becomes apparent that these columns are not parallel to <001>, but

offset by ~10 degrees.

25nm x 25nm

10>

36nm x 36nm

Fig. 92 Auto-correlation function images generated from STM images in Fig. 91

(70°C left, 180°C right).
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The auto-correlation images (Fig. 92) instantly show that the two A-B cross-sections are

different, yet in the STM images they both appear to be the same. Close investigation

shows that although the molecules themselves are indeed aligned along the <110>

direction, in the first structure, the majority of columns along <001> are offset by half a

molecular spacing from each adjacent column. Drawing a line profile through these offset

molecules exactly matches that of the A-B cross-section in the auto-correlation images

(Fig. 92). The molecules in the 180°C structure are usually parallel so the auto-correlation

shows them to be ordered along with the <110> direction.

Analysing the line profiles of the A-B and C-D cross sections also shows an interesting

difference that starts to point towards the driving force of the different structures (Fig. 93).
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Fig. 93 Line profiles of cross-sections AB and CD of auto-correlation function images

shown in Fig. 92 - 70°C sample: left, 180°C sample: right

As auto-correlation provides periodic information, the measurements taken from it are far

more accurate for determination of unit cell dimensions than those taken directly from the

STM images are. The two A-B cross-sections are approximately equal and correspond to a

142



commensurate spacing of six copper atoms, which is the minimum number of whole atoms

per molecule. The molecule is 13.63A long, which is greater than five copper spacings

along the <110> direction (12.8A). The difference between the measurements of the

images is observed along the C-D direction. The 70°C sample's molecules are spaced 7.2A

apart, which equates to the width of two full copper rows. After annealing to 180°C the

molecules are spaced only 6.6A apart, which is narrower than the molecular width of

6.99A. If the molecules are interdigitated i.e. offset sideways slightly so the hydrogen

atoms are not head on, but fit into the gaps between each other as shown in Fig. 94, the

closest the molecular centres can come is 6.6A which fits the recorded distance perfectly.

Fig. 94 Interdigitation of tctracene molecules. To allow tetracene molecules to pack at

a distance of 6.6A, the molecules must be offset to allow the hydrogen atoms to sit

between one another.

This interdigitation also explains why the alignment of the columns molecules in the

annealed sample is not exactly perpendicular to the <110> rows. Each molecule be offset

to either the left or the right, and is too close to allow stacking in the <100> direction. The

inter-hydrogen distance along the side of tetracene is 2.46A which, given the 6.6A
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molecular spacing in the <001> direction suggests an offset angle of around 10°. This

matches the offset angle recorded from the STM images.

p(6xl.83)

LEED

The diffraction patterns of the two samples also show these subtle differences. The

recorded LEED patterns were not too clear (Fig. 96) but generally are consistent with the

diffraction patterns generated from the STM images (Fig. 95), which used as the basis of

the following discussion as they showed more detail.

Fig. 95 Diffraction patterns based on the STM images in Fig. 91 and line profile

positions (AB & CD) for tetracene on Cu(110) annealed to 70°C (left) and 180°C

(right).
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Fig. 96 Recorded LEED patterns for tetracene on Cu(llO) annealed to 70°C (left) and

180°C (right). Recorded LEED patterns match the diffraction patterns produced by

fourier tranformation of STM images

The first image (Fig. 95 left) shows a centred 12 x 2 structure and the second (Fig. 97

right) shows a primitive 6 x 1.83 structure. The compression has already been noted from

the STM images, this too should be present in the diffraction patterns.
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Fig. 97 Line profiles AB and CD from diffraction patterns in Fig. 95. Black lines align

scale at 2nm. Red dashed lines show alignment and misalignment of intensity peaks.

Increased spacing of 180°C sample peaks indicate a contraction of the unit cell in real

space.

As expected, the peaks of the AB line profiles align perfectly, agreeing that the molecular

spacing is equivalent along the <110> direction in both structures although the 70°C

annealed results in a centred structure. In the CD line profiles, the intensity peaks of the
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180°C sample are further apart than the peaks of the 70°C sample. An increase in distance

in reciprocal space represents a compression in real space (i.e. molecules are closer

together) which agrees with previous results. The compression is approximately 10%

which makes the two diffraction patterns c(12 x 2) and p(6 x 1.83)

From this, models for the two structures can be suggested:

The 70°C sample is the simplest as it shows a clear commensurate relationship between the

molecule and the substrate. The distance between molecular centres along the <110>

direction is 15.4A, which is equivalent to six copper atoms, but slightly larger than the

minimum inter-molecular distance of 13.6A. However, a commensurate structure with a

spacing of five copper atoms along <110> would correspond to 12.8A, which is smaller

than the Van der Waals length of Tetracene. The molecular spacing along the <001>

direction is 7.2A, which equals two copper rows spacing. The diffraction pattern data

indicates a centred structure and inspection of the STM images shows that many of the

columns are offset by half a molecule from those that are adjacent. Combining all this we

can produce the model shown in Fig. 98.
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12 24

15.4A

12 molecules in 24 rows - no compression.

Fig. 98 Model of tetracene on Cu(llO) after annealing to 70°C. Molecules are 6

copper atoms apart along the rows and offset by one row from column to column.

The model (Fig. 98) contains all the information collected and provides a good agreement

between the STM data and includes the 12 x 2 periodicity from the diffraction data.

Molecules are flat in agreement with RAIRS and STM images.

The model for the 180°C sample is more complicated because of the compression due to

interdigitation of the molecules. The molecular spacing along the <110> direction is the

same as before at 15.4A between molecular centres. The distance between molecular

centres along the <001> direction is now only 6.6A, so for the molecules to lie flat - as

indicated by RAIRS and STM- they must be interdigitated. If the molecules were offset to

one side and then the other, overall, the columns would be perpendicular to the <110>

direction. As this is not the case and the columns are straight but angled one way or the
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other from the <001> direction, it is likely that the molecules are offset in one direction in

long sequences rather than randomly.

The diffraction pattern shows a primitive structure and the STM images indicate that the

columns tend to be exactly aligned. Combining this data, the following model is suggested:

1 11 12 23

12 3 4 5 6 7 8 9 10 11 12

p(6xl.8)
6.6A

12 molecules in 22 rows — 8.3% compression.

Packing is optimal. Molecules cannot be closer.

Fig. 99 Model of tetracene on Cu(110) after annealing to 180°C. Molecules are

interdigitated and offset by the minimum amount with respect to adjacent molecules.

To offset and return by the full length of the molecule provides a 12 molecule repeat

unit.

The model, when completed illustrates a structural feature that was not immediately

obvious from the data collected. From the auto-correlation image, closer inspection shows

a wave pattern within the image. Comparing this to the C-D line profile (Fig. 100), a

second wave can be seen superimposed on the initial wave of the molecular spacing. This

has a wavelength equivalent to twelve of the smaller waves.
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Fig. 100 Line profile of 180°C sample showing 12 repeat unit wave

While twelve seems apparently random, it can be explained easily by the offset of two

adjacent rows of molecules. Assuming the model shown in Fig. 99 is correct, each

subsequent molecule in the column is offset to the same side by the minimum amount until

the last side hydrogen atom of the seventh molecule is aligned with the first. Each

subsequent molecule offsets in the opposite direction until the thirteenth molecule has

returned to an equivalent position of the first. This gives twelve molecules in twenty-two

copper rows - an approximate 8.3% compression over the 70°C sample - which agrees with

the p(6 x 1.83) unit cell. To explain why the wave is present and the molecules do not

continue in the same direction indefinitely, we need to look at the incorrect model (Fig.

101).
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7 8

Fig. 101 Incorrect model for 180°C sample.

Constructing an incorrect model for the structure shows what drives the correct structure.

From columns 1 and 2 in Fig. 101, each subsequent molecule in the column can offset up

or down. The molecules in boxes from column two show the positions that the molecules

would have if they offset upwards. The critical positions that define the structure occur in

the seventh and eighth molecules in the column. By the seventh position, there is still no

overlap of the two theoretical converging rows so in the absence of adjacent molecules, the

structure is driven by the interdigitation of the previous molecule in the column. By the

eighth position, the molecule of the theoretical row (outlined) and the real model row

occupy a similar position on the surface. The real model site will be energetically

optimised, the theoretical position will not. If a molecule were to in the eighth position of

the theoretical row, it would shift to the more energetically stable eighth position of the

real model. This combination of interactions between the molecule and the surface plus the

interdigitation of the close packed molecules drives the structure towards the twelve-

molecule wavelength structure. In the STM, images the columns rarely show exactly

twelve molecules as the repeat unit but as the wave appears in the auto-correlation images,

it is the average wavelength.
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High Temperature Deposition

Due to the interesting structural differences observed in the annealed samples, it was

investigated whether these structures could be reproduced in the initial growth stage of the

film. During annealing in the initial experiment, LEED patterns were observed to improve

at around 80°C and then not change until they disappeared at over 190°C. As two

structures had been observed, one above and one below 80°C, it was decided to hold the

substrate at around 100°C while tetracene was deposited. The LEED patterns collected

from this experiment were not of high resolution, suggesting that a lesser degree of order

was present in the new film. The spacing of the spots in the <110> direction indicate that

the molecular spacing is similar to that of the previous two structures with the molecules

aligned along this direction and packed closely over the minimum number but

commensurate integral of copper atoms. The decreased order perpendicular to this

indicates that there may no longer be columns ofmolecules in the <001> direction.

€

ts

Fig. 102 LEED of tetracene deposited onto Cu(110) at 100°C. Semi-halo indicating an

ordered inter row spacing <001> direction but disordered along the <110> direction.
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The STM images proved this to be true as shown in fig. 103. Under conditions that would

have produced a full monolayer, only a partial monolayer was present. The increased

temperature must promote spontaneous desorption of the molecules. The images now only

show molecules aligned along the <110> direction with patches of absent molecules where

the underlying copper rows can be seen. In places, the molecules appear to be slightly off

alignment with the underlying copper, but this can be accounted for as before by the

molecules being off-set from each other by half their width. There were no longer any

coherent column structures left in the <001> direction. Auto-correlation images show only

the <110> alignment with no other periodicity present. Increasing coverage under the same

deposition conditions as the original substrate was prepared, produces the same structure.

close-packed

Fig. 103 High temperature deposition of tetracene on Cu(110). Tunnelling conditions:

-0.183V, 1.034nA, Loop gain 1.403%. Tetracene molecules align along rows but do

not form columns.

Underlying
copper rows

20nm x 16nm
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Perylene and Tetracene on Oxygen Covered Copper

During the course of the project, it became apparent that the molecules had interesting

interactions with oxygen. Oxygen was introduced to the clean copper surface by direct

deposition from a leak valve. Oxygen forms the well-known 2 x 1 structure with a

characteristic LEED pattern it easy to monitor the evolution of the structure. The structure

of the oxygen on copper is described in the earlier chapter discussing substrates (p59), a

typical example is shown in Fig. 104.

Fig. 104 Oxygen 2x1 islands on Cu(110) - 40 x 30nm

Perylene on Oxygen Covered Cu(110)

A clean Cu(110) substrate was prepared by exposure to oxygen. Coverage of 0(2x1)

islands occupied approximately 50% of the total surface area. The STM image shown in

Fig. 105 shows two different structures. One clearly shows perylene molecules sitting upon

the rows characteristic of the oxygen 2x1 structure. Due to the dimensions of the perylene

molecules, it is not possible to determine whether they are aligned parallel or perpendicular

to the oxygen rows. The patches in between the oxygen islands were originally assumed to

be free of molecules but subsequent studies suggest they are covered with molecules that

Bare Copper

Oxygen 2x1 islands

Oxygen 3x1 islands
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are not tightly packed and therefore mobile under the influence of the STM tip. Height

profiles across the islands show that the apparently clear areas are at least as high as the

molecules on the oxygen. The visible molecules appear to be generally stable and do not

move. A few molecules are seen to appear and disappear from image to image. The

molecular spacing perpendicular to the <110> direction is 10.8A, which equals three

oxygen unit cells. Across the rows, the spacing equal six copper or three oxygen unit cells.

This ties in with the p(6xl) LEED pattern observed.

Fig. 105 Perylene on oxygen on copper

Subsequent studies involved the careful analysis of the oxygenated surface prior to

exposure to perylene. These studies clearly showed perylene molecules on the patches in

between the copper islands (Fig. 106). The islands of oxygen 2x1 can be seen in between

the patches of molecules, indicating the molecules preference for bonding to the clean

copper over the oxygen 2x1 structure. Some straight rows of molecules can be seen which

are likely to sit over the oxygen 3x1 structure. The molecules are actually trying to stick to

the copper but the linearity of the oxygen structure templates the perylene growth.

Perylene molecules
on 0(2x1)

Bare" Copper
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Although the resolution is relatively poor, molecules can be imaged while they are trapped

by the 3x1 oxygen structure, they cannot be easily imaged on the bare copper. Further

evidence that these patches are filled with perylene comes from scanning the image areas

over a number of scans (Fig. 107). Over three or four images of the same area, small

clusters appear and grow in size. The number of these clusters increases with time.

Previous
scan areas

Fig. 107 Clusters of perylene in previous scan areas - 100 x 300 nm. Islands of

perylene form under the influence of scanning that prevent good resolution images.
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If the STM frame is zoomed out to cover a larger area, the previous scan area can be

clearly identified. These clusters form with disappearance of the molecules from other

areas, which suggests they are formed from highly mobile molecules that cannot be

imaged, i.e. perylene molecules on the bare copper area.
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Tetracene on Oxygen Covered Cu(110)

The oxygen precovered copper surface was prepared as before to produce -50% coverage

of the oxygen 2x1 structure. Tetracene was deposited onto the surface and imaged in the

STM. As was observed with perylene, the 2x1 features of the surface can clearly be seen

between the patches of tetracene (Fig. 108) which preferentially occupy the clean Cu(l 10)

surface.

<110>.

Tetracene on bare

copper

Oxygen 2x1

- jpg

Fig. 108 Tetracene on oxygen precovered copper - 35 x 35nm Molecules fill gaps

between oxygen islands

The tetracene molecules can be seen to preferentially orientate themselves parallel to the

<110> direction as they do on the oxygen free surface. If there is not sufficient space for

the molecules to lie parallel to this direction then they rotate by 90° and lie perpendicular

to the <110> direction. It appears in Fig. 108 that there are no molecules on the oxygen

2x1 surface. In the case of perylene, once the bare copper is filled, molecules are also seen

on the 2x1 surface. This indicates that tetracene interacts more weakly with the 0(2x1)

surface than perylene does.
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Conclusions and Comparisons

Thin films of organic polyaromatic molecules 3,4,9,10-perylenetetracarboxylicdianhydride

(PTCDA), perylene and tetracene have been investigated on copper single crystals.

Investigations involved both qualitative and quantitative analyses using a number of bulk

and surface sensitive techniques, the majority in ultra-high vacuum.

XPS results of PTCDA on Cu(211) indicated that the molecules lost their anhydride

oxygen atoms to form strong bonds with the surface. Of the thermal desorption

temperatures of the monolayers of the three molecules, PTCDA is around 100°C higher

than that of tetracene and perylene, which are bonded through weaker interactions.

On Cu(l 10), all three molecules lie flat to form the initial monolayer. The packing of the

molecules in all cases is extremely dependent on the substrate temperature during

deposition and can be altered by annealing after growth. In all cases, annealing a deposited

layer led to a higher density ofmolecules and increased structural order. For PTCDA and

perylene, growth at raised substrate temperature led to the same structures as annealing a

disordered film. For tetracene, a new structure was seen that had less order and less dense

packing than the annealed layer.

The multilayer structures all proved to be significantly different. The initial monolayer of

PTCDA is the same as the 102 plane of the bulk crystal structure. It is unsurprising that

further layers follow this structure and the molecules remain flat. For perylene and

tetracene, the initial monolayers are both flat. In the bulk crystal structures, there are no

planes that can have solely planar molecules, so the multilayer structures must be novel.

The tetracene multilayer structure was not resolved as it was not stable at room

temperature, however, RAIRS indicated that all the multilayer molecules were upright.

Inversely, the molecules of the perylene multilayer were all flat. RAIRS suggests an
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inclination toward amorphism as layer thickness increases but no evidence of this was seen

in STM of a ~20ML film.

The properties of the perylene multilayer were investigated using photoluminescence

spectroscopy. Photon emission from the film stimulated by a 410nm laser was recorded at

a wavelength of 608nm. Monomers of perylene are known to emit photons at 450nm and

the excimer of the bulk a-phase crystal emits photons at 550nm. This implies that the n-

orbital stacking and overlap of the thin film y-phase forms an excimer of even lower

energy allowing the emission at 608nm.
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