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SYNOPSIS
There are two major classes of organic semiconductors: molecular (made of small
molecules) and polymeric (made of long conjugated chains). While polymeric semiconductors
often form disordered phases, molecular semiconductors frequently show ordered and crystalline
structures. Molecular semiconductors have been attracting much attention due to their interesting
optical and electrical properties, and therefore, are being used in many organic devices, such as,
organic field effect transistor (OFET), organic light emitting diode (OLED), solar cell, gas
sensors etc. [1-3]. Simplicity in manufacturing and lower costs makes feasibility of organic
electronic devices for their commercialization. Most of the organic electronic devices require
high quality thin films and it has observed that performance of these devices is greatly affected
by the morphology and structure (ordered or disordered) of thin films. In the early years of
device developments, the deposition of organic semiconductor thin films mainly imitated the
methods of inorganic thin films, such as heteroepitaxy, in which an inorganic single crystal is
usually used as a substrate. However epitaxial growth of molecular semiconductor on inorganic
substrate is very difficult. This is because of two reasons: (i) molecular semiconductors have a
particular geometrical shape with an inherent anisotropy that differs from the intrinsic isotropy
of inorganic atoms. For example metal phthalocyanines (MPc’s) have disk like geometry and
pentacene has one dimension rod like geometry and also a lattice mismatch between films and
substrate. (ii) Weak van der Waals interactions rather than strong covalent bonds exist between
molecules or between molecules and substrates. Hence, the fabrication of high quality organic
semiconductor thin films is more difficult than that of inorganic thin films. Another important
issue in molecular semiconductor films is the charge conduction. Therefore, to achieve better
performance of organic devices, proper understandings of (i) film growth mechanism(s) and (ii)
1

electrical conduction mechanism in molecular semiconductor films are essential. In literature, a
considerable amount of efforts have been devoted to study the charge transport mechanism in
molecular semiconductor thin films, particularly at low temperatures. Due to the weak van der
Waals interaction, molecular semiconductors have poor crystalline nature, which results in very
low mobility (µ) usually in the range 0.01 to 10cm2/Vs. A literature survey shows that it is
difficult to measure the electrical conductivity at temperature below 120K, because of poor
mobility, no measurable current is obtained. Undoubtedly, in order to investigate the lowtemperature electrical conduction mechanism in molecular semiconductor films, the major issue
is how to improve the mobility of charge carrier in the films.
Thin films of organic semiconductor films have been deposited by two methods: vacuum
deposition and solution processing. In the case of vapor deposition, the organic semiconductor is
vaporized under a vacuum and allowed to condense onto a substrate to form a film. For solution
deposition, the molecular semiconductor is dissolved in an organic solvent. The solution is then
coated onto the substrate by either drop-casting, spin-coating, dip-coating, or printing. Vacuum
deposition is commonly used to fabricate organic semiconductor thin films in organic electronic
devices. It has the advantages of providing control of the layer thickness, and the cleaning of the
environment and substrate. Solution processing is a relatively fast and low-priced method of
fabricating thin molecular films. Vacuum sublimed organic thin films have better structure
ordering, smooth morphology and the intrinsic material properties.
In addition, the combination of different type of organic molecules is required in some
devices such as organic solar cell or organic light emitting diodes, where the interface of two
organic molecular layers (organic-organic heterojunction) plays an important role. Therefore, a
complete learning of organic-organic interface is highly desired for effectiveness of these
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devices. Because entirely diverse nature of organic molecular semiconductor than inorganic
ones, the energy level alignment and electrical conduction properties must have different
mechanism in these organic heterojunction interfaces.
This thesis deals with the growth and characterization of mononuclear CoPc and FePc
films as well as binuclear (Fe-Co)Pc films on various substrates viz. (001) SrTiO3, (0001)
sapphire, (100) LaAlO3, ITO coated glass and quartz, using molecular beam epitaxy (MBE). In
addition, heterojuntions comprising of n-type F16CuPc and p-type CoPc were deposited. Thin
films of water soluble phthalocyanine (CuPcTs) were also prepared using solution process
techniques. Structure and morphology of the MPc films were found to depend on chemical
nature of substrate and various other growth parameters. The growth mode of large planar
molecules is governed by a competition between “molecule-molecule” and “molecule-substrate”
interactions. If the molecule-substrate interaction is dominant then molecules arrange in the faceon stacking mode, otherwise the stacking mode will be edge-on. We have found that the
mobility of binuclear (Co-Fe)Pc films is 110 cm2/Vs, which is higher by nearly two orders of
magnitude as compared to the individual CoPc or FePc films. The charge transport studies
carried on CoPc films grown on (001) SrTiO3 revealed a unique temperature dependent metalto-insulator like transition. The solution processed Pc films as well as binuclear (Co-Fe)Pc films
were investigated for their gas sensing applications.
This thesis is planned in the following six chapters.

Chapter 1: Introduction
This chapter gives an overview of the molecular semiconductor and compares their
electronic structure and properties with inorganic semiconductor. A review on molecular
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semiconductor growth is summarized. The electronic structure and optical properties together
with its advantage over other molecular semiconductor are discussed. Finally, the scope of this
thesis is presented.

Chapter 2: Experimental techniques
A general outline of different experimental techniques and instrumentations used in the
present thesis work has been elaborated in this Chapter. The details of the MBE system (RIBER
system model no EVA 32), used for the deposition of the phthalocyanine films and
heterojunctions, is described. Brief descriptions of various characterization techniques, such as
scanning electron microscope (SEM), atomic force microscopy (AFM), X-ray photoelectron
spectroscopy (XPS), Fourier transformation infrared spectroscopy (FTIR), UV-visible
spectroscopy (UV-vis), grazing angle X-ray spectroscopy (GIXRD), low temperature transport
measurement system etc. are discussed. A detailed description of the Kelvin Probe method and
gas sensing set up used in the present work are also described.

Chapter 3: Growth and conduction mechanism in mononuclear and
binuclear phthalocyanine films
In this chapter, we discuss the growth of mononuclear CoPc, FePc and binuclear (CoFe)Pc films by MBE. Binuclear (Co-Fe)Pc films were found to grown only on sapphire
substrates at 200°C if deposited using the CoPc/FePc mixture in 1:1 (w/w) ratio. Formation of
binuclear was confirmed by MALDI (Multi Assisted Laser Desorption and Ionization) mass
spectroscopy. Binuclear films have better face-on and edge-on overlapping compare to
individual CoPc and FePc films. Better face-on stacking was also supported by GIXRD. The in
4

binuclear (Co-Fe)Pc films exhibited µ ~110 cm2/Vs. Furthermore temperature dependence of
resistivity showed that binuclear films are in metallic regime, while CoPc and FePc films are in
the critical regime of metal–insulator transition. These films exhibited trap-free space charge
limited conduction (SCLC) in the temperature range 300K to 25K; while Copc and FePc films
showed SCLC with exponential distribution of traps at low temperature.
Charge conduction in FePc films under high electrical field (i.e. upto 20MV/m) has been
investigated. A bias dependent transition from ohmic to space-charge limited conduction to
space charge limited conduction with field enhanced mobility is observed. At temperatures <100
K, by analyzing the low bias (< 100 V) data, which is governed by Schottky – barrier limited
conduction. However at higher bias multistep tunnelling was observed in the FePc films.
A novel feature i.e. temperature dependent metal to insulator like transition, has been
observed in ultrathin CoPc films deposited on (001) SrTiO3 substrates. In-plane compressive
strains induced by structural phase transition of SrTiO3 substrate reduce the intermolecular
distance, and as a result, metallic behavior is observed. In the low temperature metallic phase the
charge transport occurs via field assisted tunnelling process.

Chapter 4: Phthalocyanine based heterojunctions
In this chapter we discuss growth of phthalocyanine based heterojunction comprising of
p-type CoPc and n-type F16CuPc using MBE. The J-V characteristic of heterojunction shows
ohmic conductance with two order of magnitude higher conductivity as compare to individual
CoPc and F16CuPc films. The higher conductivity F16CuPc/CoPc heterojunction is due to the
charge carrier accumulation at interface, which is further confirmed by Kelvin probe study. The
thickness of charge carrier accumulation is found to be
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20 nm. This heterojunction showed

reverse rectification behavior. No band-bending and charge carrier accumulation were found in
CoPc/FePc (p-p type) heterojunction.

Chapter 5: Gas sensing using mononuclear and binuclear phthalocyanine
films
In this chapter, we describe gas sensing behavior of water soluble copper phthalocyanine
(CuPcTs) films prepared by solution process. These films exhibited room temperature sensitivity
towards Cl2 gas. Selectivity, repeatability, stability and linearity (sensitivity vs concentration) in
the range 5ppb to 2000ppb are investigated. The chemical adsorption process of Cl2 on CuPcTs
has been analyzed using Elovich equation, which provides an alternative way of qualifying Cl2
concentration from response rate of sensor. A comparison study of the gas sensing
characteristics CoPc, FePc and binuclear (Co-Fe)Pc films has been studied. It has been found
that binuclear films are better for gas sensing because of their high mobility.

Chapter 6: Summary and conclusions
The summary of the thesis work and main conclusions along with the future perspectives
have been presented in this chapter. The main results obtain in the course of this thesis work are
as follows.
•

Morphology of metal phthalocyanine (CoPc and F16CuPc) thin films grown by MBE
strongly depends on substrate. However, in solution process technique the morphology is
independent of substrate as they usually have amorphous character.
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•

A huge improvement of mobility (110 cm2/Vs) in binuclear films, deposited on single
crystal sapphire substrate has been demonstrated, which is attributed to the improved
face-on as well as edge-on stacking of the binuclear (Co-Fe)Pc molecules.

•

Charge transport studies in FePc films under high electrical fields in the temperature
range 300-100 K revealed a bias dependent transition from “ohmic” to “shallow-trap
mediated SCLC” to “SCLC with field enhanced mobility”. Below 100K the transport is
found to be dominated by contact limited process.

•

CoPc films prepared deposited on SrTiO3 substrates exhibited a temperature dependent
metal-to-insulator transition, which was attributed to the compressive strains induced by
cubic to tetragonal structural phase transition of SrTiO3 substrate.

•

In F16CuPc/CoPc heterostructure ohmic conduction was observed due to very high free
carrier density (~1017/cm3) in the temperature range 300-30K. Accumulation layer width
was found to be 20 nm using Kelvin Probe method. The temperature dependence of
resistivity shows these films are in metallic side of critical regime.

•

Room temperature ppb level Cl2 gas sensing of CuPcTs thin film has been demonstrated.
It has been shown that the sensors exhibit linear variation of sensitivity with
concentration in the range 5 ppb to 2000 ppb. High mobility binuclear (Co-Fe)Pc films
exhibited higher sensitivity as compared to the individual FePc or CoPc films.

7
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Figure 3.12 (a) AFM image (size: 5 µm x 5 µm) of F16CuPc films on (001) LaAlO3
substrate. (b) Height profile is given along the line drawn on the image.
Figure 3.13 GIXRD patterns and SEM images of drop casted CuPcTs films (a) on quartz
substrate (b) (0001) Al2O3 substrate (c) A photograph of drop casted CuPcTs film on quartz
substrate.
Figure 3.14 Room temperature resistivity (ρ300K) of composite CoPc-FePc films as a function
of FePc concentration.
Figure 3.15 (a) Secondary ion time of flight mass spectrometry (SIMS) data. (b) Matrix
assisted laser desorption ionization time of flight mass spectrometry (MALDI) data for FePc,
CoPc and binuclear (Co-Fe)Pc films.
Figure 3.16 Schematic showing the chemical structure of binuclear (Co-Fe)Pc molecule.
Figure 3.17 GIXRD spectra of binuclear (Co-Fe)Pc along with CoPc and FePc films.
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Figure 3.18 AFM image of binuclear (Co-Fe)Pc film. (c) Height profile is given along the
line drawn on the AFM image.
Figure 3.19 Co-2p3/2, Fe-2p3/2, N-1s and C-1s XPS spectrum for the CoPc, FePc and
binuclear (Co-Fe)Pc films.
Figure 3.20 Raman spectra for the FePc, CoPc and binuclear (Co-Fe)Pc films.
Figure 3.21 UV-Vis spectrum for the FePc, CoPc and binuclear (Co-Fe)Pc films.
Figure 3.22 Molecular stacking schematic (perpendicular to the substrate plane) shown for
(a) binuclear (Co-Fe)Pc and (b) mononuclear CoPc and FePc.
Figure 3.23 The schematic of charge transport measurement showing an active organic
semiconducting layer sandwich between charge injecting and collecting electrodes.
Figure 3.24 Schematic of shallow and deep traps for electrons and holes.
Figure 3.25 Space charge limited current versus voltage characteristic for semiconductor
containing trap. VTFL is the trap filled limit.
Figure 3.26 Schematic representation of hopping transport in the molecular semiconductor.
Figure 3.27 Poole-Frenkel effect at a trap in the bulk of the semiconductor.
Figure 3.28 Schematics of energy diagram of organic molecular semiconductor.
Figure 3.29 Schematics of energy level alignment at M/OMs interface assuming vacuum
level alignment at the interface and no interfacial dipole (Mott-Schottky model).
Figure 3.30 Schematics of energy level alignment at M/OMs interface assuming vacuum
level shift at interface and with interfacial dipole (∆).
Figure 3.31 Schematic of sequential tunnelling of electron form metal electrode to the
conduction band of insulator/semiconductor via localized states.
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Figure 3.32 (a) Representation of image force problem when an electron is very close to the
metal surface. (b) Energy barrier lowering, ∆φ due to image force and applied field. xm is a
measure of the width of the barrier.
Figure 3.33 Log-log plots showing current-voltage (J-V) characteristics of 20 nm FePc films
in the temperature range 300-30 K. Based upon dependence of current on applied bias and/or
temperature, five regions I to V have been identified (marked by thick dashed lines).
Figure 3.34 Log-log plots of J-V characteristics in the temperature range 300-100K, showing
a transition from ohmic (region I) to shallow trap mediated space charge limited conduction
(region II), the crossover voltage is denoted by Vt. The extension of J-V data’s in the voltage
range of 30-90V meet at cross over voltage Vc = 2700 V.
Figure 3.35 Fermi energy levels (EF) position is shown with respect to the HOMO and
LUMO level for FePc films. In the left side show the plot of density of traps states as a
function of energy.
Figure 3.36 J-V data of region III is plotted in log-log scale. The inset shows the l versus 1/T
plot.
Figure 3.37 (a) Field dependence of the mobility obtained from data of region III. (b)
Temperature dependence of field enhancement coefficient γ (which describe the field
dependence of the mobility).
Figure 3.38 (a) Data of region-IV plotted as ln J vs V1/2. Linear fits to data indicate Schottkybarrier limited conduction. (b) Data of region-V plotted as conductivity as a function of
inverse of the square-root of electric field.
Figure3.39 Schematic of temperature-bias (T-V) plane summarizing various conduction
mechanisms in FePc films.
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Figure 3.40 (a) The temperature dependence of resistivity ρ (b) Nearly linear dependence of
log ρ versus log T plots (c) Plots of reduced activation energy W (= -dln[ρ(T)]/dlnT) for FePc
films.
Figure 3.41 Log-log plots showing J-V characteristics of CoPc films in the temperature
range 300-100 K.
Figure 3.42 (a) Power law fit of J-V data’s. The fits meet at cross over voltage Vc = 1368 V.
(b) The temperature dependence of voltage exponent (α).
Figure 3.43 (a) The temperature dependence of resistivity ρ (b) Nearly linear dependence of
log ρ versus log T plots (c) Plots of reduced activation energy W (= -dln[ρ(T)]/dlnT) for
CoPc films.
Figure 3.44 (a) The temperature dependence of resistivity ρ (b) Nearly linear dependence of
log ρ versus log T plots.
Figure 3.45 Plots of reduced activation energy W (= -dln[ρ(T)]/dlnT) for (Co-Fe)Pc films.
Figure 3.46 The temperature dependence of resistivity ρ for CoPc films of different
thickness.
Figure 3.47 (a) Temperature dependent GIXRD data for CoPc film grown on (100) SrTiO3.
(b) Temperature dependence of b and c lattice parameters for CoPc films.
Figure 3.48 Schematic representation of the stacking of CoPc molecules in a-b (out of
substrate plane) and b-c planes (in substrate plane).
Figure 3.49 Log-log plots showing J-V characteristics of CoPc films in the temperature
range 300-125 K. Inset shows the linear fit of lnρ vs T-1/4 data, indicating 3D-VRH
conduction.
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Figure 3.50 Log-log plots showing J-V characteristics of CoPc films in the temperature
range 80- 40 K. Inset shows the plot of conductivity as a function of inverse of the squareroot of electric field at different temperatures.
Figure 3.51 Log-log plots showing J-V characteristics of 20 nm F16CuPc films in the
temperature range 300 - 160 K.
Figure 3.52 Log-log plots showing J-V characteristics of CuPcTs films on quartz substrate in
the temperature range 300 - 260 K.
Figure 3.53 (a) The temperature dependence of resistivity (b) Plots of reduced activation
energy W for CoPc, (c) Linear fit of conductivity versus T3/2 data for )Co-Fe)Pc films.
Figure 3.54 Log-log plots showing J-V characteristics of 20 nm (Co-Fe)Pc films on in the
temperature range 300 - 25 K.
Figure 3.55 J versus V1/2 data (at 25K at low bias, with estimated barrier height of 0.052 eV)
indicates Schottky-barrier limited conduction.
Figure 3.56 Work function images (size 5mm x 5 mm) of CoPc, FePc and binuclear (CoFe)Pc films.
Figure 3.57 (a) Temperature dependence of mobility (µ) and (b) Linear fit of µ Vs T3/2 for
binuclear (Co-Fe)Pc films.
Figure 3.58 J-V characteristics of 20 nm CoPc films on SiO2, MgO and LaGdO3 substrate.
Figure 4.1 Different types of organic semiconductor heterojunction (a) depletion
heterojunction (b) accumulation heterojunction (c) electron accumulation/depletion
heterojunction (d) hole accumulated/depletion heterojunction.
Figure 4.2 100nm×100 nm AFM images (a) 20 nm F16CuPc film on LaAlO3 substrate and
(b) top surface of F16CuPc(20nm)/CoPc(20nm) heterojunction films.
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Figure 4.3 (a) GIXRD data for F16CuPc(20nm)/CoPc(20nm) heterojunction films (b) X-ray
reflectivity spectrum for F16CuPc(20nm)/CoPc(20nm) heterojunction films. Solid line is
theoretical fit of data. Inset show the depth profile of electron scattering length density
(SLD).
Figure 4.4 (a) Temperature dependence of resistivity (plotted in log-log scale) for CoPc,
F16CuPc and F16CuPc/CoPc heterojunction films. (b) Plot of reduced activation energy W as
a functions of temperature.
Figure 4.5 Temperature dependent J-V characteristics of F16CuPc (20nm)/CoPc(20nm)
heterojunction films.
Figure 4.6 (a) Schematic of F16CuPc/CoPc heterojunction films used for surface potential
measurements.(b) 2D and (c) 3D image of typical surface potential of F16CuPc(20 nm)/
CoPc(3 nm) heterojunction sample.
Figure 4.7 Plot of surface potential (ϕ) as a function of CoPc thickness for F16CuPc/CoPc
heterojunction films. Inset shows the plot of ϕ as a function of F16CuPc thickness for
F16CuPc/CoPc heterojunction films.
Figure 4.8 Schematics of energy level diagram of CoPc and F16CuPc before (a) and after (b)
contact.
Figure 4.9 The charge carrier accumulation at the F16CuPc/CoPc heterojunction interface.
Figure 4.10 I-V characteristics of F16CuPc (150 nm)/CoPc (150 nm) heterojunction. Inset
show the schematics of the circuit diagram for I-V measurement (out of plane geometry).
Figure

4.11

Room

temperature

J-V

characteristics

of

CoPc,

FePc

CoPc(20nm)/FePc(20nm) heterojunction films.
Figure 5.1 (a) Schematics configuration (b) Response curve of chemiresistive gas sensor.
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Figure 5.2 (a) Temperature dependence of the sensitivity S (at 30 ppb of Cl2 exposure) for
FePc and CoPc films (b) Time dependence of the conductance (at 170ºC) of the FePc films
for different doses of Cl2 gas (c) Time dependence of the conductance (at 170ºC) of the FePc
films for different doses of Cl2 gas.
Figure 5.3 Response curves of CuPcTs recorded after exposing to different concentration of
Cl2 gas.
Figure 5.4 (a) Variation of sensitivity (S) as a function of Cl2 gas concentration, which
shows linear dependence (b) The response of the curve of the CuPcTs films for a repeated
exposure of 100 ppb of Cl2 gas.
Figure 5.5 Selective histogram of CuPcTs films towards 500 ppb of different gases at room
temperature.
Figure 5.6 Cu-2p, Na-1s, S-2p and O-1s XPS spectrum recorded for fresh and 10 ppm Cl2
exposed CuPcTs films. Inset of Na-1s spectra shows the presence of Cl-2p peak in the
exposed films.
Figure 5.7 FTIR spectra data recorded for fresh and 10 ppm Cl2 exposed CuPcTs films.
Figure 5.8 (a) Change in conductance (∆C) as a function of ln(t), which was derived from
the response curves in Fig. 5.3. Straight-line fit of data is in accordance with Elovich
equation and the slope of linear fits yields parameter b. (b) Linear correlation between ln b
and ln [Cl2].
Figure 5.9 (a) Temperature dependence of the sensitivity S (at 30 ppb of Cl2 exposure) for
binuclear films (b) Time dependence of the conductance (at 170ºC) of the binuclear films for
different doses of Cl2 gas.
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Figure 5.10 (a) Comparison of the response for FePc, CoPc and binuclear (Co-Fe)Pc films at
500 ppb for Cl2 exposure (b) Comparison of Sensitivity for all films at 500 ppb of Cl2 gas
exposure. Inset bar chart showing the sensitivity of the binuclear (Co-Fe)Pc films for various
oxidizing gases.
Figure 5.11 (a) Demonstration of the reproducibility (at 5ppb of Cl2) and base conductance
drift for binuclear (Co-Fe)Pc films. (b) Work function imaging of the fresh and Cl2 exposed
binuclear (Co-Fe)Pc films and (c) Shift in Fermi level after the exposure of Cl2 gas.
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1.1 Organic molecular semiconductors
Organic semiconductors are organic materials that exhibit semiconductor properties.
Generally almost all organic solids are insulators. However, when their constituent molecules
have π-conjugate systems and they are appropriately doped, charge carriers (electrons or
holes) can move via π-electron cloud overlaps, especially by hopping, tunnelling and related
mechanisms. Organic semiconductors can be classified into two major classes: (i) molecular
semiconductors e.g. single molecules (polycyclic aromatic compounds, such as, pentacene,
rubrene, anthracene, porphyrine, phthalocyanines etc) and oligomers (short chain i.e. having
few monomers) and (ii) conjugated polymers: which consist of many monomers bonded
together

in

a

long

chain

e.g. poly(3-alkylthiophene), poly(p-phenylene

vinylene),

polyfluorene etc. Typical examples of both types of organic semiconductors are given in Fig.
1.1. In polymers, the number of repetition unit is indeterminate, thus they can have a variable
molecular mass. On the other hand, molecular semiconductors have a well defined molecular
weight. However, π-conjugation i.e. the arrangement of carbon atoms in a series of
alternating single and double bonds is the common characteristic of both the classes. While
polymers form disordered phases, small molecules frequently show ordered, crystalline
structures. These materials exhibit a strong anisotropy in their optical and transport properties
perpendicular and parallel to the molecular plane. Molecular semiconductors in general have
high vapour pressures and are poorly soluble in different solvents. Therefore, the films of
molecular semiconductors are usually deposited from the gas phase by sublimation or
evaporation. On the other hand, conducting polymer being soluble, their films can be easily
formed using cost effect solution process techniques such as spin-coating or printing
techniques. However, the major advantage of molecular films with respect to the polymer
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films is that they can be grown with very high purity and crystalline order, which are the two
major requirements for obtaining high charge carrier mobility.
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Figure 1.1 Molecular structures of conducting polymers: PPV: poly(p-phenylenevinylene), PFO:
polyfluorene, P3AT: poly(3-alkylthiophene), Alq3: tris(8-hydroxyquinoline)aluminium, CoPc: Cophthalocyanine, pentacene, CuPcTs: copper phthalocyanine tetrasulfonate and F16CuPc: Copper
hexadecafluorophthalocyanine.
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Characteristics of molecular semiconductors are the intramolecular bonds. The
alternation of single (σ) and double (π) bonds, referred to as conjugation, is responsible for
semiconductor nature of organic molecular. In a conjugated system, the carbon atoms
involved in the conjugation are sp2 hybridized (the 2s orbital is mixed with only two of the
three available 2p orbitals) which means the three hybrid sp2 orbitals form the σ bonds, with
the σ-electrons being highly localized, leaving the pz orbital unaltered. The mutual overlap
between remaining non hybridized pz orbitals of adjacent carbons leads to the formation of π
bonds. The electrons of overlapping pz orbitals form a delocalized electronic orbital over the
whole conjugation length. These π electrons are delocalized over the whole molecule and are
more loosely bound compared to the σ electrons These delocalized electrons responsible for
semiconducting properties of this class of materials. As an example this is illustrated in Fig.
1.2 for benzene molecule.

Figure 1.2 Schematics representation of π-orbitals in benzene (C6H6) molecule, responsible of its
semiconducting nature. In the solid the overlap between π -orbitals of adjacent molecule will allow
the charge transport through the solid.
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π*
LUMO

Eg
HOMO

π
Figure 1.3 Schematic representation of the splitting of the energy levels of a molecules due to the
interactions in the π-orbitals of a molecules leads to the formation of highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energy bands. Molecular
interaction in the solid leads to the further splitting of molecular orbitals.

Due to the interactions of π electrons, the π molecular orbital splits into a bonding (π)
and anti-bonding (π*) molecular orbital, according to the Pauli exclusion principle as
depicted in Fig. 1.3. The two electrons occupy the highest occupied molecular orbital
(HOMO), while the letter remains empty and called lowest unoccupied molecular orbital
(LUMO). The extended series of overlapping of p orbitals and the delocalization of electrons
over the entire molecule leads to the further splitting of HOMO and LUMO resulting
formation of band which is shown in Fig. 1.3. Intermolecular interactions in the solid lead
also additional splitting. The HOMO and LUMO for organic semiconductors are analogous
to the valence and conduction bands of the conventional inorganic semiconductor. Optical
and thermal excitation can promote an electron to an unoccupied level. Thus the energy band
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gap for organic semiconductor corresponds to the gap between HOMO and LUMO of the
molecule. The HOMO-LUMO separation in these conjugated molecules depends strongly on
the overlapping of neighbouring p orbitals, which is in turn related to the planarity of the
molecule and to side groups. In many cases, the HOMO-LUMO energy gap is relatively
small (~ 1 to 3 eV) and the molecules can be doped to assume n- or p-type character. Thus,
the π-conjugated molecules can act as semiconducting channels in organic molecular devices.
However the band formation is not sufficient for organic molecular material to behave as
semiconductor, there must be a mechanism of charge carrier transport between molecules.
This is achieved due to the overlap of the π-orbitals from one molecule to those of its
neighbouring molecule. Therefore a close packing of molecule and a crystalline structure of
free of defects is essential to maximize the π-orbital overlap and thus improve the conduction
properties of the material. The low molecular symmetry leads to highly anisotropic
conduction parameters since the effective path for charge carrier transport is perpendicular to
molecular plane, direction of maximum π-overlap [1]. Thus, parameters like the charge
carrier mobility must be described by a mobility tensor µij [2, 3]. In general, all physical
properties of these materials may present anisotropic behaviour due to low symmetry of
molecular constituents and the low-symmetry crystalline structure they form.
During past few decades, organic semiconductors have attracted significant and
increasing interest due to their interesting electrical and optical properties. Their applications
in flexible and low cost, and tuning possibilities in the manufacturing electronic devices
make them suitable candidates for future electronic devices [4-7]. Moreover, organic
molecules are potential candidate for pushing the existing scaling limits of the existing
silicon based microelectronics to nanoscale [8-10]. The advantages offered by the organic
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molecules to be used in the nanoscale devices are: (i) small size (typically 0.5 to 2.5 nm), (ii)
easy tuning of electronic properties by changing chemical structure of the molecule, and (iii)
possibility of forming self–assembled monolayer on various substrates (e. g. thiols on Au,
silanes on Si) . In recent years, various nanoelectronics molecular devices, such as, rectifiers,
memory, resonant tunnel diodes and transistors have been demonstrated using twodimensional ordered molecular monolayers and multilayers [11-13]. The interest in electrical
properties of organic monolayers has developed enormous academic interest in this field [1418]. Similarly, thin and thick films of various organic semiconductors are actively being
investigated from the view point of understanding the physics underlying the charge transport
as well as their applicability in new electronic applications e.g. flexible and low cost large
area electronics, which is difficult to achieve using inorganic semiconductors. This research
field is growing very fast. At present researchers are able to manage the material properties at
the molecular level [19]. Moreover, many efforts are being made in the industrial
development of the organic electronic devices. Many applications of organic semiconductors
have been already demonstrated and some of them are commercially available in market.
These include: mobile phones display based on organic field effect transistor (OFET) by
Philips and Polymer Vision, automobile stereo display from Pioneer, organic light emitting
devices (OLEDs) from Philips and full color displays Kodak digital cameras. On the
development of organic electronics, Forest has commented: “If the field continues to
progress at its current, rapid pace, electronics based on organic thin-films materials will
soon become a mainstay of our technological existence” [20]. However, despite of these
developments, organic devices have limitation in terms of their low charge carrier mobility
(0.001-10 cm2 /Vs) [16, 21, 22], which is several orders of magnitude lower than traditional
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inorganic semiconductor (e.g. Silicon 1400 cm2 /Vs). In order to improve the performance of
organics devices, it is necessary that their mobility need to be increased.

1.2 Phthalocyanines
The word Phthalocyanine is derived from the Greek term 'naphtha' (rock oil) and
'cyanine' (dark blue). The first phthalocyanine was produced accidentally in 1907 by Braun
and Tcherniac as a minor product in the synthesis of o-cyanobenzamide from phthalamide
and acetic anhydride [23]. C. E. Dent et al.

reported the structure of the planar

phthalocyanine molecule for the first time [24]. Phthalocyanines are an intensely blue-green
coloured macrocyclic

compound and

traditionally

have

been

used

as

dyes

or

pigments. Phthalocyanines form coordination complexes with most elements of the periodic
table and exhibit semiconducting properties. Therefore they are currently being explored for
their possible applications in the organic electronics. Majority of the research has been
carried out on the mononuclear phthalocyanines i.e. molecule containing only one metal
atom. However, phthalocyanines can form dimmers, in which two mononuclear
phtahlocyanine (with similar or different metal atoms) units are covalently linked. Here we
briefly overview the structural properties of mononuclear as well as binuclear
phthalocyanines.

1.2.1 Mononuclear phthalocyanine
The metal-free phthalocyanine (H2Pc) has the general formula C32H18N8. It is
chemically designated as 5, 10, 15, 20 tetraazatetrabenzporphyrin or tetrabenzporphyrazin

31

Chapter-1: Introduction

[25]. The molecule is planar consisting of four isoindole molecules linked together at the
corners of the pyrrole ring by four nitrogen atoms as shown in Fig. 1.4.

Macrocycle

Indole
(C8H4N)
Isoindole
Figure 1.4 Molecular structure of metal phthalocyanine (MPc).

The space within the four central nitrogen atoms is occupied either by hydrogen
atoms in the case of H2Pc or by a metal atom in metal substituted phthalocyanines (MPc). In
the simple metal phthalocyanines, such as CoPc, the two central hydrogen atoms are replaced
by a single metal atom. MPc offer many interesting properties, including:
(i)

Pc’s are easily sublimed and can be crystallized with very high purity (1014 -1015
traps cm-3) exceptional in organic chemistry.

(ii)

Pc’s show an exceptional thermal and chemical stability. In air MPc’s undergo no
noticeable degradation up to temperature 400 - 500°C and in vacuum most of
them do not decompose below 900°C. They are not also affected by strong acids
or bases [25, 26].
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(iii) Pc’s is highly conjugated molecule and contains 18 π electrons in the
macrocyclic ring which leads to very intense absorption bands at around 400 nm
and 700 nm.
(iv) Pc’s are a very versatile system as there are possibilities of tuning its electronic
properties by playing with different side group and central metal atoms. There are
more than thousand different Pc’s have been synthesized by changing either
central metal atom or side groups. The replacement of central metal atom and side
group modifies its electronic properties, while its molecular structure, in most of
the cases, remains unchanged [25, 26]. For example CuPc is a p-type molecular
semiconductor but the replacement of 16 hydrogen by fluorine makes the
molecule (F16CuPc) n-type. In fact, F16CuPc is one of the most stable n-type
organic semiconductor known at present, and it has been used to fabricate the first
n-channel organic transistor [27], and in complementary logic circuits [28, 29].
Due to the above properties, metal phthalocyanines have been intensely investigated
for various organic devices, such as solar cells, OLEDs, OFETs and gas sensors [30-35].
Phthalocyanines appear in various crystalline forms due to different growth
conditions or methods; this is called polymorphism which is purely a consequence of
different pickings in the unit cells. The most common polymorphs of phthalocyanines are the
α and β phases, as shown in Fig. 1.5. These two phases differ in the tilt angle of the
molecular stack from the b-axis, which is 26.11° for α-phase and 44.81° for β-phase [36-38] .
The growth of α-form is obtained in thin films when the substrate temperature is maintained
below a phase transition temperature during growth [39]. As shown in Fig.1.6, the α and β
phases are formed by quasi-orthorhombic [40] and monoclinic [36] unit cells, respectively.
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The unit cell parameters of different phthalocyanines are listed in Table 1.1. Besides the α
and β phases, γ ,δ, and χ phases were also observed on rare occasions [37].

(b)

(a)
(b)

26.1ο

44.8ο

0.47 nm

0.38 nm

2.4 nm

1.94 nm

(c)

Figure 1.5 Schematics of crystalline (a) α-FePc (b) and β-FePc.

(a)

(b)

Figure 1.6 The schematic representation of a metal-phthalocyanine unit cell structure for (a) the αphase and (b) the β-phase. The yellow circles show the centre atoms and the blue lines or blue planes
are phthalocyanine rings.
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Table 1.1
Unit cell parameters for various phthalocyanines

H2Pc

β-CuPc

F16CuPc

α-FePc

β-FePc

α-CoPc

β-CoPc

[41]

[36]

[42]

[43]

[25]

[43]

[44]

M

514.55

575.67

863.9

568.38

568.38

571.47

571.47

a(Å)

19.85

19.407

20.018

25.5

19.39

25.88

19.35

b(Å)

4.72

4.79

5.106

3.79

4.79

3.75

4.77

c(Å)

14.8

14.628

15.326

25.2

14.6

24.08

14.54

β

120.25°

120.56°

111.83°

90.4°

120.85°

90.2°

120.82°

Z

2

2

2

2

2

2

2

Figure 1.7 Molecular structure of water soluble CuPcTs.

Phthalocyanines are usually difficult to dissolve in common solvent (de-ionized water,
ethanol, methanol etc.). For large scale device applications mainly in the form of micro
electromachined devices (MEMs) or electronic nose as well as cost effective disposable
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sensors, it is necessary to manufacture the sensors by simpler technique such as solution
spinning, printing, micro-drop coating, etc. Water soluble phthalocyanine can also be
synthesized from non-substituted phthalocyanines by attaching sulfonate groups [45]. A
typical example of water-soluble phthalocyanines is copper (II) phthalocyanine tetrasulfonic
acid, tetrasodium salt (CuPcTs), and its structure is shown in Fig. 1.7. The structure of
CuPcTs is very similar to CuPc except that polar SO3Na attached to the corners of benzene
rings and makes this compound water soluble [45]. These water soluble phthalocyanines
have been used as FET and gas sensors [46, 47].

1.2.2 Binuclear phthalocyanine
Binuclear phthalocyanine, in which two mononuclear phtahlocyanine units are
covalently linked, have been chemically synthesized [48]. The two phtalocyanine units of
binuclear molecules can be either coplanar or co-facial, as shown in Fig. 1.8. From the view
point of electronic applications, the coplanar molecules are useful, as they have extended
conjugation. Large π electron conjugation can enhance the π- π stacking, and therefore, one
can achieve improved molecular ordering, high charge carrier mobility and better device
characteristics. Chemically, the synthesis of binuclear phthalocyanine is usually carried out
from two phthalogens of different structures, however the yield of reactions are usually very
low [48, 49]. Due to this limitation, investigation and practical applications of binuclear
pthalocyanines have been very limited [50, 51]. In co-planar binuclear phthalocyanine, the
linkage of pthalocyanine rings depends on the nature of chemical reaction e.g. they can share
a common benzene ring, as shown in Fig. 1.8 (a), two rings can form direct covalent bonds or
additional moieties can be used to join two rings. In Fig. 1.8 (a), the binuclear molecule lacks
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a benzene ring this is referred to as the (-1) linked binuclear phthalocyanine [52]. This type
of binuclear phthalocyanine has been used for electrochemical sensors [53]. There are some
reports where the monolayer/multilayers of binuclear phthalocyanine have been prepared
using Langmuir-Blodgett (LB) technique or by drop casting method [50, 51]. In these
studies, first the synthesis of precursor binuclear phthalocyanine was carried out and then
films were prepared by LB technique. However there are no reports on the growth of
binuclear phthalocyanine films using physical vapor deposition.
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Figure 1.8 Chemical structure of (a) coplanar and (b) co-facial binuclear phthalocyanine molecules.

1.3 Growth modes of molecular semiconductor thin films
Thin films of molecular semiconductors are essential for the investigation of their
charge transport properties as well as fabrication of electronic devices. It is therefore
important to understand the modes by which molecular films grown on different substrates.
In the case of metal and inorganic-semiconductors film growth mechanisms are wellestablished. However, there is hardly any understanding on the growth mechanisms of
organic films. In general, metal and inorganic-semiconductors films grow on different
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substrates by three different modes, which depends on the relative surface energy between
substrate and films as well as on the lattice mismatch [i.e. (as - af)/af, where as and af are,
respectively, lattice parameter of the substrate and the film]:

(a)

Layer by
layer growth

(b)

(c)

Island growth

Layer plus
island growth

Figure 1.9 Schematic representations of three different growth modes of thin films (a) Frank-van der
Merwe mode, (b) Volmer–Weber mode (c) Stranski– Krastanov mode.

(i)

Frank-van der Merwe mode: In this mode layer-by-layer growth occurs if the
interaction between the substrate and film atoms is stronger than that between
neighboring films atoms the lattice mismatch is zero, as shown in Fig. 1.9 (a).
Each new layer starts to grow only when the last one has been completed.

(ii)

Volmer–Weber mode: In this mode the film grows in the form of separate 3D
islands to minimize the overall surface energy, if the interaction between the
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neighboring films atoms stronger than the over layer substrate interaction, as
shown in Fig. 1.9 (b).
(iii) Stranski– Krastanov mode: This layer-plus-island growth mode is an interesting
intermediate case. In this mode one or sometimes several complete monolayers
form first, followed by individual. This mixed growth mode occurs due to large
lattice mismatch although interaction between the substrate and film atoms is
stronger than that between neighboring films atoms, as shown in Fig. 1.9 (c).

Figure 1.10 A simplified picture of an island formation: γS is the surface free energy of substrate, γF
is the free energy of the film material and γI is the interface energy of the film-substrate

The above mentioned growth modes can be described using Young’s equation that
takes surface energies and interface energy into account, as schematically shown in Fig. 1.10.
According to Young’s equation, wetting angle of a liquid nucleus on substrate can be
expressed as:

γS = γI + γF cos φ
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where γS is the surface free energy of substrate, γF is the free energy of the film material and
γI is the interface energy of the film-substrate. Using the Young’s equation the two limiting
growth modes, layer by layer and island can be distinguished by the angle φ,
(i)

layer growth :

φ = 0,

γS > γI + γF

(ii)

island growth:

φ > 0,

γS < γI + γF

The layer-plus-island growth can easily be explained by assuming a lattice mismatch
between deposited film and substrate. The lattice of the films tries to adjust to substrate
lattice, but at the expense of elastic deformation energy. The transition from layer to island
growth occurs when the spatial extent of the elastic strain field exceeds the range of adhesion
forces within the deposited material.

Single atoms arrives
Re-evaporation

Surface diffusion

Combination Nucleation
of single
atoms

Further film
growth

Figure 1.11 Schematics representation of initial stages of thin film formation by physical vapor
deposition method.

In physical vapor deposition method, material is created in the gas phase (atomic or
molecular form) by thermal, electron beam, sputtering, or laser ablation, which are then
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allowed to deposit on the surface of the substrate. The individual atomic processes occurring
during the formation of a film on the surface of substrate that determine growth mode are
illustrated in Fig. 1.11. The surface of the substrate is covered with large number of
absorption sites and a molecule becomes bound to one of these with characteristics energy.
The absorbed atoms do not remain stationary but may re-evaporate; requiring energy equal to
adsorption energy, or it may diffuse or hop to adjacent sites. In all these process,
characteristics activation energies have to be overcome. Other processes are collision and
recombination. Each group of atoms eventually reaches a size that is more likely to grow
than decay. The formation of such island of material is known as nucleation. The next stage
of thin film formation is coalescence, in which individual island continue to grow by addition
of more atoms, until they touch one another to form continuous network.

Figure 1.12 (a) Size effect of molecule or associated unit cell on inorganic substrate (lattice
mismatch) (b) effect of orientational degree of freedom leads to additional source of disorder during
the growth.

In case of organic semiconductors, thin film formation mechanism is more complex.
Organic molecules have a particular geometrical shape with an inherent anisotropy that
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differs from the intrinsic isotropy of inorganic atoms. Molecules are composed of covalent
bonds between neighboring atoms and molecule-molecule interactions are usually weak van
der Waals forces [54]. In addition, the chemical interaction between molecule and substrate
can strongly influence the growth mode. Therefore, growth modes of molecular films are
quite complicated. Typical relationship between organic molecules and inorganic substrates
are shown in Fig. 1.12, and some key issues that can lead to uniquely different growth modes
in comparison to inorganic counterparts are as follows.
(i)

Organic molecules are ‘extended objects’ and thus have internal degrees of
freedom. This is probably the most fundamental difference between growth of
atomic and growth of organic molecular systems. The orientational degrees of
freedom which are not included in conventional growth models can give rise to
qualitatively new phenomena, such as the change of the molecular orientation
during film growth, as shown in Fig. 1.12 (b). Also, even without considering a
transition during the growth, the distinction of ‘lying-down’ and ‘standing-up’
films is important and obviously only possible for molecular systems. The
vibrational degrees of freedom can have an impact on the interaction with the
surface as well as the thermalization upon adsorption and the diffusion behavior
[55].

(ii)

In contrast to the inorganic semiconductor where each ad-molecule is a single
atoms with spherical symmetry, for organic molecule like phthalocyanine each
ad-molecule involve more than 50 covalently bounded atoms, forming a unit with
low symmetry. The size of molecule and associated unit cell are in nanometer
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scale, and thus, deposition on inorganic substrate presents lattice mismatches of
one order of magnitude, as shown in Fig. 2.12 (a) [56].
(iii)

The interactions between molecules as well as between molecules and substrate
are often dominated by weak van der Waals forces. It is important to emphasize
that when integrated over all atoms within a molecule, the weak interaction
energies add up and lead to substantial molecular binding energies in the eV
range. Nevertheless the weaker interactions per atom lead to ‘softer’ materials
and, for example, strain can be accommodated more easily. Due to the weaker
interactions the thermal expansion coefficients (typically in the 10-4 K-1 range) are
large when compared to inorganic materials, which possibly leads to higher
thermally induced strain at film–substrate interfaces.

(iv)

Since we are concerned with closed-shell molecules and van der Waals type
crystals, there are no dangling bonds at the organic surface, and thus the surface
energies are usually weaker than for inorganic substrates.

Generally, most of the above points directly or indirectly impact the interactions and
thus also the barriers experienced during diffusion. Thus, not only the static structure, but
also the growth dynamics exhibit differences compared to inorganic systems.

1.4 Thin film deposition methods
In principle, all the techniques used for making inorganic thin films (e.g. thermal,
electron beam, sputtering, molecular beam epitaxy, laser ablation, solution methods etc) can
be used for the deposition of the molecular semiconductor thin films. However, depending
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upon the solubility of the molecular semiconductors, organic films are deposited by
following two major techniques:
(i)

Physical vapor deposition

(ii)

Solution processing

In the physical vapor deposition, the molecular semiconductor is vaporized or
sublimated and, molecules get deposited onto a substrate to form a film. For solution
deposition, the molecular semiconductor is completely dissolved in an organic solvent. The
solution is then coated onto the substrate by either drop-casting, spin-coating, dip-coating, or
printing. Vapor deposition normally yields more uniform films that can be controlled using
various growth parameters, such as, deposition rate, substrate temperature etc. and therefore,
is commonly used for fabricating organic electronic devices. It has also the advantages of
providing a clean environment during film deposition. One of the most used methods is
organic molecular beam epitaxy (OMBE), which imitates the molecular beam epitaxy (MBE)
of inorganic thin films. OMBE provides a fine control over the deposition rate e.g. a rate of 1
monolayer/min can be easily be achieved by controlling the effusion cell temperature.
Solution processing, on the other hand, is a relatively fast and low-priced method of
fabricating thin molecular films. However, in this method film uniformity, control of
crystallinity etc. are usually difficult to control. In the following we present an overview the
literature on the organic film deposition by OMBE and solution process methods.

1.4.1 Molecular beam epitaxy
In 1989 Hera et al. reported first study on the growth of organic molecule CuPc on
cleaved face of MoS2 using MBE [57]. MBE provides the path for best possible control of
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growth conditions in clean environmental [56] and this has triggered growth of several
organic films using MBE [56, 58-61]. Despite of several studies, the growth behavior of
organic films deposited using MBE is not fully understood. As discussed earlier, the unit cell
of molecular semiconductors are much larger than those of inorganic substrates. Thus the
lattice matching condition does not occur, which makes the epitaxial growth of molecular
semiconductors very difficult. Recently, van der Waals epitaxy (vdE) term has been coined
to refer an epitaxial growth of molecular film on weakly interacting substrate [58]. A
mismatch between the substrate and film lattices results in “strained van der Waals epitaxy”,
although for highly strained growth, epitaxial structures tend to relax at a critical thickness,
thus generating defects [56]. Following van der Walls epitaxy a number of studies have been
reported on MBE growth of organic molecular thin films. The most extensive studies of
epitaxial growth of organic molecular films have been concentrated on phthalocyanines films
on ionic substrate such as alkali halide substrate, metals and on passivated substrate of
Si(111) and GaAs(111) [56, 58, 59]. Recently a new method called weak epitaxy growth
(WEG) has been developed for the deposition of high-quality organic semiconductor thin
films. “Weak” means to decrease the interaction between the molecules and the substrate by
way of introducing a buffer layer [62, 63] . Using WEG method layer-by-layer growth of ntype F16CuPc on the monolayer p-sexiphenyl (p-6P) on SiO2 substrate with roughness less
than 1 nm has been reported [63]. Highly orientated crystalline films of p-type
phthalocyanine were also fabricated by WEG method [64, 65].
Recently Soumen has investigated in detail the growth of phthalocyanine films using
OMBE on different substrates. He has demonstrated that (i) due to high vapor pressures of
pthalocyanines, the growth temperatures are < 200˚C, which are much lower than used in
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inorganic films deposition, (ii) The molecule-substrate interaction plays a dominant role in
the growth mode of growth of phthalocyanine films e.g. if the molecule-substrate interaction
is strong e.g. in case of (0001) sapphire then the molecule stack in face-on configuration,
whereas for weakly interacting substrates e.g. glass or quartz, the molecules stack in the
edge-on configuration. (iii) The controlled defects e.g. twin boundaries in (100) LaAlO3
substrates or grain boundary of a bicrystal (100) substrate act as a template for the growth of
highly ordered phthalocyanine films [3, 66, 67].

1.4.2 Solution method
If the molecules are thermal unstable and has a finite solubility in certain solvents
then solution process is useful technique for deposition of the molecular films. In this
method, molecules are dissolved in an appropriate solvents and the solution is coated on
substrates using different methods, such as, spin coating, drop casting, doctor balding or inkjet printing. In spin coating techniques, a drop of solution is applied to the substrate which is
placed on a rotating substrate with high speed around 2000 rpm. The solution spreads on the
substrates and dries rapidly as it rotates leaving a solid film. In doctor balding technique, a
solution containing the soluble molecule is spread with uniform thickness by means of
“doctor blade”. Although by solution process techniques it is expected to produce a films in
which individual molecule are relatively disordered, but this is not always true. There are
many reports on organized layer of organic molecule deposited by solution process [7, 68].
Furthermore by spin coating high-quality continuous films of uniform thickness of same
crystalline order similar to that of Langmuir-Blodgett (LB) films of analogous compounds
can be produced. The requirement is that the materials are significantly soluble in volatile

46

Chapter-1: Introduction

solvents without the necessity for surface activity. The main advantages of solution process
techniques are easy and low cost, and large area deposition can be easily made.

1.5 Outline of thesis
This thesis is focused on the deposition of phthalocyanine films using both molecular
beam epitaxy as well as solution process techniques and to investigate their charge transport
properties as a function of applied electric field and temperature. The main objectives are:
(i)

Growth of mononuclear phthalocyanine p-type FePc, CoPc and n-type F16CuPc
films using MBE.

(ii)

Growth of binuclear (Co-Fe)Pc films by MBE using CoPc and FePc as the source
materials.

(iii) Deposition of mononuclear phthalocyanine CuPcTs films by solution process.
(iv) Investigation of the charge transport in mononuclear p-type CoPc, FePc, binuclear
(Co-Fe)Pc, and n-type F16CuPc films as a function of bias and temperature.
(v)

Growth and characterization of p-type/n-type bilayer heterostructure by MBE and
their charge transport studies.

(vi) Studies on the gas sensing characteristics of various pthalocyanine films.
The thesis comprising of various experimental technique used during the thesis work,
and various results obtained on the studies mentioned above is organized as follows.
In Chapter 2 the various experimental techniques are discussed. The details of MBE
system used for the deposition of phthalocyanine films and heterostructures are described. A
brief description of the characterization techniques, such as Scanning electron microscopy
(SEM), Atomic force microscopy (AFM), X-ray photoelectron spectroscopy (XPS), Fourier
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transform infrared (FTIR) spectroscopy, UV-Visible spectroscopy, Kelvin probe microscopy
are presented. The set up used for the measurements of charge transport and gas sensing
characteristics are presented.
In Chapter 3, details of the growth of mononuclear CoPc, FePc and binuclear (CoFe)Pc films by MBE are presented. Charge conduction in FePc films under high electrical
field are presented. A bias dependent transition from ohmic to space-charge limited
conduction to space charge limited conduction with field enhanced mobility is observed. At
temperatures <100 K, by analyzing the low bias (< 100 V) data, which is governed by
Schottky – barrier limited conduction. However at higher bias multistep tunnelling was
observed in the FePc films.A novel feature i.e. temperature dependent metal to insulator like
transition, has been observed in ultrathin CoPc films deposited on (001) SrTiO3 substrates.
In-plane compressive strains induced by structural phase transition of SrTiO3 substrate
reduce the intermolecular distance, and as a result, metallic behavior is observed. Binuclear
(Co-Fe)Pc films were found to grown only on sapphire substrates at 200°C if deposited using
the CoPc/FePc mixture in 1:1 (w/w) ratio. Formation of binuclear was confirmed by Multi
Assisted Laser Desorption and Ionization (MALDI) mass spectroscopy. The binuclear (CoFe)Pc films exhibited charge carrier mobility of ~110 cm2/Vs, which is around two order of
magnitude higher than CoPc and FePc films.
In Chapter 4, the deposition and characterization of p-type CoPc/ n-type F16CuPc
heterojunction are presented. The results on the charge transport Kelvin Probe studies on
these heterostructures are presented.
In Chapter 5, the gas sensing behavior of water soluble copper phthalocyanine
(CuPcTs) films prepared by solution process is presented. These films exhibited room
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temperature sensitivity towards Cl2 gas. Selectivity, repeatability, stability and linearity
(sensitivity vs concentration) in the range 5ppb to 2000ppb are investigated. The chemical
adsorption process of Cl2 on CuPcTs has been analyzed using Elovich equation, which
provides an alternative way of qualifying Cl2 concentration from response rate of sensor. A
comparison study of the gas sensing characteristics CoPc, FePc and binuclear (Co-Fe)Pc
films has been studied. It has been found that binuclear films are better for gas sensing
because of their high mobility.
Chapter 6 summarizes the main results obtained during the course of thesis and
directions

for

the

future

research

associated
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2.1 Introduction
In this chapter we discuss different techniques utilized to prepare and characterize the
phthalocyanine films and heterostructures. Thin films are deposited using organic molecular
beam epitaxy as well as by drop cast method. Films are characterized by a host of techniques,
such as, atomic force microscopy, scanning electron microscopy, X-ray photoelectron
spectroscopy, Fourier transforms spectroscopy and UV-Vis spectroscopy, X-ray diffraction,
Kelvin probe method etc. We present the details of the electrical characterization of the films.

2.2 Deposition of phthalocyanine films
In this section we present the details of the phthalocyanine films preparation using
MBE as well as solution process.

2.2.1 Molecular beam epitaxy
Conceptually organic molecular beam epitaxy is technologically an improved version
of the conventional thermal evaporation technique. MBE offers additional advantages to the
other deposition techniques, particularly in terms of ultra high vacuum (UHV) environment
that allows growth of epitaxial layer with extremely high purity. Other unique characteristics
of MBE are:
(i)

The beam nature of the mass flow from source to substrate: The molecules
evaporated from a source in a vacuum chamber assume the features of a beam
when the mean free path (λ) of the molecules is much larger than the source-tosubstrate distance. The occurrence of beam nature, therefore, depends on λ of
evaporating molecules and concentration of residual gas molecules in the
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evaporation chamber. Both these conditions are associated with vacuum
conditions of the growth chamber. The λ is related with pressure (p) as

λ = 3.11 × 10 −24

T
pd 2

(2.1)

where d is the diameter of the molecules [69]. The growth chamber is maintained
at better than 10-8 torr vacuum level during growth and at this pressure mean free
path (λ) for the phthalocyanine molecule is 4×104 m as calculated using eq. 2.1.
The value of λ is clearly greater than the typical source to substrate distance (40
cm) and thus ensuring the beam nature of the molecule. Apart from the pressure
during growth the residual gas pressure is also pumped down to better than 10-9
torr which ensure the low concentration of residual gas molecules which affect the
beam nature of the molecule. This low residual gas pressure also confirms that no
monolayer of residual gas formed during deposition even when the film is
deposited at very slow growth rate.

(ii)

High degree of control over growth parameters: The molecular beams are usually
produced by effusion cells, where constituent materials are evaporated under a
fine temperature control [69]. The beam flux and hence, the deposition rate, is
monitored by a gauge located near to the substrate. The beam flux can be
precisely controlled by temperature of source, with a stability of better than 1%.
The precise control over the molecular beams enables to keep the growth rate of
the film as low as 1 monolayer per second. The continuous rotation of the
substarte and thus confirming excellent uniformity in film thickness as well as in
composition on a large area substrate and high reproducibility of film preparation.
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Molecular beam can be individually blocked by beam shutter and therefore
complex heterostructure with sharp interface can be produced.

(iii) In-situ growth characterization of the films: MBE is usually equipped with
characterizations tool such as reflection high-energy electron diffraction
(RHEED), X-ray photoelectron spectroscopy (XPS), ultraviolet photoemission
spectroscopy (UPS) etc. which enables an in-situ analysis of the films.

2.2.1.1 Configuration details of RIBER-32 EVA MBE system
The photograph of the MBE system (RIBER EVA 32 E) used for thin film deposition
in the present study is shown in Fig. 2.1. It consists of three chambers namely, Introduction
Chamber, Analysis Chamber and Growth Chamber. All of them are UHV chambers and are
made of stainless steel. All seals are made of OFHC copper gaskets. This construction allows
high temperature baking (~200°C) of the entire system to reduce out gassing from the walls.
Analysis and Growth chambers are situated in a line, whereas, the Introduction Chamber is
situated at 37° off the line joining Analysis and Growth Chambers. Introduction chamber is
connected with Analysis chamber and similarly Analysis chamber with Growth chamber are
connected through gate valves. There are two magnetically coupled sample transfer
mechanisms. One is used to transfer the sample from Introduction to Analysis Chamber and
the second is used to transfer sample from Analysis to Growth Chamber. Therefore, substrate
cleaning and characterization, film deposition and characterization are performed in-situ
under UHV conditions. The details of the three chambers are presented below.
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Figure 2.1 Photograph of the MBE deposition system used for the deposition of MPc films.

(i)

Introduction chamber: In this chamber, shown in Fig. 2.1, the substrates are
loaded through the front opening flange. The substrates are fixed on a heater
assembly using silver paste, and the substrates can be cleaned by degassing the
substrate up to a temperature of 800°C. After loading the sample it is rapidly
pumped down from atmospheric pressure to ~10-9 Torr with sorption and ion
pumps. The heater assembly having the substrate is transferred to the Analysis
and/or Growth Chambers using the transfer rods.

(ii)

Analysis chamber: This chamber serves the following two purposes i.e. cleaning
of the substrates by ion etching and (ii) surface characterization of substrates and
grown films using X-ray photoelectron spectroscopy. This chamber is equipped
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with a substrate heater which can be heated upto 800°C. In order to determine the
level of cleanliness of the substrate and, chemical state and composition of the
substrate and grown films the chamber is equipped with X-ray photoelectron
spectroscopy (XPS) techniques.
(iii) Growth chamber: The growth chamber is the most important part of the MBE

system. In this chamber all the controlling elements, such as, beam sources with
their individual shutters, a main shutter, and manipulator with substrate heater and
rotation, pressure control system etc. are located.
The Growth chamber can be evacuated to better than 10-9 torr by using a
combination of turbomolecular pump and ion pump with a fully cryoshrouded
titanium sublimation pump. A helium closed-loop cryopump is also mounted for
supplementary pumping.
Effusion cells are the key components of an MBE system, because they must
provide excellent flux stability and uniformity, and material purity [69]. The
chamber contains three effusion cells. In the present study, we have used them for
CoPc (99.99%), FePc (99.99%) and F16CuPc (99.98%). Each effusion cell
includes an oven (filament + thermocouple) and fully degassed thick PBN
crucible, surrounded by adequate tantalum shielding for use in proximity of a
cryoshroud. PBN crucibles are designed to provide a very stable flux during
charge depletion. The heating filament is made of high purity tantalum foil. The
contact thermocouple is located at the bottom of the crucible. Electrical insulators
are made of PBN. The cell can be operated upto the 1400°C, and its temperature
can be controlled with an accuracy of 1°C. The source mounting flange houses
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power and thermocouple feedthroughs. Power supply and temperature control are
implemented by the use of microprocessor-based controllers.
The manipulator consists of a gauge head and a substrate heater which can be
heated upto 800°C. The manipulator allows the azimuthal rotation of the substrate
during growth. The substrates are positioned to maximize growth uniformity for a
substrate of size 1 inch diameter.
Quartz crystals monitor are mounted near the substrate to monitor the
deposition rate. Alternatively deposition rate are also monitor by the flux gauge.

2.2.1.2 Deposition procedure
Following two steps are involved in the deposition of phthalocyanine films.
(i)

Substrate preparation: Substrate preparation is very important step before growth
studies. In the present studies we have used indium tin oxide (ITO) coated glass,
twinned (001) LaAlO3, (0001) Al2O3 and (100) SrTiO3 substrates. Prior to the
introduction in the in the MBE chamber the substrates are thoroughly cleaned in
different organic solvents. In the first step the substrates were ultrasonicated in
trichloroethylene bath for 10 minutes to remove oil, grease etc. Thereafter the
substrates were sonicated in acetone and methanol separately to remove polar and
non-polar organic, inorganic impurities and dust particles. To remove the solvent,
the substrates were dried under the jet flow of dry high purity Ar gas. Finally
films are loaded in the introduction chamber of MBE system.

(ii)

Loading into MBE system and deposition: In the second step, pre-cleaned
substrates were loaded into the introduction chamber, which was subsequently
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evacuated to 10-7 torr. The substrates were heated to 500ºC to remove the residual
solvent particle and other impurities. The substrates were then transferred to
analysis chamber, where XPS studies were carried out to examine their
cleanliness. If the substrates are found to be clean, they were transferred in-situ to
the growth chamber for deposition.

Otherwise, they were taken back to

introduction chamber for further heat treatment to remove the impurities. Prior to
the deposition the, source materials (FePc, CoPc or F16CuPc) were degassed at
200 ºC for 2 to 3 times for the removal of volatile impurities. During deposition
the pressure of the growth chamber was maintained better than 10-9 torr. The films
were deposited at various substrate temperatures (25ºC to 250ºC) and the
substrate heater can be controlled within ±1ºC accuracy of temperature. The
deposition rate of the film is monitored by the flux gauge and the deposition rate
was varied between 0.02 and 0.5 nm/s by controlling the effusion cell
temperature. In order to achieve excellent uniformity in composition and
thickness, the source-to-substrate distance was kept comparatively large (40 cm)
and the substrates were rotated during the deposition. After the deposition, the
films were transferred to the analysis chamber again and films were characterized
by XPS. Finally the films were taken out through the introduction chamber for
further ex-situ characterization and charge transport measurements.

2.2.2 Solution process
Deposition of organic films requires solubility of the organic molecules in an
appropriate solvent. Unfortunately, the solubility of FePc, CoPc and F16CuPc in majority of
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organic solvents as well as in water is very poor, therefore their films cannot be prepared by
solution process. (CuPcTs) is soluble in water, and therefore we have chosen this material
for making thin films by drop casting method. First, the substrates (quartz and sapphire) were
carried out by sonicating them in try-chloro-ethylene, acetone and methanol for 10 min each,
respectively. Substrates were then dried using argon gas jet stream. In the second step, the
solution, prepared by dissolving 5 mg. of CuPcTs in 0.1 ml of de-ionised water and 0.4 ml of
methanol and sonicated for 10 min, was spread on substrate. Deposited films were dried for
few hours under ambient conditions and finally vacuum annealed at 250°C for 15 min.

2.3 Characterization techniques
2.3.1 Atomic force microscopy (AFM)
AFM measures the interatomic forces acting between a fine tip and a sample surface,
as schematically depicted in Fig. 2.2. The tip is attached to the free end of a cantilever or
tuning fork and is brought very close to a surface. Attractive or repulsive forces resulting
from interactions between the tip and the surface will cause a positive or negative bending of
the cantilever. AFM operates in three different modes: contact mode, non-contact mode and
tapping mode. At relatively large distance from the sample surface, the force of attraction
between the tip and the sample surface dominants, whereas repulsive force is most significant
at very small distance (less than few angstroms).
In non-contact mode or dynamic mode, the tip is held order of tens to hundreds of
angstroms from the sample surface, and the interatomic force between the tip and sample is
attractive (largely a result of the long-range van der Waals interactions). In contact mode or
static, the tip is brought in to close contact with sample surface less than a few angstroms, so
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that force between tip and sample becomes repulsive. The resulting deflection by cantilever
is monitored and measured by different detection techniques. For organic material, the major
problem with this mode of operation is that, surfaces can be easily scratch or damaged due to
the direct contact with the tip. These drawbacks are overcome by tapping mode. Though,
since the force of attraction is much weaker than the repulsion, the resolution is usually lower
than the contact mode of operation.

(a)

Sample Surface

Force

(b)

Cantilever or
tuning fork

Repulsive
Contact
tip-sample separation

Non-contact
Attractive
Figure 2.2 (a) Interaction of the AFM tip with sample surface. (b) Force versus separation between
AFM tip and the sample surface.

The tapping mode combines the advantages of contact and non-contact mode. In
tapping mode-AFM the cantilever is oscillating close to its resonance frequency (100-500
kHz) with amplitude of approximately 20 nm so that the tip just touching (tapping) the
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surface. An electronic feedback loop ensures that the oscillation amplitude remains constant,
such that a constant tip-sample interaction is maintained during scanning. The resolution of
this tapping mode is almost the same as that of contact mode, but it is faster and much less
damaging.

Figure 2.3 (a) Photograph showing the AFM tip and sample stage. (b) Block diagram of AFM.
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The atomic force microscope used in the present studies was Nanonics
4000SPM/AFM system, as shown in Fig. 2.3 (a). In this case, the probe is made of the glass
fiber tip (diameter 10nm) which is attached to tuning fork with pizocrystal [70]. The images
are recorded in the tapping mode by oscillating the tip at resonance frequency (20-50 kHz
depending on the tips). The probe was scanned in phase mode. During scan, phase changes
due to tip surface interaction. The difference in signal called an error signal; this signal is
sent to proportional, integrator and differentiator (PID) controller. PID sends the feedback via
high voltage pizo driver to make constant phase by moving pizodriver in z direction at that x,
y point. This way an image is generated. A schematic diagram of signal processing is shown
in the Fig. 2.3 (b). The image so generated was processed (like smoothing, flattening etc) by
NWS software [71]. This software was also used to study surface roughness by extracting
line profile from the image.

2.3.2 Scanning electron microscopy (SEM)
SEM provides information relating to topographical features, morphology and phase
distribution [72, 73]. The operation of SEM is described in Fig 2.4. The scanned electron
beam is produced in an electron microscope column. Electrons are emitted from heated
cathode and arranged through electric and magnetic fields in a proper direction to achieve the
required incident beam at sample surface. The principal elements of electron column are
electron gun, the condenser lens, and the scanning and deflecting coils. Electrons in the SEM
are accelerated at voltages in the range 2-40 kV.
Two types of interactions occur in SEM between the electrons beam and the sample
structure. These interactions may be either elastic, if the electron beam strikes the sample and
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there is a change in its direction without changing its energy (backscattered electrons), or an
inelastic interaction, which occurs when the beam of electron strike an orbiting shell electron
of the sample, causing ejection of new electrons ( secondary electrons), If the vacancy due to
the creation of a secondary electron is filled from a higher level orbital, an X-Ray
characteristic of that energy transition is produced. In addition, Auger electrons, and
cathodoluminescence are produced, as shown in Fig. 2.5. These interactions reveal the
important information about the sample to find out the surface characteristics and the
chemical nature of the sample.

Figure 2.4 Block diagram of a typical SEM setup.

63

Chapter-2: Experimental techniques

The most widely utilized signal is the secondary electron signal. Nearly all of
secondary electrons come from a region very closer to the sample surface. Secondary
electrons are characterized from other electrons by having energy of less than 50 eV. The
secondary electron is emitted from an outer shell of the specimen atom upon impact of the
incident beam. It is the most useful signal for examining surface structure and gives the best
resolution image of 10 nm or better. Since the secondary electron intensity is a function of
the surface orientation with respect to the beam and the secondary electron detector and thus,
produces an image of the specimen morphology. The secondary electron intensity is also
influenced by the chemical bonding, charging effects and back scattered electron intensity,
since the back scattered electron generated secondary electrons are significant part of the
secondary electric signal.

Electron beam
Cathodoluminescence

Auger electrons

Backscattered
electrons
X-rays

Secondary
electrons

Sample
Figure 2.5 Interaction of the electron beam with sample.

The detector is Everhart-Thornley detector composed of a scintillator, collector, light
pipe, and photo multiplier tube. First electrons striking the positively biased scintillator and
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converted to a burst of photons, that travel through the light pipe to a photomultiplier tube
which converts the photons of light into a voltage. The strength of this voltage depends on
the number of secondary electrons that are striking the detector. Thus the secondary electrons
produced from a small area of the specimen give rise to a voltage signal of a particular
strength. The voltage is led out of the microscope column to an electric console, where it is
processed and amplified to generate a point of brightness on the cathode ray tube screen.
Contrast in the SEM image is the difference in intensity, or brightness of the pixels that make
up the image. The difference in intensity represents difference in signal from corresponding
picture elements on the sample. A photograph of SEM, (Tescan make VEGA MV2300T/40
system) used in the present study is shown in Fig. 2.6.
Backscattered electrons consist of high-energy electrons (greater than 50 eV)
originating in the electron beam, that are reflected or back-scattered out of the specimen
interaction volume. The intensity of their signals increases with increase the atomic number.
Backscattered electron signal is often used to show atomic number contrast, in which areas of
higher average atomic number produce more back scattered electrons, and thus appear
brighter than lower atomic number regions. The contrast in this image is not due to colour
differences but is produced by different intensities of electrons back scattering from the
layers with different average atomic number.
The characteristics X-rays signal depends exclusively on the atoms that produced it,
hence can be used for chemical identification analysis. The EDS X-ray detector (also called
EDS or EDX) measures the number of emitted x-rays versus their energy. The energy of the
X-ray is characteristic of the element from which the X-ray was emitted.
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Cathodoluminescence (CL) is the emission of photons of characteristic wavelengths
from a material that is under high-energy electron bombardment is used to study the internal
structure of the material.

Figure 2.6 The photograph of the SEM (model: Tescan VEGA MV2300T/40).

2.3.3 X-ray photoelectron spectroscopy (XPS)
XPS was developed as a surface analysis technique in the mid-1960s by Siegbahn and
his coworkers [74]. Core level electrons have the binding energies matching to the energies
of the photons that lie in X-ray region [74, 75]. XPS are based on the photoelectric effect,
through which an atom absorbs a photon with energy (hν) in excess of binding energy (Eb) of
an electron; a photoelectron is emitted with kinetic energy
K.E. = hν - Eb
In XPS a soft X-ray source (Al-Kα and Mg-Kα) is used to ionize electrons (by
knocking out the core-level electron) from the surface of a solid sample (top few atomic
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layers). The binding energies of these electrons are measured, which are characteristics of the
elements. Binding energies of core electrons are not only element-specific but also contain
chemical information, because the energy levels of core electrons depend slightly on the
chemical state of the atom. Such shift in the energies of core level electrons arising due to
chemical state of electrons is known as chemical shift. The advantages of XPS technique are
(i) quantitative analysis of elements and chemical states of all elements except hydrogen and
helium, (ii) typical element detection limits are 0.1 atomic percentage from the top few nm,
and (iii) samples can be conductors, semiconductors or insulators [76-78].
The XPS system which we have used is mounted in the analysis chamber of the MBE
system, and thus the in-situ (i.e. without breaking vacuum) and ex-situ (i.e. exposing to
ambient) study of the deposited films were carried out. The XPS system (RIBER system
model: FCX 700) consists of Al-Kα(1486.6eV) and Mg-Kα (1253.6eV) X-ray sources and
MAC-2 electron analyzer. The binding energy scale was calibrated to Au-4f7/2 line of
83.95eV. For charge referencing adventitious C-1s peak set at 285eV was used. Each data set
was first corrected for the non-linear emission background. The data was then fitted with
Gaussian function to find the peak positions.

2.3.4 Fourier transform infrared spectroscopy (FTIR)
The frequencies and intensities of the vibrational modes observed in FTIR provide
detailed information about the nature of the bonding in the molecule [79]. FTIR spectra were
recorded using Bruker system (vertex 80V). The necessary condition for the infrared
absorbance is the presence of permanent dipole moment or change in dipole moment of the
chemical bond (between two atoms) when it interacts with IR. The absorption of IR leads to
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change in vibration level. So IR absorption helps to identify the characteristic vibrational
frequencies of organic functional group. Most of the organic molecules have vibrational
frequencies in the mid infrared range of 4000 to 400 cm-1. FTIR works on the principle of
interferometer that gives an interferogram, a plot of light intensity versus optical path
difference. The ray diagram of formation of interferogram is shown in the Fig. 2.7. This
interferogram is finally Fourier transformed to give a spectrum of infrared radiation intensity
versus wave number.

Figure 2.7 Ray diagram of recording FTIR spectra along with electronic circuit of system vertex
80V.

For our experimental purpose, FTIR spectra were recorded in two different
spectroscopy modes: attenuated total reflection (ATR) and diffuse reflectance mode. In the
ATR mode, an infrared beam is directed onto an optically dense crystal with a high refractive
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index at a certain angle. This internal reflectance creates an evanescent wave (see Fig. 2.8)
that extends beyond the surface of the crystal into the sample held in contact with the crystal.
This evanescent wave protrudes only a few microns (0.5 - 5 µm) beyond the crystal surface
and into the sample. Consequently, there must be good contact between the sample and the
crystal surface. In regions of the infrared spectrum where the sample absorbs energy, the
evanescent wave will be attenuated or altered. The attenuated energy from each evanescent
wave is passed back to the IR beam, which then exits the opposite end of the crystal and is
passed to the detector in the IR spectrometer. The system then generates an infrared
spectrum. This mode is very good technique to measure FTIR spectra of the film.

Figure 2.8 Ray diagram of recording FTIR spectra in ATR mode. The accessory used for ATR
spectra is also shown in the inset of the diagram.

2.3.5 UV-Visible spectroscopy
Absorption of the ultraviolet or visible light by molecules containing π-electrons, σelectrons or even non-bonding electrons (n-electrons) leads to electronic excitation among
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various energy levels within the molecule; as a consequence, the wavelength of absorption
peaks can be correlated with the type of bonds in the spices [80]. A diagram showing the
various kinds of electronic excitation that may occur in organic molecules is shown in Fig.
2.9. The transition between bonding and antibonding are two types:
(i) σ – σ* transition, requires large energies corresponding to absorption, most of the
transitions occurs below 200nm.

(ii) π – π* transition, occurs with molecules containing conventional double bond or triple
bond.
Similarly the transitions between non-bonding and antibonding orbitals are n – π* and n – σ*.
The absorption may sometime occur due to the d and f electron and also due to charge
transfer electrons. So this absorption study is very important tool to indentify the molecule or
functional group in the molecule.

Figure 2.9 Electronic energy levels and possible electronic transitions of π, σ, and n
electrons.
70

Chapter-2: Experimental techniques

For our experiment we have used JASCO B430 spectrometer. The schematic of the
double beam single monochromator spectrometer is shown in Fig 2.10. In this spectrometer
the intensity (I) of the beam passing through the sample is compared with a reference beam
(I0) and in output we get absorbance (A = log10I/I0) vs wavelength. Absorbance is directly
proportional to the numbers of absorbing molecules (concentration) in the light-path and path
length. This is called Beer-Lambert law, can be expressed as

A = εlc

(2.2)

where ε is the molar extinction coefficient,

concentration of absorbing species and l is

path length.

Figure 2.10 Block diagram of a typical double beam single monochromator UV-spectrometer.

2.3.6 Raman spectroscopy
The Raman effect arises when a photon is incident on a molecule and interacts with
the electric dipole of the molecule. It is a form of electronic (more accurately, vibronic)
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spectroscopy, although the spectrum contains vibrational frequencies. In classical terms, the
interaction can be viewed as a perturbation of the molecules electric field. In quantum
mechanics the scattering is described as an excitation to a virtual state lower in energy than a
real electronic transition with nearly coincident de-excitation and a change in vibrational
energy. Thus, by analyzing the scattered photons information on the vibrational motions of
atoms in molecules is obtained. These motions are a function of molecular conformation, of
the distribution of electrons in the chemical bonds, and of the molecular environment. Thus,
interpretation of the Raman spectrum provides information on all these factors [81, 82].
Raman spectra were recorded using LABRAM–1 micro/macro Raman spectrometer
(Horiba Jobin Yvon, Bensheim, Germany). The 488-nm line of an Ar+ laser was used for
excitation and the scattered Raman signals were analyzed in a back-scattering geometry
using a single monochromator spectrometer equipped with a Peltier-cooled CCD detector for
multichannel detection.

2.3.7 Kelvin Probe method
The Kelvin Probe is a non-contact, non-destructive vibrating capacitor device used to
measure the work function difference, or for non-metals, the surface potential, between a
conducting specimen and a vibrating tip. The Kelvin method was first postulated by the
renowned Scottish scientist W. Thomson, later Lord Kelvin, in 1861[83, 84]. He described
the movement caused by coulomb repulsion within a gold leaf electroscope when zinc and
copper plates brought into close proximity while the plates were electrically connected as
shown in Fig . 2.11. In 1932, this technique is modified by Zisman as a vibrating capacitor
[85].
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Figure 2.11 The original apparatus used by Lord Kelvin.

The Work Function is usually described as being the ‘least amount of energy required
to remove an electron from a surface atom to infinity or equivalently the vacuum level’. The
Kelvin probe measures the work function indirectly, i.e. via equilibrium not via extracting
electrons [84]. The Kelvin probe (KP) technique measures the contact potential difference
(CPD) between surface of sample and KP tip in close proximity. The principle of the KP
techniques is shown in Fig 2.12. The electronic energy level diagram for two conducting but
isolated materials (sample and tip) of different work functions is shown in Fig 2.12 (a). ϕtip
and ϕsample represent the work functions of the tip and sample respectively, with ϕsample < ϕtip .
If an external electrical contact is made between them, electrons flow from the sample with
the smaller work function to the tip with the larger work function. This causes the tip to
charge positively while the sample charges negatively to equalize their Fermi level. This
creates an electric potential between them, shifting their electronic states relative to each
other as shown in Fig. 2.12 (b). This electric potential called contact potential difference
(VCPD) and is exactly equals to the sample and tip work function difference. If ϕtip is known
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then ϕsample can be calculated by measuring VCPD. The VCPD is calculated by applying a
variable “backing potential” Vb in the external circuit. At the unique point where Vb = -VCPD
the electric potential between the plates vanishes and a null output signals obtained as shown
in Fig. 2.12 (c).

Figure 2.12 Principle of Kelvin probe measurement.

Traditionally, the VCPD was determined by vibrating the reference electrode (KP tip)
above the sample and adjusting Vb until a zero or null output resulted. This method of
detection is extremely sensitive to noise since the Kelvin Probe signal is diminishing with
respect to the noise background. In addition, KP measurements can only detect the CPD, real
work function measurements are only possible through calibration i.e. the KP needs to be
calibrated against a surface with known work function.
For our measurement, we have used Scanning Kelvin Probe system SKP5050
manufactured by KP technology as shown in Fig. 2.13 (a). The Kelvin probe tip (made of
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gold) and sample mounting stage is shown in Fig 2.13 (b). In this system VCPD is measured
by off-null detection method or 'Baikie Method' where the signal is measured at high signal
levels far from balance is correspondingly much less sensitive to noise than traditional
systems, with work function resolution 3-5 meV. In our measurements, standard
gold/aluminum sample manufactured by KP technology was used for calibration purpose.

(a)

(b)
Kevin probe
Tip

Sample

Figure 2.13 A photograph of (a) Scanning Kelvin probe system SKP5050 manufactured by KP
technology and (b) Kelvin probe tip and sample stage.

2.3.8 X-ray diffraction (XRD)
For the determination of the structure of the deposited films, X-ray diffraction in
different configurations are carried out. These are discussed as follows.
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Figure 2.14 Schematic diagram of powder X-Ray diffractometer

2.3.8.1 Powder XRD
We have used powder X-ray diffractometer (Seifert XRD 3003TT) in θ-2θ scan mode
to characterize the orientation and structure of the grown Pc thin films. Fig. 2.14 shows the
schematic diagram of the diffractometer, which consists of an X-ray source, and a
goniometer for mounting sample and X-ray detector. The X-ray source used was Cu Kα
having wavelength of 1.54056Å, which has been selected using a Graphite monochromator.
For mounting thin films, a specially designed Perspex holder (having a groove of dimension
10 mm×10 mm×1mm) was employed. The films were mounted on this groove using red wax
in such a way that X-rays fall on the film plane. Since the wavelength (λ) of X-rays coincides
with the atomic spacing (d) in the solids, it diffracts in those orientations of 2θ, where the
Bragg condition of diffraction [86] i.e. 2d sinθ = nλ (θ being the angle which incident beam
makes with the plane of sample) is satisfied. While recording the diffraction pattern with
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detector, the sample is synchronously rotated along with the detector, such that the incident
X-ray incident beam makes an angle θ with the plane of sample whereas detector is at angle
2θ with respect to incident beam. This is commonly known as θ-2θ scan of X-ray diffraction.
The recorded diffraction pattern is compared with standard pattern to get information about
the phase of the samples. The lattice parameters are obtained by fitting the recorded
diffraction peaks using least-square fitting software.

2.3.8.2 Grazing angle XRD
In powder or normal geometry contribution from the substrate to diffraction can
sometimes overshadow the contribution from the thin films. Therefore the structures of the
very thin films (typically less than 20 nm) were investigated by Grazing angle X-ray
diffractometer. The schematic of this diffraction configuration is shown in the Fig. 2.15. In
this configuration, incident X-ray falls at a very small angle (e.g. 0.1º) which is fixed with the
sample surface and detector does 2θ scan. The sampling depth (D) is related with angle of
incidence (φ) by the formula,

D (ϕ ) =

λ
4π q

where λ is the x-ray wave length (1.541Å), and
q=

[ (ϕ

δ i = λ(

2

)

− ϕ c2 + 4(δ i ) 2 + ϕ c2 − ϕ

] ( 2)
1/ 2

−1

µ
) , φc is the critical angle of incidence and µ is the linear absorption coefficient
4π

[87] . In the present studies, we have employed φ = 0.1º, which leads to a sampling depth of
~ 10 nm; and thus this technique becomes ideal for analyzing the structure of very thin films
without having interference from the substrates.
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Figure 2.15 Schematic diagram of the grazing angle X-ray diffraction.

2.3.9 X-ray reflectivity
When X-ray beam falls on a surface it under goes total external reflection below
certain critical angle (θc). Above the θc, the X-ray starts penetrating inside the layer and the
reflectivity of the sample falls off with a slope depending on the incidence angle and the
roughness of the interface. The oscillation on the reflectivity spectrum above θc (generally
known as the Kiessig oscillations) is due to the finite thickness of the layer. In general, the
thickness of the film can be obtained from the frequency of oscillation, while the slope of the
curve gives the roughness of the interface [88]. Grazing incidence X-ray reflectivity
(GIXRR) for Pc thin films was carried out using CuKα radiation (1.54 Å) on a computercontrolled reflectometer (Kristalloflex 710 D X-ray generator (SIMENS) and D5000
diffractometer) and the obtain reflectivity data fitted theoretically to extract thickness and
interface roughness.
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Figure 2.16 Schematics diagrams of (a) SIMS and (b) MALDI techniques.

2.3.10 Secondary Ion Mass Spectrometry (SIMS) and Matrix-assisted laser
desorption/ionization (MALDI)
Both techniques (SIMS and MALDI) give information about the molecular mass. In
SIMS technique, sample is bombarded with high energy Ar ion (~ 5-40 keV), which sputter
the films in the forms of ionized molecules / their fragmented parts. The resulting of ionized
molecules / their fragmented are accelerated into a mass spectrometer, where they are mass
analyzed by measuring their time-of-flight (TOF) from the sample surface to the detector as
schematically shown in Fig. 2.16 (a).
In case of MALDI, a sample is mixed or coated with an energy absorbing matrix and
subsequently a laser beams (N2 laser, wavelength ~ 300 nm, energy density ~ 20 µJ/cm2)
falls on the films as schematically shown in Fig. 2.16 (b). This process assist in emission of
molecular ion, which later analyzed using TOF mass spectrometer, ions are separated and
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recorded based on their mass (molecular mass) to charge ratio (m/z). The desorption process
in MALDI is soft with very low fragmentation of analyte molecules [89].

Figure 2.17 A schematic of in plane charge transport measurement geometry.

2.4 Charge transport measurement
For electrical and gas sensing measurement gold electrode were deposited by thermal
evaporation method. Gold pads (size: 2 mm ×3 mm) were deposited through a metal mask
with different electrode spacing (12 µm). The films are loaded in vacuum chamber which is
connected to a TMP based vacuum pumping system. To deposit gold electrodes, 99.99%
pure gold wire is loaded on a tungsten filament, which was resistively heated by external
power supply. To prevent diffusion of gold atoms into the Pc films, electrodes are deposited
with very slow rate (0.5 Å/s). The deposition rate and thickness of the deposited electrodes is
monitored through a quartz crystal monitor.
The charge transport measurements were carried out using in planar geometry. The
in-plane geometry, as shown in Fig. 2.17, has following distinct advantages over the out-ofplane geometry in which films is sandwiched between two electrodes.
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(i)

In the out-of-plane geometry, metal atoms from the electrode can get incorporated
in the films, which can act as charge trapping centers, and hence, can give rise to
hysteresis in J-V characteristics [109].

This makes it difficult to isolate the

intrinsic hysteretic effect. This problem will not arise in the in-plane geometry, as
the electrodes are far apart (12 µm).
(ii)

Large electrode spacing also indicates that the contribution of contact resistance is
very small compared to the film resistance.

Therefore in our studies we measured J-V characteristics using two-probe in-plane
geometry. To measure J-V characteristics a silver wire is attached to the previously deposited
electrode by conducting silver paint. Keithley 6487 picoammeter/voltage source and
computer based data acquisition system were used to record the J-V characteristics. All
measurements were carried out in dark to avoid the problem of photoconductivity. In order to
rule out the effect of film inhomogeneities, J–V characteristics were measured on at least
three pairs of electrodes deposited on a film at different positions. For measuring the
temperature dependence of the resistivity and temperature dependent J–V characteristics, the
samples were mounted in a closed cycle cryostat. The cryostat (CCR APD Cryogenics make)
consists of a compressor, which compresses the Helium gas and expands it in the vicinity of
the sample chamber. Because of Joule Thomson expansion of Helium gas, its temperature
falls and it cools the region surrounding it. Platinum resistance sensors (Pt-100) are used to
monitor the temperature. Lakeshore temperature controller (Lakeshore 330 auto tuning
temperature controller) controls temperature of the sample chamber. A small manganin
heater was used to heat the sample for measurements of transport properties at different
temperatures.
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Figure 2.18 Schematic representation of gas sensing measurement setup.

2.5 Chemiresistive gas sensing measurement
The gas sensitivity of the films was measured using a home-made gas sensitivity
measurement setup, as shown in Fig 2.18. The sensor films are mounted on a heater surface.
The temperature of the heater was controlled by an external power supply and temperature
controller. The sensor assembly was mounted in a leak tight 1000 ml stainless steel container,
and the known amount of gas (to be sensed) was injected into the chamber using a microsyringe. To measure the response of the sensor films for a particular gas, current at a
particular bias as a function of time was measured by Keithley make 6487
picoammeter/voltage source and computer based data acquisition system. For the recovery of
the sensor, the chamber was exposed to the ambient atmosphere. A photograph of gas
sensing setup, used in the present study is shown in Fig. 2.19 (a). The sample was mounted
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on a heater in a leak tight stainless steel chamber (net volume: 1000 cm3) as shown in Fig.
2.19 (b).

(a)
Chamber

(b)

Sample
Heater

Figure 2.19 A photograph of (a) gas sensing setup and (b) top view of stainless steel chamber.
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3.1 Growth of mononuclear phthalocyanine films
In this section we discuss the results on the growth and characterization of
phthalocyanine films deposited by MBE as well as solution processing.

3.1.1 Phthalocyanine films by MBE
Thin films of p-type FePc, CoPc as well as n-type F16CuPc films were deposited by
MBE on various substrates (0001) Al2O3, twinned (001) LaAlO3, and (100) SrTiO3
substrates. We have optimized all the deposition parameters, such as, film thickness,
deposition rate, and substrate temperature. The optimized values of these parameters are
respectively, 20 nm, 0.2 nm/s and 200°C. All the results in this thesis work are presented
using films grown under these optimized parameters until unless specifically mentioned.

3.1.1.1 FePc films
Here we describe the results on FePc films deposited on (0001) Al2O3 substrate.
Al2O3 crystalline substrate in its pure form is also known as sapphire or corundum. The
(0001) orientation of Al2O3 substrate is shown in Fig. 3.1 (a) and is described by in terms of
hexagonal four-dimensional Miller-Bravais indices [90]. The unit cell parameters are a =
4.757 Å, b = 4.757 Å, c = 12.9877 Å and α = 90°, β = 90°, γ = 120° [91]. The structure of
Al2O3 is consists of a hexagonal closed packed structure consists of 12 Al3+ and 18O 2-. The
oxygen stacking sequence runs along the c-axis, and a unit cell consists of six oxygen layers,
giving six formula units per unit cell. The normal termination for the clean (0001) α-Al2O3 is
one Al ion per three O ions with Al terminal ion slightly above the plane of closely packed
oxygen [92]. The Al terminated surface or some time hydroxylated Al terminated surface
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become very reactive to the phthalocyanine molecules [93]. The AFM image shown of the
(0001) Al2O3 sapphire substrate is shown in Fig. 3.1 (b) that has a roughness of < 0.25 nm.

c-plane or (0001)

(a)

(b)

Figure 3.1 (a) Representation of (0001) orientation of hexagonal Al2O3 substrate. (b) AFM image of
(0001) Al2O3 substrate.

Typical GIXRD spectrum of the FePc film deposited on (0001) Al2O3 is shown in
Fig. 3.2 (a). Presence of a single intense Bragg peak at an angle of 25.90º (FWHM ~ 0.16º),
indicates that film is highly crystalline in nature. From this data the estimated inter-planer
distance was found to be 0.34 nm. It indicates that the FePc molecules are lying flat on the
substrate and are stacked face-to-face with b-axis parallel to the surface normal as shown in
Fig 3.2 (b) [94]. A possible reason for the face-on stacking could be the interaction between
metal atoms of FePc molecules and (0001) Al2O3 surface. It has been reported in literature
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that (0001) Al2O3 surfaces are highly reactive and metal films deposited in these substrates
grow in a layer by layer (i.e. Frank van der Merwe mode) growth mode [93, 95] . However,
the effect of substrate no longer remains as the thickness is increase e.g. films having
thickness ~ 100 nm exhibited a polycrystalline nature [96].

d ~ 0.34 nm
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Figure 3.2 (a) GIXRD pattern of FePc films on (0001) Al2O3 substrate (b) Schematic depicting the
molecular stacking of FePc molecules in face-on configuration.
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Fig. 3.3 (a) shows typical 5 µm x 5 µm AFM image of FePc film grown on (0001)
Al2O3 substrate. It apparent that the morphology of films consists of dense packed grains.

Fig. 3.3(b) shows the roughness profile along the line drawn in Fig. 3.3 (a). It is observed that
most of the grains coalesce and few of them have excess growth perpendicular to the
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substrate plane. The average surface roughness of the film was found to be ~3 nm.
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Figure 3.3 (a) AFM images (size: 5 µm x 5 µm) of the FePc films on (0001) Al2O3 substrate. (b)
Height profile is given along the line drawn on the image.

Typical UV-Visible spectrum recorded for FePc films is shown in Fig. 3.4. In the
near UV region the B-band or Soret band representing the π-π* transition appears at peak
position 326 nm. The Q- band near the visible region, which originates from π-π* transition
in the porphyrin ring appears at 561 and 619 nm [97]. For the FePc powder dissolved in
chloroform solution, the Q- band appears at 588 nm and 705 nm (shown inset of Fig 3.4).
The blue shift of the UV-visible spectrum for the films as compared to FePc powder
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dissolved in chloroform solution confirms the face-on stacking (H- aggregation) of the
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molecules [98].
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Figure 3.4 UV-Vis spectrum for FePc films (the inset shows UV-Vis spectra for FePc powder
dissolved in chloroform solution).

3.1.1.2 CoPc films
Here we present the results on the CoPc films deposited on (0001) Al2O3 and (100)
SrTiO3 substrates.

(a) CoPc films on (0001) Al2O3 substrate
The GIXRD pattern of the CoPc films grown on (0001) Al2O3 substrate is shown in
Fig. 3.5. Presence of a single intense Bragg peak at 25.88° (equivalent to intermolecular
plane distance of 3.45 Å), corresponds to the face-on stacking of the molecules. It indicates
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that the CoPc molecule lying is highly crystalline with b-axis normal to the substrate, which
is identical to that of FePc films.
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Figure 3.5 GIXRD pattern of CoPc films grown on (0001) Al2O3 substrate.
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Figure 3.6 (a) AFM image (size: 5 µm x 5 µm) of the CoPc films on (0001) Al2O3 substrate. (b)
Height profile is given along the line drawn on the image.
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Figure 3.7 UV-Vis spectrum for FePc films (the inset shows UV-Vis spectra for CoPc powder
dissolved in chloroform solution.).

Fig. 3.6 (a) shows typical AFM image of CoPc films grown on (0001) Al2O3
substrate. It reveals that film consists of highly dense grains.

Fig. 3.6 (b) shows the

roughness profile along the line drawn in Fig. 3.6 (a), which reveals an average roughness of
2.5 nm.

In UV-Visible spectrum recorded CoPc films (shown in Fig. 3.7) a sharp B-band or
Soret band representing the π-π* transition appearing at 326 nm. The Q- band appears at
around 620 nm. For the CoPc powder dissolved in chloroform solution, the Q- band appears
at 662 nm. The blue shift of the UV-visible spectrum for the films as compared to powder of

92

Chapter-3: Growth and conduction mechanism of mononuclear and binuclear phthalocyanine films

these molecules dissolved in chloroform solution confirms the face-on stacking (Haggregation) of the CoPc molecules.

Figure 3.8 SrTiO3 unit cell at room temperature which shows a cubic structure.
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Figure 3.9 (a) GIXRD data for CoPc films grown on (100) SrTiO3 (b) Schematic representation of
the stacking of CoPc molecules with a-axis perpendicular to the substrate plane.
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(b) CoPc films on (100) SrTiO3 substrate
The (100) SrTiO3 (also abbreviated as STO) has cubic structure, as shown in Fig. 3.8
with lattice parameter a = 3.9 Å at room temperature. It goes a structural phase transition
from cubic to tetragonal at 105K [99].
A GIXRD spectrum for CoPc films grown on (100) SrTiO3 is shown in Fig. 3.9 (a).
In GIXRD, presence of a Bragg peak at 6.7º, corresponding to the (002) peak of α-CoPc
phase, indicates that films are crystalline with a-axis normal to the surface and molecules are
stacked edge to edge [66]. In this molecular orientation b-axis (π-π staking direction) is
parallel to the substrate plane as shown in Fig. 3.9 (b).

(a)

(b)

1.4

200nm

Height (nm)

1.2
1.0
0.8
0.6
0.4
0.2
0.0
0.0

0.2

0.4

0.6

0.8

Length (µm)

1.0

Figure 3.10 AFM image of CoPc films on (100) SrTiO3 substrate.

The AFM image of CoPc films on (100) SrTiO3 along with height profile is shown in
Fig. 3.10 (a). Fig. 3.10 (b) shows the roughness profile along the line draw in Fig 3.10 (a). It
reveals that films consists of highly dense CoPc grains and very smooth in nature with
average roughness 0.6 nm.
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3.1.1.3 F16CuPc films
F16CuPc films were deposited on twined (001) LaAlO3 substrate. The high
temperature phase of LaAlO3 is cubic whereas the room temperature structure is
rhombohedral. The lattice parameters of rhombohedral LaAlO3 at room temperature are a =
5.357 Å, α = 60º6', which corresponds to a = 3.79 Å, α = 90º5' based on a pseudo-cubic cell
[100]. Since α is larger than 90º, LaAlO3 is associated with a spontaneous strain along the
cubic <111> directions during the cubic to rhombohedral transition. To compensate this
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spontaneous strain the twinning arises.
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20

Figure 3.11 GIXRD data for F16CuPc film grown on (001) LaAlO3 substrate.

The GIXRD data of F16CuPc films on LaAlO3 substrate is shown in Fig. 3.11. The
GIXRD peaks appears at the 7.17º, indicating that F16CuPc molecules are stacked edge to
edge with a-axis normal to the surface which is identical to the CoPc molecule stacking on
(100) SrTiO3 substrate.
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Figure 3.12 (a) AFM image (size: 5 µm x 5 µm) of F16CuPc films on (001) LaAlO3 substrate. (b)
Height profile is given along the line drawn on the image.

Fig. 3.12 (a) shows typical AFM image of F16CuPc films grown on LaAlO3 substrate.
It reveals that film consists of highly dense grains. Fig. 3.12 (b) shows the roughness profile
along the line drawn in Fig. 3.12 (a), and it shows that films have an average roughness of
1.2 nm.

3.1.2 Sulfonated phthalocyanine films by solution process
Thin films of CuPcTs of nominal thickness ~ 1µm were prepared by drop cast method
on pre-cleaned quartz and (0001) Al2O3 substrate and finally vacuum annealed at 250°C for
15 min. The detail of the deposition is discussed in Chapter 2.
Typical SEM images and GIXRD pattern of CuPcTs films on quartz and (0001)
Al2O3 substrates are shown in Fig. 3.13 (a) and (b) respectively. It is clear that the
morphology of CuPcTs films is identical deposited on quartz and (0001) Al2O3. Absence of
the any peak in the XRD data shows that these films are amorphous in nature. In case of drop
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cast method role of substrate (i.e roughness and chemical reactivity) is not as important as in
MBE deposition. A photograph of drop cast films is shown in Fig. 3.13 (c), which indicates
the non-uniformity of the films, in particularly at the edges of the substrate. This is expected
due to the evaporation of the solution drop.
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Figure 3.13 GIXRD patterns and SEM images of drop casted CuPcTs films (a) on quartz substrate
(b) (0001) Al2O3 substrate (c) A photograph of drop casted CuPcTs film on quartz substrate.
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3.2 Growth of binuclear (Co-Fe)Pc films by MBE
In this section we present the growth of binuclear (Co-Fe)Pc films on (0001) Al2O3
substrates. For preparing binuclear films two methodologies were adopted: (i) co-evaporation
from independent CoPc and FePc sources with deposition rates independently controlled by
source temperatures and (ii) using evaporation of a homogenous mixture of CoPc and FePc
in equal weight ratio prepared by grinding for 30 min. Both routes yielded similar results.
The second approach is relatively easier to control and hence all the samples reported in the
present study were prepared using this approach. The characterization of binuclear (Co-Fe)Pc
films is presents below.
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Figure 3.14 Room temperature resistivity (ρ300K) of composite CoPc-FePc films as a function of
FePc concentration.

3.2.1 Room temperature resistivity
Fig. 3.14 shows the variation of room temperature resistivity (ρ300K) measured at 50 V
as a function of FePc concentration in the composite CoPc-FePc films. The resistivity is
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found to be for concentration of 1:1 due the formation of minimum binuclear (Co-Fe)Pc (as
discussed later) and is significantly higher for individual films. The results indicate best
transport characteristics for binuclear (Co-Fe)Pc films and therefore these binuclear (Co-
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Figure 3.15 (a) Secondary ion time of flight mass spectrometry (SIMS) data. (b) Matrix assisted laser
desorption ionization time of flight mass spectrometry (MALDI) data for FePc, CoPc and binuclear
(Co-Fe)Pc films.
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Figure 3.16 Schematic showing the chemical structure of binuclear (Co-Fe)Pc molecule.

3.2.2 Mass spectrometry study
The binuclear (Co-Fe)Pc films along with mononuclear FePc and CoPc films were
characterized by (Secondary Ion Mass Spectroscopy) SIMS and (Matrix Assisted Lasers
Desorption Ionization) MALDI time of flight mass spectrometry. The results obtained from
SIMS and MALDI techniques are shown in Fig. 3.15 (a) and (b) respectively. In the SIMS
spectra for all films monomer peak is present at ~ 570 amu, however for binuclear films there
is an additional peaks at 858 amu, which suggest that in binuclear films there are molecules
having higher molecular mass than individual FePc or CoPc. This indicates that the binuclear
molecules undergo fragmentation. This picture is clearer in the MALDI spectrum shown in
Fig. 3.15 (b). Here in addition to monomer peak present for all films, additional peak at
higher molecular mass (1136 amu), which is almost double as compared to the monomer
mass, confirming the formation of binuclear (Co-Fe)Pc molecules. The proposed molecular
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structure of a binuclear (Co-Fe)Pc molecules is shown in Fig. 3.16. In this scheme CoPc and
FePc are covalently joined through the corner benzene ring.
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Figure 3.17 GIXRD spectra of binuclear (Co-Fe)Pc films along with CoPc and FePc films.

3.2.3 Structure and morphological characterization
The GIXRD spectra of binuclear (Co-Fe)Pc films along with mononuclear CoPc and
FePc films are shown in Fig. 3.17. A single peak at an angles 25.88º (FWHM~ 0.14º) were
observed for binuclear films and estimated inter-planer distance was found to be 3.43Å for
binuclear films. It indicates that binuclear molecules are lying nearly flat on the substrate and
are stacked face-to-face, with the short b-axis parallel to the surface normal similar to
mononuclear molecules, which we have already discussed. As the spectra of binuclear films
has been measured under similar conditions along with individual films of same thickness,
high intensity, and smallest full width half maximum (FWHM) of binuclear films indicates
the better face-on stacking of the molecules compared to mononuclear films.
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The AFM image shows dense and smooth morphology of binuclear (Co-Fe)Pc films
indicating the films grow in 2-dimensional growth mode as shown in Fig. 3.18 (a). Fig. 3.18
(b) shows the roughness profile along the line draw in Fig. 3.18 (a) and it shows that average
roughness of (Co-Fe)Pc films is 1 nm. It indicates (Co-Fe)Pc films are smoother than
mononuclear CoPc and FePc films.
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Figure 3.18 (a) AFM image of binuclear (Co-Fe)Pc film. (b) Height profile is given along the line
drawn on the AFM image.

3.2.4 X-ray photoelectron spectroscopy study
The X-ray photoelectron spectroscopy (XPS) data’s for the FePc, CoPc and binuclear
(Co-Fe)Pc films are shown in Fig. 3.19. It can be seen that for binuclear (Co-Fe)Pc
phthalocyanine Co-2p3/2, Fe-2p3/2, N-1s and C-1s peaks shifts to higher binding energy
values. An increase in binding energy of core electrons of any element indicates that valence
electrons of the atoms are participating in the bonding. Therefore for binuclear (Co-Fe)Pc
films it can be concluded that effective valence electron cloud of pyrrole rings and central
metal (cobalt / iron) has shifted towards benzene rings of the molecules and takes part in
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molecular bonding. The feature of this bonding between two molecules can be seen in the C1s spectra, where a new peak at binding energy of ~ 288 eV has evolved for binuclear films.
Our XPS results are in contrast with the results of the Zhang et. al , where their XPS results
show that the two different metal phalocyanines in their binuclear films are electronically
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Figure 3.19 Co-2p3/2, Fe-2p3/2, N-1s and C-1s XPS spectrum for the CoPc, FePc and binuclear (CoFe)Pc films.
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3.2.5 Raman spectroscopy
Fig. 3.20 shows Raman spectra of all films in the wave number region 1230 - 1560
cm-1 .The most intense peaks in this region are at ~1541 cm-1 and 1340cm-1. The peak at
1541cm-1 has been attributed to the B1 Raman mode due to large tangential C-N-C bridging
bond displacements and the peak at 1340cm-1 is attributed to the M (Co or Fe)-N symmetric
stretching mode in phthalocyanine rings [102]. The intense Raman peak of C-N-C bridge
bond is normally used as marker for change in metal ion environment [103]. For the binuclear (Co-Fe)Pc films, pronounced blue shift of C-N-C peaks is clearly evident (the
enlarged spectral region around 1541 cm-1 is shown in the inset of Fig. 3.20). It indicates that
electronic environment around Co / Fe atoms is significantly different in the binuclear (Co-
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Figure 3.20 Raman spectra for the FePc, CoPc and binuclear (Co-Fe)Pc films.
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3.2.6 UV-visible spectroscopy
UV-Vis absorption spectra of FePc, CoPc and binuclear (Co-Fe)Pc films are shown in
Fig. 3.21. For CoPc and FePc films a sharp B-band appearing at ~ 336 nm, and a broad Qband absorption in the region of 600-750 nm for phthalocyanines films as we have discussed
earlier. A clear blue shift of B and Q bands is seen for binuclear (Co-Fe)Pc films as
compared to CoPc and FePc films, indicating the energy levels has been changed in binuclear
(Co-Fe)Pc films as compared to CoPc and FePc films. As we have discussed for
phthalocyanine films, in general the blue or red shift of the UV-visible spectrum is observed
if there is H (i.e. face-on overlap) or J aggregation (i.e sidewise overlap) of the molecules
[104]. Since in this case a clear blue shift of the spectra for binuclear (Co-Fe)Pc films as
compare to mononuclear CoPc and FePc films confirms the presence of binuclear (Co-Fe)Pc
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Figure 3.21 UV-Vis spectrum for the FePc, CoPc and binuclear (Co-Fe)Pc films.
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3.2.7 Growth mechanism of binuclear films
The results of SIMS, MALDI, GIXRD, AFM and UV-Vis clearly indicates the
formation of binuclear (Co-Fe)Pc films. It may be noted here that the binuclear films were
found to form on only (0001) Al2O3 substrates. Such binuclear molecules were not found to
form on other substrates, such as, LaAlO3, SrTiO3 etc. The mechanism of the binuclear
formation on (0001) Al2O3 could be attributed to the face-on stacking of the molecules as
well as the catalytic effect of the Al+3 terminated surface.
To explain the better structure ordering and smooth morphology of binuclear films
compare to the mononuclear films we have purposed a model on the basis of this binuclear
formation. In the case of binuclear phthalocyanine molecule (as shown in Fig. 3.16), there is
a pile up of electron density (required for bonding) at the bridging sites between FePc and
CoPc molecules and the remaining part of the molecule will be electron deficient hence
positive. Confirmation of this comes from XPS data as we have discussed above. In binuclear
(Co-Fe)Pc films effective valence electron cloud of pyrrole rings and central metal has
shifted towards benzene rings of the molecules and takes part in molecular bonding with
other molecules. Due to higher dipole moment of binuclear phthalocyanine molecules the
van der Waals interaction between molecules will be stronger as compare to mononuclear
FePc and CoPc molecule, which results in a very good molecular arrangement. In the inplane direction there is an edge overlap between molecules while in out of plane the stacking
of molecules will be face- to- face. Such a stacking of molecules in binuclear phthalocyanine
is shown by schematic diagrams in Fig. 3.22 (a). In case of mononuclear CoPc or FePc films,
in the out of plane direction molecules will be stacked in face-to-face manner, and in the in
plane molecules are stacked in edge-on manner as shown in Fig. 3.22 (b). Initially, CoPc and
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FePc molecule lying flat, but after a certain thickness molecule- molecule interaction
dominates and CoPc and FePc molecules films starts to grow randomly. That’s why
roughness of mononuclear CoPc and FePc films is more compare than binuclear (Co-Fe)Pc
films.

(a)

(b)

Figure 3.22 Molecular stacking schematic (perpendicular to the substrate plane) shown for (a)
binuclear (Co-Fe)Pc and (b) mononuclear CoPc and FePc.
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3.3 Theoretical models for charge conduction
The charge conduction in organic semiconductor can be divided in two categories: (i)
bulk limited conduction and (ii) electrode limited conduction. In any charge conduction study
there will always be a charge injecting electrode and a collecting electrode and the active
layer between them as shown in Fig. 3.23. The dominant process between these two will be
decided by the relative position of Fermi level of metal and semiconductor and the potential
barrier existing between metal electrode and semiconductor. Both conduction processes in
detail are described below:

Figure 3.23 The schematic of charge transport measurement showing an active organic
semiconducting layer sandwich between charge injecting and collecting electrodes.

3.3.1 Bulk limited conduction
If the contact between the electrode and the molecular semiconductor is Ohmic, with
resistance of the bulk material is much higher than the contact resistance, then the current
will be easily injected into the semiconductor material and the charge conduction will be
dominated by the bulk [96]. By Ohmic contact we means that the density of the free charge
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carriers at the region of contact is much higher than the density of free charge carriers in the
bulk of the semiconductor. An Ohmic contact thus provides a sufficient reservoir of charge
carriers and is capable of supplying carriers to the material as required by the bias conditions
[37]. The term “Ohmic contact” does not essentially mean that the current follows Ohm’s
law, i.e. that the current I depends linearly on the voltage V. The various type of bulk limited
conductions observed in molecular semiconductor are described below.

3.3.1.1 Ohmic conduction
Ohmic conduction occurs when the bias is so low that injected charge carriers are
negligible compared to the thermally generated charge carriers in bulk. Therefore charge
carriers will drift from one electrode to another due to the application of electric field. Under
these conditions, the current density is linearly proportional to the applied bias, which is
given by Ohm’s law
J = n0 eµ

V
d

(3.1)

where n0 is the free carrier density and µ is the charge carrier mobility.

3.3.1.2 Space charge limited conduction (SCLC)
At higher bias, the carriers injected from the Ohmic contacts exceed that of the
thermally generated carriers and these carriers start piling up in the vicinity of injecting
electrode. However the injected charge carrier density decays very fast in moving away from
the injecting electrode. The injected carrier profile creates its own a strong electric field. The
conduction that flows in the semiconductor is control by this space charge field and is known
as the space charge limited conduction. In space charge condition, the J-V characteristics
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depend on the applied bias, temperature and the nature and density of traps in the
semiconductor. Here we describe the details of space charge limited conduction (a) trap free
space charge limited conduction (b) space charge limited conduction with trap.

(a) Trap free space charge limited conduction
We first consider the perfect intrinsic semiconductor, free of traps. Current-voltage
relation in the space-charge limited currents regime can be obtained using following
equation:
Continuity equation:

dJ
=0
dx

(3.2)

Current density:

J = eµn( x ) F( x )

(3.3)

Poisson equation:

dF ( x )
dx

=−

e

ε 0ε r

n( x )

(3.4)

where µ is the mobility defined as the constant of proportionality in the relationship between
the applied electric field, F, and the drift velocity of the charge carriers, ν, given by ν = µF, e
is the charge of the electron, n(x) is the local charge carrier density, ε0εr is the permittivity of
the semiconductor material.
From eq. (3.3) and (3.4)
J = − µε 0ε r

Jx = µε 0ε r

dF( x )
dx

(3.5)

F( x )

F(2x ) − F( 20)

(3.6)

2

Using F(0) = 0 ( because for Ohmic contacts, the electric field at the interface (x = 0)
must be zero), we get
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 2 jx
F( x ) = 
 µε 0ε r





(3.7)

Finally the current voltage relationship can be obtained by integration of the electric
field using the boundary condition F(0) = 0,
d

V = ∫ F( x ) dx

(3.8)

0

We get,

9
V2
J = ε 0ε r µ 3
8
d

(3.9)

This is nothing but Mott- Gurney law describing current-voltage relation in a trap free
insulator [106]. It is evident from the eq. (3.9) that current density varies with square of
voltage and by knowing the value of permittivity, mobility can be found out from the J-V2
plot.
Thus the crossover voltage at which the transition Ohm’s law (eq. 3.1) to trap-free
square law (eq. 3.9) occurs can be derived as:

Vt =

8en0 d 2
9ε 0ε r

(3.10)

(b) Space charge limited current in presence of trap
In the actual samples, impurities, dislocations and rough grain boundaries are
commonly observed, creating local energy states (trap) below the transport energy level
reduce the current at lower injection level as they capture and immobilize most of the
injected charge carrier. The presence of these unfavourable trap states can influence the
transport of charge within the bulk, resulting in non-ideal current-voltage characteristics. The
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trap can either be shallow or deep depending on their energy level. On the basis of their
energy levels, the traps can be classified as shallow or deep. The so-called shallow traps refer
to traps whose energy levels (Etn) are located above the quasi-Fermi (EFn) level for electron
traps, and to traps whose energy levels (Etp) are located below the quasi–Fermi level (Etp) for
hole traps. Conversely, deep traps refer to traps whose energy levels are located below the
quasi-Fermi level for electron traps, and to traps whose energy levels are located above the
quasi–Fermi level for hole traps as shown in Fig. 3.24. If the trap depth is large or
temperature is low, most of the injected carriers are trapped. A given applied voltage can
carry only a fixed quantity of total charge in the semiconductor. Hence the injected free
carrier density is significantly reduced in the presence of traps. Both the trapped and the free
charge carriers determine the space charge. The Poisson eq. (3.4) changes to,

dF
e
=−
(n + n )
dx
ε 0ε r ( x ) ( t )

(3.11)

where nt(x) is the trapped carrier density. The transport equation (3.3) remains unchanged. Eq.
(3.3) and (3.11) are now solved to get J–V relation for the molecular semiconducting sample.
To solve these equations we need to identify the trap depth Et. We will consider that the traps
distribution is uniform in space but may have a non-uniform distribution in the energy space.
Three different distributions in the energy space have been considered in detail in the
literature [107, 108]. (1) all traps at a single energy level, (2) a Gaussian distribution of traps
in the energy space, (3) exponentially distributed traps in the energy space.
-

Single energy level traps the distribution can be written as
h ( E ) = N ( t )δ ( E − E ( t ) )

-

(3.12)

An exponential distribution
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h( E ) =

-

 E
exp −
kTC
 kTC

N (t )





(3.13)

A Gaussian distribution peaking at Et
h( E ) =

 ( E − Et ) 2
exp −
2σ 2
σ 2π

Nt






(3.14)

Here, Nt is the total density of traps, Tc and σ are distribution parameters of local
states for the exponential and Gaussian distribution of traps.

Figure 3.24 Schematic of shallow and deep traps for electrons and holes.
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We first consider the single level shallow traps lying between the Fermi level and the
valence band edge (we are considering conduction by holes). The concentration of the traps
carrier (holes) is given by [107],
Eu

nt ( x ) = ∫ N t δ ( E − Et )
El

1

 E − E 
1 + exp F
 
 kT  


Energies El and Eu are the lower and upper limits of the trapping level. On integrating this
equation give [107, 109, 110]

nt ( x ) =
1+

N (t )
N (t )θ (t )

(3.15)

n( x )

where,

θ (t ) =

Nv
 E 
exp − t 
N (t )
 kT 

(3.16)

and Nv is the effective density of states in the valence band. Using eq. (3.15) for n(t) and the
boundary condition eq. (3.8), the solution of the Poisson and transport equations gives,
9
V2
J = θ ( t )ε 0ε r µ 3
8
d

(3.17)

It can be easily shown that

θ (t ) =

n
n + n( t )

(3.18)

Thus θ(t) represents ratio of free to total charge carriers. If there are no traps, n(t) = 0,
then θ(t) = 1and eq. (3.17) reduced to eq. (3.9). If n(t) >> n, under this condition θ(t) becomes
the ratio of free to trapped carriers.
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The crossover voltage at which the conduction from Ohmic to SCLC begins to
dominate is given by
Vtr =

8en0 d 2
9θ ( t )ε 0ε r

(3.19)

In the case semiconductor contains deep traps, an analytical expression for J for
cannot be obtained, but numerical solutions can easily be obtained [107].

Figure 3.25 Space charge limited current versus voltage characteristic for semiconductor containing
trap. VTFL is the trap filled limit.

Now we will consider the case of exponentially distribution of traps. The
concentration of traps in this case is give by
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h( E ) =

 E
exp −
kTC
 kTC

N (t )





Trap characteristics distribution, the concentration of trapped carrier (holes) is given by

n( t ) =

∞

∫

E FP

 E
exp −
kTC
 kT C

N (t )

Denoting l =

n( t )


1

dE
 1 + exp ( E FP − E ) 
kT 


(3.20)

TC
, the above equation becomes to
T

 n
= αN (t ) 
 Nv





1/ l

This gives the relation between free to trapped carrier concentration. In this
expression the factor α =

(π l )

( l ) arises because 0 K approximation (step function) for

sin π

the Fermi occupancy function have not used here. This factor can be taken unity. By the
boundary condition eq. (3.8), the following analytical expression for J is obtained [107],

ε ε
J = µe NV  0 r
 αN t
1−l

l

  l   2l + 1 
 


  l +1  l +1 
l

(l +1)

V (l +1)
d ( 2 d +1)

(3.21)

From above expression it is clear that presence of trap not only limits the magnitude
of the J but also distort the V2 behavior. Thus if semiconductor contains the trap, most of
injected charge carrier remains trapped and current by injection remains small until all the
traps are filled. At sufficient high voltage, the trap became saturated and it behaves as trap
free V2 law given by eq. (3.9). The voltage at which filling of all trap is achieved is called
trap filled-limit voltage” (VTFL) shown in Fig. 3.25 and expression for it is given by [108,
111]
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VTFL =

eN ( t ) d 2

(3.22)

2ε 0ε r

In the case of Gaussian distribution of trap (eq. (3.10)) the situation is more complex
since exponent at the applied voltage (l+1) and thickness of the sample (2l+1) are not
constant but they are the function of applied voltage. The details studies of this situation are
given in Refs. [112, 113].

3.3.1.3 Hopping conduction
In inorganic semiconductors, atoms are strongly bounded together by covalent bond
with well long range ordered configurations. The energy band in this case extends
continuously in the bulk and charge conduction occurs through free wave-like propagation of
carriers in well-known conduction or valance bands, with occasional scattering of carriers
with phonon, impurity sites, or grain boundaries. Therefore in these materials, mobilities can
reach large values more than 1000 cm2/V.s. However, in molecular semiconductors, the
constituting molecules are only weakly bound together through van der Waals forces and the
conventional view of band formation is not very true. In these materials, band widths are
typically smaller than kBT and charge are intrinsically localized due to the weak wave
function overlap between two adjacent molecules [1, 114]. The freely wave-like propagation
of charge carriers as commonly seen in inorganic semiconductor no longer exists in
molecular semiconductor. In molecular semiconductors, the mobilities are found to be very
low (≤ 10 cm2/V.s). If a rough calculation of a mean-free path distance for the scattering of
the charge carriers were made, it would be smaller than the intermolecular spacing.
Therefore, the charge conduction mechanism in molecular semiconductor cannot be the same
as that observed in crystalline inorganic semiconductor. In fact, it must be a rate-limiting
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process where in each step, charge carriers have to overcome an activated energy barrier, and
the mobility can be given by Arrhenius relation
 ∆E 

 kT 

µ ∝ exp −

(3.23)

where E is the activation energy.

Figure 3.26 Schematic representation of hopping transport in the molecular semiconductor.

In this simple picture, upon application of electric field the charge carrier will hop
from one localized state i to another localized state j. This process is shown in Fig. 3.26. This
thermally activated process is dominant transport mechanism in molecular semiconductor.
Therefore, unlike the inorganic semiconductor the mobility and hence the conductivity of
(disordered) molecular semiconductor increase exponentially with temperature. This hopping
process involves thermionic emission (phonon-assisted hopping) or direct tunnelling of
carriers between localized states. Phonon assisted hopping takes place when carriers trapped
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in localized states absorb a phonon and classically jump to the next localized site, whereas
tunnelling can take occur between two localized states if the electronic wave functions of the
two localized states effectively overlap. Most of the hopping models for molecular
semiconductors are based on the Miller-Abrahams formalism that was originally used to
explain the hopping process in deep traps in inorganic semiconductors [115]. The photon
assisted hopping rate between two localized sites is:

 2rij
Wij (rij , Ei , E j ) = v0 exp −
 α
 2rij
v0 exp −
 α

 E − Ei

 × exp − j
kT











Ei > Ej

(3.24)

Ej < Ei

where ν0 is the attempt to jump frequency, α is the inverse localization length, rij is the
distance between two localized states i and j and Ei and Ej site. The first exponential in eq.
(3.24) describes the tunnelling probability from a localized site i to another localized site j
separated by a distance rij. The second represents the probability of absorbing a phonon for
hops between two sites. For an energetically upward hop, Ej > Ei, the hopping rate follows an
exponential function. For an energetically downward hop, Ej < Ei, the hopping rate is equal to
1, that is independent of the energy difference of the hopping sites and the temperature.

3.3.1.4 Poole-Frankel effect

Hooping model described the temperature dependent mobility, but it failed to explain
the electrical dependent mobility. This field dependent and temperature mobility is explained
by W. Gill for poly (N-vinyl carbazole) using the Poole- Frenkel effect [116]. He suggested
following empirical relation for field dependent mobility,
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µ = µ 0 exp(γ F )

(3.25)

where

 1

1 


γ = B −
 kT kT 0 

(3.26)

In these expressions µ 0 denotes the zero field mobility; B and T0 are parameters of the
system.
In Fig. 3.27, the idea behind the Poole-Frenkel effect is illustrated, which describes
the reduction the barrier of a charge carrier in a columbic potential by applied electric field.
When in the bulk a charge carrier is trapped in an impurity level it is unable to contribute to
the conductivity until it overcomes the potential barrier and is promoted to the transport
level. If an electron trap is regarded as a positively charged centre at a fixed position in the
bulk semiconductor, the potential energy of the electron is

V( x ) = −

e2
4πε 0ε r x

− eFx

(3.27)

In the absence of the externally applied field, the maximum value of the coulombic
barrier is E0 = −

e2
4πε 0ε r x

. When the field is applied, barrier E0 is reduced on one side of the

trap, as shown in Fig. 3.27. V(x) now has a maximum on the x-axis through the trap centre at a
distance through the trap centre at a distance

 e
xm = 
 4πε 0ε r

1/ 2





(3.28)

from the trap the value of the potential at this point

∆φPF

 e3
= 
 πε 0ε r

1/ 2


 F 1/ 2 = β PF F 1/ 2


(3.29)
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 e3
where β PF = 
 πε 0ε r


 is the Poole-Frenkel field lowering coefficient.


Figure 3.27 Poole-Frenkel effect at a trap in the bulk of the semiconductor.

The effective barrier height is considered to be reduced by ∆ϕPF, and consequently
the proportion of carriers which are free is increased. The current density is given by [117]

 β F 1/ 2 

J = J 0 exp PF
 kT 

(3.30)

where J 0 = σ 0 F is the low field current density. Thus a linear plot of logJ against V1/2 should
be obtained, from which a value of the field-lowering coefficient can be obtained and
compared with the predicted theoretical value.
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Figure 3.28 Schematics of energy diagram of organic molecular semiconductor.

3.3.2 Electrode limited conduction
The injection process is dominated by the charge injection barrier at the interfaces
between the active molecular layer and the metal electrodes, which is defined as the energy
difference between Fermi-level EF of the electrode and HOMO (or LUMO) of the organic
molecular semiconductor. Therefore, it is necessary to consider electronic properties and
band alignment of the metal/organic molecular semiconductor (M/OMs) interfaces. The
energy band diagram of a typical molecular solid is shown in Fig 3.28. The upper most
horizontal line is the vacuum level (Evac). Evac is defined as the minimum energy level for an
electron to escape from the solid. The energy separation between the HOMO and Evac is the
ionization potential (I). The separation between the LUMO and Evac is the electron affinity
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(A). Difference between Fermi level EF and Vacuum level is called work function ϕs of
materials.

Figure 3.29 Schematics of energy level alignment at M/OMs interface assuming vacuum level
alignment at the interface and no interfacial dipole (Mott-Schottky model).

Unlike inorganic semiconductor, the surface of molecular solid has no dangling
bonds. Therefore, the molecular energy level alignment at M/OMs interfaces ideally should
follow the classic Mott–Schottky model, in which no interaction occurs at the interfaces
region [118, 119]. So, vacuum level alignment at the interface region is used. Fig. 3.29
illustrates the energy diagram according to the ideal Mott–Schottky rule of M/OMs interface
when a metal and an organic solid are brought into contact. The interface barrier heights for
hole (ϕbh) and electron (ϕbn) can be expressed as
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φbh = I − φm

(3.31)

φbn = φ m − A

(3.32)

where φ m is the metal work function, I is the ionization potential and A is the electron
affinity.

Figure 3.30 Schematics of energy level alignment at M/OMs interface assuming vacuum level shift at
interface and with interfacial dipole (∆).

However, in the real M/OMs interface, a common vacuum level alignment does not
occur because of the formation of interface dipole inducing vacuum level shift (∆). As a
consequence, the vacuum level becomes discontinuous at the M/OMs interface. This abrupt
change (∆) in the vacuum level between metal and organic molecular semiconductor has
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been observed experimentally [120, 121]. As shown in Fig. 3.30, the existence of ∆
demonstrates the interface barriers have to be modified by the amount ∆:

φ bh = I − φ m + ∆

(3.33)

φbn = φ m − A − ∆

(3.34)

The origin of the interface dipole remains controversial. A variety of possible
explanations like, (1) charge transfer between the metal and the OMs layer, (2) formation of
chemical bond (3) image effect or push back effect, (4) existence of interfacial states, and (5)
permanent dipole moment can lead to the large interface dipole formation [121-123]
Depending upon the applied electric bias, temperature and active layer thickness,
different charge injection mechanism may occur at the metal/semiconductor interface. These
mechanisms are discussed below.

3.2.2.1 Tunnelling mechanism
Tunnelling is a quantum-mechanical effect in which the wave function of the carrier
is attenuated only moderately by the thin barrier, so that the carrier has a finite probability
of existence on the opposite side of the barrier. Simmons [124] has reviewed the tunnelling
process in some detail under a wide variety of conditions of applied voltage and work
function values. Tunnelling is normally applicable only for very thin film thickness less
than about 10 nm when subjected to a high electric field. In particular, it has been proposed
[125] that a modified Fowler-Nordheim expression may be applicable for tunnelling
through an interfacial region of thickness dt, where the electric field at the barrier is
sufficiently high to reduced it width to 5 nm [37]. Under this condition expression for
current density is
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J=

 8π (2m)1/ 2 φ 3 / 2 d t
e 3V 2
 −
exp
8πhφd t2
3ehV






(3.35)

Where h is the Planck’s constant, Φ is the barrier height and effective thickness respectively
of the tunnelling barrier and m is the mass of free electron.

Figure 3.31 Schematic of sequential tunnelling of electron form metal electrode to the conduction
band of insulator/semiconductor via localized states.

3.3.2.2 Multistep tunnelling (MUST) mechanism
Apart from the direct tunnelling which requires a higher voltage, there is a possibility
of sequential tunnelling of charge carrier from the metal electrode to the conduction or
valence band of the semiconductor. The physical process is schematically shown in the
Fig.3.31. The interface between metal and semiconductor always contains some localized
states, these localizes states helps the charge carrier to tunnel sequentially from the electrode
to bulk. In this model conductivity can be derived as [126-128]
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σ = σ 0 exp −


with F0 =

F0
F






(3.36)

16 2mαφ 3 / 2
3eℏ

(3.37)

F0 is related to the material through the potential barrier (∆) and material parameter α that
depends weakly on the temperature. Here α = ln(p-1), where pN is the probability of forming
a N-step tunnelling path of the MUST. The important feature of the eq. (3.36) is its rather
weak sensitivity to the concentration of the localized states in the gap, which is generally
difficult to know.

Figure 3.32 (a) Representation of image force problem when an electron is very close to the metal
surface. (b) Energy barrier lowering, ∆φ due to image force and applied field. xm is a measure of the
width of the barrier.
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3.3.2.3 Schottky mechanism
When the barrier is too thick to tunnel from one electrode to other, the current
flowing through the semiconductor is limited mainly by the rate at which electrons are
thermally excited over the interfacial potential barrier into the semiconductor transport level.
In this case current is given by the Richardson thermionic emission [129]:

J=

4πmek 2T 2
 φ 
 φ 
2
exp −
 = AT exp −

3
h
 kT 
 kT 

(3.38)

where A (1.2 × 106 Am-2) is the Richardson constant and φ is potential barrier independent of
applied voltage. To determine the height of the barrier in an applied electric field F ≠ 0, we
must take into account the so-called Schottky effect (as shown in Fig. 3.32): an injected
electron at a distance x from the metal surface produces a positive image charge in the metal
through influence, whose field gives rise to what is termed the image force

Fimage = −

e2
4πε 0ε r (2 x) 2

(3.39)

Its potential which is called image potential is obtained by integrating this force from x = 0 to
x = ∞, which gives

φimage = −

e2

(3.40)

16πε 0ε r x

So due to the presence of image potential and uniform electric field the shape of the original
step potential barrier changes as shown in the Fig. 3.32 (b). In view of modified potential the
potential energy of an electron at a distance x from the interface is given by

φimage = φ0 −

e2
16πε 0ε r x

− eFx

(3.41)
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The potential has a maximum at xm =

e
16πε 0ε r F

. Therefore the superposition of image

force and electric field lowers the potential barrier φ0 by an amount

 e3
∆φ = 
 4πε 0ε r

1/ 2


 F 1/ 2 ≡ β S F 1/ 2


(3.42)

to the effective height of the barrier φ b = φ0 − ∆φ . β S = 0.5β PF is Schottky field lowering
coefficient. The maximum of the superposed potential lies at a distance xm from the surface
of the metal
xm =

e

(3.43)

16πε 0ε r F

In this modified barrier height the current density is given by Richardson-Schottky equation
[130]
 β F 1/ 2 
 φ 

J = AT 2 exp − 0  exp S
 kT 
 kT 

(3.44)

3.4 Charge conduction in mononuclear phthalocyanine films
In this section, we present a brief overview of literature on the on the charge transport
studies in mononuclear Pc thin films, in literature. The Schottky effect in Al/CuPc/Ag
structure was observed by Barkhalov and Vidadi [131] for the reverse bias. Similar effect
have been studied by other groups in Al/M(Cu, Zn)Pc/Au structure [132, 133]. It was
proposed that a layer of aluminium oxide grew at the interface of Pc and Al electrode, by the
diffusion oxygen through the organic material. The barrier height was determined to be
1.27eV for ZnPc and Al electrode interface [132].
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Moreover, Poole Frankel effect, which is bulk analogous of Schottky effect, was also
reported for the Pc films. This effect was originally observed by Gill [116]. Poole-Frankel
conductivity in a structure incorporating CuPc was first reported by Hassan and Gould [134].
Latter Poole-Frankel effect was also observed in several other structures, including
Al/CuPc/Au [135], Au/PbPc/Al [136, 137]. In some cases field lowering co-efficient is
slightly higher than the theoretical value, which was attributed to the non-uniform internal
electric field distribution.
SCLC mechanism is generally used to explain charge transport in OLEDs and OFETs
where phthalocyanine films were used as active layer [138, 139]. SCLC conduction in
Au/CuPc/Au structure is first extensively studied by Sussman and concluded that SCLC,
dominated by exponential distribution of traps, was responsible for the conduction in
temperature range 210-430K [140]. Space charge limited conduction, dominated by both
discrete trap levels and exponential trap distributions has been identified in many Pc thin
films [134, 135, 141-143]. From all these reports it is easily concluded that the total trap
concentration for exponential distributions span a wide range from 1020 to 10 26 m-3. However
this variation is believed to be due to purity of material, preparation condition and oxygen
contents. Furthermore, the mobility for various Pc films calculated by various methods is
rather poor and varies in the range 10-6-10-2 cm2/Vs [140, 143, 144]. The low mobility values
in Pc thin films mainly arises due to the weak van der Waals forces among molecules,
leading to a poor overlap of the wave-function of π-electrons between adjacent molecules.
This is further weakened due to presence of both energetic (diagonal and non-diagonal) and
positional disorders. These disorders depend on the nature of molecular stacking (face-on or
edge-on), adsorbed oxygen species and presence of impurities [145]. Even in single crystals
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that are defect free, the π-electron wave-function overlapping of adjacent Pc molecules is not
highest due to inherent edge-to-face on molecular packing. A major consequence of the low
mobility in Pc films is that their charge transport properties have been investigated only in
the temperature range 473-175 K. The low temperature charge transport studies of Pc films
below 175 K have never been investigated. The major reason for this is that due to poor
mobility, the current at low temperatures goes below the measurable limits i.e. below pA.
Thus in order to investigate the low temperature charge transport in Pc films, it essential that
their mobility need to be improved. In the next section we will discuss our results on the
charge transport properties of FePc, CoPc and F16CuPc films grown by MBE.
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Figure 3.33 Log-log plots showing current-voltage (J-V) characteristics of 20 nm FePc films in the
temperature range 300-30 K. Based upon dependence of current on applied bias and/or temperature,
five regions I to V have been identified (marked by thick dashed lines).
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3.4.1 Charge conduction in FePc films
3.4.1.1 Temperature dependent J-V characteristics
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Figure 3.34 Log-log plots of J-V characteristics in the temperature range 300-100K, showing a
transition from ohmic (region I) to shallow trap mediated space charge limited conduction (region II),
the crossover voltage is denoted by Vt. The extension of J-V data’s in the voltage range of 30-90V
meet at cross over voltage Vc = 2700 V.

In order to investigate the charge conduction in FePc films on (0001) Al2O3 substrate,
we have measured temperature dependent current-voltage (J-V) characteristics which are
shown in the Fig. 3.33. Since the J-V characteristics are symmetrical for positive and
negative bias therefore data is shown for positive bias only. Unlike disordered films, no
hysteresis is observed in the present case [146]. The J-V characteristics were analyzed in low
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and high electric field region. Based on the nature of J dependence on V and T, five distinct
regions (marked as I to V) have been identified. Broadly, regions I, II and IV belong to the
low bias (< 100 V), whereas regions III and V lie in the high bias region (> 100V). The
analyses of these regions are described below.

Regions I and II
As shown in Fig. 3.34, a transition from region I to region II takes place as a function
of applied bias. In the region I, at low voltages (< 20 V at 300 K) the slope of the linear fit to
data is ~1, indicating an ohmic conduction. As we have discussed in molecular
semiconductors, an ohmic conduction normally occurs if the thermally generated carriers
exceed that of injected carriers through the electrode, and the J in this case is given by eq.
(3.1) J = n0eµV / d , where n0 is the thermally generated hole concentration, e is electronic
charge, µ is the hole mobility and d is the electrode separation. However, the slope value in
region II is ~2, indicating that the charge transport is via shallow trap mediated space-charge
limited conduction (SCLC). SCLC occurs if the injected carrier density is higher than the
thermally generated carrier density and the J depends on applied bias using the eq. (3.9)
9
V2
J = θ ( t )ε 0ε r µ 3 where ε0εr is permittivity of the film and θ(t) is the fraction of free charge
8
d
carriers . Using data of Fig. 3.34, we have calculated the values of no and µ (assuming θ(t) ~1
which we will justify later) at room temperature in the following manner. The value of µ at
room temperature was estimated from the slope of J versus V2 data [37, 96], and found to be
1.9 cm2/ Vs. This µ value is higher by two order of magnitude as compared to that reported
for metal phthalocyanine [37]. The values of n0 is determined from the crossover voltage (Vt)
between ohmic and SCLC region (as shown in Fig. 3.34) using the eq. (3.10)
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Vt = 8n0 ed 2 / 9ε 0ε r [67]. The estimated value of n0 at 300 K is 6×1018 m-3, which is in

agreement with reported literature [96].
It can be clearly seen from Fig. 3.34, with the lowering of temperature the slope of JV characteristics increases (>2) in region II. It indicates the possibility of SCLC in presence
ε

l

 V l +1
 2l +1 ,
 eP0 kTt  d


of exponentially trap distribution, and in this case J is expressed by: J = eµNV 

where NV is the effective density of states at the valence band edge, P0 is the trap density per
unit energy range at valence band edge, and l =Tt/T (Tt is the temperature characterizing the
trap distribution) [96]. In the region II, it is seen that J-V characteristics at different
temperatures converge to Vc = 2700 V, indicating that current is temperature independent (for
V = Vc) and the activation energy is zero. The voltage Vc is related to trap density Nt by
equation: Vc = qNtd2/2ε0εr [96]. Using this equation, we obtain Nt = 5.7 x 1021/m3. The trap
characteristic temperature Tt can be determined using exponent of J-V characteristics (α =
l+1) determined at different temperatures from data. A plot of l versus 1/T is shown in the
inset of Fig. 3.34. The slope of the curve gives the value of Tt (~242 K). A transition from
trap free SCLC regime at room temperature to exponentially distributed trap controlled
SCLC at low temperature can occur due to free carrier density at room temperature being
higher than the trapped carrier density. However, as the temperature is reduced the free
carrier density is reduced and the trapped carrier density increases, resulting in exponentially
distributed trap controlled SCLC characteristics. Similar bulk limited transport has been
reported in various other phthalocyanine films using space-charge-limited conduction
(SCLC) model [147, 148].
To justify that θ(t) ~ 1, we first estimated the value of Fermi energy EF (at room
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temperature) using n0 = Nvexp[-(Ev-EF)/kT from free carrier density (n0) and literature value
of effective density of states in valence band (i.e. highest occupied molecular level HOMO
level in case of organic semiconductor as) Nv =1027 m-3 [96] . Now to find out the trap

E −E
 above HOMO edge, we first estimated P0 using relation
distribution N1 ( E ) = P0 exp v
kT
1


Nt = P0kTt , here Nt is the total trap density. By knowing P0 (as 2.73 x 1023 eV-1m-3), we
estimated N1(E) i.e density of trap state above HOMO level and plot is shown in Fig. 3.35.
As seen from the plot most of the traps are on the average at E ~ 0.1 eV from Ev (i.e. from the
HOMO level edge). Density of trapped carriers (nt0) can be estimated from nt0 = Nt.exp{(EEF)/kT} to be ~ 1.1 x1015 m-3. A very small concentration of trapped carriers compared to n0
(6 x 1018 m-3) justifies use of θ = 1 in our analysis.

LUMO
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E- EHOMO(eV)

0.53 eV
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-1 -3
Density of trap states (eV m )
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Figure 3.35 Fermi energy levels (EF) position is shown with respect to the HOMO and LUMO level
for FePc films. In the left side show the plot of density of traps states as a function of energy.
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Figure 3.36 J-V data of region III is plotted in log-log scale. The inset shows the l versus 1/T plot.

Region III
In the region III (i.e. high voltage region of data, > 100 V) of the J-V characteristics
(shown in Fig 3.36), the slope of J-V characteristics is higher than 2 and it increases with
lowering of temperature. At higher field values there are following two possibilities which
can gives rise to slope > 2: (i) SCLC in the presence of traps which are exponentially
distributed in energy above the valence band edge as discussed earlier and (ii) SCLC along
with the field dependence of the mobility. To test which model best describes the charge
transport, we first plotted the l vs 1/T as shown in the inset of Fig. 3.36, the straight line fit of
data does not pass through origin. Hence we rule out the possibility of the SCLC in presence
of exponential trap distribution. To explain such non-linear J-V characteristic, the field
dependence mobility is invoked in the SCLC relation according to the eq. (3.25)
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 1
1 
 [149]:
−
µ ( E ) = µ (0) exp( γ E ) and eq. (3.26) γ = B
 K B T K B T0 
According to the SCLC with field enhanced mobility, the effect of high electric field is to
reduce energy barrier between two hopping site and as result charge carriers transport takes
easily. In other words the effect of high field suppresses the charge carrier trapping.
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Figure 3.37 (a) Field dependence of the mobility obtained from data of region III. (b) Temperature
dependence of field enhancement coefficient γ (which describe the field dependence of the mobility).
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A simple approach of estimating field dependence of mobility is described by Wu et.
al. in which µ is related with a function g through the relation: µ = 1 dg ( E ) , where
E

g (E) =

dJ

ε

dE

and E =  V + J dV  [96]. The estimated field dependence of µ at different
d

d dJ 

temperature (300 K- 100 K) is shown in Fig. 3.37 (a). The straight line fit of the data ln µ
versus E1/2 data at each temperature shows the validity of SCLC with field dependence of
mobility. From these fits we obtained the temperature dependence of γ. From the inverse
temperature dependence of γ (as shown in the 3.37 (b)) the fitted parameters values was
found to be: T0 = 98 K, and B = 3.94 x10-4 eV(m/V)1/2. The values of derived parameter and
their temperature dependence are according to the reported literature for organic materials
[150].

Regions IV and V
As shown in Fig. 3.33, for temperatures < 100K, the J-V characteristics show very
different behaviors in regions IV and V. In region IV i.e. at low bias, J drops sharply with
lowering T; whereas in region V i.e. at very high bias, the J shows a very weak T dependence
and the slope of J-V data is constant at all temperatures. These data, as analyzed below,
indicate that the electrode-limited processes govern the charge transport at low temperatures.
In region IV, a linear fit of J vs V1/2 data, as plotted in Fig. 3.38 (a) in a semi-log scale,
indicates

that

charge

J = AT 2 exp(−φ / kT ) exp(

transport

βs
kTd

is

governed

by

Schottky

model:

1

V 2 ) , where A is Richardson constant (1.2×106 Am-2), φ is
12

barrier height at the Au/FePc interface and βS { = (e3 / 4πε 0ε r )1/ 2 } is the field lowering
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coefficient. The obtained values of β S and φ are 1.94×10-5 eVm1/2/V1/2 and ~0.17 eV
respectively. The experimentally determined value of βS is close to its theoretical value
(2×10-5 eVm1/2/V1/2), which supports Schottky-barrier limited conduction mechanism in
region IV. The value of ϕ also matches with literature reported value [67, 96].
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Figure 3.38 (a) Data of region-IV plotted as ln J vs V1/2. Linear fits to data indicate Schottky-barrier
limited conduction. (b) Data of region-V plotted as conductivity as a function of inverse of the
square-root of electric field.
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Figure 3.39 Schematic of temperature-bias (T-V) plane summarizing various conduction mechanisms
in FePc films.

A weak T dependence of J in the region V indicates a possibility of tunnelling
mechanism. It has been discussed that if localized states are present in the gap, then these
states assist sequential tunnelling of charge carries (i.e. from the Fermi level of the electrode
to the conduction level of the film) and this process is termed as multi-step tunnelling
(MUST). It has been demonstrated that MUST is observed only in high µ devices and this
mechanism

leads

to

an

inverse

square-root


E0 
 , where E0 = 16 2mαφ
i.e. σ ∝ exp −

3eℏ
E 


3

field

dependence

of

conductivity

2

. E0 is related to the material through the

potential barrier (φ) and a parameter α given by α = ln( p −1 ) , where pN is the probability of
forming N-step tunnelling path. As shown in Fig. 3.38 (b), in region-V the conductivity
varies as the inverse square-root of the field, confirming the MUST mechanism. By least
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square fitting of data at 30 K, the obtained value of E0 is 2277 kV/cm. Using interface barrier

φ = 0.17 eV (as determined earlier) and p = 0.84 (hence α is 0.17), the theoretically
calculated value of E0 is 2273 kV/cm, which is consistent with experimentally observed
value.

MUST mechanism have experimentally been reported in organic field effect

transistors and organic light emitting diodes having high mobility. However, the
experimentally observed E0 value in these cases are very high (~6400 kV/cm) due to high
contact barrier of 0.5 eV [126-128, 150]. One of the possible explanations for observation of
MUST in high µ devices could be higher contact resistance compared to the sample
resistance, as a result most of the applied bias drop across the contacts and makes MUST a
favourable mechanism. The various charge transport mechanisms operating in the FePc films
as a function of temperature and bias are summarized in the Fig. 3.39.

3.4.1.2 Temperature dependent resistivity
Temperature dependence of the resistivity (ρ) of FePc films is shown in Fig. 3.40 (a).
An increase in ρ with decreasing temperature for all the films suggests their critical or
insulating behaviour. These behaviors can be identified through Zabrodskii plots i.e.
temperature dependence of the reduced activation energy (W), which is defined as [151]:
W= - dln[ρ(T)]/dlnT

(3.42)

Positive, zero and negative slopes of W versus T corresponds to the metallic, critical and
insulating regimes, respectively [151-153]. The variation of W with T for FePc films is
shown in Fig. 3.40 (c). It is seen that for all films the value of W is nearly independent of the
temperature i.e. slope is zero. It indicates that all films are in the critical regime. In the
critical regime of metal to insulator transition, resistivity is expected to show power law
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dependence ( ρ ∝ T − β ) [3, 152]. A nearly linear dependence of log ρ on log T for FePc films
shown in Fig. 3.40 (b), suggesting that these films are in critical regime.
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Figure 3.40 (a) The temperature dependence of resistivity ρ (b) Nearly linear dependence of log ρ
versus log T plots (c) Plots of reduced activation energy W (= -dln[ρ(T)]/dlnT) for FePc films.

3.4.2 Charge conduction in CoPc films
In this section we present the charge conduction properties of CoPc films deposited
on (0001) Al2O3 and (100) SrTiO3 substrates.
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Figure 3.41 Log-log plots showing J-V characteristics of CoPc films in the temperature range 300100 K.

3.4.2.1 CoPc films on (0001) Al2O3 substrate
The J-V characteristics of CoPc film on (0001) Al2O3 substrate, as shown in Fig. 3.41,
have been analyzed for temperature range of 100-300 K and below 100 V. The
characteristics at room temperature show ohmic and SCLC characteristics with α = 2 while at
low temperatures value of exponent (at high current) increases indicating SCLC mechanism
with exponential distribution of traps. A transition from trap free SCLC regime at
temperature to exponentially distributed traps controlled SCLC at low temperature can occur
due to free carrier density at room temperature being higher than the trapped carrier density.
In the estimation of mobility we have assumed θ(t) = 1, since the trapped charge carrier
density is ~ 5 x 1010 cm-3 i.e. four order of magnitude lower than free carrier density (as we
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have justified for FePc films). For lower temperatures, dependence of exponent α on 1/T is
shown Fig. 3.42 (b). Using α = l +1 =Tt/T +1, the slope of the curve gives the value of Tt
=236 K. To determine total trap density, J-V data obtained at different temperatures has been
plotted in log-log scale in Fig. 3.42 (a).

It is seen that characteristics at different

temperatures converge to Vc = 1370 V, indicating that the current is temperature independent
(for V = Vc) and the activation energy is zero. Using value of Vc, the trap density Nt is found
to be 1.1 x 1016/cm3 using equation: Vc = qNtd2/2ε0 εr. It is seen that CoPc films have better
mobility compared to that of FePc films.
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Figure 3.42 (a) Power law fit of J-V data’s. The fits meet at cross over voltage Vc = 1368 V. (b) The
temperature dependence of voltage exponent (α).

Temperature dependence of the resistivity (ρ) of CoPc films is shown in Fig. 3.43 (a).
The variation of W with T for FePc films is shown in Fig.3.43 (c). It is seen that for CoPc
films the value of W is nearly independent of the temperature i.e. slope is zero. It indicates
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that CoPc films are in the critical regime. A nearly linear dependence of log ρ on log T for
CoPc films, as shown in Fig. 3.43 (b), suggesting that these films are in critical regime.
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Figure 3.43 (a) The temperature dependence of resistivity ρ (b) Nearly linear dependence of log ρ
versus log T plots (c) Plots of reduced activation energy W (= -dln[ρ(T)]/dlnT) for CoPc films.

3.4.2.2 CoPc films on (100) SrTiO3 substrate
The temperature dependent ρ plots of CoPc films deposited on (100) SrTiO3 along
with (0001) Al2O3, (001) LaAlO3 and bi-crystal SrTiO3 are shown in Fig. 3.44 (a). It is
evident that that films grown on (100) and bi-crystal SrTiO3 substrate shows lowest room
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temperature resistivity value (0.5Ω-cm) as well as weak semiconductor-like temperature
dependence. It was reported that twin boundaries of (001) LaAlO3 and grain boundary of
SrTiO3 substrate acts as template for a higher degree of CoPc molecular ordering [3, 67].
From Fig. 3.44 (a), it can also be seen that films prepared on (100) SrTiO3 and (0001) Al2O3
substrates show nearly similar value of the room temperature ρ (165 Ω-cm) in concomitant
with similar semiconducting–like temperature dependence of ρ up to 110 K. It is interesting
to note that below 110 K, films prepared on (100) SrTiO3 exhibit a sharp drop in ρ with
temperature (i.e. metal-like behavior). However, for temperatures < 80 K, the ρ becomes
independent of temperature. In contrast films deposited on (0001) Al2O3 show
semiconducting behavior in the entire measure temperature range. As seen from Fig. 3.44
(b), semiconductor–metal transition of CoPc films prepared on (100) SrTiO3 is highly
reversible with respect to temperature cycling.
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Figure 3.44 (a) The temperature dependence of resistivity ρ (b) Nearly linear dependence of log ρ
versus log T plots
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The metallic behavior of CoPc films on (100) SrTiO3 in the temperature range 80-110
K is also identified through Zabrodskii plots, described by W = − dln[ρ(T)]/dlnT. A positive
slope, as shown in the inset of Fig. 3.45, suggests a metallic behavior. The lowest ρ in the
metallic state of CoPc films prepared on (100) SrTiO3 is nearly comparable to the room
temperature ρ of highly ordered films prepared on (001) LaAlO3 and bi-crystal SrTO3
substrates. This suggests that molecular ordering has improved in the low temperature

W(=-dlnρ/dlnT)

metallic state of CoPc films.

10
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-20
-30
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120

T(K)
Figure 3.45 Plots of reduced activation energy W (= -dln[ρ(T)]/dlnT) for (Co-Fe)Pc films.

In order to investigate the change in molecular ordering at low temperatures, we have
recorded temperature dependent GIXRD for CoPc films prepared on (100) SrTO3 and the
results are shown in Fig. 3.46 (a). As we have shown 300 K, presence of a Bragg peak at
6.78°, corresponding to the (200) peak of the α-CoPc phase, indicating that film is crystalline
with a-axis normal to the substrate. The calculated value of a lattice parameter is found to be
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26.12 Å. We have also recorded the XRD pattern for CoPc powder, which could be indexed
to monoclinic structure with unit cell parameters of a = 26.12 Å, b = 3.79 Å, c = 25.2 Å, β =
90.4˚ and volume = 2494.61 Å3. Same a-parameters of the film and powder indicate both
have identical crystal structures. With lowering temperature, no change in the Bragg peak
position of CoPc films was observed until 110 K. However, for temperatures <110 K, this
peak shifts to lower angle i.e. 2θ = 6.51˚, which corresponds to a lattice parameter equal to
~27.05 Å. An increased a lattice parameter (direction normal to the substrate plane) clearly
indicates that lattice parameters b and c (both lie in the plane of the substrate) might also
have changed. It is well established that at ~110 K, SrTiO3 undergoes a cubic-to-tetragonal
structural transition with reduction in volume and an increase in c/a ratio (from 1 to 1.00056)
i.e. in-plane compression of the unit cell [154-156]. It is therefore natural to attribute the
changes in the lattice parameters of CoPc films to the structural transition of the SrTiO3.
Since the b and c axes of CoPc lay in the plane of the substrate, therefore, in principle, inplane compression should decrease both these lattice parameters. However, as shown in Fig.
3.47, along the b-axis (i.e. in the substrate plane) CoPc molecules are stacked in face-to-face
configuration, which facilitates reduction of b-parameter due to strong π-π interactions under
in-plane compression. On the other hand, along a- and c-axes (i.e. out of substrate plane),
molecules are stacked in face-to-edge configuration, implying that if b-parameter decreases
then both a- and c-parameters would increase, and this is exactly what we experimentally
observed for the a-parameter. Since the charge transport properties strongly depend on the bparameter (as discussed later), it is essential to estimate its value. Unfortunately, b-parameter
cannot be experimentally measured as the films are highly oriented. We therefore estimated
b-parameter by assuming both c-parameter and unit cell volume as constant, which is plotted
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in Fig. 3.46 (b). After the structural transition, the b-parameter decreases from 3.80 to 3.66 Å.
Since c-parameter have two opposing effects i.e. reduction due to in-plane contraction of
substrate and elongation due to face-to-edge stacking of molecules, therefore it is reasonable
to assume its value as constant. Similarly, assuming constant unit cell volume would give a
lower limit to decrease in b-parameter. Decrease in b-parameter leads to an improved to π-π
interactions among molecules, and hence an improved charge conduction. Evidence that
(100) SrTiO3 substrate is responsible for the triggering of metallic behavior in CoPc films is
also evident from the temperature dependence of ρ for films having thicknesses > 200nm,
which exhibit semiconducting behavior in the entire temperature range owing to a weak
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Figure 3.46 (a) Temperature dependent GIXRD data for CoPc film grown on (100) SrTiO3. (b)
Temperature dependence of b and c lattice parameters for CoPc films.
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Figure 3.47 Schematic representation of the stacking of CoPc molecules in a-b (out of substrate
plane) and b-c planes (in substrate plane).
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Figure 3.48 The temperature dependence of resistivity ρ for CoPc films of different thickness (100)
SrTiO3.
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We further analyze the temperature dependence of ρ in the semiconducting and
metallic regions marked by respectively I and II in Fig. 3.44 (a). In the semiconducting
regime (300–110 K), transport occurs through variable range hopping (VRH) of charge
1

carriers among the localized states and the ρ is given by: ρ (T ) = ρ (0) exp(T0 / T ) d +1 , where d is
the dimensionality (D) of the hopping process and T0 is the characteristics Mott temperature
[151]. A linear fit of ln ρ vs T-1/4, as shown in the inset of Fig. 3.49, indicates charge
transport in region-I is governed by 3D VRH mechanism. In the metallic region (i.e. region
II, T ≤ 110 K), since the intermolecular distance (i.e. b-parameter) decreases therefore nearest
neighbor hopping (NNH) mechanism is expected. In NNH, the conduction mechanism is
governed by a parameter λ defined as: r/aB, where r is hopping distance and aB is the
effective Bohr radius ( aB = 4πεℏ 2 / m*e 2 ; ε is the permittivity of the material, ℏ is the Planck’s
constant and m* is the effective mass of electron). For λ >>1 a semiconducting behavior is
expected, while metallic behavior occurs if λ→1 [157]. Assuming ε0εr =2.43×10-11 F/m and
m* = 0.47 me (as reported for organic semiconductor), the estimated value of aB comes out to
be 3.39 Å [158]. Taking hopping distance r equal to the intermolecular distance (3.66 Å), the
value of λ comes out to be ~1, indicating metallic behavior due to the NNH conduction.
The temperature dependent J-V characteristics of the regions-I are shown in Fig. 3.49.
Unlike disordered films, no hysteresis is observed in the present case. In region-I, the slope
of the linear fit to J-V data is ~1, indicating an ohmic conduction that occurs as thermally
generated carriers exceed to those injected through the electrode. However, the slope value in
the higher bias (>20 V) is ~ 3, indicating that the charge transport is via exponentially
distributed trap mediated space-charge limited conduction (SCLC) as given by eq. (3.21).
From Fig. 3.49, it can be seen that with the lowering of T, slope of J-V characteristics
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increases at high bias and all these curves converge to Vc = 205 V. Taking this Vc value, trap
density (Nt) is found to be 7.6×1014/cm3 using the relation: Vc = qNtd2/2ε0εr. From eq. (3.21)
and taking the value of trap density N t = P0 kTt the estimated value of room temperature µ ~
4.3×10-7 cm2/Vs. Such low value of µ indicates that inter-molecular connectivity is poor near
room temperature.
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Figure 3.49 Log-log plots showing J-V characteristics of CoPc films in the temperature range 300 125 K. Inset shows the linear fit of lnρ vs T-1/4 data, indicating 3D-VRH conduction.

In region-II, i.e. at temperature < 110 K, the J-V characteristics (as shown in Fig.
3.50) shows a peculiar behavior, In the bias range of 0–20 V, current is extremely low and
for higher bias the current increases rapidly. The constant slope (~13) of J-V curves (at high
bias > 20 V) with the variation of temperature indicates that field assisted tunnelling current
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dominates here. In this temperature range (particularly below 70 K) and at higher bias, J is
nearly independent of temperature (also reflected as temperature independent ρ at T < 90 K
in Fig. 3.44 (b)), which indicates tunnelling of charge carriers. In case of field assisted
tunnelling, the energy gained by charge carriers from electric field is higher or comparable to
the energy difference between the localized states involved in transitions and the conductivity
has an inverse square-root dependence given in eq. (3.36). As shown in inset of Fig. 3.50, the
conductivity indeed varies as the inverse square-root of the field, confirming the field
assisted tunnelling of charge carriers. By least square fitting of data at 70 K, the estimated
tunnelling barrier φ comes out to be ~12.78 meV. A rough estimate of field enhanced
tunnelling probability of charge carriers between molecules can be done using simple
tunnelling approximations. The energy gained by charge carrier over its localization length
(w ~14 Å) in the external electric field is given by ∆ξ = eEw. For a maximum field strength E
= 83 KV/cm (corresponds to maximum voltage in the present case), the estimated value of ∆ξ
is 11.62 meV. Transmission probability through the tunnel barrier in presence of high electric

{

}

field is given by p = exp − 2[(φ − ∆ξ ) / φ )]1 / 2 . For Φ ~ 12.78 meV, and ∆ξ = 11.62 meV, the
value of p comes out to be ~0.74. Such a high probability i.e. p →1 corresponds to the
metallic behavior at high fields. In the present case typical field strength (~17 kV/cm)
required to derive the system from semiconducting to metallic states and it matches well with
the reported values for other organic semiconductors [126].
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Figure 3.50 Log-log plots showing J-V characteristics of CoPc films in the temperature range 80-40
K. Inset shows the plot of conductivity as a function of inverse of the square-root of electric field at
different temperatures.

3.4.3 Charge conduction in F16CuPc films
The J-V characteristics of F16CuPc films of 20 nm LaAlO3 substrate is shown in Fig.
3.51. Two different power law behavior (J~Vα) is observed as a function of applied bias with
varying exponent (α) values. At room temperature for low bias < 10 V, α ~ 1 indicates ohmic
conduction. For the bias range > 20 V, α ∼ 2 indicates space charge limited conduction
(SCLC). The values of n0 can be determined from the crossover voltage (Vt) as discussed
earlier. The estimated value of n0 for for F16CuPc is ~1014 cm-3, which is in agreement with
reported literature [37, 67]. The µ values at room temperatures were. The room temperature µ
for F16CuPc films is found to be ~ 5 cm2/Vs calculated using the slopes of J-V2 plot of data of
Fig. 3.51. This µ value is higher by two orders in magnitude as compared to that reported for
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metal phthalocyanine films [37]. The temperature dependence resistivity of F16CuPc films is
discussed in Chapter 4.
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Figure 3.51 Log-log plots showing J-V characteristics of 20 nm F16CuPc films in the temperature
range 300 - 160 K.

3.4.4 Charge conduction in drop casted CuPcTs films
J-V characteristic of CuPcTs films of thickness ~ 1 µm at room temperature are
shown in Fig. 3.52. The magnitude of J is for CuPcTs films are three orders of magnitude
lower as compared to CoPc and FePc films as we have discussed in previous section. Further
for these films, the different power law behaviour (J~Vα) is observed as a function of applied
voltage with varying exponent α. At room temperature for low bias < 15 V, α ~ 1 indicates
ohmic conduction. For the bias range > 20 V the value α of is ~ 4. This high value of
indicates the SCLC with deep traps. Therefore, mobility of these films could not be
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calculated from J-V curve. As we have discussed earlier, the drop CuPcTs films are
amorphous in nature as compare to other phthalocyanine (CoPc, FePc or F16CuPc) films
deposited by MBE. These films do not transport any measurable current low 280K.
Therefore temperature dependent resistivity and J-V could not be measured below 280 K.
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Figure 3.52 Log-log plots showing J-V characteristics of CuPcTs films on quartz substrate in the
temperature range 300 - 260 K.

3.5 Charge conduction in binuclear (Co-Fe)Pc films
3.5.1 Temperature dependent resistivity
Plot of ρ and conductivity W parameter as function of temperature for (Co-Fe)Pc
films is shown in Fig 3.53 (a) and (c). The positive, slope of W vs T indicates that (Co-Fe)Pc
films are metallic regime in accordance with much lower resistivity of (Co-Fe)Pc films. In
the metallic regime the temperature dependence of conductivity can be described as:
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σ (T ) = σ (0) + mT p / 2

(3.35)

where σ (0) is a constant, and for electron-phonon interaction p =2.5 – 3. This model has
been widely used to describe the metallic behaviors of the conducting polymers films such as
heavily doped polypyrrole films [152, 159]. As shown in Fig. 3.53 (b), T3/2 dependence of
conductivity shows validity of above equation indicating that electron-phonon scattering is
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the main mechanism for charge carrier scattering in the composite films.
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Figure 3.53 (a) The temperature dependence of resistivity (b) Plots of reduced activation energy W
(c) Linear fit of conductivity versus T3/2 (confirms the validity of electron phonon scattering) for
binuclear (Co-Fe)Pc films .

157

Chapter-3: Growth and conduction mechanism of mononuclear and binuclear phthalocyanine films

7

10

slope ~ 2

10

2

J (Amp/m )

6

slope ~ 1

300 K
278 K
250 K
225 K
200 K
175 K
150 K
125 K
100 K
72 K
50 K
25 K

5

10

4

10

3

10

2

10

1

10

Bias (V)
Figure 3.54 Log-log plots showing J-V characteristics of 20 nm (Co-Fe)Pc films on in the
temperature range 300 - 25 K.

3.5.2 Temperature dependent J-V characteristics
J-V characteristics of binuclear (Co-Fe)Pc films measured at different temperatures
are shown in Fig. 3.54. It is seen that the characteristics at temperatures between 50 and 300
K are linear at low voltages while those at 25 K are nonlinear indicating a different
mechanism at 25 K. In what follows, we analyze data at higher temperatures in terms of
ohmic behavior followed by SCLC mechanism and that at 25 K in terms of electrode limited
process followed by SCLC. Characteristics at higher temperatures show power law behavior
(J~Vα), with a crossover in exponent (α) from 1 to 2 (with increase in the bias voltage). This
indicates the charge transport is ohmic in the low bias and at higher bias the transport
mechanism changes to shallow trap mediated SCLC mechanism described by eq. (3.9). The
crossover voltage decreases with lowering of the temperature due to reduction in the numbers
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of thermally generated carriers. Using slope of J-V2 plots and assuming literature value of ε0εr
(2.43 x10-11 F/m), value of µ at room temperature was determined to be 1.1 x 102 cm2/Vs.
This is the highest value of the µ till date. Using this value of µ, and eq. (3.1) for
characteristics at low voltages, we find thermally generated hole concentration (n0) of 1.1 x
1020 m-3 (at 300 K). Here, in the estimation of mobility we assumed θ(t) = 1 i.e. a trap free
condition as the characteristics do not indicate presence of trapping centres even at very low
temperatures and the conductivity of these films is very high indicating low trap density if
any. Values of different parameters such as mobility and carrier concentration of (Co-Fe)Pc
films with CoPc and FePc films are summarized in Table -3.1. It is interesting to note that
mobility and hole concentration are at least three order of magnitude higher compared to that
normally reported for metal phthalocyanine films, indicating the high structural ordering of
molecules in all films [37, 160]. Nearly similar value of free hole concentration (n0) for all
films is also supported by the similar value of the WF value ( as given in the next section) ,
indicating that improvement of the conductivity of the (Co-Fe)Pc films is solely due to the
better structural order rather than change in the free carrier density.

Table 3.1
Values of hole concentration (n0), trap characteristics temperature (Tt), trap denisty (Nt) and mobility
(µ), determined using J-V characteristics for CoPc films grown on (0001) Al2O3 substrate.

Films

n0 (cm-3)

Tt (K)

Nt (cm-3)

µ(cm2/V-s)

(Co-Fe)Pc

1.1x 1014

236

1.1 x 1016

110

CoPc

1.1x 1014

190

1.4 x1016

5.3

FePc

1.1x 1014

-

-

1.1
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Figure 3.55 J versus V1/2 data (at 25K at low bias, with estimated barrier height of 0.052 eV ) indicate
Schottky-barrier limited conduction

It may be noted that, J-V data at 25 K shows a different trend at voltages < 10 V,
compared to high temperature data. At low voltages < 10 V, the slope is 3.6 and at high
voltages the slope is nearly equal to 2. A very sharp increase in current at low voltages
indicates electrode limited current. The J-V data for temperature of 25 K, plotted as ln J
versus V1/2 in Fig. 3.55, indicates current limited by PF mechanism (eq. (3.30)) or Schottky
barrier present at the electrodes-films interface (eq. (3.44)). We observed a linear fit of the
data at low voltages as per eq. (3.30) or eq. (3.44) and the field lowering coefficient (βS) was
found to be 2.03 x10-5 eVm1/2/V1/2 confirming the Schottky emission mechanism. The value
of energy barrier ϕ0 was found to be 0.052 eV. This value of ϕ0 is very close to the estimated
value of 0.105 eV (obtained from the work function data of gold and (Co-Fe)Pc films). For
(Co-Fe)Pc films, contact effect becomes dominant at low temperature due to the high
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conductivity. The data at 25 K for voltages > 10 V is not limited by contacts and therefore
analyzed using SCLC model.

(Co-Fe)Pc

Figure 3.56 Work function images (size 5mm x 5 mm) of CoPc, FePc and binuclear (Co-Fe)Pc films.
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3.5.3 Kelvin probe study
Fig. 3.56 shows the work function images (5 mm x5 mm) of the FePc, CoPc and
binuclear (Co-Fe)Pc films, which indicate that all the films are very uniform. The estimated
average values of work functions for FePc, CoPc and binuclear (Co-Fe)Pc films are 4.91,
5.08 and 4.96 eV respectively with a standard deviation of 18-24 meV. Nearly same work
function for all films suggests that they have similar free carrier concentration. These values
of work function are close to the work function of gold (5.1 eV) indicating that gold
electrode can give ohmic contacts to these films [96].
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Figure 3.57 (a) Temperature dependence of mobility (µ) and (b) Linear fit of µ Vs T3/2 for
binuclear (Co-Fe)Pc films.
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3.5.4 Temperature dependent mobility
Mobility was similarly determined at various temperatures and is found to increase
with temperature from 29 cm2/Vs at 25 K to 110 cm2/Vs at 300K as shown in Fig. 3.57 (a).
The linear fit µ Vs T3/2 plot as shown in Fig. 3.57 (b) indicates the µ (T ) ∝ T 3 / 2 dependence
for binuclear (Co-Fe)Pc films. This dependence is valid for motion of charge carrier in an
ionized medium where an interaction between charge carrier and ions takes place [161]. As
we have described in Section (3.2.7) that in binuclear films since binuclear (Co-Fe)Pc
molecule got enhanced dipole moment, therefore the charge carrier movement within the
molecules will feel its presence, hence will exhibit T3/2 dependence of µ.

3.5.5 Proposed model for high conductivity /mobility of the binuclear (Co-Fe)Pc films
As we have discussed in Section (3.2.7) that due to additional dipole moment of
binuclear phthalocyanine molecules the van der Waals interaction between molecules is
stronger, therefore in plane as well as out of plane molecular stacking will be much better
compare to mononuclear CoPc and FePc films. This better structure quality along with larger
π–electron cloud extent of the binuclear (Co-Fe)Pc molecules will results in high mobility
and metallic nature of charge carrier as shown in Fig.3.22 (a). In case of mononuclear CoPc
or FePc films, in the out of plane direction molecules will be stacked in face-to-face manner,
and in the in plane molecules are stacked in edge on manner, as shown in Fig.3.22 (b). Such
an arrangement of CoPc or FePc molecules results in poor intermolecular connectivity hence
low mobility.
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Figure 3.58 J-V characteristics of 20 nm CoPc films on SiO2, MgO and LaGdO3 substrate.

3.5.6 Role of films thickness and substrate on mobility of binuclear (Co-Fe)Pc films
As we found that µ > 100 cm2/Vs in binuclear films is about two to three orders of
magnitude higher than earlier reports [96, 101]. According to the reported literature, various
other combinations of metal phthalocyanines such as CuPc-NiPc and CuPc-CoPc
combination exhibits the higher mobility compared to individual phthalocyanine, therefore it
can be concluded that enhanced mobility is a generic effect for composite phthalocyanine
[101]. In our case in addition to effect of binuclear molecule other possible reasons for
improved mobility compared to literature could be (i) most of the studies reported in the
literature, use silicon substrates for mobility measurements in field effect transistor geometry
and as shown below, films on silicon have poorer mobility, [37, 50, 162, 163] (ii) for
transport measurements and mobility measurements using SCLC, films are generally
prepared in sandwich geometry where bottom contact (gold electrode) affects the substrate
characteristics that are important for good quality films [37, 153] and (iii) the films are
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usually much thicker, and we find that only ultrathin films have planar well organized growth
needed for high mobility [31]. To show the importance of substrate, binuclear films under
similar conditions were also deposited on three different substrates namely; oxidized silicon,
MgO, and LaGdO3, Room temperature J-V characteristics of typical film on different
substrates are shown in the Fig. 3.61. The analysis of the J-V data shows a transition from
ohmic to space charge limited conduction and the value of mobility for binuclear films on
different substrate is shown in Table-3.2. It may be noted that for binuclear (Co-Fe)Pc films
prepared on oxidized silicon (i.e. substrate normally used for field effect transistor studies)
mobility was found to be 3.9 x10-2 cm2/Vs, which is in good agreement with low mobility
(~5 x10-2 cm2/Vs) reported for binuclear phthalocyanine films prepared on silicon for FET
geometry [50].

Table 3.2
Values of room temperature µ, determined using J-V characteristics for binuclear (Co-Fe)Pc films
grown on various substrate under identical condition.

Substrate

µ (cm2/Vs)

On SiO2

3.9 x 10-2

MgO

2.2 x10-1

LaGdO3

18.7

3.6 Conclusions
We have demonstrated that mononuclear FePc, CoPc and binuclear (Co-Fe)Pc films
grow with molecules face-on stacking on (0001) Al2O3 substrate due to the interaction
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between molecule and of Al terminated surface. AFM and GIXRD studies revealed that (CoFe)Pc phthalocyanine films have better structural ordering and smooth morphology as
compared to the FePc and CoPc films. This is attributed to the additional dipole moment of
binuclear (Co-Fe)Pc molecules, which results better face-on stacking as compare to the
CoPc and FePc molecules.
In CoPc and FePc films the value of µ was found to be 5.3 and 1.1cm2/Vs,
respectively. For binuclear (Co-Fe)Pc films exhibited µ ~110 cm2/Vs which is two orders of
magnitude higher than CoPc and FePc films. This is the highest value of the mobility till
date. This high value mobility of binuclear (Co-Fe)Pc films is attributed to the better
molecular ordering.
The temperature dependence of resistivity of binuclear (Co-Fe)Pc films exhibited
metallic behavior in the temperature range 300K-25K which is the manifestation of the
improved ordering also. The J-V characteristics of binuclear (Co-Fe)Pc films exhibited trapfree SCLC in the temperature range 300K to 25K. For CoPc and FePc films the temperature
dependence resistivity showed that, these films are in the critical regime of metal–insulator
transition. The J-V characteristics of mononuclear films exhibited SCLC with exponential
distribution of traps at low temperature.
The temperature dependent J-V characteristics of FePc films have also been
investigated at very high bias i.e. in the bias range of ± 200 V. In the temperature range of
300K–30K, the charge transport is governed by bulk-limited processes with a bias dependent
crossover from ohmic (J~V) to exponentially distributed shallow trap mediated space-chargelimited conduction (J~Vα, α ≥ 2) to space charge limited conduction with field enhanced
mobility (ln µ ~ E1/2). However, at temperatures < 100 K, the charge transport is governed by
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electrode-limited process, which undergo a bias dependent transition from Schottky (ln
J~V1/2) to multistep-tunnelling (MUST).
In the case of CoPc films grown on (100) SrTiO3 substrate, it has been demonstrated
that the molecule stack in edge-on configuration. The temperature dependence of resistivity
exhibited semiconductor to like transition at ~110K. XRD measurement revealed that this
transition is due to in-plane compressive strains induced by structural phase transition (from
cubic to tetragonal ~ 110K) of SrTiO3 substrate reduce the intermolecular distance.
The structure and morphology of water soluble CuPcTs films prepared by drop
casting method were found to be independent of substrate, and have usually amorphous
character and therefore

these films do not transport any current below 280K.
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4.1 Introduction
Organic/Organic (O/O) interfaces, sometimes also referred to as organic
heterojunctions, have been attracting much attention in recent years. These O/O
heterojunctions play important role in these organic based devices such as light emitting
diodes, field effect transistor and photovoltaic devices [164-168]. The properties of O/O
interfaces can be quite different from the individual organic part. Recent results show that the
interfaces of crystalline molecular solids possess amazing electronic properties. For instance,
metallic conduction was observed at O/O heterojunctions [169]. This is in contrast to the
pure organic films, which exhibit semiconducting-like behaviour [37, 96]. Because entirely
diverse nature of organic semiconductor than inorganic ones, the energy level alignment and
electrical conduction properties must have different mechanism in these O/O heterojunctions.
Thus studies of interfacial properties of highly crystalline O/O interfaces have become
important for the understanding of the interaction mechanisms and devices based on organic
heterojunctions. For example, in organic light emitting diodes, the application of a doublelayer configuration may improve the efficiency of the device significantly. In such type of
devices, a combination of two organic layers is chosen to get an efficient and balanced
injection of (opposite) charges at either electrode. In addition, the recombination zone
(opposite charges merge to form excitons), is moved from the metal–organic interface to the
organic–organic interface, and this reduces the quenching of the luminescence at the metal
electrode. The details of the electronic structure at the organic–organic interface determine
whether an efficient confinement of charges and exciton formation take place in there
combination zone.
The semiconductor heterojunction can be classified by the conductivity type (p-type
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or n-type) of two semiconductors forming the heterojunction. When both the semiconductors
have the same type of conductivity, the heterojunction is called an isotype heterojunction;
otherwise, it is called an anisotype heterojunction. Moreover, on the basis of difference in
work functions (ϕ) difference, both isotype and anisotype heterojunctions can be further
classified in to two categories. Hence, the heterojunctions can be divide in to four cases,
which is shown in Fig. 4.1[170]. In the anisotype heterojunction, electron and holes can be
simultaneously accumulated and depleted at both sides of the heterojunction due to
difference of their Fermi level (work functions), as shown in Fig. 4.2 (a) and (b). In isotype
heterojunction, an accumulation layer at one side of heterojunction interface and a depletion
layer at the other side of heterojunction interface can be formed [170, 171]. All four cases are
described below:

(a) Depletion heterojunction
If the Fermi level of n-type semiconductor is higher than p-type semiconductor (ϕn <
ϕp) the electrons and holes depletion layer is formed on the corresponding semiconductor
layer near the heterojunction interface, and the space charge region is composed of immobile
negative and positive ions as depicted in Fig. 4.1 (a). This heterojunction is called a depletion
heterojunction.

(b) Accumulation heterojunction
If the Fermi level of n-type semiconductor is lower than p-type semiconductor (ϕn > ϕp)
the heterojunction with free charge carriers is thus formed on both sides of the space charge
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region. This heterojunction is called a accumulation heterojunction ions as depicted in Fig.
4.1(b).

- - - -

+ + + +
(Hole accumulation layer)

(Electron accumulation layer)

- - - -

+ + + +
(Electron depletion layer)

(Hole depletion layer)

Figure 4.1 Different types of organic semiconductor heterojunction (a) depletion heterojunction (b)
accumulation

heterojunction

(c)

electron

accumulation/depletion

accumulated/depletion heterojunction.
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(c) Electron accumulation/depletion heterojunction
The heterojunction is formed by two n-type semiconductors having different work
functions (Fermi levels) assuming ϕn1 < ϕn2. The semiconductor layer of higher Fermi level
ϕn1 near the heterojunction interface is electron depletion region, and other semiconductor
with work function ϕn2 is electron accumulated region. The heterojunction is called electron
accumulated /depletion heterojunction, as depicted in Fig 4.1(c).

(c) Hole accumulation/depletion heterojunction
The heterojunction is formed by two p-type semiconductors with different Fermi
levels assuming ϕp1 < ϕp2. In this case holes are accumulated at the side of semiconductor
with high Fermi levels (low work function ϕp1) and are depleted at the side of the
semiconductor with low Fermi level (high work function ϕp2). This type heterojunction is
called holes accumulated /depletion heterojunction as depicted in Fig 4.1(c).

4.2 Organic/Organic interface: band bending and interfacial dipole
As we have discussed in Chapter 3, at metal/OMs interfaces an interface dipole ∆ of
about 0.5–1 eV is usually observed and vacuum level alignment at interface is not valid
[121]. It was found that, with few exceptions most of the O/O interfaces are also
characterized by the vacuum level discontinuity, where ∆ is less than 0.2 eV [172]. The low
value of ∆ is because of the relatively weak van der Waals interactions between organic
materials. Moreover in case of O/O heterojunction the valve of ∆ was found to be highly
sensitive to molecular orientation of the molecule [173-175]. Band bending and space charge
region at both sides of O/O interfaces have also been observed [170].
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Lau et al observed the band bending and interface dipole (∆ = 0.19 eV) an
F16CuPc/CoPc interfaces by ultraviolet photoelectron spectroscopy. Further due to the charge
transfer free holes and free electrons are accumulated in the space charge layer with a width
15 nm. and free carrier density 1018 cm-3 [172]. This accumulation results were further
confirmed by conductivity measurement. The current in bi-layer CuPc/F16CuPc was one
order magnitude higher than the single layer of CuPc and F16CuPc [170, 176]. Similar, type
of accumulated and high conductivity region were observed at BP2T/F16CuPc heterojunction
interfaces with electron accumulation thickness in F16CuPc about 10 nm and holes
accumulation thickness in BP2T also 10 nm [170]. In ZnPc/C60 heterojunction electrons and
holes depletion layers were observed. The high conductivity characteristics were not found in
the ZnPc/C60 heterojunction and this heterojunction is similar to the inorganic p-n junction as
depicted in Fig 4.1 (b) [170].

4.3 CoPc (p-type)/F16CuPc (n-type) heterojunction
Heterojunction films comprising of n-type F16CuPc and p-type CoPc (each layer
having a thickness of 20nm) were deposited on LaAlO3 substrates using molecular-beam
epitaxy (MBE). The growth temperature and deposition rate were, respectively, 200°C and
3Å /s. The results are discussed below.

4.3.1 Structure and morphological studies
Typical AFM images of F16CuPc (20 nm) and F16CuPc(20 nm)/CoPc(20 nm)
deposited on LaAlO3 substrates are shown in Fig 4.2 (a) and (b) respectively. F16CuPc film
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consists of highly dense grains with rms roughness of ~1.3 nm. However, CoPc layer grown
on top of F16CuPc exhibits much smoother morphology (rms roughness ~ 0.8 nm).

Figure 4.2 100nm×100 nm AFM images (a) 20 nm F16CuPc film on LaAlO3 substrate and (b) top
surface of F16CuPc (20nm)/CoPc (20nm) heterojunction films.
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Figure 4.3 (a) GIXRD data for F16CuPc(20nm)/CoPc(20nm) heterojunction films (b) X-ray
reflectivity spectrum for F16CuPc(20nm)/CoPc(20nm) heterojunction films. Solid line is theoretical fit
of data. Inset show the depth profile of electron scattering length density (SLD).
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The GIXRD pattern recorded for F16CuPc(20 nm)/CoPc(20 nm) heterojunction films,
as shown in Fig. 4.3 (a), reveals intense sharp diffraction peaks at 2θ = 6.3ο and 6.7ο, which
corresponds to F16CuPc and CoPc layers, respectively. The a lattice parameter estimated
from GIXRD data are 14.21 Å and 13.10 Å for F16CuPc and CoPc respectively and it
matches very well with the reported values [67, 177]. Intense (200) and higher order
diffraction peaks indicate that both CoPc and F16CuPc layers are highly ordered with
molecules stacked in the edge-on standing configuration on the substrate surface. The edgeon standing configuration implies that the π-π stacking direction of the molecules is parallel
to the substrate plane, which is ideal for the in-plane transport measurements [178].
GIXRR spectrum, i.e., specular reflectivity as a function of wave vector transfer Q

( λ )sin θ , where θ is the incident angle and λ is the wavelength of the probe] for the

[ Q = 4π

heterojunction films is shown in Fig. 4.3 (b). The reflectivity data has been fitted using a
depth dependent scattering length density (SLD) profile, that is, ρ ( z ) = ρchem ( z ) = ∑ N i ( z )bi ;
i

where N is the in-plane average of the number density, z is the film depth averaged over in
plane features, and b is the electron scattering length. The estimated values of films
thickness, surface roughness, and density obtained from best-fit theoretical simulation of the
data (shown by solid line in Fig. 4.3 (b)) are given in Table 4.1. The estimated thickness of
each layer is close to the nominal thickness of 20 nm (obtained from quartz thickness
monitor during deposition).
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Table 4.1
Various parameters of heterojunction films and substrate as obtained from the fitting of X-ray
reflectivity data.

Layer

Thickness

Density(gm/cc) Roughness (Å)

(Å)
CoPc

190±10

2.6±0.2

1±0.5

F16CuPc

180±10

1.5±0.15

20±2

-

6.5±0.3

1±0.5

Substrate (LaAlO3)

4.3.2 Conduction characteristics
The temperature dependence of resistivity (ρ) for heterojunction films (20 nm thick
F16CuPc/20 nm thick CoPc) as well as for individual films (each films 20 nm thick) is shown
in Fig. 4.4 (a). It be seen that heterojunction films shows the lowest room temperature ρ (~30
ohm-cm) i.e. nearly three order of magnitude lower compared to individual films. The ρ of
our heterojunction films is one order of magnitude lower than single crystal like
phthalocyanine heterojunction prepared using weak-epitaxy-growth method [179].

It

indicates the high structural quality of our samples. It may be noted that although individual
CoPc and F16CuPc shows nearly similar value of room temperature ρ ~ (5 x104 ohm-cm) but
the rapid increase of ρ with the lowering of T for F16CuPc is possibly due to the chemisorbed
oxygen induced charge trapping [96]. An increase in ρ with decreasing temperature for all
films suggests their critical or insulating behavior. These behaviors can be identified through
W plot. The variation of W with T for F16CuPc, CoPc and heterojunction films is plotted in
Fig. 4.4 (b). It is seen that for all films the value of W is nearly independent of the
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temperature i.e. slope is zero. It indicates that all films are in the critical regime. In the
critical regime of metal to insulator transition, resistivity is expected to show power law
dependence ( ρ ∝ T

−β

) on temperature with β = W [152, 153]. A nearly linear dependence of

log ρ on log T for all films shown in Fig. 4.4 (b), suggesting that these films are in critical
regime. The lowest value of β (~1/3) for heterojunction films suggests they are more metallic
in nature [152, 153].
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Figure 4.4 (a) Temperature dependence of resistivity (plotted in log-log scale) for CoPc, F16CuPc and
F16CuPc/CoPc heterojunction films. (b) Plot of reduced activation energy W as a functions of
temperature.
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Figure 4.5 (a) Room temperature J-V characteristics of F16CuPc( 20nm)/CoPc (20nm) heterojunction
films along with CoPc and FePc films (b) Schematic representation of circuit diagram for J-V
measurement.
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Figure 4.6 Temperature dependent J-V characteristics of F16CuPc(20nm)/CoPc(20nm) heterojunction
films.

178

Chapter-4: Phthalocyanine based heterojunctions

Room temperature J-V characteristics of CoPc/F16CuPc heterojunction films, CoPc
and FePc films of 20 nm are shown in Fig 4.5 (a). The schematics of circuit diagram for J-V
measurement of heterojunction films is shown in Fig. 4.5 (b). At a particular bias (for
example 10 volts) the J value for heterojunction films are three order of magnitude higher as
compared to individual CoPc and F16CuPc films, indicates a charge carrier accumulation at
heterojunction interfaces. Further, to understand charge transport properties of the
heterojunction films, the J-V characteristics were also measured as a function of temperature
and results are shown in Fig. 4.6. Heterojunction films show linear J-V characteristics i.e. an
ohmic conduction in the entire bias (0- 20V) and temperature range of 30K-300K. As we
have discussed that Ohmic conduction in molecular semiconductors occurs if the thermally
generated carriers exceed that of the injected carriers from the electrode given by eq. (3.1). In
order to estimate the charge carrier concentration n0 for heterojunction films, it is reasonable
to assume an average mobility value of ~ 5 cm2/Vs (as we have calculated for F16CuPc films
in Chapter 3). From the linear slope of J-V data for heterojunction, we estimate the n0 as
6.4×1017 cm-3, i.e. nearly three orders of magnitude higher compared to individual films. It
indicates that for heterojunction there is an accumulation of charge carriers at the interface.
Due to this accumulation of charges Ohmic to SCLC transition were not observed in case of
heterojunction films.

4.3.3 Kelvin probe study
Heterojunction films were further characterized using scanning Kelvin probe
microscopy (SKPM) technique, which measures the surface potential. For the surface
potential measurements, films should be prepared on the conducting substrate. In the present
study we have chosen conducting indium tin oxide (ITO) coated glass as a substrate for
179

Chapter-4: Phthalocyanine based heterojunctions

deposition of heterojunction films. In ITO coated glass substrate metal-phthalocyanine
molecules preferably stacks in the edge-on configuration (similar to the LaAlO3 substrate),
therefore surface potential will have similar value as for the films prepared on LaAlO3
substrate [180]. It may be noted that surface potential is highly sensitive to the molecular
orientation as it has been reported for phthalocyanine molecules surface potential shifts by 1
eV when the molecular orientation changes from face on to edge on configuration [173]. For
understanding the properties of heterojunction interface, we first deposited the 20 nm thick
F16CuPc layer on ITO substrate, on the top of this CoPc films (of various thicknesses starting
from 0 nm to 20 nm) were deposited by masking half of the F16CuPc surface. The schematic
of the grown structure is shown in Fig. 4.7 (a). It may be noted that when the coverage of
CoPc layer is ≥ 1nm, features from F16CuPc are fully suppressed. For each thickness of CoPc
(on top of F16CuPc layer) we have measured the surface potential of heterojunction films.
One of the results of surface potential topography in 2D and 3D for 3 nm thick CoPc film on
top of F16CuPc layer is shown in Fig. 4.7 (b) and (c) respectively. The CoPc thickness
dependence of surface potential for heterojunction films is summarized in Fig. 4.8, from this
it can be seen that with an increasing thickness of CoPc the surface potential falls (from the
surface potential value ~ 5700 meV of F16CuPc) and after ~8 nm of CoPc thickness achieve a
constant value of 5160 meV i.e. surface potential for CoPc. Similarly to understand the
interface property on F16CuPc side of heterojunction, we first deposited the 20 nm thick
CoPc layer on LaAlO3 substrate, on the top of this we deposited F16CuPc films of various
thicknesses starting from 0 nm to 20 nm. The results of surface potential measurement can be
seen in the inset of Fig. 4.8 , which show that increasing thickness of F16CuPc the surface
potential increases (from the surface potential value of CoPc) and after ~ 10 nm thickness
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achieve the constant value of surface potential for F16CuPc. Both of these results indicates
that molecular levels of both materials exhibits a progressive shift upon deposition and
becomes nearly constant after 10 nm thickness. This reflects the band bending of energy
levels of both semiconductors at the interface. The initial rapid decrease / increase of surface
potential at length scale of ~ 2 nm on each side of the interface indicates the presence of an
interface dipole layer . The band bending width (i.e. the thickness where the CoPc or
F16CuPc surface potential attains the bulk value) for both CoPc and F16CuPc layers are
around 10 nm. The band bending magnitude is obtained from the difference of surface
potential value of first starting signal of CoPc and the CoPc bulk surface potential. Based on
the Kelvin probe surface potential data, the energy band diagram for the F16CuPc /CoPc
heterojunction is shown in Fig. 4.9. The magnitude of interface dipole (∆) is obtained by
taking surface potential difference of CoPc and F16CuPc bulk and band bending into account.
The estimated interface dipole value ~ 0.16 eV matches very well with the literature reported
value obtained using photoemission technique [170, 172]. The enhanced conductivity of the
heterojunction can be explained using Fig. 4.9. The energy level diagram of CoPc and
F16CuPc is shown in Fig. 4.9 (a). When CoPc and F16CuPc comes in contact, since surface
potential of CoPc (~5.16 eV) is lower than that of F16CuPc (~5.73 eV), therefore CoPc serves
as donor while F16CuPc becomes an acceptor. As a result CoPc layer near the interface
becomes hole rich and F16CuPc layer becomes electron rich i.e. there is an accumulation of
charge carrier at the interface as shown in Fig. 4.10. The total charge density in the
accumulation region can be estimated from following equation [161]:

N=

2εV D
eW 2

(4.1)

where e is elementary charge, ε is permittivity of organic semiconductor, k is the Boltzmann
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constant, W is the width of accumulation region and VD is the built in potential. By taking W
~ 20 nm, ε ~ 2.43 x10-11 F/m, VD as 0.568 eV (i.e. the difference in surface potential values of
CoPc and F16CuPc), the estimated value of N was found to be ~ 2.1 x 1017 cm-3. Nearly same
value of N and n0 (as obtained from charge transport measurement) indicates that all the
charge carrier injected due to formation of interface are free due to high crystalline nature of
heterojunctions films.
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Figure 4.7 (a) Schematic of F16CuPc/CoPc heterojunction films used for surface potential
measurements.(b) 2D and (c) 3D image of typical surface potential of F16CuPc(20 nm)/ CoPc(3 nm)
heterojunction films.
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Figure 4.8 Plot of surface potential (ϕ) as a function of CoPc thickness for F16CuPc/CoPc
heterojunction films. Inset shows the plot of ϕ as a function of F16CuPc thickness for F16CuPc/CoPc
heterojunction films.
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Figure 4.10 The charge carrier accumulation at the F16CuPc/CoPc heterojunction interface.

4.3.4 Reverse rectification behaviour of F16CuPc/CoPc heterojunction
The I-V characteristic of F16CuPc (150nm)/CoPc(150nm) heterojunction in out of
plane geometry is shown in Fig 4.11. The schematics of circuit diagram for out of plane
geometry is shown inset of Fig. 4.11. In can be seen unlike the inorganic p-n junction diode,
a reverse rectification (i.e. current flow in reverse bias) is observed for F16CuPc
(150nm)/CoPc(150nm) heterojunction with rectification ratio 22. Since the interface of
Au/CoPc and F16CuPc/Au has a good ohmic contact, the I-V curve indicates the
characteristics of F16CuPc/CoPc heterojunction.
This reverse rectification can also be explained by energy level diagram shown in Fig.
4.9 (b). As we have discussed above holes are accumulated in the p-type CoPc and electrons
are accumulated in the n-type F16CuPc, which led to upward band and downward band
bending in HOMO and LUMO of CoPc and F16CuPc respectively. F16CuPc/CoPc
heterojunction thus produces a built in electrical field, self bias, from p-type to n-type at the
interface. This accumulation of charge carrier is quite different from inorganic p-n junctions
where the space charge region is composed of immobile, negative and positive ions in p-type
and n-type semiconductors, respectively. As a result, the built in electrical field is from n184
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type to p-type in case of inorganic p-n heterojunction. Under forward bias condition, the
potential barrier at F16CuPc/CoPc heterojunction is enhanced, because the direction of the
applied field is same as that of built-in field. So current through the junction is limited. When
reverse bias is applied to the F16CuPc/CoPc heterojunction, the potential barrier at the
junction is weakened, since the direction of the applied field is same as that of built-in field.
So current can flow through the junction. Therefore F16CuPc/CoPc heterojunction has small
current in forward bias and large current in reverse bias.
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Figure 4.11 I-V characteristics of F16CuPc (150 nm)/CoPc (150 nm) heterojunction. Inset show the
schematics of the circuit diagram for I-V measurement (out of plane geometry).

4.4 CoPc (p-type)/FePc (p-type) heterojunction
As we have discussed in Chapter 2 binuclear (Co-Fe)Pc is formed, if we deposit the
CoPc and FePc mixture with weight ratio 1:1. These binuclear films exhibited very high
185

Chapter-4: Phthalocyanine based heterojunctions

value of mobility. In order to investigate, it have the same properties as (Co-Fe)Pc binuclear
films, we have deposited CoPc/FePc on LaAlO3 substrate using molecular beam ebitaxy.
The growth temperature and deposition rate were, respectively, 200°C and 2Aͦ /s.
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Figure 4.12 Room temperature J-V characteristics of CoPc, FePc and CoPc(20nm)/FePc(20nm)
heterojunction films.

The J-V characteristics on CoPc(20nm)/FePc(20nm), CoPc (20nm) and FePc (20nm)
films are shown in Fig. 4.12. The J-V characteristics of CoPc(20nm)/FePc(20nm)
heterojunction films are identical to the individual CoPc and FePc layer, indicates no charge
carrier accumulations at the interfaces. Therefore the temperatures dependent J-V
characterises of CoPc(20nm)/FePc(20nm) were not measured for further analysis. The
measured value of work function of 20 nm FePc films is ~ 5.1 eV, which is identical to the
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work function of CoPc films of 20 nm prepared under identical condition, therefore no
charge transfer occurs at the CoPc/FePc heterojunction interface.

4.5 Conclusions
The p-n heterojunction comprising of p-type CoPc (20nm) and n-type F16CuPc
(20nm) heterojunctions showed ohmic conductance with three orders of magnitude higher
conductivity as compare to individual CoPc or F16CuPc layer. The higher conductivity
F16CuPc/CoPc heterojunction is due to the charge carrier accumulation at the interface,
which is confirmed by Kelvin probe study. The thickness of charge carrier accumulation
layer at the interface was estimated to be ~20 nm. Interestingly these heterojunction films
exhibited reverse rectification behavior i.e. conducts current only in reverse bias. On the
other hand, CoPc/FePc (p-p type) heterojunction films do not exhibited any charge transfer at
the interface. Therefore their electrical properties are identical to the individual layers.
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5.1 Introduction
Concerns for clean environment require strict regulations on toxic gas emission from
industries and automobiles. In order to enforce these regulations, there is a need for more
sensitive gas-sensing devices that are able to detect toxic gases in the parts-per-billion range
[181]. For instance, Cl2 gas is widely used in various useful processes, such as, water
purification, bleaching of pulp in paper mills, treatment of sewage effluents and as
insecticides. Cl2 is notoriously toxic gas, which can be lethal at low doses. The toxic limit of
Cl2 for eight hours time weighted average is 0.5 ppm [2]. This requires development of
sensors that can detect Cl2 in ppb level. In recent years, many results were reported on Cl2
sensing, and Table 5.1 summarizes several materials used for chemiresistive (i.e. a change in
conductance on gas exposure) Cl2 detection. From Table 5.1, it can be seen that there are
only few materials such as bisporphyrin, cobalt phthalocyanine (CoPc), and Zn2In2O5MgIn2O4, which can sense the ppb level of Cl2 gas. The working temperature of these
devices is very high i.e. in the range of 180-300°C. It can also be seen from the table 5.1, the
materials such as polypyrrole-ZnO nanocomposite, SnO2 with Sb doping and fluorinated
ethylene propylene (FEP)/polyanniline, which can detects the Cl2 gas at room temperature
but at ppm level. Therefore there is a need of material which can detect the ppb level of Cl2
gas at room temperature. Apart from this, for a practical commercial gas sensing application
one requires: (i) large area and cost effective methods of films making (ii) low temperature of
operation hence low cost of instrumentation and as at low temperature of operation no
structural reorganization of the films takes place, therefore the sensing characteristics will be
reproducible for prolonged operations.
In this chapter we discuss the room temperature Cl2 gas sensing of drop caste CuPcTs
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films. In addition, as we have discussed in chapter 3 that binuclear phthalocyanine films have
very high mobility compare to mononuclear phthalocyanine. Cl2 gas sensing of high mobility
binuclear (Co-Fe)Pc with a comparison to mononuclear phthalocyanine, will also be
discussed.

Table 5.1
Different materials used for chemiresistive detection of chlorine.

Materials used

Working

Detection limit

temperature (ºC)

(in ppm)

Polypyrrole-ZnO

25

1

[182]

SnO2 with Sb doping

25

3

[183]

FEP/polyanniline

25

100

[184]

Cu-phthalocyanine

170

0.18

[185]

Co-phthalocyanine

180

0.005

[31]

Bisporphyrin

180

0.01

[186]

Mg-Phthalocyanine

200

0.18

[187]

WO3/FeNbO4

230

2

[188]

CdIn2O4

250

0.2

[189]

CdSnO3

250

0.1

[190]

CuO-CdIn2S4

250

400

[191]

In2O3

250

0.5

[192]
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In2O3-Fe2O3

250

0.2

[193]

NiFe2O4

250

1000

[194]

SnInO

300

3

[195]

Zn2In2O5-MgIn2O4

300

0.01

[196]

WO3

300

1

[197]

ZnO

400

300

[193]
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Figure 5.1 (a) Schematics configuration (b) Response curve of chemiresistive gas sensor.
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5.2 Chemiresistive gas sensors and its characteristics parameters
A chemiresistive sensor essentially is a “resistor” whose electric resistance is very
sensitive to the chemical environment. In the simplest form of a chemiresistor, a
semiconductor material is deposited between a pair of electrodes on an insulating substrate.
The gaseous species act as either electron donor or electron acceptor and therefore change the
device conductivity. In our case we have deposited phthalocyanine and used gold electrode,
as shown in Fig 5.1(a). A change in electrical resistance of the device is measured as a
function of time for known amount of exposed gas. The response curve is represented by
variation in resistance of sensors with time on exposure and withdrawal of analyzing of gas
as shown in Fig. 5.1 (b).
A chemiresistive sensor is characterized by following five parameters: (i) sensitivity,
(ii) response time, (iii) recovery time, (iv) selectivity and (v) long term stability. The
sensitivity (S) of a sensor can be defined by many ways, including (a) A ratio of resistance in
air to that in gas i.e. S = Rair/Rgas, (b) S (%) = 100 × (Rair - Rgas)/Rair. A positive value of S
implies film resistance decreases on gas exposure and vice versa or (c) S = {(Cg-C0)/C0}
×100, where Cg and C0 are the conductance in gas and air respectively [181]. The response
time (TS) is the time interval over which conductance attains a fixed percentage (usually
90%) of final value when the sensor is exposed to full-scale concentration of the gas.
Recovery time (TR) is the time interval over which sensor conductance reduces to 10% of the
saturation value when the sensor is exposed to full-scale concentration of the gas and then
placed in the clean air. A good sensor should have a small response and recovery times so
that sensor can be used over and over again. Moreover, the sensor should be selective to a
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particular gas only and sensor should not degrade on continuous operations for long
durations.

5.3 Cl2 Gas sensing properties of mononuclear phthalocyanine films
5.3.1 MBE grown FePc and CoPc films
In this section we present the Cl2 gas sensing properties of FePc and CoPc films
grown on (0001) Al2O3 substrate. In Fig. 5.2 (a), a plot of sensitiviy (S = Cg /C0) as function
of operating temperature is shown for FePc and CoPc fims (at 30 ppb of Cl2 gas exposure).
FePc and CoPc films shows a measurable conductance change only after 100°C. It cen be
seen that S shows it maximum value around 170ºC and this behaviour is in agreement with
the reported literature for phathlocaynine films [9, 31, 101]. In this case all films shows an
enhancement in conuctance on exposure to Cl2 gas as expected for a p-type semiconductor.
The conductance versus time curves (at 170°C) for different doses of Cl2 gas for FePc and
CoPc films are shown in Fig. 5.2 (b) and Fig. 5.2 (c) respectively. From these data’s, it may
be noted that even though the chamber is leak tight, the conductance does not saturate on
exposure to Cl2 gas, it could be due to the following reason: there are two competing
phenomena here, one is the reaction of Cl2 gas with the films, which result in response and
second is the replacement of adsorbed gas molecule by the surrounding oxygen, which
results in the recovery. Due to faster kinetics of both the processes saturation cannot be
achieved in these samples. As seen from Fig. 5.2 (b), for pure FePc film the change in
conductance (from base conductance value) increases on exposure of Cl2 gas in the range of
10-500 ppb. For concentration > 500 ppb the conductance change decreases in magnitude
and finally films does not sense the Cl2 gas. In a similar manner CoPc films shows best gas
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sensing characteristics in the concentration range of 10 – 5000 ppb only, as shown in Fig. 5.2
(c). In the Cl2 gas sensing mechanism the central metal atom play an important role [198].
The chemical binding of Cl2 molecule with the phthalocyanines metal atom is also supported
by theoretical work where it has been shown that oxidizing gases strongly chemisorbs to the
central metal atom of MPcs and physisorbs to all non metal sites [199].
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Figure 5.2(a) Temperature dependence of the sensitivity S (at 30 ppb of Cl2 exposure) for FePc and
CoPc films (b) Time dependence of the conductance (at 170ºC) of the FePc films for different doses
of Cl2 gas (c) Time dependence of the conductance (at 170ºC) of the FePc films for different doses of
Cl2 gas
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5.3.2 Drop casted CuPcTs films
In this section we will discuss the room temperature Cl2 gas sensing characteristics of
CuPcTs films of nominal thickness ~1 µm were prepared on quartz substrates using drop
casting method.

5.3.2.1 Response curve
Typical response curves recorded at room temperature for different Cl2 concentrations
are shown in Fig. 5.3. It may be noted that Cl2 exposure up to 2000 ppb, resulted in a highly
reproducible response curves, with a very fast response time (~ 4 s) and a full recovery in ~
10 min. It suggest that CuPcTs films can be used as chemical sensor in the gas exposure
range of 5-2000 ppb, however for gas concentration > 2000 ppb, the degradation of films
limits their sensing application.

5.3.2.2 Linearity and reproducibility
The variation of S = {(Cg-C0)/C0} ×100 as a function of Cl2 concentration is shown in
Fig. 5.4 (a). At 5ppb, 20ppb and 50ppb of Cl2 concentrations, the sensitivity values are 65%,
79% and 89% respectively. It is seen that for Cl2 concentration in the 5-2000 ppb range, S
increases linearly between 65 and 625 %. However, for Cl2 doses >2000 ppb, not only the S
value decreases, the full recovery also never completes. To test the reproducibility of the
response curve, we have recorded the response curve of the CuPcTs films for a repeated Cl2
exposure of 100 ppb for many times, the data shown in Fig. 5.4 (b) is for five times exposure.
The nearly same value of conductance on every time exposure of the films shows that the
response curves are highly reproducible.
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Figure 5.3 Response curves of CuPcTs recorded after exposing to different concentration of Cl2 gas.

450
300
150
0

0

500

1000 1500 2000

0.9

0.0
0

Cl2 concentration (ppb)

10

20

30

40

50

Time (min)

Figure 5.4 (a) Variation of sensitivity (S) as a function of Cl2 gas concentration, which shows linear
dependence (b) The response of the curve of the CuPcTs films for a repeated exposure of 100 ppb of
Cl2 gas.

5.3.2.3 Selectivity
To test selectivity of CuPcTs film, response curves (change in conductance of the
film as a function of time) were recorded at 500 ppb concentration of different gases i.e. Cl2,
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H2S, NH3, CH4, CO and NO. The histogram showing the sensitivity for different gases is
shown in Fig. 5.5. It may be noted from the histogram that films are highly selective to the
Cl2, and the sensitivity value is ~184 %. For all other gases, the sensitivity was < 0.1 %.
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Figure 5.5 Selective histogram of CuPcTs films towards 500 ppb of different gases at room
temperature.

5.3.2.4 Explanation of reversible and irreversible response
(a) Reversible response
First we explain why the response is reversible at ≤ 2000 ppb Cl2 concentrations and
irreversible at higher concentrations. CuPcTs films are intrinsically insulators and turn
semiconductors only when they are exposed to atmosphere. This is because oxygen from
ambient chemisorbs at the film surface. The presence of adsorbed oxygen (O2-),
corresponding to the binding energy at 533 eV was confirmed by the XPS analysis, as shown
in Fig.5.6. Once the films is exposed to the low concentration of Cl2 gas, it replaces the
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adsorbed oxygen (as being more electronegative than oxygen) as well as get adsorbed at
other free sites on the films surface, and pick up the electron from there. As a result the
conductance rises, but later this adsorbed Cl2 is replaced by the atmospheric oxygen due to its
abundance in the surrounding and results in the lowering of conductance. This reversible
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Figure 5.6 Cu-2p, Na-1s, S-2p and O-1s XPS spectrum recorded for fresh and 10 ppm Cl2 exposed
CuPcTs films. Inset of Na-1s spectra shows the presence of Cl-2p peak in the exposed films.

198

Chapter-5: Gas sensing using mononuclear and binuclear phthalocyanine films

(b) Irreversible response
The irreversible response of the CuPcTs films at higher Cl2 concentrations
(>2000ppb) indicates oxidation of the CuPcTs molecules. Since oxidation implies formation
of a chemical bond, therefore energy and the presence of other species are required to reverse
this process. Otherwise the process will be irreversible, as observed in the present case. In
order to confirm the oxidation of CuPcTs, XPS and FTIR spectra were recorded for the
freshly prepared films and after their exposure to a high dose (10 ppm) of Cl2. The obtained
XPS results are presented in Fig. 5.6. First we look at Cu-2p XPS spectrum, as in metal
phthalocyanine it is the preferable site for gas adsorption [198] . The peak at 932 eV and 952
eV corresponds to the Cu-2p3/2 and Cu-2p1/2 respectively. As seen there is no change in the
spectrum after gas exposure, so it rules out the possibility of gas reaction at copper sites,

1200

1400

-1

1511 cm

1422 cm

-1

1336 cm

-1

1288 cm

-1

1090 cm

1000

-1

-1

Before exposure
After exposure

1168 cm

1120 cm

-1

1034 cm

Absorption (a. u.)

-1

which are the most prominent reaction sites for CuPc materials.

1600

-1

Wavenumber (cm )
Figure 5.7 FTIR spectra data recorded for fresh and 10 ppm Cl2 exposed CuPcTs films.
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The major changes in the XPS spectrum occurs at sulphonated group site. The core
level O-1s XPS spectrum of fresh CuPcTs films indicates presence of oxygen in two different
chemical states. The peaks at 533 eV and 535 eV correspond to correspond to chemisorbed
oxygen at films surface and oxygen present in the sulphonated group, respectively [78].
However, for Cl2 exposed film, there is a large shift in the O peak at 535 eV i.e. related to S /
Na atoms, indicating possibility of Cl2 at oxygen sites of sulphonated group. This can
possibly happen if the Cl2 molecules get attached to O and form an oxychloride compound.
The reaction will also lead to increase in the binding energies of S-2p and Na-1s peaks, as
seen in Fig. 5.6. The presence of Cl-2p peak (shown in the inset of Na-1s XPS data) at 199
eV and 205 eV in exposed films verifies the existence of physisorbed and chemisorbed
chlorine respectively. This information is further supported by the FTIR data presented in
Fig. 5.7. For fresh film the noticeable FTIR peaks are: 1034 cm-1 (SO3 symmetric stretching
bond), 1090 cm-1 (C-N stretching bond), 1120 and 1168 cm-1 (C-H in plane banding
vibration), 1288 cm-1 (SO3 asymmetric stretching bond) and 1336 cm-1, 1422 cm-1 , 1511 cm1

(characteristic of C-N stretching) [200]. However, after Cl2 exposure, the intensity of the

peak at 1034 cm-1 (SO3 stretching bond) becomes significantly lower. All other peak do not
show any shift or intensity change after Cl2 exposure. The intensity of any FTIR peak is
related to the dipole-moment. The lowering of intensity indicates the lowering of the dipolemoment of SO3 group. This result can be explained by Cl2 attacks on the oxygen sites of SO3
group, which pick up some charge from it and results in lowering of dipole-moment.
Therefore XPS and FTIR result indicates that for higher concentration, the response
becomes irreversible, which is found to be due to the chemical bond formation between Cl2
and SO3Na group of CuPcTs films.
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5.3.2.5 Elovich isotherms for reversible response
In reactions involving chemical adsorption of gases on a solid surface without
desorption of the products, the adsorption rate decreases with time due to an increase in
surface coverage [201-203]. One of the most useful models for describing such activated
chemical adsorption is the Elovich equation, which is given by

dθ
= a exp(−bθ )
dt

(5.1)

where θ is the amount of gas adsorbed at time t and a, b are constants. In the Elovich
equation, constant a is regarded as the initial adsorption rate because

dθ
approaches a when
dt

θ approaches 0 and it depends on the activation energy. Constant b is related to a measure of
the extent to which the surface has been screened by the potential barrier for successive
adsorption. Given that θ = θt at time equals t and θt = 0 at t =0, the integrated form of Eq.
5.1 is
1

1



 1 

θt =   ln ( ab ) +   ln t +   
b
 b    ab  

(5.2)

In the present case, we assume that the change in the conductance (∆C) is proportional
to the amount of adsorbed Cl2 molecules θ. The Elovich isotherm describes adsorption
phenomena occurring on surfaces, which are energetically heterogenous or on surfaces where
the adsorption process induces an energetic heterogeneity [201, 203]. The CuPcTs films
contain many adsorption sites and Cl2 adsorption leads to a charge-transfer between film and
Cl2. However, this process is limited by a ‘potential barrier’ formed from the dipole layer
created by the redistribution of charge between the Cl2 molecule and the CuPcTs film. The
increase of this potential barrier with successive adsorption events provides an adsorption
201

Chapter-5: Gas sensing using mononuclear and binuclear phthalocyanine films

induced surface heterogeneity. The adsorbate–adsorbate interactions are known to make the
heat of adsorption and desorption dependent on the coverage [201]. This makes adsorption
rate to decreases exponentially with time due to an increase in surface coverage. As shown
in Fig. 5.8 (a), the plots of ∆C vs ln t, which are derived from Fig. 5.3, are linear, indicating
that the interaction obeys the Elovich equation. From the slopes, values of b are calculated
for different Cl2 concentration. As shown in the 5.8 (b), log b − log [Cl2] plot is linear in
nature. Therefore, Cl2 concentration apart from the sensitivity plot, as shown in Fig. 5.8 (b),
can also be determined from b that is derived from the response rate ∆C/dt.
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Figure 5.8 (a) Change in conductance (∆C) as a function of ln(t), which was derived from the
response curves in Fig. 5.3. Straight-line fit of data is in accordance with Elovich equation and the
slope of linear fits yields parameter b. (b) Linear correlation between ln b and ln [Cl2].

5.4 Cl2 gas sensing properties of binuclear (Co-Fe)Pc films
In Chapter 3 we have shown that very high value µ of in binuclear (Co-Fe)Pc films
(prepared on (0001) Al2O3 substrate) as compare to FePc and CoPc films. Now we discuss
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the influence of high µ of binuclear films on its gas sensing characteristics. A plot of
sensitiviy (S = Cg /C0) as function of operating temperature for binuclear (Co-Fe)Pc fims
along with CoPc and FePc films (at 30 ppb of Cl2 gas exposure) is shown in Fig. 5.9 (a) and
the value of S is higher as compare to FePc and CoPc films in all temperature range 120 to
210 °C. The conductance versus time curves (at 170°C) is shown for different doses of Cl2
gas for binuclear films the results are shown in Fig. 5.9 (a). It is interesting to note that
binuclear films can detect even 5 ppb of Cl2 gas (10 ppb in case FePc and CoPc films) , and
the reversible gas sensing characteristics has been obtained in the concentration range of 5 –
500 ppb. In order to compare the gas sensing characteristics of all films, response curve i.e. S
= {(Cg-C0)/C0} ×100 has been plotted, as shown in Fig. 5.10 (a)) as a function of time for a
particular exposure of 500 ppb of Cl2 gas. It can be seen that response of binuclear films is
about 16 and 13 times higher than that of FePc and CoPc films respectively. For all films the
response time (i.e. time required to reach 90% of the saturation conductance) is nearly same
as ~ 10 sec, however the recovery time is highest (~18 min) for composite films. In Fig. 5.10
(b), we have plotted the S for all films at gas concentration of 500 ppb. It can be seen that the
binuclear (Co-Fe)Pc films films shows highest value of S. The sensitivity of any materials
depends on following factors: (i) numbers of available sites for the gas interaction. (ii) charge
carriers released after gas interaction should easily move to the collecting electrode. Due to
relatively rough surface of the CoPc and FePc films although the numbers of available sites
for gas - material interaction can be more as compared to binuclear films but comparatively
poor structural order reduces the sensitivity of these films. Inset of Fig. 5.10 (b) shows the
sensitivity of binuclear (Co-Fe)Pc films for various oxidizing gases, it reveals that these films
are highly sensitive to Cl2 gas.
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Figure 5.9 (a) Temperature dependence of the sensitivity S (at 30 ppb of Cl2 exposure) for binuclear
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Figure 5.11 (a) Demonstration of the reproducibility (at 5ppb of Cl2) and base conductance drift for
binuclear (Co-Fe)Pc films. (b) Work function imaging of the fresh and Cl2 exposed binuclear (CoFe)Pc films and (c) Shift in Fermi level after the exposure of Cl2 gas.

The demonstration of the reproducibility (at 500 ppb of Cl2) and base conductance
drift for binuclear films is shown in Fig. 5.11 (a). It reveals that sensing characteristics are
highly reproducible without any drift of base conductance. The effect of Cl2 exposure on
binuclear films is also reflected in the work function value. Fig. 5.11 (b) shows the three
dimensional view of work function imaging for fresh and Cl2 exposed binuclear films. It is
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seen that work function of fresh binuclear films is enhanced by 0.1 eV after Cl2 exposure.
The increase in work function value after gas exposure is expected as binuclear molecule is
p-type in nature and an increase in carrier concentration on exposure will push fermi level
towards the LUMO level as shown in Fig. 5.11 (c). In case of FePc and CoPc films, work
function also enhanced by 0.1 eV, after the exposure of Cl2 gas. This indicates equal numbers
of charge carrier are producing after the interaction of Cl2 gas, but due to high mobility,
binuclear films exhibited highest sensitivity.

5.5 Conclusions
The gas sensing characteristics of CuPcTs, CoPc, FePc and (Co-Fe)Pc films has been
investigated. CuPcTs films exhibited room temperature ppb level Cl2 gas sensitivity.
Selectivity, repeatability, stability and linearity (sensitivity vs concentration) in the range 5
ppb to 2000 ppb are investigated. The chemical adsorption process of Cl2 on CuPcTs has
been analyzed using Elovich equation, which provides an alternative way of qualifying Cl2
concentration from response rate of sensor.
The Cl2 gas sensing properties of FePc and CoPc films were investigated. The highest
sensitivity was obtained at 170°C. It was found that CoPc and FePc films can detect 10 ppb
of Cl2 gas.
Due to the high mobility of (Co-Fe)Pc films, they exhibited enhanced response for
Cl2 gas, which is about 16 and 13 times higher than that of FePc and CoPc films.
Interestingly, it was found that (Co-Fe)Pc films can detect even 5ppb of Cl2 gas.
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Thin films of mononuclear phthalocyanine (FePc, CoPc and F16CuPc) and binuclear
phthalocyanine (Co-Fe)Pc were deposited by MBE with a perfect control over growth
parameters such as deposition rate, substrate temperature and film thickness on different
substrate i.e. (0001) Al2O3 , (001) LaAlO3, (100) SrTiO3 quartz and ITO. The growth
temperature and deposition rate were respectively, 200°C and 2Å/s. Binuclear (Co-Fe)Pc
films were found to grown only on (0001) Al2O3 substrates at 200°C if deposited using the
CoPc/FePc mixture in 1:1 (w/w) ratio. Thin films of CuPcTs were also prepared using drop
casting method. In addition all grown films were characterized by various techniques such as,
SEM, AFM, GIXRD, UV-Vis, FTIR, Kelvin probe and Raman Spectroscopy. Formation of
binuclear (Co-Fe)Pc was confirmed by MALDI mass spectroscopy. The charge transport
properties of grown films were investigated by measuring the temperature dependent J-V
characteristics as well as resistivity in the temperature range 300-25 K. Also, the suitability
of the grown films was examined for their possible application as chemiresistive gas sensors.
In addition p-n heterojunction comprising of p-type (CoPc) and n-type (F16CuPc) as
well as p-type (CoPc) and p-type (FePc) were fabricated using MBE. The charge transport
properties of these films were also investigated.
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The major conclusions are already presented at the end of each chapter. Here we
make a summary of the main results obtained during the thesis work.
1.

It has been demonstrated that mononuclear FePc, CoPc and binuclear (Co-Fe)Pc
films grow with molecules face-on stacking on (0001) Al2O3 substrate due to the
interaction between molecule and of Al terminated surface. AFM and GIXRD
studies revealed that (Co-Fe)Pc phthalocyanine films have better structural
ordering and hence smooth morphology as compared to the mononuclear films.
This is attributed to the additional dipole moment of binuclear (Co-Fe)Pc
molecules, which results better face-on stacking as compare to the mononuclear
CoPc and FePc films.

2.

Due to the better structure ordering the binuclear (Co-Fe)Pc films exhibited µ
~110 cm2/Vs, while in case of CoPc and FePc films mobility were found to be 5.3
and 1.1 cm2/Vs.

3.

The temperature dependence of resistivity of binuclear (Co-Fe)Pc films exhibited
metallic behavior in the temperature range 300K-25K which is the manifestation
of the improved ordering also. The J-V characteristics of binuclear (Co-Fe)Pc
films exhibited trap-free SCLC in the temperature range 300K to 25K. For CoPc
and FePc films the temperature dependent resistivity showed that, these films are
in the critical regime of metal–insulator transition. The J-V characteristics of
mononuclear films exhibited SCLC with exponential distribution of traps at low
temperature.

4.

The temperature dependent J-V characteristics of FePc films have also been
investigated at very high bias i.e. in the bias range of ± 200 V. In the temperature
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range of 300 K–30 K, the charge transport is governed by bulk-limited processes
with a bias dependent crossover from ohmic (J~V) to exponentially distributed
shallow trap mediated space-charge-limited conduction (J~Vα, α ≥ 2) to space
charge limited conduction with field enhanced mobility (ln µ ~ E1/2). However, at
temperatures < 100 K, the charge transport is governed by electrode-limited
process, which undergo a bias dependent transition from Schottky (ln J~V1/2) to
multistep-tunnelling (MUST).
5.

In the case of CoPc films grown on (100) SrTiO3 substrate, it has been
demonstrated that the molecule stack in edge-on configuration. The temperature
dependence of resistivity exhibited semiconductor to like transition at ~110K.
XRD measurement revealed that this transition is due to in-plane compressive
strains induced by structural phase transition (from cubic-to tetragonal ~ 110K) of
SrTiO3 substrate reduce the intermolecular distance.

6.

Charge conduction in FePc films under high electrical field has been investigated.
A bias dependent transition from ohmic to space-charge limited conduction to
space charge limited conduction with field enhanced mobility is observed. At
temperatures <100 K, by analyzing the low bias (< 100 V) data, which is
governed by Schottky–barrier limited conduction. However at higher bias
multistep tunnelling was observed in the FePc films.

7.

Structure and morphology of water soluble phthalocyanine (CuPcTs) films prepared
by drop casting method were found to be independent of substrate, and have usually
amorphous character. We demonstrated that below 280K these films do not transport
any current.
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8.

The gas sensing characteristics of CuPcTs, CoPc, FePc and (Co-Fe)Pc films has
been investigated. CuPcTs films exhibited room temperature ppb level Cl2 gas
sensitivity. Selectivity, repeatability, stability and linearity (sensitivity vs
concentration) in the range 5 ppb to 2000 ppb are investigated. The chemical
adsorption process of Cl2 on CuPcTs has been analyzed using Elovich equation,
which provides an alternative way of qualifying Cl2 concentration from response
rate of sensor.The Cl2 gas sensing properties of FePc and CoPc films were
investigated. The highest sensitivity was obtained at 170°C. It was found that
CoPc and FePc films can detect 10 ppb of Cl2 gas.Due to the high mobility of
(Co-Fe)Pc films, they exhibited enhanced response for Cl2 gas, which is about 16
and 13 times higher than that of FePc and CoPc films. Interestingly, it was found
that (Co-Fe)Pc films can detect even 5ppb of Cl2 gas.

9.

The p-n heterojunction comprising of p-type CoPc (20nm) and n-type F16CuPc
(20nm) heterojunctions showed ohmic conductance with three order of magnitude
higher conductivity as compare to individual CoPc or F16CuPc layer. The higher
conductivity F16CuPc(20nm)/CoPc(20nm) heterojunction is due to the charge
carrier accumulation at the interface, which is confirmed by Kelvin probe study.
The thickness of charge carrier accumulation layer at the interface was estimated
to be ~20 nm. Interestingly these heterojunction films exhibited reverse
rectification behavior i.e. conducts current only in reverse bias. On the other hand,
CoPc(20nm)/FePc(20nm) (p-p type) heterojunction films do not exhibited any
charge transfer at the interface. Therefore their electrical properties are identical
to the individual layers.

210

Chapter-6: Summary and conclusions

Future Plan
In the present thesis work, we have obtained higher ordered CoPc, FePc as well as
binuclear (Co-Fe)Pc films with record mobility 110 cm2/Vs. In addition we have fabricated
p-n heterojunction with high conducting interface. These samples can be used for further
investigated some of the possible examples are as follows:
1.

Other metal phthalocyanines such as NiPc, CuPc, AgPc and ZnPc can be
explored.

2.

The magnetic properties of ordered binuclear films, along with the CoPc and FePc
films can be investigated. In binuclear films, due to the interaction of two
phthalocynine rings one can expect improved magnetic ordering. In addition high
mobility binuclear films can be used for fabrication of field effect transistor.

3.

The sensing properties of F16CuPc/CoPc can be explored.
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