
  

 
 
 
 
 
 
 
 

ABSTRACT 
 

Temperature-Dependent Structures of Heteroepitaxial Metallo-Phthalocyanine  
(Mpc, M = Cu, Fe) Thin Films on Silver 

 
Kedar Manandhar, Ph.D. 

 
Mentor: Kenneth T. Park, Ph.D. 

 
 

Metallo-phthalocyanines (MPcs, M = Cu, Fe) thin films were formed on Ag(111) 

surface by vapor deposition in ultra high vacuum (UHV). The morphology and structure 

of the MPcs were studied by scanning tunneling microscope (STM). Submonolayer (sub-

ML) MPcs deposited at room temperature (RT) without subsequent annealing did not 

form ordered film regions. After annealing the sub-ML films to 500 K for 30 minutes, 

ordered regions as well as individual molecules therein were observed. 

By successive annealing MPc, the symmetry of the overlayer increased from 

oblique to the square lattice. This is understood by a delicate balance between 

intermolecular van der Waals (vdW) interaction and molecule-substrate diffusion 

potential. Furthermore, the number of molecular vacancies within the ordered regions 

was reduced. Annealing the thin films well beyond the sublimation temperature, much of 

the CuPc molecules were desorbed. However, the remaining molecules reacted and 

formed dendrite-like chains, in which each CuPc molecule was linked through its 



  

isoindole rings. A possible model for the formation of dendritic chains through 

dehydrogenation and subsequent polymerization is discussed. 

Another system of FePc adsorbed on Ag(111) was also studied. The ordered 

region shows an oblique lattice of FePc. Within the unit cell, the molecules at the 

opposite corners align their isoindole rings such that the nearest and the next nearest 

neighbor distances are increased substantially compared to those in the close-packed, 

square lattice observed in CuPc/Ag(111). In addition to the unit cell, which is about 38 % 

larger than that of CuPc, the oblique lattice of FePc is commensurate to the substrate, and 

the molecular axes align along the high-symmetry azimuths of the substrate. The 

overlayer lattice structure and the distinct molecular orientation are attributed to the dxz,yz 

orbital interaction between the central Fe2+ and Ag(111).  
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CHAPTER ONE 

Introduction 

1.1 Organic Semiconductors 

The field of organic electronics, though comparatively new, is a fast growing area 

of research. In 1948, Eley and Vartanyan independently observed weak electric 

conductance of an organic material for the first time 1,2. A systematic study of the 

conductance of organic materials was carried out by Akamatu and Inokuchi 3, who also 

coined the term “organic semiconductors” to represent organic materials exhibiting weak 

electrical conductance. Since that time, organic materials have become the subject of 

intense interest. Organic semiconductors have many attractive characteristics compared 

to more traditional inorganic semiconductors. The flexibility in deposition, low cost of 

materials, and almost limitless possibility of tailoring properties through molecular 

engineering are such examples. Especially for optoelectronic applications, organic 

molecules have been extensively developed as commercially viable alternatives to the 

inorganic materials.  

In organic thin-film semiconductors, the molecules are laid in films onto a 

substrate. Molecular films with good optoelectronic properties can be formed under a 

broad range of deposition conditions on a wide variety of substrates including plastics 

and glasses. The ability to grow functioning thin films on plastics brings us a step closer 

to the realization of flexible devices. For instance, the transistor prepared by Garnier and 

his colleagues by laying down polythiophene molecules on a plastic using simple printing 

technology was reported to keep on working even when the substrate was bent through an 
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angle of 90° 4. This astounding characteristic can be traced to weak, non-directional van 

der Waals (vdW) type interactions between molecule-molecule and molecule-substrate. 

On the contrary, in inorganic thin film semiconductors, the deposition conditions are 

much more strictly limited because of high reactivity of interfaces and consequently the 

very restrictive lattice matching condition 5. For example, silicon has four electrons in its 

outer orbit. When silicon has unsaturated orbitals, e.g. dangling bonds at interfaces, it 

forms strong covalent bonds with neighboring atoms, dopants, and impurities. The 

covalent bonds result in structural rigidity in the films. Even, if bent slightly the films 

easily break. In addition to the rigidity, the covalent bond places a restriction on the 

lattices parameters of thin film overlayers since any mismatch generates significant 

strain. 

Many conjugated organic materials also exhibit strong photoluminescence (PL) 

which is another attractive feature of organic molecules. This was first reported by Pope, 

Kallmann, and Magnate in 1963 6. Organic molecules have been extensively investigated 

for PL and electroluminescence (EL) properties. Since the possibility of fabricating an 

efficient light emitting diode was reported by Tang and Vanslyke 7, many far-reaching 

novel electronic and optoelectronic devices have been developed. They range from 

organic light emitting diodes (OLEDs) 7-13 to lasers 14,15 and from transistors 16-19 to solar 

cells 20,21. The progress made in past decades in developing functional devices has 

provided further impetus to the rapid development in the field of organic materials.  

1.2 Organic Thin Films 

The vast majority of above mentioned devices employs thin film architecture, 

which comprises multiple organic-organic and organic-inorganic interfaces 7-13. The 
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increasingly important role that the surface and the interfacial properties play in modern 

technologies is partly related to the trend towards miniaturization of technical devices. As 

the thickness of a film decreases, the surface to bulk ratio increases rapidly. The surface 

properties become dominant and can dictate the properties of the entire devices. 

The electronic and chemical properties of interfaces are especially crucial for the 

performance of organic optoelectronic devices. In general, the electronic structure of an 

individual molecule can be significantly modified. However, the electronic structure of a 

molecular thin film is derived from that of the closed-shell molecular moieties. When 

molecules coalesce to form a film, the frontier orbitals of a molecule, the highest 

occupied molecular orbital (HOMO), and the lowest unoccupied molecular orbital 

(LUMO) form bands. Because the intermolecular interaction and molecule-substrate 

interaction are weak and modeled as a vdW type, the resulting bands are narrow. An 

interband separation is typically much larger than the bandwidth, and the character of 

each band is closely related to that of the molecular orbital from which the band 

originates. The term band is therefore used extremely loosely in the case of organic 

molecular thin films. 

1.3 Some Technical Challenges in Organic Devices and Improvements 

While significant improvements have been made with the intense research in 

basic and applied sciences, there remains a number of technical challenges for organic 

devices to be used widely 22. One of the major issues to be resolved is the prevention of 

rapid degradation of the device performance such as quenching of the luminescence 23. 

Oxygen and moisture are known to be particularly damaging to OLEDs. Other important 

degradation mechanisms include delamination at the polymer/electrode interface, 
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chemical reactions at the electrodes, the migration of mobile ions within the device, and 

possible damage to the polymer layer by the passage of charge carriers. The degradation 

is likely to be more rapid in the softer polymers with low glass transition temperatures. 

One approach to alleviate the degradation problem is to encapsulate the interface to 

reduce the effect of oxygen and moisture.  

Another challenge is to increase the device lifetime. A typical lifetime of 10,000 

hours is generally anticipated for many commercial devices. Some color OLED (in red 

and green spectral regions for example) devices now have lifetimes of the order of 20,000 

hours. On the other hand, in the blue spectrum, the lifetime remains low at around 1,000 

hours, and has not been improved significantly. Along with the issue of performance 

degradation, the increase in lifetime remains one of the major research objectives for 

industrial and academic groups.  

The driving voltage with organic EL devices is also another problem. A low 

operating voltage in commercial applications is desired to reduce power consumption and 

hence the cost of operation. For the early developed EL devices, the voltage required to 

inject charges into organic crystals was as high as 100 V. Although the modifications in 

engineering and the improvement in film quality have resulted in lower driving voltages 

24,25, it is still higher around 10 V 26, compared to typical value of around 5 V for the 

inorganic counterparts 27.  

1.4 Electrical Properties and Thin Film Morphology at Interfaces 

In electronic devices, charge carriers must move across the interface between the 

device and the electrode attached to it. The transport property of the carriers (electrons 

and holes) is largely influenced by the mobility. The mobility depends on the strength of 
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wavefunctions overlap between molecule-molecule and molecule-substrate. It ultimately 

determines the speed of electronic devices. The higher the mobility, the higher the speed 

of the devices is. In organic-molecule devices, it is usually quite low due to the vdW type 

interaction between molecule-molecule and molecule-substrate. It is typically in the 

range of 10-2 cm2 V-1 s-1, which is about a million times lower than that of silicon 28.  

Because the spatial spread of molecular wavefunctions is in general not isotropic, 

the orientation of molecules in the interface region can influence the overlap of the 

wavefunctions, and consequently the charge transport. The low mobility can be improved 

by laying down organic molecules in ordered arrays, rather than disordered. Therefore, 

information on the molecular orientation, the spatial distribution of the wavefunctions, 

and its geometry and orientation with respect to the surface are of crucial importance 

when one wishes to understand the transport properties through the interface 10,29,30.  

Besides mobility, the density of charge carriers can also influence the electrical 

conductivity of thin film. Generally the carrier density is of the order of 104 per cm3, 

which is a million times lower than that of silicon 31. Consequently, the conductivity of 

an organic film is in the range of 10-11 S cm-1 compared to about 3.5 x 10-6 S cm-1 for 

intrinsic silicon. Similar to inorganic semiconductors, electrical doping of organic 

semiconductors can increase the free carrier densities and hence the conductivity. For 

example, when NiPc is doped with iodine, the conductivity increases from 10-11 S cm-1 to 

102 S cm-1 31.  

1.5 Preview of the Dissertation 

The research presented in this dissertation examines the effect of soft annealing 

(up to 580 Kelvin) on post-deposited metallo-phthalocyanines (MPcs, M = Cu, Fe) thin 
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films on Ag(111) surface and various ordered thin film structures. This work also 

investigates the effect of high temperature annealing (up to 780 K) on the overlayer. 

Although the studied systems are limited to copper-phthalocyanine (CuPc) and iron-

phthalocyanine (FePc) on Ag(111), they are prototype systems, and the underlying 

principles discovered from them are applicable to many organic-metal thin films. The 

experimental instrumentations such as variable temperature scanning tunneling 

microscopy (VT-STM) at the Center for Functional Nanomaterials (CFN) at Brookhaven 

National Laboratory (BNL) and the other experimental tools at Laboratory of Surface 

Analysis and Modification (LSAM) in the Department of Physics at Baylor University 

are introduced in Chapter Two. Chapter Three provides a tutorial for Ag(111) single 

crystal surface and of MPcs as well as the experimental methods of in situ sample 

preparation. Chapter Four includes the results and the discussion on the investigations of 

CuPc thin film while varying annealing temperatures. The result and discussions about 

the effect of annealing on sub-monolayer FePc thin films and structure of ordered film 

are presented in Chapter Five. In Chapter Six, these findings are summarized and future 

directions are provided for further study.
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CHAPTER TWO 

Experimental Setup and Sample Preparation 

2.1 Experimental Setup at Center for Functional Nanomaterials (CFN) at Brookhaven 
National Laboratory (BNL) 

The proximal probe facility is one of the research facilities at the CFN. It houses a 

variable temperature scanning tunneling microscope (VT-STM) in the Omicron 

Multiprobe Compact UHV system. It comprises a fast load-lock, preparation chamber, a 

STM main chamber, and an auger-electron-spectroscopy (AES) capable low energy 

electron diffraction (LEED) and ion gun (ISE 10 sputter ion source) chamber (Fig. 2.1). 

The VT-STM allows for acquiring images in the temperature range 25-1500 K.  

2.1.1 Scanning Tunneling Microscopy (STM) 

A variety of surface sensitive techniques are being used to explore organic thin 

films in the monolayer regime. For example, LEED 32,33, photoelectron diffraction (PED) 

34, STM 35-38, and AES have been employed in this area. However, information obtained 

about molecular surfaces from a variety of surface sensitive techniques, such as AES and 

LEED is averaged over large areas of the sample surface compared to the characteristic 

molecular distances on the surface. This clearly limits the ability to yield information on 

local properties 39.  

Over the last two decades, STM has become a workhorse in measuring local 

surface structure. The STM technique allows for probing surface properties at high 

spatial resolutions. The probing tip, which is held at a few angstroms from the sample 

surface, raster scans the surface by means of piezoelectric drives. Unlike LEED, STM  
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FIG. 2.1. Omicron VT-STM at Brookhaven National Laboratory 
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can provide real-space images of surfaces down to the atomic scale. The surfaces are not 

required to be a periodic structure. The STM tip can be positioned with atomic accuracy 

above a pre-selected surface site and a local experiment can be performed. STM has a 

vertical resolution better than one picometer and a lateral resolution of about one tenth of 

an angstrom. These abilities can be regarded as the main advantages of STM compared to 

other surface analysis techniques. Its invention is regarded as a milestone in surface 

science.  

The phenomenon of tunneling has been known for more than seventy years—ever 

since the formulation of quantum mechanics. Experimentally, electron tunneling was 

observed in p-n 40,41 and metal-oxide-metal junctions 42-47 in the 1960s. The first 

observation of metal-vacuum-metal tunneling was reported in 1971 by Young et al. 48,51. 

Based on this technique, Young et al. developed a topografiner which was driven with 

piezoelectric. The experiment had poor resolution of only 30 Å and 4000 Å for vertical 

and lateral resolutions respectively. The successful combination of vacuum tunneling 

with a piezoelectric drive system and a scanning tunneling microscope (STM) was first 

demonstrated in 1981 by Binning et. al. (Fig. 2.2) 52-54. 

STM was originally developed for gaining invaluable information in the atomic-

scale structure of pristine metal and semiconductor surfaces 55-59. The range of 

phenomena studied by STM and its related techniques continues to grow. They include 

properties of adsorbates on metals 57,58, in situ monitoring growth processes 57,59, 

observing the conformations of large organic molecules on various substrates 60 

electronic and vibrational properties, film growth, dielectric and magnetic properties, 

contact charging, molecular manipulation, and many other phenomena. 
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FIG. 2.2. A Model of STM and its working principle 

At first glance the design and structure of the STM appear simple, but there are 

many technical requirements that are quite challenging to achieve. They include 

controlling the spacing between sample and tip with an accuracy better than ≤ 0.05 Å, 

bringing the tip into tunneling range (about 6 Å separation), and scanning the tip in a 

raster pattern without crashing it into the sample. The exacting tolerances for instruments 

with atomic resolution require a design that is both innovative and precise. Also, 

electrical feedback loops must be sensitive enough in maintaining a constant tip sample 

separation. Finally, a STM tip must have a sharp end, preferably terminated with a single 

atom.  
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Working principle and theory of STM. The transport mechanisms such as 

diffusion and drift can be described on the basis of classical physics, whereas tunneling 

can only be understood in terms of quantum theory. Tunneling is a quantum mechanical 

phenomenon whereby a particle that was initially localized on one side of a potential 

barrier can later be found on the other side of the barrier, even though its classical energy 

within the barrier region would be negative. In quantum theory, it is the wave-particle 

dualism which allows particles to traverse the barrier. In particular, if two conductive 

bodies are separated by an insulating layer such as vacuum, electrons on one side of the 

insulating barrier may tunnel to the other side and vice versa (Fig. 2.3).  

 

FIG. 2.3. A schematic showing quantum tunneling 

The atomically sharp tip is placed very close to the probe-surface such that the 

wave functions of the closest tip atom and the surface atom overlap (Fig. 2.3). The 

overlap of wavefunctions takes place at a tip-sample gap of ~ 5-10 Å. In this condition, 

the vacuum tunneling resistance between the surface and tip is finite and measurable, 
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around 25 KΩ. However, the surface-tip interaction is extremely weak. The tunneling 

current I between the two electrodes that are biased with respect to each other by a 

voltage V can be evaluated to the first-order in Bardeen’s formalism 61, which was 

developed by Tersoff and Hamann 62, by 

I = ∑ −−+−+−
νμ

νμμνμννμ δπ
,

2
)()]}(1)[()](1)[({2 EEMEfeVEfeVEfEfe  

           (2.1) 
  

where f(E) is the Fermi function, V is the applied voltage, Mμν is the tunneling matrix 

element between states ψμ  of the probe and ψν  of the surface, and the Eμ is the energy of 

the state ψμ  in the absence of tunneling. The subscripts μ andν run over all the states of 

the tip and the surface, respectively. For most purposes, the Fermi functions can be 

replaced by their zero-temperature values, i.e. unit step functions. In this case, one of the 

two terms in braces becomes zero. 

          I = ∑ −+−
νμ

νμμννμ δπ
,

2
)()](1)[(2 EEMeVEfEfe     (2.2) 

Since the experiments are performed at room temperature or below and at small voltage, 

Eq. 2.2 can be written as: 

          I = ∑ −−
νμ

μνμν δδ
,

22 )()(
2 FF EEEEMVe

m
     (2.3) 

The tunneling matrix element as given by Bardeen was: 

     ∫ ∇−∇= )(
2

**
2

μννμμν ψψψψSd
m

M       (2.4) 

where the integration is over any surface lying entirely within the vacuum (barrier) region 

separating the two sides. 

Forward current Reverse current
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For calculation of the tunneling current, a model tip wave function must be 

assumed. The simplest possible model of the tip, the s-wave approximation, was used 

with a locally spherical symmetry, shown in the Fig. 2.4 to reduce Eq. 2.3 to: 

         ∑ −= −−

ν
νν δψφπ )()()(32 2

0
2422213

F
kR

Ft EErekREDVeI  (2.5) 

 

FIG. 2.4. Schematic model of the microscopic structure of the tip. The tip is assumed to 
be locally spherical with radius of curvature R. The distance to the nearest surface 
(shaded) is d. The center of curvature of the tip is labeled r0 

where Dt is the density of states per unit volume of the probe tip, 2
1

1 )2( φmk −=  is the 

minimum inverse decay length for the wave functions in the vacuum, φ is the local 

potential barrier height, R is the local radius of curvature about the center located at 0r , 

and V is the applied voltage as defined earlier. Further, the tunneling conductance s is  

obtained by substituting typical metallic values into Eq. 2.5,  
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),(1.0 0
22

F
kR EreR

V
I ρσ ≈=       (2.6) 

where ∑ −≡
ν

νν δψρ )()(),( 2
00 FEErEr  is the surface local density of states (LDOS) at 

the Fermi level EF, i.e. the charge density of electronic states at EF, evaluated at the 

center of curvature r0 of the effective tip. σ  is in Ω-1, distances are in atomic units, and 

energy is in electron volts.  

Since the wavefunctions decay exponentially in the z direction normal to the 

surface towards the vacuum region: 

)(22
0 )( dRker +−∝νψ            (2.7) 

 
where d denotes the distance between the sample surface and the front end of the tip (Fig. 

2.4) , we see from Eq. 2.6 that: 

       kde 2−∝σ          (2.8) 

With the bias voltage V constant, the tunneling current I depends exponentially on 

the distance as in Eq. 2.8. Therefore the current is proportional to the surface LDOS at EF 

at the tip position. When the current is a constant, the tip path maps out a contour of 

constant Fermi level LDOS, ),( FErρ , of the surface.  

Tersoff and Hamann 62,63 showed that Eq. 2.6 could be extended to a tip of 

arbitrary size, as long as the tip wave functions at EF could be adequately approximated 

by any s-wave function, and r0 is taken as the center of curvature of the tip wave 

function. The accuracy of Eq. 2.6 for an atomically sharp tip was verified by Lang 64. For 

scanning of a Na-atom (taken as the tip) past another Na-adsorbed atom (taken as the 

sample), the vertical tip displacement versus lateral position was evaluated under the 

constant current condition. Then it was compared with contours of constant LDOS at EF 
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and constant total density of states (Fig. 2.5). Later, Eigler et al. 65 compared the 

experimental height profile, for Xe adsorbed on a metal surface with the theoretical curve 

and found a good agreement between the experiment and the theory (Fig. 2.6). 

  

FIG. 2.5. A comparison of tip-displacement curve for Na-adatom sample and Na-tip 

 

FIG. 2.6. A comparison of theoretical and experimental normal tip displacement (Å) 
versus lateral tip displacement (Å) curve for Xe adsorbed on a metal surface 

The lateral resolution (L) and corrugation amplitude, or briefly corrugation (Δ), 

were theoretically estimated 62,63,66 as 
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where R, d, and k have the usual meaning as explained above and G is the smallest 

surface reciprocal wave vector. G is defined as 2π/a, where a is the largest corrugation 

width. The theory developed by Tersoff and Hamann is very useful for estimating the 

resolution 67,68 , interpreting STM images 69-72, as well as understanding to some degree 

the tip-shape influence 73,74. 

Translators and tips. Translators control the position and movement of the STM 

tip. They are most commonly made from titanate-lead zirconate ceramic because of its 

small hysteresis and the proportional displacement with the applied voltage 75,76. A 

commonly used translator these days, which has been described by Binning and Smith, is 

a single tube type (Fig. 2.7). The outer electrode of the tube is split into four segments of 

equal area. The lateral x and y motions are obtained by applying voltages at the segment/s 

of the outer electrodes while the z motion is controlled by the voltage applied to the inner 

wall electrode.  

The structure of the translators and the quality of the STM pictures are closely 

related. The primary goals for designing the translators are to have them as rigid as 

possible for a given scan and to have a high enough resonant frequency. The high  
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FIG. 2.7. A model of single tube type translator 

resonant frequency determines the speed with which the microscope can be scanned. 

These frequencies should at least be 1 kHz or above, but a frequency above 30 kHz has  

been achieved 77. 

The tunneling tip is attached (Fig. 2.7) at the translator. It is the most crucial 

component of a STM 78. There are several requirements for the STM tip: size, shape, and 

chemical composition. The size and shape largely influence the resolution. The tip should 

be terminated with a single atom. For relatively flat sample surfaces, the shape of the tip 

especially away from the tip’s end is of little important. It is because the tunneling current 

depends exponentially on the tip-surface gap, so the contribution of the tunneling current 

to the total current from the other atoms to the front tip atom is very small. However, the 

microscopic shape of the tip can become important for topographic STM studies on 

relatively rough surfaces. A tip with a relatively large cone angle fails to penetrate into 
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deep and narrow grooves on the sample surface, which leads to a smoothing of the 

topographic surface feature in STM images 79-81 (Fig. 2.8).  

 

FIG. 2.8. A effect of tip geometry on measured STM profile of grooves using tip of cone-
half angles 15° and 5° 

Depending on the specific application, choosing the right material for the tip is 

also very important. The most common tip for UHV-STM is made from tungsten. 

However, for air-STM, tips made of platinum or gold have been used. For magnetic 

imaging, magnetic material such as CoCr 82, CrO2 
83, Ni 84, Fe 85,86 and Cr 86 are used as 

the STM tip. Besides chemical inertness, the mechanical hardness is an important 

criterion as tip-surface contact can occur during the probe. Mechanically hard tips like 
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titanium carbide 87 single crystal and Pt-Ir alloy tips have been utilized for the UHV-STM 

and air-STM respectively.  

In addition to appropriate size, shape, and chemical composition, a tip free of 

contaminants is a prerequisite for any high resolution imaging and for the elimination of 

tip artifacts due to variation of conductance. If the front end of the tip is non-metallic 

(e.g. oxide or insulating contamination layers), vacuum tunneling can be prevented, 

leading to mechanical contact between tip and sample. The tip-surface mechanical 

contact can cause tunneling current flowing through the contamination layer rather than 

through a vacuum barrier. In this case the tunneling spectrum will not represent the true 

electronic structure of the sample surface. Even worse, the forward motion of the tip 

caused by the feedback loop to compensate for the lack of tunneling current may result in 

the tip crashing onto the sample. 

Noise and vibration isolation stage. The tunneling current in STM is very small, 

in the range of 10 pA to 1 nA, which corresponds to a source impedance greater than 1 

GΩ. Therefore minimization of noise is very important for a better signal to noise ratio. 

Noises like interference (cross-talk, microphone pickup, 60 Hz line) and flicker noise (1/f 

noise due to resistance fluctuations) can be reduced by careful design. However, thermal 

noise, such as Jhonson noise, is irreducible.  

The wires may also induce low frequency noise in the tunneling signal as a result 

of changes in capacitance and magnetic flux. It can be reduced by using special low- 

noise metal film resistors instead of carbon 88. Also to reduce the noise due to vibration, 

the wires connecting the tunneling signal to the preamplifier should be short and well 

supported mechanically. Thus the preamplifier is located close to the tunneling region 89.  
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One of the largest contributions to noise comes from mechanical vibration due to 

the external environment. In order to achieve a vertical resolution of 0.01 Å (1 pm), the 

stability of the tip-to-sample spacing at the level of 0.1 pm is required. This is at least six 

orders of magnitude smaller than typical floor vibration amplitudes (0.1-1 μm). The 

required stability can only be achieved by a combination of an effective vibration 

isolation system and a rigid design of the STM instrument. The effective vibration 

isolation system is also called “external damping system.” As the first measure of 

employing the external damping system, STM is typically housed in a room with acoustic 

shielding. The room is located in the basement, where floor vibrations are considerably 

reduced. Also, the whole UHV system is mounted on the pneumatic vibration isolation 

system to reduce some of the mechanical vibrations.  

The external damping system with small resonant frequency and large damping 

properties is desired. Metal springs, viscoelastic materials, and eddy current systems have 

been used for damping. Metal springs have lower resonance frequencies (typically 1-6 

Hz) and lower damping than viscoelastic material elements (10-100 Hz). Many STM 

instruments used in these days employ a spring system combined with viton elements 

and/or eddy-current damping 52. The eddy-current damping system consists of copper 

elements and permanent magnets.  

Still, some residual low-frequency noise can be found unfiltered by the external 

damping system. Therefore the resonance frequency of the STM unit should be as high as 

possible. It is achieved by constructing the tunneling unit very stiff and as compact as 

possible. By combining an external vibration isolation system with rigid STM design, a 
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reduction of external vibration amplitudes by a factor of 10 -6 – 10-7 under optimized 

conditions can be achieved.  

Modes of operation for topographic studies. The STM can be operated in a 

number of different scanning modes. For topographical studies, there are two commonly-

used modes: constant current imaging (CCI) and constant height imaging (CHI). 

CCI is the most common mode in which STM is used in rastering the tip across 

the surface while maintaining constant tunneling current (set point current) (Fig. 2.9).  

 

FIG. 2.9. A model showing CCI mode of scan 

Maintaining a constant current is equivalent to keeping the integrated local density of 

states fixed (Eq. 2.6 in section 2.1.1) at all scan points. As the tip is moved to a new spot, 
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the LDOS at this point may not be the same as the previous location. In order to keep the 

tunneling current constant, the tip-sample separation must be adjusted by applying an 

appropriate voltage in z-piezo. This is accomplished by a feedback loop, which compares 

the tunneling current with the set point current. In order to correct the deviated current 

from the set point current, a corrective voltage is applied to the z-piezo. The corrective 

voltage moves the tip towards or away from the surface, as needed. The lateral tip 

position (x,y) is determined by the corresponding voltages applied to the x and y piezos. 

The recorded voltage signals from the three piezos are transmitted into the topography 

z(x,y). The topography height of the surface features can be obtained directly, provided 

that the sensitivity of the piezoelectric driver element is known. The contour map z(x,y) 

is often referred to as the topographic image of the sample surface. Thus the CCI can be 

used for surfaces which are not necessarily flat on an atomic scale, e.g. stepped surface 

(Fig. 2.9). A disadvantage, however, is relatively low limits for the scan speed due to the 

finite response time of the feedback loop. 

In the CHI mode, the tip is raster-scanned at a constant height over the sample 

surface (Fig. 2.10) with the feedback loop slowed or turned off completely 90. A 

significant advantage of this mode is the faster scan rate that can be reached because it is 

no longer limited by the response time of the feedback loop. It is limited only by the 

resonance frequencies of the STM unit. This may minimize the distortion due to 

piezoelectric hysteresis and thermal drifting. The performance of the STM is usually also 

improved in this fast-scan mode. It is because the microscope becomes insensitive to 

most low frequency disturbances, including mechanical vibration, electronic noise, and 

low frequency (1/f) noise. However, there are a number of drawbacks of CHI mode. The 
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vertical height information is not directly available. In addition, the application of the 

CHI mode is limited to surfaces that are nearly atomically flat over the imaged surface. 

The amplitudes of topographic features have to be smaller than the tip-surface spacing 

itself. 

 

FIG. 2.10. A model showing CHI mode of scan 

2.2 Experimental Setup at Laboratory of Surface Analysis and Modification (LSAM)  

The LSAM is located on the third floor of Baylor Science Building. The current 

system (Fig. 2.11) of LSAM is the result of a major overhaul of the original vacuum 

chamber KRATOS XSAM 800 surface analysis system. The details about the 

modifications have been explained in the doctoral dissertation by T. S. Ellis 91. In the 
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following sub-sections, the working principles and the theories of probing techniques are 

discussed. 

 

FIG. 2.11.The Laboratory of Surface Analysis and Modification (LSAM) at the Physics 
Department, Baylor University 

2.2.1 Low Energy Electron Diffraction (LEED) 

LEED is a surface technique, which typically utilizes electrons of energy 30 – 300 

eV for structural information. The de Broglie wave length 
mE
h

2
=λ  of an electron in 

this energy range corresponds to 2.2 Å – 0.7 Å, which is of the order of inter-atomic 
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distances. Therefore, the most elastic collisions that occur in the very top of a sample, 

provide the information about the two dimensional atomic structure of the sample 

surface. A kinematic diffraction theory takes into account only a single-scattering event. 

Then the LEED diffraction pattern from the two dimensional surface is related to the 

reciprocal lattice. It is mathematically represented as, 

kII – k0II = Ghk                (2.11) 

where kII and k0II are the surface-parallel components of the incident and scattered wave 

vectors, respectively, and Ghk is a reciprocal lattice vector. Hence, the scattering vector 

component parallel to the surface must equal a vector of the 2D surface reciprocal lattice 

(Fig. 2.12).  

 

FIG. 2.12. Ewald constructions for elastic scattering on a 2D surface 

Eq. 2.11 represents the conservation of crystal momentum. The above relation is 

also called the Laue formulation which is equivalent to a Bragg condition, 
θ

λ
in

a
s

=  
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where l is a de Brogle wavelength, a is the lattice constant, and θ is the angle as shown in 

Fig. 2.13. The angle θ is calculated from the relation θ  = tan-1(AB/BC), where AB is the 

distance of a LEED spot measured from the center of the LEED image and BC is the 

distance of the LEED screen from the sample.  

 

FIG. 2.13. A schematic showing the measurement of the angle q 

The very first inspection of the LEED pattern resides conventionally in the 

qualitative estimation of the structural perfection of the surface under investigation. The 

well-ordered surface exhibits a LEED pattern with bright sharp spots and low background 

intensity. Since the spots width is inversely related to the numbers of regular scattering 

units (domains), the presence of structural defects, such as smaller domains, results in 

broadening of the spots and increasing of the background intensity. The spatial 

distribution of the spots tells us about the structure of the unit cell. 
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In real scattering, electrons often scatter multiple times. As the primary electrons 

penetrate several atomic layers into the solid due to the strong interaction of low energy 

electrons with matter, the more scattering events in the z-direction perpendicular (which 

was discarded in the kinematics diffraction) to the surface contribute to the LEED 

pattern. Hence multiple scattering processes must be taken into account. This leads to an 

intensity modulation of the of the Bragg reflections. From the evaluation of the spot 

intensity as a function of the primary electron energy (the so-called I-V curves) atomic 

coordinates within a unit cell can be gleaned using the “dynamic” theory of electron 

scattering 92. In order to retrieve the atomic position, the I-V curves obtained from 

experiment and dynamic calculation (for a set of possible atomic coordinates for the 

atoms in the topmost layers) are compared 93. As an example, Fig. 2.14 depicts the 

experimental and computed I-V curves (100 – 300 eV) for Ag(111) surfaces. 

The LEED at LSAM is the reverse-view type. In this type of the system, the 

LEED pattern is viewed through the viewport placed behind the transmission 

phosphorescent screen. Hence there are no specific limitations on the size and shape of 

the sample holder, while the electron gun has to be miniaturized. The LEED set-up is 

shown schematically in Fig. 2.15. 

The components of the LEED system include: an electron gun, a sample holder, 

and a hemispherical fluorescent screen with a set of four grids. The electron gun unit 

comprises a cathode filament and a Wenhelt cylinder in front of an electrostatic lens. The 

cathode is thoriated iridium.  

The filament is electrically heated using 2.25 A current to produce the thermal 

electrons. The electrons are then accelerated to energy (30 – 1000 eV) which is controlled  
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FIG. 2.14. A comparison of Experimental† and Theoretical†† I-V curve of (10) spot of 
Ag(111) surface,† LEED I-V program written by Trinity S. Ellis  †† David Katz 
produced I-V curve using Van Hove et al. I-V program 

 

FIG. 2.15. A schematic of LSAM-LEED hardware  
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by the potential between the cathode and apertures A and D. The apertures B and C 

electrostatically focus the electron beam. The initial collimation is achieved by the 

Wehnelt cylinder which has a somewhat negative bias with respect to the cathode 

filament. The last aperture D is usually at the same potential as aperture A.  

The first and the last grids in front of the fluorescent screen and the sample are at 

earth potential (Fig. 2.15). Thus a field-free space is established between the sample and 

the display system through which the electrons travel to the surface and back after 

scattering. The fluorescent screen is biased positively (≈ 5 kV) in order to accelerate the 

slow electrons with sufficient energy to “light up” the screen.  

Besides elastic scattering, inelastic scattering also occurs at the sample surface, 

thus giving rise to electrons of lower energy. These electrons are scattered through wide 

angles and produce a relatively homogeneous background illumination of the phosphor 

screen. This background illumination is suppressed by applying the middle grids with a 

somewhat negative bias. The potential of the middle grid is close to that of the cathode, 

but somewhat lower in magnitude, -(V - ΔV). A larger ΔV produces a brighter LEED 

pattern. However it also results in higher background intensity. The background intensity 

can be adjusted using the retarding voltage to get a LEED pattern with the highest spot-

to-background contrast.  

2.2.2 Ultraviolet Photoelectron Spectroscopy (UPS) 

UPS is the primary experimental technique to gain information about occupied 

electronic states in the valence band 94-96. The experiment is based on the photoelectric 

effect 97. The solid surface is irradiated with mono-energetic photons in the ultraviolet 

spectrum range from 4 eV – 197 eV, and the emitted electrons are analyzed with respect 
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to their kinetic energy. The photons at these ranges of energies do not provide enough 

energy to eject electrons from the atom cores. The electrons are from valence orbitals of 

an adsorbed molecule or the valence bands of the solid. The energy spread of the valence 

band of the solid is typically about 10 eV. The electrons ejected from the solid thus have 

energies spread over a similar range.  

As ultraviolet (UV) sources for UPS, Omicron’s vacuum-UV (VUV) is used (Fig. 

2.16). The operation of the lamp is based on the principle of a cold cathode capillary 

discharge. An increasing potential is applied between the ends of an insulating tube filled 

with gas at a pressure of typically ~ 2 x 10-7 Torr. A spontaneous breakthrough occurs 

leading to a continuous discharge. In order to maximize the time between regeneration 

cycles of the discharge capillary, the operational current of the lamp is lowered to around 

80 mA, compared to a higher ignition current of 300 mA.  

 

FIG. 2.16. A VUV source (adopted from Omicron manual) 
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The filling gas is conventionally an inert gas, for example, helium (He). With this 

source the two intense lines with photon energy of 21.2 eV (He I) and 40.8 eV (He II) can 

be generated. The UV lines, 21.2 eV and 40.8 eV are the results of 2p → 1s transitions in 

He and He+, respectively. 

The UV source generates the mixture of the two lines. The relative intensities of 

the lines can be varied depending on the gas pressure and discharge current. For a 

particular line of photon energy, the lamp must be optimized. A measuring arrangement 

shown in Fig. 2.17 was used for He I. The UV was ignited as explained above and the 

current was reduced to 100 mA. The specimen plate made of molybdenum on the sample 

stage was positioned such that beams shine on the plate. The sample stage was connected  

 

FIG. 2.17. A schematic showing the current measuring arrangement 
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to an electric-feed-through for measuring the current. The current at the stage was 

measured. The He pressure in the discharge tube was gradually reduced, allowing a lower 

pressure in the main chamber as well. The current at the sample stage was measured as a 

function of the chamber pressure (Fig. 2.18). The maximum He I intensity occurs at 

around 9.1 x 10-8 Torr. Fig. 2.18 depicts the optimization for the intensity of 21.2 eV line 

photon energy. 

With the optimized condition, a UPS spectrum of MoS2 was taken. Fig. 2.19 

shows the typical valence band using He I photon source (21.2 eV). As observed from the 

spectrum, the energy of the valence bands electrons spans from around 25 eV to 36 eV. 

The large peak at around 19.2 eV is the secondary electon cutoff (SEC). SEC is the onset 

of photoemission. The small shoulder at around 35.2 eV (the Fermi energy) is associated 

with the photoelectron energy of the most loosely bound electron at the Fermi level. 

 

FIG. 2.18. A graph of photon intensity Vs gas pressure. Optimum VUV He I for LSAM 
is obtained at 9.1 x 10-8 Torr  
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FIG. 2.19. A UPS spectrum of MoS2, sample bias = - 10 eV, gain bias = 2.7 kV, step size 
= 1 eV, and analyzer slit width = 3 mm  

2.2.3 Auger Electron Spectroscopy (AES) 

AES is a surface sensitive probing technique with typical probing depths in the 

range 10-30 Å. It is used predominantly to check the cleanliness of a freshly prepared 

surface under UHV conditions. Other important fields of application include studies of 

film growth and surface-chemical composition (chemical analysis) as well as depth 

profiling of the concentration of particular chemical elements. 

In AES, the electrons that are ejected and detected are not the primary ionized 

electrons as in UPS, but those produced by a secondary process involving the decay of 

ionized atoms from excited states to lower energy states (Fig. 2.20). The Auger electrons 

are characterized with relatively sharply-defined kinetic energy that is directly related to 

difference of core-level energies. The measurement of this energy can be used to identify 

particular atoms.  
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FIG. 2.20. A schematic diagram of K L1L2,3 Auger transition in a solid. 

The sub-micron electron gun and the accompanying control system are used to 

obtain AES. The sub-micron gun (Fig. 2.21) produces a finely-focused electron beam of 

less than 1 μm in diameter and energy between 0 – 5 keV. It consists of a triode emission 

assembly followed by an einzel lens. The first two lenses, called demagnifying lenses  

 

FIG. 2.21. A schematic of electron gun (adopted from XSAM800 manual) 
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reduce the apparent diameter of the source, and the final lens focuses the beam onto the 

specimen. Two pairs of orthogonal deflection plates are mounted behind the focusing 

lens to correct a lack of symmetry in the electron optics. An Auger experiment is 

operated at a pressure of 10 -9 Torr or better to avoid contamination of the sample too 

rapidly. 

Fig. 2.22 depicts the direct AES and the differentiated AES spectrum taken from a 

MoS2 sample before and after cleaning. Before cleaning the carbon KLL peak at around 

272 eV was more pronounced than the molybdenum MNV and MVV peaks. After 

cleaning, the two peaks corresponding to molybdenum were prominent and the sulfur 

peak grew taller. However the bump at around 272 eV corresponding to carbon is now 

almost invisible, indicating that the surface is relatively clean. 

 

FIG. 2.22. A AES spectrum of MoS2, beam energy = 3 keV, step size = 1 eV, slit width = 
3 mm  
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CHAPTER THREE 

Background on Silver Substrate and Metallo-phthalocyanines (MPcs, M = Cu, Fe) and 
Sample Preparation 

3.1 Ag(111) Surface 

Silver belongs to the group of noble metal in the periodic table. The Bravais 

lattice of silver is a face centered cubic (fcc) structure (Fig. 3.1 (a)). A fcc lattice is 

formed by adding a silver atom in the center of each square face of a cubic lattice and 

eight atoms on their eight corners. There are four atoms per conventional unit cell (or unit 

cell). The fractional volume occupied by the atoms per-unit unit cell is known as the 

atomic fraction. For fcc it is 0.74. 

 

FIG. 3.1. (a) fcc unit cell of silver and (111) planes. The black dots are silver-atoms and 
red triangle is one of the (111) planes., (b) The first Brillouin zone of fcc lattice. The blue 
arrow is a (111) direction and the red triangle is a (111) plane 
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One can visualize several low Miller index crystallographic planes, such as (001), 

 (110). The (111) is one of the highest symmetric planes in the cubic lattice (Figs. 3.1 (a) 

and 3.1 (b)) and it is the largest surface density plane. The two dimensional lattice of the 

(111) plane is the hexagonal Bravais lattice.  

Breaking a periodic structure along a direction yields a surface. The surface atoms 

experience forces that are different from those exerted on atoms inside the crystal. 

Consequently, surfaces may be expected to exhibit different anharmonic behavior 

compared to the bulk like in thermal expansion. For example the relaxation of top layers 

from -2.5 % contraction to 10 % expansion with respect to bulk was reported from 

medium energy ion scattering (MEIS) experiment as temperature increased from room 

tem to 1150 K 98. However no reconstruction of (111) surface has been reported.  

The electronic configuration of silver is [Kr] 4d105s1. The closed-shell of atomic 

levels of the Kr configuration gives rise to very tightly bound bands, lying well below the 

energies of the rest of the remaining electronic levels in the metal. The eleven electrons 

outside the closed-shell are accommodated in six energy bands. For almost all wave 

vectors k, the six bands are separated into the two groups. The five d-bands lie in a 

relatively narrow range of energies from about 4 to 7 eV below ɛF and the sixth s-band 

has a strong dispersion from -4 to 6 eV and crosses the Fermi energy ɛF (Fig. 3.2) 99-101. 

The k dependence of the s-band level, except where they approach the d-bands, bears a 

clear resemblance to the free electron band for an fcc crystal. Since d-bands contain more 

levels in a narrow energy range, the density of states is substantially higher than that for 

s-band 102,103. Consequently the density of states of Ag(111) surface is small at the Fermi 

edge compared to that of transition metals 104. 
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FIG. 3.2. A schematic of the energy band of Ag(111) surface 

As only the s-band is extends above the Fermi level, its involvement in the 

surface reaction with molecules may be expected. Not only the s-band, the deep laying d- 

bands have also been reported to participate in reaction with adsorbate molecules 105. The 

electron density of Ag(111)-dxz and dyz was calculated to be reduce, when C60 was 

adsorbed on Ag(111). The reactivity of silver is intermediate among the noble metal 

elements. The interaction of C60 monolayer and noble metal surfaces decreases in the 

order Cu(111), Ag(111), and Au(111). A significant chemical but non-dissociative 

bonding of several organic molecules to the Ag(111) surface can be expected which 

allows sufficient lateral mobility for the formation of long range order structure 104. Thus, 

silver has been widely used as a substrate for organic thin film growth.  
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3.2 Phthalocyanines (Pcs) 

Phthalocyanine was observed by Braun and Tcherniac in 1907 106 as a highly 

colored by-product compound during preparation of O-cyanobenzamide from 

phthalamide and acetic anhydride. This colored substance was named “phthalocyanine” 

for the first time by R. P. Linstead in 1933 107. The extensive studies of the chemistry of 

the phthalocyanine by R. P. Linstead and co-workers 108-126, were followed by structural 

studies by J.M. Robertson 127-131. Since the discovery, the Pcs (Fig. 3.3 (a)) have become 

one of the most studied classes of organic materials 132-137. 

The Pcs are macrocyclic compounds consisting of four pyrrole units (Fig. 3.3). 

Four pyrroles join four aza (– N =) in a-carbon position to form porphyrazine. Pcs are 

formed when two b-carbon atoms of each pyrrole unit in a porphyrazine are shared by a 

benzene ring forming a isoindole unit. Pcs can also be said to be the condensation product 

of four isoindole groups. 

The central ring represented by thick lines in Fig. 3.3 (a) of a phthalocyanine is 

the macroring. The removal of the two hydrogens from the macroring yields dianion 

phthalocyanine. The dianion constitutes thirty two carbon, sixteen hydrogen and eight 

nitrogen atoms. The four nitrogen atoms that link four isoindole are known as bridge-

nitrogens (Nbr) and the other four associated with isoindoles are known as isoindole-

nitrogen (Ni) (Fig. 3.3 (a)). The cavity at the center of dianion Pc, or macroring, can co-

ordinate almost every elements of the periodic table 138. The oxidation state of the 

elements is not only limited to + 2, but also ranges from + 1 to + 5. When it is more than 

+2, additional ligands are necessary to saturate valence difference of central metal atom. 

The variety of the valence properties and the sizes of the elements give rise to a multitude 
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FIG. 3.3. (a) Phthalocyanine molecule; where a central macroring and the four benzene 
rings are highlighted with thick lines, Nbr is the bridge nitrogen, and Ni is the isoindole 
nitrogen, (b) Pyrrole, (c) Isoindole 
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of different geometries in the neutral MPcs molecular complexes 138. The highest 

symmetry of this molecule is D4h in which the metal ion occupies the high symmetric 

position at the center.  

Generally Pcs form molecular stacks where interaction is mediated by van der 

Waals forces (vdW) 139 and these columns produce a variety of structures. In bulk, the 

Pcs are known to crystallize into all 3D crystal groups except the cubic 138. In the lattice, 

the molecules of Pcs can be packed in different arrangements, giving rise to different 

polymorphs. So far twelve different polymorph forms in total have been reported, of 

them two polymorphs a and b are most commonly observed 138. Each polymorph is 

characterized by a typical angle between the normal to the molecular plane and the 

stacking direction 139-141. Besides the angle, different polymorphs have different values of 

the lattice vectors (Fig. 3.4). 

In addition to structural richness Pcs are also chemically and thermally inert 

142,143. They do not dissociate even at temperature beyond 600 K in UHV 144. They are 

 

FIG. 3.4. (a) a-polymorphs of CuPc; a = 25.9 Å, b = 3.8Å, c = 23.9 Å, q = 25.5±, (b) b-
polymorphs of CuPc; a = 19.4 Å, b = 4.8Å, c = 14.6 Å, q = 46.5±  

exceptionally stable against acids, alkalies, moisture, and solvents of all kinds. The Pcs 

are slightly soluble in organic solvents (such as pyridine, quinoline, 1-chloronapthalene) 

a b 
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and are insoluble in water. Just for the removal of central metal from MPcs such as Cu of 

CuPc, 65 % concentrated sulphuric acid is required 135. However, CuPc precipitates from 

dilute sulphuric acid 145.  

The reason behind the stability is tied with the aromatic nature of the molecule. 

The 18 p electrons’ macroring and the 24 p electrons’ four benzene rings provide a 

multicontour conjugated electron system 146. Because of its stable electronic 

configuration, the Pc macrocycle cannot undergo many reactions other than redox or 

substitution reaction in which electrons or hydrogen atoms are exchanged respectively by 

suitable oxidizing/reducing agents 142. The ring opening is very rare reaction because it 

would require drastic conditions which lead mostly to a disruption of the Pc skeleton 

135,147,148. On the other hand, reactions which do not alter the aromatic character of Pcs, 

e.g. exchange of the central atom M, are more commonly encountered. At least 70 MPcs 

have been prepared 145 by this method. Over 5,000 of Pc compounds have been prepared 

by substituting the 16 reactive sites on the four benzene units 145. Therefore, the physico-

chemical properties of Pc are easily tuned by exchanging the central metal atom 149 in the 

macrocycle or by substituting reactive functionalities at the peripheral sites of the 

macromolecules.  

While the delocalized electrons in aromatic rings offer the stability to the Pc-

molecules, they impart semiconductivity property to them at the same time 150-152. The 

energy gap of this semiconductor is related to the energy required to excite an electron 

from the HOMO to the LUMO of the molecule 146. The films of undoped Pcs prepared 

under vacuum have found to show the band gap 1.7 – 1.8 eV in general and conductivity 

less than 10-6 S cm-1 146. The conjugation in Pcs also introduces excellent optical 
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absorption properties 153. They strongly absorb spectra of light from the visible to the 

near ultra-violet (UV) 135. 

Due to an excellent thermal stability, Pcs can easily be sublimed into high purity 

thin films without decomposition 154. These materials are therefore suitable for thin films 

preparations, which are backbone to the organic thin film devices. Thin films of Pcs have 

been investigated for a variety of solid-state properties including extrinsic and intrinsic 

semiconductivity 150-152, photoconductivity 153, electochromism, and non-linear optical 

effects 153.  

3.3 Sample Preparation 

3.3.1 Ultra-high Vacuum (UHV) Requirement for Surface and Interface Characterization 

The characterization of a surface and interface on the atomic level requires an 

atomically clean surface that remains essentially unchanged over duration of an 

experiment. According to the kinetic theory of gases, the flux I of molecules impinging 

on the surface from the environment is given by the expression 
Tmk

PI
Bπ2

= , where P 

is the pressure, m is the mass of a molecule, kB is Boltzmann’s constant, and T is the 

temperature. Assuming that, all the molecules that strike the surface stick, the time to 

form a monolayer on the surface is calculated by the expression
I

n0=τ , where n0 is the 

number of atoms in a monolayer. For a given species of gas and for a given temperature, 

I depends on pressure. For a typical density of surface, n0= 1015 cm-1, m = 28 amu 

(atomic mass unit), and T º 290  K, t is calculated to be 3 ns at 760 Torr (atmospheric 

pressure) and 1 hour at 10-9 Torr pressures 155. Because an experiment generally takes one 
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hour or longer, a pressure better than 10-10 Torr is required for the maximum 

contamination not exceeding a few percent of surface atomic density during an 

experiment. A vacuum pressure in the regime of 10-10 Torr, conventionally known as an 

ultra-high vacuum (UHV), is a prerequisite for characterization.  

3.3.2 In Situ Cleaning of Ag(111) Surface 

A silver surface freshly introduced into UHV requires in situ cleaning. One of the 

most common methods of in situ cleaning is ion sputtering followed by annealing. Ion 

sputtering is carried out with an ion gun (Fig. 3.5). To produce an ion beam, an inert gas 

(such as argon and neon) is admitted through a leak valve directly into the ion gun in the 

UHV system. The electrons are emitted from the cathode. The ionization of the gas atoms 

 

FIG. 3.5. A schematics of ion-gun 

proceeds via electron-impact in the ionizer of the ion gun. The produced ions are 

extracted from the ionizer, accelerated, and targeted to the sample.  
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During STM experiments, a typical ion sputtering utilized 1 keV Ne-ion beams. 

The Ne-partial pressure and the beam current were around 2 x 10-6 Torr and 4 mA, 

respectively. The energetic ions exchange energy with the atoms (silver and 

contaminants) on and near the surface which causes ejection of the atoms and the 

clusters. The ion bombardment may produce a chemically clean surface. However, it also 

causes a considerable damage to the surface as the surface top layer is indiscriminately 

sputtered off together with the surface contaminant. A sputtered surface is not smooth. It 

generally has numerous pits and mounts. A sputtered surface can be healed by subsequent 

annealing. On annealing, the surface atoms move about the surface due to high kinetic 

energy and heal the defects. However, bulk impurities may diffuse out to the surface. The 

contaminants segregated to the surface in the heating cycle are then removed in a 

bombardment cycle. Typically, many repeated cycles of ion bombardment and annealing 

are required to produce reasonably clean surface. Typically the Ag(111) surface was 

sputtered and annealed, at 780 K for 30 minutes, 10 cycles prior to experiments. 

Scanning tunneling microscopy (STM) allows direct imaging of a surface so its 

cleanliness can be checked visually. Several representative STM images are presented in 

Fig. 3.6 to depict systematic improvements in surface quality. The improved quality of 

the surface is measured by the wider terraces and lesser impurities. Figure 3.6 shows the 

STM images taken after two, six, and ten cycles of sputtering and annealing. With 

repeated cleaning cycles, the width of terraces increases. The maximum width of terraces 

after two cycles is 54 nm (Fig. 3.6 (a)), but it increases to 250 nm after six cycles (Fig. 

3.6 (b)), after ten cycles terraces become as wide as 400 nm (Fig. 3.6 (c)).  
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FIG. 3.6. Silver surfaces (a) after 2 cycles of cleaning, 400 nm x 400 nm, (b) after 6 
cycles of cleaning, 500 nm x 500 nm, (c) after 10 cycles of cleaning, 500 nm x 500 nm 

 

 

c 
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The white protrusions are believed to be particles of metal oxide unintentionally 

sputtered from the ceramic plate in the sample holder during sputtered cleaning of the 

silver surface. They measure typically 10 - 20 nm long and 1.5 to 2.5 nm tall. The surface 

coverage of the contaminants decrease from 2.8, to 0.9, and 0.5 percents of the total 

surface area after the cycles of sputtering and annealing increase from two to six, and ten 

cycles, respectively. Many of the white protrusions in the picture are stuck at the edges of 

terrace. The step edges also form cusps suggesting that the edges were pinned during the 

growth of terraces at the positions of the white protrusions.  

The measured step heights of 2.34 Å ± 0.01Å after ten cycles of sputtering and 

annealing (Figs. 3.6 (c) and 3.7 (a)), again, agrees well with calculated value of 
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= = 2.36 Å, where a1 = b1 = c1 = 4.09 Å for silver crystal (Fig. 3.7 

(b)) and h = k = l = 1 for (111) surface. 

 

FIG. 3.7. (a) Line profile across the step between two terraces in Fig. 3.6 (c), (b) A model 
showing (111) planes of fcc lattice and the step  
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Figure 3.8 (a) is a zoomed-in STM image of the scanned area. The picture shows 

the hexagonal lattice consistent with (111) plane of a fcc lattice illustrated in the Fig. 3.8 

(b). Along the ]110[
−

 the lattice constant is measured to be 2.9 Å ± 0.2 Å. The value is in 

excellent agreement with the expected value 2.89 Å. Thus the STM images show that the 

surface is atomically smooth terminated with monoatomic step heights without any 

significant surface reconstruction.  

            

FIG. 3.8. (a) Atomic resolution of clean Ag(111) surface showing hexagonal structure, 7 
nm x 7 nm, (b) A schematic of ABCD plane in Fig. 3.7 (b) depicting hexagonal 
arrangements of Ag-atoms in (111) plane 

The surface cleanliness may also be tested from low energy electron diffraction 

(LEED) and auger electron spectroscopy (AES). Figure 3.9 is LEED patterns taken after 

two and six cycles of cleaning. The spots after only two cycles of sputtering and 

annealing (Fig. 3.9 (a)) were diffused and the background was bright. This is consistent 

with the presence of structural defects such as narrow terraces, impurities on the surface 

a 
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156. However, after six cycles of cleaning (Fig. 3.9 (b)), LEED spots became sharp and 

the background intensity was low indicating a better ordered and more uniform surface 

156.  

                                  

FIG. 3.9. LEED of Ag(111) surfaces (a) after two cycles of cleaning, E = 100 eV, (b) 
after six cycles of cleaning, E = 100  

The LEED provides an information on the surface via the symmetry of a two 

dimensional lattice in reciprocal space. The six LEED spots along with specular 

reflection at the center blocked by the electron gun of the LEED hardware represents the 

two dimensional Bravais hexagonal lattice of Ag(111) in reciprocal space. The center 

spot is blocked by the electron gun of the LEED hardware. This verifies the hexagonal 

structure we obtained in the STM image (Fig. 3.8 (a)).  

The LEED can offer a glimpse into the cleanliness indirectly through the 

orderliness of surface. Such information as well as the chemical nature of the 

contaminants and their quantity is most directly acquired from AES. The typical AES 

peaks of silver occur as a doublet at 355 eV plus peaks at 300 and 260 eV 157-159. The 

355, 300 and 260 eV peaks correspond to M5N4,5N4,5, M4,5N2,3N2,3 or (M4,5N1N4,5) and 

a b 
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M4,5N2,3N4,5 Auger electron transition 159. The signatures of common impurities, carbon, 

sulfur and oxygen, occur at 272, 152 eV, and 503 eV, respectively in the spectrum 157-159. 

The surface is generally considered clean when the surface density of contaminants is 

below the detection level, which is generally 1 % of a monolayer. In the STM 

experiment, the carbon and sulfur peaks were practically undetectable after ten cycles of 

annealing and sputtering.  

3.3.3 In situ Deposition of Metallo-Phthalocyanines 

For many years, the Langmuir-Blodgett method 160 has been the major technique 

for fabricating ordered molecular structure on a substrate. Since the emergence of organic 

molecular beam deposition (OMBD) or organic molecular beam epitaxy (OMBE) in the 

mid-1980s, this technique has become a viable alternative for growing ordered molecular 

thin films on a substrate. This method is ideal especially for compounds, which are 

thermally stable at elevated temperatures and yet sublimable. This technique can provide 

a precise control down to a monolayer growth of organic thin films with extremely high 

chemical purity. 160. 

In this process, the beams of molecules from a temperature controlled oven (Fig. 

3.10) were incident upon a substrate in an UHV environment. The evaporator for MPcs 

consisted of an alumina crucible in a tungsten basket, which was mounted at the end of a 

power feedthrough (Fig. 3.10 (a)).The flux of molecular beam was controlled by the oven 

temperature. The temperature was measured with the K-type thermocouple fitted into a 

tight hole at the back of the crucible (Fig. 3.10 (b)).The substrate was held perpendicular 

to the evaporant at about 15 cm away.  
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FIG. 3.10. (a) A home built evaporator showing alumina crucible, (b) A schematic of the 
home built alumina crucible with a capability of measuring the sample temperature 

The evaporation was calibrated in a test chamber at LSAM to determine the 

required power for the sublimation. The MPcs were degassed repeatedly by warming 

MPcs up to 450 K. During degassing the pressure in the chamber quickly increased above 

the base pressure. After the pressure was at the peak, it kept decreasing and ultimately 

dropped back to the original base pressure. For evaporation, the current through the 

tungsten basket was increased typically to 16 A. The potential difference across the 

tungsten basket was 1.49 V, so the applied electrical power was about 23.8 W. The 

temperature of the evaporation source was correlated with the applied power in the 

tungsten basket. The temperature was 550 K corresponding to the applied power of 23.8 

W. During evaporation, a constant flux was believed to take place when the chamber 

pressure did not decrease back to the base pressure but leveled out when the current 

through the basket was maintained at 16 A. A typical pressure during evaporation was 2.5 

x 10-7 Torr (Fig. 3.11). For our experiment, commercially available metallo-

phthalocyanines (MPcs) in powder form (Sigma Aldrich) were used. Prior to the actual 

a 
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deposition, MPcs were repeatedly degassed in the UHV chamber. Before the actual 

evaporation the sources were kept warm at around 430 K to prevent adsorption of any 

residual gas in the system. 

 

FIG. 3.11. Time Vs pressure graph; the pressure between two blue vertical lines is almost 
constant and deposition is carried out during this time 
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CHAPTER FOUR 

Experimental, Results, and Discussion of CuPc Thin films on Ag(111) 

4.1 Experimental  

The in situ cleaning of Ag(111) surface and the deposition of CuPc were done as 

explained in 3.3.2 and 3.3.3, respectively. CuPc was deposited on average 0.13 

monolayer (ML)/minute, where 1 ML = 4.89 x 1013 molecules/cm2. The quantification 

will be explained in detail in discussion. After deposition, the films were heated to 500, 

580 and 780 K and compared with those without heat-treatment in order to investigate the 

effect of annealing thin organic films. The base pressures in the main chamber and 

preparation chamber were ~ 2x10-11 Torr and 9x10-9 Torr, respectively. 

All STM images presented in this paper were obtained using a constant current 

topographic mode at room temperature. The sample biases were usually chosen between -

0.35 and -1.89 V, and within this bias range no significant effect of bias on image was 

noticed. The topographic measurements such as CuPc molecular heights, intermolecular 

distances, and lattice constants were calibrated against the in situ measurements of the 

Ag(111) lattice constant. Images presented here were digitally filtered to remove low 

frequency noise and then equalized to enhance the contrast using the WSxM software 161. 

4.2 Results 

4.2.1 Films without Annealing 

After depositing CuPc for 315 seconds at RT and without subsequent annealing, 

no ordered CuPc overlayer was observed on Ag(111) (Fig. 4.1). However, after the 
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deposition time was increased to a total 630 seconds, the surface revealed ordered islands 

of the adsorbates as shown in Fig. 4.2. CuPc molecules formed an oblique lattice with the 

lattice vectors a and b (13.3 Å and 16.4 Å, respectively) separated by an angle (θ) of 74°. 

Lattice vector b was oriented within an angle of 10° along the substrate 〈011〉 direction. 

No clear sub-molecular features such as the 4-fold symmetry of CuPc were observed. 

 

FIG. 4.1. STM image of 315 seconds deposited CuPc on Ag(111) without annealing (76 
nm x 76 nm, -1.54 V, 38 pA) 

The STM image further exhibited what appeared to be the holes of missing 

molecules in the topmost layer (Figs. 4.2 (a) and 4.2 (c)). The holes or molecular 

vacancies accounted for 30 % of the total area of the ordered region. The size of 

vacancies ranged from a single molecule to several molecules. Through the vacancies of 

the topmost layer, the second layer beneath was visible. The step height between the 

topmost and the second layer was 3.1 Å (Fig. 4.2 (d)), consistent with the average 
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FIG. 4.2. (a) STM image of 1.6-ML CuPc on Ag(111) without annealing (100 nm X 100 
nm), V = -1.71 V, I = 32 pA, (b) line profile across the dip hole in Fig. 4.2 (a), (c) A 
magnified view of a section from Fig. 4.2 (a), (d) line profile across boundary between 
the ordered and disordered regions in Fig. 4.2 (c) 
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molecular height of a flat-lying CuPc molecule (Fig. 4.4 (c)) 162. The position of the 

molecules, the unit cell, and the lattice vectors of the second layer were apparently the 

same as those of the top layer. The line profiles across a deeper hole of the ordered island 

(Fig. 4.2 (b) and a boundary between the ordered and disordered regions (Fig. 4.2 (d)) 

showed that the top of the ordered region was about 9.2 Å above the substrate surface, 

corresponding to 3 molecular layers high. 

4.2.2 Films after Annealing to 500 K  

An ordered overlayer of CuPc was also formed after the deposition for 315 

seconds at RT followed by annealing to 500 K for 30 minutes (Fig. 4.3 (a)). The 

overlayer lattice vectors a and b were measured to be 12.3 Å and 15.3 Å, respectively, 

and the angle between them was 86°. Thus, the lattice was nearly rectangular. Also, 

lattice vector b was within 4° to 〈011〉, more closely aligned than the previous case. The 

height profile showed that the ordered region was about three molecular layers or 9.1 Å 

high from the substrate surface (Figs. 4.3 (b), 4.3 (c), and 4.3 (d)). Missing molecules or 

vacancies were also observed. However, the density of molecular vacancies in the 

topmost layer was estimated to be only 3 %, and they were mostly single molecular or bi-

molecular vacancies. Within some vacancies, partial images of the molecules in a lower 

layer had been observed. The Fig. 4.3 (c) and Fig. 4.3 (d) were the height profile graphs 

along the dotted lines, 2 and 3 of Fig. 4.3 (a), respectively. The relative heights of the 

partially visible molecules were measured to be 3.3 Å and 5.4 Å in Fig. 4.3 (c) and Fig. 

4.3 (d), respectively. These molecules correspond to the lower level layers of the film, 

which was obvious from the cross-sectional views along the line 2 and 3 in the Fig. 4.3 

(a). The edges of the molecules were not resolved and also the resolution was poor 
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FIG. 4.3. (a) STM image of 0.6-ML CuPc on Ag(111) obtained after annealing the 
overlayer for 30 minutes to 500 K 40 nm x 40 nm, V = -0.76 V, I = 194 pA, (b), (c), and 
(d) are the line profiles along the lines 1, 2, and 3 in (a) 
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because the primary tunneling current from the closest atom to the tip is similar in 

magnitude to that of the background tunneling current from the neighboring atoms as 

these molecules must be seen through small holes 163.  

4.2.3 Films after Annealing to 580 K 

Upon heating the substrate beyond the sublimation temperature to 580 K for 30 

minutes after 315 seconds of deposition, the second and third layers of CuPc molecules 

desorbed but the first layer remained on the surface. Moreover, the molecules arranged 

themselves in a highly ordered, close-packed, two-dimensional square lattice (Fig. 4.4 

(a)). The molecular orientation within the surface unit cell was such that one of the metal-

Pc bond axes (e.g. Cu-Np pyrole nitrogen) c1 made 22° with the lattice vector b (Fig. 4.3 

(b)). The square unit cell for CuPc was 14 Å x 14 Å, corresponding to a molecular 

density of 4.89 x 1013 molecules/cm2 and to about 24 Ag-atoms per CuPc. One of the 

overlayer lattice vectors a, was aligned to the substrate 〈011〉 within 2.0° (Fig. 4.4 (b)). 

The formed film showed no vacancies from the examined area as large as 5000 nm2. The 

STM image clearly revealed the four-fold symmetry of the molecule (D4h), with the 

intensity minimum at its center (Fig. 4.4 (c)), signifying the absence of charge density 

below the Fermi level within the bias voltage 164-166. The molecular height was measured 

to be approximately 2.7 Å (Fig. 4.4(c)). 

4.2.4 Films after Annealing to 780 K 

Annealing up to 780 K for 30 minutes following the deposition of CuPc for 315 

seconds desorbed much of the molecules, leaving only 25 % of the surface covered (Fig. 

4.5 (a)). The remaining molecules no longer exhibited a long range order. However, the 

molecules were organized in dendrite-like chains. The dendritic chains as long as 190 
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FIG. 4.4. (a) STM image of CuPc on Ag(111) obtained on annealing 0.6 ML overlayer 
for 30 minutes to 580 K (20 nm x 20 nm, -1.36 V, 31 pA), (b) a model showing structure 
of CuPcs in a unit lattice of (a). a and b are the overlayer lattice vectors c1 and c2 are the 
molecular axises θ is the angle between the lattice vectors. The dashed-dotted is 〈0-11〉 of 
the substrate lattice φ is the angle between 〈0-11〉 and a, β is the angle between c1 and b., 
(c) Line profile along the line in (a) 
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nm appeared to either begin from step edges or defects on a terrace. Also, the molecules 

decorated the step edges of both lower and upper terraces (Fig. 4.5 (a)). Further small 

area scans revealed the four-fold symmetry and the intensity minimum at the center of 

each molecule that formed the chains. The distances between the centers of the nearest 

neighbor molecules in chains were measured to be 13.7 Å to 15.1 Å ± 0.3 Å (Fig. 4.5 

(b)).  

4.3 Discussion  

4.3.1 Estimate of Coverages 

The coverages, resulting from the depositions of CuPc molecules on the surface 

for 315 and 630 seconds, are estimated by examining areas as large as ~190 nm x 190 nm 

at multiple sites on the surface. For example, after 630 seconds of deposition, 64 % of the 

scanned area shows ordered CuPc molecules on the surface. The measured height of the 

ordered region is 9.1 Å, which corresponded to about 3 molecules high assuming that the 

single molecular height for CuPc on Ag(111) was 2.7 Å under the typical range of tip 

bias used in this study (Fig. 4.4 (a)). Without any consideration of vacancies in the 

ordered region, the number of CuPc molecules would be estimated as 8.8 x 1013/cm2. 

However, molecular vacancies in the top layer of the ordered regions amounts to 30 % 

(Fig. 4.2 (a)). With these vacancies accounted for, the coverage of CuPc after 630 

seconds of deposition is calculated to be 7.9 x 1013/cm2. If one defines a monolayer as a 

full coverage of CuPc in a close-packed square lattice - 4.89 x 1013/cm2 (Fig. 4.4 (a)), the 

coverage corresponds to 1.6 ML. Similarly for 315 seconds of deposition, the coverage is 

estimated to be 0.6 ML 167. Although this method underestimates the actual coverage by 
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Fig. 4.5. (a) Large area STM of 0.3-ML CuPc on Ag(111) obtainedon annealing 0.6 ML 
overlayer for 30 minutes at 780 K. (400 nm x 400 nm, -1.81 V, 30 pA), (b) High-
resolution STM image of the structure of remnant molecules (47 nm x 47 nm, -1.67 V, 33 
pA). A magnified image of the section marked by dotted ellipse is also included (right)  
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measuring only the ordered regions, the values can serve as a rough estimate of the 

coverage in our discussion on the qualitative trend in thin film formation by CuPc on 

Ag(111). 

4.3.2 Films without Annealing  

Ordered domains of CuPc were seen only after increasing the deposition time 

from 315 seconds to 630 seconds (Fig. 4.2 (a)), which corresponds to increasing the 

approximate coverage from 0.6 ML to 1.6 ML. This observation is consistent with the 

highly mobile nature of CuPc (or other Pc molecules) and that a sufficiently high surface 

coverage is necessary to “lock” these molecules into an ordered layer for STM study. 

Upward et al. 168 and Chizhov et al. 169 reported that STM images could not be recorded 

until the coverage was increased to about 1 ML on CoPc/Ag(111) and CuPc/Au(111), 

respectively. The authors further speculated that at lower coverages the molecules either 

did not nucleate or formed islands but too small so that they were easily displaced by the 

STM tip. A recent STM study of SnPc/Ag(111) at cryogenic temperature 170 showed that 

indeed at sub-monolayer coverage, the molecules formed small ordered islands 

embedded in a disordered overlayer. In our study, the substrate temperature was held at 

RT for both 315 and 630 seconds of deposition. Thus, given the same mobility of CuPc 

on Ag(111) at RT, the increase in the deposition time allows mores molecules to  

nucleate and grow into larger ordered islands.  

The STM images of the 1.6 ML CuPc overlayers formed without annealing also 

shed an insight into the thin film growth mode on Ag(111). The formation of ordered 

islands of about 3 molecular layers high (Fig. 4.2 (b) and 4.2 (d)) clearly demonstrates 

that the RT-deposition does not favor layer by layer or Frank-van der Merve (FM) film 
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growth (Fig. 4.6 (a)) mode but points to the island or Vollmer-Weber (VW) mode, where 

higher layers start growing even before the first layer is completed (Fig. 4.6 (b)). The 

observed growth mode of CuPc on Ag(111) is similar to that on the hexagonally 

reconstructed Au(001) at RT previously reported by our group 171. 

 

FIG. 4.6. Models of (a) layer by layer, (b) island growth mode 

4.3.3 Films after 500 K and 580 K Annealing 

Ordered domains are formed not only by increasing the coverage but also by 

annealing the sub-ML overlayer (Fig. 4.3 (a)). As indicated in the discussion above, the 

quality of the LEED spots in the work by Ellis et al. 171 (i.e. narrow LEED spots for ET 

and broad LEED spots for RT) reflects that overlayers were better ordered when CuPc 

was deposited at ET than at RT. Similarly, we observed ordered domains on annealing 

the 0.6 ML overlayer to 500 K, while the overlayers were reported to be disordered 

before annealing. The apparent heat treatment required for the formation of ordered 

domains, for 0.6 ML overlayer, may be understood in terms of the increased diffusion of 

adsorbed molecules on the substrate. As the temperature is increased, the mobility of the 

adsorbate increases. Longer displacement due to increased thermal energy brings 

molecules closer to small islands which were already in existence. Islands that grow 

beyond the critical size are not easily displaced by the STM-tip, so STM images 

resolving ordered molecular domains can be recorded. This reasoning is consistent with 
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the well known fact that sufficiently high surface mobility is required for diffusing 

species to nucleate and subsequently to form a smooth overlayer surface 172-174. We, 

therefore, attribute the formation of well ordered domains to the increased mobility due to 

the additional thermal energy.  

In addition to the formation of ordered domains by annealing the overlayer, the 

molecular vacancies in the sub-ML films decreased in number when the overlayer was 

annealed at elevated temperatures (Figs. 4.3 and 4.4). On annealing to 500 K, the 

vacancies on the overlayer were calculated to be 3 % (Fig. 4.3 (a)). With subsequent 

annealing to 580 K, lattices without defects were formed as seen in Fig. 4.4 (a). It is 

noticeable that molecular vacancies in the films are reduced by successive annealing (Fig. 

4.7 ). It is also worthy mentioning that Glocker et al. 104 have reported differences in the 

vacancies in the films formed from 0.2 ML, at RT, of perylene-3,4,9,10- 

 

FIG. 4.7. Vacancy Vs temperature chart 
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tetracarboxylic-3,4,9,10-dianhydride (PTCDA) and N,N ’-dimethylperylene-3,4,9,10-

bis(dicarboximide) (DM-PBDCI) on Ag(111). The percent of vacancies were 0.1 and 0.5 

for PTCDA and DM-PBDCI, respectively. They accounted these observations to the 

higher mobility of PTCDA in comparison to DM-PBDCI. Likewise, we account our 

above observations, that being the improved quality of the film on subsequent annealing 

to 500 K and then to 580 K, to the increase in mobility on increasing temperature. 

For overlayers without annealing, the lattice vectors a and b were aligned with 

〈112〉 and 〈011〉 within 5° and 10°, respectively (Fig. 4.4 (b)). In fact Waltzer and 

Hietschold have observed CuPc chains, which aligned along the symmetry directions, 

〈112〉 and 〈011〉, in their studies about initial stages in the formation of close packed 

lattice, on HOPG substrate 175. Similarly Ellis et al. have reported aligning of overlayer 

lattice vectors of CuPc along the symmetric directions of 5 x 20 reconstructed substrate 

lattice vectors of Au(001) 171,176. The similarity of our observations, i.e. the tendency of 

lattice vectors to align with the highly symmetric directions of the substrate lattice, with 

others’ studies suggests that the orientation of the overlayer lattice vector at RT, indeed, 

is affected by the substrate’s directions. After annealing further to 580 K, the influence 

due to the substrate direction appears more pronounced. The overlayer lattice vectors a 

and b aligned with 〈011〉 and 〈112〉 within 2.0°.  

In addition to the alignment to the substrate, the overlayer lattice gradually 

improves its symmetry with a higher annealing temperature from the oblique lattice 

formed at RT to the (nearly) rectangular after annealing to 500 K and to the square after 

heating to 580 K. The oblique and the rectangular lattices are qualitatively similar to 

those of CuPc reported on Ag(111) by Grand et al. after annealing the substrate to 540 K 
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for 10 minutes 177. However, the authors observed both the oblique and the rectangular 

lattices of CuPc molecules present together on the same surface after annealing perhaps 

due to a different temperature calibration and/or a shorter period of annealing time, which 

might have been insufficient to rearrange the molecules to a more symmetric lattice. The 

most symmetric lattice of CuPc after annealing to 580 K is almost identical to the square 

lattice of CuPc reported by Ludweig et al. and Fritz et al. when deposited on HOPG and 

Au(111), respectively at 100° C and 250° C 178,179.  

The differences in the structure of the lattices observed above, may be understood 

in terms of the substrate potential for diffusion, the molecular van der Waals (vdW) 

potential and the total potential 180. Nakamura et al. 180 reported on the formation of two 

different structures of CuPc overlayer lattice, when deposited on hydrogen-terminated 

Si(111) and MoS2, in their studies by STM. If the vdW potential between two CuPc 

molecules is deeper than the amplitude of the substrate potential for molecular diffusion, 

the molecules find preferential sites dictated by the vdW potential (Fig. 4.8 (a)). On the 

other hand for the depth of vdW potential close to the corrugation of the substrate 

potential, the molecules may find local minima of the total potential resulting from the 

vdW and the substrate potentials (Fig. 4.8 (b)). For CuPc/Ag(111), the depth of the vdW 

potential may be comparable to the corrugation amplitude of the substrate potential for 

CuPc diffusion 181. Thus at RT, the molecules find the local minima of the total potential 

and form the distinctive lattice structures. On the other hand at 580 K, the molecules can 

diffuse further with the extra thermal energy and find the potential minima corresponding 

to the vdW potential. In such case, the symmetry of the CuPc lattice will reflect mostly 

intermolecular interaction.  
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FIG. 4.8. Models to illustrate diffusion, vdw, and total potential (a) for the overlayer 
annealed to 580, (b) for the overlayer without annealing 

4.3.4 Dendrite Like Chain Formation 

Compared to a typical scan rate of STM, CuPc molecules are highly mobile on 

(111) face of noble metals at RT. Consequently, the observation of these molecules is 

generally achieved with a surface cooled to a cryogenic temperature to slow them down, 

or with a large enough surface coverage to “lock” them in place 169,182. Thus, the 

observation of dendrite-like structures formed by about 0.3 ML CuPc molecules at RT is 

as surprising as the formation itself after annealing to 780 K (Fig. 4.5). The close-up view 

reveals that the molecular structure of individual CuPc appears largely intact as the 

submolecular resolution of CuPc clearly shows the four lobes and the intensity minimum 

at center (Fig. 4.5 (b)). The subsequent scan of the STM images further shows no 

perceptible change in the dendritic structures. No appreciable movement of CuPc 

molecules, despite large open spaces around them, clearly points to a strong 

intermolecular interaction to hold them together.  

a b 
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Further insight into the formation of dendritic structures comes from the measured 

distances between adjacent molecules in the dendritic chains. The distance between two 

nearest neighbor molecules in dendritic chains ranges from 13.7 Å to 15.1 Å ± 0.3 Å, 

depending upon the relative orientation of the molecular pair (Fig. 4.5 (b)). The largest 

value, 15.1 ± 0.3 Å, corresponds to the intermolecular distance for which each of the pair 

molecules point one of its lobes right at each other on a line (Fig. 4.5 (b)). This value is 

compared to the calculated intermolecular distance between two CuPc molecules having 

vdW envelopes. The distance is estimated first by calculating the vdW size of a CuPc 

molecule. Using the data of the bond lengths and the bond angles from X-ray diffraction 

183 as well as the vdW radius of 1.1 Å taken for hydrogen atoms bonded to carbon of the 

benzene rings 184, the distance between the vdW boundaries of two opposite isoindoles is 

calculated to be 16.8 Å (Fig. 4.9 (a)). The calculated size of the vdW envelope for CuPc 

is further checked against the measured distance between two CuPc molecules in a close-

packed configuration as shown in Fig. 4.4 (b). The vdW envelope of 16.8 Å yields the 

intermolecular distance of 14.1 Å for two neighboring molecules, in excellent agreement 

with the experimental value of 14 Å. However, the same value used for the vdW 

envelope yields 17.5 Å for the intermolecular distance between the two CuPc molecules 

in the dendritic chain (Fig. 4.9 (b)). This value is significantly larger than the measured 

distance of 15.1 Å (Fig. 4.5 (b)). Therefore, the two adjacent CuPc molecules in the chain 

are simply too close for a pair of molecules interacting through vdW type of attraction.  

The tilted geometry of the molecules may in principle make the distance between 

a pair of neighboring molecules appear shorter than they are 31. For instance, CoPc 

molecules were reported to be tilted by 3 to 4° with respect to the surface in their second  
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FIG 4.9. (a) Molecular structure of CuPc with vdW radii., (b) The minimum distance 
between two CuPc molecules with their vdW boundaries as in (a) 

 

FIG. 4.10. A models of tilt structures (a) corresponding to the measured distance of 15.1 
Å in Fig. 4.5 (b) between two nearest neighbors, (b) corresponding to the measured 
relative vertical height difference of 0.3 Å for a molecule. 

 

a 

b 

a b 
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and third layers of adsorption on Au(111) 185. For the tilt angles, the height difference of 

< 1 Å across a molecule was observed in the line profile. However, in the present study, 

such is not the case. For the observed distance of 15.1 Å compared to 17.1 Å expected 

from two pristine CuPc molecules lying flat, the tilt angle has to be 28° (Fig. 4.10 (a)).  

For such a large angle, the vertical rise across a CuPc molecule would have been 7 Å in 

the height profile. Instead, the height profile typically shows the vertical rise within 0.3 

Å, corresponding to the molecules lying parallel to the surface within 1°.  

The large discrepancy in the intermolecular distance between the experimental 

and the expected values, along with the observation that the CuPc molecules on terraces 

are immobile and stable against the scanning tip, strongly indicates that the 

intermolecular attraction in the dendritic chains is much stronger than the vdW-type. The 

careful examination of the STM images reveals that all the dendritic chains appear to 

originate from either step edges or defects on terraces. Because surface defect sites have 

long been regarded as chemically active sites, the preferential growth of these dendritic 

chains from steps and defects suggests that CuPc molecules could have been activated at 

such sites via dehydrogenation.  

Recently, the dehydrogenation of a CoPc molecule has been demonstrated on 

Au(111). Using high voltage pulse from a STM tip, Zhao et al. cut away all eight 

hydrogen atoms from an isolated CoPc molecule at cryogenic temperature 186. They also 

reported that the threshold voltage for dehydrogenation to be between 3.3 and 3.5 V, 

which was only slight higher than dissociation threshold of 2.9 V for benzene on Cu(001) 

187. 
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One way to dimerize two dehydrogenated CuPc molecules in the configuration 

shown in Fig. 4.5 (b) is through the removal of one H from each CuPc and forming the C-

C bond for the benzene rings (Fig. 4.11). Then, two vdW diameters for each H of the 

benzene rings are replaced with the C–C bond length of 1.51 Å 188 for the bi-phenyl like 

formation. The distance between the two molecules decreases to approximately 14.7 Å, 

which is much closer to the experimentally measured value of 15.1 Å.  

 

FIG. 4.11. The proposed model of two dehydrogenated CuPcs forming the C−C bond 

We are not aware of any theoretical calculations on the energetics of dimerizing 

or polymerizing dehydrogenated CuPc molecules as shown in Fig. 4.11. However, CuPc 

molecule has been described in the past as a system of π electrons of a macro-cyclic ring, 

weakly interacting with the sextets of π electrons of each benzene ring 146. Thus, if the 

dehydrogenation in a single benzene ring does not alter significantly the electronic 

structure of the rest of CuPc, the interaction between two dehydrogenated CuPc may be 
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approximated as that of two phenyls for qualitative understanding. Zhou et al. 189-191 

reported this after benzene in either halogenated or deuterated form decomposed into 

phenyl and deuterium/halogen on Ag(111). The phenyls which diffuse on the open 

terraces 192 recombined and desorbed as biphenyl at about 390K. In a similar way, our 

observation suggests that upon annealing to 780 K, the remaining CuPc molecules could 

have dehydrogenated at surface defects and subsequently dimerized in analogous to the 

biphenyl formation or polymerized to form dendritic chains. 
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CHAPTER FIVE 

Results and Discussion of FePc Thin Films on Ag(111) 

5.1 Ordered Domains Formed after Annealing Sub-ML Overlayers  

After depositing FePc for 600 seconds at RT and without subsequent annealing, 

no ordered regions of FePc were observed. However after annealing the film for 30 

minutes to 475 K, well-ordered regions as large as150 nm x 50 nm were easily visible 

(Fig. 5.1). As in the case of 0.6 monolyer (ML) CuPc on Ag(111) discussed in Chapter 

Four, the apparent heat treatment required for the formation of ordered domains of FePc 

may be understood in terms of the increased diffusion of the adsorbed molecules on the 

substrate. As the temperature is increased, the mobility of the adsorbate increases. The 

longer displacement due to increased thermal energy brings molecules closer to small 

islands which were already present. Because sufficiently large islands are not easily 

displaced by the STM-tip, large ordered molecular domains can be recorded by STM 

without the need of cooling the substrate to cryogenic temperature. Many STM 

experiments in the past similarly concluded that sufficiently high mobility is required for 

diffusing species to nucleate and subsequently to form a smooth overlayer surface on a 

variety of metallic surfaces 172-174. It is also consistent with the previous findings of 

temperature-dependent, thin film morphology of CuPc on “5 x 20” reconstructed Au(001) 

by our group 171. The presence of poorly ordered, multiple domains was suggested by the 

broad LEED spots from the room-temperature (RT) deposited thin films. On the other 

hand, the sharp LEED spots from the films deposited at elevated temperature (ET, 

between 200°C and 250°C) indicated a highly ordered, large homogeneous  
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FIG. 5.1. A large area STM image of 0.5 ML of FePc on Ag(111) obtained after 
annealing the overlayer for 30 minutes to 475 K (200 nm x 200 nm, -1.93 V, 25 pA). The 
dotted and the full line are lattice vectors of domains “I” and “II”, respectively and b = 
120± is the angle between those lattice vectors. 

thin film whose lattice vectors were aligned along the substrate azimuths of high 

symmetry. 

The ordered island of FePc are observed in two separate domains. The domain I 

on lower terrace is related to the domain II on the upper terraces by a rotation of 120° 

(Fig. 1). The orientation of the domains is consistent with the 3-fold rotational symmetry 

of the Ag(111) substrate. Such rotationally equivalent domains have been reported in 

similar systems of MPcs monolayer, including ZnPc, SnPc, and CuPc/Ag(111) as well as 

FePc/Au(111) 170,193-195. 
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5.2 Commensurate Overlayer Lattice 

A close-up view shows that within the ordered regions, no molecular vacancy is 

observed (Fig. 5.2) as in the case of CuPc/Ag(111) after annealing to 580 K. Individual 

molecules with the four-fold symmetry are clearly resolved. Moreover the molecules 

arrange themselves in a two-dimensional oblique lattice in contrast to the square lattice, 

which other MPc molecules are known to form on many weakly interacting substrates 

168,169,179,182,185,196. In domain I, the lattice vectors are 16.2 ± 0.3 Å by 16.2 ± 0.3 Å, and 

the angle between them is 80° ± 1° (Figs. 2 and 3). In domain II, they are 16.2 ± 0.3 Å by 

15.7 ± 0.3 Å and 78° ± 1° for the angle. Within experimental error the lattices in both  

 

FIG. 5.2. (a) High-resolution STM image of the ordered region in figure 5.1 (40 nm x 40 

nm, -1.93 V, 12 pA). The green dotted line is the 〉〈
−

110  of the substrate, the blue arrows 
are the FePc lattice vectors. 
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domains are regarded as the same. The observed oblique lattice is not due to the 

experimental artifacts of STM such as thermal drift, piezo creep, etc, but believed to be 

genuine. First, the shapes and the sizes of the lattices in each domain are consistent with 

each other despite the fact that the domains are oriented along two different directions 

with respect to the direction of the tip scanning. Second, the dimensions and the shapes of 

the oblique lattice remain unchanged after three hours from the initial measurement. 

The angle q between 〈011〉 of the substrate and the FePc lattice vector a1 is 

measured to be 8± (Fig. 5.3). For this angle and the above mentioned measurements of the 

lattice parameters, the overlayer and substrate lattice vectors are related through the 

transformation equation ⎥
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. The a1 and b1 are the overlayer lattice 

vectors and a and b are the substrate lattice vectors (e.g. |a| = |b| = 2.9 Å for Ag(111)). 

All the elements in the transformation matrix are integers indicating that the overlayer 

lattice is commensurate to the substrate lattice 197. Indeed the diagonals of the oblique 

lattice are 20.8 Å and 24.8 Å. These values correspond closely to the seven times the 

lattice constant along 〈011〉 (2.9 Å x 7 = 20.3 Å) and ten times the lattice constants along 

〉〈
−−

211  (2.5 Å x 10 = 25 Å), respectively. The area of the unit cell for the FePc overlayer 

is 270. == sACA  Å2, where As the area of the unit cell for Ag(111) is 7.3 Å2 and C the 

determinant of the matrix is 37. The number of Ag-atoms per FePc is thus about 37. 

Within the ordered region, the surface density of FePc molecules is calculated to be 3.70 

x 1013 molecules/cm2. Although the exact position of the molecular lattice with respect to 

the substrate lattice can not be determined from this experiment, the relationship between  
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FIG. 5.3. A model showing structure of FePcs unit lattice of Fig. 5.2 on the Ag(111) 
surface. Blue arrows a1 and b1 are the overlayer lattice vectors, black arrows c1 and c2 are 
the molecular axes and also the x and y-directions, dashed blue lines are the diagonals of 

the lattice, green dashed lines are 〉〈
−

110  direction of the substrate, red dashed line is the 

〉〈
−−

211  direction q is the angle between  〉〈
−

110  and a1, brown arrows are a and b of the 
substrate. 

the FePc overlayer lattice and Ag(111) is shown in for illustration assuming that 

thecenter of FePc is placed on top of the silver atom of the substrate lattice (Fig. 5.3).  

The coverages, resulting from the depositions of FePc molecules on the surface 

for 600 seconds, are estimated by examining areas as large as ~200 nm x 200 nm at 

multiple sites on the surface. The measured height of the ordered region is about 0.6 Å, 

which is taken to be the single molecular height for FePc on Ag(111) under the tunneling 

condition used in this study (Fig. 2). After 600 seconds of deposition, typically 50 % of 

the scanned area shows ordered FePc molecules on the surface, so the coverage 
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corresponds to 0.5 ML. 1 ML is defined to be the complete coverage of the entire surface, 

3.70 x 1013 FePcs/cm2. Although this method underestimates the actual coverage by 

measuring only the ordered regions, the values can serve as a rough estimate of the 

coverage in our discussion on the qualitative trend in thin film formation by FePc on 

Ag(111). 

In the square lattice formed by CuPc on Ag(111) as well as by other MPcs on 

various metal surfaces 168-170,178,182,193-195,198-202, the neighboring molecules within the unit 

cell rotate their molecular axes c1 and c2  with respect to the lattice vectors a1 and b1 such 

that the nearest neighbor distance is minimized perhaps to increase the intermolecular van 

der Waals attraction. However, in the oblique lattice formed FePc on Ag(111), the 

molecules at the opposite corners within the unit cell align their isoindole rings. In this 

arrangement, the nearest neighbor and the next nearest neighbor distances are 

significantly increased. Consequently, the area of 270 Å2 for the FePc unit cell is about 

38 % larger than the area of 196 Å2 measured for the CuPc unit cell. Moreover, the 

molecular axes of the ordered FePc molecules all are aligned along the high-symmetry 

azimuthal directions of Ag(111), 〈011〉 and 〉〈
−−

211 , respectively. 

5.3 Electronic Structure at the Interface 

The molecular orientation within the unit cell similar to that in FePc was reported 

in ZnPcCl8 on Ag(111) 193,203 and 4-carboxylphenyl-porphyrin and 8-caboxyl-CuPc on 

HOPG 204. The authors in the studies attributed the distinct molecular orientation to the 

strong interaction of functionalized-MPcs with the substrate compared to MPcs. The 

electronegative functional groups such as chlorine and carboxylphenyl are said to 

modulate electronic charges and to make the delocalized π- systems partially positive. 
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This slight deficiency of charge enhances the affinity of the π-system to the metal surface 

electrons 205 and consequently results in the stronger interaction of those functionalized 

molecules with the substrate. 

It is well known that Ag(111) also interacts strongly with other conjugated 

molecules with delocalized π-rings such as 3,4,9,10-perylene-tetracarboxylicacid-

dianhydride (PTCDA) and C60 105,205,206. For PTCDA on Ag(111) the substrate-molecule 

interaction is facilitated through the central aromatic rings. The molecule forms bonding 

with the substrate through the charge transfer from the substrate to the molecule. 

Similarly for the interaction between C60 and Ag(111), it has been proposed that the dxz, yz 

valence states from Ag(111) participate in bonding with the lowest unoccupied orbital 

(LUMO) of C60 by transferring the charges from the dxz, yz states to the molecules 105. 

Like PTCDA and C60, FePc has a central delocalized p-ring surrounded by the 

other four delocalized p - rings of benzenes. Therefore, it is anticipated that FePc 

interacts strongly through the p-ring system with Ag(111). However, if the strong 

interaction of FePc with Ag(111) is entirely through its π –rings, FePc and all other MPcs 

should have similar structure as FePc on Ag(111). This is certainly not the case for the 

CuPc lattice presented in Chapter Four nor for other close-packed square lattice formed 

by ZnPc, CoPc, and SnPc on Ag(111) surface 168,170,193,195. 

The distinct molecular arrangement and the commensurate lattice structure of 

FePc on Ag(111) may be understood in terms of the unique electronic structure of the 

Fe+2 ion and that of Ag(111). Recently Ellis et al. 196 reported that CoPc interacts with the 

substrate not only through Pc-rings but also through singly occupied dz
2-orbital, whereas 

NiPc interacts only through the Pc-rings with Au(001). Using ultra-violet photoelectron 
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spectroscopy (UPS), it was shown that the dz
2 orbital of CoPc at the interface was shifted 

by 0.2 eV toward higher binding energy compared to that in the thick layers indicating 

the charge transfer from Au(001) to the Co+2 ion of CoPc. Furthermore the energy levels 

of molecular orbitals were assigned. The dz
2 state and the state of Pc-rings (a1u) are within 

2 eV below the Fermi level. The spin-down dz
2 was at 0.48 while the spin-up at 2.2 eV 

and the a1u at 1.07 eV below the Fermi level for CoPc on 5 x 20 reconstructed Au(001). 

The fully occupied dx
2

-y
2 and dxz, yz of the overlayer were 4.0 eV below the Fermi level. 

The proposed charge transfer from the metal surface to CoPc molecule is consistent with 

the electron acceptor nature of many MPcs as suggested by Liao and Scheiner 184.  

The partial bonding of the dz
2 orbital with substrates has also been suggested by 

other groups in their studies of CoPc thin films by STM 166,198,202,207. In the studies of 

CoPc, the central metal ion was reported to be brighter (a prominent protrusion) in the 

image contrast compared to the Pc-rings 182,185,194,198. The authors suggested the shining 

center was due to the mediation of the surface normal unpaired d-orbital dz
2 of the center 

metal in the tunneling. As the local density of states (LDOS) near the Fermi level plays a 

critical role in determining the STM images, it is understood that the dz
2orbital, the 

central-macroring, and the benzene rings are closer to the Fermi level within the 

tunneling potential which is generally small and within few eV.  

FePc is another MPc that shows bright contrast at its center in STM image. In 

FePc, dxz, yz are partially filled in addition to the half filled dz
2 184. Lu and Hipps 202 have 

suggested that the bright center at the center of FePc is due to the contribution of the dz
2, 

and dxz, yz orbital in the tunneling. As the dxz, yz  and dz
2 energy level of CoPc and FePc are 

within 0.4 eV with respect to the energy level of a1u (HOMO, highly occupied molecular 
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orbital) orbital 184, the bright protrusion in STM image of FePc is due to those partially 

filled orbitals of dxz, yz and dz
2. Like the dz

2 orbital, it is believed that the partially filled 

dxz, yz and dz
2 orbitals of Fe+2 interacts strongly, perhaps via charge transfer with Ag(111).  

In particular the partially filled dxz, yz of FePc share the same symmetry with the 

valence states of Ag(111) that were proposed to interact with C60 105. While both dz
2 and 

dxz, yz orbitals are oriented perpendicular to the molecular plane for a greater overlap with 

the surface electronic wavefunctions, the dxz, yz orbital can form bonding with the dxz, yz 

states of Ag(111) that can determine a specific molecular orientation with respect to the 

surface. A possible model of bonding between the molecular dxz, yz orbitals with the 

corresponding states Ag(111) is shown in Fig. 4. 

                      

FIG. 5.4. Models to illustrate overlap of dxz, yz orbitals of silver and FePc in bonding 
fashion  
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CHAPTER SIX 

Summary and Future Directions 

6.1 Summary 

The influence of annealing temperatures on thin film morphology and of 

overlayer lattice structures was investigated in the model system of CuPc on Ag(111). 

Unless the surface coverage of CuPc molecules is sufficiently high, annealing is the 

necessary condition to form ordered domains. As the temperature increases, the mobility 

also increases so that longer displacement due to increased thermal energy brings 

diffusing molecules closer to form and grow ordered islands. The annealing temperature 

further affects the quality of the thin films and morphology. When a higher annealing 

temperature is used, the molecular vacancies in the overlayer decreases from 30 % at 

room temperature to 3 % after annealing temperature of 500 K and finally to no observed 

vacancies after annealing to 580 K. Moreover, the symmetry of the CuPc lattice improves 

from oblique to rectangular and to square lattice. 

The observed effect by annealing temperature can be understood by the delicate 

balance between intermolecular and molecule-substrate interactions. At a lower 

temperature when the amplitude of the surface diffusion potential is comparable to the 

molecule-molecule interaction energy, e.g. the van der Waals (vdW) potential, a number 

of local energy minima can produced different overlayer lattices. On the other hand at a 

higher temperature, the interaction is dominated by the intermolecular vdW potential that 

maximizes the nearest neighboring molecules and packing density. The overlayer 
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molecules form the square lattice reflecting the symmetry of phthalocyanine molecules 

on a wide variety of substrates. 

By annealing the thin films to 780 K well beyond the sublimation temperature 

most of the CuPc molecules desorbed, but surprisingly the remaining 25% of the 

molecules formed dendrite-like chains that originated from step edges and impurity 

islands on the terraces. The formation of the dendritic chains suggests that the monomeric 

units are mobile to aggregate and to form chains. However once formed, the stability of 

the chains indicates a much stronger intermolecular interaction. A model for the dendritic 

structure is proposed as a direct consequence of dehydrogenation in one or more benzene 

rings of the phthalocyanine framework, followed by di- or poly-merization. However, in 

this work, the exact mechanism of the dehydrogenation could not be proposed. 

The ordered structure of FePc on Ag(111) illuminates another important 

parameter in the formation of heteroepitaxial thin film structure. The FePc overlayer with 

the surface coverage of 0.5 ML form an oblique lattice that is commensurate with the 

substrate lattice. Furthermore, the molecular axes of the neighboring molecules are 

aligned across the diagonal of the unit cell (along the high symmetry direction of lattice 

( 〉〈
−

110 and 〉〈
−−

211 ) despite the fact that in this molecular arrangement the intermolecular 

distance is significantly increased and the packing density is lowered. Apparently, the 

energy of the overlayer structure is stabilized by the commensurate interaction between 

FePc and Ag(111). The surface-molecule interaction is interpreted the localized Fe d-

orbitals, particularly the dxz, yz orbitals from bonding with the valence states of the 

corresponding symmetry. 
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6.2 Future Directions 

A formation of CuPc dendritic chains on Ag(111) surface after annealing to 780 

K is a very interesting observation. To our knowledge, no one has reported this structure 

for MPcs. There are still unanswered questions like what happens upon further annealing 

the dendrite chains above 780 K. Do they get longer or shorter or further decompose? 

Determining the experimental parameters to control the length would help in producing 

single molecule nano-wires. If they decompose, at what temperature they decompose. 

Another possible project might be to investigate the dendritic structure associated with 

higher and lower initial coverages for chain length may have coverage dependence.
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