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Abstract

Inverse photoemission spectroscopy (IPES) was employed to study the density of unoccupied electronic states of fluorinated

and non-fluorinated cooper phthalocyanine layers deposited onto hydrogen passivated Si(1 1 1) substrates. For the non-

fluorinated cooper phthalocyanine (CuPc) the lowest unoccupied molecular orbital (LUMO) is found to shift gradually towards

the Fermi level with increasing film thickness. The shift amounts to 400 meV and appears for film thicknesses between one

monolayer and 10 nm. This finding complements previous results obtained using ultraviolet photoemission spectroscopy where

the highest occupied molecular orbital (HOMO) was found to shift as a function of film thickness. Fluorinated cooper

phthalocyanine (F16CuPc) shows the opposite behaviour, that is the distance between LUMO and Fermi level is increasing by

1.2 eV.
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1. Introduction

In the last years the class of phthalocyanine materi-

als has received a considerable attention because of its

increasing importance in organic electronic devices.

Phthalocyanines attributes such as chemical and ther-

mal stability and the tendency to form highly ordered

layers positively influence the device efficiency [1].

Therefore, phthalocyanines are promising candidates

in applications such as organic light emitting diodes

[2], solar cells [3], organic field effect transistors [4],

and gas sensors [5]. Another application of organic

molecules is the modification of semiconductor sur-

faces and interfaces. Ultra-thin layers of organic

molecules have been used for the passivation of

semiconductor surfaces, such as Si(1 1 1)–(7 � 7)

and GaAs(1 0 0) [6]. For example, a C60 monolayer

on a Si(1 1 1)–(7 � 7) surface inhibits chemical attack

by water and atmospheric oxygen. Moreover, Forrest

et al. demonstrated that organic molecules, in parti-

cular, 3,4,9,10-perylenetetracarboxylic dianhydride

(PTCDA) and N,N0-dimethyl-3,4,9,10-perylenetetra-

carboximide (C26H14O4N2, DiMe-PTCDI) are useful

for characterization of inorganic semiconductor sur-

face state distribution and the modification of barrier
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heights in Schottky contacts [7,8]. The often observed

decrease in barrier height can be explained by an

increase in image force lowering due to the presence

of PTCDA [9,10]. Such devices are applicable for

applications in the GHz frequency regime [11–14].

While a large number of articles were published on

the characterization of metal phthalocyanines, only

very few studies focused on the fluorinated phthalo-

cyanines. The fluorination increases the ionization

potential by about 1 eV. For example, Peisert et al.

determined the ionisation energy of CuPc, F4CuPc,

and F16CuPc to be 5.05, 5.7 and 6.1 eV, respectively

[15]. The optical band gap, on the other hand, seems to

be unaffected by the fluorination (CuPc: 1.6 eV,

F4CuPc: 1.6 eV, F16CuPc: 1.5 eV). Due to large exci-

ton binding energies optical band gaps in organic

materials are by about 1 eV smaller than transport

gaps [16]. The transport gap Et can be determined by

combining photoemission and inverse photoemission

(IPES) experiments. Using this combination of tech-

niques and taking into account polarization effects the

transport gap for CuPc and ZnPc has been determined

to be 2.3 [16] and 1.94 eV [17], respectively.

Besides the energy position of hole and electron

transport levels in organic materials, organic/inor-

ganic interfaces play an important role in thin-film

based devices. The electronic structure of organic/

inorganic interfaces depends strongly on the crystal-

line structure of the organic films and the interface

bonding. These properties have been found to be

determined by the substrate surface [18–26]. There-

fore, metal–organic interfaces have received consider-

able attention [15,16,27,28]. Quite often the vacuum

level alignment is used to determine the energy level

alignment at interfaces. Here, it is assumed that the

vacuum levels of the materials in contact align at the

interface and the interface barrier heights can simply

be calculated using the ionisation potentials (IP) and

electron affinities (EA) of semiconducting materials

and work functions of metallic materials. For metal–

organic interfaces a conclusion that in general the

vacuum levels do not align has been reached [29–

31]. The difference in vacuum levels is attributed to

interface dipoles and using photoemission spectro-

scopy values between 0.5 and 1 eV have been found

for several metal–organic interfaces. Another impor-

tant issue is the occurrence of a ‘‘band bending’’-like

electrostatic energy shift in organic layers which has

been observed in many metal–organic systems [32]. In

most cases this shift is confined to a regime of only a

few nanometers, which cannot be accounted for using

the conventional band bending theory of inorganic

semiconductors. Shifts occurring in such small thick-

ness ranges can be due to a change in the intermole-

cular interaction, namely, due to a change in the

molecular orientation as a function of the film thick-

ness. The change in the molecular orientation thus

produces a band bending or energy level shift that

plays an important role in the actual device properties.

This observation has been made for copper phthalo-

cyanine (CuPc) films grown on MoS2 substrates.

Angular resolved ultraviolet photoemission spectro-

scopy using synchrotron radiation has been used to

determine the energy position of the HOMO and the

orientation of the molecules as a function of the film

thickness. For a layer thickness of 0.4 nm the HOMO

is found �1.05 eV below the Fermi level, while for

films of 8.4 nm thickness the HOMO shifts by about

0.3 eV to higher binding energies. Following the

intensity of the HOMO as a function of emission

angle and azimuth the tilt angle of the CuPc molecular

plane with respect to the substrate surface is deter-

mined to be 08 and 108 for the 0.4 and 8.4 nm films,

respectively.

In the present work, IPES investigations on CuPc

and F16CuPc deposited on hydrogen passivated silicon

are presented. In the case of silicon, atomically flat and

ideally H-terminated Si(1 1 1) surfaces can be

obtained by wet chemical etching [33]. This type of

non-reactive surface is preferred for organic molecular

beam deposition (OMBD) since it favours ordered

arrangement of the molecules.

2. Experimental

Hydrogen passivated p-type Si(1 1 1) with a doping

concentration of 1:5 � 1015 cm�3 was used as the

substrate. The passivation process consists of a wet

chemical etching in a solution containing HF (40%).

After the passivation process the samples were trans-

ferred into ultra high vacuum (UHV). All measure-

ments were performed on freshly evaporated organic

layers. Sublimed CuPc (provided by Syntec GmbH

Wolfen) and F16CuPc were used without any further

purification. The organic materials were evaporated
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from Knudsen-type cells at temperatures between 340

and 370 8C. During the evaporation of the organic

materials the pressure was better than 2 � 10�8 mbar.

The evaporation rates were in the range of 0.1–2 nm/

min and the substrate was kept at room temperature.

The film thickness and the evaporation rate were

controlled by means of a quartz crystal microbalance

and ellipsometry measurements performed subse-

quently. The IPES measurements were performed in

an UHV system (base pressure: 8:5 � 10�10 mbar),

consisting of an analysis and a preparation chamber.

The IPES experimental setup works in the isochromat

mode and is a ‘‘home’’ built system. The fixed-energy

photon detector [34] consists of a Geiger–Müller tube

with a magnesium fluoride (MgF2) window filled with

a gas mixture of ethanol and argon. The ionization

energy of ethanol and the transmission function of the

MgF2 window provide an energy window 10.9 eV for

the detection of photons. A low energy electron gun

[35] was used to produce a mono-energetic electron

beam. The overall IPES instrumental resolution, esti-

mated from the width of the Fermi edge measured on

an argon sputtered nickel sample is 0.5 eV. Spectra

were recorded at normal incidence of the beam with a

current density in the range of 10�6 A/cm2. This value

is low enough to avoid any damage of the organic film

[16].

3. Results and discussion

Fig. 1 shows the IPES spectra of CuPc films depos-

ited onto H-Si(1 1 1) as a function of thickness. The

spectra were normalized with respect to the sample

current and shifted vertically for clarity. Three char-

acteristic features at 2, 3.5 and 5 eV already appear at
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Fig. 1. IPES measurements of CuPc/H-Si(1 1 1) as a function of thickness. Peak and onset positions are marked by vertical lines.
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low coverage (0.5 nm). These features are character-

istic for CuPc and have been observed before by Hill

et al. [16]. The appearance of these features even for

low coverage is attributed to the formation of a

homogeneous CuPc layer [15]. The peak having the

lowest energy with respect to the Fermi level is

attributed to the LUMO, which arises exclusively from

p-orbitals. It should be noted, that the central metal

atom does not contribute to this molecular orbital [36].

A shift of the LUMO positions towards the Fermi level

can be observed with increasing thickness. The satura-

tion of this shift occurs after approximately 10 nm.

The overall shift is determined to be 0:4 � 0:25 eVand

is observed for all three features, i.e. their energy

separation is constant. To determine the LUMO peak

positions, a linear background was subtracted [16] and

the remaining peaks were fitted with Gaussian func-

tions. In addition, the LUMO onsets were determined

with respect to the Fermi level by a linear extrapola-

tion of the low energy edge of the LUMO feature

towards vanishing intensity. In Figs. 1 and 2 the

LUMO onset and peak positions are indicated by

vertical bars. Opposite to CuPc, the fluorinated CuPc

reveals a strong shift of the LUMO feature away from

the Fermi level with increasing layer thickness (Fig. 2).

The value of the shift is about 1:2 � 0:25 eV. The

saturation of the energy shift appears after 20 nm layer

coverage. Figs. 3 and 4 present the dependence of

LUMO peak and onset positions for the two Pc’s as a

function of the layer thickness. The error bars were

determined from the resolution of the IPES setup. In

the case of CuPc several other studies have shown that

the molecules are changing their orientation as a

function of layer thickness [37,38]. For a non-reactive

surface such as H-passivated Si(1 1 1) the molecules

within the first three monolayers are expected to lie flat

on top of the substrate. This initial growth mode has

been observed for the deposition of CuPc on highly
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Fig. 2. IPES measurements of F16Cupc/H-Si(1 1 1) as a function of thickness. Peak and onset positions are marked by vertical lines.
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oriented pyrolytic graphite (HOPG) [37,38]. At a

higher coverage a tilt of the molecules appears leading

to a molecular arrangement which is typical for the a-

modification of a CuPc single crystal. The structure of

the a-modification consists of alternative stacks of

cofacially oriented CuPc molecules. Within each stack

the molecules are aligned, shifted in position and

inclined by a fixed angle of 258 [39]. An incomplete

overlapping of the CuPc molecules results in a partial

superposition of the p-orbitals. As a consequence, a

change in molecular orientation results in a change

of the intermolecular interactions and affects of the

p-electron system. This change is assumed to be the

main cause of the energy shift of energy levels in CuPc

with increasing thickness.

Fluorination of CuPc induces a shift of energy

levels towards higher binding energies [40]. Since

fluorine has a higher electronegativity than carbon

and nitrogen a charge transfer is expected towards

the fluorine atoms. The remaining electrons at CuPc

core have to screen the positive potential of the atoms,

which results in a higher binding energy for the

HOMO and the LUMO. At the thickness where both

materials have reached the energy saturation level, the

LUMO peak positions are 1:6 � 0:25 eV for CuPc and

2:2 � 0:25 eV for F16CuPc. There is a difference of

0.6 eV in the LUMO peak positions of the two organic

materials.

Unlike CuPc, F16CuPc presents some major differ-

ent characteristics which need to be pointed out. The

value of the energy shift is three times larger than for

CuPc. The direction of the shift is opposite to the one

observed for CuPc. The saturation of the shift occurs at

a higher coverage (20 nm) than for CuPc suggesting

that the substrate is not entirely covered after 3–4

monolayers. Taking this into account it can be con-

cluded that the F16CuPc does not follow the same

growth mode as CuPc that is F16CuPc shows island

growth mode. The deposition of the fluorinated CuPc

molecules onto different substrates has been investi-

gated in a previous study [41]. Their orientation

depends strongly on the substrate reactivity and struc-

ture. For non-reactive substrates such as H-passivated

Si(1 1 1) the molecules are lying flat on the surfaces.

This result and the fact that fluorinated molecules

show a larger electron charge density at the edges

suggest that there is repulsion between the molecules

increasing the intermolecular distance.

4. Summary

The interfaces between CuPc and F16CuPc and

hydrogen passivated silicon (1 1 1) was investigated

using IPES. The LUMO peaks and onsets as a function

of organic layer thickness show a shift in energy levels

at the interface. The values of these shifts are 0.4 eV

for CuPc and 1.2 eV for F16CuPc, although the direc-

tions of the shifts are different. The LUMO peak

position shifts towards the Fermi level in the CuPc
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Fig. 3. LUMO peak and onset positions as a function of CuPc

thickness. The dotted lines are plotted for guiding the eye.
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case and away from the Fermi level for F16CuPc. The

change in molecular orientation as a function of film

thickness can be the main reason that produces the

energy shifts considering different growth modes for

the two Pc’s.
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