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SYNOPSIS

There are two major classes of organic semicondsictmolecular (made of small
molecules) and polymeric (made of long conjugatealirs). While polymeric semiconductors
often form disordered phases, molecular semicondsiftequently show ordered and crystalline
structures. Molecular semiconductors have beeacdittig much attention due to their interesting
optical and electrical properties, and therefore,l@ing used in many organic devices, such as,
organic field effect transistor (OFET), organichiigemitting diode (OLED), solar cell, gas
sensors etc. [1-3]. Simplicity in manufacturing dogver costs makes feasibility of organic
electronic devices for their commercialization. Mo$ the organic electronic devices require
high quality thin films and it has observed thatfpenance of these devices is greatly affected
by the morphology and structure (ordered or disedeof thin films. In the early years of
device developments, the deposition of organic senductor thin films mainly imitated the
methods of inorganic thin films, such as heter@egit in which an inorganic single crystal is
usually used as a substrate. However epitaxial ipr@fvmolecular semiconductor on inorganic
substrate is very difficult. This is because of teasons: (i) molecular semiconductors have a
particular geometrical shape with an inherent d@ropy that differs from the intrinsic isotropy
of inorganic atoms. For example metal phthalocyasi(MPc’s) have disk like geometry and
pentacene has one dimension rod like geometry odaalattice mismatch between films and
substrate. (i) Weak van der Waals interactionsaathan strong covalent bonds exist between
molecules or between molecules and substrates.efiéme fabrication of high quality organic
semiconductor thin films is more difficult than thaf inorganic thin films. Another important
issue in molecular semiconductor films is the chacgnduction. Therefore, to achieve better

performance of organic devices, proper understgsdif (i) film growth mechanism(s) and (ii)



electrical conduction mechanism in molecular semilcwtor films are essential. In literature, a
considerable amount of efforts have been devotestudy the charge transport mechanism in
molecular semiconductor thin films, particularlylatv temperatures. Due to the weak van der
Waals interaction, molecular semiconductors hava poystalline nature, which results in very
low mobility (x) usually in the range 0.01 to 10@Ms. A literature survey shows that it is
difficult to measure the electrical conductivity tmperature below 120K, because of poor
mobility, no measurable current is obtained. Undedly, in order to investigate the low-
temperature electrical conduction mechanism in owé semiconductor films, the major issue
is how to improve the mobility of charge carriettie films.

Thin films of organic semiconductor films have bemposited by two methods: vacuum
deposition and solution processing. In the caseapbr deposition, the organic semiconductor is
vaporized under a vacuum and allowed to condenteabsubstrate to form a film. For solution
deposition, the molecular semiconductor is dissbivean organic solvent. The solution is then
coated onto the substrate by either drop-castipig-c0ating, dip-coating, or printing. Vacuum
deposition is commonly used to fabricate organmisenductor thin films in organic electronic
devices. It has the advantages of providing comirdhe layer thickness, and the cleaning of the
environment and substrate. Solution processing rislaively fast and low-priced method of
fabricating thin molecular films. Vacuum sublimedganic thin films have better structure
ordering, smooth morphology and the intrinsic materoperties.

In addition, the combination of different type aiganic molecules is required in some
devices such as organic solar cell or organic lghitting diodes, where the interface of two
organic molecular layers (organic-organic hetercijiam) plays an important role. Therefore, a

complete learning of organic-organic interface ighly desired for effectiveness of these



devices. Because entirely diverse nature of orgamecular semiconductor than inorganic
ones, the energy level alignment and electricaldaotion properties must have different
mechanism in these organic heterojunction intedace

This thesis deals with the growth and characteamadf mononuclear CoPc and FePc
films as well as binuclear (Fe-Co)Pc films on vasosubstrateviz. (001) SrTiQ, (0001)
sapphire, (100) LaAlg) ITO coated glass and quartz, using molecular begitaxy (MBE). In
addition, heterojuntions comprising of n-typgs®uPc and p-type CoPc were deposited. Thin
films of water soluble phthalocyanine (CuPcTs) waiso prepared using solution process
techniques. Structure and morphology of the MPmdilwere found to depend on chemical
nature of substrate and various other growth paemneThe growth mode of large planar
molecules is governed by a competition between &ade-molecule” and “molecule-substrate”
interactions. If the molecule-substrate interact®oddominant then molecules arrange inftze-
on stacking mode, otherwise the stacking mod# be edge-on.We have found that the
mobility of binuclear (Co-Fe)Pc films is 110 &ws, which is higher by nearly two orders of
magnitude as compared to the individual CoPc orcH#Rs. The charge transport studies
carried on CoPc films grown on (001) Srgi@vealed a unique temperature dependent metal-
to-insulator like transition. The solution procedd$>c films as well as binuclear (Co-Fe)Pc films
were investigated for their gas sensing application

This thesis is planned in the following six chapter

Chapter 1: Introduction

This chapter gives an overview of the molecular isenductor and compares their

electronic structure and properties with inorgasemiconductor. A review on molecular



semiconductor growth is summarized. The electrehiacture and optical properties together
with its advantage over other molecular semicormtuate discussed. Finally, the scope of this

thesis is presented.

Chapter 2: Experimental techniques

A general outline of different experimental teafues and instrumentations used in the
present thesis work has been elaborated in thipt€har he details of the MBE system (RIBER
system model no EVA 32), used for the deposition tlé phthalocyanine films and
heterojunctions, is described. Brief descriptiohyarious characterization techniques, such as
scanning electron microscope (SEM), atomic forceroasicopy (AFM), X-ray photoelectron
spectroscopy (XPS), Fourier transformation infraregectroscopy (FTIR), UV-visible
spectroscopy (UV-vis), grazing angle X-ray speaopy (GIXRD), low temperature transport
measurement system etc. are discussed. A detwmkaiption of the Kelvin Probe method and

gas sensing set up used in the present work ayelascribed.

Chapter 3: Growth and conduction mechanism in monouclear and

binuclear phthalocyanine films

In this chapter, we discuss the growth of monorarctéoPc, FePc and binuclear (Co-
Fe)Pc films by MBE. Binuclear (Co-Fe)Pc films weigund to grown only on sapphire
substrates at 200°C if deposited using the CoPc/lreiRture in 1:1 (w/w) ratio. Formation of
binuclear was confirmed by MALDI (Multi Assisted $¢& Desorption and lonization) mass
spectroscopy.Binuclear films have betteface-on and edge-on overlapping compare to

individual CoPc and FePc films. Better face-on latag was also supported by GIXRD. The in



binuclear (Co-Fe)Pc films exhibiteg ~110 cni/Vs. Furthermore temperature dependence of
resistivity showed that binuclear films are in nletaegime, while CoPc and FePc films are in
the critical regime of metal-insulator transitiorhese films exhibited trap-free space charge
limited conduction (SCLC) in the temperature raB0eK to 25K; while Copc and FePc films
showed SCLC with exponential distribution of trapdow temperature.

Charge conduction in FePc films under high eleatriield (i.e. upto 20MV/m) has been
investigated. A bias dependent transition from a@hmoi space-charge limited conduction to
space charge limited conduction with field enhanmedbility is observed. At temperatures <100
K, by analyzing the low bias (< 100 V) data, whishgoverned by Schottky — barrier limited
conduction. However at higher bias multistep tulmghvas observed in the FePc films.

A novel feature i.e. temperature dependent metahgalator like transition, has been
observed in ultrathin CoPc films deposited on (08L}iO; substrates. In-plane compressive
strains induced by structural phase transition Ofi@Q; substrate reduce the intermolecular
distance, and as a result, metallic behavior ieesl. In the low temperature metallic phase the

charge transport occurs via field assisted turmgelirocess.

Chapter 4: Phthalocyanine based heterojunctions

In this chapter we discuss growth of phthalocyariased heterojunction comprising of
p-type CoPc anar-type RgCuPc using MBE. Thd-V characteristic of heterojunction shows
ohmic conductance with two order of magnitude higt@nductivity as compare to individual
CoPc and &CuPc films. The higher conductivity;d€uPc/CoPc heterojunction is due to the
charge carrier accumulation at interface, whicfurther confirmed by Kelvin probe study. The

thickness of charge carrier accumulation is foumde@ 20 nm. This heterojunction showed



reverse rectification behavior. No band-bending elngrge carrier accumulation were found in

CoPc/FePc-p type) heterojunction.

Chapter 5: Gas sensing using mononuclear and binwear phthalocyanine

films

In this chapter, we describe gas sensing behaVimater soluble copper phthalocyanine
(CuPcTs) films prepared by solution process. Thiéss exhibited room temperature sensitivity
towards CJ gas. Selectivity, repeatability, stability andearity (sensitivity vs concentration) in
the range 5ppb to 2000ppb are investigated. Thmiclaé adsorption process of Gin CuPcTs
has been analyzed using Elovich equation, whickiges an alternative way of qualifyingCl
concentration from response rate of sensor. A cosga study of the gas sensing
characteristics CoPc, FePc and binuclear (Co-F&)es has been studied. It has been found

that binuclear films are better for gas sensingbse of their high mobility.

Chapter 6: Summary and conclusions
The summary of the thesis work and main conclusaosg with the future perspectives
have been presented in this chapter. The maintsesioiain in the course of this thesis work are
as follows.
» Morphology of metal phthalocyanine (CoPc andCriPc) thin films grown by MBE
strongly depends on substrate. However, in solytroeess technique the morphology is

independent of substrate as they usually have droagxcharacter.



A huge improvement of mobility (110 éfs) in binuclear films, deposited on single
crystal sapphire substrate has been demonstratadh ws attributed to the improved
face-onas well agdge-orstacking of the binuclear (Co-Fe)Pc molecules.

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

CoPc films prepared deposited on Srygdbstrates exhibited a temperature dependent
metal-to-insulator transition, which was attributedthe compressive strains induced by
cubic to tetragonal structural phase transitio81dfiO; substrate.

In F16CuPc/CoPc heterostructure ohmic conduction wasergbd due to very high free
carrier density (~10/cm®) in the temperature range 300-30K. Accumulatiyet width
was found to be 20 nm using Kelvin Probe methode Témperature dependence of
resistivity shows these films are in metallic stderitical regime.

Room temperature ppb level,@as sensing of CuPcTs thin film has been demdestra
It has been shown that the sensors exhibit linearation of sensitivity with
concentration in the range 5 ppb to 2000 ppb. Higiility binuclear (Co-Fe)Pc films

exhibited higher sensitivity as compared to theivindal FePc or CoPc films.
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powder dissolved in chloroform solution).

Figure 3.5 GIXRD pattern of CoPc films grown on (0001),8% substrate.
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Figure 3.6 (a)AFM image (size: 5 um x 5 um) of the CoPc filmssapphire substrate. (b)
Height profile is given along the line drawn on thege.

Figure 3.7 UV-Vis spectrum for FePc films (the inset shows M\ spectra for CoPc
powder dissolved in chloroform solution.).

Figure 3.8 SrTiOs; unit cell at room temperature which shows a cslrgcture.

Figure 3.9 (a) GIXRD data for CoPc films grown on (100) Srfi@) Schematic
representation of the stacking of CoPc moleculdh asaxis perpendicular to the substrate
plane.

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

Figure 3.11GIXRD data for sCuPc film grown on (001) LaAl©substrate

Figure 3.12 (a) AFM image (size: 5 pm x 5 um) ofgEuUPc filmson (001) LaAIQ
substrate. (b) Height profile is given along theeldrawn on the image.

Figure 3.13 GIXRD patterns and SEM images of drop casted CaRiihs (a) on quartz
substrate (b) (0001) AD; substrate (c) A photograph of drop casted CuPitifisdn quartz
substrate.

Figure 3.14Room temperature resistivitysgok) of composite CoPc-FePc films as a function
of FePc concentration.

Figure 3.15(a) Secondary ion time of flight mass spectromé8iMS) data. (b) Matrix
assisted laser desorption ionization time of fligiass spectrometry (MALDI) data for FePc,
CoPc and binuclear (Co-Fe)Pc films.

Figure 3.16 Schematic showing the chemical structure of biearc(Co-Fe)Pc molecule.

Figure 3.17GIXRD spectra of binuclear (Co-Fe)Pc along witlP€C@nd FePc films.
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Figure 3.18 AFM image of binuclear (Co-Fe)Pc film. (c) Heightofile is given along the
line drawn on the AFM image.

Figure 3.19 Co-2p,, Fe-2pp, N-1s and C-1s XPS spectrum for the CoPc, FePc and
binuclear (Co-Fe)Pc films.

Figure 3.20Raman spectra for the FePc, CoPc and binucleaF&J®c films.

Figure 3.21UV-Vis spectrum for the FePc, CoPc and binucl€ar-Fe)Pc films.

Figure 3.22 Molecular stacking schematic (perpendicular to ghbstrate plane) shown for
(a) binuclear (Co-Fe)Pc and (b) mononuclear CaoféicFRePc.

Figure 3.23 The schematic of charge transport measurementispoan active organic
semiconducting layer sandwich between charge ingeind collecting electrodes.

Figure 3.24Schematic of shallow and deep traps for electamusholes.

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

Figure 3.26 Schematic representation of hopping transpoti@émntolecular semiconductor.
Figure 3.27Poole-Frenkel effect at a trap in the bulk of $keniconductor.

Figure 3.28Schematics of energy diagram of organic moleczsganiconductor.

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

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

Figure 3.31 Schematic of sequential tunnelling of electronnfometal electrode to the

conduction band of insulator/semiconductor via liaed states
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Figure 3.32(a) Representation of image force problem wheelactron is very close to the
metal surface. (b) Energy barrier lowerinyg due to image force and applied fielg, is a
measure of the width of the barrier.

Figure 3.33Log-log plots showing current-voltag&Y) characteristics of 20 nm FePc films
in the temperature range 300-30 K. Based upon digmee of current on applied bias and/or
temperature, five regions | to V have been idesdifimarked by thick dashed lines).

Figure 3.34Log-log plots of]-V characteristics in the temperature range 300-188Kwing

a transition from ohmic (region 1) to shallow trapediated space charge limited conduction
(region 1), the crossover voltage is denotedvhyThe extension a¥-V data’s in the voltage
range of 30-90V meet at cross over voltege 2700 V.

Figure 3.35 Fermi energy levelsEg) position is shown with respect to the HOMO and
LUMO level for FePc films. In the left side showetlplot of density of traps states as a
function of energy.

Figure 3.36J-V data of region Il is plotted in log-log scale.elimset shows thieversus 1/T
plot.

Figure 3.37 (a) Field dependence of the mobility obtained frdata of region Ill. (b)
Temperature dependence of field enhancement ceeffig (which describe the field
dependence of the mobility).

Figure 3.38(a) Data of region-1V plotted ds Jvs V2 Linear fits to datandicate Schottky-
barrier limited conduction. (b) Data of region-Votied as conductivity as a function of
inverse of the square-root of electric field.

Figure3.39 Schematic of temperature-bia$-Y) plane summarizing various conduction

mechanisms in FePc films.
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Figure 3.40(a) The temperature dependence of resistivifly) Nearly linear dependence of
log p versuslog T plots (c) Plots of reduced activation enevgy= -din[o(T)]/dInT) for FePc
films.

Figure 3.41 Log-log plots showingl-V characteristics of CoPc films in the temperature
range 300-100 K.

Figure 3.42(a) Power law fit ofl-V data’s. The fits meet at cross over voltage- 1368 V.
(b) The temperature dependence of voltage expdngnt

Figure 3.43(a) The temperature dependence of resistivifly) Nearly linear dependence of
log p versuslog T plots (c) Plots of reduced activation eneiyy(= -dIn[o(T)]/dInT) for
CoPc films.

Figure 3.44(a) The temperature dependence of resistivifly) Nearly linear dependence of
log p versuslog T plots.

Figure 3.45PIlots of reduced activation energ¥(= -din[o(T)]/dInT) for (Co-Fe)Pc films.
Figure 3.46 The temperature dependence of resistiyitffor CoPc films of different
thickness.

Figure 3.47 (a) Temperature dependent GIXRD data for CoPc @iiown on (100) SrTi@
(b) Temperature dependencebandc lattice parameters for CoPc films.

Figure 3.48 Schematic representation of the stacking of CoPtecnles ina-b (out of
substrate plane) ardc planes (in substrate plane).

Figure 3.49 Log-log plots showingl-V characteristics of CoPc films in the temperature
range 300-125 K. Inset shows the linear fit op s T** data, indicating 3D-VRH

conduction.
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Figure 3.50 Log-log plots showingl-V characteristics of CoPc films in the temperature
range 80- 40 K. Inset shows the plot of condugtiei$ a function of inverse of the square-
root of electric field at different temperatures.

Figure 3.51 Log-log plots showingl-V characteristics of 20 nmi§E€uPc films in the
temperature range 300 - 160 K.

Figure 3.52Log-log plots showing-V characteristics of CuPcTs films on quartz substirat
the temperature range 300 - 260 K.

Figure 3.53 (a) The temperature dependence of resistivityP{b}s of reduced activation
energyW for CoPc, (c) Linear fit of conductivity vers@i&? data for )Co-Fe)Pc films.

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

Figure 3.55J versusv'? data (at 25K at low bias, with estimated barrieight of 0.052 eV)
indicates Schottky-barrier limited conduction.

Figure 3.56 Work function images (size 5mm x 5 mm) of CoPdP?&@nd binuclear (Co-
Fe)Pc films.

Figure 3.57(a) Temperature dependence of mobiljty &nd (b) Linear fit ofu Vs T2 for
binuclear (Co-Fe)Pc films.

Figure 3.58J-V characteristics of 20 nm CoPc films on §i®IgO and LaGd@substrate.
Figure 4.1 Different types of organic semiconductor heterojion (a) depletion
heterojunction (b) accumulation heterojunction (eJectron accumulation/depletion
heterojunction (d) hole accumulated/depletion logterction.

Figure 4.2100nmx100 nm AFM images (a) 20 nmg®uPc film on LaAlQ substrate and

(b) top surface of ECuPc(20nm)/CoPc(20nm) heterojunction films.
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Figure 4.3 (a) GIXRD data for igCuPc(20nm)/CoPc(20nm) heterojunction films Xajyay
reflectivity spectrum for BECuPc(20nm)/CoPc(20nm) heterojunction films. Solidke |is
theoretical fit of data. Inset show the depth peobf electron scattering length density
(SLD).

Figure 4.4 (a) Temperature dependence of resistivity (plottedbg-log scale) for CoPc,
F16CuPc and sCuPc/CoPc heterojunction films. (b) Plot of redueetivation energyV as

a functions of temperature.

Figure 4.5 Temperature dependedtV characteristics of jgCuPc (20nm)/CoPc(20nm)
heterojunction films.

Figure 4.6 (a) Schematic of CuPc/CoPc heterojunction films used for surfaceeipiodl
measurements.(b) 2D and (c) 3D image of typicafaser potential of CuPc(20 nm)/
CoPc(3 nm) heterojunction sample.

Figure 4.7 Plot of surface potential] as a function of CoPc thickness fofsGuPc/CoPc
heterojunction films. Inset shows the plot ¢fas a function of fCuPc thickness for
F16CuPc/CoPc heterojunction films.

Figure 4.8 Schematics of energy level diagram of CoPc ap@uPc before (a) and after (b)
contact.

Figure 4.9The charge carrier accumulation at thgdtiPc/CoPc heterojunction interface.
Figure 4.101-V characteristics of ;gCuPc (150 nm)/CoPc (150 nm) heterojunction. Inset
show the schematics of the circuit diagramlfermeasurement (out of plane geometry).
Figure 4.11 Room temperature J-V characteristcs of CoPc, FePc and

CoPc(20nm)/FePc(20nm) heterojunction films

Figure 5.1 (a) Schematics configuration (b) Response cunahemiresistive gas sensor.
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Figure 5.2 (a) Temperature dependence of the sensitiSifat 30 ppb of Gl exposure) for
FePc and CoPc films (b) Time dependence of thewdadce (at 170°C) of the FePc films
for different doses of Glgas (c) Time dependence of the conductance (8C)6f the FePc
films for different doses of Ghas.

Figure 5.3 Response curves of CuPcTs recorded after exptsidiferent concentration of
Cl, gas.

Figure 5.4 (a) Variation of sensitivity§) as a function of Glgas concentration, which
shows linear dependence (b) The response of the airthe CuPcTs films for a repeated
exposure of 100 ppb of £has.

Figure 5.5 Selective histogram of CuPcTs films towards 500 ppdifferent gases at room
temperature.

Figure 5.6 Cu-2p, Na-1s, S-2p and O-1s XPS spectrum recdatefiiesh and 10 ppm €I
exposed CuPcTs films. Inset of Na-1s spectra shinespresence of Cl-2p peak in the
exposed films.

Figure 5.7 FTIR spectra data recorded for fresh and 10 ppnexglosed CuPcTs films

Figure 5.8 (a) Change in conductancaQ) as a function of In(t), which was derived from
the response curves in Fig. 5.3. Straight-lineofitdata is in accordance with Elovich
equation and the slope of linear fits yields par@mie (b) Linear correlation between n
and In [C}].

Figure 5.9 (a) Temperature dependence of the sensiti8i(at 30 ppb of Glexposure) for
binuclear films (b) Time dependence of the concwmgat 170°C) of the binuclear films for

different doses of Glgas.
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Figure 5.10(a) Comparison of the response for FePc, CoPbanutlear (Co-Fe)Pc films at
500 ppb for Gl exposure (b) Comparison of Sensitivity for alhfd at 500 ppb of glgas
exposure. Inset bar chart showing the sensitiviityhe binuclear (Co-Fe)Pc films for various
oxidizing gases.

Figure 5.11 (a)Demonstration of the reproducibility (at 5ppb df)Gand base conductance
drift for binuclear (Co-Fe)Pc films. (b) Work fumah imaging of the fresh and £éxposed

binuclear (Co-Fe)Pc films and (c) Shift in Fermvde after the exposure of L£lgas.

22



LIST OF TABLES

Table 1.1Unit cell parameters for various phthalocyanines.

Table 3.1Values of hole concentrationgj, trap characteristics temperatuf@,(trap density
(N;) and Mobility (1), determined using-V characteristics for CoPc films grown on (0001)
Al,O3substrate.

Table 3.2Values of room temperatuge determined using-V characteristics for binuclear
(Co-Fe)Pc films grown on various substrate undentidal condition.

Table 4.1 Various parameters of heterojunction films andssabe as obtained from the
fitting of X-ray reflectivity data.

Table 5.1Different materials used for chemiresistive detecof chlorine.

23



| NTRODUCTION

CHAPTER-1

1.1 Organic molecular semiconductors
1.2 Phthalocyanines
1.2.1 Mononuclear phthalocyanine
1.2.2 Binuclear phthalocyanine
1.3 Growth modes of molecular semiconductor tHmsi
1.4 Thin film deposition methods
1.4.1 Molecular beam epitaxy
1.4.2 Solution method

1.5 QOutline of thesis

24



Chapter-1: Introduction

1.1 Organic molecular semiconductors

Organic semiconductors are organic materials thhib#& semiconductor properties.
Generally almost all organic solids are insulatblswever, when their constituent molecules
haven-conjugate systems and they are appropriately dopleaikge carriers (electrons or
holes) can move via-electron cloud overlaps, especially by hoppingntlling and related
mechanisms. Organic semiconductors can be classifie two major classes: (i) molecular
semiconductors e.g. single molecules (polycyclmraatic compounds, such as, pentacene,
rubrene, anthracene, porphyrine, phthalocyanin®saeid oligomers (short chain i.e. having
few monomers) and (ii) conjugated polymers: whidmnsist of many monomers bonded
together in a long chain e.g. poly(3-alkylthiophgm®ly(p-phenylene vinylene),
polyfluorene etc. Typical examples of both types@anic semiconductors are given in Fig.
1.1. In polymers, the number of repetition uniindeterminate, thus they can have a variable
molecular mass. On the other hand, molecular serdigtors have a well defined molecular
weight. However,n-conjugation i.e. the arrangement of carbon atomsaiseries of
alternating single and double bonds is the comni@racteristic of both the classes. While
polymers form disordered phases, small moleculeguintly show ordered, crystalline
structures. These materials exhibit a strong ampgtin their optical and transport properties
perpendicular and parallel to the molecular planelecular semiconductors in general have
high vapour pressures and are poorly soluble iferdifiit solvents. Therefore, the films of
molecular semiconductors are usually deposited ftben gas phase by sublimation or
evaporation. On the other hand, conducting polybe#ng soluble, their films can be easily
formed using cost effect solution process techrsigeach as spin-coating or printing

techniques. However, the major advantage of madediims with respect to the polymer
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films is that they can be grown with very high pyiand crystalline order, which are the two

major requirements for obtaining high charge camiebility.

CuPcTs FsCuPc

Figure 1.1 Molecular structures of conducting polymers: PRély(p-phenylenevinylene), PFO:
polyfluorene, P3AT: poly(3-alkylthiophene), Alqtris(8-hydroxyquinoline)aluminium, CoPc: Co-
phthalocyanine, pentacene, CuPcTs: copper phtratiny tetrasulfonate and;cEuPc: Copper

hexadecafluorophthalocyanine.
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Characteristics of molecular semiconductors are ititemolecular bonds. The
alternation of singled) and double ) bonds, referred to as conjugation, is respongiale
semiconductor nature of organic molecular. In ajwgsted system, the carbon atoms
involved in the conjugation agy hybridized (the & orbital is mixed with only two of the
three available (2 orbitals) which means the three hybsidf orbitals form thes bonds, with
the o-electrons being highly localized, leaving theorbital unaltered. The mutual overlap
between remaining non hybridizedorbitals of adjacent carbons leads to the formadior
bonds. The electrons of overlappipg orbitals form a delocalized electronic orbitabothe
whole conjugation length. Thegeelectrons are delocalized over the whole moleanttare
more loosely bound compared to thelectrons These delocalized electrons respongible
semiconducting properties of this class of materids an example this is illustrated in Fig.

1.2 for benzene molecule.

delocalized

Figure 1.2 Schematics representation mbrbitals in benzene Es) molecule, responsible of its
semiconducting nature. In the solid the overlapvbenr -orbitals of adjacent molecule will allow

the charge transport through the solid.
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ﬂ*C
LUMO
= 4 E,
\+ / HOMO
v/ C

T~—

Figure 1.3 Schematic representation of the splitting of thergy levels of a molecules due to the

interactions in ther-orbitals of a molecules leads to the formationhiwfhest occupied molecular
orbital (HOMO) and lowest unoccupied molecular tabi(LUMO) energy bands. Molecular

interaction in the solid leads to the further i@ of molecular orbitals.

Due to the interactions afelectrons, th& molecular orbital splits into a bonding) (
and anti-bonding i) molecular orbital, according to the Pauli exabwsiprinciple as
depicted in Fig. 1.3. The two electrons occupy tighest occupied molecular orbital
(HOMO), while the letter remains empty and callesvést unoccupied molecular orbital
(LUMO). The extended series of overlappingoadrbitals and the delocalization of electrons
over the entire molecule leads to the further spgtof HOMO and LUMO resulting
formation of band which is shown in Fig. 1.3. Im@lecular interactions in the solid lead
also additional splitting. The HOMO and LUMO forganic semiconductors are analogous
to the valence and conduction bands of the cormealtiinorganic semiconductor. Optical
and thermal excitation can promote an electromtaraoccupied level. Thus the energy band
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gap for organic semiconductor corresponds to the lggween HOMO and LUMO of the
molecule. The HOMO-LUMO separation in these conjedanolecules depends strongly on
the overlapping of neighbouring orbitals, which is in turn related to the planartf the
molecule and to side groups. In many cases, the BQMMO energy gap is relatively
small (~ 1 to 3 eV) and the molecules can be dapexssumen- or p-type character. Thus,
ther-conjugated molecules can act as semiconductingnehsiin organic molecular devices.
However the band formation is not sufficient foganic molecular material to behave as
semiconductor, there must be a mechanism of cheageer transport between molecules.
This is achieved due to the overlap of therbitals from one molecule to those of its
neighbouring molecule. Therefore a close packinghofecule and a crystalline structure of
free of defects is essential to maximize therbital overlap and thus improve the conduction
properties of the material. The low molecular syrtipndeads to highly anisotropic
conduction parameters since the effective patleliarge carrier transport is perpendicular to
molecular plane, direction of maximumoverlap [1]. Thus, parameters like the charge
carrier mobility must be described by a mobilityger 4 [2, 3]. In general, all physical
properties of these materials may present anisctriophaviour due to low symmetry of
molecular constituents and the low-symmetry criisgkstructure they form.

During past few decades, organic semiconductorse hattracted significant and
increasing interest due to their interesting eleatrand optical properties. Their applications
in flexible and low cost, and tuning possibilities the manufacturing electronic devices
make them suitable candidates for future electrakewices [4-7]. Moreover, organic
molecules are potential candidate for pushing tkistiag scaling limits of the existing

silicon based microelectronics to nanoscale [8-I0f advantages offered by the organic
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molecules to be used in the nanoscale devicegipsenall size (typically 0.5 to 2.5 nm), (ii)
easy tuning of electronic properties by changingnaical structure of the molecule, and (iii)
possibility of forming self-assembled monolayer\arious substrates (e. g. thiols on Au,
silanes on Si) . In recent years, various nana@eids molecular devices, such as, rectifiers,
memory, resonant tunnel diodes and transistors Hazaen demonstrated using two-
dimensional ordered molecular monolayers and raykils [11-13]. The interest in electrical
properties of organic monolayers has developednemos academic interest in this field [14-
18]. Similarly, thin and thick films of various @agic semiconductors are actively being
investigated from the view point of understanding physics underlying the charge transport
as well as their applicability in new electronicplgations e.g. flexible and low cost large
area electronics, which is difficult to achievengsinorganic semiconductors. This research
field is growing very fast. At present researcteesable to manage the material properties at
the molecular level [19]. Moreover, many effortse abeing made in the industrial
development of the organic electronic devices. Mapplications of organic semiconductors
have been already demonstrated and some of thermoarmercially available in market.
These include: mobile phones display based on adeaid effect transistor (OFET) by
Philips and Polymer Vision, automobile stereo diggirom Pioneer, organic light emitting
devices (OLEDs) from Philips and full color dispda)Kodak digital cameras. On the
development of organic electronics, Forest has cemted: f the field continues to
progress at its current, rapid pace, electronicséd on organic thin-films materials will
soon become a mainstay of our technological existef20]. However, despite of these
developments, organic devices have limitation im&eof their low charge carrier mobility

(0.001-10 crfi/Vs) [16, 21, 22], which is several orders of miagge lower than traditional
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inorganic semiconductor (e.g. Silicon 1400°dfs). In order to improve the performance of

organics devices, it is necessary that their myhikeed to be increased.

1.2 Phthalocyanines

The word Phthalocyanine is derived from the Gresint'naphtha’ (rock oil) and
‘cyanine' (dark blue). The first phthalocyanine wasduced accidentally in 1907 by Braun
and Tcherniac as a minor product in the synthelsis-@yanobenzamide from phthalamide
and acetic anhydride [23]. C. E. Dent et al. r&mbrthe structure of the planar
phthalocyanine molecule for the first time [24].tlRdocyanines are an intensely blue-green
coloured macrocyclic compound and traditionally dénavbeen wused as dyes or
pigments. Phthalocyanines form coordination comgdexith most elements of the periodic
table and exhibit semiconducting properties. Ttaeethey are currently being explored for
their possible applications in the organic eledtenMajority of the research has been
carried out on the mononuclear phthalocyaninesnelecule containing only one metal
atom. However, phthalocyanines can form dimmers, which two mononuclear
phtahlocyanine (with similar or different metal %) units are covalently linked. Here we
briefly overview the structural properties of monoolear as well as binuclear

phthalocyanines.

1.2.1 Mononuclear phthalocyanine

The metal-free phthalocyanine fPt) has the general formulagBigNg. It is

chemically designated as 5, 10, P® tetraazatetrabenzporphyrin or tetrabenzporphyraz
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[25]. The molecule is planar consisting of fourimtnle molecules linked together at the

corners of the pyrrole ring by four nitrogen atoassshown in Fig. 1.4.

Macrocycle

H

Indole
| (CgH.N)
Isoindole

Figure 1.4Molecular structure of metal phthalocyanine (MPc).

The space within the four central nitrogen atom®dsupied either by hydrogen
atoms in the case of;Hc or by a metal atom in metal substituted phthabmes (MPc). In
the simple metal phthalocyanines, such as CoPawheentral hydrogen atoms are replaced
by a single metal atom. MPc offer many interespnaperties, including:

() Pc's are easily sublimed and can be crystallizeti wery high purity (18" -10"
traps cnT) exceptional in organic chemistry.

(i) Pc's show an exceptional thermal and chemical lggaldn air MPc’s undergo no
noticeable degradation up to temperature 400 - GCAid in vacuum most of
them do not decompose below 900°C. They are notafected by strong acids

or bases [25, 26].

32



Chapter-1: Introduction

(i) Pc's is highly conjugated molecule and contains rd8electrons in the
macrocyclic ring which leads to very intense absorpbands at around 400 nm
and 700 nm.

(iv) Pc's are a very versatile system as there are lplisss of tuning its electronic
properties by playing with different side group amehtral metal atoms. There are
more than thousand different Pc’s have been sym@tbsby changing either
central metal atom or side groups. The replacemiecentral metal atom and side
group modifies its electronic properties, while mslecular structure, in most of
the cases, remains unchanged [25, 26]. For exa@yiRe is go-type molecular
semiconductor but the replacement of 16 hydrogenflbgrine makes the
molecule (FsCuPc)n-type. In fact, zCuPc is one of the most stahbetype
organic semiconductor known at present, and itole@s used to fabricate the first
n-channel organic transistor [27], and in compleragnlogic circuits [28, 29].

Due to the above properties, metal phthalocyanie® been intensely investigated
for various organic devices, such as solar cell&[@s, OFETs and gas sensors [30-35].

Phthalocyanines appear in various crystalline forthee to different growth
conditions or methods; this is called polymorphisvhich is purely a consequence of
different pickings in the unit cells. The most coompolymorphs of phthalocyanines are the
a and g phases, as shown in Fig. 1.5. These two phasesr diff the tilt angle of the
molecular stack from the b-axis, which is 26.11°dghase and 44.81° f@rphase [36-38] .
The growth ofa-form is obtained in thin films when the substremperature is maintained
below a phase transition temperature during grd®®h. As shown in Fig.1.6, the andp

phases are formed by quasi-orthorhombic [40] andadlinic [36] unit cells, respectively.

33



Chapter-1: Introduction

The unit cell parameters of different phthalocyasirare listed in Table 1.1. Besides the

andg phasesy ,0, and y phases were also observed on rare occasions [37].

(a) / (b)¢
(b) 26.10 '/ 448)

2.4 nm

AN\
R/
EA\\Z\\

~
Ne)

Figure 1.5 Schematics of crystalline (a)FePc (b) an@g-FePc

(b) E E
1‘V A
a [ \ c
AVAR

Figure 1.6 The schematic representation of a metal-phthatongaunit cell structure for (a) the

~—~
j8b)
~

phaseand (b) thef-phase The yellow circles show the centre atoms andthe lines or blue planes

are phthalocyanine rings.
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Table 1.1

Unit cell parameters for various phthalocyanines

H,Pc B-CuPc | F1eCuPc | a-FePc | p-FePc | a-CoPc | p-CoPc
[41] [36] [42] [43] [25] [43] [44]

M 514.55 575.67 863.9 568.38 568.38 571.47 57147
a(A) 19.85 19.407 20.018 25.5 19.39 25.88 19.35
b(A) 4.72 4.79 5.106 3.79 4.79 3.75 4.77
c(R) 14.8 14.628 | 15.326 25.2 14.6 24.08 14.54

B 120.25° 120.56° 111.83f 90.4° 120.8%° 90.2° 120.82
Z 2 2 2 2 2 2 2

Figure 1.7Molecular structure of water soluble CuPcTs.

Phthalocyanines are usually difficult to dissolmecommon solvent (de-ionized water,
ethanol, methanol etc.). For large scale devigdigtions mainly in the form of micro

electromachined devices (MEMSs) or electronic nosewall as cost effective disposable
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sensors, it is necessary to manufacture the segossmpler technique such as solution
spinning, printing, micro-drop coating, etc. Watsnluble phthalocyanine can also be
synthesized from non-substituted phthalocyaninesatbgching sulfonate groups [45]. A
typical example of water-soluble phthalocyaninesapper (llI) phthalocyanine tetrasulfonic
acid, tetrasodium salt (CuPcTs), and its structarshown in Fig. 1.7. The structure of
CuPcTs is very similar to CuPc except that polagN&Oattached to the corners of benzene
rings and makes this compound water soluble [#8pse water soluble phthalocyanines

have been used as FET and gas sensors [46, 47].

1.2.2 Binuclear phthalocyanine

Binuclear phthalocyanine, in which two mononucle#itahlocyanine units are
covalently linked, have been chemically synthesig)]. The two phtalocyanine units of
binuclear molecules can be either coplanar or c@figas shown in Fig. 1.8. From the view
point of electronic applications, the coplanar males are useful, as they have extended
conjugation. Larger electron conjugation can enhance #her stacking, and therefore, one
can achieve improved molecular ordering, high chargrrier mobility and better device
characteristics. Chemically, the synthesis of tiear phthalocyanine is usually carried out
from two phthalogens of different structures, hoarethe yield of reactions are usually very
low [48, 49]. Due to this limitation, investigatioand practical applications of binuclear
pthalocyanines have been very limited [50, 51]céaplanar binuclear phthalocyanine, the
linkage of pthalocyanine rings depends on the patfichemical reaction e.g. they can share
a common benzene ring, as shown in Fig. 1.8 (&) rimgs can form direct covalent bonds or

additional moieties can be used to join two ririggrig. 1.8 (a), the binuclear molecule lacks
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a benzene ring this is referred to as the (-1)elthkinuclear phthalocyanine [52]. This type
of binuclear phthalocyanine has been used for relelo¢mical sensors [53]. There are some
reports where the monolayer/multilayers of binuclphthalocyanine have been prepared
using Langmuir-Blodgett (LB) technique or by dropsting method [50, 51]. In these
studies, first the synthesis of precursor binuclgathalocyanine was carried out and then
films were prepared by LB technique. However thare no reports on the growth of

binuclear phthalocyanine films using physical vageposition.
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Figure 1.8 Chemical structure of (a) coplanar and (b) codglginuclear phthalocyanine molecules.

1.3 Growth modes of molecular semiconductor thin ins

Thin films of molecular semiconductors are esseéritia the investigation of their
charge transport properties as well as fabricabbrelectronic devices. It is therefore
important to understand the modes by which moledillas grown on different substrates.
In the case of metal and inorganic-semiconductdrs frowth mechanisms are well-
established. However, there is hardly any undedstgnon the growth mechanisms of

organic films. In general, metal and inorganic-semductors films grow on different
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substrates by three different modes, which dependthe relative surface energy between
substrate and films as well as on the lattice ratsm|[i.e. &s- a)/a;, whereas anda; are,

respectively, lattice parameter of the substratketha film]:

(a) (b) (c)
e e e
poamn  dhos S8

Layer by Island growth Layer plus
layer growth island growth

Figure 1.9 Schematic representations of three different gnonodes of thin films (a) Frank-van der

Merwe mode, (b) Volmer-Weber mode (c) Stranski-skamaov mode.

() Frank-van der Merwe moddn this mode layer-by-layer growth occurs if the
interaction between the substrate and film atosnstrionger than that between
neighboring films atoms the lattice mismatch isozeas shown in Fig. 1.9 (a).
Each new layer starts to grow only when the lastloas been completed.

(i)  Volmer—Weber moddn this mode the film grows in the form of separ@D

islands to minimize the overall surface energythié interaction between the
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neighboring films atoms stronger than the over dag@bstrate interaction, as
shown in Fig. 1.9 (b).

(i)  Stranski— Krastanov mod&his layer-plus-island growth mode is an interegti
intermediate case. In this mode one or sometimesralecomplete monolayers
form first, followed by individual. This mixed grdtv mode occurs due to large
lattice mismatch although interaction between thbsgate and film atoms is

stronger than that between neighboring films at@ashown in Fig. 1.9 (c).

VFE

s ¢ , V]
Substrate

4

Figure 1.10A simplified picture of an island formatiom is the surface free energy of substrate,

is the free energy of the film material apdis the interface energy of the film-substrate

The above mentioned growth modes can be describied lYoung's equation that
takes surface energies and interface energy imtouat, as schematically shown in Fig. 1.10.
According to Young's equation, wetting angle of iquid nucleus on substrate can be

expressed as:

J6=Y+ JCOSp
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whereysis the surface free energy of substrates the free energy of the film material and
yi is the interface energy of the film-substrate.ndsihe Young's equation the two limiting

growth modes, layer by layer and island can bendjsished by the angle,

(i) layergrowth: @=0, Jesu+ K

(i) island growth: @ >0, Js<u+ K
The layer-plus-island growth can easily be explaibg assuming a lattice mismatch
between deposited film and substrate. The latticéhe films tries to adjust to substrate
lattice, but at the expense of elastic deformaéinargy. The transition from layer to island

growth occurs when the spatial extent of the elagttain field exceeds the range of adhesion

forces within the deposited material.

Single atoms arrives

Re-evaporation

o ¢ o e 00O Q7_Q

Surface diffusion Combination N cleation Further film
of single growth
atoms

Figure 1.11 Schematics representation of initial stages af filim formation by physical vapor

deposition method.

In physical vapor deposition method, material isated in the gas phase (atomic or

molecular form) by thermal, electron beam, sputtgrior laser ablation, which are then
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allowed to deposit on the surface of the substite.individual atomic processes occurring
during the formation of a film on the surface obswate that determine growth mode are
illustrated in Fig. 1.11. The surface of the suddstris covered with large number of

absorption sites and a molecule becomes bounddmbthese with characteristics energy.
The absorbed atoms do not remain stationary butrex@yaporate; requiring energy equal to
adsorption energy, or it may diffuse or hop to edi sites. In all these process,
characteristics activation energies have to becovee. Other processes are collision and
recombination. Each group of atoms eventually reach size that is more likely to grow

than decay. The formation of such island of makésiknown as nucleation. The next stage
of thin film formation is coalescence, in which imdual island continue to grow by addition

of more atoms, until they touch one another to foomtinuous network.

Organic molecules © © ©

Subtract atoms . . . . . . . . (a)

Organic molecules O & 0 @

Subtract atoms . . . . . . . . (b)

Figure 1.12 (a) Size effect of molecule or associated unit cell inarganic substrate (lattice
mismatch) (b) effect of orientational degree okftem leads to additional source of disorder during

the growth

In case of organic semiconductors, thin film fonmatmechanism is more complex.
Organic molecules have a particular geometricapshaith an inherent anisotropy that
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differs from the intrinsic isotropy of inorganicoms. Molecules are composed of covalent

bonds between neighboring atoms and molecule-miaglecteractions are usually weak van

der Waals forces [54]. In addition, the chemicaéiaction between molecule and substrate

can strongly influence the growth mode. Therefgmwth modes of molecular films are

quite complicated. Typical relationship betweenamig molecules and inorganic substrates

are shown in Fig. 1.12, and some key issues timaleeal to uniquely different growth modes

in comparison to inorganic counterparts are ag\l

(i)

(ii)

Organic molecules are ‘extended objects’ and thage internal degrees of
freedom. This is probably the most fundamentaledéhce between growth of
atomic and growth of organic molecular systeifise orientational degrees of
freedom which are not included in conventional gitowodels can give rise to
qualitatively new phenomena, such as the changgeofmolecular orientation
during film growth, as shown in Fig. 1.12 (b). Alssven without considering a
transition during the growth, the distinction ofiig-down’ and ‘standing-up’
films is important and obviously only possible famolecular systemsThe
vibrational degrees of freedom can have an impacthe interaction with the
surface as well as the thermalization upon adsmrmind the diffusion behavior
[55].

In contrast to the inorganic semiconductor wherehead-molecule is a single
atoms with spherical symmetry, for organic moledike phthalocyanine each
ad-molecule involve more than 50 covalently boundiens, forming a unit with

low symmetry. The size of molecule and associatatl aell are in nanometer
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scale, and thus, deposition on inorganic subspedsents lattice mismatches of
one order of magnitude, as shown in Fig. 2.12%6).[

The interactions between molecules as well as lstweolecules and substrate
are often dominated by weak van der Waals fordes. important to emphasize
that when integrated over all atoms within a modlecuhe weak interaction
energies add up and lead to substantial molecutatinty energies in the eV
range. Nevertheless the weaker interactions pen &ad to ‘softer’ materials
and, for example, strain can be accommodated nmesiyeDue to the weaker
interactions the thermal expansion coefficientpigglly in the 1¢* K* range) are
large when compared to inorganic materials, whidssply leads to higher
thermally induced strain at film—substrate inteefsc

Since we are concerned with closed-shell molecales van der Waals type
crystals, there are no dangling bonds at the ocgsuniface, and thus the surface

energies are usually weaker than for inorganictsates.

Generally, most of the above points directly orirectly impact the interactions and

thus also the barriers experienced during diffusibimus, not only the static structure, but

also the growth dynamics exhibit differences coragdo inorganic systems.

1.4 Thin film deposition methods

In principle, all the techniques used for makingrganic thin films (e.g. thermal,

electron beam, sputtering, molecular beam epit@egr ablation, solution methods etc) can

be used for the deposition of the molecular sendoator thin films. However, depending
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upon the solubility of the molecular semiconductoosganic films are deposited by
following two major techniques:

(i) Physical vapor deposition

(i)  Solution processing

In the physical vapor deposition, the molecular isenductor is vaporized or

sublimated and, molecules get deposited onto atratdsto form a film. For solution
deposition, the molecular semiconductor is compledessolved in an organic solvent. The
solution is then coated onto the substrate by edhep-casting, spin-coating, dip-coating, or
printing. Vapor deposition normally yields more fonm films that can be controlled using
various growth parameters, such as, deposition satestrate temperature etc. and therefore,
is commonly used for fabricating organic electrod@vices. It has also the advantages of
providing a clean environment during film depositidOne of the most used methods is
organic molecular beam epitaxy (OMBE), which inesathe molecular beam epitaxy (MBE)
of inorganic thin films. OMBE provides a fine cooitover the deposition rate e.g. a rate of 1
monolayer/min can be easily be achieved by coimigplthe effusion cell temperature.
Solution processing, on the other hand, is a ra&bti fast and low-priced method of
fabricating thin molecular films. However, in thisethod film uniformity, control of
crystallinity etc. are usually difficult to contrdh the following we present an overview the

literature on the organic film deposition by OMBEdasolution process methods.

1.4.1 Molecular beam epitaxy
In 1989 Hera et al. reported first study on thewghoof organic molecule CuPc on

cleaved face of MoSusing MBE [57]. MBE provides the path for best §ibke control of
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growth conditions in clean environmental [56] aihis has triggered growth of several
organic films using MBE [56, 58-61]. Despite of seal studies, the growth behavior of
organic films deposited using MBE is not fully unsteod. As discussed earlier, the unit cell
of molecular semiconductors are much larger thasehof inorganic substrates. Thus the
lattice matching condition does not occur, whichkesathe epitaxial growth of molecular
semiconductors very difficult. Recently, van der aléaepitaxy (vdE) term has been coined
to refer an epitaxial growth of molecular film oneakly interacting substrate [58A
mismatch between the substrate and film latticeslt®in “strained van der Waals epitaxy”,
although for highly strained growth, epitaxial stures tend to relax at a critical thickness,
thus generating defects [56]. Followiagn der Walls epitaxy a number of studies have been
reported on MBE growth of organic molecular thiftm. The most extensive studies of
epitaxial growth of organic molecular films havesheoncentrated on phthalocyanines films
on ionic substrate such as alkali halide substnatetals and on passivated substrate of
Si(111) and GaAs(111) [56, 58, 59]. Recently a meathod called weak epitaxy growth
(WEG) has been developed for the deposition of Hgiglity organic semiconductor thin
films. “Weak” means to decrease the interactionwbeh the molecules and the substrate by
way of introducing a buffer layer [62, 63] . UsiMgEG method layer-by-layer growth of
type ReCuPc on the monolaygr-sexiphenyl p-6P) on SiQ substrate with roughness less
than 1 nm has been reported [63]. Highly orientat@gstalline films of p-type
phthalocyanine were also fabricated by WEG metiodd 65].

Recently Soumen has investigated in detail the tyra# phthalocyanine films using
OMBE on different substrates. He has demonstrdtatl(t) due to high vapor pressures of

pthalocyanines, the growth temperatures are < 200W3ich are much lower than used in
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inorganic films deposition, (ii) The molecule-sulase¢ interaction plays a dominant role in
the growth mode of growth of phthalocyanine fileng. if the molecule-substrate interaction
is strong e.g. in case of (0001) sapphire thenntbéecule stack iface-onconfiguration,
whereas for weakly interacting substrates e.g.sgtasquartz, the molecules stack in the
edge-on configuration. (iii) The controlled defeets. twin boundaries in (100) LaAO
substrates or grain boundary of a bicrystal (10@stgate 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 ite fgolubility in certain solvents
then solution process is useful technique for déiposof the molecular films. In this
method, molecules are dissolved in an appropriakeests and the solution is coated on
substrates using different methods, such as, s@tng, drop casting, doctor balding or ink-
jet printing. In spin coating techniques, a drogolution is applied to the substrate which is
placed on a rotating substrate with high speedraf@®00 rpm. The solution spreads on the
substrates and dries rapidly as it rotates leasisglid film. In doctor balding technique, a
solution containing the soluble molecule is spredth uniform thickness by means of
“doctor blade”. Although by solution process teajugs it is expected to produce a films in
which individual molecule are relatively disorderdulit this is not always true. There are
many reports on organized layer of organic moledéposited by solution process [7, 68].
Furthermore by spin coating high-quality continudiis of uniform thickness of same
crystalline order similar to that of Langmuir-Blaetg (LB) films of analogous compounds

can be produced. The requirement is that the naddeare significantly soluble in volatile
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solvents without the necessity for surface activitie main advantages of solution process

techniques are easy and low cost, and large apesstien can be easily made.

1.5 Outline of thesis

This thesis is focused on the deposition of phihaaine films using both molecular
beam epitaxy as well as solution process technigndgo investigate their charge transport
properties as a function of applied electric fiaftl temperature. The main objectives are:

(i) Growth of mononuclear phthalocyanipaype FePc, CoPc anmattype RsCuPc
films using MBE.

(i)  Growth of binuclear (Co-Fe)Pc films by MBE usingRoand FePc as the source
materials.

(iif) Deposition of mononuclear phthalocyanine CuPcTsdiby solution process.

(iv) Investigation of the charge transport in mononugbetype CoPc, FePc, binuclear
(Co-Fe)Pc, and-type Re¢CuPc films as a function of bias and temperature.

(v) Growth and characterization pftypeh-type bilayer heterostructure by MBE and
their charge transport studies.

(vi) Studies on the gas sensing characteristics of wapthalocyanine films.

The thesis comprising of various experimental téphae used during the thesis work,
and various results obtained on the studies mesdiaiove is organized as follows.

In Chapter 2 the various experimental techniquesdécussed. The details of MBE
system used for the deposition of phthalocyaniimesfiand heterostructures are described. A
brief description of the characterization techngjuguch as Scanning electron microscopy

(SEM), Atomic force microscopy (AFM), X-ray photeetron spectroscopy (XPS), Fourier
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transform infrared (FTIR) spectroscopy, UV-Visilgeectroscopy, Kelvin probe microscopy
are presented. The set up used for the measuremictsgrge transport and gas sensing
characteristics are presented.

In Chapter 3, details of the growth of mononucl€aiPc, FePc and binuclear (Co-
Fe)Pc films by MBE are presented. Charge condudtioRePc films under high electrical
field are presented. A bias dependent transitimmfrohmic to space-charge limited
conduction to space charge limited conduction \irgtd enhanced mobility is observed. At
temperatures <100 K, by analyzing the low bias 09 V) data, which is governed by
Schottky — barrier limited conduction. However agher bias multistep tunnelling was
observed in the FePc films.A novel feature i.e.derature dependent metal to insulator like
transition, has been observed in ultrathin CoRudibdeposited on (001) SrTiQubstrates.
In-plane compressive strains induced by structptese transition of SrT#gJsubstrate
reduce the intermolecular distance, and as a raselallic behavior is observed. Binuclear
(Co-Fe)Pc films were found to grown only on sapplsubstrates at 200°C if deposited using
the CoPc/FePc mixture in 1:1 (w/w) ratio. Formatafrbinuclear was confirmed by Multi
Assisted Laser Desorption and lonization (MALDI) seaspectroscopylhe binuclear (Co-
Fe)Pc films exhibited charge carrier mobility-e#10 cni/Vs, which is around two order of
magnitude higher than CoPc and FePc films.

In Chapter 4, the deposition and characterizatibp-type CoPc/ n-type 6CuPc
heterojunction are presented. The results on tlaegehtransport Kelvin Probe studies on
these heterostructures are presented.

In Chapter 5, the gas sensing behavior of watenb$®l copper phthalocyanine

(CuPcTs) films prepared by solution process is gre=sl. These films exhibited room
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temperature sensitivity towards ,Cyas. Selectivity, repeatability, stability and earity
(sensitivity vs concentration) in the range 5S5ppl2@0ppb are investigated. The chemical
adsorption process of £bn CuPcTs has been analyzed using Elovich equatitich
provides an alternative way of qualifying,@oncentration from response rate of sensor. A
comparison study of the gas sensing characteri§t@®c, FePc and binuclear (Co-Fe)Pc
films has been studied. It has been found thatdbeawm films are better for gas sensing
because of their high mobility.
Chapter 6 summarizes the main results obtainednglutie course of thesis and

directions for the future research associated withis thesis are outlined.
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2.1 Introduction

In this chapter we discusifferent techniques utilized to prepare and charae the
phthalocyanine films and heterostructures. Thimdilare deposited using organic molecular
beam epitaxy as well as by drop cast method. Firasharacterized by a host of techniques,
such as, atomic force microscopy, scanning electroaroscopy, X-ray photoelectron
spectroscopy, Fourier transforms spectroscopy avid/id spectroscopy, X-ray diffraction,

Kelvin probe method etc. We present the detaith@felectrical characterization of the films.

2.2 Deposition of phthalocyanine films

In this section we present the details of the dhttyanine films preparation using

MBE as well as solution process.

2.2.1 Molecular beam epitaxy

Conceptually organic molecular beam epitaxy is netbgically an improved version
of the conventional thermal evaporation techniqdBE offers additional advantages to the
other deposition techniques, particularly in tewhailtra high vacuum (UHV) environment
that allows growth of epitaxial layer with extreméligh purity. Other unique characteristics
of MBE are:

() The beam nature of the mass flow from source tstsate The molecules
evaporated from a source in a vacuum chamber asthanteatures of a beam
when the mean free path) (of the molecules is much larger than the sounee-t
substrate distance. The occurrence of beam natuzesfore, depends ahn of

evaporating molecules and concentration of residyad molecules in the
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evaporation chamber. Both these conditions are cadsd with vacuum
conditions of the growth chamber. The is related with pressurep)( as

)= 311x10% 2.1)
p

d2

whered is the diameter of the molecules [69]. The groalthmber is maintained
at better than Itorr vacuum level during growth and at this pressuean free
path {) for the phthalocyanine molecule is 4210 as calculated using eq. 2.1.
The value ofs is clearly greater than the typical source to sabs distance (40
cm) and thus ensuring the beam nature of the miele@part from the pressure
during growth the residual gas pressure is alsopgahtiown to better than 10
torr which ensure the low concentration of residyad molecules which affect the
beam nature of the molecule. This low residualgyassure also confirms that no
monolayer of residual gas formed during depositewen when the film is

deposited at very slow growth rate.

High degree of control over growth parameteffie molecular beams are usually
produced by effusion cells, where constituent materare evaporated under a
fine temperature control [69]. The beam flux anead® the deposition rate, is
monitored by a gauge located near to the substidie. beam flux can be
precisely controlled by temperature of source, witstability of better than 1%.
The precise control over the molecular beams esabl&eep the growth rate of
the film as low as 1 monolayer per second. Theicoatis rotation of the
substarte and thus confirming excellent unifornmtyfilm thickness as well as in
composition on a large area substrate and higlodeyibility of film preparation.
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Molecular beam can be individually blocked by beahutter and therefore

complex heterostructure with sharp interface caprbduced.

(iif) In-situ growth characterization of the film$BE is usually equipped with
characterizations tool such as reflection high-gperlectron diffraction
(RHEED), X-ray photoelectron spectroscopy (XPS), ultraaiobhotoemission

spectroscopy (UPS) etc. which enablesnasitu analysis of the films.

2.2.1.1 Configuration details of RIBER-32 EVA MBEystem

The photograph of the MBE system (RIBER EVA 32 Egdifor thin film deposition
in the present study is shown in Fig. 2.1. It cetssdf three chambers namely, Introduction
Chamber, Analysis Chamber and Growth Chamber. Athem are UHV chambers and are
made of stainless steel. All seals are made of OE6f{per gaskets. This construction allows
high temperature baking (~2W0) of the entire system to reduce out gassing fiteenwalls.
Analysis and Growth chambers are situated in g livieereas, the Introduction Chamber is
situated at 37 off the line joining Analysis and Growth Chambédrgroduction chamber is
connected with Analysis chamber and similarly Asaychamber with Growth chamber are
connected through gate valves. There are two magiigt coupled sample transfer
mechanisms. One is used to transfer the sample lfttwduction to Analysis Chamber and
the second is used to transfer sample from Anatgs@Growth Chamber. Therefore, substrate
cleaning and characterization, film deposition amwhracterization are performed in-situ

under UHV conditions. The details of the three chara are presented below.
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Figure 2.1 Pnotograph of the MBE deposition system used fordggosition of MPc films.
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Introduction chamber:In this chamber, shown in Fig. 2.1, the substrates
loaded through the front opening flange. The sabestr are fixed on a heater
assembly using silver paste, and the substratebeareaned by degassing the
substrate up to a temperature of 8D0OAfter loading the sample it is rapidly
pumped down from atmospheric pressure to™~T0rr with sorption and ion
pumps. The heater assembly having the substratarisferred to the Analysis
and/or Growth Chambers using the transfer rods.

(i)  Analysis chamber:This chamber serves the following two purposesdleaning
of the substrates by ion etching and (ii) surfdearacterization of substrates and

grown films using X-ray photoelectron spectroscoplgis chamber is equipped
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with a substrate heater which can be heated u@tC80n order to determine the
level of cleanliness of the substrate and, chenstate and composition of the
substrate and grown films the chamber is equippé&d ¥-ray photoelectron
spectroscopy (XPS) techniques.

Growth chamberThe growth chamber is the most important part ef KBE
system. In this chamber all the controlling elersgestich as, beam sources with
their individual shutters, a main shutter, and rpalator with substrate heater and
rotation, pressure control system etc. are located.

The Growth chamber can be evacuated to better 188rtorr by using a
combination of turbomolecular pump and ion pumphwat fully cryoshrouded
titanium sublimation pump. A helium closed-loop @pymp is also mounted for
supplementary pumping.

Effusion cells are the key components of an MBEesys because they must
provide excellent flux stability and uniformity, @mmaterial purity [69]. The
chamber contains three effusion cells. In the preseidy, we have used them for
CoPc (99.99%), FePc (99.99%) andsGuPc (99.98%). Each effusion cell
includes an oven (filament + thermocouple) andyfulegassed thick PBN
crucible, surrounded by adequate tantalum shielfianguse in proximity of a
cryoshroud. PBN crucibles are designed to provideery stable flux during
charge depletion. The heating filament is madeigh Ipurity tantalum foil. The
contact thermocouple is located at the bottom efdtucible. Electrical insulators

are made of PBN. The cell can be operated uptd46€’C, and its temperature

can be controlled with an accuracy 6C1 The source mounting flange houses
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power and thermocouple feedthroughs. Power suppytemperature control are
implemented by the use of microprocessor-basedatars

The manipulator consists of a gauge head and dratéseater which can be
heated upto 80C. The manipulator allows the azimuthal rotatioriref substrate
during growth. The substrates are positioned toimiae growth uniformity for a
substrate of size 1 inch diameter.

Quartz crystals monitor are mounted near the safiestto monitor the

deposition rate. Alternatively deposition rate als monitor by the flux gauge

2.2.1.2 Deposition procedure

Following two steps are involved in the depositidrphthalocyanine films.

(i)

(ii)

Substrate preparatiarSubstrate preparation is very important step rfeefpowth
studies. In the present studies we have used intiuoxide (ITO) coated glass,
twinned (001) LaAlQ@, (0001) ALOs; and (100) SrTi@ substrates. Prior to the
introduction in the in the MBE chamber the subssadre thoroughly cleaned in
different organic solvents. In the first step thdstrates were ultrasonicated in
trichloroethylene bath for 10 minutes to remove gilease etc. Thereafter the
substrates were sonicated in acetone and methepatately to remove polar and
non-polar organic, inorganic impurities and dugtipkes. To remove the solvent,
the substrates were dried under the jet flow of kigh purity Ar gas. Finally
films are loaded in the introduction chamber of M8stem.

Loading into MBE system and depositidm the second step, pre-cleaned

substrates were loaded into the introduction chambbich was subsequently
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evacuated to I0torr. The substrates were heated to 500°C to rertiw/residual
solvent particle and other impurities. The substaivere then transferred to
analysis chamber, where XPS studies were carried touexamine their
cleanliness. If the substrates are found to benclibey were transferred in-situ to
the growth chamber for deposition. Otherwise, thegre taken back to
introduction chamber for further heat treatmentetmove the impurities. Prior to
the deposition the, source materials (FePc, CoPE«guPc) were degassed at
200 °C for 2 to 3 times for the removal of volaiiepurities. During deposition
the pressure of the growth chamber was maintaiegertthan 18 torr. The films
were deposited at various substrate temperaturB®C (20 250°C) and the
substrate heater can be controlled within +1°C raogu of temperature. The
deposition rate of the film is monitored by thexflgauge and the deposition rate
was varied between 0.02 and 0.5 nm/s by controllthg effusion cell
temperature. In order to achieve excellent unifoymin composition and
thickness, the source-to-substrate distance wasdagpparatively large (40 cm)
and the substrates were rotated during the deposififter the deposition, the
films were transferred to the analysis chamberragad films were characterized
by XPS. Finally the films were taken out througle tihtroduction chamber for

further ex-situ characterization and charge trartspeasurements.

2.2.2 Solution process
Deposition of organic films requires solubility d¢fie organic molecules in an

appropriate solvent. Unfortunately, the solubilifyFePc, CoPc and;f&uPc in majority of
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organic solvents as well as in water is very ptugrefore their films cannot be prepared by
solution process. (CuPcTs) is soluble in wated #erefore we have chosen this material
for making thin films by drop casting method. Fittste substrates (quartz and sapphire) were
carried out by sonicating them in try-chloro-etmde acetone and methanol for 10 min each,
respectively. Substrates were then dried usingragas jet stream. In the second step, the
solution, prepared by dissolving 5 mg. of CuPcT6.thml of de-ionised water and 0.4 ml of
methanol and sonicated for 10 min, was spread bstsate. Deposited films were dried for

few hours under ambient conditions and finally waawannealed at 250°C for 15 min.

2.3 Characterization techniques

2.3.1 Atomic force microscopy (AFM)

AFM measures the interatomic forces acting betwaeéne tip and a sample surface,
as schematically depicted in Fig. 2.2. The tiptiached to the free end of a cantilever or
tuning fork and is brought very close to a surfa&tractive or repulsive forces resulting
from interactions between the tip and the surfaitlecause a positive or negative bending of
the cantilever. AFM operates in three different emdcontact mode, non-contact mode and
tapping modeAt relatively large distance from the sample swefaihe force of attraction
between the tip and the sample surface dominamisseas repulsive force is most significant
at very small distance (less than few angstroms).

In non-contact mode or dynamic mode, the tip i<l hetler of tens to hundreds of
angstroms from the sample surface, and the intarattorce between the tip and sample is
attractive (largely a result of the long-range d@n Waals interactions). In contact mode or

static, the tip is brought in to close contact vattmple surface less than a few angstroms, so
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that force between tip and sample becomes repul$ive resulting deflection by cantilever
is monitored and measured by different detectichrigues. For organic material, the major
problem with this mode of operation is that, sueiacan be easily scratch or damaged due to
the direct contact with the tip. These drawbaclks @arercome by tapping mode. Though,
since the force of attraction is much weaker thnenrepulsion, the resolution is usually lower

than the contact mode of operation.

(@) cantileveror
tuning fork

W

Sample Surface
(b) >amP
A

Repulsive

Contad ﬁ

tip-sample separation

—— >
\ﬁ iy

Attractive

Force

Figure 2.2 (a) Interaction of the AFM tip with sample surfa¢e) Force versus separation between
AFM tip and the sample surface.

The tapping mode combines the advantages of coatattnon-contact mode. In
tapping mode-AFM the cantilever is oscillating @da® its resonance frequency (100-500
kHz) with amplitude of approximately 20 nm so thhé tip just touching (tapping) the
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surface. An electronic feedback loop ensures tlmbscillation amplitude remains constant,
such that a constant tip-sample interaction is taaied during scanning. The resolution of

this tapping mode is almost the same as that alacbmode, but it is faster and much less

damaging.

(a) Microscope
Sample Tuning fork
Scanner carrying glass

fiber probe

Nanonics 4000SPM/AFM

(b) SPM Controller

PID Gain

Proportional

Integrator

Differential

Tip scanner

PC +Stepper motor

:4_

ADC
DAC

S DT Interface

Correction
Signal

Figure 2.3(a) Photograph showing the AFM tip and sample sté@neBlock diagram of AFM.
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The atomic force microscope used in the presendiedu was Nanonics
4000SPM/AFM system, as shown in Fig. 2.3 (a). Ia tase, the probe is made of the glass
fiber tip (diameter 10nm) which is attached to tgnfork with pizocrystal [70]. The images
are recorded in the tapping mode by oscillatingtipeat resonance frequency (20-50 kHz
depending on the tips). The probe was scannedasepmode. During scan, phase changes
due to tip surface interaction. The difference ignal called an error signal; this signal is
sent to proportional, integrator and differentigi®lD) controller. PID sends the feedback via
high voltage pizo driver to make constant phasenbying pizodriver in z direction at that x,
y point. This way an image is generated. A schendifigram of signal processing is shown
in the Fig. 2.3 (b). The image so generated wasgssed (like smoothing, flattening etc) by
NWS software [71]. This software was also usedttalys surface roughness by extracting

line profile from the image.

2.3.2 Scanning electron microscopy (SEM)

SEM provides information relating to topographitedtures, morphology and phase
distribution [72, 73]. The operation of SEM is délsed in Fig 2.4. The scanned electron
beam is produced in an electron microscope colugdctrons are emitted from heated
cathode and arranged through electric and magiieltis in a proper direction to achieve the
required incident beam at sample surface. The ipah@lements of electron column are
electron gun, the condenser lens, and the scaanitgleflecting coils. Electrons in the SEM
are accelerated at voltages in the range 2-40 kV.

Two types of interactions occur in SEM between glextrons beam and the sample

structure. These interactions may be either elagtice electron beam strikes the sample and
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there is a change in its direction without changisgenergy (backscattered electrons), or an
inelastic interaction, which occurs when the bedmlectron strike an orbiting shell electron
of the sample, causing ejection of new electrosscbndary electrondf,the vacancy due to
the creation of a secondary electron is filled framhigher level orbital, an X-Ray
characteristic of that energy transition is producén addition, Auger electrons, and
cathodoluminescence are produced, as shown in Zg. These interactions reveal the
important information about the sample to find dabé surface characteristics and the

chemical nature of the sample.
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Figure 2.4Block diagram of a typical SEM setup.
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The most widely utilized signal is the secondargctbn signal. Nearly all of
secondary electrons come from a region very cldsethe sample surface. Secondary
electrons are characterized from other electronfidwng energy of less than 50 eV. The
secondary electron is emitted from an outer shethe specimen atom upon impact of the
incident beam. It is the most useful signal forrakang surface structure and gives the best
resolution image of 10 nm or better. Since the sdany electron intensity is a function of
the surface orientation with respect to the beachtha secondary electron detector and thus,
produces an image of the specimen morphology. Beerslary electron intensity is also
influenced by the chemical bonding, charging efeamid back scattered electron intensity,
since the back scattered electron generated segoerbictrons are significant part of the

secondary electric signal.

Electron beam

Cathodoluminescence
Auger electrons
Backscattere
electrons
X-rays Secondary
/ electrons
\ 4

Sample

Figure 2.5Interaction of the electron beam with sample.

The detector is Everhart-Thornley detector compadea scintillator, collector, light

pipe, and photo multiplier tube. First electronsksig the positively biased scintillator and
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converted to a burst of photons, that travel thhotige light pipe to a photomultiplier tube
which converts the photons of light into a voltagee strength of this voltage depends on
the number of secondary electrons that are stritiegletector. Thus the secondary electrons
produced from a small area of the specimen give tasa voltage signal of a particular
strength. The voltage is led out of the microscopiemn to an electric console, where it is
processed and amplified to generate a point ofhbrgss on the cathode ray tube screen.
Contrast in the SEM image is the difference innstey, or brightness of the pixels that make
up the image. The difference in intensity represelifference in signal from corresponding
picture elements on the sampfephotograph oSEM, (Tescan make VEGA MV2300T/40
system) used in the present study is shown inZ&.

Backscattered electrons consist of high-energy treles (greater than 50 eV)
originating in the electron beam, that are refldobe back-scattered out of the specimen
interaction volumeThe intensity of their signals increases with iasethe atomic number.
Backscattered electron signal is often used to sftowic number contrast, in which areas of
higher average atomic number produce more backesedt electrons, and thus appear
brighter than lower atomic number regions. The @sttin this image is not due to colour
differences but is produced by different intensitef electrons back scattering from the
layers with different average atomic number.

The characteristics X-rays signal depends excliysime the atoms that produced it,
hence can be used for chemical identification aisalffhe EDS X-ray detector (also called
EDS or EDX) measures the number of emitted x-raysus their energy. The energy of the

X-ray is characteristic of the element from whibk X-ray was emitted.
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Cathodoluminescence (CL) is the emission of photafnsharacteristic wavelengths
from a material that is under high-energy electsombardment is used to study the internal

structure of the material.

Figure 2.6 The photograph of the SEM (model: Testd&GA MV2300T/40).

2.3.3 X-ray photoelectron spectroscopy (XPS)

XPS was developed as a surface analysis techmagihe imid-1960s by Siegbahn and
his coworkers [74]. Core level electrons have timeling energies matching to the energies
of the photons that lie in X-ray region [74, 75]PX are based on the photoelectric effect,
through which an atom absorbs a photon with en@rgyin excess of binding energly) of
an electron; a photoelectron is emitted with kinethergy
KE. =hw-E

In XPS a soft X-ray source (Al-Kand Mg-K,) is used to ionize electrons (by
knocking out the core-level electron) from the aod of a solid sample (top few atomic
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layers). The binding energies of these electroasr@asured, which are characteristics of the
elements. Binding energies of core electrons ateonly element-specific but also contain
chemical information, because the energy levelea& electrons depend slightly on the
chemical state of the atom. Such shift in the eeergf core level electrons arising due to
chemical state of electrons is known as chemidétl §the advantages of XPS technique are
(i) quantitative analysis of elements and chemiakstof all elements except hydrogen and
helium, {i) typical element detection limits are 0.1 atomézgentage from the top few nm,
and (i) samples can be conductors, semiconductors oliaioss! [76-78].

The XPS system which we have used is mounted iartag/sis chamber of the MBE
system, and thus the in-situ (i.e. without breakuwaguum) and ex-situ (i.e. exposing to
ambient) study of the deposited films were carwed. The XPS system (RIBER system
model: FCX 700) consists of Al{1486.6eV) and Mg-K (1253.6eV) X-ray sources and
MAC-2 electron analyzer. The binding energy scalasvealibrated to Au-4% line of
83.95eV. For charge referencing adventitious Celakset at 285eV was used. Each data set
was first corrected for the non-linear emissionkgagsund. 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 vibratiomaldes observed in FTIR provide
detailed information about the nature of the bogdmthe molecule [79]. FTIR spectra were
recorded using Bruker system (vertex 80V). The s&mey condition for the infrared
absorbance is the presence of permanent dipole mianehange in dipole moment of the

chemical bond (between two atoms) when it interacdtis IR. The absorption of IR leads to
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change in vibration level. So IR absorption helpsdentify the characteristic vibrational
frequencies of organic functional group. Most oé thrganic molecules have vibrational
frequencies in the mid infrared range of 4000 t6 46i'. FTIR works on the principle of
interferometer that gives an interferogram, a mbtlight intensity versus optical path
difference. The ray diagram of formation of intedgram is shown in the Fig. 2.7. This
interferogram is finally Fourier transformed to gia spectrum of infrared radiation intensity

versus wave number.

Electronics

Source Ei

Sample Compartment
Detector

Sample \ : /

Interferometer

Figure 2.7 Ray diagram of recording FTIR spectra along witbctbnic circuit of system vertex

80V.

For our experimental purpose, FTIR spectra wereordsd in two different
spectroscopy modes: attenuated total reflectionRAdnd diffuse reflectance mode. In the

ATR mode, an infrared beam is directed onto ancafyi dense crystal with a high refractive
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index at a certain angle. This internal reflectaoEmates an evanescent wave (see Fig. 2.8)
that extends beyond the surface of the crystaltmtcsample held in contact with the crystal.
This evanescent wave protrudes only a few micrOrs { 5um) beyond the crystal surface
and into the sample. Consequently, there must bd gontact between the sample and the
crystal surface. In regions of the infrared speutnwhere the sample absorbs energy, the
evanescent wave will be attenuated or altered. altemuated energy from each evanescent
wave is passed back to the IR beam, which thers éx& opposite end of the crystal and is
passed to the detector in the IR spectrometer. §ystem then generates an infrared

spectrum. This mode is very good technique to nredsuIR spectra of the film.

ATR

A .
ceessory Sample in contact

With evanescent wave

To Detector

N

Infrared ATR
Beam

Crystal

Figure 2.8 Ray diagram of recording FTIR spectra in ATR motdlee 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 atecules containing-electrons,o-

electrons or even non-bonding electronselectrons) leads to electronic excitation among
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various energy levels within the molecule; as aseguence, the wavelength of absorption
peaks can be correlated with the type of bond$énspices [80]. A diagram showing the
various kinds of electronic excitation that may wcm organic molecules is shown in Fig.
2.9.The transition between bonding and antibondingwaeetypes:

() ¢ — o transition requires large energies corresponding to abswrptinost of the

transitions occurs below 200nm.

(i) 7 — transition,occurs with molecules containing conventional dedimnd or triple
bond.
Similarly the transitions between non-bonding antibmnding orbitals ara —z andn —o .
The absorption may sometime occur due to dhendf electron and also due to charge
transfer electrons. So this absorption study iy w@portant tool to indentify the molecule or

functional group in the molecule.

ES . URILEN PRS [
T = - ANI-ponainge
L AN A o
ES .
T - - Anti-bonding
A ) A =
= |
i d 1
a I
¥ I
S| oA | Non-bonding
_I-L.J_‘ fanl
T Bonding
g Bonding

Figure 2.9 Electronic energy levels and possible electronangitions ofz, ¢, and n

electrons.
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For our experiment we have used JASCO B430 speetesmThe schematic of the
double beam single monochromator spectrometeraarshn Fig 2.10. In this spectrometer
the intensity (1) of the beam passing through @@@e is compared with a reference beam
(lo) and in output we get absorbande= logidl/lo) vs wavelengthAbsorbance is directly
proportional to the numbers of absorbing molec(descentration) in the light-path and path
length. This is called Beer-Lambert law, can beregped as

A=dc (2.2)

where £ is the molar extinction coefficient concentration of absorbing species dnds

path length.
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Figure 2.10Block diagram of a typical double beam single ndmwomator UV-spectrometer.

2.3.6 Raman spectroscopy
The Raman effect arises when a photon is inciderd molecule and interacts with
the electric dipole of the molecule. It is a forrh edectronic (more accurately, vibronic)
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spectroscopy, although the spectrum contains viwalt frequencies. In classical terms, the
interaction can be viewed as a perturbation of im@ecules electric field. In quantum
mechanics the scattering is described as an araittt a virtual state lower in energy than a
real electronic transition with nearly coinciderg-excitation and a change in vibrational
energy. Thus, by analyzing the scattered photofegnation on the vibrational motions of
atoms in molecules is obtained. These motions d&@action of molecular conformation, of
the distribution of electrons in the chemical baratsd of the molecular environment. Thus,
interpretation of the Raman spectrum provides méiron on all these factors [81, 82].
Raman spectra were recorded using LABRAM-1 microchmd&aman spectrometer
(Horiba Jobin Yvon, Bensheim, Germany). The 4884ma of an Al laser was used for
excitation and the scattered Raman signals weré/zathin a back-scattering geometry
using a single monochromator spectrometer equippida Peltier-cooled CCD detector for

multichannel detection.

2.3.7 Kelvin Probe method

The Kelvin Probe is a non-contact, non-destructioeating capacitor device used to
measure the work function difference, or for nortats the surface potential, between a
conducting specimen and a vibrating tip. The Kelmethod was first postulated by the
renowned Scottish scientist W. Thomson, later Udedvin, in 1861[83, 84]. He described
the movement caused by coulomb repulsion withirold teaf electroscope when zinc and
copper plates brought into close proximity while ghlates were electrically connected as
shown in Fig . 2.11. In 1932, this technique is ified by Zisman as a vibrating capacitor

[85].
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Figure 2.11The original apparatus used by Lord Kelvin.

The Work Function is usually described as beingldast amount of energy required
to remove an electron from a surface atom to itfior equivalently the vacuum leveThe
Kelvin probe measures the work function indirectlg, via equilibrium not via extracting
electrons [84]. The Kelvin probe (KP) technique megas the contact potential difference
(CPD) between surface of sample and KP tip in clasximity. The principle of the KP
techniques is shown in Fig 2.12. The electroniagnéevel diagram for two conducting but
isolated materials (sample and tip) of differentrkvtunctions is shown in Fig 2.12 (a}p
andgsamplerepresent the work functions of the tip and samgdpectively, witfhsampie< drip -

If an external electrical contact is made betwdemt, electrons flow from the sample with
the smaller work function to the tip with the largeork function. This causes the tip to
charge positively while the sample charges negdatite equalize their Fermi level. This

creates an electric potential between them, shiftireir electronic states relative to each
other as shown in Fig. 2.12 (b). This electric ptt¢ called contact potential difference
(Verp) and is exactly equals to the sample and tip woniktion difference. I, is known
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then ¢sampleCan be calculated by measuringp¥ The \epp is calculated by applying a
variable “backing potential” }in the external circuit. At the unique point whé&fe= -Vcpp
the electric potential between the plates vanisimelsa null output signals obtained as shown

in Fig. 2.12 (c).

F Y
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. ..
iy t :
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| - . |
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V=V

Figure 2.12Principle of Kelvin probe measurement.

Traditionally, the \épp was determined by vibrating the reference eleetr@d<P tip)
above the sample and adjusting ¥htil a zero or null output resulted. This methofd
detection is extremely sensitive to noise sinceKbin Probe signal is diminishing with
respect to the noise background. In addition, KRsueements can only detect the CPD, real
work function measurements are only possible thnocgjibration i.e. the KP needs to be
calibrated against a surface with known work fumrcti

For our measurement, we have used Scanning KelvwePsystem SKP5050
manufactured by KP technology as shown in Fig. Z&)3 The Kelvin probe tip (made of
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gold) and sample mounting stage is shown in Fi§ 20). In this system §fpis measured

by off-null detection method or '‘Baikie Method' weehe signal is measured at high signal
levels far from balance is correspondingly mucls Isgensitive to noise than traditional
systems, with work function resolution 3-5 meV. bur measurements, standard

gold/aluminum sample manufactured by KP technolegg used for calibration purpose.

Kevin probe
Tip

Sample

Figure 2.13 A photograph of (a) Scanning Kelvin probe systekPS050 manufactured by KP

technology and (b) Kelvin probe tip and sample estag

2.3.8 X-ray diffraction (XRD)
For the determination of the structure of the dépdsfilms, X-ray diffraction in

different configurations are carried out. Thesediseussed as follows.
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Figure 2.14Schematic diagram of powder X-Ray diffractometer

2.3.8.1 Powder XRD

We have used powder X-ray diffractometer (SeifdRDX3003TT) in6-20 scan mode
to characterize the orientation and structure efgtown Pc thin films. Fig. 2.14 shows the
schematic diagram of the diffractometer, which ¢sissof an X-ray source, and a
goniometer for mounting sample and X-ray detecldre X-ray source used was Cy K
having wavelength of 1.54056A, which has been $eteasing a Graphite monochromator.
For mounting thin films, a specially designed Pexsholder (having a groove of dimension
10 mmx10 mmx1mm) was employed. The films were medioin this groove using red wax
in such a way that X-rays fall on the film planéc the wavelength of X-rays coincides
with the atomic spacing (d) in the solids, it diffts in those orientations 06,2where the
Bragg condition of diffraction [86] i.e. 2d €in= M\ (B being the angle which incident beam

makes with the plane of sample) is satisfied. Whileording the diffraction pattern with

76



Chapter-2: Experimental techniques

detector, the sample is synchronously rotated abitiy the detector, such that the incident
X-ray incident beam makes an an@lavith the plane of sample whereas detector is gkean
26 with respect to incident beam. This is commonlgwn asbt-20 scan of X-ray diffraction.
The recorded diffraction pattern is compared witindard pattern to get information about
the phase of the samples. The lattice parametersobtained by fitting the recorded

diffraction peaks using least-square fitting softsva

2.3.8.2 Grazing angle XRD
In powder or normal geometry contribution from thebstrate to diffraction can

sometimes overshadow the contribution from the fivns. Therefore the structures of the
very thin films (typically less than 20 nm) werevéstigated by Grazing angle X-ray
diffractometer. The schematic of this diffractioonéiguration is shown in the Fig. 2.15. In
this configuration, incident X-ray falls at a vesymall angle (e.g. 0.1°) which is fixed with the
sample surface and detector do@ss2an. The sampling depth (D) is related with arggle
incidence ¢) by the formula,

A

() ~ Arm

D

wherel is the x-ray wave length (1.541A), and

1/2 -1
0= g7 -¢)a@) +97 -] " (2)
0, :/l(4ﬁ), ¢c Is the critical angle of incidence anpdis the linear absorptioooefficient
T

[87] . In the present studies, we have employee 0.1°, which leads to a sampling depth of
~ 10nm; and thus this technique becomes ideal for amajythe structure of very thin films

without having interference from the substrates.
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Figure 2.15Schematic diagram of the grazing angle X-ray difiian.

2.3.9 X-ray reflectivity

When X-ray beam falls on a surface it under go¢asl texternal reflection below
certain critical angle6g). Above thed., the X-ray starts penetrating inside the layer ded
reflectivity of the sample falls off with a slopepgknding on the incidence angle and the
roughness of the interface. The oscillation on réféectivity spectrum abové. (generally
known as the Kiessig oscillations) is due to thmtdi thickness of the layer. In general, the
thickness of the film can be obtained from the fiemacy of oscillation, while the slope of the
curve gives the roughness of the interface [88]azthig incidence X-ray reflectivity
(GIXRR) for Pc thin films was carried out using Gukadiation (1.54 A) on a computer-
controlled reflectometer (Kristalloflex 710 D X-ragenerator (SIMENS) and D5000
diffractometer) and the obtain reflectivity datéted theoretically to extract thickness and

interface roughness.

78



Chapter-2: Experimental techniques

(a) Mass (b)

spectrometer
A

Secondary
ions

Z,
[
%

Matrix ion
Samp|e Mplecule/Matrix TOF detector
mixture

Figure 2.16 Schematics diagrams of (a) SIMS and (b) MALDI t@gles.

2.3.10 Secondary lon Mass Spectrometry (SIMS) and &rix-assisted laser
desorption/ionization (MALDI)

Both techniques (SIMS and MALDI) give informatiobaut the molecular mass. In
SIMS technique, sample is bombarded with high gnérgion (~ 5-40 keV), which sputter
the films in the forms of ionized molecules / thigagmented parts. The resulting of ionized
molecules / their fragmented are accelerated imuwass spectrometer, where they are mass
analyzed by measuring their time-of-flight (TOFrir the sample surface to the detector as
schematically shown in Fig. 2.16 (a).

In case of MALDI, a sample is mixed or coated wathenergy absorbing matrix and
subsequently a laser beams, (Bser, wavelength ~ 300 nm, energy density ~ 20ng))
falls on the films as schematically shown in Figl&(b). This process assist in emission of

molecular ion, which later analyzed using TOF mggsctrometer, ions are separated and
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recorded based on their mass (molecular mass)a@ehatio /2. The desorption process

in MALDI is soft with very low fragmentation of alyse molecules [89].

oE |

Organic film

Subsirate

Figure 2.17A schematic of in plane charge transport measunegeometry.

2.4 Charge transport measurement

For electrical and gas sensing measurement gotttredie were deposited by thermal
evaporation method. Gold pads (size: 2 mm x3 mmeweposited through a metal mask
with different electrode spacing (12 um). The filare loaded in vacuum chamber which is
connected to a TMP based vacuum pumping systendeposit gold electrodes, 99.99%
pure gold wire is loaded on a tungsten filamentjctviwas resistively heated by external
power supply. To prevent diffusion of gold atomwithe Pc films, electrodes are deposited
with very slow rate (0.5 A/s). The deposition ratel thickness of the deposited electrodes is
monitored through a quartz crystal monitor.

The charge transport measurements were carriedsiog in planar geometry. The
in-plane geometry, as shown in Fig. 2.17, has falg distinct advantages over the out-of-

plane geometry in which films is sandwiched betweanelectrodes.
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(i) In the out-of-plane geometry, metal atoms fromeleetrode can get incorporated
in the films, which can act as charge trapping @entand hence, can give rise to
hysteresis inJ-V characteristics [109]. This makes it difficult tsolate the
intrinsic hysteretic effect. This problem will natise in the in-plane geometry, as
the electrodes are far apart (12 um).

(i) Large electrode spacing also indicates that thé&ibation of contact resistance is
very small compared to the film resistance.

Therefore in our studies we measur@d¥ characteristics using two-probe in-plane
geometry. To measutkV characteristics a silver wire is attached to thevjusly deposited
electrode by conducting silver paint. Keithley 64®foammeter/voltage source and
computer based data acquisition system were usedctrd theJ-V characteristics. All
measurements were carried out in dark to avoightbblem of photoconductivity. In order to
rule out the effect of film inhomogeneitie$;V characteristics were measured on at least
three pairs of electrodes deposited on a film #fedint positions. For measuring the
temperature dependence of the resistivity and tesiyre dependerdV characteristics, the
samples were mounted in a closed cycle cryosta.ciyostat (CCR APD Cryogenics make)
consists of a compressor, which compresses theidejas and expands it in the vicinity of
the sample chamber. Because of Joule Thomson empaoSHelium gas, its temperature
falls and it cools the region surrounding it. Rlatn resistance sensors (Pt-100) are used to
monitor the temperature. Lakeshore temperatureraitem (Lakeshore 330 auto tuning
temperature controller) controls temperature of saenple chamber. A small manganin
heater was used to heat the sample for measuremkmtansport properties at different

temperatures.
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Figure 2.18 Schematic representation of gas sensing measursetep.

2.5 Chemiresistive gas sensing measurement

The gas sensitivity of the films was measured usinjome-made gas sensitivity
measurement setup, as shown in Fig 2.18. The séhmssrare mounted on a heater surface.
The temperature of the heater was controlled bgxdernal power supply and temperature
controller. The sensor assembly was mounted ialkatlght 1000 ml stainless steel container,
and the known amount of gas (to be sensed) wastégjento the chamber using a micro-
syringe. To measure the response of the sensos fitm a particular gas, current at a
particular bias as a function of time was measuleyl Keithley make 6487
picoammeter/voltage source and computer basedadgtasition system. For the recovery of
the sensor, the chamber was exposed to the ambierdsphere. A photograph of gas

sensing setup, used in the present study is showgi 2.19 (a). The sample was mounted

82



Chapter-2: Experimental techniques

on a heater in a leak tight stainless steel charfiitrvolume: 1000 cf as shown in Fig.

2.19 (b).

Sample

Heater

Figure 2.19A photograph of (a) gas sensing setup and (byitp of stainless steel chamber.
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3.1 Growth of mononuclear phthalocyanine films

In this section we discuss the results on the droand characterization of

phthalocyanine films deposited by MBE as well dsitsan processing.

3.1.1 Phthalocyanine films by MBE

Thin films of p-type FePc, CoPc as well adype RgCuPc films were deposited by
MBE on various substrates (0001) ,®%, twinned (001) LaAl@ and (100) SrTi@
substrates. We have optimized all the depositiorarpaters, such as, film thickness,
deposition rate, and substrate temperature. Thienized values of these parameters are
respectively, 20 nm, 0.2 nm/s and 200°C. All theutes in this thesis work are presented

using films grown under these optimized paramatats unless specifically mentioned.

3.1.1.1 FePc films

Here we describe the results on FePc films dembsite (0001) AJO; substrate.
Al,0O3 crystalline substrate in its pure form is also Wwnoas sapphire or corundum The
(0001)orientation of A}O3 substrate is shown in Fig. 3.1 (a) and is desdrtein terms of
hexagonal four-dimensional Miller-Bravais indice&¥0]. The unit cell parameters aae=
4.757 A)b = 4.757 A,c = 12.9877 A and. = 90°,8 = 90°,y = 120° [91]. The structure of
Al,O3 is consists of a hexagonal closed packed structmsists of 12 AT and 1807. The
oxygen stacking sequence runs alongctaeis, and a unit cell consists of six oxygen layers
giving six formula units per unit cell. The nornmtafmination for the clean (000&)Al,Os is
one Al ion per three O ions with Al terminal iongsltly above the plane of closely packed

oxygen [92]. The Al terminated surface or some tinyeroxylated Al terminated surface
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become very reactive to the phthalocyanine molac[98]. The AFM image shown of the

(0001) ALO3 sapphire substrate is shown in Fig. 3.1 (b) thatdaroughness of < 0.25 nm.

c-plane or (0001)

(@) /
v

.25 -
20 ]
A5
404
.05 1
.00 1

Height profile (nm)

L

Figure 3.1(a) Representation of (0001) orientation of hexad/@\l,O; substrate. (b) AFM image of

(0001) ALO; substrate.

Typical GIXRD spectrum of the FePc film deposited (©@001) AbOs is shown in
Fig. 3.2 (a). Presence of a single intense Bragd pe an angle of 25.90° (FWHM ~ 0.16°),
indicates that film is highly crystalline in natuférom this data the estimated inter-planer
distance was found to be 0.34 nm. It indicates tihatFePc molecules are lying flat on the
substrate and are stackiade-to-facewith b-axis parallel to the surface normal as shown in
Fig 3.2 (b) [94]. A possible reason for tfeee-onstacking could be the interaction between

metal atoms of FePc molecules and (000LAlsurface. It has been reported in literature
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that (0001) AdOs surfaces are highly reactive and metal films d#pdsn these substrates
grow in a layer by layer (i.e. Frank van der Memvede) growth mode [93, 95] . However,

the effect of substrate no longer remains as thekribss is increase e.g. films having

thickness ~ 100 nm exhibited a polycrystalline ra{96].

(a)4sa
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Figure 3.2 (a) GIXRD pattern of FePc films on (0001).8}% substrate (b) Schematic depicting the

molecular stacking of FePc moleculedane-onconfiguration.
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Fig. 3.3 (a) shows typicdl pum x 5 umAFM image of FePc film grown o(D001)
Al,O; substrate. It apparent that the morphology of diloonsists of dense packed grains.
Fig. 3.3(b) shows the roughness profile along ithe drawn in Fig. 3.3 (a). It is observed that
most of the grains coalesce and few of them haweessx growth perpendicular to the

substrate plane. The average surface roughnelse 6im was found to be ~3 nm.

| i

' 2.5
Length (um)

5.0

Figure 3.3(a) AFM images (size: 5 um x 5 um) of the FePcdilon (0001) AlO; substrate. (b)

Height profile is given along the line drawn on thege.

Typical UV-Visible spectrum recorded for FePc filnssshown in Fig. 3.4. In the
near UV region the B-band or Soret band represgritie z-7 transition appears at peak
position 326 nm. The Q- band near the visible regihich originates from-z transition
in the porphyrin ring appears at 561 and 619 nnj. [B@r the FePc powder dissolved in
chloroform solution, the Q- band appears at 588ameh 705 nm (shown inset of Fig 3.4).

The blue shift of the UV-visible spectrum for thimks as compared to FePc powder
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dissolved in chloroform solution confirms tHace-on stacking (H- aggregation) of the

molecules [98].
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Figure 3.4 UV-Vis spectrum for FePc films (the inset shows -\ spectra for FePc powder

dissolved in chloroform solution).

3.1.1.2 CoPc films
Here we present the results on the CoPc films digabsn (0001) ALO; and (100)

SrTiO; substrates.

(a) CoPc films on (0001) AD; substrate
The GIXRD pattern of the CoPc films grown on (00@1)O; substrate is shown in
Fig. 3.5. Presence of a single intense Bragg ped688 (equivalent to intermolecular

plane distance of 3.45 A), corresponds toftiwe-onstacking of the molecules. It indicates
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that the CoPc molecule lying is highly crystallnwéh b-axis normal to the substrate, which

is identical to that of FePc films.
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Figure 3.5GIXRD pattern of CoPc films grown on (0001).8} substrate.
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Figure 3.6(a) AFM image (size: 5 um x 5 um) of the CoPc filoms(0001) AJO; substrate. (b)
Height profile is given along the line drawn on timage.
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Figure 3.7 UV-Vis spectrum for FePc films (the inset shows-V¥ spectra for CoPc powder

dissolved in chloroform solution.).

Fig. 3.6 (a) shows typical AFM image of CoPc filgsown on (0001) AlO;
substrate. It reveals that film consists of higldgnse grains. Fig. 3.6 (b) shows the
roughness profile along the line drawn in Fig. &p which reveals an average roughness of

2.5 nm.

In UV-Visible spectrum recorded CoPc films (shownFig. 3.7) a sharp B-band or
Soret band representing ther transition appearing at 326 nm. The Q- band agpesr
around 620 nm. For the CoPc powder dissolved iarofdrm solution, the Q- band appears

at 662 nm. The blue shift of the UV-visible spentrtor the films as compared to powder of
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these molecules dissolved in chloroform solutiomfems the face-on stacking (H-

aggregation) of the CoPc molecules.
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Figure 3.8 SrTiO; unit cell at room temperature which shows a cstracture.
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Figure 3.9 (a) GIXRD data for CoPc films grown on (100) Sr7i®) Schematic representation of

the stacking of CoPc molecules wittaxis perpendicular to the substrate plane.
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(b) CoPc films on (100) SrTi@substrate

The (100) SrTiQ (also abbreviated as STO) has cubic structurehawn in Fig. 3.8
with lattice parametea = 3.9 A at room temperature. It goes a structprase transition
from cubic to tetragonal at 105K [99].

A GIXRD spectrum for CoPc films grown on (100) Sogiis shown in Fig. 3.9 (a).
In GIXRD, presence of a Bragg peak at 6.7°, cooedmg to the (002) peak of-CoPc
phase, indicates that films are crystalline veithxis normal to the surface and molecules are
stacked edge to edge [66]. In this molecular d¢@igon b-axis -z staking direction) is

parallel to the substrate plane as shown in F(I3.
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Figure 3.10AFM image of CoPc films on (100) SrTiGubstrate.

The AFM image of CoPc films of100) SrTiQ along with height profile is shown in
Fig. 3.10 (a). Fig. 3.10 (b) shows the roughnesélpralong the line draw in Fig 3.10 (a). It
reveals that films consists of highly dense CoPaingr and very smooth in nature with

average roughness 0.6 nm.
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3.1.1.3 RgCuPc films
FisCuPc films were deposited on twined (001) LaAl8ubstrate.The high
temperature phase of LaAdOis cubic whereas the room temperature structure is
rhombohedral. The lattice parameters of rhombolhadralO3; at room temperature ase=
5.357 A,a = 60°6', which corresponds &= 3.79 A,a = 90°5' based on a pseudo-cubic cell
[100]. Sincea is larger than 90°, LaAlQis associated with a spontaneous strain along the
cubic <111> directions during the cubic to rhomhariaé transition. To compensate this

spontaneous strain the twinning arises.
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Figure 3.11GIXRD data for zCuPc film grown on (001) LaAl©substrate.

The GIXRD data of BECuPc films on LaAlQ substrate is shown in Fig. 3.11. The
GIXRD peaks appears at the 7.17°, indicating thaCuPc molecules are stacked edge to
edge witha-axis normal to the surface which is identicalthe CoPc molecule stacking on

(100) SrTiQ substrate.
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Figure 3.12(a) AFM image (size: 5 um x 5 um) ofsEuPc filmson (001) LaAlQ substrate. (b)

Height profile is given along the line drawn on thege.

Fig. 3.12 (a) shows typical AFM image ofs€uPc films grown on LaAl@substrate.
It reveals that film consists of highly dense gsairFig. 3.12 (b) shows the roughness profile
along the line drawn in Fig. 3.12 (a), and it shdthet films have an average roughness of

1.2 nm.

3.1.2 Sulfonated phthalocyanine films by solutionq@cess

Thin films of CuPcTs of nominal thickness it were prepared by drop cast method
on pre-cleaned quartz and (0001)@d substrate and finally vacuum annealed at 250°C for
15 min. The detail of the deposition is discusse@hapter 2.

Typical SEM images and GIXRD pattern of CuPcTs $ilon quartz and (0001)
Al,O3 substrates are shown in Fig. 3.13 (a) and (b)easly. It is clear that the
morphology of CuPcTs films is identical depositedquartz and (0001) ADs. Absence of

the any peak in the XRD data shows that these firasamorphous in nature. In case of drop
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cast method role of substrate (i.e roughness aanhiclal reactivity) is not as important as in
MBE deposition. A photograph of drop cast filmssig®own in Fig. 3.13 (c), which indicates
the non-uniformity of the films, in particularly #te 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 CaRitfis (a) on quartz substrate

(b) (0001) ALOs substrate (c) A photograph of drop casted CuPibiisoh 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 binuclgam-Fe)Pc films on (0001) ADs
substrates. For preparing binuclear films two methagies were adopted: (i) co-evaporation
from independent CoPc and FePc sources with démposdtes independently controlled by
source temperatures and (ii) using evaporation lmbraogenous mixture of CoPc and FePc
in equal weight ratio prepared by grinding for 3thnBoth routes yielded similar results.
The second approach is relatively easier to comtndl hence all the samples reported in the
present study were prepared using this approadhchi@aracterization of binuclear (Co-Fe)Pc

films is presents below.
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Figure 3.14 Room temperature resistivityasfo) 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 temperatessstivity (p30ox) measured at 50 V

as a function of FePc concentration in the compoSibPc-FePc films. The resistivity is
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found to be for concentration of 1.1 due the foiorabf minimum binuclear (Co-Fe)Pc (as
discussed later) and is significantly higher fodividual films. The results indicate best
transport characteristics for binuclear (Co-Fe)iuosf and therefore these binuclear (Co-

Fe)Pc films have been further studied.
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Figure 3.15(a) Secondary ion time of flight mass spectrom&iS) data. (b) Matrix assisted laser
desorption ionization time of flight mass spectrttpéMALDI) data for FePc, CoPc and binuclear

(Co-Fe)Pc films.
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Figure 3.16 Schematic showing the chemical structure of biearc{Co-Fe)Pc molecule.

3.2.2 Mass spectrometry study

The binuclear (Co-Fe)Pc films along with mononuclEaPc and CoPc films were
characterized by (Secondary lon Mass Spectrosc8pMS and (Matrix Assisted Lasers
Desorption lonization) MALDI time of flight mass sgtrometry. The results obtained from
SIMS and MALDI techniques are shown in Fig. 3.1b4ad (b) respectively. In the SIMS
spectra for all films monomer peak is present 876 amu, however for binuclear films there
is an additional peaks at 858 amu, which suggesdtithbinuclear films there are molecules
having higher molecular mass than individual FePCaPc. This indicates that the binuclear
molecules undergo fragmentation. This picture éa@r in the MALDI spectrum shown in
Fig. 3.15 (b). Here in addition to monomer peakspre for all films, additional peak at
higher molecular mass (1136 amu), which is almastbte as compared to the monomer

mass, confirming the formation of binuclear (Coff&)nolecules. The proposed molecular
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structure of a binuclear (Co-Fe)Pc molecules issshim Fig. 3.16. In this scheme CoPc and

FePc are covalently joined through the corner beazimg.
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Figure 3.17GIXRD spectra of binuclear (Co-Fe)Pc films alavith CoPc and FePc films.

3.2.3 Structure and morphological characterization

The GIXRD spectra of binuclear (Co-Fe)Pc films glavith mononuclear CoPc and
FePc films are shown in Fig. 3.17. A single peakratangles 25.88° (FWHM~ 0.14°) were
observed for binuclear films and estimated intempl distance was found to be 3.43A for
binuclear films. It indicates that binuclear moliesuare lying nearly flat on the substrate and
are stackedace-to-face with the shortb-axis parallel to the surface normal similar to
mononuclear molecules, which we have already dsszlisAs the spectra of binuclear films
has been measured under similar conditions alotig iwilividual films of same thickness,
high intensity, and smallest full width half maximuFWHM) of binuclear films indicates

the betteface-onstacking of the molecules compared to mononudikeas.
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The AFM image shows dense and smooth morpholodymiclear (Co-Fe)Pc films
indicating the films grow in 2-dimensional growtrode as shown in Fig. 3.18 (a). Fig. 3.18
(b) shows the roughness profile along the line drawig. 3.18 (a) and it shows that average
roughness of (Co-Fe)Pc films is 1 nm. It indicat€o-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) ki 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) datarstie FePc, CoPc and binuclear
(Co-Fe)Pc films are shown in Fig. 3.19. It can leers that for binuclear (Co-Fe)Pc
phthalocyanine Co-2p, Fe-2p;, N-1s and C-1s peaks shifts to higher binding gner
values. An increase in binding energy of core ebe of any element indicates that valence
electrons of the atoms are participating in thedoogn Therefore for binuclear (Co-Fe)Pc
films it can be concluded that effective valencectbn cloud of pyrrole rings and central

metal (cobalt / iron) has shifted towards benzengsrof the molecules and takes part in
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molecular bonding. The feature of this bonding le=mtwo molecules can be seen in the C-
1s spectra, where a new peak at binding energy288~eV has evolved for binuclear films.
Our XPS results are in contrast with the resultthefZhang et. al , where their XPS results
show that the two different metal phalocyanineghieir binuclear films are electronically

non-interacting, however a new phase with imprometring of molecules is formed [101].
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Figure 3.19Co-2py,, Fe-2p),, N-1s and C-1s XPS spectrum for the CoPc, FePbendlear (Co-

Fe)Pc films.
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3.2.5 Raman spectroscopy

Fig. 3.20 shows Raman spectra of all films in the/@vnumber region 1230 - 1560
cm® .The most intense peaks in this region are at +i%4* and 1340cm. The peak at
1541cni has been attributed to the Raman mode due to large tangential C-N-C bridging
bond displacements and the peak at 134bisnattributed to the M (Co or Fe)-N symmetric
stretching mode in phthalocyanine rings [102]. Timense Raman peak of C-N-C bridge
bond is normally used as marker for change in metalenvironment [103]. For the bi-
nuclear (Co-Fe)Pc films, pronounced blue shift oN{ peaks is clearly evident (the
enlarged spectral region around 1541*dmshown in the inset of Fig. 3.20). It indicateat
electronic environment around Co / Fe atoms isitsogmtly different in the binuclear (Co-

Fe)Pc films as compared to mononuclear CoPc and He#3.
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Figure 3.20Raman spectra for the FePc, CoPc and binucleaFé&J®c films.
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3.2.6 UV-visible spectroscopy

UV-Vis absorption spectra of FePc, CoPc and birard€o-Fe)Pc films are shown in
Fig. 3.21. For CoPc and FePc films a sharp B-bamdaring at ~ 336 nm, and a broad Q-
band absorption in the region of 600-750 nm fohpldcyanines films as we have discussed
earlier. A clear blue shift of B and Q bands isnsdéer binuclear (Co-Fe)Pc films as
compared to CoPc and FePc films, indicating thegnkevels has been changed in binuclear
(Co-Fe)Pc films as compared to CoPc and FePc fil&s. we have discussed for
phthalocyanine films, in general the blue or reift & the UV-visible spectrum is observed
if there is H (i.e.face-onoverlap) or J aggregation (i.e sidewise overlapihe molecules
[104]. Since in this case a clear blue shift of #pectra for binuclear (Co-Fe)Pc films as
compare to mononuclear CoPc and FePc films confin@gpresence of binuclear (Co-Fe)Pc

molecule as suggested by MALDI technique [105].
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Figure 3.21UV-Vis spectrum for the FePc, CoPc and binucl€ar-Fe)Pc films.
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3.2.7 Growth mechanism of binuclear films

The results of SIMS, MALDI, GIXRD, AFM and UV-Vislearly indicates the
formation of binuclear (Co-Fe)Pc films. It may beted here that the binuclear films were
found to form on only (0001) ADs substrates. Such binuclear molecules were notdféoin
form on other substrates, such as, LaAlSITiO; etc. The mechanism of the binuclear
formation on (0001) AD; could be attributed to thiace-onstacking of the molecules as
well as the catalytic effect of the Rlterminated surface.

To explain the better structure ordering and smaontiphology of binuclear films
compare to the mononuclear films we have purposemb@el on the basis of this binuclear
formation. In the case of binuclear phthalocyammdecule (as shown in Fig. 3.16), there is
a pile up of electron density (required for bondiagythe bridging sites between FePc and
CoPc molecules and the remaining part of the médewill be electron deficient hence
positive. Confirmation of this comes from XPS dasave have discussed above. In binuclear
(Co-Fe)Pc films effective valence electron cloudpyfrole rings and central metal has
shifted towards benzene rings of the molecules takds part in molecular bonding with
other moleculesDue to higher dipole moment of binuclear phthalotya molecules the
van der Waals interaction between molecules wilstvsenger as compare to mononuclear
FePc and CoPc molecule, which results in a verydguoolecular arrangement. In the in-
plane direction there is an edge overlap betwedpgules while in out of plane the stacking
of molecules will bdace- to- faceSuch a stacking of molecules in binuclear phitydaine
is shown by schematic diagrams in Fig. 3.22 (agase of mononuclear CoPc or FePc films,
in the out of plane direction molecules will becktad inface-to-facemanner, and in the in

plane molecules are stacked in edge-on mannemassh Fig. 3.22 (b). Initially, CoPc and
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FePc molecule lying flat, but after a certain tmeks molecule- molecule interaction
dominates and CoPc and FePc molecules films startgrow randomly. That's why
roughness of mononuclear CoPc and FePc films i€ mompare than binuclear (Co-Fe)Pc

films.

Figure 3.22Molecular stacking schematic (perpendicular tosihiestrate plane) shown for (a)

binuclear (Co-Fe)Pc and (b) mononuclear CoPc &t F
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3.3 Theoretical models for charge conduction

The charge conduction in organic semiconductorbeadivided in two categories: (i)
bulk limited conduction and (ii) electrode limitednduction. In any charge conduction study
there will always be a charge injecting electrodd a collecting electrode and the active
layer between them as shown in Fig. 3.23. The damiprocess between these two will be
decided by the relative position of Fermi levelnoétal and semiconductor and the potential
barrier existing between metal electrode and semdicctor. Both conduction processes in

detail are described below:

Au .Au

Figure 3.23 The schematic of charge transport measurement ispowan active organic

semiconducting layer sandwich between charge inggeind collecting electrodes.

3.3.1 Bulk limited conduction

If the contact between the electrode and the mitdesemiconductor is Ohmic, with
resistance of the bulk material is much higher tti@n contact resistance, then the current
will be easily injected into the semiconductor miaeand the charge conduction will be

dominated by the bulk [96]. By Ohmic contact we nwethat the density of the free charge
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carriers at the region of contact is much highantthe density of free charge carriers in the
bulk of the semiconductor. An Ohmic contact thusvjtes a sufficient reservoir of charge
carriers and is capable of supplying carriers &rtfaterial as required by the bias conditions
[37]. The term “Ohmic contact” does not essentiaigan that the current follows Ohm’s
law, i.e. that the curreitdepends linearly on the voltayye The various type of bulk limited

conductions observed in molecular semiconductodaseribed below.

3.3.1.1 Ohmic conduction

Ohmic conduction occurs when the bias is so low thigcted charge carriers are
negligible compared to the thermally generated giararriers in bulk. Therefore charge
carriers will drift from one electrode to anotheredo the application of electric field. Under
these conditions, the current density is lineangpprtional to the applied bias, which is

given by Ohm'’s law
Vv
J= rbe,ua (3.1)

whereny is the free carrier density apds the charge carrier mobility.

3.3.1.2 Space charge limited conduction (SCLC)

At higher bias, the carriers injected from the Ohmbntacts exceed that of the
thermally generated carriers and these carriers gifing up in the vicinity of injecting
electrode. However the injected charge carrieritdedecays very fast in moving away from
the injecting electrode. The injected carrier peofireates its own a strong electric field. The
conduction that flows in the semiconductor is cohtry this space charge field and is known

as the space charge limited conduction. In spaeegehcondition, the-V characteristics
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depend on the applied bias, temperature and therenatnd density of traps in the
semiconductor. Here we describe the details ofespharge limited conduction (a) trap free

space charge limited conduction (b) space changjéelil conduction with trap.

(a) Trap free space charge limited conduction
We first consider the perfect intrinsic semiconducfree of traps. Current-voltage

relation in the space-charge limited currents regioan be obtained using following

equation:

Continuity equation: % =0 (3.2)
Current density: J =eun, F. (3.3)
Poisson equation: dg)‘(x) = —?egr Noo (3.4)

whereu is the mobility defined as the constant of projoolity in the relationship between
the applied electric fields, and the drift velocity of the charge carriersgiven byv = uF, e

is the charge of the electrom, is the local charge carrier densityg, is the permittivity of
the semiconductor material.

From eq. (3.3) and (3.4)

dF,

J= —HEE, ﬁ I:(x) (35)
F2 _ FZ

‘]X:/'{SOSr % (36)

UsingF () = 0 ( because for Ohmic contacts, the electrid & the interfacex(= 0)

must be zero), we get
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Fy = ( 2jX J 3.7)

/,[£0£r
Finally the current voltage relationship can beaot#d by integration of the electric

field using the boundary conditidfig) = 0,

d

V = [ F,dx (3.8)
0

We get,
9 v?

J :g 0£r,u¥ (3.9)

This is nothing but Mott- Gurney law describing ramt-voltage relation in a trap free
insulator [106]. It is evident from the eq. (3.9t current density varies with square of
voltage and by knowing the value of permittivityphbility can be found out from th&\?
plot.

Thus the crossover voltage at which the transi@m’s law (eq. 3.1) to trap-free

square law (eq. 3.9)ccurs can be derived as:

2
v = 8end
9¢,¢,

(3.10)
(b) Space charge limited current in presence gb tra

In the actual samples, impurities, dislocations andgh grain boundaries are
commonly observed, creating local energy statemp)tbelow the transport energy level
reduce the current at lower injection level as tlapture and immobilize most of the
injected charge carrier. The presence of thesevaofable trap states can influence the

transport of charge within the bulk, resulting omAdeal current-voltage characteristics. The
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trap can either be shallow or deep depending om #mergy level.On the basis of their
energy levels, the traps can be classified asshall deep. The so-callegthallow trapsrefer

to traps whose energy leveE{) are located above the quasi-Ferti,f level for electron
traps, and to traps whose energy levEls) @re located below the quasi—Fermi le\i&))(for
hole traps. Conversely, deep traps refer to tralpsse energy levels are located below the
guasi-Fermi level for electron traps, and to treyp®se energy levels are located above the
guasi—Fermi level for hole traps as shown in Fi43If the trap depth is large or
temperature is low, most of the injected carriens teapped. A given applied voltage can
carry only a fixed quantity of total charge in teemiconductor. Hence the injected free
carrier density is significantly reduced in thegmece of traps. Both the trapped and the free

charge carriers determine the space charge. Tissd?eig. (3.4)changes to,

(;_l):( = _?:(”m +Ny) (3.11)
wherenyy is the trapped carrier density. The transport eqnd8.3) remains unchanged. Eq.
(3.3) and (3.11) are now solved to geY relation for the molecular semiconducting sample.
To solve these equations we need to identify te depthe,. We will consider that the traps
distribution is uniform in space but may have a-noiform distribution in the energy space.
Three different distributions in the energy spa@ehbeen considered in detail in the
literature [107, 108]. (1) all traps at a singlergy level, (2) a Gaussian distribution of traps
in the energy space, (3) exponentially distributa@s in the energy space.

- Single energy level traps the distribution can lvéten as

h(E) = N, 6(E —E,) (3.12)

- An exponential distribution
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N
h(E) = exp{— = j
KT KT,
- A Gaussian distribution peaking at E

— Nt _(E_Et)z
h(E)——Umexp{ g7 j

(3.13)

(3.14)

Here, N; is the total density of trap3; andc are distribution parameters of local

states for the exponential and Gaussian distribwdfdraps.

e [ ] [ ] T
. % - E. or LUMO
o~ Qj:f,_., ~ E,, ( Shallow traps)
i ) o 13 SR ey P ] im0 ] - EFI]
< < S E,, (Deep traps)
Metal k Semiconductor
Metal | Semiconductor
D G 3 ElIJl (Deep traps)
T——— [ —— | e SR Rp— Eg,
\ ‘T‘ & & E,, ( Shallow traps)
o] »
e P J— i y Ey or HOMO

Figure 3.24Schematic of shallow and deep traps for electemusholes.
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We first consider the single level shallow trapsdybetween the Fermi level and the
valence band edge (we are considering conductiomolgs). The concentration of the traps

carrier (holes) is given by [107],

1
1+ exp{ B - EJJ
kT

Energiess, andE, are the lower and upper limits of the trappingele®n integrating this

My = thO-(E - Et)(

equation give [107, 109, 110]

oy = ——0__ (3.15)
1+ Ny
Nix
where,
T c16
N(l) kT

andNy is the effective density of states in the valebaad. Using eq. (3.15pr ny and the

boundary condition eqg. (3.8), the solution of tleésBon and transport equations gives,

9 V2
J :ge(t)gogrﬂ¥ (317)

It can be easily shown that

n
n+ N

g

= (3.18)

Thus represents ratio of free to total charge carrigrthere are no trapsy, = 0,
thendy = land eq. (3.17) reduced to eq. (3.9ndf>> n, under this conditiod becomes

the ratio of free to trapped carriers.
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The crossover voltage at which the conduction frotmmic to SCLC begins to

dominate is given by
- 8end’ (3.19)
96,,.¢,

In the case semiconductor contains deep traps,nalyteal expression fod for

cannot be obtained, but numerical solutions caitydaes obtained [107].
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Figure 3.25Space charge limited current versus voltage cleniatic for semiconductor containing

trap. VreL is the trap filled limit.

Now we will consider the case of exponentially wsition of traps. The

concentration of traps in this case is give by

115



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

N
h(E) = exg -—=
KT, KT,

Trap characteristics distribution, the concentratbtrapped carrier (holes) is given by

TN

E 1
n, = exp — dE
0) EJp.p KT, F{ KT, j1+ exr{(EFP - E%T}

(3.20)

: T, :
Denoting = ?C the above equation becomes to

n 1/1
N, =aN, [N_J

\

This gives the relation between free to trappediararconcentration. In this

n
expression the factar = (/ )sin(fy) arises because 0 K approximation (step function) f
I

the Fermi occupancy function have not used heres Tctor can be taken unity. By the

boundary condition eg. (3.8), the following anatgtiexpression fad is obtained [107],

: | (1+2) |, (+2)
. | 2 +1 \
— VEEL | N gogr .
’ V[aNt 1+1)1+1) d®9 (3.21)

From above expression it is clear that presendeapfnot only limits the magnitude

of the J but also distort th&? behavior. Thus if semiconductor contains the trapost of
injected charge carrier remains trapped and cubrgrihjection remains small until all the
traps are filled. At sufficient high voltage, thap became saturated and it behaves as trap
free V2 law given by eq. (3.9). The voltage at which figiof all trap is achieved is called
trap filled-limit voltage” (\4r) shown in Fig. 3.25 and expression for it is giv®n[108,

111]
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eN(t)d 2
AV 3.22
TR 28,8, ( )

In the case of Gaussian distribution of trap (8dL0)) the situation is more complex
since exponent at the applied voltagel] and thickness of the sampl2l{1) are not
constant but they are the function of applied \g#talrhe details studies of this situation are

given in Refs. [112, 113].

3.3.1.3 Hopping conduction

In inorganic semiconductors, atoms are stronglynded together by covalent bond
with well long range ordered configurations. Theemgy band in this case extends
continuously in the bulk and charge conduction egthrough free wave-like propagation of
carriers in well-known conduction or valance banaih occasional scattering of carriers
with phonon, impurity sites, or grain boundarielefiefore in these materials, mobilities can
reach large values more than 1000%&frs. However, in molecular semiconductors, the
constituting molecules are only weakly bound togethrough van der Waals forces and the
conventional view of band formation is not veryerun these materials, band widths are
typically smaller thanksT and charge are intrinsically localized due to theak wave
function overlap between two adjacent moleculed [Y4]. The freely wave-like propagation
of charge carriers as commonly seen in inorganimignductor no longer exists in
molecular semiconductor. In molecular semicondsttite mobilities are found to be very
low (< 10 cnf/V.s). If a rough calculation of a mean-free paitahce for the scattering of
the charge carriers were made, it would be smdhan the intermolecular spacing.
Therefore, the charge conduction mechanism in mtdesemiconductor cannot be the same

as that observed in crystalline inorganic semicatwu In fact, it must be a rate-limiting
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process where in each step, charge carriers hameetcome an activated energy barrier, and

the mobility can be given by Arrhenius relation

AE
y7an exp{—ﬁ] (3.23)

whereAE is the activation energy.

Flectric field

>

M

Energy of the transport

level for electron

Distance

Figure 3.26 Schematic representation of hopping transpoitiémolecular semiconductor.

In this simple picture, upon application of electfield the charge carrier will hop
from one localized stateto another localized stageThis process is shown in Fig. 3.26. This
thermally activated process is dominant transpathmanism in molecular semiconductor.
Therefore, unlike the inorganic semiconductor thebility and hence the conductivity of
(disordered) molecular semiconductor increase espitally with temperature. This hopping
process involves thermionic emission (phonon-assistopping) or direct tunnelling of

carriers between localized states. Phonon asdistgping takes place when carriers trapped
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in localized states absorb a phonon and classigaity to the next localized site, whereas
tunnelling can take occur between two localizetest# the electronic wave functions of the
two localized states effectively overlap. Most dfet hopping models for molecular
semiconductors are based on the Miller-Abrahammdtism that was originally used to
explain the hopping process in deep traps in inbogaemiconductors [115]. The photon

assisted hopping rate between two localized sites i

2r E -E
Vvu' (rij B, Ej) =V eXF{—ﬁ]xeXF{— ] I j E> EJ (3.24)

KT

2r;
=V, ex _7 Ej <E

wherevg is the attempt to jump frequency,is the inverse localization length; is the
distance between two localized statesdj andE; andE; site. The first exponential in eq.
(3.24) describes the tunnelling probability frontoaalized sitei to another localized site
separated by a distancg The second represents the probability of absgraiphonon for
hops between two sites. For an energetically uplwapdE; > E;, the hopping rate follows an
exponential function. For an energetically downwaog,E; < E;, the hopping rate is equal to

1, that is independent of the energy differencehefhopping sites and the temperature.

3.3.1.4 Poole-Frankel effect

Hooping model described the temperature dependebility, but it failed to explain
the electrical dependent mobility. This field degent and temperature mobility is explained
by W. Gill for poly (N-vinyl carbazole) using theoBle- Frenkel effect [116]. He suggested

following empirical relation for field dependent bility,
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1= o exp(F) (3.25)
where
1 1
=B — - 3.26
Y (kT kToj (3.26)

In these expressiong denotes the zero field mobility; B afig are parameters of the
system.

In Fig. 3.27, the idea behind the Poole-Frenketaffs illustrated, which describes
the reduction the barrier of a charge carrier columbic potential by applied electric field.
When in the bulk a charge carrier is trapped inngpurity level it is unable to contribute to
the conductivity until it overcomes the potentiarier and is promoted to the transport
level. If an electron trap is regarded as a positivelyrgba centre at a fixed position in the

bulk semiconductor, the potential energy of theteta is

Vi = —eFx (3.27)

In the absence of the externally applied field, meximum value of the coulombic

e2

barrier isg, = - 2
TE,E, X

. When the field is applied, barri&p is reduced on one side of the

trap, as shown in Fig. 3.2V, now has a maximum on tlxeaxis through the trap centre at a

distance through the trap centre at a distance

xm:[ © J (3.28)

47E &,

from the trap the value of the potential at thigipo

1/2
e3
Ak {ﬂzoaj P = B 29
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3
where S,. =( © jis the Poole-Frenkel field lowering coefficient.
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Figure 3.27Poole-Frenkel effect at a trap in the bulk of skeniconductor.

The effective barrier height is considered to beuoed byA¢pr, and consequently

the proportion of carriers which are free is ineegh The current density is given by [117]

J=J,ex

BucF™*
= j (3.30)

where J, = g,F is the low field current density. Thus a lineartmblogJ againstv? should
be obtained, from which a value of the field-loweyicoefficient can be obtained and

compared with the predicted theoretical value.
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Organic molecular semiconductors

Figure 3.28Schematics of energy diagram of organic molecéaniconductor.

3.3.2 Electrode limited conduction

The injection process is dominated by the changeciion barrier at the interfaces
between the active molecular layer and the metteldes, which is defined as the energy
difference between Fermi-levék of the electrode and HOMO (or LUMO) of the organic
molecular semiconductor. Therefore, it is necessargonsider electronic properties and
band alignment of the metal/organic molecular sermdactor (M/OMs) interfaces. The
energy band diagram of a typical molecular soliGh®wn in Fig 3.28. The upper most
horizontal line is the vacuum levdt {J). E/ac is defined as the minimum energy level for an
electron to escape from the solid. The energy s¢iparbetween the HOMO arifl4 is the

ionization potential lIj. The separation between the LUMO dag. is the electron affinity
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(A). Difference between Fermi levelrEBand Vacuum level is called work functiafy of

materials.
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Figure 3.29 Schematics of energy level alignment at M/OMs rfiaige assuming vacuum level

alignment at the interface and no interfacial dép@dlott-Schottky model).

Unlike inorganic semiconductor, the surface of roolar solid has no dangling
bonds. Therefore, the molecular energy level algnimat M/OMs interfaces ideally should
follow the classic Mott—Schottky model, in which materaction occurs at the interfaces
region [118, 119]. So, vacuum level alignment & thterface region is used. Fig. 3.29
illustrates the energy diagram according to thalidiéott—Schottky rule of M/OMs interface

when a metal and an organic solid are broughtdotdact. The interface barrier heights for

hole @) and electrondyn) can be expressed as

123



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

B =1 = (3.31)
BGn =B — A (3.32)

where ¢, is the metal work functionl is the ionization potential and is the electron

affinity.
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Figure 3.30Schematics of energy level alignment at M/OMs fiaies® assuming vacuum level shift at

interface and with interfacial dipol@.

However, in the real M/OMs interface, a common wamnuevel alignment does not
occur because of the formation of interface dipalducing vacuum level shiftA). As a

consequence, the vacuum level becomes discontirataire M/OMs interface. This abrupt

change 4) in the vacuum level between metal and organicemdar semiconductor has
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been observed experimentally [120, 121]. As shownFig. 3.30, the existence af

demonstrates the interface barriers have to befraddiy the amouna:
Gn=1-@,tA (3.33)

Gon = O = A=A (3.34)

The origin of the interface dipole remains contrsied. A variety of possible
explanations like, (1) charge transfer betweemtle¢al and the OMs layer, (2) formation of
chemical bond (3) image effect or push back eff@texistence of interfacial states, and (5)
permanent dipole moment can lead to the largefatterdipole formation [121-123]

Depending upon the applied electric bias, tempesaand active layer thickness,
different charge injection mechanism may occuhatrhetal/semiconductor interface. These

mechanisms are discussed below.

3.2.2.1 Tunnelling mechanism
Tunnelling is a quantum-mechanical effect in whicl wave function of the carrier
is attenuated only moderately by the thin barserthat the carrier has a finite probability
of existence on the opposite side of the barrienn®ns [124] has reviewed the tunnelling
process in some detail under a wide variety of gmw of applied voltage and work
function values. Tunnelling is normally applicaldaly for very thin film thickness less
than about 10 nm when subjected to a high elefdlit. In particular, it has been proposed
[125] that a modified Fowler-Nordheim expressionynmiae applicable for tunnelling
through an interfacial region of thickneds where the electric field at the barrier is
sufficiently high to reduced it width to 5 nm [37Alnder this condition expression for

current density is
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2 1/2 /2
3-8V zeX[{— 8rem) "y’ dtj (3.35)
87hat; 3ehV

Whereh is the Planck’s constant, is the barrier height and effective thickness eesipely

of the tunnelling barrier and m is the mass of &lsetron.

Figure 3.31 Schematic of sequential tunnelling of electron famatal electrode to the conduction

band of insulator/semiconductor via localized state

3.3.2.2 Multistep tunnelling (MUST) mechanism
Apart from the direct tunnelling which requiresigtter voltage, there is a possibility
of sequential tunnelling of charge carrier from thetal electrode to the conduction or
valence band of the semiconductor. The physicatqe® is schematically shown in the
Fig.3.31. The interface between metal and semiottodwalways contains some localized
states, these localizes states helps the chargerdartunnel sequentially from the electrode

to bulk. In this model conductivity can be derivasi[126-128]
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- _ K
a—aoex;{ \/:J (3.36)

3/2
with F, = 1—6”2;";“” (3.37)
e

Fo is related to the material through the potenterier (A) and material parameterthat
depends weakly on the temperature. Hereln(p™), wherep" is the probability of forming
a N-step tunnelling path of the MUST. The impottieature of the eq. (3.36) is its rather
weak sensitivity to the concentration of the lopadi states in the gap, which is generally

difficult to know.

[deal barrier

(a) (b) } Bottom of the conduction band
F F Y
f_‘ud,a“
A
b,
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L 4 L 4
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Metal Semiconductor
Electrode Semiconductor
r— P >

Figure 3.32(a) Representation of image force problem wherlaotron is very close to the metal

surface. (b) Energy barrier lowerin@g due to image force and applied fiekd.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 onec#lode to other, the current
flowing through the semiconductor is limited mairly the rate at which electrons are
thermally excited over the interfacial potentiatriex into the semiconductor transport level.
In this case current is given by the Richardsomtienic emission [129]:

2
J= Mexp{—ﬁj = AT? ex;{—ﬂj (3.38)
h kT KT

where A (1.2 x 16Am™) is the Richardson constant agds potential barrier independent of

applied voltage. To determine the height of theibain an applied electric fiel& # 0, we
must take into account the so-called Schottky eftas shown in Fig. 3.32): an injected
electron at a distancefrom the metal surface produces a positive imagegehin the metal

through influence, whose field gives rise to wisatermed the image force

e2

Frse="——————— 3.39
Image 47E08r (2X)2 ( )

Its potential which is called image potential igaobed by integrating this force fror= 0 to

X = o0, Which gives

eZ

—— (3.40)
167 &, X

Wmage =

So due to the presence of image potential and mmigdectric field the shape of the original
step potential barrier changes as shown in the3F82 (b). In view of modified potential the

potential energy of an electron at a distax&®m the interface is given by

2

€
=@ -—————eFx 3.41
Wmage @ 16 Ogrx ( )
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The potential has a maximum xgt= ﬁ. Therefore the superposition of image

O7E &

r

force and electric field lowers the potential bargg by an amount

1/2
eS
Ap= FY2 =g FY? 3.42
@ [ WOEJ Bs (3.42)

to the effective height of the barries,=¢ —A@. B; =050, is Schottky field lowering

coefficient. The maximum of the superposed potkhga at a distancg,, from the surface

of the metal

x = |—° (3.43)
167z, F

In this modified barrier height the current dens#ygiven by Richardson-Schottky equation

[130]

1/2
J= ATZexp{—ﬁj ex &Lj (3.44)
KT KT

3.4 Charge conduction in mononuclear phthalocyaninélms

In this section, we present a brief overview adréiture on the on the charge transport
studies in mononuclear Pc thin films, in literatuiéhe Schottky effect in Al/CuPc/Ag
structure was observed by Barkhalov and Vidadi [X81 the reverse bias. Similar effect
have been studied by other groups in AI/M(Cu, ZMBcstructure [132, 133]. It was
proposed that a layer of aluminium oxide grew atittierface of Pc and Al electrode, by the
diffusion oxygen through the organic material. Tbearier 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 lagaus of Schottky effect, was also
reported for the Pc films. This effect was origipadbserved by Gill [116]. Poole-Frankel
conductivity in a structure incorporating CuPc Miiest reported by Hassan and Gould [134].
Latter Poole-Frankel effect was also observed imersg¢ other structures, including
Al/CuPc/Au [135], Au/PbPc/Al [136, 137]. In someses field lowering co-efficient is
slightly higher than the theoretical value, whichsaattributed to the non-uniform internal
electric field distribution.

SCLC mechanism is generally used to explain chaegesport in OLEDs and OFETs
where phthalocyanine films were used as activerlg¥d8, 139]. SCLC conduction in
Au/CuPc/Au structure is first extensively studieg Bussman and concluded that SCLC,
dominated by exponential distribution of traps, wasponsible for the conduction in
temperature range 210-430K [140]. Space chargedednconduction, dominated by both
discrete trap levels and exponential trap distrdngt has been identified in many Pc thin
films [134, 135, 141-143]. From all these repottssieasily concluded that the total trap
concentration for exponential distributions spamide range from 1% to 10*°m*>. However
this variation is believed to be due to purity ohtarial, preparation condition and oxygen
contents. Furthermore, the mobility for various fifms calculated by various methods is
rather poor and varies in the range®M? cnf/Vs [140, 143, 144]. The low mobility values
in Pc thin films mainly arises due to the weak \er Waals forces among molecules,
leading to a poor overlap of the wave-functionteglectrons between adjacent molecules.
This is further weakened due to presence of bo#ingetic (diagonal and non-diagonal) and
positional disorders. These disorders depend @malture of molecular stacking (face-on or

edge-on), adsorbed oxygen species and presenogofiiies [145]. Even in single crystals
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that are defect free, theelectron wave-function overlapping of adjacenmnidecules is not
highest due to inherent edge-to-face on molecudakipg. A major consequence of the low
mobility in Pc films is that their charge transpproperties have been investigated only in
the temperature range 473-175 K. The low temperatharge transport studies of Pc films
below 175 K have never been investigated. The mraason for this is that due to poor
mobility, the current at low temperatures goes Wwelbe measurable limits i.e. below pA.
Thus in order to investigate the low temperaturargé transport in Pc films, it essential that
their mobility need to be improved. In the nexttsst we will discuss our results on the

charge transport properties of FePc, CoPc agduPc films grown by MBE.

300K
280 K
260K
240K
220K
200K
180K
160K
140K
120K
100K
90K
80K
70K
60K
50K
40K
30K

<) em
@i md4qd)m
XX + © 8 % @ A } on

Figure 3.33Log-log plots showing current-voltagd-{) characteristics of 20 nm FePc films in the
temperature range 300-30 K. Based upon dependérazerent on applied bias and/or temperature,
five regions | to V have been identified (markedthigk dashed lines).
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3.4.1 Charge conduction in FePc films

3.4.1.1 Temperature dependent J-V characteristics

vV — 240 K
N 106 < 200K C
E - 160K
~~

3 él 9
1000/ T(K™)

10° 10 10° 10° 10*
Bias (V)

Figure 3.34 Log-log plots ofJ-V characteristics in the temperature range 300-1Gtowing a

transition from ohmic (region 1) to shallow trap digted space charge limited conduction (region 1),
the crossover voltage is denoted\y The extension of-V data’s in the voltage range of 30-90V

meet at cross over voltayyg = 2700 V.

In order to investigate the charge conduction iRd-#ms on (0001) AlO; substrate,
we have measured temperature dependent curreageoll-V) characteristics which are
shown in the Fig. 3.33Since theJ-V characteristics are symmetrical for positive and
negative bias therefore data is shown for posibias only. Unlike disordered films, no

hysteresis is observed in the present case [14@]J-VM characteristics were analyzed in low
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and high electric field region. Based on the natifré dependence ox andT, five distinct
regions (marked as | to V) have been identifidtbadly, regions I, 1l and IV belong to the
low bias (< 100 V), whereas regions lll and V Irethe high bias region (> 100V). The

analyses of these regions are described below.

Regions | and I

As shown in Fig. 3.34, a transition from regiom Iregion Il takes place as a function
of applied bias. In the region I, at low voltages2Q V at 300 K) the slope of the linear fit to
data is ~1, indicating an ohmic conduction. As wavéh discussed in molecular
semiconductors, an ohmic conduction normally occutbe thermally generated carriers
exceed that of injected carriers through the ebelety and thd in this case is given by eq.

(3.1) J = newv /d, whereng is the thermally generated hole concentraters, electronic

charge,u is the hole mobility andl is the electrode separation. However, the slof@evia
region Il is ~2, indicating that the charge tramsp®via shallow trap mediated space-charge
limited conduction (SCLC). SCLC occurs if the irtgat carrier density is higher than the

thermally generated carrier density and shdepends on applied bias using the eq. (3.9)

2

J :gﬁ(t)eoer ,u% wheregge, is permittivity of the film andy, is the fraction of free charge

carriers . Using data of Fig. 3.34e have calculated the valuesngfandy (assumingy ~1
which we will justify later) at room temperatuire the following manner. The value pfat
room temperature was estimated from the slopkwefrsusv? data [37, 96], and found to be
1.9 cnf/ Vs. Thisp value is higher by two order of magnitude as camgdo that reported
for metal phthalocyanine [37]. The valuesngiis determined from the crossover voltayg (

between ohmic and SCLC region (as shown in Fig.4)3.8sing the eq. (3.10)
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V, =8ned? /9¢,¢, [67]. The estimated value afy at 300 K is &10'° m®, which is in

agreement with reported literature [96].
It can be clearly seen from Fig. 3.34, with thedowg of temperature the slope bf

V characteristics increases (>2) in region Il. Higates the possibility of SCLC in presence

l 1+1
of exponentially trap distribution, and in this edsis expressed by) :e’UNV(PiTJ %
€ o™t

whereNy is the effective density of states at the valdvared edgeP, is the trap density per
unit energy range at valence band edge,lanid/T (T; is the temperature characterizing the
trap distribution) [96]. In the region I, it is ee thatJ-V characteristics at different
temperatures convergeWg = 2700 V, indicating that current is temperatumdeipendent (for
V =V,) and the activation energy is zero. The voltagds related to trap density; by
equation: Ve = gNd?/2e0, [96]. Using this equation, we obtaly = 5.7 x 16Y/m?>. The trap
characteristic temperatuie can be determined using exponentJef characteristicso( =
[+1) determined at different temperatures from datalot of | versus IT is shown in the
inset of Fig. 3.34. The slope of the curve gives Yalue ofT; (~242 K). A transition from
trap free SCLC regime at room temperature to expkedyy distributed trap controlled
SCLC at low temperature can occur due to free eradensity at room temperature being
higher than the trapped carrier density. Howeverthee temperature is reduced the free
carrier density is reduced and the trapped catdeesity increases, resulting in exponentially
distributed trap controlled SCLC characteristicgmifar bulk limited transport has been
reported in various other phthalocyanine films gsispace-charge-limited conduction
(SCLC) model [147, 148].

To justify thatfy ~ 1, we first estimated the value of Fermi enekgy(at room
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temperature) usingo = Nvexp[-E.-Er)/KT from free carrier densityng) and literature value
of effective density of states in valence band ighest occupied molecular level HOMO

level in case of organic semiconductor &k)=10"" m™ [96] . Now to find out the trap

distribution N, (E) = R, exr{ EI(_; E)above HOMO edge, we first estimateglusing relation
1

N; = PokT; , hereN; is the total trap density. By knowirg (as 2.73 x 1& eV'm™), we
estimatedN;(E) i.e density of trap state above HOMO level and @oshown in Fig. 3.35.
As seen from the plot most of the traps are oratlegage aE ~ 0.1 eV fromE, (i.e. from the
HOMO level edge). Density of trapped carrieng)(can be estimated fromy = N..exp{(E-
Er)/kT} to be ~ 1.1 x1& m™. A very small concentration of trapped carriermpared tang

(6 x 10® m*) justifies use of = 1 in our analysis.

LUMO

HOMO

1101015107
Density of trap states (eVm"°)

Figure 3.35Fermi energy levelssy) position is shown with respect to the HOMO andM@ level

for FePc films. In the left side show the plot ehdity of traps states as a function of energy.
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Figure 3.36J-V data of region lll is plotted in log-log scale.€limset shows thieversus 1/T plot.

Region llI

In the region Il (i.e. high voltage region of data100 V) of thel-V characteristics
(shown in Fig 3.36), the slope dfV characteristics is higher than 2 and it increasis
lowering of temperature. At higher field valuesrthare following two possibilities which
can gives rise to slope > 2: (i) SCLC in the presenf traps which are exponentially
distributed in energy above the valence band edgdiszussed earlier and (ii) SCLC along
with the field dependence of the mobility. To tedtich model best describes the charge
transport, we first plotted tHevs 1T as shown in the inset of Fig. 3.36, the straighe fit of
data does not pass through origin. Hence we rul¢heupossibility of the SCLC in presence
of exponential trap distribution. To explain sucbndinear J-V characteristic, the field

dependence mobility is invoked in the SCLC relatiancording to the eq. (3.25)
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U(E) = 1 (0) exp(y~E) and eq. (3.26)/=B( t 1 j[149]:

KT  K;T,
According to the SCLC with field enhanced mobilitie effect of high electric field is to

reduce energy barrier between two hopping siteasncesult charge carriers transport takes

easily. In other words the effect of high field ptgsses the charge carrier trapping.
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Figure 3.37 (a) Field dependence of the mobility obtained frdata of region Ill. (b) Temperature

dependence of field enhancement coefficjgmthich describe the field dependence of the maghilit
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A simple approach of estimating field dependencmobility is described by Wu et.

al. in which pu is related with a functiorg through the relation:yzé% , Where

g(E):E and E:(\é+j(i]/] [96]. The estimated field dependence jofat different
&

temperature (300 K- 100 K) is shown in Fig. 3.3). {éhe straight line fit of the data p
versusE'” data at each temperature shows the validity of S@iit6 field dependence of
mobility. From these fits we obtained the tempemtdependence of From the inverse
temperature dependence jofas shown in the 3.37 (b)) the fitted parametelsesmwas
found to beT, = 98 K, andB = 3.94 x10 eV(m/V)*2 The values of derived parameter and
their temperature dependence are according toegherted literature for organic materials

[150].

Regions IV and V

As shown in Fig. 3.33, for temperatures < 100K, JHé characteristics show very
different behaviors in regions IV and V. In regibnhi.e. at low biasJ drops sharply with
lowering T; whereas in region V i.e. at very high bias, dlshows a very weak dependence
and the slope o8-V data is constant at all temperatures. These datanalyzed below,
indicate that the electrode-limited processes gottee charge transport at low temperatures.
In region IV, a linear fit of J vs W2 data, as plotteih Fig. 3.38 (a) in a semi-log scale,

indicates that charge transport is governed by tHcho model:

J = AT?exp@/ kT) exp%v%), whereA is Richardson constant (k20° Am™), gis

barrier height at the Au/FePc interface af¢{=(€’/47&,£ )"?} is the field lowering

138



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

coefficient. The obtained values @& and ¢ are 1.9410° eVm'4V*? and ~0.17 eV
respectively. The experimentally determined valtieGg is close to its theoretical value
(2x10° eVmH4Vv*?), which supports Schottky-barrier limited condantimechanism in

region IV. The value of also matches with literature reported value [67, 96

(b) [v
10°t
HI,-\
&
T
@]
N’
@)
104 4 ' 4 ' 4
1.5x10 2.0x10 2.5x10

E-1/2(m/V) -1/2

Figure 3.38(a) Data of region-IV plotted ds J vs VY2 Linear fits to datandicate Schottky-barrier
limited conduction. (b) Data of region-V plotted esnductivity as a function of inverse of the

square-root of electric field.

139



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

300 K
=
=
SCLC —field Z
Shallew s enhance(llemobilitv :
mediated SCLC 3 o
2
100 K
E
Schottky barrier Multistep tunneling E
controlled transport |(MUST) = e
=]
E &
s 2
= &

0 100V 200V

Figure 3.39Schematic of temperature-bias\) plane summarizing various conduction mechanisms

in FePc films.

A weak T dependence of in the regionV indicates a possibility of tunnelling
mechanism. It has been discussed that if locals&tates are present in the gap, then these
states assist sequential tunnelling of chargeesafr.e. from the Fermi level of the electrode
to the conduction level of the film) and this preses termed as multi-step tunnelling
(MUST). It has been demonstrated that MUST is oleseonly in highy devices and this

mechanism leads to an inverse square-root field emdgnce of conductivity

6 / 2
i.e.aDexp{—J%J, wher@:%. Eo is related to the material through the

potential barrier ¢ and a parameter given bya =In(p™ ), wherep" is the probability of

forming N-step tunnelling path. As shown in Fig38.(b), in region-V the conductivity

varies as the inverse square-root of the fieldfioning the MUST mechanism. By least

140



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

square fitting of data at 30 K, the obtained valtig, is 2277 kV/cm. Using interface barrier
@ = 0.17 eV (as determined earlier) apd= 0.84 (hencex is 0.17), the theoretically
calculated value o is 2273 kV/cm, which is consistent with experimdgtabserved
value. MUST mechanism have experimentally beerorted in organic field effect
transistors and organic light emitting diodes hgvihigh mobility. However, the
experimentally observeH, value in these cases are very high (~6400 kV/cne) tduhigh
contact barrier of 0.5 eV [126-128, 150]. One & possible explanations for observation of
MUST in high p devices could be higher contact resistance cordp&rethe sample
resistance, as a result most of the applied biag dcross the contacts and makes MUST a
favourable mechanism. The various charge transpechanisms operating in the FePc films

as a function of temperature and bias are sumntanizthe Fig. 3.39.

3.4.1.2 Temperature dependent resistivity

Temperature dependence of the resistiyiydf FePc films is shown in Fig. 3.40 (a).
An increase inp with decreasing temperature for all the films ssgig their critical or
insulating behaviourThese behaviors can be identified through Zabrodglits i.e.
temperature dependence of the reduced activaterygiiV), which is defined as [151]:

= - dip{T))/dInT (3.42)

Positive, zero and negative slopesVéfversusT corresponds to the metallic, critical and
insulating regimes, respectively [151-153]. Theiatgwn of W with T for FePc films is
shown in Fig. 3.40 (c). It is seen that for dinfs the value oW is nearly independent of the
temperature i.e. slope is zero. It indicates thifilns are in the critical regime. In the

critical regime of metal to insulator transitioresistivity is expected to show power law
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dependenceg 0T #) [3, 152]. A nearly linear dependence of jogn logT for FePc films

shown in Fig. 3.40 (b), suggesting that these fimesin critical regime.
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Figure 3.40(a) The temperature dependence of resistpiflp) Nearly linear dependence lofy p

versuslog Tplots (c¢) Plots of reduced activation enevgy= -din[o(T)]/dInT) for FePc films.

3.4.2 Charge conduction in CoPc films
In this section we present the charge conductiapgrties of CoPc films deposited

on (0001) A}O3 and (100) SrTi@substrates.

142



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

10t
—
™ . 300K
E 10’} ¢ 279K
< 7 250K
~ - 225K
ke o : 200K
10} * 175K
N 150 K
- * e 125K
. x 100 K
10 Pary | o o a2 2 222l o o 2 2 2 222l

10° 10 10°
Bias (V)

Figure 3.41Log-log plots showingl-V characteristics of CoPc films in the temperatamege 300-

100 K.

3.4.2.1 CoPc films on (0001) AD; substrate

TheJ-V characteristics of CoPc film on (0001),8k substrate, as shown in Fig. 3.41,
have been analyzed for temperature range of 10080@nd below 100 V. The
characteristics at room temperature show ohmicS@IdC characteristics withh = 2 while at
low temperatures value of exponent (at high cujrenteases indicating SCLC mechanism
with exponential distribution of traps. A transitiofrom trap free SCLC regime at
temperature to exponentially distributed traps waled SCLC at low temperature can occur
due to free carrier density at room temperaturadhbigher than the trapped carrier density.
In the estimation of mobility we have assumggl= 1, since the trapped charge carrier

density is ~ 5 x 18 cm® i.e. four order of magnitude lower than free @rdensity (as we
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have justified for FePc films). For lower temperat) dependence of exponenon 1T is
shown Fig. 3.42 (b). Using = | +1 =T/T +1, the slope of the curve gives the valueTof
=236 K. To determine total trap densifyy data obtained at different temperatures has been
plotted in log-log scale in Fig. 3.42 (a). It i®e; that characteristics at different
temperatures converge ¥Q = 1370 V, indicating that the current is tempemtindependent
(for V =V,) and the activation energy is zero. Using valu¥othe trap densiti; is found

to be 1.1 x 18/cm® using equationV, = qNd%/2s ¢ 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 ofl-V data’s. The fits meet at cross over voltage 1368 V. (b) The

temperature dependence of voltage expongnt (

Temperature dependence of the resistivijyof CoPc films is shown in Fig. 3.43 (a).

The variation ofW with T for FePc films is shown in Fig.3.43 (c). It is=eethat for CoPc

films the value ofW is nearly independent of the temperature i.e. slspero. It indicates
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that CoPc films are in the critical regime. A ngdmear dependence of lggon logT for

CoPc films, as shown in Fig. 3.43 (b), suggestireg these films are in critical regime.
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Figure 3.43(a) The temperature dependence of resistpvitip) Nearly linear dependence lof p

versuslog T plots (c¢) Plots of reduced activation eneviy= -dIn[o(T)]/dInT) for CoPc films.

3.4.2.2 CoPc films on (100) SrT3ubstrate
The temperature dependenplots of CoPc films deposited on (100) Sr{i&ong
with (0001) ALOs, (001) LaAIG and bi-crystal SrTi@ are shown in Fig. 3.44 (a). It is

evident that that films grown on (100) and bi-cayssrTiO; substrate shows lowest room

145



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

temperature resistivity value (@5cm) as well as weak semiconductor-like temperature
dependence. It was reported that twin boundarie®@@f) LaAlQ; and grain boundary of
SrTiO; substrate acts as template for a higher degré@oBc molecular ordering [3, 67].
From Fig. 3.44 (a), it can also be seen that fimepared on (100) SrTiand (0001) AlO;
substrates show nearly similar value of the roomperaturep (165 Q-cm) in concomitant
with similar semiconducting—like temperature deparad ofp up to 110 K. It is interesting
to note that below 110 K, films prepared on (100)iS3 exhibit a sharp drop ip with
temperature (i.e. metal-like behavior). However, temperatures < 80 K, the becomes
independent of temperature. In contrast films di#pds on (0001) AIO; show
semiconducting behavior in the entire measure teatype= range. As seen from Fig. 3.44
(b), semiconductor—metal transition of CoPc filmepgared on (100) SrTiis highly

reversible with respect to temperature cycling.
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Figure 3.44 (a) The temperature dependence of resistpvitip) Nearly linear dependence lof p

versuslog Tplots
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The metallic behavior of CoPc films on (100) Srfi®the temperature range 80-110
K is also identified through Zabrodskii plots, delsed byW = - din[p(T)]/dInT. A positive
slope, as shown in the inset of Fig. 3.45, suggestetallic behavior. The lowestin the
metallic state of CoPc films prepared on (100) SgTis nearly comparable to the room
temperaturep of highly ordered films prepared on (001) LaAl@nd bi-crystal SrT®
substrates. This suggests that molecular orderasy improved in the low temperature

metallic state of CoPc films.
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Figure 3.45Plots of reduced activation enefgy(= -din[o(T)]/dInT) for (Co-Fe)Pc films.

W
S

In order to investigate the change in moleculaeord) at low temperatures, we have
recorded temperature dependent GIXRD for CoPc fimepared on (100) SrkCand the
results are shown in Fig. 3.46 (a). As we havevsh800 K, presence of a Bragg peak at
6.78, corresponding to the (200) peak of t€€oPc phase, indicating that film is crystalline

with a-axis normal to the substrate. The calculated vafugelattice parameter is found to be
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26.12A. We have also recorded the XRD pattern for Cofeder, which could be indexed
to monoclinic structure with unit cell parametefsac= 26.12 Ab=3.79 Ac=252A g =
90.4° and volume = 2494.613ASamea-parameters of the film and powder indicate both
have identical crystal structures. With loweringnpeerature, no change in the Bragg peak
position of CoPc films was observed until 110 K.wéwer, for temperatures110 K, this
peak shifts to lower angle i.e92 6.51°, which corresponds #olattice parameter equal to
~27.05A. An increased lattice parameter (direction normal to the suldstmane) clearly
indicates that lattice parametdysand c (both lie in the plane of the substrate) mighbals
have changed. It is well established that at ~11@&HKiO; undergoes a cubic-to-tetragonal
structural transition with reduction in volume aamd increase in/a ratio (from 1 to 1.00056)
i.e. in-plane compression of the unit cell [154-L5@ is therefore natural to attribute the
changes in the lattice parameters of CoPc filmshéostructural transition of the SrT§O
Since theb andc axes of CoPc lay in the plane of the substraerefore, in principle, in-
plane compression should decrease both theseelaiiameters. However, as shown in Fig.
3.47, along thd-axis (i.e. in the substrate plane) CoPc molecatesstacked iface-to-face
configuration, which facilitates reduction lofparameter due to stromgr interactions under
in-plane compression. On the other hand, alangndc-axes (i.e. out of substrate plane),
molecules are stacked face-to-edgeconfiguration, implying that ib-parameter decreases
then botha- and c-parameters would increase, and this is exactlyt weaexperimentally
observed for tha-parameter. Since the charge transport propeitiesgy depend on thie-
parameter (as discussed later), it is essentiedtimate its value. Unfortunatelysparameter
cannot be experimentally measured as the film$afdy oriented. We therefore estimated

b-parameter by assuming batiparameter and unit cell volume as constant, wisgilotted
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in Fig. 3.46 (b). After the structural transiticghe b-parameter decreases from 3.80 to 3.66 A.
Since c-parameter have two opposing effects i.e. reduatioe to in-plane contraction of
substrate and elongation dueféace-to-edgestacking of molecules, therefore it is reasonable
to assume its value as constant. Similarly, assgimimstant unit cell volume would give a
lower limit to decrease ib-parameterDecrease ib-parameter leads to an improvedrdta
interactions among molecules, and hence an impraveage conduction. Evidence that
(100) SrTiQ substrate is responsible for the triggering ofatlietbehavior in CoPc films is
also evident from the temperature dependence fof films having thicknesses > 200nm,
which exhibit semiconducting behavior in the entieenperature range owing to a weak

film— substrate interaction as shown in Fig 3.48.
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Figure 3.46 (a) Temperature dependent GIXRD data for CoPc fijhown on (100) SrTi@ (b)

Temperature dependencebodindc lattice parameters for CoPc films.
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Out of substrate plane In substrate plane

Figure 3.47Schematic representation of the stacking of CoBlecnles ira-b (out of substrate

plane) and-c planes (in substrate plane).
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Figure 3.48 The temperature dependence of resistipifpr CoPc films of different thickness (100)

SrTiOs.
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We further analyze the temperature dependence iof the semiconducting and
metallic regions marked by respectively | and IllRig. 3.44 (a). In the semiconducting

regime (300-110 K), transport occurs through véeialange hopping (VRH) of charge

1
carriers among the localized states andothegiven by;o(T) = p(0)exp{T, /T)¢*, whered is

the dimensionality (D) of the hopping process ands the characteristics Mott temperature
[151]. A linear fit ofIn p vs TY4 as shown in the inset of Fig. 3.49, indicatesrgha
transport in region-I is governed by 3D VRH meckani In the metallic region (i.e. region
II, T<110 K), since the intermolecular distance @-parameter) decreases therefore nearest
neighbor hopping (NNH) mechanism is expected. InH\khe conduction mechanism is
governed by a parametérdefined asir/ag, wherer is hopping distance anas is the
effective Bohr radiusd, = 47z1n° / me?; ¢ is the permittivity of the materiak is the Planck’s
constant anan* is the effective mass of electron). For>1 a semiconducting behavior is
expected, while metallic behavior occursi#1 [157]. Assuming:e; =2.43x10" F/m and

m = 0.47 m(as reported for organic semiconducttr® estimated value @ comes out to
be 3.39 A [158]. Taking hopping distancequal to the intermolecular distance (3.66 A), the
value ofA comes out to be ~1, indicating metallic behavioe tb the NNH conduction.

The temperature dependénrY¥ characteristics of the regions-I are shown in Big9.
Unlike disordered films, no hysteresis is obserirethe present case. In region-I, the slope
of the linear fit toJ-V data is ~1, indicating an ohmic conduction thatuss as thermally
generated carriers exceed to those injected thrthegklectrode. However, the slope value in
the higher bias (>20 V) is ~ 3, indicating that ttigarge transport is via exponentially
distributed trap mediated space-charge limited agotidn (SCLC) as given by eq. (3.21).

From Fig. 3.49, it can be seen that with the lomgrof T, slope ofJ-V characteristics
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increases at high bias and all these cuceeserge to/; = 205 V. Taking thid/; value, trap
density (\) is found to be 7.6xI@cm?® using the relationV, = qNd%2e0e;. From eq. (3.21)
and taking the value of trap density = RKT, the estimated value of room temperature

4.3x10" cnf/Vs. Such low value of: indicates that inter-molecular connectivity is poear

room temperature.
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Figure 3.49Log-log plots showing-V characteristics of CoPc films in the temperatamege 300 -

125 K. Inset shows the linear fit ofplrvs'l‘l"‘data, indicating 3D-VRH conduction.

In region-ll, i.e. at temperature < 110 K, theV characteristics (as shown in Fig.
3.50) shows a peculiar behavior, In the bias rasfg@-20 V, current is extremely low and
for higher bias the current increases rapidly. bestant slope (~13) &FV curves (at high

bias > 20 V) with the variation of temperature gates that field assisted tunnelling current
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dominates here. In this temperature range (paatiyubelow 70 K) and at higher biakjs
nearly independent of temperature (also reflecietemperature independenat T < 90 K

in Fig. 3.44 (b)), which indicates tunnelling ofache carriers. In case of field assisted
tunnelling, the energy gained by charge carriefelectric field is higher or comparable to
the energy difference between the localized siatedved in transitions and the conductivity
has an inverse square-root dependence given {{38%). As shown in inset of Fig. 3.50, the
conductivity indeed varies as the inverse squapé-od the field, confirming the field
assisted tunnelling of charge carriers. By leasiasg fitting of data at 70 K, the estimated
tunnelling barrierp comes out to be ~12.78 meV. A rough estimateielfl fenhanced
tunnelling probability of charge carriers betweemlesules can be done using simple
tunnelling approximations. The energy gained byrghaarrier over its localization length
(w~14 A) in the external electric field is given b§ = eEw.For a maximum field strengt

= 83 KV/cm (corresponds to maximum voltage in thespnt case), the estimated valuddf

is 11.62 meV. Transmission probability through tinenel barrier in presence of high electric
field is given byp = exr{— 2[(p- AE)/go)]”z}. For® ~ 12.78 meV, and¢ = 11.62 meV, the
value of p comes out to be ~0.74. Such a high probabilityp.e->1 corresponds to the
metallic behavior at high fields. In the presensecdypical field strength (~17 kV/cm)
required to derive the system from semiconducingétallic states and it matches well with

the reported values for other organic semicondsdti6].
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314;. — "‘(’/
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Figure 3.50Log-log plots showing-V characteristics of CoPc films in the temperatamege 80-40
K. Inset shows the plot of conductivity as a fuontof inverse of the square-root of electric fiatd

different temperatures.

3.4.3 Charge conduction in izCuPc films

The J-V characteristics ofgCuPc films of 20 nm LaAl@substrate is shown in Fig.
3.51. Two different power law behavial4/”) is observed as a function of applied bias with
varying exponentd) values. At room temperature for low bias < 1x\4 1 indicates ohmic
conduction. For the bias range > 20 &/[1 2 indicates space charge limited conduction
(SCLC). The values ofiy can be determined from the crossover voltage 4s discussed
earlier. The estimated value mffor for FigCuPc is ~1&" cm®, which is in agreement with
reported literature [37, 67]. Thevalues at room temperatures were. The room tempeyat
for F16CuPc films is found to be ~ 5 éfr's calculated using the slopesb¥/ plot of data of
Fig. 3.51. This value is higher by two orders in magnitude as caneg to that reported for
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metal phthalocyanine films [37]. The temperaturpafelence resistivity ofiECuPc films is

discussed in Chapter 4.

Figure 3.51Log-log plots showing-V characteristics of 20 nmdeuPc 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 atmroom temperature are
shown in Fig. 3.52. The magnitude bis for CuPcTs films are three orders of magnitude
lower as compared to CoPc and FePc films as we diaeassed in previous section. Further
for these films, the different power law behaviditrV*) is observed as a function of applied
voltage with varying exponent At room temperature for low bias < 15 &~ 1 indicates
ohmic conduction. For the bias range > 20 V theaual of is ~ 4. This high value of

indicates the SCLC with deep traps. Therefore, iigbof these films could not be
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calculated fromJ-V curve. As we have discussed earlier, the drop TsiHdms are
amorphous in nature as compare to other phthalaoyai€oPc, FePc orfCuPc) films
deposited by MBE. These films do not transport amgasurable current low 280K.

Therefore temperature dependent resistivity &vtould not be measured below 280 K.

Figure 3.52Log-log plots showing-V characteristics of CuPcTs films on quartz substirmathe

temperature range 300 - 260 K.

3.5 Charge conduction in binuclear (Co-Fe)Pc films

3.5.1 Temperature dependent resistivity

Plot of p and conductivityW parameter as function of temperature for (Co-Fe)Pc
films is shown in Fig 3.53 (a) and (c). The postfislope oWV vsT indicates that (Co-Fe)Pc
films are metallic regime in accordance with muotvér resistivity of (Co-Fe)Pc films. In

the metallic regime the temperature dependencerafictivity can be described as:
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o(T)=o(0)+ mTP" (3.35)
whereo (0) is a constant, and for electron-phonon intevag =2.5 — 3. This model has
been widely used to describe the metallic behawbtke conducting polymers films such as
heavily doped polypyrrole films [152, 159]. As shown Fig. 3.53 (b)T¥? dependence of
conductivity shows validity of above equation iratiag that electron-phonon scattering is

the main mechanism for charge carrier scatterirthercomposite films.
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Figure 3.53 (a) The temperature dependence of resistivityP{b}s of reduced activation energy
(c) Linear fit of conductivity versu§®? (confirms the validity of electron phonon scaftg)i for

binuclear (Co-Fe)Pc films .
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Figure 3.54 Log-log plots showingJ-V characteristics of 20 nm (Co-Fe)Pc films on in the

temperature range 300 - 25 K.

3.5.2 Temperature dependend-V characteristics

J-V characteristics of binuclear (Co-Fe)Pc films meeduat different temperatures
are shown in Fig. 3.54. It is seen that the charatics at temperatures between 50 and 300
K are linear at low voltages while those at 25 kK aonlinear indicating a different
mechanism at 25 K. In what follows, we analyze datdigher temperatures in terms of
ohmic behavior followed by SCLC mechanism and #td15 K in terms of electrode limited
process followed by SCLC. Characteristics at higherperatures show power law behavior
(J~V9), with a crossover in exponent) (from 1 to 2 (with increase in the bias voltagd)is
indicates the charge transport is ohmic in the lmas and at higher bias the transport
mechanism changes to shallow trap mediated SCLGamézm described by eq. (3.9). The

crossover voltage decreases with lowering of thgperature due to reduction in the numbers
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of thermally generated carriers. Using slopd-df plots and assuming literature value:gf
(2.43 x10™ F/m), value ofu at room temperature was determined to be 1.1%cafyVs.
This is the highest value of the till date. Using this value of;,, and eq. (3.1) for
characteristics at low voltages, we find thermaignerated hole concentratiom)(of 1.1 x
10%° m® (at 300 K). Here, in the estimation of mobility \assumeddy = 1 i.e. a trap free
condition as the characteristics do not indicatse@nce of trapping centres even at very low
temperatures and the conductivity of these filmgesy high indicating low trap density if
any. Values of different parameters such as ntglaind carrier concentration of (Co-Fe)Pc
films with CoPc and FePc films are summarized ibl&a3.1. It is interesting to note that
mobility and hole concentration are at least tloker of magnitude higher compared to that
normally reported for metal phthalocyanine filmsgicating the high structural ordering of
molecules in all films [37, 160]. Nearly similarlua of free hole concentratiomg for all
films is also supported by the similar value of IN& value ( as given in the next section) ,
indicating that improvement of the conductivity tbe (Co-Fe)Pc films is solely due to the

better structural order rather than change inte carrier density.

Table 3.1

Values of hole concentrationgj, trap characteristics temperatulig,(trap denisty ;) and mobility

(1), determined using-V characteristics for CoPc films grown on (0001)@lsubstrate.

Films no (cm™) Ti (K) N, (cm®) H(cm?/V-s)
(Co-Fe)Pc 1.1x 16* 236 1.1 x 16° 110

CoPc 1.1x 164 190 1.4 x10° 5.3

FePc 1.1x 16* - - 1.1
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Figure 3.55J versusv'? data (at 25K at low bias, with estimated barrigight of 0.052 eV jndicate

Schottky-barrier limited conduction

It may be noted that]-V data at 25 K shows a different trend at voltage0<V,
compared to high temperature data. At low voltageR) V, the slope is 3.6 and at high
voltages the slope is nearly equal to 2. A veryrshacrease in current at low voltages
indicates electrode limited current. The/ data for temperature of 25 K, plotted asJin
versusV*? in Fig. 3.55, indicates current limited by PF memism (eq. (3.30)) or Schottky
barrier present at the electrodes-films interfaag (3.44)). We observed a linear fit of the
data at low voltages as per eq. (3.30) or eg. [3a4d the field lowering coefficient$ was
found to be 2.03 xIDeVm“?/V*2 confirming the Schottky emission mechanism. Theiea
of energy barriep, was found to be 0.052 eV. This valueggis very close to the estimated
value of 0.105 eV (obtained from the work functdeta of gold and (Co-Fe)Pc films). For

(Co-Fe)Pc films, contact effect becomes dominantoat temperature due to the high
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conductivity. The data at 25 K for voltages > 10sVhot limited by contacts and therefore
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Figure 3.56Work function images (size 5mm x 5 mm) of CoPd@¢&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 x%)nof the FePc, CoPc and
binuclear (Co-Fe)Pc films, which indicate thattak films are very uniform. The estimated
average values of work functions for FePc, CoPc kindclear (Co-Fe)Pc films are 4.91,
5.08 and 4.96 eV respectively with a standard dieviaof 18-24 meV. Nearly same work
function for all films suggests that they have samfree carrier concentration. These values
of work function are close to the work function gbld (5.1 eV) indicating that gold

electrode can give ohmic contacts to these filng$.[9
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Figure 3.57(a) Temperature dependence of mobiljty &nd (b) Linear fit ofu Vs T2 for

binuclear (Co-Fe)Pc films.
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3.5.4 Temperature dependent mobility
Mobility was similarly determined at various temaieres and is found to increase

with temperature from 29 citvs at 25 K to 110 cAiVs at 300K as shown in Fig. 3.57 (a).
The linear fitp Vs T2 plot as shown in Fig. 3.57 (b) indicates théT) O T>2dependence

for binuclear (Co-Fe)Pc films. This dependencedbdvfor motion of charge carrier in an
ionized medium where an interaction between chaggger and ions takes place [161]. As
we have described in Section (3.2.7) that in biearclfilms since binuclear (Co-Fe)Pc
molecule got enhanced dipole momethierefore the charge carrier movement within the

molecules will feel its presence, hence will extibl? dependence of.

3.5.5 Proposed model for high conductivity /mobilig of the binuclear (Co-Fe)Pc films

As we have discussed in Section (3.2.7) that duaduitional dipole moment of
binuclear phthalocyanine molecules the van der $aakraction between molecules is
stronger, therefore in plane as well as out of @lamlecular stacking will be much better
compare to mononuclear CoPc and FePc films. Thterb&ructure quality along with larger
m—electron cloud extent of the binuclear (Co-Fe)Ritecules will results in high mobility
and metallic nature of charge carrier as shownigri3R22 (a). In case of mononuclear CoPc
or FePc films, in the out of plane direction molleswill be stacked iface-to-facemanner,
and in the in plane molecules are stacked in edgmanner, as shown in Fig.3.22 (b). Such
an arrangement of CoPc or FePc molecules resufisanintermolecular connectivity hence

low mobility.
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Figure 3.58J-V characteristics of 20 nm CoPc films on &i®IgO and LaGd@substrate.

3.5.6 Role of films thickness and substrate on mdly of binuclear (Co-Fe)Pc films

As we found thaft > 100 cnd/Vs in binuclear films is about two to three ordefs
magnitude higher than earlier reports [96, 101]cgkding to the reported literature, various
other combinations of metal phthalocyanines such GagPc-NiPc and CuPc-CoPc
combination exhibits the higher mobility comparedrdividual phthalocyanine, therefore it
can be concluded that enhanced mobility is a geredfect for composite phthalocyanine
[101]. In our case in addition to effect of binuaemolecule other possible reasons for
improved mobility compared to literature could berfiost of the studies reported in the
literature, use silicon substrates for mobility s@@ments in field effect transistor geometry
and as shown below, films on silicon have pooreifitg, [37, 50, 162, 163] (ii) for
transport measurements and mobility measurementsy USCLC, films are generally
prepared in sandwich geometry where bottom corftaaitl electrode) affects the substrate

characteristics that are important for good qudliiys [37, 153] and (iii) the films are
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usually much thicker, and we find that only ultiathims have planar well organized growth
needed for high mobility [31]. To show the importanof substrate, binuclear films under
similar conditions were also deposited on thretetbht substrates namely; oxidized silicon,
MgO, and LaGd@ Room temperatured-V characteristics of typical film on different
substrates are shown in the Fig. 3.61. The anatfsiBe J-V data shows a transition from
ohmic to space charge limited conduction and tHeevaf mobility for binuclear films on

different substrate is shown in Table-3.2. It maynoted that for binuclear (Co-Fe)Pc films
prepared on oxidized silicon (i.e. substrate nolynased for field effect transistor studies)
mobility was found to be 3.9 xF0cn?/Vs, which is in good agreement with low mobility
(~5 x10? cnf/Vs) reported for binuclear phthalocyanine filmepared on silicon for FET

geometry [50].

Table 3.2

Values of room temperatuge determined using-V characteristics for binuclear (Co-Fe)Pc films

grown on various substrate under identical conalitio

Substrate W (cmP/Vs)
On SiIG 3.9x 10°
MgO 2.2 x10*
LaGdOy 18.7

3.6 Conclusions

We have demonstrated that mononuclear FePc, @oPdinuclear (Co-Fe)Pc films

grow with moleculedace-onstacking on (0001) AD; substrate due to the interaction
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between molecule and of Al terminated surface. Adidd GIXRD studies revealed that (Co-
Fe)Pc phthalocyanine films have better structumn@leong and smooth morphology as
compared to the FePc and CoPc films. This is atiib to the additional dipole moment of
binuclear (Co-Fe)Pc molecules, which results bdtee-onstacking as compare to the
CoPc and FePc molecules.

In CoPc and FePc films the value pfwas found to be 5.3 and 1.1%Ns,
respectively. For binuclear (Co-Fe)Pc films extgbit: ~110 cnd/Vs which is two orders of
magnitude higher than CoPc and FePc films. Thithéshighest value of the mobility till
date. This high value mobility of binuclear (Co-Pe)films is attributed to the better
molecular ordering.

The temperature dependence of resistivity of daar (Co-Fe)Pc films exhibited
metallic behavior in the temperature range 300K-2&lich is the manifestation of the
improved ordering also. TheV characteristics of binuclear (Co-Fe)Pc films exbil trap-
free SCLC in the temperature range 300K to 25K.@olPc and FePc films the temperature
dependence resistivity showed that, these filmsrathae critical regime of metal—insulator
transition. TheJ-V characteristics of mononuclear films exhibited 8CWwith exponential
distribution of traps at low temperature.

The temperature dependedtV characteristics of FePc films have also been
investigated at very high bia. in the bias range of + 200 V. In the temperatamge of
300K-30K, the charge transport is governed by lioliked processes with a bias dependent
crossover from ohmicl&V) to exponentially distributed shallow trap medégpace-charge-
limited conduction J~V, a > 2) to space charge limited conduction with fielchamced

mobility (In 1 ~ E*3). However, at temperatures < 100 K, the chargespart is governed by
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electrode-limited process, which undergo a biaseddent transition from Schottkyn(
J~\*?) to multistep-tunnelling (MUST).

In the case of CoPc films grown on (100) SrigDbstrate, it has been demonstrated
that the molecule stack edge-onconfiguration. The temperature dependence oftreitys
exhibited semiconductor to like transition at ~1106RD measurement revealed that this
transition is due to in-plane compressive strantkiced by structural phase transition (from
cubic to tetragonal ~ 110K) of SrTiGubstrate reduce the intermolecular distance.

The structure and morphology of water soluble CwPélms prepared by drop
casting method were found to be independent oftmatbs and have usually amorphous

character and therefore these films do not trams@my current below 280K.
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4.1 Introduction

Organic/Organic (O/O) interfaces, sometimes alsdermed to as organic
heterojunctions, have been attracting much attentio recent years. These O/O
heterojunctions play important role in these orgamased devices such as light emitting
diodes, field effect transistor and photovoltaicvides [164-168]. The properties of O/O
interfaces can be quite different from the indigtarganic part. Recent results show that the
interfaces of crystalline molecular solids possasszing electronic properties. For instance,
metallic conduction was observed at O/O heterojanst[169].This is in contrast to the
pure organic films, which exhibit semiconductinkelibehaviour [37, 96Because entirely
diverse nature of organic semiconductor than indmanes, the energy level alignment and
electrical conduction properties must have differaachanism in these O/O heterojunctions.
Thus studies of interfacial properties of highlystalline O/O interfaces have become
important for the understanding of the interactimechanisms and devices based on organic
heterojunctionsFor example, in organic light emitting diodes, #ygplication of a double-
layer configuration may improve the efficiency bktdevice significantly. In such type of
devices, a combination of two organic layers issemto get an efficient and balanced
injection of (opposite) charges at either electrobte addition, the recombination zone
(opposite charges merge to form excitons), is mdx@t the metal—organic interface to the
organic—organic interface, and this reduces thexchiag of the luminescence at the metal
electrode. The details of the electronic structaréhe organic—organic interface determine
whether an efficient confinement of charges anditexcformation take place in there
combination zone.

The semiconductor heterojunction can be classhigedhe conductivity typepttype
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or n-type) of two semiconductors forming the heterofiorc When both the semiconductors
have the same type of conductivity, the heterojoncis called an isotype heterojunction;
otherwise, it is called an anisotype heterojunctigioreover, on the basis of difference in
work functions §) difference, both isotype and anisotype heterdjons can be further

classified in to two categories. Hence, the hetgrdjons can be divide in to four cases,
which is shown in Fig. 4.1[170]. In the anisotypatdrojunction, electron and holes can be
simultaneously accumulated and depleted at botlessiof the heterojunction due to

difference of their Fermi level (work functionsk ahown in Fig. 4.2 (a) and (b). In isotype
heterojunction, an accumulation layer at one sideeterojunction interface and a depletion
layer at the other side of heterojunction interfeae be formed [170, 171]. All four cases are

described below:

(a) Depletion heterojunction

If the Fermi level oin-type semiconductor is higher thartype semiconductorgf <
#p) the electrons and holes depletion layer is forrardhe corresponding semiconductor
layer near the heterojunction interface, and tleesgharge region is composed of immobile
negative and positive ions as depicted in Fig(4)1This heterojunction is called a depletion

heterojunction.

(b) Accumulation heterojunction

If the Fermi level oh-type semiconductor is lower th@artype semiconductopg > ¢p)

the heterojunction with free charge carriers isstfarmed on both sides of the space charge
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region. This heterojunction is called a accumalatheterojunction ions as depicted in Fig.

4.1(b).
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Figure 4.1 Different types of organic semiconductor heterofion (a) depletion heterojunction (b)
accumulation heterojunction (c) electron accumatdtepletion heterojunction (d) hole

accumulated/depletion heterojunction.
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(c) Electron accumulation/depletion heterojunction

The heterojunction is formed by twetype semiconductors having different work
functions (Fermi levels) assuming' < ¢,2. The semiconductor layer of higher Fermi level
é.! near the heterojunction interface is electron elémh region, and other semiconductor
with work functiong,’ is electron accumulated region. The heterojundsocalled electron

accumulated /depletion heterojunction, as depiictdtg 4.1(c).

(c) Hole accumulation/depletion heterojunction

The heterojunction is formed by twmtype semiconductors with different Fermi
levels assuming,' < ¢,°. In this case holes are accumulated at the sideemiconductor
with high Fermi levels (low work functions,’) and are depleted at the side of the
semiconductor with low Fermi level (high work fuioct ¢p2). This type heterojunction is

called holes accumulated /depletion heterojunci®depicted in Fig 4.1(c).

4.2 Organic/Organic interface: band bending and ingérfacial dipole

As we have discussed in Chapter 3, at metal/OMsfaxtes an interface dipofeof
about 0.5-1 eV is usually observed and vacuum lalrghment at interface is not valid
[121]. It was found that, with few exceptionsiost of the O/O interfaces are also
characterized by the vacuum level discontinuityere is less than 0.2 eV [172]. The low
value of A is because of the relatively weak van der Wadlsractions between organic
materials. Moreover in case of O/O heterojunctioa valve ofA was found to be highly
sensitive to molecular orientation of the moledilé3-175]. Band bending and space charge

region at both sides of O/O interfaces have alem lmbserved [170].
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Lau et al observed the band bending and interface dipale=(0.19 eV) an
F16CuPc/CoPc interfaces by ultraviolet photoelectioectroscopy. Further due to the charge
transfer free holes and free electrons are accuedula the space charge layer with a width
15 nm. and free carrier density *i@m? [172]. This accumulation results were further
confirmed by conductivity measurement. The currienbi-layer CuPc/lCuPc was one
order magnitude higher than the single layer of €aRd FksCuPc [170, 176]. Similar, type
of accumulated and high conductivity region wersaslbed at BP2TAECuPc heterojunction
interfaces with electron accumulation thickness FRCuPc about 10 nm and holes
accumulation thickness in BP2T also 10 nm [170JZifPc/Go heterojunction electrons and
holes depletion layers were observed. The high woindty characteristics were not found in
the ZnPc/Gp heterojunction and this heterojunction is simitathe inorganig-n junction as

depicted in Fig 4.1 (b) [170].

4.3 CoPc p-type)/FCuPc (n-type) heterojunction

Heterojunction films comprising ofi-type FsCuPc andp-type CoPc (each layer
having a thickness of 20nm) were deposited on LgAddbstrates using molecular-beam
epitaxy (MBE). The growth temperature and depositiate were, respectively, 200dDd

3A /s. The results are discussed below.
4.3.1 Structure and morphological studies

Typical AFM images of [CuPc (20 nm) and 15CuPc(20 nm)/CoPc(20 nm)

deposited on LaAl@substrates are shown in Fig 4.2 (a) and (b) réiseée FigCuPc film
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consists of highly dense grains with rms roughreéssl.3 nm. However, CoPc layer grown

on top of kgCuPc exhibits much smoother morphology (rms rougbre0.8 nm).
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Figure 4.2100nmx100 nm AFM images (a) 20 nmEuPc film on LaAlQ substrate and (b) top
surface of ikCuPc (20nm)/CoPc (20nm) heterojunction films.
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The GIXRD pattern recorded fordeuPc(20 nm)/CoPc(20 nm) heterojunction films,
as shown in Fig. 4.3 (a), reveals intense shafpadifon peaks at@= 6.3 and 6.7, which
corresponds to ;gCuPc and CoPc layers, respectively. The a latteb@ameter estimated
from GIXRD data are 14.21 A and 13.10 A forg®GuPc and CoPc respectively and it
matches very well with the reported values [67, ]17idtense (200) and higher order
diffraction peaks indicate that both CoPc andCkPc layers are highly ordered with
molecules stacked in tre@lge-onstanding configuration on the substrate surfate edge-
on standing configuration implies that ther stacking direction of the molecules is parallel
to the substrate plane, which is ideal for thelamp transport measurements [178].

GIXRR spectrum, i.e., specular reflectivity as adtion of wave vector transfép

[Q= (4%)sin6’, wheref is the incident angle andis the wavelength of the probe] for the

heterojunction films is shown in Fig. 4.3 (b). Tredlectivity data has been fitted using a

depth dependent scattering length density (SLDfilprahat is,0(2) = p,..(2) =2 N;(2b ;

whereN is the in-plane average of the number dengitg, the film depth averaged over in
plane features, antd is the electron scattering length. The estimatatbes of films
thickness, surface roughness, and density obtdinedbest-fit theoretical simulation of the
data (shown by solid line in Fig. 4.3 (b)) are giva Table 4.1. The estimated thickness of
each layer is close to the nominal thickness ofn2® (obtained from quartz thickness

monitor during deposition).

175



Chapter-4: Phthalocyanine based heterojunctions

Table 4.1

Various parameters of heterojunction films and sabs as obtained from the fitting of X-ray

reflectivity data.

Layer Thickness Density(gm/cc) Roughness (A)
(A)
CoPc 190+10 2.61+0.2 1+0.5
F1sCuPc 180+10 1.5+0.15 20+2
Substrate (LaAlG) - 6.5+0.3 1+0.5

4.3.2 Conduction characteristics

The temperature dependence of resistivifyfér heterojunction films (20 nm thick
F16CuPc/20 nm thick CoPc) as well as for individuahg (each films 20 nm thick) is shown
in Fig. 4.4 (a). It be seen that heterojunctiomélshows the lowest room temperatuie-30
ohm-cm) i.e. nearly three order of magnitude loa@mpared to individual films. The of
our heterojunction films is one order of magnituttever than single crystal like
phthalocyanine heterojunction prepared using wexleey-growth method [179]. It
indicates the high structural quality of our samplié may be noted that although individual
CoPc and ECuPc shows nearly similar value of room temperature(5 x1d ohm-cm) but
the rapid increase @fwith the lowering of T for ECuPc is possibly due to the chemisorbed
oxygen induced charge trapping [96]. An increas@ nith decreasing temperature for all
films suggests their critical or insulating behavibhese behaviors can be identified through
W plot. The variation oW with T for F,¢CuPc, CoPc and heterojunction films is plotted in

Fig. 4.4 (b). It is seen that for all films thelwa of W is nearly independent of the
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temperature i.e. slope is zero. It indicates thifilens are in the critical regime. In the

critical regime of metal to insulator transitioresistivity is expected to show power law

-B

dependenceX ot ) on temperature withi = W [152, 153]. A nearly linear dependence of
log p on logT for all films shown in Fig. 4.4 (b), suggestingtihese films are in critical
regime. The lowest value gf(~1/3) for heterojunction films suggests they e metallic

in nature [152, 153].
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Figure 4.4 (a) Temperature dependence of resistivity (ploitddg-log scale) for CoPc §uPc and

F1sCuPc/CoPc heterojunction films. (b) Plot of reducattivation energyWw as a functions of
temperature.
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Figure 4.5(a) Room temperaturkV characteristics of gCuPc( 20nm)/CoPc (20nm) heterojunction

films along with CoPc and FePc films (b) Schema#presentation of circuit diagram fdrV

measurement.

Bias(V)

Figure 4.6 Temperature dependedtV characteristics of fgCuPc(20nm)/CoPc(20nm) heterojunction

films.
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Room temperaturd-V characteristics of CoPcfeuPc heterojunction films, CoPc
and FePc films of 20 nm are shown in Fig 4.5 (&e $chematics of circuit diagram fV
measurement of heterojunction films is shown in. Bd (b). At a particular bias (for
example 10 volts) thé value for heterojunction films are three orden@gnitude higher as
compared to individual CoPc ands€uPc films, indicates a charge carrier accumulaséibn
heterojunction interfaces. Further, to understarddhrge transport properties of the
heterojunction films, thé-V characteristics were also measured as a functicengberature
and results are shown in Fig. 4.6. Heterojunctibnsf show lineatd-V characteristicge. an
ohmic conduction in the entire bias (0- 20V) anchperature range of 30K-300K. As we
have discussed that Ohmic conduction in molecwdariconductors occurs if the thermally
generated carriers exceed that of the injectedecarirom the electrode given by eq. (3.1). In
order to estimate the charge carrier concentratjdar heterojunction films, it is reasonable
to assume an average mobility value of ~ 5/vis (as we have calculated fofgEuPc films
in Chapter 3). From the linear slope ¥ data for heterojunction, we estimate theas
6.4x10'" cmi®, i.e. nearly three orders of magnitude higher camag to individual films. It
indicates that for heterojunction there is an aadation of charge carriers at the interface.
Due to this accumulation of charges Ohmic to SCiaDdition were not observed in case of

heterojunction films.

4.3.3 Kelvin probe study

Heterojunction films were further characterized ngsiscanning Kelvin probe
microscopy (SKPM) technique, which measures thdaear potential. For the surface
potential measurements, films should be preparetth@monducting substrate. In the present
study we have chosen conducting indium tin oxideO{l coated glass as a substrate for
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deposition of heterojunction films. In ITO coatethsy substrate metal-phthalocyanine
molecules preferably stacks in tedge-onconfiguration (similar to the LaAl9Qsubstrate),
therefore surface potential will have similar valag for the films prepared on LaAJO
substrate [180]. It may be noted that surface piatieis highly sensitive to the molecular
orientation as it has been reported for phthalocyamolecules surface potential shifts by 1
eV when the molecular orientation changes from fatéo edge on configuration [173]. For
understanding the properties of heterojunctionriate, we first deposited the 20 nm thick
F16CuPc layer on ITO substrate, on the top of thiscCiis (of various thicknesses starting
from 0 nm to 20 nm) were deposited by masking bhthe F¢CuPc surface. The schematic
of the grown structure is shown in Fig. 4.7 (a)miy be noted that when the coverage of
CoPc layer i$ 1nm, features from;ECuPc are fully suppressed. For each thickness BtCo
(on top of kgCuPc layer) we have measured the surface poteofttiakterojunction films.
One of the results of surface potential topograph3D and 3D for 3 nm thick CoPc film on
top of ReCuPc layer is shown in Fig. 4.7 (b) and (c) respebit. The CoPc thickness
dependence of surface potential for heterojundilaors is summarized in Fig. 4.8, from this
it can be seen that with an increasing thicknesSaic the surface potential falls (from the
surface potential value ~ 5700 meV g§CuPc) and after ~8 nm of CoPc thickness achieve a
constant value of 5160 meV i.e. surface potental GoPc. Similarly to understand the
interface property on ;gCuPc side of heterojunction, we first deposited 20enm thick
CoPc layer on LaAl@substrate, on the top of this we depositegC&Pc films of various
thicknesses starting from 0 nm to 20 nm. The resaflsurface potential measurement can be
seen in the inset of Fig. 4.8 , which show thateasing thickness of;fCuPc the surface

potential increases (from the surface potentialieadf CoPc) and after ~ 10 nm thickness
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achieve the constant value of surface potentiaFfgCuPc. Both of these results indicates
that molecular levels of both materials exhibitpragressive shift upon deposition and
becomes nearly constant after 10 nm thickness. fifiscts the band bending of energy
levels of both semiconductors at the interface. ifit&al rapid decrease / increase of surface
potential at length scale of ~ 2 nm on each sidéhefinterface indicates the presence of an
interface dipole layer . The band bending widtte.(ithe thickness where the CoPc or
F16CuPc surface potential attains the bulk value) doth CoPc and #CuPc layers are
around 10 nm. The band bending magnitude is oldafmam the difference of surface
potential value of first starting signal of CoPaahe CoPc bulk surface potential. Based on
the Kelvin probe surface potential data, the endrggd diagram for thefCuPc /CoPc
heterojunction is shown in Fig. 4.9. The magnitadenterface dipole A) is obtained by
taking surface potential difference of CoPc angCEPc bulk and band bending into account.
The estimated interface dipole value ~ 0.16 eV hedosery well with the literature reported
value obtained using photoemission technique [17Q]. The enhanced conductivity of the
heterojunction can be explained using Fig. 4.9.e Energy level diagram of CoPc and
F16CuPc is shown in Fig. 4.9 (a). When CoPc ap€&Pc comes in contact, since surface
potential of CoPc (~5.16 eV) is lower than thaFgfCuPc (~5.73 eV), therefore CoPc serves
as donor while iECuPc becomes an acceptor. As a result CoPc layaer the interface
becomes hole rich and uPc layer becomes electron rich i.e. there iscanraulation of
charge carrier at the interface as shown in Fig0.4The total charge density in the

accumulation region can be estimated from followeqggation [161]:

N = 28V

RYYE (4.1)

wheree is elementary charge,is permittivity of organic semiconductde,s the Boltzmann
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constantW is the width of accumulation region aWd is the built in potential. By taking/

~ 20 nmg ~2.43 x10" F/m, Vp as 0.568 eV (i.e. the difference in surface paaémalues of
CoPc and RCuPc), the estimated value Mfwas found to be ~ 2.1 x ¥0cm®. Nearly same
value of N andny (as obtained from charge transport measuremedigates that all the
charge carrier injected due to formation of integfare free due to high crystalline nature of

heterojunctions films.
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Figure 4.7 (a) Schematic of ECuPc/CoPc heterojunction films used for surfaceeiial
measurements.(b) 2D and (c) 3D image of typicdasarpotential of FCuPc(20 nm)/ CoPc(3 nm)

heterojunction films.
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Figure 4.8 Plot of surface potentialg) as a function of CoPc thickness fogs@®uPc/CoPc

heterojunction films. Inset shows the plotdoés a function of CuPc thickness for;gCuPc/CoPc
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Figure 4.9 Schematic of energy level diagram of CoPc anp@#Pc before (a) and after (b) contact.
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Figure 4.10The charge carrier accumulation at thgxaPc/CoPc heterojunction interface.

4.3.4 Reverse rectification behaviour of fsCuPc/CoPc heterojunction

The I-V characteristic of CuPc (150nm)/CoPc(150nm) heterojunction in out of
plane geometry is shown in Fig 4.11. The schematicsircuit diagram for out of plane
geometry is shown inset of Fig. 4.11. In can naalike the inorganip-njunction diode,
a reverse rectification (i.e. current flow in reserbias) is observed for;dEuPc
(150nm)/CoPc(150nm) heterojunction with rectifioatiratio 22. Since the interface of
Au/CoPc and ECuPc/Au has a good ohmic contact, th& curve indicates the
characteristics of lsCuPc/CoPc heterojunction.

This reverse rectification can also be explaine@mgrgy level diagram shown in Fig.
4.9 (b). As we have discussed above holes are adated in thep-type CoPc and electrons
are accumulated in the-type FeCuPc, which led to upward band and downward band
bending in HOMO and LUMO of CoPc and;g€uPc respectively. 16CuPc/CoPc
heterojunction thus produces a built in electricat, self bias, fronp-type ton-type at the
interface. This accumulation of charge carrierugegdifferent from inorganip-n junctions
where the space charge region is composed of imejatagative and positive ions prtype

and n-type semiconductors, respectively. As a result, lihilt in electrical field is fromm-
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type top-type in case of inorganip-n heterojunction. Under forward bias condition, the
potential barrier at CuPc/CoPc heterojunction is enhanced, becauseitbetion of the
applied field is same as that of built-in field. &arent through the junction is limited. When
reverse bias is applied to thgg€uPc/CoPc heterojunction, the potential barrierthat
junction is weakened, since the direction of thpliap field is same as that of built-in field.
So current can flow through the junction. TherefBfgCuPc/CoPc heterojunction has small

current in forward bias and large current in regdims.
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Figure 4.111-V characteristics of FCuPc (150 nm)/CoPc (150 nm) heterojunction. Inketsthe

schematics of the circuit diagram 1e¥ measurement (out of plane geometry).

4.4 CoPc p-type)/FePc p-type) heterojunction

As we have discussed in Chapter 2 binuclear (C&¢-& formed, if we deposit the

CoPc and FePc mixture with weight ratio 1:1. Thbsriclear films exhibited very high
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value of mobility. In order to investigate, it hathee same properties as (Co-Fe)Pc binuclear
films, we have deposited CoPc/FePc on LaABDbstrate using molecular beam ebitaxy.

The growth temperature and deposition rate wespedively, 200°Gnd 2As.

105 | O CoPc/FePc hetetrojunction films
~O— CoPc films
-\ FePc films

J(Amp/m?)

=
>

Figure 4.12 Room temperaturd-V characteristics of CoPc, FePc and CoPc(20nm)/2ORn()

heterojunction films.

The J-V characteristics on CoPc(20nm)/FePc(20nm), CoPeni2@nd FePc (20nm)
films are shown in Fig. 4.12. Thd-V characteristics of CoPc(20nm)/FePc(20nm)
heterojunction films are identical to the individl@Pc and FePc layer, indicates no charge
carrier accumulations at the interfaces. Thereftihe temperatures dependedtV
characterises of CoPc(20nm)/FePc(20nm) were notsuned for further analysis. The

measured value of work function of 20 nm FePc films 5.1 eV, which is identical to the
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work function of CoPc films of 20 nm prepared und@entical condition, therefore no

charge transfer occurs at the CoPc/FePc hetergunaterface.

4.5 Conclusions

The p-n heterojunction comprising op-type CoPc (20nm) ana-type RsCuPc
(20nm) heterojunctions showed ohmic conductancé ttee orders of magnitude higher
conductivity as compare to individual CoPc ofGuPc layer. The higher conductivity
F16CuPc/CoPc heterojunction is due to the charge evagccumulation at the interface,
which is confirmed by Kelvin probe study. The thmels of charge carrier accumulation
layer at the interface was estimated to be ~20 Interestingly these heterojunction films
exhibited reverse rectification behavior i.e. cortducurrent only in reverse bias. On the
other hand, CoPc/FePp-p type) heterojunction films do not exhibited anywge transfer at

the interface. Therefore their electrical propertere identical to the individual layers.
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5.1 Introduction

Concerns for clean environment require strict ragoihs on toxic gas emission from
industries and automobiles. In order to enforces¢heegulations, there is a need for more
sensitive gas-sensing devices that are able tetdetac gases in the parts-per-billion range
[181]. For instance, Glgas is widely used in various useful processesh |s, water
purification, bleaching of pulp in paper mills, dtment of sewage effluents and as
insecticides. Glis notoriously toxic gas, which can be lethalaat Idoses. The toxic limit of
Cl, for eight hours time weighted average is 0.5 p@in This requires development of
sensors that can detect,@ ppb level. In recent years, many results weported on Gl
sensing, and Table 5.1 summarizes several matesats for chemiresistive (i.e. a change in
conductance on gas exposure) Gétection. From Table 5.1, it can be seen thakethee
only few materials such as bisporphyrin, cobalthphldcyanine (CoPc), and An,Os-
MgIn,O4, which can sense the ppb level of, @as. The working temperature of these
devices is very high i.e. in the range of 180-3QdtCan also be seen from the table 5.1, the
materials such as polypyrrole-ZnO nanocomposité€),Smth Sb doping and fluorinated
ethylene propylene (FEP)/polyanniline, which catedes the Gl gas at room temperature
but at ppm level. Therefore there is a need of naterhich can detect the ppb level of,Cl
gas at room temperature. Apart from this, for afical commercial gas sensing application
one requires: (i) large area and cost effectivenout of films making (ii) low temperature of
operation hence low cost of instrumentation andatasow temperature of operation no
structural reorganization of the films takes plaberefore the sensing characteristics will be
reproducible for prolonged operations.

In this chapter we discuss the room temperaturg@&3 sensing of drop caste CuPcTs

189



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

films. In addition, as we have discussed in chaptirat binuclear phthalocyanine films have
very high mobility compare to mononuclear phthaboape. C} gas sensing of high mobility

binuclear (Co-Fe)Pc with a comparison to mononuclglathalocyanine, will also be

discussed.
Table 5.1
Different materials used for chemiresistive detectf chlorine.
Materials used Working Detection limit Ref.
temperature (°C) (in ppm)

Polypyrrole-ZnO 25 1 [182]
SnQwith 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/FeNbQ 230 2 [188]
CdIn,O4 250 0.2 [189]
CdsnQ 250 0.1 [190]
CuO-CdInS, 250 400 [191]
In,05 250 0.5 [192]
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IN,03-Fe,03 250 0.2 [193]
NiFeO4 250 1000 [194]
SninO 300 3 [195]
Zn,In,0s-Mgin, Oy 300 0.01 [196]
WO; 300 1 [197]
ZnO 400 300 [193]

(@)

Organic film
Substrate

9

Resistance

" Time

Figure 5.1 (a) Schematics configuration (b) Response cunahemiresistive gas sensor.
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5.2 Chemiresistive gas sensors and its charactercs parameters

A chemiresistive sensor essentially is a “resistohiose electric resistance is very
sensitive to the chemical environment. In the sesplform of a chemiresistor, a
semiconductor material is deposited between agiadtectrodes on an insulating substrate.
The gaseous species act as either electron dombeciron acceptor and therefore change the
device conductivity. In our case we have depogiietthalocyanine and used gold electrode,
as shown in Fig 5.1(a). A change in electrical stasice of the device is measured as a
function of time for known amount of exposed gd$ie response curve is represented by
variation in resistance of sensors with time onosxpe and withdrawal of analyzing of gas
as shown in Fig. 5.1 (b).

A chemiresistive sensor is characterized by foltayive parameters: (i) sensitivity,
(i) response time, (iii) recovery time, (iv) sefetty and (v) long term stability. The
sensitivity §) of a sensor can be defined by many ways, inctu¢in A ratio of resistance in
air to that in gas i.6S= RailRyas (0) S (%)= 100 (Rair - Ryag/Rair. A positive value ofS
implies film resistance decreases on gas exposutevige versa or (cp = {(Cqg-Co)/Co}
%100, whereCy andCp are the conductance in gas and air respectively][Ihe response
time (Ts) is the time interval over which conductance ataa fixed percentage (usually
90%) of final value when the sensor is exposedulbstale concentration of the gas.
Recovery timeTg) is the time interval over which sensor conductareziuces to 10% of the
saturation value when the sensor is exposed tesdalle concentration of the gas and then
placed in the clean air. A good sensor should fzagenall response and recovery times so

that sensor can be used over and over again. Merethe sensor should be selective to a
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particular gas only and sensor should not degradecantinuous operations for long

durations.

5.3 CbL Gas sensing properties of mononuclear phthalocyame films

5.3.1 MBE grown FePc and CoPc films

In this section we present the,@as sensing properties of FePc and CoPc films
grown on (0001) AIOs substrate. In Fig. 5.2 (a), a plot of sensiti@®=(Cy /Co) as function
of operating temperature is shown for FePc and Gk (at 30 ppb of Glgas exposure).
FePc and CoPc films shows a measurable conductiraseye only after 100°C. It cen be
seen that shows it maximum value around 170°C and this biebavs in agreement with
the reported literature for phathlocaynine films 34, 101].In this case all films shows an
enhancement in conuctance on exposure 1@&3 as expected for a p-type semiconductor.
The conductance versus time curves (at 170°C) ifeerent doses of Glgas for FePc and
CoPc films are shown in Fig. 5.2 (b) and Fig. £Préspectively. From these data’s, it may
be noted that even though the chamber is leak, ttgkt conductance does not saturate on
exposure to Glgas, it could be due to the following reason: ¢hare two competing
phenomena here, one is the reaction efgak with the films, which result in response and
second is the replacement of adsorbed gas moldgulthe surrounding oxygen, which
results in the recovery. Due to faster kineticsboth the processes saturation cannot be
achieved in these samples. As seen from Fig. 9.2f¢b pure FePc film the change in
conductance (from base conductance value) increasegposure of Glgas in the range of
10-500 ppb. For concentration > 500 ppb the corathoet change decreases in magnitude

and finally films does not sense the, @as. In a similar manner CoPc films shows best gas
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sensing characteristics in the concentration rarid® — 5000 ppb only, as shown in Fig. 5.2
(c). In the C} gas sensing mechanism the central metal atomgsiaynportant role [198].
The chemical binding of €molecule with the phthalocyanines metal atomss alupported
by theoretical work where it has been shown thainixg gases strongly chemisorbs to the

central metal atom of MPcs and physisorbs to all metal sites [199].
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Figure 5.2(a) Temperature dependence of the sensiti8ifsit 30 ppb of Glexposure) for FePc and
CoPc films (b) Time dependence of the conductaat&{0°C) of the FePc films for different doses
of Cl, gas (c) Time dependence of the conductance (@C)of the FePc films for different doses of

Clgas
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5.3.2 Drop casted CuPcTs films
In this section we will discuss the room tempemiQb gas sensing characteristics of
CuPcTs films of nominal thickness ~1 um were pregasn quartz substrates using drop

casting method.

5.3.2.1 Response curve

Typical response curves recorded at room temperé&udifferent C} concentrations
are shown in Fig. 5.3. It may be noted that €posure up to 2000 ppb, resulted in a highly
reproducible response curves, with a very fastaesp time (~ 4 s) and a full recovery in ~
10 min. It suggest that CuPcTs films can be usedhasical sensor in the gas exposure
range of 5-2000 ppb, however for gas concentratid000 ppb, the degradation of films

limits their sensing application

5.3.2.2 Linearity and reproducibility

The variation ofS= {(C4-Co)/Co} x100 as a function of Glconcentration is shown in
Fig. 5.4 (a). At 5ppb, 20ppb and 50ppb of Gbncentrations, the sensitivity values are 65%,
79% and 89% respectivelit. is seen that for Glconcentration in the 5-2000 ppb range, S
increases linearly between 65 and 625 %. HowewerCk doses >2000 ppb, not only the S
value decreases, the full recovery also never ceteRlTo test the reproducibility of the
response curve, we have recorded the response cltirte CuPcTs films for a repeated, Cl
exposure of 100 ppb for many times, the data shaviaig. 5.4 (b) is for five times exposure.
The nearly same value of conductance on every @rposure of the films shows that the

response curves are highly reproducible.
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Figure 5.3Response curves of CuPcTs recorded after expusidifferent concentration of €gas.
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Figure 5.4 (a) Variation of sensitivity$) as a function of Glgas concentration, which shows linear
dependence (b) The response of the curve of theT3ufms for a repeated exposure of 100 ppb of

Cl, gas.

5.3.2.3 Selectivity
To test selectivity of CuPcTs film, response cur{@sange in conductance of the
film as a function of time) were recorded at 50® ppncentration of different gases i.e;,Cl
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H.S, NH;, CH,, CO and NO. The histogram showing the sensitifotydifferent gases is
shown in Fig. 5.5. It may be noted from the hisémgrthat films are highly selective to the

Cl,, and the sensitivity value is ~184 %. For all othases, the sensitivity was < 0.1 %.
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Figure 5.5 Selective histogram of CuPcTs films towards 50® md different gases at room
temperature.

5.3.2.4 Explanation of reversible and irreversiblesponse
(a) Reversible response

First we explain why the response is reversible 2000 ppb Gl concentrations and
irreversible at higher concentrations. CuPcTs filare intrinsically insulators and turn
semiconductors only when they are exposed to atinewep This is because oxygen from
ambient chemisorbs at the film surface. The present adsorbed oxygen (O
corresponding to the binding energy at 533 eV veadioned by the XPS analysis, as shown

in Fig.5.6. Once the films is exposed to the lomaantration of Gl gas, it replaces the
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adsorbed oxygen (as being more electronegative agigen) as well as get adsorbed at
other free sites on the films surface, and pickthg electron from there. As a result the
conductance rises, but later this adsorbedsdkplaced by the atmospheric oxygen due to its
abundance in the surrounding and results in theediog of conductance. This reversible

response is a prerequisite for chemiresistive ssnso

915

Intensity (arb. units)

Figure 5.6 Cu-2p, Na-1s, S-2p and O-1s XPS spectrum recdiatelesh and 10 ppm gkxposed

CuPcTs films. Inset of Na-1s spectra shows thegmias of Cl-2p peak in the exposed films.
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(b) Irreversible response

The irreversible response of the CuPcTs films ajhéi C} concentrations
(>2000ppb) indicates oxidation of the CuPcTs mdesuSince oxidation implies formation
of a chemical bond, therefore energy and the poesehother species are required to reverse
this process. Otherwise the process will be irrgbdg, as observed in the present case. In
order to confirm the oxidation of CuPcTs, XPS anfdR- spectra were recorded for the
freshly prepared films and after their exposura tugh dose (10 ppm) of £IThe obtained
XPS results are presented in Fig. 5.6. First vak lat Cu-2p XPS spectrum, as in metal
phthalocyanine it is the preferable site for gasoggtion [198] . The peak at 932 eV and 952
eV corresponds to the Cuzpand Cu-2p, respectively. As seen there is no change in the
spectrum after gas exposure, so it rules out tissibility of gas reaction at copper sites,

which are the most prominent reaction sites for Codterials.
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Figure 5.7 FTIR spectra data recorded for fresh and 10 pprexglosed CuPcTs films
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The major changes in the XPS spectrum occurs phenated group site. The core
level O-1s XPS spectrum of fresh CuPcTs films iaths presence of oxygen in two different
chemical states. The peaks at 533 eV and 535 eféspnd to correspond to chemisorbed
oxygen at films surface and oxygen present in thiph®nated group, respectively [78].
However, for C} exposed film, there is a large shift in the O peals35 eV i.e. related to S /
Na atoms, indicating possibility of £t oxygen sites of sulphonated group. This can
possibly happen if the €molecules get attached to O and form an oxychdocioimpound.
The reaction will also lead to increase in the ligdenergies of S-2p and Na-1s peaks, as
seen in Fig. 5.6. The presence of Cl-2p peak (showhe inset of Na-1s XPS data) at 199
eV and 205 eV in exposed films verifies the existef physisorbed and chemisorbed
chlorine respectively. This information is furthempported by the FTIR data presented in
Fig. 5.7. For fresh film the noticeable FTIR peaks: 1034 cril (SO; symmetric stretching
bond), 1090 cm (C-N stretching bond), 1120 and 1168 trfC-H in plane banding
vibration), 1288 cit (SO3 asymmetric stretching bond) and 1336'ct#22 cnt , 1511 cm
! (characteristic of C-N stretching) [200]. Howevafter Ch exposure, the intensity of the
peak at 1034 cth(SGQ; stretching bond) becomes significantly lower. Ather peak do not
show any shift or intensity change after, @kposure. The intensity of any FTIR peak is
related to the dipole-moment. The lowering of isignindicates the lowering of the dipole-
moment of S@group. This result can be explained by &tacks on the oxygen sites of SO

group, which pick up some charge from it and rasuliowering of dipole-moment.

Therefore XPS and FTIR result indicates that fighér concentration, the response
becomes irreversible, which is found to be duehtodhemical bond formation between CI

and S@Na group of CuPcTs films.
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5.3.2.5 Elovich isotherms for reversible response

In reactions involving chemical adsorption of gases a solid surface without
desorption of the products, the adsorption rataedses with time due to an increase in
surface coverage [201-203]. One of the most usmfdiels for describing such activated

chemical adsorption is the Elovich equation, wh&chiven by
d6 =aexp(ha) (5.2)
dt

where ¢ is the amount of gas adsorbed at timand a, b are constants. In the Elovich
: . I : dg

equation, constarat is regarded as the initial adsorption rate becagtsapproachea when

0 approaches 0 and it depends on the activation gn€anstanb is related to a measure of
the extent to which the surface has been screepetiebpotential barrier for successive

adsorption. Given thaf = g, at time equals t and, = & t =0, the integrated form of Eq.

5.1is

ot (]

In the present case, we assume that the change tohductance\C) is proportional
to the amount of adsorbed ;Qinoleculesd. The Elovich isotherm describes adsorption
phenomena occurring on surfaces, which are enealjgtheterogenous or on surfaces where
the adsorption process induces an energetic heteedy [201, 203]. The CuPcTs films
contain many adsorption sites and &disorption leads to a charge-transfer betweendiith
Cl,. However, this process is limited by a ‘potentakrier’ formed from the dipole layer
created by the redistribution of charge betweenGhanolecule and the CuPcTs film. The

increase of this potential barrier with successadsorption events provides an adsorption
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induced surface heterogeneity. The adsorbate—aateoifteractions are known to make the
heat of adsorption and desorption dependent orcdkierage [201]. This makes adsorption
rate to decreases exponentially with time due tinarease in surface coveragds shown
in Fig. 5.8 (a), the plots &fC vs Int, which are derived from Fig. 5.3, are linear, intitg
that the interaction obeys the Elovich equatioronfrthe slopes, values bfare calculated
for different Ch concentration. As shown in the 5.8 (b), lbg log [Cl;] plot is linear in
nature. Therefore, gtoncentration apart from the sensitivity plot, beven in Fig. 5.8 (b),

can also be determined frdmthat is derived from the response ra@dt

(a)2X107 —m=—5ppb (b)
— 20ppb 114
€
e
o

AC(

229 230 230 231 231 232 2 4 6 8
In(t) In[CI 5]

Figure 5.8 (a) Change in conductancAQ) as a function of In(t), which was derived frotret
response curves in Fig. 5.3. Straight-line fit atadis in accordance with Elovich equation and the

slope of linear fits yields parameter(b) Linear correlation between trand In [C})].

5.4 Ck gas sensing properties of binuclear (Co-Fe)Pc filgn

In Chapter 3 we have shown that very high valuef in binuclear (Co-Fe)Pc films

(prepared on (0001) AD; substrate) as compare to FePc and CoPc films. Wewliscuss
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the influence of highu of binuclear films on its gas sensing charactiegstA plot of
sensitiviy § = C4 /Co) as function of operating temperature for binacléCo-Fe)Pc fims
along with CoPc and FePc films (at 30 ppb of g2ls exposure) is shown in Fig. 5.9 (a) and
the value ofSis higher as compare to FePc and CoPc films itealperature range 120 to
210 °C. The conductance versus time curves (at@)7i3°shown for different doses of Cl
gas for binuclear films the results are shown ig. H.9 (a). It is interesting to note that
binuclear films can detect even 5 ppb of @as (10 ppb in case FePc and CoPc films) , and
the reversible gas sensing characteristics has digamed in the concentration range of 5 —
500 ppb. In order to compare the gas sensing deaigtcs of all films, response curve i&.

= {(C4-Cp)/Co} x100 has been plotted, as shown in Fig. 5.10 #a)a function of time for a
particular exposure of 500 ppb of,@as. It can be seen that response of binucleas fib
about 16 and 13 times higher than that of FePdGoRE films respectively. For all films the
response time (i.e. time required to reach 90%efsaturation conductance) is nearly same
as ~ 10 sec, however the recovery time is highds® (min) for composite films. In Fig. 5.10
(b), we have plotted th&for all films at gas concentration of 500 ppbcdn be seen that the
binuclear (Co-Fe)Pc films films shows highest vatideS. The sensitivity of any materials
depends on following factors: (i) numbers of avalgssites for the gas interaction. (ii) charge
carriers released after gas interaction shouldyeasive to the collecting electrode. Due to
relatively rough surface of the CoPc and FePc fildtisough the numbers of available sites
for gas - material interaction can be more as coetpt binuclear films but comparatively
poor structural order reduces the sensitivity @sthfilms. Inset of Fig. 5.10 (b) shows the
sensitivity of binuclear (Co-Fe)Pc films for vargaxidizing gases, it reveals that these films

are highly sensitive to €bas.
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Figure 5.9(a) Temperature dependence of the sensitiBifgt 30 ppb of Glexposure) for binuclear

films (b) Time dependence of the conductance (B2QYof the binuclear films for different doses of

Cl; gas.
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Figure 5.10(a) Comparison of the response for FePc, CoPbandlear (Co-Fe)Pc films at 500 ppb
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Figure 5.11(a) Demonstration of the reproducibility (at 5pdhQb,) and base conductance drift for

binuclear (Co-Fe)Pc films. (b) Work function imagiof the fresh and glexposed binuclear (Co-

Fe)Pc films and (c) Shift in Fermi level after #agosure of Glgas.

The demonstration of the reproducibility (at 50 pd Chb) and base conductance
drift for binuclear films is shown in Fig. 5.11 (d) reveals that sensing characteristics are
highly reproducible without any drift of base coothnce. The effect of €lexposure on
binuclear films is also reflected in the work fuoat value. Fig. 5.11 (b) shows the three

dimensional view of work function imaging for fregind C} exposed binuclear films. It is
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seen that work function of fresh binuclear filmseishanced by 0.1 eV after Gdxposure.
The increase in work function value after gas enp®ss expected as binuclear molecule is
p-type in nature and an increase in carrier conagatr on exposure will push fermi level
towards the LUMO level as shown in Fig. 5.11 (c).chse of FePc and CoPc films, work
function also enhanced by 0.1 eV, after the exmpetiChL gas. This indicates equal numbers
of charge carrier are producing after the intecsciof Cb gas, but due to high mobility,

binuclear films exhibited highest sensitivity.

5.5 Conclusions

The gas sensing characteristics of CuPcTs, CofRg; &ied (Co-Fe)Pc films has been
investigated. CuPcTs films exhibited room tempertppb level Gl gas sensitivity.
Selectivity, repeatability, stability and lineari(gensitivity vs concentration) in the range 5
ppb to 2000 ppb are investigated. The chemicalratlsa process of Glon CuPcTs has
been analyzed using Elovich equation, which pravide alternative way of qualifying £l
concentration from response rate of sensor.

The C} gas sensing properties of FePc and CoPc films ingestigated. The highest
sensitivity was obtained at 170°C. It was found thaPc and FePc films can detect 10 ppb
of Cl, gas.

Due to the high mobility of (Co-Fe)Pc films, thegxhibited enhanced response for
Cl, gas, which is about 16 and 13 times higher thaat tf FePc and CoPc films.

Interestingly, it was found that (Co-Fe)Pc filmsncaletect even 5ppb of LClgas.
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SUMMARY AND CONCLUSIONS

Thin films of mononuclear phthalocyanine (FePc, €aRd ksCuPc) and binuclear
phthalocyanine (Co-Fe)Pc were deposited by MBE vatlperfect control over growth
parameters such as deposition rate, substrate tatupe and film thickness on different
substrate i.e. (0001) AD; , (001) LaAlQ, (100) SrTiQ quartz and ITO. The growth
temperature and deposition rate were respecti&gd9°C and 2A/s. Binuclear (Co-Fe)Pc
films were found to grown only on (0001),8; substrates at 200°C if deposited using the
CoPc/FePc mixture in 1:1 (w/w) ratio. Thin films GUPcTs were also prepared using drop
casting method. In addition all grown films wererdcterized by various techniques such as,
SEM, AFM, GIXRD, UV-Vis, FTIR, Kelvin probe and Ram Spectroscopy. Formation of
binuclear (Co-Fe)Pc was confirmed by MALDI masscsfmescopy. The charge transport
properties of grown films were investigated by mesg the temperature dependehlV
characteristics as well as resistivity in the terapge range 300-25 K. Also, the suitability
of the grown films was examined for their possigbplication as chemiresistive gas sensors.

In additionp-n heterojunction comprising gf-type (CoPc) ana-type (ReCuPc) as
well asp-type (CoPc) ang-type (FePc) were fabricated using MBE. The chdrgesport

properties of these films were also investigated.
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The major conclusions are already presented aetiieof each chapter. Here we

make a summary of the main results obtained duheaghesis work.

1.

It has been demonstrated that mononuclelac,FéoPc and binuclear (Co-Fe)Pc
films grow with moleculesace-onstacking on (0001) AD; substrate due to the
interaction between molecule and of Al terminatediace. AFM and GIXRD
studies revealed that (Co-Fe)Pc phthalocyaninesfilnave better structural
ordering and hence smooth morphology as comparédetanononuclear films.
This is attributed to the additional dipole momesft binuclear (Co-Fe)Pc
molecules, which results bettiace-onstacking as compare to the mononuclear
CoPc and FePc films.

Due to the better structure ordering theutimar (Co-Fe)Pc films exhibited.
~110 cni/Vs, while in case of CoPc and FePc films mobiligre found to be 5.3
and 1.1 crfiVs.

The temperature dependence of resistivitgimficlear (Co-Fe)Pc films exhibited
metallic behavior in the temperature range 300K-28Kch is the manifestation
of the improved ordering also. ThkV characteristics of binuclear (Co-Fe)Pc
films exhibited trap-free SCLC in the temperatueiage 300K to 25K. For CoPc
and FePc films the temperature dependent resisshibwed that, these films are
in the critical regime of metal—insulator trangitioThe J-V characteristics of
mononuclear films exhibited SCLC with exponentiatdbution of traps at low
temperature.

The temperature dependelV characteristics of FePc films have also been

investigated at very high biag. in the bias range of £ 200 V. In the temperature
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range of 300 K-30 K, the charge transport is goaerny bulk-limited processes
with a bias dependent crossover from ohndieV] to exponentially distributed
shallow trap mediated space-charge-limited condoc{l~V*, « > 2) to space
charge limited conduction with field enhanced miopilln p ~ E'?). However, at
temperatures < 100 K, the charge transport is geeerby electrode-limited
process, which undergo a bias dependent trandition Schottky h J~\*?) to
multistep-tunnelling (MUST).

In the case of CoPc films grown on (100) iSgT substrate, it has been
demonstrated that the molecule stacledye-onconfiguration. The temperature
dependence of resistivity exhibited semiconductoilike transition at ~110K.
XRD measurement revealed that this transition ie thuin-plane compressive
strains induced by structural phase transitiomgfcubic-to tetragonal ~ 110K) of
SrTiO; substrate reduce the intermolecular distance.

Charge conduction in FePc films under halgctrical field has been investigated.
A bias dependent transition from ohmic to spacegdimited conduction to
space charge limited conduction with field enhanosability is observed. At
temperatures <100 K, by analyzing the low bias @0 ) data, which is
governed by Schottky—barrier limited conduction. wéwer at higher bias
multistep tunnelling was observed in the FePc films

Structure and morphology of water soluldéhplocyanine (CuPcTs) films prepared
by drop casting method were found to be independkstbstrate, and have usually
amorphous character. We demonstrated that beloW #8se films do not transport

any current.
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Chapter-6: Summary and conclusions

The gas sensing characteristics of CuPCo®c, FePc and (Co-Fe)Pc films has
been investigated. CuPcTs films exhibited room terapire ppb level Glgas
sensitivity. Selectivity, repeatability, stabilityand linearity (sensitivity vs
concentration) in the range 5 ppb to 2000 ppb avestigated. The chemical
adsorption process of £bn CuPcTs has been analyzed using Elovich eqyation
which provides an alternative way of qualifying, €bncentration from response
rate of sensor.The glgas sensing properties of FePc and CoPc films were
investigated. The highest sensitivity was obtaiaédL70°C. It was found that
CoPc and FePc films can detect 10 ppb of gas.Due to the high mobility of
(Co-Fe)Pc films, they exhibited enhanced respéms€l, gas, which is about 16
and 13 times higher than that of FePc and CoPsfilnterestingly, it was found
that (Co-Fe)Pc films can detect even 5ppb efgak.

Thep-n heterojunction comprising gi-type CoPc (20nm) and-type FRsCuPc
(20nm) heterojunctions showed ohmic conductanck thitee order of magnitude
higher conductivity as compare to individual CoPd~gCuPc layer. The higher
conductivity ReCuPc(20nm)/CoPc(20nm) heterojunction is due to ¢harge
carrier accumulation at the interface, which isfoored by Kelvin probe study.
The thickness of charge carrier accumulation layehe interface was estimated
to be ~20 nm. Interestingly these heterojunctiormdi exhibited reverse
rectification behavior i.e. conducts current omyéverse bias. On the other hand,
CoPc(20nm)/FePc(20nmp+p type) heterojunction films do not exhibited any
charge transfer at the interface. Therefore theictecal properties are identical

to the individual layers.
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Future Plan

In the present thesis work, we have obtaineddrigindered CoPc, FePc as well as
binuclear (Co-Fe)Pc films with record mobility 1&6¥/Vs. In addition we have fabricated
p-n heterojunction with high conducting interface. $@desamples can be used for further
investigated some of the possible examples arellasv:

1. Other metal phthalocyanines such as NiPePdC AgPc and ZnPc can be
explored.

2. The magnetic properties of ordered binudiass, along with the CoPc and FePc
films can be investigated. In binuclear films, dtee the interaction of two
phthalocynine rings one can expect improved magmetering. In addition high
mobility binuclear films can be used for fabricatiof field effect transistor.

3. The sensing properties gg€uPc/CoPc can be explored.
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