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Synopsis i 
 

Synopsis  

 

Organic field-effect transistors (OFETs) based on organic semiconductors have attracted 

much interest as possible inexpensive and flexible alternatives to inorganic devices [1-3]. 

Despite considerable improvement in device properties, a better understanding of the growth 

of the active channel and the control over the growth can significantly enhance the charge 

transport through the device and reduce the operating voltage. This is crucial to further 

development of these organic devices [4-6]. In general, an accumulation layer is formed at 

the interface of organic active channel and dielectric layer due to applied gate voltage. As a 

result, charge carriers are accumulated within the few monolayers in the region very close to 

the interface [7, 8]. However, the trap states present in this region capture a portion of the 

induced carriers. Therefore, only the mobile carriers in the accumulation layer take part to 

turn on the device [9]. The trap states are usually imperfections associated with the chemical 

impurities and structural defects, which can be reduced significantly by the controlled growth 

of channel and the proper selection of the dielectric layer [10-12]. It has been demonstrated 

that the carrier mobility depends crucially on the morphology of the organic semiconductor 

channel as well as on the device engineering [13-15]. In this thesis, we outline our findings 

during the optimization of the growth of organic thin films and wires on different substrates 

by varying growth parameters and the fabrication of low operating voltage OFETs with 

enhanced carrier mobility. We have used Cobalt (II) Phthalocyanine (CoPc) and N,N′-

diphenyl-3,4,9,10-perylenedicarboximide (PTCDI-Ph) as active channel materials of OFETs. 

Hybrid gate dielectric materials combining organic-inorganic or inorganic-inorganic 

materials have been used to improve capacitive coupling between gate and active channel, 

which also reduce the threshold voltage of the OFETs. We have studied the growth of active 

channel on top of the dielectric surfaces and optimized the growth for the fabrication of 

OFETs with better properties. The thesis has been organized in eight chapters: the first two 

contain the basic aspects concerning materials, different experimental techniques used and 

the working principles OFETs, while the other six chapters describe the experimental work 

as elaborated below. 

TH-1322_10612101



ii  Synopsis 
 

Chapter I describes the overview of different growth processes and the kinetics of 

organic thin films and microstructures growth for the fabrication of efficient devices. The 

basic principles of OFET operation and properties related to charge transport in organic 

semiconductor are discussed. The roles of the morphology of the active channel and 

interfaces properties on the device parameters are elaborated. Brief description of the 

statistical characterization method of rough surfaces is discussed. This method has been 

extensively used to understand the growth mechanism.  

Chapter II reviews the basic working principles and operations of some of the 

experimental techniques extensively used in this thesis. The development of experimental 

facilities to grow dielectric layer using anodization technique has also been reported. A 

custom designed thermal evaporation chamber that works with the principle of molecular 

beam epitaxy (MBE) for growing organic thin films was setup. Details of the growth 

chamber have been reported. 

Chapter III includes the study of growth of CoPc thin films on SiO2 and mica (001) 

(KAl2(AlSi3)O10(OH)2,2M1-muscovite) surfaces using thermal evaporation technique and 

their characterization. CoPc molecule is a p-type semiconductor and it is an interesting 

representative of metallophthalocyanines (MPc). This material has been emerging as an 

important class of advanced functional materials in molecular electronics and OFETs 

fabrication because of its high thermal and chemical stability. This molecule is also used as a 

material for the fabrication of OFETs based gas sensors [16]. In order to study the effect of 

surface structures on the growth, we have selected SiO2 surfaces, which are amorphous in 

nature, and cleaved mica as a surface with atomically flat reconstructed surfaces. Mica can be 

cleaved very easily to form an atomically clean mica (001) surfaces in ambient condition. 

Both the surfaces were used to grow CoPc thin films. In order to study the dynamics of the 

thin film growth, we have analyzed the evolution of surface fluctuation by calculating height-

height correlation function as the films grow with coverage and determined different scaling 

exponents such as roughness exponents, α, growth exponent, W and dynamic exponent, 1/z. 

We have observed the power law behavior of the interface width, W(t) as W (t) ~ t β with α 

=0.38 ± 0.05 and in-plane correlation length ξ(t) as ξ(t) ~ t1/z , with 1/z = 0.23±0.06. The 

observed roughness exponent is α = 0.81 ± 0.05. No theoretical models reported so far 
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supporting the observed exponents in the growth of CoPc film on SiO2 substrates. Therefore, 

the growth mechanism appears to belong to a different universality class. To study the 

kinetics of the growth, we have varied the substrate temperature from 25 to 220 °C during 

growth and monitor how diffusion of the molecules on the substrates affects the morphology. 

With the increased temperature, both interface width, W and in-plane correlation length, 

ξ increases closely following an Arrhenius behavior as W ,ξ ~ exp(−Ea / kBT )  with an 

activation energy Ea= 0.35±0.02 eV which represents the molecular translational and 

rotational barrier on the surfaces [17, 18]. In order to study the effect of substrate surface on 

the diffusion, we have grown the same molecule on mica (001) surfaces which is atomically 

clean. We have observed the growth of long strips as the temperature increases. The observed 

roughness exponent is α = 0.89 ± 0.07, which is very close to the value obtained in case of 

SiO2 surfaces. However, observed activation energy along the length and width of the 

molecular strip are 0.07 eV and 0.17 eV, respectively. This explains the formation of long 

strips due to lower diffusion activation energy along the length of the strips.  

Chapter IV presents the growth of CoPc wires on different substrates like SiO2, mica, 

glass, metal coated glasses and nanoparticle templates at various substrate temperatures using 

physical vapor deposition technique. The electron transport through the active channel not 

only depends on the mobile carrier density at the accumulation region but also depends the 

crystalline quality of the channel such that electron transport through hopping improves. 

CoPc films grown on SiO2 and mica surfaces showed the formation of mounds with lots of 

defects. As a result, these films were not suitable to fabricate high performance devices. 

Nevertheless, the reported carrier mobility of CoPc thin film based OFETs are very poor 

(~10-4 cm2/Vs) [16]. In order to grow better crystalline CoPc channel, we have used physical 

vapor deposition technique to grow CoPc molecular wires. Glass, SiO2 and mica surfaces 

were also used to grow CoPc wires.  However, we have observed CoPc wires of about 50 µm 

long on SiO2 surfaces for 20 min growth time. These wires are single crystal in nature as 

confirmed by x-ray diffraction (XRD) technique. We have fabricated CoPc molecular wires 

based OFETs exploiting the design of the devices using bi-layer dielectric materials. Though 

the crystallinity improves significantly in case of wires, however, at the same time, the use of 

organic-inorganic hybrid dielectric improved the capacitive coupling between gate and active 
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channel. As a result, carrier mobility improved in these devices. We have used poly(vinyl-

alcohol) (PVP) /Al2O3 system as hybrid dielectric for the fabrication of CoPc wires based 

OFETs. Al2O3 layers were grown using anodization of Al films [19-21]. Better capacitive 

coupling is achieved with CoPc wires due to the lower surface free energy of PVA (~ 0.045 

J/m2) than Al2O3 (~ 1.7 J/m2). Optimizations of individual layer thicknesses are carried out in 

order to obtain lower leakage current and higher capacitances. We have observed significant 

enhancement of carrier mobility to 1.11 ± 0.20 cm2/Vs with threshold voltage − 7.8 V and 

on/off ratio ~104. The structural and morphological characterizations were carried out by 

means of FESEM, XRD and TEM. The fabrication of CoPc wires based OFETs using hybrid 

dielectric layer is reported. The carrier mobility obtained from these OFETs is 1.11 cm2/Vs. 

The reported operating voltage for CoPc based transistors is about 100V. However, we have 

achieved the operating voltage to 20 V. 

Chapter V describes the growth of PTCDI-Ph (n-type semiconductors) films on SiO2 and 

polymer dielectric surfaces. Fabrication and characterization of OFETs based on PTCDI-Ph 

films on SiO2 and hybrid dielectric layer are described. We have explored the effect of 

substrate temperature on the growth of active channel and the performance of the OFETs. In 

general, the organic dielectric materials make better capacitive coupling between the gate and 

the active channel [22-27]. Organic nature of interface between active channel and dielectric 

layer may provide a more efficient capacitive coupling with the channel, perhaps because of 

better matching in surface energy of these materials [19, 25]. Therefore, we have considered 

using hybrid dielectric in combination of organic and inorganic material as gate dielectric for 

the fabrication of OFETs. PTCDI-Ph films were used as channel materials for the fabrication 

of OFETs using various hybrid dielectric materials to optimize the device structures for low 

voltage operation with enhanced carrier mobility. PTCDI-Ph films were grown on a hybrid 

dielectric consisting layers of poly (methyl methacrylate) (PMMA) and Al2O3. Substrate 

temperature was varied between 30 and 120 °C during the growth of PTCDI-Ph film on top 

dielectric film of PMMA surfaces. The evolution of surface morphology with the substrate 

temperatures was studied from the height-height correlation function calculated from the 

atomic force microscopy (AFM) images of surface grown at different substrate temperature. 

We have observed the average roughness exponents (α) of 0.81 ± 0.06, which is close to the 
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value obtained for Al2O3 and PMMA surfaces and is independent of growth temperatures. 

The field-effect carrier mobility obtained from the device designed at 90 °C substrate 

temperature showed the highest value of 0.02 cm2/Vs. This has been attributed to the 

formation of smooth and uniform films of PTCDI-Ph on PMMA surfaces and achieved a 

better capacitive coupling between the active channel and the gate. As a result, mobile carrier 

density at the accumulation region enhanced. Our results also demonstrate a process design 

to fabricate OFETs with enhanced carrier mobility. 

Chapter VI provides the synthesis of high-k metal-oxide gate dielectric sols like TiO2, 

BaTiO3, SrTiO3 and BaSrTiO3 for the fabrication of low operating voltage OFETs using 

PTCDI-Ph films as active channel. Extracted OFETs parameters and their dependency on the 

dielectric materials are discussed. In order to enhance the performance of the devices further, 

we have fabricated OFETs using hybrid dielectric materials with higher dielectric constants. 

Using a novel solution process method, we have synthesized SrTiO3 on anodized Al2O3 [28-

30]. The thickness of individual layers is optimized to obtain minimum leakage current and 

higher capacitance. The leakage current density obtained from the SrTiO3/Al2O3 was below 

10−8 A/cm2 whereas for single layer of SrTiO3alone produces leakage current of 10-4 A/cm2. 

The band gap of SrTiO3 (Eg = 3.2eV) [31] is relatively low which causes the huge amount of 

leakage current through SrTiO3 single layer and it is controlled due to the blocking of 

electron conduction path by the highly stable Al2O3 layer with large band gap (Eg= 6–9 eV) 

[32-34]. As a result, carrier field-effect mobility enhanced due to increased mobile carrier 

density at the accumulation region. At the same time, the operating voltage also decreases. 

Due to the high capacitance of SrTiO3(30 nm)/Al2O3 (10 nm) system, we have achieved 

operating voltages of the OFETs as low as 4 V. The effective capacitance measured from this 

system is about 65.4 nF/cm2 which is relatively higher than SiO2 (300nm)/Si system (~11.5 

nF/cm2). The extracted carrier mobility is 0.04 cm2/Vs, threshold voltage range is 0.3-0.5 V. 

In addition to this, we also fabricated low operating voltage OFETs based on hybrid 

dielectric combining TiO2, BaTiO3, BaSrTiO3 with Al2O3 and fabricated OFETs with 

operating voltage within 1.5 V and with carrier mobility of 0.02 cm2/Vs. 

Chapter VII presents the stability study using bias stress measurement of the n-type 

(PTCDI-Ph) OFETs fabricated using hybrid dielectric materials reported in the last section. 
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Degradation of the devices by monitoring the variation of device parameters during a period 

five months has been reported. The reliability of the devices as a result of voltage bias 

stresses and exposed to air for extended time are also discussed. Threshold voltage shifts in 

organic field effect transistors (OFETs) have been reported frequently [35, 36]. Cyclic 

sweeps of the gate voltage in OFETs reveal a hysteresis in the transfer characteristics (drain-

source current versus gate-source voltage) thereby unfolding an electrical instability of the 

transistor element. The hysteresis free transistors are desired in integrated organic circuits. 

All the OFETs fabricated with hybrid dielectric materials showed almost nil hysteresis, 

which is the signature of better dielectric with less trap states [37, 38]. In order to examine 

the stability, we have extensively studied the bias stress experiments on the OFETs fabricated 

with hybrid dielectric of SrTiO3/Al2O3. In addition, we have observed reproducible output 

characteristics without any significant changes in threshold voltage over 150 days.  

Chapter VIII presents the summary and important conclusions of the entire work. In 

addition, highlights of the new findings and results related to growth of organic thin films, 

the fabrication of efficient OFETs are reported. Open challenges and the different innovative 

directions for future study of efficient OFET fabrications are addressed. 
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Chapter I 

Introduction 
 

1.1 Organic Semiconductors    

The term organic semiconductors can be defined as a large family of organic materials 

that exhibit semiconducting properties. We can distinguish two main classes of organic 

semiconductors: low molecular weight materials (oligomers) and polymers. The common 

characteristic of both classes is the arrangement of the carbon atoms in a series of alternating 

single and double bonds, also called conjugation. In a conjugated system, carbon atoms are 

sp2-hybridized (the 2s orbital is mixed with only two of the three available 2p orbitals), this 

means that only three σ bonds can be formed, leaving the pz orbital unaltered. The mutual 

overlap between unhybridized pz orbitals of adjacent carbons leads to the formation of π 

bonds.  

 

Figure 1.1: (a) σ – bonding framework, (b) arrangement of pz – orbitals and (c) the “pz” 
orbitals overlap to form the delocalized molecular “π” system of an aromatic molecule.  

 
The electrons of overlapping pz orbitals form a delocalized electronic orbital over the 

whole conjugation length (Figure 1.1). These delocalized π orbitals are the origin of the 

semiconducting properties of this class of materials. While both the σ and the π bonds have 

covalent nature, when organic molecules meet to form solids they are kept together by weak 
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van-der-Waals bonds due to π-π interaction. The consequences of this considerably weak 

intermolecular interaction between molecules in the organic solids are reflected not only in 

the mechanical and thermodynamic properties, but also in their electronic properties for 

charge transfer mechanism through the solid. 

 

Figure 1.2: Representative energy diagrams to distinguish p- & n-type organic 
semiconductors through source – drain electrode band offsets with HOMO & LUMO levels. 

 
The lowest electronic excitation of conjugated molecules is the π-π* transition. This 

transition leads to the formation of an electron-hole pair by Coulomb force. The energy 

difference between the π band, which is the highest occupied molecular orbital (HOMO), and 

the π* band, which is the lowest unoccupied molecular orbital (LUMO), is generally referred 

to as band gap, which is in the range of 1.5 – 3 eV [1]; thus the π-π* transition is possible, for 

example, upon light absorption. The unique properties of this class of materials make them 

attractive alternatives to epitaxially grown purely inorganic layers, especially for application 

in electronic devices, such as solar cells [2-4], light emitting diodes (LEDs) [5-8] and field-

effect transistors (FETs) [9-13]. Depending on the nature of the semiconductors and 

electrodes used, the active channel formed can be n-type, where electrons are the charge 

carriers, or p-type where holes (electron deficient species) function as carriers. The 
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optoelectronic applications. These phthalocyanines are planar molecules consisting of four 

iso–indole subunits linked together through nitrogen atoms. In the following subsections, we 

focus on one of representatives of the group of metal-phthalocyanines, which are 

characterized by the presence of a cobalt (Co) atom in the molecular center, (CoPc) 

(C32H16N8Co). An important aspect of this molecule is that, besides its semiconducting 

behavior as a p-type material, it shows high thermal and chemical stability [14, 15]. From the 

crystallographic information reported for the bulk CoPc structures, it is known that several 

poly-morphs exist among α – and the β – configurations are best known [16-18]. Their 

structural properties are summarized in Table 1.1. α – CoPc is triclinic having one molecule 

within the unit cell whereas β – CoPc exhibits a monoclinic structure with Z = 2, where Z is 

the number of molecules per unit cell. 

 

Figure 1.3: CoPc molecular Structure.                 Table 1.1: Unit cell parameters reported for 
                                                                                the structure of α-CoPc and β-CoPc [17]. 
 

1.2.2 Perylene derivative 

N,N'­diphenyl­3,4,9,10­perylene tetra­carboxylic diimides 

N,N'-diphenyl-3,4,9,10-perylene tetra-carboxylic diimide (PTCDI-Ph) belongs to the 

family of perylene bisimide, which were initially applied for industrial purposes as red vat 

 α - CoPc β - CoPc 

a [Å] 12.090 14.5982 

b [Å] 3.754 4.7937 

c [Å] 12.800 19.4348 

α 88.96º 90º 

β 90.97º 120.782º 

γ 95.09º 90º 

Z 1 2 
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dyes. Later on, several perylene bisimide compounds were used in industrial applications as 

pigments due to weather and light-fastness, high thermal stability and insolubility. Recently, 

these molecules are being used for the fabrication of electronic devices and perylene 

bisimides are found to be one of the best n-type semiconductors available [19-22]. Recently, 

perylene bisimide derivatives were successfully synthesized showing reasonable charge 

carrier mobilities in ambient conditions [23, 24]. Among the different perylene bisimide 

compounds, we have chosen PTCDI-Ph as an n-type semiconductor. The molecule (PTCDI-

Ph) consists of a planar core with two phenol groups on opposite sides as shown in Figure 

1.4. As already mentioned in the motivation, there is a particular demand in n-type materials 

in order to enable the fabrication of organic field effect transistors, organic solar cells, 

ambipolar transistors and OLEDs in which both p- and n-type semiconductors are needed. 

Up to now, there are only few reports on the study of growth of thin films and fabrication of 

organic field-effect transistors where PTCDI-Ph as active materials. Most of the transistors 

characterized under vacuum conditions were reported. To ease of utility of such electronic 

devices under ambient conditions, more studies require to be done for using the molecules 

for the fabrication of OFETs with efficient performances. 

 

Figure 1.4: Molecular structure of PTCDI-Ph molecule. 

1.3 Growth of Organic Thin-Films 

The controlled growth of molecular thin films is of considerable importance because they 

form the basis of a wide range of electronic and optoelectronic devices [25]. The properties 

of these hetero structures depend strongly on the structural quality of the films and the nature 

TH-1322_10612101



6 Chapter I 
 

of the interface formed between layers of different materials. An atomically flat surface is an 

idealization rarely encountered in nature. Most surfaces are to some extent rough, making 

roughness a ubiquitous phenomenon. However, the rough surfaces or interfaces can 

significantly affect the performance of devices and therefore, it is important to study the 

evolution of rough surface as the film grows. In the next section, we discussed the 

methodology to analyze rough surfaces, which is followed in this thesis work.      

1.3.1 Study of rough surface 

A rough surface can be described by its height fluctuation above a well-defined reference 

plane, the height function h(r, t), which is a function of substrate position coordinate, r and 

time, t. A typical height profile is shown in Figure 1.5. The time dependence is relevant only 

when a growing surface is considered. Only the height is not the most convenient way to 

describe the surface, usually the height does not follow any well-known function and thus an 

analytical expression is mostly excluded. For experimental and numerical investigations, 

however, the height function is often used directly. For most purposes, a more useful 

measure of the roughness is the root-mean-square (rms) value (often called the interface 

width (W) in the literature). In order to understand the correlation in height fluctuation, it is 

convenient to define height-height correlation function G(r,t), which is defined as mean 

square of height difference between two surface positions separated by a distance r (Note: 

G(r, t) has been calculated along the AFM scan direction, which is one dimensional. 

Therefore, in the definition of G(r, t), r is distance between two points along the scan 

direction only) for the deposition time t as,  

                                      
G(r,t) = h(r,t) − h(0,t)

2

                                
------------------ (1.3) 

Where h(r,t) and h(0,t) are the heights of the surfaces at the two different locations separated 

by a distance r. The rms value of the roughness also called the interface width gives the mean 

deviation from mean height, and is the most commonly used measure for the roughness. The 

interface width is defined as 2( ) [ ( , )]W t h r t≡ . The detail description of analysis of rough 

surface using G(r) is reported in the references [26-29]. The height-height correlation 

function can be written as;  
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�                 
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where, ξ(t) the characteristic in-plane lateral length scale, α is the roughness scaling exponent 

and m(t) is the local surface slope of the height profile for small length scale [28, 30]. 

 

Figure 1.5: Schematic illustration of height profile showing different parameters to describe 
rough surface. 

 
A typical plot of G(r,t) vs r is shown in the Figure 1.6. m(t) was calculated from the 

fitting of linear portion of log-log plot of G(r,t) vs r as per the equation mentioned earlier. 

Lateral correlation length, ξ(t) is the measure of the length beyond which surface heights are 

not significantly correlated. For the surfaces with island formation, this length essentially 

measures the size of the island [31]. Other parameter to characterize the surface, the 

wavelength (λ), on the other hand, signifies the average separation between islands. λ and ξ 

must satisfy the relation ξ ≤ λ as the islands are separated by at least their size. However, 

when the islands grow next to each other would imply that ξ = λ [32]. The physical meanings 

of these parameters are described in Figure 1.5. W (shown by arrow marked in Figure 1.6) is 

the value of G1/2(r, t) at the first local maximum, as W ~ G1/2(ξ/2) where ξ, marked by an 

upward arrow, is the position of r at the first local minimum of G1/2(r) as shown in Figure 1.6 

[33]. This definition of roughness amplitude is preferred over the large r limit of G(r) 

because artifacts at large length scales can affect experimental data. In order to study the 

dynamics of the growth process, it is important to study the behavior of local slope m(t). If 

m(t) is independent of the growth time (i.e., m(t) is independent of time t), then it is said to be 
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stationary growth. On the other hand, for non stationary growth m(t) increases with time and 

a up-shift in G(r) is observed. 

 

Figure 1.6: Representative height-height correlation function G(r,t) vs r plot showing the 
different parameters describing rough surfaces. 

1.4 Organic field­effect transistors  

It was 1962, when the first thin-film transistor (TFT) was reported by Paul K. Weimer 

based on inorganic semiconductors [34]. Si, Ge etc. are undoubtedly the materials for modern 

microelectronic industry for TFT based electronics. However, during last few decades, 

organic semiconductors material based organic field-effect transistors (OFETs) have 

progressed significantly and showed promises to be competitive candidate for replacing some 

of the applications based on inorganic semiconductors [35, 36]. Though, enormous 

progresses have been made, there are several issues on the fabrication and operation of the 

devices are essential to study in order to achieve high performance of OFETs. In this section, 

we summarize the basic design of OFETs and general methodologies of the device 

characterization. 

1.5 Basic design and operation of OFETs 

An OFET is a three terminal device, where one electrode (the gate) is separated from the 

other two electrodes (the source and the drain) by an insulating layer (the dielectric). The 
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source and the drain electrodes are connected via an organic (n- or p-type) semiconductor 

with a defined geometry, the channel width W and the channel length L. The layers of the 

OFET are usually very thin to fabricate a stable freestanding device; therefore OFETs are 

built on a substrate (e.g. glass, Si wafer or plastic foil). Depending on the layer deposition 

sequence, four different types of OFET structures can be realized, as illustrated in Figure 1.7.  

Current flows from the source electrode (S) to the drain electrode (D), upon applying a 

voltage between S and D (VDS). This current flow is controlled by a voltage applied to a third 

electrode (gate). A small gate voltage (VGS) induces charges at the interface between the 

dielectric and the semiconductor. The layer of accumulated charges at the semiconductor-

dielectric interface is called channel. This channel enables current flow between source and 

drain (IDS). The conductive channel is formed in the few nm thin layers at the 

semiconductor/dielectric interface [10, 37, 38]. 

 

Figure 1.7: Schematic representation of different OFET configurations, (a) Top contact-
bottom gate; (b) Bottom contact-bottom gate; (c) Bottom contact-top gate; (d) Top contact-
top gate. 

 

The transferred characteristics (IDS versus VGS at constant VDS) and the output 

characteristics (IDS versus VDS at constant VGS) of the devices are measured in order to 
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quantify the performance of the devices. The typical characteristics curves obtain from 

OFETs are shown in Figure 1.8. In output characteristics (see Figure 1.8a) VDS is swept while 

a constant VGS is applied. If a positive VGS is applied to an n-type OFET, IDS will increase 

linearly as VDS increases from 0 V to a positive voltage. When VDS is as large as VGS, the field 

at the drain electrode is reduced to 0 and the channel is “pinches off”. As a result, IDS 

saturates. The maximum IDS is therefore defined by VGS.  

To measure transfer characteristics VGS is swept while a constant VDS is applied (as 

shown in Figure 1.8(b)). The transfer characteristics can be measured in the linear region for 

lower VDS and in the saturation regime for higher VDS. 

 

Figure 1.8: Typical (a) Output and (b) Transfer characteristics of n-type (PTCDI-Ph) based 
OFETs. 

 
In order to quantify the performance of OFETs, a simple model of field-effect transistors 

describing IDS in the linear regime can be used as follows [39]: 

                                                DS
,

V( )
2DS lin lin i GS th DS

WI C V V V
L
μ= − −                 --------------- (1.5) 

And IDS in the saturation regime as: 

                                                  2
, ( )

2DS sat sat i GS th
WI C V V

L
μ= −                            --------------- (1.6) 
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                                                           0
i

k AC
d
ε

=                                             --------------- (1.7) 

These two equations are valid under the assumptions, that (i) the field along the channel 

is much lower than across it (gradual channel approximation) and (ii) that the mobility is 

constant [38]. W and L are the channel width and length, respectively. Here, μ (i.e. μlin and 

μsat) is the field-effect mobility in two regions for the majority charge carriers, Ci is the 

geometric capacitance of the dielectric and Vth is the threshold voltage, which will be 

explained later. k is the dielectric constant of the insulator. The charge carrier mobility is 

calculated in either the saturation or in the linear regime from the above equations. The 

differential ߲ܫ஽ௌ/߲ܸீ ௌ is called the transconductance. In an ideal device, the mobility 

calculated in the linear and saturation regime are the same and the mobility depends on the 

charge carrier density at the active channel, which is can be influenced by the applied VGS. 

The above equations indicate that increasing either VGS or VDS can increase the current 

between the source and drain. Nonetheless, these two parameters can be increased to only a 

certain extent. As is also evident in eqs 1.5 and 1.6, another viable approach to minimize VGS 

and/or increasing the electrical current is by adjusting the capacitance of the gate dielectric, 

Ci. As described in eq1.7, the capacitance depends linearly on dielectric constant, k and 

inversely on thickness of the layer, d. It is to be noted that typically in an efficient device, the 

ratio of d to channel lengths L, d/L≤0.1 is necessary to ensure that the field created by VGS, 

and not the lateral field VDS, determines the charge distribution within the channel [40]. 

Several groups have adopted the approach of reducing dielectric thickness to realize low-

voltage operation in OFETs. For example, Vuillaume et al. employed an organic monolayer 

of carboxyl-terminated alkyl trichlorosilanes (thickness range 1.9-2.6 nm) with linear end 

groups for the gate dielectric to achieve working voltages below 2 V [41]. Halik et. al. 

demonstrated low-voltage organic transistors using self assembled mono-layers (SAMs) of 

(18-phenoxyoctadecyl)- trichlorosilane, thereby enhancing the mobility of pentacene devices 

to 1׽ cm2 V-1 s-1 due to favorable interactions at the semiconductor-dielectric interface [42]. 

Finally, Marks et al. studied self-assembled multi-layers (SAMTs) grown from solution to 

achieve very low leakage currents and low operating voltages [43-45]. 

TH-1322_10612101



12  Chapter I 
 

The contact resistance (RC) can also influence the measured mobility [46]. The mobility 

in the saturation regime is less affected by VGS and RC, therefore eq.1.1 is used in this thesis 

work to calculate the mobility, as is normally done for MOSFETs. The threshold voltage Vth 

can be extracted by determining the x-axis intercept of (IDS)1/2 versus VGS in the saturation 

regime [47], as shown in Figure 1.8b [48]. Vth is the voltage, where the conducting channel is 

formed. In the accumulation region, Vth is given by [49]: 

                                              0
th fb

i

qn dV V
C

= ± +                                    --------------- (1.8) 

where Vfb is the flat-band potential, which accounts for any work-function difference 

between the semiconductor and the gate metal. Here, q is the elementary charge, n0 is the 

density of free carriers, and d is the thickness of the semiconductor. The sign of the right-

hand side in the equation corresponds to the sign of the charge carriers [49]. From this 

equation a change in Vth between the forward and the reverse sweep of voltage, the response 

may not be reversible and thereby a hysteresis can be expected, if (i) n0 changes (e.g. due to 

trapping of free charge carriers) (ii) Ci changes (e.g. charge injection from the gate into the 

dielectric or polarization of the dielectric) and (iii) Vfb changes (e.g. structural changes in the 

semiconductor). This defines the stability of the devices, which needs to be studied. For all 

digital applications, OFETs are typically used a switch by operating between on and off 

states. It is important to have higher on/off current ration in order to have better distinction 

between the states. This is also another parameter that defines the efficient performance of 

OFETs. 

In general organic semiconductors are intrinsically non-doped and therefore non-

conducting without an applied gate field (“normally off”). Field effect transistors using un-

doped organic semiconductors work in the accumulation mode (the gate field accumulates 

charges at the semiconductor / dielectric interface that form the conducting channel). From 

the log-plot of transfer characteristics one can see that IDS starts to increase before Vth is 

reached. This is the sub-threshold regime. In Si transistors the “kink” where IDS starts to 

increase is called “turn on voltage” and describes the start of the inversion regime. As there is 

no inversion in organic semiconductors OFETs, the phrase “turn on voltage” can be 

misleading. Alternatively, “switch on voltage” can be used to describe the “kink” in the 
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logarithmic plot of the transfer characteristics where the current starts to increase [50]. The 

current increase in the sub-threshold regime is measured as the sub-threshold slope S (also 

called sub-threshold swing), which indicates the additional VGS required to increase IDS by a 

factor of ten (one decade). Values as low as about 100 mV/dec have been reported [42, 51], 

which is close to the theoretical limit of 60 mV/dec at RT [42, 52] and can be calculated 

using [39], 

                                 ( ) ( )log10 log10
ln( )

GS i D

DS i

V C CkTS
I q C

⎛ ⎞∂ +
= = ⎜ ⎟∂ ⎝ ⎠

                  --------------- (1.9) 

where CD is the semiconductor depletion layer capacitance. 

1.6 Hysteresis effect in OFETs 

Hysteresis indicates the bistability in the OFET current. It is essentially the difference in 

the IDS values observed during forward and backward sweeping of VGS. It could be useful in 

non-volatile memory devices, but it has to be avoided in standard integrated circuits. 

Threshold voltage shifts due to bias stress have been reported more frequently, but detailed 

investigations of hysteresis effects are rare and a complete picture of the physical background 

that may cause hysteresis in OFETs is still unexplored. Some of the mechanisms causing 

hysteresis in OFETs are already quite well described in the literature on inorganic field-effect 

transistor devices. 

a) Interface trapped charges (also called interface state or fast state) are defects or 

impurities at the interface that can be charged or discharged. 

b) Fixed charges in oxide is a positive charge due to structural defects close to the 

channel (2 nm), which does not communicate with the under laying substrate. 

c) Trapped charges in dielectric are electrons or holes trapped in the bulk of the 

dielectric layer. These traps can be introduced during device fabrication and the 

charges (electrons or holes) are injected during device operation. 

d) Mobile charges in dielectric are mainly small alkali metal cations and H+, but can 

also be larger cations or anions. 
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The occurrence of charges (a) to (d) in the Si-SiO2 system is leading to hysteresis 

phenomena in inorganic transistor devices. Interestingly, the practical application of Si 

MOSFETs was delayed in the early 1960s because of severe gate bias instability problems 

caused by mobile ionic charges. Water is known to diffuse into not densely packed SiO2. A 

small amount dissociates into H+ and OH-. These ions can drift in an electric field to the 

channel and cause threshold voltage shifts [53]. The hysteresis effects are very well observed 

in OFETs and causes instability in the device operation. Therefore, it is important to study 

the hysteresis effects in the OFETs. Cyclic transfer characteristics (IDS vs VGS), where IDS 

depends on the sweep direction of VGS show “hysteresis”, which is schematically depicted in 

Figure 1.10. These reversible electrical bistabilities are frequently observed in organic field 

effect transistors. Depending on the microscopic effect the hysteresis can result in a back 

sweep current (the sweep from on to off) that is either higher or lower than the forward 

sweep current (the sweep from off to on state). This can be either “clockwise” or “anti-

clockwise”. However, these notations can be misleading, because the direction of the 

hysteresis also depends on the p- or n-type character of the OFETs of interests. 

Figure 1.10 (a) and (b) show schematic transfer characteristics where the back sweep 

current is higher than the forward sweep current. For p-type OFETs the direction of this 

hysteresis is “clockwise” whereas for n-type OFETs the turning direction is “anti-clockwise”.  

 

Figure 1.10: Schematic representation of hysteresis transfer curves of (a) p-type and (b) n-
type OFETs.  
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Threshold voltage shifts are frequently observed due to bias stress effects on OFETs. Bias 

stress is the application of a (usually) constant VGS for an extended time. Such bias stress 

causes instabilities, which may lead either to hysteresis, if the bias stress effect occurs to a 

large extent reversibly with VGS, or to degradation, if the bias stresses effect is irreversible. 

Hysteresis and degradation might have the same physical origin [54-56]. The direction of the 

shift is such that a fully turned on OFET slowly turns itself off and vice versa [57]. Recovery 

is sometimes possible; it follows power law time dependence and may take a few days in the 

dark. Investigating the bias stress in an OFET can also cause a change in effective field effect 

mobility, which is attributed to an irreversible structural change in the semiconductor due to 

the electro-strictive effect [58].  

Many physical effects causing hysteresis in OFETs are reported.  Some of these effects 

are identical to those already mentioned for inorganic transistors and few more reasons are: 

a) Effects of mobile charges close to or in the semiconductor channel (near the 

semiconductor / dielectric interface):  

1. Trapped majority or minority charges in the channel close to the 

semiconductor / dielectric interface.  

2. Charge injection from the semiconductor into the dielectric. 

3. Slow reactions (e.g. bipolaron formation) of mobile charge carriers in the 

polymeric semiconductor.  

4. Mobile ions in the semiconductor. 

b) Effects resulting in a bulk polarization of the gate dielectric:  

1. Polarization of the dielectric (ferroelectrics as dielectric or meta-stable 

“quasi-ferroelectric” polarization in the dielectric). 

2. Mobile ions in the dielectric. 

c) Charge injection from the gate electrode into the dielectric 

Dielectric (gate insulator) with low k values (“low k dielectric”) increases the mobility 

and reduces the hysteresis [59-61]. High-k dielectrics covered with a thin flat layer of a low-k 

dielectric result in OFETs with low voltage and high mobility [51, 62], whereas a rough 

interface causes additional traps, thus hysteresis increases [63, 64]. The optimized 

combinations of organic-inorganic (polymer-metal oxide) and inorganic-inorganic (metal 
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oxide-metal oxide) dielectrics are acquiring more importance to solve this hysteresis 

problem. 

 

1.7 Gate dielectric layer 

The main focus discussing the characteristics of OFETs is usually on the semiconductor 

and its properties. Ongoing research showed that the dielectric has major influences on the 

device properties. The necessary voltage to form the channel is determined by the 

capacitance of the dielectric layer. Traps, dipoles and the surface roughness of the dielectric 

have a strong influence on OFET performances. Furthermore, the dielectric can influence the 

morphology of the semiconductor.  

The most common gate dielectrics used in both academia and industry are Si substrates 

having SiO2 layers (typically 100-300 nm thick). The utilization of this dielectric is very 

convenient due to the ready availability of the thermally grown dioxide. In fact, silicon can 

be reacted with oxygen or nitrogen in a controlled manner to form superb insulating layers 

with excellent mechanical, electrical, and dielectric properties. Recently, it has been shown 

that the semiconductor-dielectric interface in these devices contains a large density of 

electron-trapping sites due the existence of surface hydroxyl groups, which are present in the 

form of silanols [65]. Neutralization of these sites has been partially solved using surface 

treatments in which a monolayer is self-assembled on the SiO2 surface. 

The interest in new dielectric materials has arisen primarily from the necessity for 

inexpensive device fabrication processes and the reduction of the operating voltages required 

for advanced flexible/printed electronics technologies. In fact, one of the major challenges in 

the development of OFETs has been the rather high voltages needed for their operation when 

using SiO2 gate dielectrics (k ≈ 4), making these devices impractical for low-priced 

applications. It is thus mandatory to search for thin, high-k gate dielectrics to achieve the 

requirements needed for new technologies. One of these requirements is reduction of the 

device size that can be also achieved using high-capacitance gate insulators. In this sense, 

SiO2 has reached its scaling limit, directing the study of many groups in the search for 
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alternative metal oxides (HfO2, Ta2O5, Al2O3, Y2O3, BaTiO3, TiO2, SrTiO3 etc.) as 

alternative insulator layers. 

The main advantage with the above mentioned metal-oxides are that they can be solution 

processable. It allows the fabrication of the devices at low temperatures, which leads to large 

area and flexible electronic applications, results low-cost device technology. In the following 

chapters, we have presented the details of synthesis and importance of different metal-oxides 

Al2O3, TiO2, BaTiO3, SrTiO3, and BaSrTiO3 via characterization of fabricated OFETs. 
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Chapter ­ II 

Experimental Techniques 
 

This chapter presents an overview of different experimental techniques used in this thesis 

work. This includes the techniques for the growth of thin film and the techniques used for 

characterization of the films. The techniques related to the fabrication of organic field-effect 

transistors are also elaborated. Two major growth techniques, namely organic molecular 

beam deposition (OMBD) works under high vacuum condition and anodization techniques 

for thin film growth, were custom designed and fabricated for this thesis work.  It is very 

crucial to attain a precise characterization of structural and morphological properties, which 

in general is only made possible by employing different complementary techniques. Several 

surface sensitive complementary techniques were used to study the growth or organic films 

and their structural information. Scanning electron microscope (SEM) and atomic force 

microscope (AFM) were exhaustively used to study the surface morphology. The dynamics 

of the film growth were studied by monitoring the evolution of surface morphology with time 

by AFM and SEM.  The local structural formation at the molecular level was probed by 

transmission electron microscope (TEM) measurement on some of the systems.TEM and X-

ray diffraction (XRD) are complementary as first one provides local real space information at 

a microscopic length scale whereas the latter probes in reciprocal space. XRD technique has 

also been used to study the overall structural information of few of the systems. The 

techniques related to electrical characterization of the OFETs are also elaborated. This 

includes semiconductor parameter characterization system and probe station, which is 

operated under vacuum. In this chapter, we have provided brief technical details together 

with their working principle of all the above techniques. 
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2.1 Film Deposition Techniques 

In this thesis work, we have used several film deposition techniques for the growth of 

different parts of OFETs. Some of the techniques are developed and few are standard 

commercial systems.  

2.1.1 Developed Deposition Systems 

(a) Organic Molecular Beam Deposition System 

Organic molecular beam deposition (OMBD) is a typical method of thin film preparation 

for small organic semiconductor molecules, which are mostly exhibits low solubility. OMBD 

system works under the principle of molecular beam epitaxy (MBE) that is used for 

evaporating inorganic materials under ultra high vacuum condition. However, as the organic 

molecules are less reactive to impurities, unlike inorganic materials, can be evaporated under 

high vacuum condition as well. We have designed OMBD system, which works under high 

vacuum (base pressure ~ 10-7 mbar). Though there are several standard designed OMBD 

chambers are available, it is needed to modify the design to expand the utility of the chamber.  

 

Figure 2.1 (a) Schematic representation of organic molecular beam deposition chamber and 
(b) Photograph of real chamber assembled in lab. 
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Figure 2.1(a) shows the typical chamber design and figure 2.1(b) shows the real photograph 

of designed chamber. This chamber has been designed such a way that one can do co-

evaporation of four different compounds simultaneously with the help of four Knudsen-cells 

(brought from MBE-Komponenten GmbH) assembled at four different positions of chamber. 

Each Knudsen-cell contains one quartz crucible, which is used to load the organic compound 

and these crucibles are surrounded with heating coil. 

(b) Anodization Technique 

The high-quality Al2O3 gate insulators can be fabricated by electrochemical oxidation 

(anodization) of the gate metal [1]. Anodization is a solution based technique that can lead to 

very thin, pinhole-free, high capacitance OFET gate insulators on cheap substrates [2, 3]. In 

addition to that this process can yield a high-quality metal-oxide insulator at room 

temperature. Here, we have used glass slides (size: 15 mm × 25 mm) to serve as a device 

substrates. Every glass slide was initially cleaned with a 3:1 ratio mixture of sulfuric acid 

(H2SO4) and hydrogen peroxide (H2O2) followed by an ultrasonic bath at 80 ºC to remove the 

organic residues. A 300 nm thick aluminum strips with the dimensions of 1 mm × 20 mm 

were deposited on pre-cleaned substrate to serve as a define gate electrode. As a gate 

insulator, aluminum oxide (Al2O3) was electrochemically grown on the aluminum surface by 

galvanostatic anodization in 0.01 molL−1 citric acid (C6H8O7). The glass substrate with 

aluminum strip and a platinum electrode were immersed in to the electrolyte solution (shown 

in Figure 2.2).  

Platinum serves as a counter electrode, and a thin layer of aluminum act as a working 

electrode. The electrolyte solution was placed on magnetic stirrer to have continuous stirring 

and degassed with argon gas during the whole anodization process with an applied constant 

current density of 0.3 mAcm−2. By monitoring the anodization time of the galvanostatic 

process, the thickness of the oxide layer can be controlled. The reaction mechanism for this 

oxidation process follows as, 

Anode reaction: 2Al + 3H2O → Al2O3 + 6e−+ 6H+ 

                                   Cathode reaction:     6H+ + 6e−→ 3H2 

TH-1322_10612101



26  Chapter II 
 

 

Figure 2.2: Schematic representation of typical anodization process in operating mode.   
 
Further, the anodized sample will be transferred to an ultrasonic bath with de-ionized 

water at 80ºC for several minutes, results pinholes free alumina surface. To get rid of all 

water residues, heating of sample about 200ºC in an oven under reduced pressure for several 

hours is essential. In galvanostatic the anodization is performed by “ramping up the voltage 

up to a limiting anodization voltage VA”. The thickness d of the resulting films can be 

controlled very precisely via the anodisation voltage VA, with d = cVA. c is known as the 

“anodisation ratio” and is related to the electric breakdown field EB via EB ≈ c-1, for Al this 

value is 1.3nm/V. 

2.1.2 Standard Techniques 

(a) Organic Physical Vapor Deposition Technique 

In organic vapor phase deposition (OVPD), an inert carrier gas is used to transport 

organic small molecules towards a cooled substrate. The main advantages of OVPD are 
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scanning probe microscopes (SPM). It works based on the simple principle that a sharp tip is 

brought in direct contact with a surface causing interactions between tip and surface. A 

certain physical variable such as force is probed while the tip is scanning a defined area on 

the sample. In general, a constant interaction between tip and sample surface is set thereby 

recording the reaction of the tip due to topographic changes.  

The instrumental setup of AFM is rather simple consisting of a pyramidal shaped tip 

attached to a probe called cantilever with elastic constant K (see Figure 2.4) which scans the 

substrate surface at small distances [7]. A piezoelectric scanner is either moving the tip 

across the sample or the sample across a fixed tip. Deflections of the cantilever, arising from 

interaction forces between sample and tip, are usually measured by focusing a laser beam on 

the cantilever. The reflected beam from the top side of the cantilever is collected by a 

position-sensitive photodiode.  

 

Figure 2.4: Schematic illustration of atomic force microscopy in operating mode. 

In absence of interaction forces the reflection is centered in the photodiode. However, as 

soon as the tip “feels” a force there will be a deflection of the cantilever. As a result, the 

reflected laser beam is changing its position on the photodiode generating now a different 

photo current. If the photodiode contains four independent segments it is possible to 
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distinguish between deflection and torsion of the cantilever. In response to the normal force 

Fz the cantilever is bending down in z direction according to Hook’s law Fz = KΔz inducing a 

vertical displacement Δz. Torsions, however, lead to a lateral movement of the reflected laser 

beam on the photodiode. The tip-sample force as a function of distance does not follow a 

monotonic behavior which makes it difficult to operate the AFM with a stable feedback loop. 

Thus, different modes are present to overcome this difficulty which basically can be divided 

into the contact mode and dynamic modes. 

Contact  Mode: In the contact mode, the tip is brought in direct contact with the sample’s 

surface. While the tip is scanning across the surface, it is deflected as the tip is moving over 

the surface corrugation. There is a whole zoo of forces contributing to the deflection: short-

range repulsive forces arising from the overlap of the tip and sample orbitals, long range van-

der Waals forces as a result of dipole-dipole interactions, electrostatic forces, friction forces 

and adhesion forces. The measurement of the topography can be either carried out in constant 

height mode or constant force mode, both illustrated in Figure 2.5.  

 

Figure 2.5: (a) Illustration of the constant height mode where the tip scans the surface at a 
constant height. (b) Constant force mode where the cantilever kept at a constant deflection. 

 
The advantage of constant height mode is its simplicity since there is no demand on a 

feedback circuit. However, this mode is only applicable to very flat and smooth surface due 

to the tip’s geometry. The constant force mode is more common. Here, the tip is kept at a 

constant cantilever deflection at each point by using a feedback circuit. If the cantilever 

deflection is changing, the feedback circuit immediately makes sure to get back to the initial 

cantilever position by moving the sample with the help of the piezoelectric scanner. 
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Therefore, the topography of the sample corresponds to the recorded changes in the 

cantilever-surface displacements. To display the force as a function of cantilever-surface 

distance is a general procedure to calibrate the cantilever sensitivity and to investigate the tip-

sample interaction. Here, the cantilever deflection is measured while approaching and 

withdrawing the tip from the sample. 

A special technique of contact mode is the jumping mode which is suitable to image 

softer samples and samples in liquids [8]. The working principle can be described as a cycle 

repeated at each image point with the following steps: first, the tip approaches into contact 

using a feedback which is in general performed on the cantilever deflection. Afterwards, it 

retracts out of contact and moves laterally one step. The relevant feature of jumping mode is 

that the lateral motion occurs when the tip is not in contact with the sample in order to avoid 

shear forces. However, the displacements in ambient conditions can be larger than 200 nm 

due to high adhesion forces. Therefore, the tip-sample separation and the approach step take 

a relatively long time which makes jumping mode a rather slow scanning mode. It should be 

kept in mind that images measured with an AFM are always a convolution of the probe 

geometry and the shape of the features being imaged. De-convolution of the tip should be 

taken into account for the analysis of samples with topographical characteristics in the 

nanometer scale. 

Dynamic Mode  (Non­Contact Mode): The idea of developing an AFM working in the 

so called dynamic mode or tapping mode or non-contact mode was to minimize the sample 

damage which is inherent in contact mode since it is operating in the repulsive regime. Figure 

2.6 represents the schematic of tapping mode AFM.  The dynamic mode, in contrast, is 

taking place in the attractive regime. Here, the cantilever is mounted on an actuator to allow a 

deliberate oscillation by external excitation amplitude ‘A’ and excitation frequency ω. It can 

be distinguished between two basic methods of dynamic operation: amplitude-modulation 

and frequency-modulation [9, 10]. Both modes have in common that the actuator is driven by 

fixed amplitude at a fixed frequency being close to the resonance frequency 0 /k mω =  of 

the free cantilever. This can be simply described by a driven harmonic oscillator with 

damping via the differential equation:  
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                           2 20
0 0 cos( )mmz z m z m A t

Q
ω ω ω ω+ + =

       
 ---------------------- (2.1) 

here, Q is the quality factor related to the damping of the cantilever. The solution of this 

second order differential equation consists of the superposition of a transient term describing 

the adaption of the cantilever movement to the excitation frequency and a steady-state term 

with constant amplitude A0, frequency ω and phase φ: 

          
0 2

0 0 0( ) ( ) cos( )t Q
t tz t Ae sin t A tω ω φ ω φ−= + + +             ---------------------- (2.2) 

tφ  is the phase and At represents the amplitude of the transient term. The exponent ω0t/2Q 

determines the time τ after which the steady term dominates the motion.  

  

Figure 2.6: Schematic illustration of typical AFM operating in tapping mode. 

When the tip approaches the sample, interaction forces change both the amplitude and the 

phase relative to the driving signal of the cantilever. The important difference between 

amplitude-modulation and frequency-modulation is the feedback signal. In amplitude-

modulation the change in amplitude is used as feedback. This change, however, does not 

happen instantaneously with a change in the tip-sample interaction but on a time scale of 

02AM Qτ ω≈ which makes this mode very slow. The problem was solved by introducing the 
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frequency-modulation where the change in the resonance frequency occurs within a single 

oscillation on a time scale of 01FMτ ω≈ . 

Initially, both modes were meant to be non-contact modes implying that the cantilever is 

far away from the surface and clearly in the attractive regime. But the amplitude-modulation 

mode was also later used at an intermediate regime involving repulsive tip-sample 

interactions which is nowadays usually called tapping mode [11-13]. 

2.2.2 Electron Microscopy 

The aim of any microscopy is to resolve structures which are not able to be seen by the 

naked eye. In the previous section, it was shown that this is manageable by the manufacture 

of sharp tips brought in close contact to the sample surface thereby exploiting the presence of 

different interactions between the tip and the sample. Another approach was accomplished by 

the introduction of electron microscopy which uses the wave nature of electrons discovered 

by Louis de Broglie in 1924. The term of an electron microscope was first used by Knoll and 

Ruska in 1932 and they succeeded in recording electron images [14, 15]. For this 

achievement, Ruska received the Nobel Prize (somewhat late) in 1986. 

It is known that the limit of the resolution is given by the wavelength of the light. 

Therefore, electron microscopes (whose electron beams possess a wavelength of about 105 

times smaller than that of light waves) exhibit the essential advantage over light microscopes 

that they can resolve structures in the atomic regime down to one to two Angstroms. In the 

next section, two representatives of electron microscopes will be shortly introduced namely 

the transmission electron microscope (TEM) and the scanning electron micro- scope (SEM) 

which both works under vacuum. References [16, 17] are suggested for a more profound 

understanding of both techniques. 

(a) Transmission Electron Microscopy 

Transmission electron microscopy (TEM) can be divided into imaging and analytical 

TEM. Conventional TEM and high resolution TEM (HRTEM) allow an investigation of the 

micro- and nanostructure of the respective sample with a high spatial resolution down to the 
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atomic level. Analytical TEM, in addition, gives an insight into the chemical composition as 

well as the electronic structure of the illuminated specimen. One prerequisite for TEM-

studies is the thickness of the sample which should not exceed 200 nm in order to assure that 

the high energy electrons pass through. Rotationally symmetric, inhomogeneous magnet 

fields guarantee a collimating and focusing of the electron beam. Figure 2.7 shows 

schematically the optical path in a conventional TEM. The beam is generated in the electron 

source (usually a heated tungsten filament, lanthanum hexa-boride (LaB6) cathode or a field 

emission cathode) and accelerated by an electric potential in the range of typically several 

100 kV. A Wehnelt-cylinder and a condenser lens system focus the electron beam on the 

specimen where the interaction processes take place.  

The scattered electrons emerging from the thin sample are taken by the objective lens 

recombining them again to form an image in the image plane. In addition, a diffraction 

pattern is created in the back focal plane where an objective aperture can be inserted. 

Depending on the adjustment of the intermediate lens the viewing screen is showing either 

the diffraction pattern or the image. If the back focal plane of the objective lens acts as the 

object plane for the intermediate lens, the diffraction pattern can be observed on the screen. 

If, however, the image plane of the objective lens acts as the object plane, then the image is 

projected onto the viewing screen. The contrast differences in conventional TEMs are related 

to the specimen structure and occur in amorphous samples via scattering and in crystalline 

samples by diffraction.  

One problem, which still has to be solved, is that the obtained diffraction pattern from 

the specimen contains electrons from its whole area. In this case, the viewing screen can be 

damaged due to the intense direct beam. Besides, the pattern is not very useful because the 

sample is very often buckled. The standard way to overcome this issue is to use a selecting 

aperture called selected-area electron diffraction (SAED) mode [18]. When using the 

diffraction pattern mode together with the SAED aperture two imaging operations can be 

performed by inserting the objective aperture: the bright-field (BF) image or the dark-field 

(DF) image. The BF image is characterized by selecting the direct beam with the objective 

aperture. In the DF image mode, the scattered electrons are chosen by adjusting the objective 

aperture. 
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Figure 2.7: (a) Schematic representation of scheme of TEM and (b) Photograph of real 
equipment. 
 

(b) Scanning Electron Microscopy 

Scanning electron microscopy (SEM) has a lower resolution than TEM but allows to scan 

larger areas on the sample surface providing a representative overview of the respective 

specimen. In contrast to TEM where the electrons pass through the specimen and create 

“direct” images, is the image in SEM generated by backscattered electrons providing 

“indirect” images. 

A bundled electron beam (the so called primary beam), which contains electrons 

accelerated by an electric potential in the range of only 1-40 keV, is scanning the sample 

surface. The electron beam impinges on the specimen surface and interaction processes take 
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place. These processes can be classified into elastic and inelastic scattering. Elastic scattering 

involves electrons which get deflected by the positively charged atomic nuclei thereby 

changing their trajectory without any loss in energy. The electrons which leave the sample 

again due to single or multiple scattering effects are called backscattered electrons. They 

possess energies in the same order of magnitude as the primary beam. Inelastic scattering 

occurs when primary electrons lose a part of their energy because of the interaction with the 

atomic shell or the atomic nuclei. They transfer a part of their energy to the electrons in the 

sample surface resulting in the emission of secondary electrons. These secondary electrons 

typically exhibit energies in the range of 10-50 eV and are rather “slow” with low kinetic 

energies. Therefore, the ones escaping from the specimen and collected by the detector are 

generated close to the surface (5 to 50 nm) thus leading to the possibility of probing the 

sample surface. The aforementioned backscattered electrons can also be used to image the 

sample surface providing a good material contrast. However, this mode is less surface 

sensitive since the penetration depth of the backscattered electrons is in the range of some 

100 nm.  

 

Figure 2.8: Schematic representation of working scheme of a typical SEM. 
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function in accordance with the Fowler-Nordheim equation [19]; hence, the FESEM image 

displays the projected work function map of the emitter surface. The closely packed faces 

have higher work functions than atomically rough regions and thus they show up in the 

image as dark spots on the brighter background. In short, the work function anisotropy of the 

crystal planes is mapped onto the screen as intensity variations. The magnification is given 

by the ratio M=L/R, where R is the tip apex radius and L is the tip-screen distance. Linear 

magnifications of about 105 to 106 are attained. The spatial resolution of this technique is of 

the order of 2 nm and is limited by the momentum of the emitted electrons parallel to the tip 

surface, which is of the order of the Fermi velocity of the electron in metal. A Sigma-Zeiss, 

Germany model equipment used in this thesis work and the photo graph of that one has 

shown in Figure 2.9. 

 
2.3 Spectroscopic Characterization Techniques  

2.3.1 Ultra Violet­Visible Spectroscopy  

Ultra-Violet Visible spectroscopy (UV-Vis) is used to determine the absorption 

coefficients and optical band-gaps of materials at visible and ultra-violet wavelengths. This 

technique allows the quantification of the energy gap between the ground state of an electron 

and the next lowest state. This is identified as the wavelength at which absorption starts, 

known as absorption onset. The absorption coefficient, which is a measure of the amount of 

light that is absorbed by a material at a particular frequency, can also be quantified. 

The energy required to promote an electron to the next available energy state depends on 

what type of bonding the electron is involved in inside the molecule. UV-Vis uses a light in 

the wavelength range of approximately 200 - 1000 nm, or 1.2-6.2 eV. This energy will excite 

electrons involved in π bonding into anti-bonding orbitals (π*), and will also excite n-

electrons, which are electrons in non-bonding molecular orbitals, into σ* and π* anti-bonding 

orbitals, but is not large enough to excite electrons from σ orbitals. The absorption spectra of 

a sample can unveil details of the material species that it contains the energy gap between the 

materials HOMO and LUMO, and the quantity of material species in the sample. 
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The equipment used in the experiments involved in this thesis was a Shimadzu UV-

3101PC spectrophotometer, which is a typical example of a commercially available 

spectrometer shown in Figure 2.10. 

 

Figure 2.10: Working mechanism of UV-Vis. spectrophotometer.  

2.3.2 Fourier transform infrared spectroscopy 

Fourier Transform Infrared Spectroscopy (FTIR), the preferred method of infrared 

spectroscopy. In infrared spectroscopy, IR radiation is passed through a sample. Some of the 

infrared radiation is absorbed by the sample and some of it is passed through (transmitted). 

The resulting spectrum represents the molecular absorption and transmission, creating a 

molecular fingerprint of the sample with absorption/ transmission peaks which correspond to 

the frequencies of vibrations between the bonds of the atoms making up the material. 

Because each different material is a unique combination of atoms, no two compounds 

produce the exact same infrared spectrum. Therefore, infrared spectroscopy can result in a 

positive identification (qualitative analysis) of every different kind of material. In addition, 

the amplitude of the peak in the spectrum is a direct indication of the amount of material 

present. Generally, this spectroscopy is useful to identify the unknown materials in a 

composite, to determine the quality or consistency of a sample and to determine the amount 

of components in a mixture. The brief details of working mechanism and spectral analysis 

were documented in reference [20]. The photograph of FTIR taken from our lab is shown in 

Figure 2.11.  

TH-1322_10612101



Experimental Techniques 39 
 

 

Figure 2.11: Photograph of FTIR spectroscopy used in this work.  

 

2.3.3 X­ray diffraction Technique 

The technique of X-ray diffraction is a very powerful technique that allows for the 

interpretation of the atomic structure of crystalline materials. A beam of electromagnetic 

radiation of wavelength 0.1-100 Å is directed at a sample, which diffracts the beam at an 

angle determined by the separation of the sample’s atomic spacing and the wavelength of the 

incoming radiation. The angle and intensity of the diffracted beam can be detected using 

either a point or area detector and the structure of the sample can then be inferred from the 

recorded data. 

The Bragg condition describes the criteria for a diffraction pattern that arises from the 

constructive interference caused by the scattering of x-rays from an ordered crystal. It is 

equivalent to the Laue condition and is characterized by the Bragg equation, 

                                               2 sin( )n dλ θ=                                    -------------------- (2.3) 

where d is the lattice spacing, θ is the angle of incidence of the radiation with respect to the 

crystal planes, of wavelength λ and n is the order of diffraction. 
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From the x-ray line profiles that are produced from the data it is possible to extract the 

‘particle’ or ‘domain’ sizes of the materials under examination. Atypical crystal can be made 

up of many smaller grains, and particularly in the case of a nano-wire sample in which each 

wire is on the order of tens of nanometers in height and width and a few microns in length, 

some of these dimensions can be extracted from the data. For a nano-wire it might not be 

expected that the entire length forms one perfect crystal and rather that there are 

discontinuities along the long axis. For grain sizes from around 0.1 µm and below the 

diffraction patterns are very sensitive to the grain sizes and line broadening begins to occur, 

where the extent of the broadening is given by 

                                                      cos( )
KB

D
λ
θ

=
                                   

 -------------------- (2.4) 

Where B is the full width half maximum (FWHM) broadening of the diffraction line in 

radians, and D is the diameter of the crystal particle. K is the Scherrer’s constant and is often 

cited in the literature to be 0.9, and was in fact derived in Scherrer’s original paper to be K = 

2[2 ln(2)/π]1/2 ≈ 0.93 [21]. Owing to the huge data bank available from JCPDS Powder 

Diffraction Files (PDF) covering practically every phase of every known material, crystal 

phase of the sample is identified from the peak positions of the diffractogram. Homogeneous 

or uniform elastic strain in the (hkl) direction can also be calculated from the shift in the 

diffraction peak positions, and the dhkl spacing of the unstrained crystal. In this thesis, all the 

XRD data were taken from a commercially available model TTRAX-III, RIGAKU-2500 

using a Cu Kα1 (λ=1.5406Å) radiation with nickel filter. Figure 2.12 represents the schematic 

illustration and photograph of commercial XRD unit. 

 
Figure 2.12: (a) Schematic representation of a typical XRD and (b) photograph of 
commercial XRD of model TTRAX-III, RIGAKU-2500. 
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Chapter III 

Kinetic Roughening in CoPc Thin Film 
Growth 
 

3.1 Introduction 

Organic thin films are used as active channels for the fabrication of thin film based 

organic field effect transistors. Therefore, the performances of the devices are found to 

crucially depend on the structure and morphologies of the films [1-3]. Detailed understanding 

of growth mechanisms in organic thin-film deposition is crucial for tailoring growth 

morphologies, which in turn determine the electrical properties of the resulting films. In past 

decades, several theoretical models were established to relate the thin film growth 

mechanism to a set of scaling exponents [4-6]. The exponents describe the variation of 

roughness and lateral correlation lengths as film grows with time. These models were tested 

for a large number of inorganic systems and few organic systems [7-9]. Growth of organic 

thin films is more complex than inorganic film growth due to anisotropy and very week 

intermolecular interaction (van der Waals type). Therefore, most of the organic film growth 

mechanisms showed anomalous scaling behavior supporting a different universality class, 

which needs further theoretical support. Therefore, knowledge on the growth of organic thin 

film is still far from complete.  

In this chapter, we report the growth mechanism of cobalt (II) phthalocyanine (CoPc) thin 

films growth on SiO2 surfaces (i.e. native SiO2 on Si(100) substrate). CoPc has emerged as 

an important molecule because of its high thermal and chemical stability [10, 11]. However, 

CoPc was found to form islands at the early stage of the growth [10, 12]. As growth 

continues, the films become rough and no smooth film formation is observed. Therefore, the 

charge transport through the film is extremely poor to consider for fabrication of devices 
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based on CoPc thin-film active channel. However, the enhancement of carrier mobility is 

observed recently for the devices based on CoPc wires where better molecular alignment has 

been observed [13]. Due to poor film quality of CoPc, these molecules were attracted less 

attention for the fabrication of thin film based organic electronic devices and require detail 

understanding of the growth mechanism in order to have control over the growth at 

molecular level. In this work, we have studied the growth of CoPc films on SiO2 surfaces and 

explored the possible reasons for such morphology formation. The scaling exponents were 

calculated to identify the roughening mechanism in the growth. The formation of rough films 

has been explained by the presence of an additional activation barrier for an adatom when 

crossing a step edge [14, 15], which is usually called Ehrlich-Schwöbelbarrier (ESB). The 

ESB found to vary as the film grows [16, 17]. In organic thin-film growth, a wide variety of 

growth morphologies are observed because of the complexity in their building blocks and 

inter-molecular interactions. Recently, the formation of mounds in organic thin-film growth 

[18-21], as well as theoretical efforts to understand the effect of ESB on the growth [21, 22], 

has been reported. In contrast to the epitaxial growth of inorganic materials, organic film 

growth is expected to be more complex because molecules are anisotropic and have internal 

degrees of freedom that open novel diffusion channels accompanied by changes in the 

molecular conformation. In those cases, ESB restrict the downward diffusion of the 

molecules and the deposited molecules on the steps piles up to form islands. As a result, the 

film becomes rough. Monomer bulk diffusion also was reported to be the origin of the kinetic 

roughening for the growth of polymer film by vapor deposition technique [7]. We have 

observed that the local diffusion of the CoPc molecules even at the elevated substrate 

temperature of 120°C plays crucial role for kinetic roughening of CoPc film on SiO2 

surfaces. In this case, the diffusion activation energies along the vertical and lateral growth 

direction were found to be similar. This indicates the favorable diffusion condition for CoPc 

molecules for upward and lateral diffusion. 

In addition to SiO2 substrates, to study the influence of the substrate surface on the 

growth of CoPc films, we have also used mica (001) (KAl2(AlSi3O10)(OH)2–2
1M muscovite) 

surfaces, which are atomically flat reconstructed surfaces. Freshly cleaved mica (001) 

surfaces form a pseudohexagonal structure. We have used these surfaces for the growth of 
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CoPc molecules. Due to three-fold symmetry in the mica surface lattice, it is expected to 

observe uniform diffusion of the CoPc molecule on these surfaces. We have studied the 

kinetics of the growth of CoPc microstructures on these surfaces.  

3.2 Experimental Details 

The powdered CoPc molecules were purchased from Alfa Aesar (USA) used as source 

material. Thin film growth was carried out in a custom designed organic molecular beam 

deposition apparatus with four Knudsen cells. The detailed design of this equipment can be 

found in section 2.1 of chapter II. We have used SiO2 and freshly cleaved mica (001) as 

substrate surface for the growth of CoPc molecules. In order to clean SiO2 substrates, initially 

the substrates were treated with piranha solution and then sonicated in several cycles with 

acetone, methanol, de-ionized water and finally purged with argon gas to remove residual 

contaminants. In the case of mica substrate, the cleaning of top surface has been carried out 

by cleaving of topmost few layers of mica with the help of scotch tape.  The sublimation 

temperature of CoPc source powder was fixed at 350ºC. Series of CoPc films were grown 

with the function of coverage and substrate temperatures. To understand the growth 

mechanism as a function of film coverage, the deposition times were varied as 1 min, 2 min, 

4 min, 6 min and 10 min. In order to study the diffusion of the molecules, we have grown 

CoPc films at various substrate temperatures, such as 25 ºC, 60 ºC, 120 ºC, 180 ºC and 220 

ºC. Chamber pressure was maintained at approximately ~10-7 mbar during the growth with 

the fixed deposition rate ~0.2 Å/sec. The film surface morphology was monitored using an 

atomic force microscope (AFM) (Agilent 5500-SPM) in tapping mode to avoid any film 

damages due to tip surface interactions. 

3.3 Results and Discussions 

3.3.1 Coverage Dependent Growth of CoPc Thin Films 

In this section, we describer the morphology evolution of the CoPc films on SiO2 

surfaces with the growth time. A typical atomic force micrograph (AFM) of clean SiO2 

surfaces is shown in Figure 3.1(a). The surface was found to be very smooth with rms 
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roughness is 0.3 nm. This is the roughness of native oxide layer formed on Si(100) surface 

and it is amorphous in nature. Figure 3.1(b–f) are showing the representative AFM images of 

CoPc films grown at 120°C substrate temperature with 1, 2, 4, 6 and 10 min deposition time, 

respectively. Formation of CoPc islands are clearly observed for the film with 1 & 2 min 

deposition time as shown in Figure 3.1(b-c). As the deposition time increases, these islands 

grow laterally as well as vertically forming percolated structures, which are shown in the 

subsequent AFM images in Figure 3.1(d–f). However, no uniform film formation is observed 

even after 10 min deposition of the molecules. Formation of large islands on top of the 

percolated structures is observed and marked using arrow as shown in Figure 3.1(f). 

 

Figure 3.1: Representative AFM images of (a) SiO2 surface and CoPc films grown on SiO2 
surfaces at 120 °C substrate temperature with various deposition times (b) 1 min, (c) 2 min, 
(d) 4 min,  (e) 6 min and (f) 10 min. 

 
In order to study the dynamic behavior of this growth process, we have calculated the 

different scaling exponents from the morphology evolution of the films. The variation of 

local surface slope of the islands during the growth is also studied. These quantities were 

determined from the height-height correlation function, G(r,t),which is defined as mean 
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square of height difference between two surface positions separated by a distance r for the 

deposition time t as, [ ]2( , ) ( , ) (0, )G r t h r t h t= −  where h(r,t) and h(0,t) are the heights of the 

surfaces at two different locations separated by a distance r. The bracket signifies an average 

over all available pairs of points obtained from the AFM images [23-26]. When r is small, 

the height-height correlation function varies as , with r ا  ξ(t), where, ξ(t) 

is the characteristic in-plane length scale, α is the roughness scaling exponent and m(t) is the 

local surface slope of the height profile for small length scale [25, 27]. m(t) was calculated 

from the fitting of linear portion of log-log plot of  G(r,t) vs r as per the equation mentioned 

earlier. The growth of the CoPc films can be studied by monitoring two parameters, which 

can describe the island growth. First parameter represents the average size of the island, 

whereas, the second one represents the average separation between islands. Lateral 

correlation length, ξ(θ), is the measure of the length beyond which surface heights are not 

significantly correlated. For the surfaces with island formation, this length essentially 

measures the size of the island [28]. Other parameter to characterize surface, the wavelength 

(λ), it signifies the average separation between islands. λ and ξ must satisfy the relation ξ ≤ λ 

as the islands are separated by at least their size. However, when the islands grow next to 

each other would imply that ξ = λ [29].  In case of percolated structures, λ is not well defined. 

Therefore, we calculated ξ to characterize the CoPc film growth.  

Figure 3.2 shows the log-log variation of G1/2(r,t) vs r. In order to determine ξ, we have 

calculated G(r,t ) from AFM images following the procedure described earlier. To avoid 

sampling induced effect in the G(r,t) calculation from height fluctuations, care has been 

taken to include many AFM images in the averaging of G(r,t) data. In our analysis we have 

checked that 6 to 10 AFM images taken from different parts of the sample were enough to 

give statistically reliable data to obtain G(r,t) plot. An up shift of G(r,t) data as deposition 

temperature increases, as shown in Figure 3.2, indicates a roughening in the growth process. 

To monitor the roughening process quantitatively, we measure the interface width W(t)  as 

function of t.   Interface width W(t) is essentially the rms roughness of the surface. 

 W(t)  (shown by arrow mark in Figure 3.2) is the value of G1/2(r,t) at the first local 

maximum, as W(t)= G1/2(ξ/2) where ξ  marked by an downward arrow, is the position of r at 

G(r,t) = [m(t)r]2α
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the first local minimum of G1/2(r,t) [30]. This definition of interface width is preferable over 

the large r limit of G(r,t) as artifacts at large length scales  can affect AFM data.  

 

Figure 3.2: Height – height correlation plot with log-log variation of G1/2(r,t) vs r for the 
films grown at different deposition time intervals 1, 2, 4, 6 and 10 min. 

 

The roughness exponent α was determined from a power fit to the linear part of the log-

log plot of G1/2(r,t) vs r. α essentially represents the variation of height fluctuation as 

deposition time increases. It corresponds to the vertical growth of the film. The average α 

observed in the growth of CoPc film is 0.81± 0.05.Interface width, W(t) increases following 

power law as,  with exponent β  = 0.37±0.05.  The exponent β characterizes the 

dynamics of the roughening process and is called growth exponent. The lateral correlation 

length, ξ(t) increases following power law as, , with 1/z = 0.23 ± 0.06. The exponent 

1/z is called dynamic exponent. Log-log variations of W and ξ  versus t are shown above in 

Figure 3.3. Figure 3.3(a) shows the increasing nature of W as the film grows with t. This 

clearly indicates the roughening of the film growth. However, the increasing nature of ξwith 

t, as shown in Figure 3.3(b), indicates the lateral growth of the islands. This confirms that the 

W (t) ~ tβ

ξ(t) ~ t1/z
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islands grow vertically as well as laterally and the overall film becomes rough with an 

increased deposition time. 

 

Figure 3.3: Log-log variation of (a) interface width (W) and (b) lateral correlation length (ξ) 
with respect to deposition time t. The estimated values of growth exponent, β, and dynamic 
exponent, 1/z, also represented. 
 

In order to quantify the dynamics of roughening, we have plotted ξ versus W for all the 

samples and it is shown in Figure 3.4. From the equations of W versus t and ξ  versus t, as 

described earlier, one can easily derive that ~W γξ , with the exponent γ = β/(1/z) = 1.67 ± 

0.23, as measured from the linear fit. In this case, the ratio of β  = 0.37±0.05 and 1/z = 0.23 ± 

0.06, is 1.61 ± 0.13, which is comparable with the fitted value of γ  within the measurement 

error. Therefore, the competition of lateral and vertical growth can be estimated by the value 

of γ > 1 and it is clearly indicating the faster vertical growth that corresponds to the 

roughening mechanism of the film growth.  
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underline layer together with larger islands on top can be seen at 220°C substrate temperature 

when diffusion of the molecules is supposed to be higher.   

 
Figure 3.5: AFM topography images of CoPc films grown on SiO2 surfaces at different 
substrate temperatures (a) 25 °C, (b) 60 °C, (c) 120 °C, (d) 180 °C and (e) 220 °C with 10 
min deposition time. 
 

To understand the evolution of the film morphology, we have calculated G(r,t). Figure 

3.6 shows the variation G1/2(r,t) versus r as before. The average α observed in this case is 

0.78 ± 0.04. This is close to the value (0.81 ± 0.05) obtained while coverage of the CoPc 

were varied. The average value of α  obtained from both the cases is 0.79 ± 0.06. With 

increase of substrate temperature, both interface width and lateral correlation lengths were 

closely following an Arrhenius behavior as , exp( / )a BW E k Tξ −∼ , with surface diffusion 

activation energy Ea = 0.34 ± 0.03 eV, kB is Boltzmann constant and T is the substrate 

temperature, as shown in Figure 3.7(a) and 3.7(b). This is interesting to observe similar 

activation barrier along vertical and horizontal growth. Activation   barriers   for W  and 

ξ  have been associated with   rotational   and   translational   barrier   of    the   molecular    

diffusion [32]. In this case, they correspond to the diffusion  of  the  molecule  along  the  
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local   surface   slope   and  in  plane  on  the  terraces, respectively. Therefore, lateral 

diffusion of the molecule is equally probable to the vertical diffusion of the molecule that 

contributes to up wards diffusion current of the molecules. However, the upward diffusion 

current can be purely controlled by ESB if one considers sufficient diffusion of the molecules 

at a given growth temperature. 

 

Figure 3.6: Hight-hight correlation plot with log-log variation of G1/2(r, t) vs r for the films 
with 10 min deposition timegrown at different substrate temperatures 25, 60, 120, 180 and 
220 °C. 

 

Figure 3.7: Arrhenius behavior of (a) interface width (W) and (b) lateral correlation length 
(ξ) with the function of substrate temperature T. 
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To understand the detail diffusion process during the growth of CoPc film at 120 °C 

substrate temperature, we studied the variation of local surface slope, m(t), as the deposition 

temperature increases. If m(t) is independent of the growth time, t, then it is said to be 

stationary growth. In such cases, height-height correlation function coincides for r <<ξ. 

Whereas, for non-stationary growth due to limited diffusion of the molecules, the local slope 

m(t) increases with time and an up-shift of G(r, t) can be observed as film thickness increases 

[27]. This represents island growth as we see for CoPc film. In order to study the growth, 

several theoretical models are proposed.  In non-equilibrium film growth driven by surface 

diffusion, the growth equation is written as [9], 

                                                           ----------------- (3.1) 

with, κ and λ are constants and η is a random fluctuation around the average flux F causing 

roughening. The linear and non-linear parts are decided by the constants and represent the 

detail growth processes. Linear equation corresponds to the local growth when atoms stick to 

the nearest kink sites irreversibly. When surface molecule is able to overcome the 

intermolecular interaction and hops to the next sites represents the intermediate diffusion of 

the molecules and the growth processes are described by the nonlinear equation [8]. In case 

of local diffusion, the local surface slope increases with time and can be described as 
1/2( ) ( ) ln( / )cm t h C t t= ∇ = , where C is constant and tc is transition deposition time to the 

scaling regime [8, 33]. 

  
Figure 3.8: Variation of local slope (m (t)) with deposition time t for the films grown at 
different deposition time intervals. 

∂h
∂t

= −κ∇4h + λ∇2 (∇h)2 + F + η(r,t)
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Figure 3.8 shows the plot m(t) versus t and the fit with the equation as described. The 

value of tc obtained from the fit is 0.99 min. This indicates that our smallest coverage sample 

with 1min deposition time is already within the scaling regime.  This dependency in local 

surface slope confirms the local surface diffusion of the molecules. Local surface diffusion 

apparently causes instability in the growth even at 120 °C substrate temperature. As a result, 

roughening in the CoPc growth at 120 °C substrate temperature is observed. It is to be noted 

that continuum growth equation involves only height profiles h and its derivatives, 

characteristic of the local nature of diffusion. 

However, only diffusion model alone cannot explain the growth exponents, which we 

observed. From the theoretical treatments of non-equilibrium film growth, the predicted 

scaling exponents are α =2/3 and β =1/5 [34]. However, the linear growth equation predicts α 

= 1 and β = 1/4 [35]. On the other hand, due to step edge barrier (ESB), the diffusion can also 

be limited at the step edge and form uniformly sized pyramids with stationary slope. The 

predicted scaling exponents for ES barrier are α = 1 and β =1/4 [36]. None of these models 

support the exponents observed for CoPc growth. Actually, an understanding for the kinetic 

roughening in film growth is still far from complete [8]. Therefore, growth models 

considering the different issues related to organic film growth may be required to explain the 

exponents and may be belonging to a different universality class. 

3.3.3 Growth of CoPc on mica (001) surfaces 

From the last section, it was clear that the formation of islands significantly is influenced 

by the diffusion of the molecules. In order to study the influence of the substrate surfaces on 

the growth, we have studied growth of CoPc molecules on mica (001) surfaces as we 

increase the diffusion of the molecules by a systematic increase in the growth temperature. 

Freshly cleaved mica (001) surfaces were used for the growth. The bulk structures of mica is 

monoclinic with lattice constants of a = 5.20 Å, b = 9.03 Å, c = 20.11 Å and β = 95.78º; the 

easy accessible cleavage plane corresponds to (001) [37]. Figure 3.9 shows 1 µm × 1µm  

AFM  images  representing the  surface morphology of CoPc films grown at different  

substrate temperatures, such as 25 °C; 60 °C; 120 °C; 180 °C ; 220 °C, respectively.  
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Figure 3.9: 1 µm × 1µm  AFM  images  characterizing  the  surface morphology of CoPc 
films on mica at different  substrate temperatures: (a) 25 °C; (b) 60 °C; (c) 120 °C; (d) 180 
°C ; (e) 220 °C. 
 

With the increased substrate temperature, the diffusion of the molecules increase leading 

to formation of long percolated micro structures with possible improvement in crystalline 

quality. The percolated structure formation starts from initial temperature 25°C onwards. The 

formation of elongated strips like structures going one over the other forming percolated type 

structure is observed at higher temperatures (120 °C and 180 °C, see Figure 3.9(c) and 

3.9(d)). At very high temperature (220 °C), the distortion of these structures can be seen with 

reduced length as shown in Figure 3.9(e). This could be due to the instability the film growth 

arises because of high substrate temperatures. To study the effect of growth temperature on 

such formation of the films, we have calculated G(r,t) for all the samples. Figure 3.10 shows 

the variation G1/2(r,t) versus r as earlier.  The average α observed  in  this  case  is  0.89 ± 

0.07. With increase of substrate temperature, both interface width and lateral correlation 

length are closely following an Arrhenius behavior as , exp( / )a BW E k Tξ −∼ , with surface 

diffusion activation energies obtained as, Ea(ξ) = 0.07 ± 0.03 eV and Ea(W) = 0.17 ± 0.04 eV, 
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which are shown in Figure 3.11(a) and 3.11(b). The observation of two different activation 

energies represents the dissimilar diffusion of the molecules along the lateral and the vertical 

growth.  

 
Figure 3.10: Height-height correlation plot with log-log variation of G1/2(r,t) vs r for the 
films grown at different substrate temperatures 25, 60, 120, 180 and 220 °C. 

 

Figure 3.11: Arrhenius behavior of (a) interface width (W) and (b) lateral correlation length 
(ξ) with the function of deposition temperature T. 
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Lower surface diffusion activation energy for lateral growth possibly results percolated type 

structures. This clearly confirms that the diffusion of the molecules significantly influenced 

by the properties of substrate surfaces. 

3.4 Conclusions  

In conclusions, we report the origin of roughening in the growth of CoPc film on SiO2 

surfaces. We have observed equal diffusion activation energy for lateral and vertical 

diffusion of the molecules. However, it was found that local surface diffusion, which exists 

even at 120 °C growth temperatures, plays crucial role for roughening in CoPc film growth. 

In order to understand the effect of substrate temperature on the diffusion of CoPc molecules, 

we have studied the growth of CoPc molecules on the atomically cleaned mica (001) 

surfaces. The growth kinetics of CoPc molecule on mica has been discussed. The reported 

scaling exponents obtained from the growth of CoPc molecules on SiO2 surfaces confirms 

that the growth belongs to a different universality class. Therefore, the understanding the 

growth of organic molecules is far from complete.  
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Chapter IV  

CoPc microstructures based OFETs 
with higher carrier mobility 
 
 

4.1 Introduction 

Organic semiconductors are advantageous in general because of their facile and large-

scale synthesis, solution processability, molecular and electronic tunability by fictionalization 

[1, 2]. One-dimensional (1D) organic nanostructures, such as nanowires, nanotubes, 

nanoribbons, and nanofibers prepared via self-assembly from conjugated small molecules or 

conjugated polymers constitute the next-generation materials for a vast array of electronic 

applications [3, 4]. They are promising materials for a multitude of applications including 

vapor sensors [5, 6], phototransistors [7, 8], solar cells [9], nanoscale lasers [10], memory 

elements [11], miniaturization of devices [12], and as the active semiconductor elements for 

organic field-effect transistors (OFETs) [13, 14]. The advances in molecular design and 

synthesis have made it possible to tune the molecular structures and properties of organic 

semiconductors to meet the technological requirements for fabricating practical devices. 

Especially, organic field-effect transistors (OFETs) have great potential in the wide range of 

applications such as flexible electronics [15], radio frequency identification (RFID) tags [16]. 

It is well known that the performance of the organic semiconductor is governed by how 

molecules or polymer chains assemble in the solid state [17, 18]. Because organic molecules 

in 1D nanowires self-assemble into highly organized single-crystalline 1D structures, they 

are ideal for fundamental studies. Moreover, these are model systems for elucidating 

transport mechanisms [4, 19], structure-property relationships [20], and for understanding 

intrinsic transport phenomena [21]. 
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Studies on aromatic molecules have shown that self-assembly through strong π–π  

interactions can lead to the formation of one-dimensional nanostructures preferred for  

organic field-effect transistors (OFETs), since this packing theoretically results in high 

mobilities in devices [22]. This phenomenon is reported to be the result of increased overlap 

between the electronic wave functions of neighboring molecules in the stack [22]. Recent 

reports are demonstrating that the strong overlap in electronic wave functions leads to an 

increase in bandwidth and this directly correlates to electrical conductivity in the coherent 

transport regime [23-25]. OFETs with active channels of this kind of aromatic molecules are 

generally exploited to enhance carrier mobility.  

The field-effect carrier mobility (µFE) of OFETs not only depends on the organic 

semiconductors and their molecular arrangement within the active channel of the device but 

also on the gate dielectric that controls the charge flow through the channel. Charge density 

in the active channel is largely confined to the first few monolayers at the dielectric-

semiconductor interfaces [26-28]. Therefore, the mobility at this region is highest. As a 

result, a better capacitive coupling between active channel and the gate dielectric is expected 

to enhance charge carrier mobility of the devices. In order to achieve this, a proper selection 

of gate dielectric materials with specific device design is essential. Inorganic oxides such as 

SiO2, Al2O3, TiO2, Ta2O5 are frequently utilized high-k gate dielectric materials for OFETs 

fabrication. However, most of the high dielectric constant materials suffer from expensive 

deposition method and poor film quality requiring relatively thick films to reduce gate 

leakage current. As a result, the capacitance decreases and the operating voltage increase 

significantly. 

 Al2O3 is a promising material because of suitable low-cost deposition process through 

the conversion of Al by anodization [29-31]. Al2O3 also exhibits excellent insulating 

properties (dielectric constant ~ 8 – 10) with an electrical breakdown field of > 8 MV/cm 

[32]. However, anodized Al2O3 films are in general very rough to grow semiconductor 

channel on top of the film. Nevertheless, the leakage current is also very high. In such cases, 

multi-component dielectric system combining inorganic and organic dielectric films showed 

better performances of the devices [33, 34]. Organic nature of interface between active 

channel and dielectric layer may provide a more efficient capacitive coupling with the 
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channel, perhaps because of better matching in surface energy of these materials [29, 35]. 

Such high performance OFETs are demonstrated using polymer-treated inorganic dielectrics 

[33, 35]. Polyvinyl alcohol (PVA), poly (methyl methacrylate) (PMMA), poly(4-

vinylphenol) (PVP) [36-38] are frequently utilized as organic component of dielectric 

polymer for OFETs fabrication.  

In this chapter, we described the growth of CoPc microwires using organic vapor phase 

deposition (OVPD) method. Tested with several substrate surfaces to achieve long CoPc 

microwires, which can be used in wires based OFET fabrication as an active channel. CoPc 

microwires grown on different surfaces were characterized by means of FESEM, TEM, 

XRD, UV–Vis., Fourier transform infrared spectroscopy (FTIR). Fabrication processing 

steps and obtained device parameters were elucidated.   

    
4.2 Experimental Details 

4.2.1 Growth of CoPc Microstructures 

Organic vapor phase deposition (OVPD) technique has been used for the growth of CoPc 

microstructures on different substrates. The details of this system are described in section 2.3 

of chapter II, which is essentially a single zone furnace. The powdered β-cobalt 

phthalocyanine molecules were procured from Alfa Aesar (USA) and used as source 

material. Initially CoPc powder was loaded in a ceramic boat, which was placed into a quartz 

tube inside a horizontal tube furnace (as shown in Figure 2.3). The furnace temperature was 

kept at 400°C. To avoid the CoPc oxidation and to carry CoPc molecule, a flowing argon 

atmosphere was employed during the vapor deposition process. The argon gas flow rate was 

kept at 100 sccm (standard cubic centimeters per minute). Various substrates including glass, 

mica, silicon, and metal coated glasses were put along the downstream side of the flowing 

argon to collect the molecules. CoPc molecules form nano to micron size wire like structures. 

The microstructure synthesis have been done on different substrates at various substrate 

positions of 25 cm, 23 cm and 21 cm from the centre of furnace, which provides the substrate 

temperatures of 130 °C, 200 °C and 270 °C respectively.  

TH-1322_10612101



66  Chapter IV 
 

4.2.2 Fabrication Process of CoPc wires based OFETs 

For CoPc micro-wires based OFET fabrication, initially aluminum gate contact of 

thickness of 300 nm was deposited on pre-cleaned glass surfaces. A part of Al film was then 

anodized to form Al2O3 layer to be used as a gate dielectric layer. Anodized Al2O3 surfaces 

were found to be very rough with rms roughness is about 8.3 nm (concluded from AFM and 

profilometer data). In order to achieve a smooth interface between gate dielectric and organic 

channel, we have spin-coated the Al2O3 surfaces with 45 nm PVA (MW~125,000) layer of 

5wt%.  In  this  process,  the  rms  roughness  of  the  dielectric  surface  reduced  to  0.2  nm.   

 

Figure 4.1: Illistration of different steps of the fabrication of CoPc microwires based OFET. 

 
This is essentially due to lower surface free energy of PVA (~0.045 J/m2) than Al2O3 (~1.7 

J/m2). The stack of Al2O3 and PVA layers were used as gate dielectric layer for the OFET 

fabrications. The relatively longer CoPc molecular wires obtained by tuning the growth 

process, were chosen for the fabrication and were separated from the substrates and dispersed 

in ethanol solvent. These micro-wires then transferred on to pre-prepared organic-inorganic 

hybrid dielectric surfaces. Gold (Au) electrodes were deposited by thermal evaporation with 

shadow-mask of 50 µm channel length and 1mm channel width. Figure 4.1 shows the 
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detailed fabrication steps of OFET. The output and transfer characteristics curves for the 

multi-wires OFETs were taken in air using Keithley-4200 SCS parameter analyzer and a 

probe station. 

 
4.3 Results and Discussions 

4.3.1 CoPc Microstructure Growth on Various Substrates 
I. FESEM Results: 

In this section, we summarize the FESEM results of CoPc wire like microstructures 

grown on different substrates. For the fabrication of OFETs based on the CoPc wires as 

active channel, we need to improve the length of the wires as long as possible such that a 

better connection between source and drain through the wires can be made. In order to 

achieve this, we have tested with several substrates and different growth temperatures to 

optimize the growth of CoPc 1D structure formation.  

CoPc  Growth  on  Glass  Substrate:  Figure 4.2 shows the FESEM images of thin strip like 

microstructures grown on ordinary glass substrates with different substrate temperatures, 

such as 130 °C, 200 °C and 270 °C respectively. In all the cases, growth time was fixed to 10 

min with argon gas flow rate of 100 sccm. We have observed the formation of CoPc thin 1D 

strips with average size is about 1 µm at 130 °C growth temperature. As the growth 

temperature increases, strips grow to form CoPc 2D sheets together with long and thick strips 

as shown in Figure 4.2 (b &c). However, the maximum length of these sheet observed is 

about 3 μm at 270 °C growth temperature.  

 
Figure 4.2: FESEM images of CoPc microstructures on glass substrates grown at substrate 
temperatures (a) 130 °C, (b) 200 °C and (c) 270 °C. 
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CoPc  Growth  on Mica  Substrate:  In the process of finding appropriate 1D structures of 

CoPc for OFETs fabrication, we have used muscovite mica (KAl2(AlSi3)O10(OH)2) as 

another substrate of choice, since the freshly cleaved mica form atomically cleaned mica 

(001) surfaces. In such case, the diffusion of the molecules will be influenced by the surface 

structures of the mica (001), which is essentially pseudo hexagonal 2D surface lattice [39]. 

Though, mica (001) surface has three fold symmetry, no structure formation is observed 

which follow the symmetry of the underlying mica surfaces. Moreover, we have observed the 

formation of unidirectional CoPc long strips, which are attached with the substrates as shown 

in Figure 4.3. As the growth temperature increases, the length of the strips are also increased 

unidirectional (Figure 4.3 (a-c)). This clearly confirms that the formation of these 

microstructures has less dependency on the surface structures. However, mica surfaces found 

to influence the growth of the CoPc to form very long strips. Since, the strips grow onto the 

surface and are attached with the substrates; it would be difficult to transfer the strips from 

mica substrates to the active channel of the devices.  

 
Figure 4.3: FESEM images of CoPc microstructures on mica substrate grown at various 
substrate temperatures (a) 130 °C, (b) 200 °C and (c) 270 °C. 
 
CoPc  Growth  on Metallic  Surfaces: In order to explore the effect of metal surface on the 

growth of CoPc microstructures, we have used metal films as the surface of interest. We have 

grown about 100 – 120 nm thick Ag, Al and Au films on glass substrates and were used for 

the growth of CoPc films. Representative FESEM images of the CoPc films grown at 130 °C, 

200 °C and 270 °C substrate temperature are shown in Figure 4.4. The growth time for all the 

samples was kept 10 min. Figure 4.4 (a – c) show the morphology of CoPc films grown on 

Al/glass surfaces. Formation of micron size strips was observed. As the growth temperature 

increased, the size of the strips increase and are tending to form flat 2D CoPc strips as 

observed in case of glass substrates. However, the size of the strips is much smaller than the 
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2D strips observed in case of glass. In case of Ag/glass surfaces, we observed needle like 

structures formation. Sub-micron size crystal formation is observed as the growth 

temperature increased to 270 °C as shown in Figure 4.4 (d – f). In case of Au/glass surfaces, 

CoPc islands formation is observed on a wetting layer. As the growth temperature increases, 

the islands increase their sizes (see Figure 4.2(c)).  

 
Figure 4.4: Representative FESEM images of CoPc microstructures on (a-c) Ag/Glass, (d-f) 
Al/Glass and (g-i) Au/Glass surfaces at different substrate temperatures 130 °C, 200 °C and 
270 °C respectively.  
 

Metal nanoparticles are reported to show highly catalytic properties and Au nanoparticles 

were exhaustively used to initiate organic wires growth [40-46]. We have also tested with Au 

nanoparticle to initiate CoPc wire formation. Au nanoparticles were grown in glass substrates 

using thermal evaporation followed by rapid thermal annealing. Typical FESEM image is 

shown in Figure 4.5(a). The formation of CoPc nanowires is observed as shown in Figure 

4.6(b–c). However, the average size of the wires is about 300 nm. None of these 

microstructures grown on metal surfaces are suitable for the fabrication of CoPc wire based 
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OFETs. Since in our methodology, we require to transfer the wires to channel. These wires 

are relatively smaller in size.   

 

Figure 4.5: (a) FESEM image of Au nano-particle template, (b) Nanowires growth on 
template and its zoomed image (c). 
 
Micron wire Growth on SiO2 Substrate:  

 

Figure 4.6: FESEM images of micron wires grown on SiO2 substrate with different synthesis 
time 10 min (a-c) and 20 min (d-f) at various substrate temperatures 130 °C, 200 °C and 
270°C.  
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In addition to glass and metal surfaces, we have used SiO2 surfaces for the growth of 

CoPc microstructures. The substrate temperatures were varied to 130, 200 and 270 °C during 

the growth and CoPc molecules were grown for 10 min and 20 min. FESEM images of CoPc 

microstructures grown on SiO2 surfaces are shown in Figure 4.6. We have observed the 

formation of nanostrips and nanowires at 130 °C substrate temperature for 10 min deposition 

time as shown in Figure 4.6(a). As the substrate temperature increases to 200 °C and 270 °C, 

we observed the formation of big crystals, microstripes and microwires, which are shown in 

the Figure 4.6(b) & (c). The typical length of the microstrips at 20 min growth time are about 

~100 µm which are not clearly visible in the FESEM images shown in Figure 4.6(f) as only a 

section of the strips are exposed to the surface. These microstrips were removed from the 

substrates into ethanol solution and then transferred on the active channel of OFETs 

fabricated on glass substrates. Figure 4.7(a) shows the optical micrograph of the CoPc strips 

as active channel of the devices. The source and drain contacts are clearly visible. The 

dimension of active channel is about 50 µm. The average length of the micro strips is 

confirmed by optical micrograph as shown in Figure 4.7(b). 

 

Figure 4.7: (a) Optical micrograph of CoPc wire based transistor with representation of 
source – drain electrodes and channel; (b) Magnified image CoPc wires in the channel.   

II. FT-IR Results: 

CoPc molecules were thermally evaporated in 400°C to grow the microstrips which were 

used for the fabrication of OFETs. In order to confirm that there was no decomposition of the 

molecules, we have analyzed the strips using FT-IR and compared the results with the source 

materials. Figure 4.8 shows the FT-IR results taken from the micro strips and the powder 
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CoPc molecules. The five characteristic IR bands observed in case of CoPc at 731, 782, 877, 

915, and 1290 cm-1 are similar in both the cases, indicating that CoPc molecules do not 

undergo any decomposition or other chemical reactions during the growth process. 

 

Figure 4.8: FTIR spectrogram of plain CoPc wires and its source powder with representing 

of significant peak positions. 

III. UV-Vis. Results: 

In order to study the optical response of the CoPc microstrips, we have performed UV-

Vis. absorption study on the strips. The absorption spectra are given in the Figure 4.9. The 

tensile stress produced due to the constraint imposed by the substrate temperature, may affect 

the electronic structure and thereby result in new absorption spectra. The optical band gap for 

the as-deposited nanostrips with 20 min growth time was found to increase with substrate 

temperature. Anderson et al. have reported that the central metal atom of the phthalocyanines 

influences the optical absorption spectrum. Yamashita et al.  [47]  have observed that the Q-

band absorption of CoPc shifts towards longer wavelengths when deposition temperatures 

are increased. It is the significance of α-phase and for CoPc nanowires, this phase shows two 

absorption maxima at the Q-band with wavelengths of 625 nm and 705 nm. The two maxima 

peaks are separated by 82 nm as shown in Figure 4.9. As the substrate temperature increased 
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represents the highly order molecular arrangement within the wires. The diffraction peaks 

were indexed with tetragonal α-phase of CoPc structure. It is apparent from the analysis that 

out-of-plane orientation of the wires grown on the substrate is along [100] crystallographic 

direction. Our results agree well with the existing literatures describing preferential growth 

direction of these molecules in thin films [50, 52]. The first order peak corresponds to an 

inter planer spacing of 1.23 nm. Corresponding second and third order diffractions peaks are 

also observed as shown in the inset of Figure 4.10. This clearly revealed the single crystal 

nature of the wires. 

 

Figure 4.10: X-ray diffraction pattern of powdered CoPc and its microwires deposited on 
SiO2 substrate. 
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It was shown also that the powder consists entirely of the polymorph, and with the 

appearance of additional peaks probably indicates the existence of a small proportion of 

different polymorph or impurities. The sharp diffraction peaks and the flat baseline of XRD 

curve indicate a perfect crystalline feature. 

TEM planar view of a single wire is shown Figure 4.11(b). The crystalline nature of the 

wires was further confirmed by high-resolution transmission electron microscopy (HRTEM) 

as shown in Figure 4.11(c). The molecular planes within the wires are seen in HRTEM result. 

The inter-planer spacing measured form HRTEM images are about 1.22 nm, which confirm 

the spacing observed from XRD measurement. 

 

Figure 4.11: (a) SAED pattern of single CoPc wire, (b) TEM planar view of a single wire 

and (c) HRTEM image of single wire. 

4.3.2 CoPc Micron-wires based OFET Fabrication 

Efficient field-effect mechanism for OFETs can enhance the performance of the devices 

significantly by controlling the charge flow through the channel. We have optimized the 

device structure that ensures a better capacitive coupling between the gate and the channel 

through dielectric layer to enhance field-effect carrier mobility.  

I. Optimization of Dielectric Layer Thickness 

In our devices, we have used the dielectric layer as combination of Al2O3 and PVA. The 

total capacitance measured in Au/PVA-Al2O3/Al system largely depends on the capacitance 

arises from the geometric capacitance Cb due to dielectric layer in series with an effective 

interfacial capacitance Ci  [30, 31]. The interfacial capacitance is associated with the interface 

states at the metal-insulator interfaces. The capacitance Cb can be written as 0 /bC k A dε= , 
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where k is dielectric constant and ε0  is the permittivity of free space. A is the capacitive area 

and d is the effective thickness of the dielectric layer. Here Cb arises due to combined layer 

of Al2O3 and PVA. We have assumed a single capacitance due to their comparable dielectric 

constant. The measured capacitance (Cm) is considered as a series combination of Cb and Ci. 

As a result, one can write the measure capacitance with simple relation [30]. 

                                                0

1 1 1 1

m b i i

d

C C C k A Cε

= + = +

   
           ----------------- (4.1) 

which can show a linear dependence of inverse capacitance with d with a non-zero intercept 

at d = 0. This dependency is verified and plotted in Figure 4.12(a). All the values of 

capacitance for different d were calculated for unit area. The value of k calculated from slope 

of linear fit, as shown in Figure 4.12(a), is 8.6 which is within the range of reported dielectric 

constant of Al2O3 and PVA materials. This value thus indicates good quality dielectric film 

obtained using organic-inorganic materials combination. From the zero thickness interception 

at inverse capacitance provides the value of Ci = 45 nF/cm2. The cross over thickness at 

which Cb = Ci occurs is dl = 40 nm. This provides the lower limit of the thickness of the 

dielectric layer that can be used for the devices for better capacitive coupling with the 

channel. At any thickness smaller than dl, the interface contribution dominates capacitive part 

of the dielectric materials. Therefore, thickness of the dielectric layer should be any thickness 

greater than dl. However, the capacitance is inversely proportional to the thickness of the 

dielectric layer. As a result, any higher d also minimizes the capacitance. In order to find out 

the optimized thickness of the dielectric materials for our devices, we measured the leakage 

current through the capacitance. Figure 4.12(b) shows the plot for leakage current, J vs d, 

which clearly shows that the leakage current significantly decreases with the thickness of the 

dielectric film and reached to the value of about ~10-8 A/cm2 at the thickness 75 nm. The 

leakage current is measured at the maximum gate operating voltage (-20 V) of the OFETs. 

Here, we have essentially varied the thickness of PVA layer on top of a 30 nm anodized 

Al2O3 film. We have selected final thickness of the dielectric layer as 75 nm for the 

fabrication of OFETs. This thickness includes 45 nm of PVA layer. 30 nm thickness of Al2O3 

layer was chosen in order to keep the thickness of the PVA layer minimum. It is to be noted 

TH-1322_10612101



CoPc microstructures based OFETs with higher carrier mobility  77 
 

that without Al2O3 layer, the required thickness of PVA is about 1µm to achieve 10-8 A/cm2 

leakage current. 

 
Figure 4.12: Representative plots of (a) Variation of capacitance with thickness and (b) 

Leakage current variation with thickness of hybrid dielectric.  

 
II. Transistor Parameter Extraction  

In order to fabricate OFETs, the CoPc wires grown on silicon substrates were transfer 

into ethanol solution in which the wires are not soluble. The CoPc wires suspended solution 

was then dropped onto the PVA dielectric surfaces. Once the ethanol was evaporated, the 

wires were deposited onto the dielectric surfaces. Gold (Au) electrodes were deposited by 

thermal evaporation with shadow–mask of 50 µm channel length and 1mm channel width. 

Figure 4.13(a) shows the typical design of OFET. Figure 4.13(b) shows an optical 

micrograph of the device top showing the source-drain contacts and the deposited CoPc wire 

mesh on the channel. The output and transfer characteristics curves for the multi-wires 

OFETs were collected in air using Keithley-4200 SCS parameter analyzer. The transfer 

characteristics in ambient exhibit a threshold voltage -7.8 V as shown in Figure 4.13(c-d). 

The on/off ratio obtained from the devices is ~104. The maximum obtained carrier mobility 

(µFE) is 1.65 cm2/Vs and the average charge carrier mobility is 1.11 ± 0.20 cm2/Vs based on 

more than 20 test devices. While calculating the mobility, we assumed that the channel width 

is completely covered by CoPc wires as shown in Figure 4.13(b). However, effective width 
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of the channel could be less than the actual channel width that we assumed in our 

calculations. Therefore, the actual mobility from these devices is expected to be more than 

the quoted value. It is to be noted that Yang et al observed the mobility 2.6×10-4 cm2/Vs for 

50 ML thick CoPc thin film based OFETs [53].  

 

Figure 4.13: (a) Typical design of an OFET, (b) optical micrograph of showing the channel 
containing CoPc wires. Bright parts are source and drain connection, (c) output 
characteristics and (d) transfer curve and plots of IDS

1/2 vs VGS for CoPc wire based OFETs.  
 

Zhang et al. demonstrated enhanced charge carrier mobility for thin film based transistors 

made of sandwiched CoPc and copper phthalocynine (CuPc) layers to 0.11 cm2/Vs. In both 

the cases, the used dielectric materials were inorganic materials. The enhanced mobility 

observed in our OFETs is due to single crystal wires, which are essentially free form grain 

boundaries. However, we have used large number of interconnected CoPc wire-mesh within 

the channel. As a result, junctions between wires may be considered as defect boundaries, 

which may reduce the mobility. Single wire OFETs could eliminate this effect. The enhanced 

mobility observed is largely contributed by field-effect mobility in our case. This comes 

essentially from the major fraction of wires, which have better capacitive coupling with gate 
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and are directly in contact with the PVA surfaces. Highly smooth PVA surfaces results a 

better contact of the wires with the dielectric. Field-effect mobility was further improved by 

the appropriate selection of the dielectric materials and the thickness at which the leakage 

current is significantly low. 

 

4.4 Summary & Conclusions 

In this chapter we have investigated the 1D growth of CoPc microstructures. Studies on 

morphology of CoPc microstructures influenced by different surfaces like glass, mica, 

Ag/glass, Al/glass, Au/glass, Au nano-particle template and SiO2 were done. With the 

optimized parameters like flow rate of carrier gas, substrate temperature, substrate type and 

deposition time, we were able to grow long 1D microwires. To ensure the crystalline quality 

and wires purity, the experiments were performed by means of XRD, TEM, FTIR and UV-

Vis. Selective wires with high crystallinity were used in OFET fabrication. We have 

observed significant enhancement of field-effect carrier mobility of CoPc wire based OFETs. 

The enhanced mobility achieved by the combination of organic and inorganic materials as 

gate dielectric. At the same time, the proper selection of the thickness of the dielectric layers 

improves the capacitive coupling between channel and gate. In this case, the capacitance due 

to dielectric layer was dominated the contributions from interface capacitance. In order to 

identify the best process condition of OFET design, we varied the thickness of the dielectric 

layers combining with leakage current measurements and determined the thickness of the 

layer for better performance.  
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Chapter V 

Effect of Growth Temperature on the 
Performance of PTCDI­Ph OFETs 
 

5.1 Introduction 

Generally, organic semiconducting active channels of the OFETs are grown on the gate 

dielectric surfaces. The gate field through the dielectric layer induces charge carriers in the 

active channel, which essentially creates conducting channel through the active layer. 

Therefore, it has been found that charge transport through the active channel depends closely 

on the morphology of the film in contact to the dielectric layers [1-3]. Thin films with high 

structural order are required to realize the novel electronic and optical applications that have 

been proposed for devices based on small conjugated molecules. Enormous progress have 

made in understanding how the performances of OFETs depends on the structural definition 

of the active channel grown on dielectric layers over last few decades [4-20]. It is also 

reported that the charge transport properties of conjugated molecules like perylene 

derivatives are intrinsically correlated with their crystalline structure, with the degree of 

orientation, and with grain size, although the exact form of these correlations is not yet well 

understood. Therefore, optimization of OFET performances requires the control and the 

understanding of the growth parameters of organic semiconductor channel on dielectric 

layers. In this chapter, we have studied the growth kinetics of the active organic channel 

grown on polymer dielectric layer. Thermodynamics and growth kinetics of the organic thin 

films on dielectric surfaces depends on different deposition parameters such as substrate 

temperature, coverage, deposition rate, chemical and structural nature of the substrate 

surfaces [21-25]. Substrate temperature influences on the diffusion of organic molecules on 

substrates and controls the film morphology. Since the charge transport through the organic 

channel is strongly correlated to the electronic structure and self-organization of the 
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molecules. The film morphology can be tuned by varying substrate temperature to optimize 

different OFET parameters such as carrier mobility, threshold voltage and on/off ratio [2]. 

Nevertheless, a dielectric layer used in the fabrication of OFETs also influences the above 

parameters [26]. Enormous research has been carrier out to understand the growth of organic 

film on dielectric surfaces like SiO2 [2, 23]. Several other materials with higher dielectric 

constants are routinely being used for the fabrication of OFETs [27, 28]. Dielectric layer in 

OFETs has an important role to play in charge transport through the device. Charge density 

in the active channel of the device is largely confined to the first few monolayers at the 

dielectric-semiconductor interfaces [29-31]. Therefore, the mobility at this region is highest. 

As a result, a better capacitive coupling between active channel and the gate dielectric along 

with a better molecular assembly are expected to enhance field-effect carrier mobility of the 

device. This is due to the enhanced mobile carrier density at the accumulation layer. 

Therefore, the influence of dielectric layer on the growth of organic active channel has 

become important to study in order to fabricate efficient devices. To achieve this, a proper 

selection of gate dielectric materials with specific device design is essential along with the 

fabrication of active channel for better charge transport mechanism. In such cases, multi-

component dielectric system combining inorganic and organic dielectric films showed better 

performances of the devices [32, 33]. Organic nature of the interface between the active 

channel and the dielectric layer may provide a more efficient capacitive coupling with the 

channel, perhaps because of better matching in surface energy of these materials [28, 34]. 

Such high performance OFETs are demonstrated using polymer-treated inorganic dielectrics 

[32, 34]. Polyvinyl alcohol (PVA), poly (methyl methacrylate) (PMMA) and poly(4-

vinylphenol) (PVP) [35-37] are frequently utilized organic polymer dielectrics for OFETs 

fabrication. In this work, we have used the combination of PMMA and Al2O3 as the bi-layer 

dielectric for the fabrication of N,N′-diphenyl-3,4,9,10-perylenedicarboximide (PTCDI-Ph) 

as active channel of OFETs. We have explored the effect of substrate temperature on the 

growth of the active channel and showed how the carrier mobility can be enhanced by 

controlling the surface morphology of the organic channel grown on PMMA layer.  

This chapter covers N,N′-diphenyl-3,4,9,10-perylenedicarboximide (PTCDI-Ph) thin film 

growth on SiO2 and on a bilayer dielectric consisting layers of poly (methyl methacrylate) 

(PMMA) and Al2O3 for the fabrication of organic field-effect transistors (OFETs). Substrate 
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temperature was varied between 30 and 120 °C during the growth of PTCDI-Ph. The 

evolution of surface morphology with the substrate temperatures was studied. We have 

studied how the OFETs parameters, such as carrier mobility and threshold voltage, depend 

on the growth of the films. The characteristic parameters of rough surfaces were measured as 

the films grow. OFETs were fabricated with the same films and OFETs parameters were 

correlated with those parameters.  

5.2 Experimental Details 

PTCDI-Ph is one of the Perylene derivative synthesized, purified and used as an active 

material for the OFETs fabrication. Figure 5.1 shows the typical molecular structure of 

PTCDI-Ph molecule. Two sets of transistors were fabricated using two different dielectrics, 

such as SiO2 and polymer surface. SiO2 substrates are commonly considered as gate 

dielectric for the fabrication of microelectronic devices. However, in this study, SiO2 

substrates were used to compare the influence of substrates on the OFET parameters. 

 

Figure 5.1: Molecular structure of PTCDI-Ph organic semiconductor. 

5.2.1 PTCDI­Ph based OFET fabrication on SiO2 substrate 

Highly boron (B) doped silicon (Si) (Resistivity: 0.001-0.005 Ω-cm) with thermally 

grown oxide layer of 300 nm wafers were used to fabricate the devices. Initially, all the 
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shown in Figure 5.3. In order to grow source and drain contacts, silver (Ag) was deposited by 

thermal evaporation using shadow masks. The typical channel width (W) and length (L) of 

the designed OFETs are 1500 μm and 30 μm respectively. In general, gold, aluminum, silver 

and chromium metals are used as contact materials for OFETs to provide good electron 

injection into the active channel. The field-effect carrier mobility is also dependent on the 

work function of the metallic contacts [39, 40]. All the electrical measurements were 

performed under vacuum conditions (~10−2 mbar) by means of a Keithley-4200 SCS 

parameter analyzer. In ambient conditions, poor device performance has been observed. 

However, all the OFETs were recovered the performance immediately and shown better 

electrical characteristics under vacuum. 

5.3 Results and Discussions 

5.3.1 Evolution of surface morphology 

(a) PTCDI­Ph/SiO2 Film Morphology 

Figure 5.4 shows the typical representative AFM images of PTCDI-Ph thin films on SiO2 

substrate grown at different substrate temperatures. Sample grown at 30ºC substrate 

temperature (see Figure 5.4(a)) is showing the formation of small random grains, which 

indicate a very poor molecular packing within the film with large numbers of grain 

boundaries. As the growth temperature increases, we have observed the formation of needle 

like long molecular terraces as shown in Figure 5.4(b-d). The formations of rectangular 

shaped terraces are clearly visible as shown in Figure 5.4(d). This indicates a better 

molecular arrangement in the film formation. However, at the same time, the films become 

rough as growth temperature increases and are not favorable for  the  fabrication of OFETs. 

Therefore, for better charge transport through the organic layer, one needs to have uniform 

molecular films in the active channel with enhanced crystalline quality [1, 41, 42]. Rougher 

surfaces make the films discontinuous and the charge hopping is restricted due to large grain 

boundaries. Therefore, optimized growth conditions are required to fabricate organic channel 

for better charge transport mechanism. 
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Figure 5.4: PTCDI-Ph/SiO2 thin films topography obtained from AFM in tapping mode at 
various substrate temperatures 30, 60, 90 and 120 ºC.  

 

(b) PTCDI­Ph/(PMMA/Al2O3) Film Morphology 

Figure 5.5(a) shows representative AFM images of anodized Al2O3 surfaces. This clearly 

shows the formation of large grains, which essentially makes the surface very rough with 

typical rms roughness of 23.9 nm. As a result, high leakage current (~10-4 A/cm2) was 

observed in this film. In order to minimize the leakage current, a PMMA layer was grown on 

Al2O3 surfaces. The typical AFM image of PMMA surfaces is shown in Figure 5.5(b). The 

roughness of the PMMA surfaces is reduced significantly and is typically about 1.42 nm. The 

thicknesses of both the layers have been optimized in order to achieve lower leakage current 
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with a minimum thickness and lower surface roughness. We observed the minimum leakage 

current of ~10-9 A/cm2 at the thickness of 10 nm Al2O3 including 100 nm PMMA layer on 

top and also observed a reasonably higher capacitance(~14.3 nF/cm2) from the combined 

layer dielectric system. It is to be noted that in order to achieve about ~10-9 A/cm2 leakage 

current without Al2O3 layer, we need to use PMMA layer alone of about ~1 μm thick. By 

using bi-layer dielectric we were able to reduce the thickness of the dielectric layer 

significantly. PTCDI-Ph films were grown on the smooth PMMA surfaces at different 

substrate temperature. 

 

Figure 5.5: Tapping mode AFM images of (a) anodized Al2O3 and (b) PMMA coated Al2O3 
surfaces. 
 

Figure 5.6(a-d) show the typical AFM images of PTCDI-Ph surfaces grown at 30, 60, 90 

and 120 °C substrate temperature, respectively. As substrate temperature increases, the size 

of grains at the top surface initially decreases up to 90 °C as shown in Figure 5.6(a-c). At the 

same time, the roughness of the films is successively decreased as one goes from Figure 

5.6(a) to (c). Figure 5.6(c) is clearly showing the formation of small grains on top of a 

smooth film. However, formation of large mounds is observed at 120 °C substrate 

temperature as shown in Figure 5.6(d). These films are clearly showing discontinuity within 

the films by forming holes and leads to a rough film. 
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Figure 5.6: AFM topographic images of PTCDI-Ph thin films grown on hybrid dielectric at 
various substrate temperatures (a) 30 ºC, (b) 60 ºC, (c) 90 ºC and (d) 120 ºC. 

5.3.2 Electrical Characterizations 

Both SiO2 and hybrid dielectric substrates were used for the fabrication of PTCDI-Ph 

based OFETs in order to study the charge transport through these films. The output and the 

transfer characteristics curves obtained from these devices are shown in Figure 5.7. We have 

extracted carrier mobility using equation described in chapter I. Figure 5.8 shows the 

summarized carrier mobility for all the OFETs fabricated using the PTCDI-Ph films grown 

on SiO2 at four different substrate temperatures.  

We have observed a reduction in threshold voltage (VTH) as temperature increases from 

30 to 90 °C (Table 5.1). This can be attributed to a better  molecular self-assembly  within 

the  film  due  to  enhanced  diffusion  of  the   molecules  at  higher  substrate   temperatures.  
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Figure 5.7: Output and transfer characteristics of PTCDI-Ph OFETs fabricated on SiO2 
substrate at different temperatures (a-b) 30 ºC; (c-d) 60 ºC; (e-f) 90 ºC and (g-h) 120 ºC. 
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Figure 5.9: Output and transfer characteristics of PTCDI-Ph OFETs fabricated on bilayer 
dielectric at different temperatures (a)-(b) 30ºC, (c)-(d) 60ºC, (e)-(f) 90ºC and (g)-(h) 120ºC.  

s
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This can be attributed to reduction of the density   of defects, grain   boundaries   and the 

crystallographic defects within the film. These defects act like trap states of the mobile 

carrier at the accumulation region of the OFETs. Therefore, the density of charge carriers at 

the interface of organic channel-dielectric layer reduces. A uniform film was formed at 90 °C 

substrate temperature as shown in Figure 5.9(e). However, we have observed the formation 

of discontinuous films due to larges mounds growth with pores at 120 °C substrate 

temperature, which is shown in Figure 5.9(f). The formation of pores could also be due to 

desorption of the molecules at higher substrate temperature. As a result carrier mobility 

observed in the OFETs fabricated with this film decreased. In this case, we have observed 

large negative threshold voltage of about -8.0 V. The highest carrier mobility observed is 

0.021 cm2/Vs from the OFETs fabricated with the film grown at 90°C substrate temperature.  

The summarized values of carrier mobility and threshold voltage from the devices 

fabricated with bilayer dielectric have been given below (Table 5.2).  

S.No. Substrate 

Temperature (ºC) 

Threshold Voltage 

VTh(V) 

Carrier Mobility µ 

(cm2/V-s) 

1 30 0.75 0.0007 

2 60 0.55 0.003 

3 90 0.45 0.021 

4 120 -8.0 0.0035 

Table 5.2: Summarized parameters of threshold voltage and carrier mobility of PTCDI-Ph 
OFETs with bilayer dielectric. 
 

We have observed the reduction in threshold voltage, which is about 0.45 V. The device 

operating voltage was found to be about 20 V, which is lower than the devices fabricated 

with SiO2 as dielectric layer. 

5.3.3 Film morphology and device properties 

In order to correlate the observed variation of carrier mobility with morphology as the 

growth temperature PTCDI-Ph film increases, we have calculated height-height correlation 
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function, G(r), which is defined as the mean square of height differences between two 

surface positions separated by a distance r as [ ]2( ) ( ) (0)G r h r h= −  , where h(r) and h(0) 

are the heights of the surface at the locations separated by a distance r and the brackets 

signify an average over pairs of points [43-46]. For the small r, height-height correlation 

function , with r << ξ, where, ξ is the characteristic in-plane correlation length, 

m is local surface slope and α is the roughness scaling exponent [47-49]. In-plane correlation 

lengths are the measure of the length beyond which surface heights are not significantly 

correlated. For the mounded surfaces, this is essentially the size of the mounds [49]. To 

determine ξ, we have calculated G(r) from AFM images following the procedure described in 

ref [50, 51]. In order to avoid sampling induced effect in the G(r) calculation, care has been 

taken to include many AFM images in the averaging of G(r) data. In our analysis, we have 

checked that 6 to 10 AFM images from each sample were enough to give statistically reliable 

data to obtain G(r) plot.  

 
Figure 5.10: Square root of height−height correlation function calculated from AFM images 
of all the PTCDI-Ph films grown at various substrate temperatures, PMMA and Al2O3 
surfaces. Roughness exponent (α) is calculated from the power fitting of the linear portion. 

G(r) ~ (mr)2α
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In order to understand the dynamics of growth as substrate temperature increases, we 

have studied how ξ and W evolve with substrate temperature since ξ estimates the lateral 

growth and W estimates the vertical growth of the film. W is the value of G1/2(r) at the first 

local maximum, as ,where ξ marked by an upward arrow as shown in Figure 

5.10, is the position of r at the first local minimum of G1/2(r) [51, 52]. The definition of 

roughness amplitude is preferred over the large r limit of G (r) because artifacts at large 

length scales can affect AFM data. Figure 5.10 summarizes the log-log variation of G1/2(r) vs 

r for all the surfaces. The value of ξ and W obtained for PMMA is less than Al2O3 surfaces. 

This revealed the formation of smooth PMMA surfaces.  

The smooth dielectric surfaces are essential to achieve a better capacitive coupling 

between the gate and the active organic channel. The roughness exponent α was determined 

from a fit to the linear part of the log-log plot of G1/2(r) vs r. α essentially signifies the height 

fluctuation that corresponds to vertical growth of the film. Asymptotically, α =1, represents a 

morphology with very smooth local surfaces. We have observed the average value of α for 

all the PTCDI-Ph films as 0.81 ±  0.06. It is interesting to note that the roughness exponent, 

α  for Al2O3 and PMMA surfaces are found to be 0.82 ± 0.03 which is similar to the PTCDI-

Ph films within the measurement error. This signifies that the subsequently grown films of 

PMMA and PTCDI-Ph follow the same local surface properties of Al2O3 films and 

essentially follow the Al2O3 surfaces. In case of MBE growth, the theoretically predicted α 

 considering for nonlinear growth equation is 0.66 [53]. If one consider the linear growth 

equation, the exponent will be α =1 [54]. In this system, the observed roughness exponent 

may be attributed to a crossover of linear and nonlinear regimes. Similar results were also 

reported for the growth of polymer films [55, 56]. The difference between the observed and 

predicted exponents indicates that the growth of organic films is different from the 

conventional MBE growth.  

The evolution of the surface morphology can be quantified through the variation of ξ and 

W with substrate temperature. Though ξ and W are calculated from the morphology of the top 

surface layer, but variation of these parameters describes the kinetics of the growth process 

of the film. Smaller ξ characterizes the small grains formation, which makes the film 

continuous and smooth. Such films are expected to show a better charge transport 

W = G1/2 (ξ / 2)
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mechanism. The variation of ξ and W obtained for the PTCDI-Ph surfaces grown at different 

substrate temperatures can be observed from the G1/2(r) vs r plot shown in the upper part of 

Figure 5.10. Shift of G1/2(r) is observed as the substrate temperature increases. This 

represents mounded growth when local surface slope changes as the film grows. This growth 

process is termed as non-stationary growth [47]. We have observed constant local surface 

slope of all the films is about m = 0.36. This again confirms that the local surfaces are 

independent of growth temperature.  

In order to study how the carrier mobility depends on the film growth, we have plotted 

the variation of ξ, W and carrier mobility with substrate temperature as shown in Figure 5.11. 

When the substrate temperature increases, the value of ξ and W decreases up to 90°C and 

then again increases as shown in Figure 5.11(a). The minimum ξ and W were observed for 

the films grown at 90 °C substrate temperature. Figure 5.11(b) shows the variation of carrier 

mobility with substrate temperature. Significant enhancement of carrier mobility (~0.02 

cm2/Vs) has been observed for the device  fabricated  with the film grown at  90 °C substrate 

 

Figure 5.11: Variation of (a) In-plane correlation length (ξ), (b) Interface width (W) and (c) 
Carrier mobility (µ) with substrate temperature. 
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temperature. Substrate temperature essentially determines the growth kinetics by controlling 

diffusion of the molecules. The enhancement of the carrier mobility in this case may be 

attributed to a favorable molecular arrangement for efficient charge transport in the 

accumulation region at 90 °C substrate temperature. However, carrier mobility decreases as 

the substrate temperature increases to 120°C and the film becomes rough. Whether a film can 

be  kinetically  rough  or  smooth  depends  on  the  relative lateral  and  vertical  growth rate.  

 

Figure 5.12: Log-log variation of interface width (W) with lateral correlation length (ξ). 
Solid curve represents the least-squares fit of the power equation to the data points as W γξ ∼
with exponent γ = 0.34 ± 0.03. 

 
Figure 5.12 shows the variation of lateral correlation length (ξ) vs interface width (W) 

and found to follow a power law behavior as , with exponent γ  = 0.34 ±  0.03. 

Mounded surface formation depends on the upward diffusion of the molecule and the 

diffusion at step edge barrier (Ehrlich–Schwoebel barrier) [57]. However, the formation of 

smooth film is essentially guided by lateral diffusion of the molecules. Therefore, the 

competition between these two growth processes determines if the film to be smooth or 

rough. The diffusion activation energies along vertical and lateral growth direction are 

expected to be different. Power law behavior of ξ and W represents the relative growth that 

determines the film morphology. The parameter γ may be attributed to a factor relating to the 

diffusion activation energies along vertical and lateral diffusion of the molecules. It is to be 

noted that ξ and W do not follow Arrhenius behavior as the temperature increases within the 

ξ ~ W γ
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range of this measurements. This is the signature of smooth film growth since both the value 

of ξ and W decrease as temperature increases. However, the measured value of the ξ and W 

increased when substrate temperature increased to 120 °C. In this case, the crystalline quality 

of the film may be improved due to enhanced diffusion of the molecule, but at the same time, 

the film becomes rough and discontinuous due to the formation of large number of holes as 

shown in the AFM images in Figure 5.6(d). The rapid roughening by the formation of pores 

in the films at 120 °C substrate temperature may be attributed to lateral in-homogeneities in 

the molecular arrangement in the film at higher growth temperature. Desorption of the 

molecules at higher growth temperature may also destabilize the film. Therefore, OFETs 

fabricated at 120 °C substrate temperature is expected to showed poor carrier mobility as 

observed. 

5.4 Summary & Conclusions 

In this work, we have studied the growth of PTCDI-Ph films on both SiO2 and bilayer 

dielectric of organic-inorganic combination. The substrate temperature during the growth has 

been varied. We observed higher carrier mobility of 0.021 cm2/Vs for the OFETs fabricated 

with the PTCDI-Ph films grown at 90 °C substrate temperature. We have studied the 

evolution of surface morphology as the substrate temperature increases and observed a higher 

lateral diffusion that makes the film smooth. As a result, the carrier mobility improves with 

the growth temperature. However, very high substrate temperature makes the film rough and 

the carrier mobility reduces.  We have demonstrated the correlation between carrier mobility 

and growth parameters. Reduction in operating voltage and enhancement in carrier mobility 

achieved by using bilayer dielectric in combination with anodized alumina for 90 °C grown 

PTCDI-Ph films based devices.  
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Chapter VI  

PTCDI­Ph Based Low – Operating 
Voltage OFETs with Metal – Oxide 
Gate Dielectrics   
 

6.1 Introduction  

One of the fundamental and powerful electronic devices in semiconductor electronic 

industry is field effect transistor (FET) since it is the elementary component for the 

fabrication of large-scale electronics. In organic electronics, integrated circuits (ICs) 

fabricated with OFETs offer the potential of enabling extremely cheap, adequately 

performing logic circuits with applications in mechanically flexible, postage stamps, 

radiofrequency identification (RFID) tags, smart cards and large-area electronic devices [1-

5]. For successful integration of OFETs into ICs using both hole-transporting (p-type) and 

electron-transporting (n-type) organic semiconductors require achieving low-power 

complementary logic circuits [6-8]. The performance of n-type materials had fallen behind 

that of their p-type counterparts until recent years due to the less air stability and for high 

voltage operation [9, 10]. Nevertheless, the carrier mobility µ of n-type OFETs is generally 

much lower than that of p-type OFETs [11-14]. The n-type OFETs very often suffer from 

high threshold voltages, which is a serious disadvantage for the development of low-power-

consuming organic complementary circuits. Therefore, in parallel to the effort of improving 

the carrier mobility of the conventional OFETs, it is necessary to work on the device 

architecture for successful implementation of low voltage operation. Few reports have been 

demonstrated the low-voltage-operating n-type OFETs by using high dielectric-constant 

insulators [15-18] or dielectric layers of ultrathin self-assembled monolayers [19-23]. 

However, although various high-performance n-type organic semiconducting materials have 
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been reported, most of them can only deliver OFETs that can be operated under vacuum or 

under an inert atmosphere. Only a few of them, that is, hexadeca-halogenated metal 

phthalocyanine, perylene and naphthalene diimides with electron-withdrawing groups, have 

been claimed to allow fabrication of devices that are relatively stable in air [24-27]. In this 

part of the thesis work, we have studied several n-type OFETs fabricated with PTCDI-Ph 

molecules as active channel and demonstrated their low voltage operation together with their 

highly air stability. 

SiO2 as gate dielectric layer is regularly being used for the fabrication of microelectronic 

devices [28, 29]. Being a material with low dielectric constant (k ~ 3.9) [30], the capacitance 

of the dielectric layer is lower. In order to increase the capacitance, one needs to decrease the 

thickness of the layer. However, thinner layer shows huge leakage current. On the other 

hand, the thicker SiO2 layer shows poor field-effect properties. As a result, the operating 

voltage of the devices increases.  In this chapter, we describe the fabrication of low operating 

voltage OFETs by using bilayer dielectric. The bilayer system is the combination of two 

metal oxide layers. These materials are of high dielectric constant and show exceptional 

field-effect in the OFETs [15, 16, 31-36]. In practice, the typical fabrication routes for high-k 

metal-oxide dielectrics are expensive growth techniques such as atomic layer deposition [37], 

radio-frequency magnetron sputtering [38] and chemical vapor deposition [39]. However, we 

have used chemical synthesis root together with anodization method for the fabrication of the 

dielectric layers of the OFETs. 

There are numerous high-k inorganic metal-oxides are available. Among those metal-

oxides, TiO2, BaTiO3, SrTiO3 and BaSrTiO3 are known to have the highest k values. 

However, the conduction band energies of these materials are very close to the Fermi 

energies of the contact materials (Ag and Al) that we used for the fabrication of the devices. 

Therefore, the defect states usually very close to band edge of the dielectric layers become 

easy access to the contact materials for electron conduction. As a result, a huge leakage 

current through metal-oxides alone as dielectric layer is expected. Therefore, we have chosen 

high band gap materials with conduction band edge away from contact Fermi energy of the 

contact materials as the second layer in the combination.  Al2O3 has been used as this can be 

easily  fabricated  using  anodization  method  as  described  before.  The schematic of band 
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diagram for the bilayer dielectric used for the fabrication of the OFETs are shown in Figure 

6.1. All other metal-oxide layers used in this work were fabricated using spin coating metal-

oxide sols. In this chapter, we present our result on the fabrication of PTCDI-Ph based 

OFETs which exhibit a low operating voltage of about 1.5 V. In case of SiO2 as dielectric 

layer, the operating voltage of the OFETs was about 30 V. 

 

Figure 6.1: Energy band diagram of bilayer dielectric system of TiO2/Al2O3 with silver (Ag) 
and aluminum (Al) electrodes.   

6.2 Experimental Details 

In this section, we described the procedure to synthesis of different solution processable 

metal-oxide by sol-gel method. We also elaborated the fabrication technique of PTCDI-Ph 

based OFETs.  

6.2.1 Synthesis of Metal – Oxide Precursor Sols 

TiOx Precursor Sol Synthesis: A well known sol-gel method was followed to synthesis 

titanium oxide (TiOx) sol [40]. It was prepared by dissolving titanium (IV) isopropoxide 

(TIP) (Ti(OC3H7)4, 99.99%, Sigma-Aldrich) into a mixture of methanol and acetic acid in a 

concentration of about 0.1 mol/L, and then vigorously stirred for 24 h in ambient conditions. 
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The prepared final TiOx sol then stored at room temperature for the further process. The 

maximum dielectric constant reported for TiO2 film annealed at 700 ºC is 82 [41].  

Synthesis of Barium Titanate (BaTiOX ; BTO) Precursor Sols: Barium acetate 

((CH3COO)2Ba) and titanium (IV) isopropoxide (99.99%, Sigma-Aldrich) were used as 

precursor materials. Glacial acetic acid (99.8%, Merck Chemicals) and 2-methoxyethanol 

(>99 %, Merck Chemicals) were used as solvents, stabilizers, and chelating agents. Two 

stock solutions were made. A barium-acetate solution was prepared by dissolving barium 

acetate in acetic acid and subsequent refluxing at 120 °C for 8 h to remove all remaining 

water. The final concentration was adjusted to 1.0 mol/dm3. The second stock solution was 

based on titanium iso-propoxide with 2-methoxyethanol as solvent, yielding a precursor 

concentration of 1.0 mol/dm3. Both stock solutions were stirred at room temperature for 24 h. 

They were then stored at room temperature. We have followed the synthesis procedure 

describe in references [42-44]. Prior to the experiments, the stock solutions were mixed in 

1:1 molar ratios and stirred for 10 min, yielding a concentration of 0.50 mol/dm3 in the final 

BaTiOx (BTO) precursor solution. In the next step they were diluted with 2-methoxyethanol 

to reach a concentration of 0.1 mol/dm3 in the final BTO precursor solution. BTO precursor 

sols of 0.1 mol/dm3 were spin-cast onto Al2O3 substrates at 6000 rpm for 60 s. The as-

prepared films were dried on a hot-stage at 200 °C for 15 min. The maximum reported value 

of dielectric constant for BTO film grown by solution process at 100 KHz frequency is 600 

[45]. 

Synthesis of SrTiOx and BaSrTiOx Sols: The procedure for synthesizing SrTiOx (STO) 

(reported dielectric constant is 250 [46]) and BaSrTiOx (BST) sols (dielectric constant 

reported as 800 [47]) are similar as BTO sol preparation as described before. For STO 

synthesis, strontium acetate ((CH3COO)2Sr) has been used in place of barium acetate in BTO 

synthesis and for BST synthesis, both barium and strontium acetates were dissolved in 1:1 

ratio [48]. The final precursor has been stored at room temperature for the further use. 

6.2.2 OFET Fabrication  
Prior to dielectric layer deposition, 300 nm aluminum (Al) was deposited on 

ultrasonically cleaned glass substrates and anodized to create 10 nm alumina (Al2O3) layers. 
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out by means of semiconductor parameter analyzer with micro-probe station. The surface 

morphology of the solution-processed dielectrics and PTCDI-Ph film was characterized by 

atomic force microscopy (AFM) in tapping mode. 

6.3 Results and Discussions  

6.3.1 Fabrication of OFETs using TiOx /Al2O3 as bilayer gate dielectric 

We have studied the morphology of the films during every steps of OFETs fabrication 

using bilayer dielectric system to understand the effect of the interface on the devices. 

Smooth interfaces are required for the better molecular packing within the films. Anodized 

Al2O3 surfaces are found to be very rough as shown in Figure 6.3(a). The observed rms 

roughness is ~ 5.4 nm. These surfaces are shown huge leakage current [14]. The single TiOx 

layer grown on glass substrates (see Figure 6.3(b)) shows smooth film with rms roughness of 

 and glass (nm 0.19׽ rms roughness) nm., This surface is as smooth as that of the SiO2 0.2׽

(rms roughness 0.31 ׽ nm) substrates. However, TiOx layer on Al2O3 exhibits rougher 

surface than single layer TiOx and the rms roughness is 1.3 nm. Figure 6.3(c) is showing the 

morphology of TiOx surface grown on Al2O3 surface. Since the surface roughness of 

anodized alumina is more, the roughness of TiOx film grown on it appears to be little rougher 

than single TiOx film grown on glass substrate. The roughness of the dielectric surfaces 

significantly influences the growth of the subsequent layer grown on top and this essentially 

affect the performance of the OFETs fabricated with such dielectric systems [49-52]. This 

induces physical traps for charge carriers [53], and the charge transport through the devices 

are affected. Nevertheless, smooth interfaces also enhance the capacitive coupling between 

gate and the active channel. This can reduce the threshold voltage of the devices. Therefore, 

the smooth surface of the hybrid dielectric layer TiOx/Al2O3 is crucial for high performance 

OFETs. The surface morphology of PTCDI-Ph film on bilayer dielectric can be seen in 

Figure 6.3(d). The rms roughness of this surface is ~ 15.3 nm. We have observed 

interconnected grains forming percolated type structures. These films were used as active 

channel for the fabrication of OFETs. To characterize the electrical properties of the solution-

processed dielectric, we have fabricated Ag/metal-oxides/Al (MIM) sandwiched structure to 
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estimate the leakage current and the variation of capacitance with increased frequency. A 

typical schematic structure is shown in Figure 6.2. 

  

Figure 6.3: Tapping mode AFM images of (a) Anodized alumina (Al2O3), (b) Single layer of 
TiOx, (c) TiOx/Al2O3 bilayer and (d) PTCDI-Ph on bilayer dielectric surfaces. 

 

Figure 6.4: (a) Leakage current density and (b) Frequency dependent capacitance of parallel 
plate capacitor with TiOx/Al2O3 bilayer dielectric system. 
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Figure 6.4(a) shows the  typical leakage current density  versus bias  voltage plots of 

bilayer dielectric system containing 30nm TiOx and 10 nm Al2O3. As can be seen from 

Figure 6.4, the bilayer dielectric system exhibits current density of 10-7׽ A/cm2 at ±3 V. The 

variation of measured capacitance at 3 V bias is shown in Figure 6.3(b) for the frequency 

ranges from 10 kHz to 1 MHz. The typical capacitance used for the fabrication of the OFETs 

is 52 nF/cm2 at 100 kHz. 

We have used the same thickness of the dielectric layer as MIM system for the 

fabrication of OFETs. The active channel of PTCDI-Ph molecules were grown at 90 ºC 

substrate temperature and the typical thickness of the layer is 80 nm, which were optimized 

for better carrier mobility for the device as reported in the chapter V. Figure 6.5 shows the 

output and transfer characteristics of one of the OFETs fabricated with bilayer TiOx/Al2O3 

system as dielectric layer. We have observed significant reduction in operating and threshold 

voltages for these devices. It is to be noted that the observed operating and threshold voltages 

for OFETs fabricated with SiO2 as dielectric layer are 30 V and 5 V, respectively (shown in 

chapter V, Figure 5.1). However, these values obtained from results shown in Figure 6.5 are 

2.0 V and 0.55 V, respectively. The results are order of magnitude less than the earlier.  The 

carrier mobility obtained is 0.012 cm2/Vs.  

 

Figure 6.5: (a) Output and (b) transfer characteristics of OFET designed with TiOx/Al2O3 
bilayer dielectric. 
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6.3.2 OFETs based on BaTiOx/ Al2O3 as dielectric layer 

Barium titanate (BTO) was used for the fabrication of PTCDI-Ph based OFETs. BTO 

nanoparticle based sol was synthesized, the anodized Al2O3 layers were coated with this sol 

using spin coating technique. The thickness of this layer is about 30 nm. In this section we 

describe the fabrication and characterization of OFETs using BTO/Al2O3 as dielectric layer. 

Figure 6.6 is the representative tapping mode AFM topographic images of surfaces of BTO 

film grown on Al2O3. The rms roughness of this film is 0.42 nm.  PTCDI-Ph films of 80 nm 

thicknesses were grown on this surface. We have observed the formation of islands, which 

make the films very rough with rms roughness 9.53 nm. As a result, charge transport through 

this film would be essentially through the wetting layer under the islands and the carrier 

mobility of the devices fabricated with this film is expected to be poor. In order to measure 

leakage current and capacitance through the BTO/Al2O3 dielectric layer, we fabricated MIM 

structures. The measured leakage current and capacitance densities for Ag/BTO/Al2O3/Al are 

~10-8 A/cm2 (see Figure 6.7) and 56 nF/cm2, respectively. 

 

Figure 6.6: Tapping mode AFM topography of (a) BTO/Al2O3 and (b) PTCDI-Ph on 
BTO/Al2O3 bilayer system. 

 
Figure 6.7: Leakage current response with applied voltage of Ag/BTO/Al2O3/Al capacitor.  
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The transistor output characteristics were measured for drain sweep voltages at different 

gate voltage steps are shown in Figure 6.8(a). Figure 6.8(b) shows the transfer characteristics 

of the designed device. The electron mobility (μ), operating voltage and threshold voltages 

(VTH) are estimated from Figure 6.8 as 0.016 cm2/V-s, 2.0 V and 0.7 V, respectively. We 

have not observed significant changes in the performance of the OFETs fabricated with 

TiOx/Al2O3 and BTO/Al2O3 as dielectric layer. However, OFETs fabricated TiOx/Al2O3 

showed relatively lower threshold voltage. Though, the roughness of the TiOx films is higher, 

the PTCDI-Ph film morphology on this surfaces showed percolated type growth forming a 

more uniform film. As a result, gate filed-effect improved in this case. 

 

Figure 6.8: Transistor output and transfer characteristics of PTCDI-Ph OFET with 
BTO/Al2O3 bilayer dielectric system. 

6.3.3 OFETs based on SrTiOx/ Al2O3 as dielectric layer 

In this section we report the fabrication of OFETs based on SrTiOx (STO)/Al2O3 as 

dielectric layer. The dielectric properties of the 40 ± 5 nm thick bilayer of STO (30nm)/Al2O3 

(10nm) were characterized by using parallel plate capacitors of various plate areas. The 

capacitors were fabricated with Ag & Al electrodes patterned through a shadow mask. Figure 

6.9 shows a typical design of parallel plate capacitors of both STO and bilayer of STO/ 

Al2O3. The capacitance density obtained for STO/Al2O3 bilayer system as 65.4nF/cm2, it is 

almost constant over the frequencies ranging from 10 KHz – 1MHz (Figure 6.10(a)).  

VGS (V) 
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Figure 6.9: Typical designs of metal-insulator-metal (MIM) parallel plate capacitors based 
on dielectrics of (a) single layer STO and (b) STO/Al2O3 bilayer system. 

 
The leakage current density of the STO/Al2O3 film was measured as less than 10−8 A/cm2 

whereas for single layer of STO, this value was more than 10-4 A/cm2. A minute shift can be 

observed in leakage current curves shown in Figure 6.10(b), it might be attributed to the 

mismatch of Fermi-levels of both the electrodes of parallel plate capacitors. Less band gap of 

STO (Eg = 3.2eV) [54] causes the huge amount of leakage current through STO single layer 

and it is controlled due to the blocking of electron conduction path by the Al2O3 layer. The 

merits of Al2O3 are its large band gap [55] with excellent thermal stability [56]. This is the 

reason to have low leakage in bilayer system (4 orders of magnitude less) than single STO.   

 

Figure 6.10: (a) Frequency dependent capacitance of STO/Al2O3 bilayer dielectric system 
and (b) leakage current plots of both single STO and bilayer dielectric systems.  

Surface morphology images of STO/Al2O3 bilayer and PTCDI-Ph films grown on the 

bilayer dielectric system are shown in Figure 6.11 (a-b). The rms roughness of STO surfaces 

is 0.22 nm, which is very smooth in compare to the other two materials described above. 

Therefore, this system is expected to show better field-effect in OFETs. Figure 6.12 (a-b) 

shows the output and transfer characteristics of OFETs based on PTCDI-Ph film as active 
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channel with STO/Al2O3 bilayer layer as gate dielectric. A drastic improvement in output 

drain current is observed as shown in Figure 6.12(a). The linearity in the behavior of square 

root of drain current with gate voltage sweep, in transfer characteristics (see Figure 6.12(b)), 

reveals efficient performances of the devices. 

 

Figure 6.11: (a) STO/Al2O3 and (b) PTCDI-Ph on STO/Al2O3 film surface morphologies 
obtained from AFM in tapping mode. 
 

The estimated carrier mobility, operating voltage, threshold voltage and on/off ratios 

obtained for these devices are 0.04 cm2/V-s, 4 V, 0.31 V and 103, respectively. These devices 

show improved performance in compare to the devices described before. Though the PTCDI-

Ph films were found to be rougher than before, but formation of larger grains can improve 

the crystalline quality of the film, which improves the charge transport through the devices. 

 
Figure 6.12: OFET (a) output and (b) transfer characters of device based on STO/Al2O3 
bilayer system.  
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6.3.4 OFETs based on BaSrTiOx / Al2O3 as dielectric layer 

In this section we described the results of the OFETs fabricated with BaSrTiOx (BST)/Al2O3 

as dielectric layer. BST films were grown on Al2O3 films using spin coating technique and 

PTCDI-Ph films as active channel were grown on dielectric surfaces using thermal 

evaporation technique as before. The tapping mode topographic AFM images of these two 

surfaces are shown in Figure 6.13. Similar to BTO and STO, the BST films also found to 

form smooth surface with rms roughness ~0.35 nm as shown in Figure 6.13(a). Morphology 

of PTCDI-Ph film on BST dielectric surface can be seen in Figure 6.13(b). We have 

observed the formation of large grains, which makes the films very rough with rms 

roughness ~ 23 nm.  

 

Figure 6.13: AFM tapping mode images of (a) BST/Al2O3 bilayer system and (b) organic 
molecule PTCDI-Ph thin film on bilayer system. 

 

 

Figure 6.14: Leakage current plot of BST/Al2O3 bilayer dielectric systems. 
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We have fabricated OFETs using above bilayer system as gate dielectric. Figure 6.15 (a-b) 

shows the transistor output and transfer characteristic curves. As we can see, the operating 

voltage and threshold voltage of device are significantly lower and the values are 1.2 V and 

0.4 V, which are further improved in compare to the devices reported before. The reduction 

of operating voltage is the due to high capacitive BST/Al2O3 bilayer with capacitance density 

of 63 nF/cm2 and very low leakage current density of ~10-7 A/cm2 (Figure 6.14). However, 

carrier mobility (0.022 cm2/V-s) is lower than the device fabricated with STO/Al2O3 due to 

the extremely rough active channel.  

Figure 6.15: OFET (a) output and (b) transfer characteristics of device based on BST/Al2O3

bilayer system. 

To demonstrate the effectiveness of our bilayer dielectric system, we have fabricated 

similar devices with SiO2 and bilayer dielectrics. Figure 6.16(a) shows the tapping mode 

AFM image of SiO2 substrate with root mean square roughness 0.19 nm and Figure 6.16(b) 

is showing surface morphology of PTCDI-Ph film grown on SiO2/Si (B-doped, 0.001-0.005 

-cm). The film exhibits very rough surface with typical value of rms roughness calculated 

as 20.4 nm. Figure 6.17 shows the output and transfer characteristics of a PTCDI-Ph thin-

film based OFET. From the output characteristics shown in Figure 6.17(a), the continuous 

shift of drain current near origin can be seen.  This is attributed to carrier traps arises due to 

the rough surface of active layer [53]. The same phenomenon has been reflected in transfer 

characteristics (shown in Figure 6.17(b)) in terms of high threshold voltage (5 V). The 

extracted carrier mobility and operating voltages are 0.015 cm2/V-s and 30 V respectively. 

VGS (V) 
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Figure 6.16: AFM topographies of (a) SiO2 and (b) PTCDI-Ph on SiO2 surfaces. 

 

Figure 6.17: OFET (a) output and (b) transfer characteristics of device based PTCDI-Ph thin 
film on SiO2/Si system.  

6.4 Summary & Conclusions 

In summary, we synthesized the high-k metal-oxide dielectrics by sol-gel process and 

used as a gate dielectric material in combination with anodized alumina. We have 

successfully achieved low-voltage OFETs by introducing solution-processed high-k bilayer 

systems as the gate dielectric. The bilayer dielectric systems exhibits very smooth surfaces 

with rms below 1nm, high capacitance about 65 nF/cm2 and low leakage current densities. 

Upon using the high-k bilayers as the gate dielectrics, PTCDI-Ph based OFETs exhibit 

electron mobility as high as 0.04 cm2/V-s and an operation voltage as low as 1.2 V. The 
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obtained results for all the transistors are much better than the transistor with traditional SiO2 

dielectric. The summary of transistor parameters has given in following Table 6.1.   

S.No Dielectric System Surface 
rms 

Roughness 

Capacitance 

Ci (nF/cm2) 

Threshold  

Voltage Vth 
(V) 

Operating  

Voltage (V) 

Carrier 
Mobility 
(cm2/V-s) 

01 SiO2 0.19 nm 9.3 5.00 0 – 30 0.015 

02 BaTiO3/Al2O3  0.42 nm 56.3  0.71  0 – 2 V  0.012  

03 TiO2/Al2O3  1.32 nm 52.2  0.55  0 – 2 V  0.016  

04 SrTiO3/Al2O3  0.22 nm 64.5  0.31  0 – 4 V  0.040  

05 BaSrTiO3/Al2O3  0.35 nm 63.1  0.42  0 – 1.2 V  0.021  
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Chapter VII 

Stability of Low­Operating Voltage 
OFETs based on PTCDI­Ph 
 

7.1 Introduction 

In the chapter VI, we have fabricated OFETs using several bilayer dielectric systems and 

summarized their performance. We have successfully demonstrated the low-voltage 

operation of the OFETs. We achieved operating voltage as low as 1.2 V and threshold 

voltage 0.3 V. The carrier mobilities for these OFETs were relatively higher than the reported 

values. The best mobility we obtained is 0.04 cm2/V-s for the OFETs fabricated with 

SrTiOx/Al2O3 dielectric system. Though, the operating voltage for these OFETs is slightly 

higher (~ 4 V) than the OFETs fabricated with BST dielectric, we have chosen this devices 

due to their higher carrier mobility and lower threshold voltage for further study of the 

stability. We have essentially studied the hysteresis on voltage swing, bias stress and long-

term air stability. The gate dielectric has an important influence on the device stability to 

overcome the hysteresis and reliability of OFETs. It is extremely important to select a proper 

gate dielectric with a high dielectric strength, low leakage current, and high breakdown 

strength. A high leakage current through the gate dielectric can degrade the organic 

semiconducting active channel [1]. In general, the hysteresis effect can be reduced by careful 

use of cross-link of polymers [2, 3] or by inserting an inorganic-barrier layer in contact with 

the gate electrode [4-6]. In our case, we have used inroganic-inorganic bilayer system as gate 

dielectric. The response of the devices under bias stress were also discussed. All the devices 

were tested in presence of ambient conditions and their stability over the time was examined 

under the same condition. 
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7.2 Experimental Details 

PTCDI-Ph based OFETs were fabricated using bilayer dielectric containing 30 nm STO 

and 10 nm thick Al2O3 layer. The details about preparation of the STO sols and fabrication of 

Al2O3 are described in earlier chapters. The fabrication of OFETs is also discussed in chapter 

VI. In this work, we have selected two different types of OFETs fabricated earlier for their 

stability study. The first one is based on SiO2 (300 nm) as dielectric layer and the second one 

is based on STO/Al2O3 bilayer as dielectric system. The schematic designs of these two 

devices are shown in Figure 7.1, which includes the thickness of the individual layers. The 

SiO2 based OFETs were considered in this work purely to compare the result with the STO 

based OFETs. The channel length of the OFETs was about 50 μm and width was about 700 

μm. 

 

Figure 7.1: Schematic block diagrams of (a) OFET with SiO2 gate dielectric and (b) OFET 
with STO/Al2O3 hybrid gate dielectric.   

7.3 Results and Discussions 

 In order to study the stability of these devices, we have considered (i) hysteresis effect 

on the OFET output characteristics, (ii) effect of bias stress on OFET performances and (iii) 

degradation of the devices over time while exposing them in ambient for several days. Figure 

7.2 (a) and (b) are showing the output and transfer characteristics curves obtained from SiO2 

based OFETs. Figure 7.2 (c) and (d) are showing the output and transfer characteristics 

curves for the devices fabricated with STO/Al2O3 as dielectric system. 
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Figure 7.2: Output and transfer characteristics of OFET fabricated with 300 nm SiO2 
substrate ((a)&(b)) and with STO/Al2O3 bilayer ((c)&(d)). 
 

The output curves show excellent linearity in the region with low VDS. More than six 

STO/Al2O3 bilayer substrates were used and 10–15 devices on each substrate were fabricated 

and tested. The success rate of fabricating good devices is about 92%. As described in 

chapter VI, the operating voltage of OFETs using STO/Al2O3 gate dielectric is about 4 V, 

whereas, it is about 30 V for the OFETs based on SiO2 dielectric layer. This is essentially due 

to the high capacitance of STO/Al2O3 combination layer. The threshold voltages were 

calculated from (IDS)1/2 vs VGS plot using the procedure describe in chapter I. To extract the 

electron mobility, we were used the average capacitance of 11.5 nF/cm2 for SiO2/Si and 

65.4nF/cm2 for bilayer STO/Al2O3 system. OFET parameters such as field-effect mobility 

 on/off current ratio (Ion/Ioff), threshold voltage (VTh), and operating voltage, which were ,(ߤ)

obtained from current-voltage characteristics of the drain current as a function of gate voltage 
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from both the devices are summarized in Table 7.1. Chen et al. [7] have reported the field 

effect mobility measured in glove box of OFET fabricated with PTCDI-Ph molecule grown 

on OTS treated SiO2/Si substrate at 125 ºC substrate temperature during the growth is 

0.017cm2/Vs, operating voltage range is 0-100 V and threshold voltage range is 17-24 V. 

Even for SiO2 dielectric based devices, we have observed threshold and operating voltages 

are very less. This may be due to the better quality of SiO2 dielectric as well as quality of the 

PTCDI-Ph channel which was grown at 90 ºC substrate temperature. In case of OFETs based 

on STO/Al2O3, we observed the carrier mobility is doubled than the reported value and it is 

0.04 cm2/V-s. The threshold voltages were obtained in a range of 0.3 - 0.5 V. These values 

are the best reported parameters for the OFETs based on this molecule. In addition to that, 

there was no report found related to OFET fabrication on STO surfaces for n-type organic 

semiconducting molecules.  

S. No. Dielectric 

System 

Operating 

Voltage (V) 

Threshold 

Voltage (V) 

Carrier Mobility 

cm2/Vs 

Reference 

01 SiO2 0 - 100 17 - 24 0.017 Ref. [7] 

02 SiO2 0 - 30 4 - 5 0.015 In This Work

03 SrTiO3/Al2O3 0 - 4 0.3 – 0.5 0.04 In This Work

Table 7.1: Summarized parameters of SiO2 and bilayer dielectric based OFETs with PTCDI-
Ph as semiconducting channel. 

7.3.1 Hysteresis in Transistor Output & Transfer Currents 

A key parameter for device operation is, besides long term stability, the reproducibility in 

the current – voltage behavior, which may be affected by hysteresis phenomena. Hysteresis 

effects are often observed in organic transistors during sweeps of the gate voltage (VGS).The 

origin of the hysteresis could be (i) effect of mobile charge at the channel, (ii) effect of 

resulting polarization in the gate dielectric or (iii) charge injection in the gate electrode [8]. 

For the successful integration of the OFETs into complex devices, hysteresis effects require 

to be less.  
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Figure 7.3: Output and transfer characteristics in dual sweep mode of OTFT fabricated with 
300 nm SiO2 substrate ((a), (b)) and with SrTiOx/Al2O3 bilayer ((c), (d)).  
 

In order to study the hysteresis in our devices, we have performed the experiments on 

both the devices. Figure 7.3 is the representative hysteretic output and transfer electrical 

characteristics of PTCDI-Ph OFETs on SiO2/Si and STO/Al2O3 bilayer, respectively. We 

observed that there is huge hysteresis in output & transfer characteristics curves existed in the 

OFETs fabricated with SiO2/Si as dielectric layer as shown in Figures 7.3(a) & (b). 

Corresponding shift in threshold voltage was measured as 5.3 V. This hysteresis might be 

originating from charge trapping/de-trapping around the PTCDI-Ph and SiO2 interface 

caused by interface hydroxyl groups [9, 10]. The devices on STO/Al2O3 bilayer (Figure 

7.3(c) and 7.3(d)) were exhibiting almost no hysteresis when the gate bias is continuously 

swept from 0 V to 5 V at a step voltage of 0.1 V. The absence of hysteresis in the STO/Al2O3 

bilayer-based devices are attributed to an improved dielectric layer with minimum trap states 
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exposing time under ambient condition. The carrier mobility of freshly fabricated device was 

0.04 cm2/V-s and this value reduces to 65 % of its original value to 0.026 in 68 days. After 

68 days, though the devices were exposed in similar environmental conditions, the mobility 

was found to be almost constant at 0.026 cm2/V-s. The representative plot for this behavior is 

shown in Figure 7.4(b). No significant variation in threshold voltage is observed. The 

threshold voltage is a measure of the applied gate bias at which a transistor switches to the 

on-state. 

7.3.3 Bias – Stress Effect on Transistors  

OFETs also display an electrical instability under application of a prolonged gate bias. 

Unlike environmental instability, the electrical instability in OFETs is reversible and is 

manifested only during application of a prolonged gate bias. During the operation, i.e. under 

application of a prolonged gate bias, the source-drain current decreases monotonically with 

time. Threshold voltage shift due to bias stress is observed regularly. Figure 7.5 shows the 

behavior of drain current while application of constant prolonged gate bias (more than 1hour) 

for both the devices. Most of the experimental works on the bias stress (BS) phenomenon 

have been focused on p-type organic transistors with silicon dioxide (SiO2) layer as gate 

dielectric. For those  devices, it has been proposed that, under the application of negative VGS, 

the BS effect is due to a water-related charge trapping mechanism occurring at the SiO2 

surface (Proton Migration model) [14]. More recently, it was suggested that the proton 

migration model can be involved also in the BS effect occurring in n-type OFETs with SiO2 

gate dielectrics [15]. Nevertheless, the reports where the BS effect is systematically analyzed 

for n-type organic transistors are still only few [16, 17].  

Indeed, it was found that IDS(t) decays over time for the OFETs based on SiO2 dielectric 

when positive VGS (inducing the formation of the electron accumulation layer at the PTCDI-

Ph/SiO2 interface) are applied. In particular, with VGS = + 30 V, after 4000 s the IDS decreased 

by 85% of its initial value. However, the reduction factor was only 9% for the OFETs based 

on STO/Al2O3 bilayer dielectric system. Our results revealed that the suitable high capacitive 

layer with low leakage current could significantly improve the device stability. The minimal 

shift in threshold voltage from 0.33 V to 0.42 V was observed. This further confirms the 

TH-1322_10612101



1338  Chapte
 

 

device st

6.22 V (s

Figure 7
with SiO

 

Thou

variation

of curren

monoton

charge c

channel. 

by proto

semicond

and the s

type OF

incorpora

stress bia

er VII 

tability. How

see Figure 7.

7.5: Time-de
O2 and OFET

ugh the devi

n in case of O

nt up to 25

nically. The 

arrier trappi

However, in

on migratio

ductor with 

subsequent m

FETs with S

ation leading

as could be

wever, in cas

.6).  This is s

ependent cur
T with STO/A

ice stability 

OFETs fabric

5-30% as a 

decrease in 

ing at the in

ncrease of c

n model. T

protons in th

migration of

STO as die

g to provide

e more comp

se of OFETs

significantly

rrent decay u
Al2O3 bilayer

is improve

cated with b

result of b

IDS during 

nterface of i

current unde

The mechan

he gate diel

f these proto

electric. ST

e extra electr

plex and re

s based on S

y higher in co

under voltag
r dielectric s

d, there wa

ilayer dielec

bias stress i

electrical bi

nsulator-sem

r stress bias

nism involv

ectric in an 

ons into the 

O is a pro

ron in the ac

equires furth

SiO2 as diele

ompare to ea

ge stress for
systems. 

s an anoma

ctric. We hav

initially and

as stress is 

miconductor 

s has been e

ves the exc

electrolytic 

oxide [14]. 

ovskite  and

ctive channe

her investiga

ectric layer w

arlier case.  

r more than 

alous behavi

ve observed 

d then curre

commenly r

or in the se

xplain for p

change of h

reaction inv

In this case

d the kinet

el at the beg

ation. Howe

was 1.97 V t

 

1 h of OFE

ior in curren

enhancemen

ent decrease

related to th

emiconducto

p-type OFET

holes in th

volving wate

e, we have n

tics of wate

ginning of th

ever, here w

to 

T 

nt 

nt 

ed 

he 

or 

Ts 

he 

er 

n-

er 

he 

we 

TH-1322_10612101



Stability of Low­Operating Voltage OFETs based on PTCDI­Ph 139
 

 

confirm the stability of the OFETs based on PTCDI-Ph fabricated with STO/Al2O3 as 

dielectric system. 

 
Figure 7.6: Transfer curves measured after 1h bias stress of OFETs with dielectric layers of  

(a) SiO2 and (b) STO/Al2O3. 

7.3.4 Stability after periodic application of bias­stress 

In order to study the recovery of the devices after bias stress, we have systematically 

applied bias stress for some time and then switched off for a while and continued the cycle. 

The response of output current is shown in Figure 7.7 as the gate bias varied. At 4 V constant 

drain-source, VDS and gate-source (VGS) bias voltages, output drain-source current (IDS) has 

been measured for periodic on/off states of VGS. When device was biased, the current 

increases as observed before. However, when the bias is switched off, the current 

immediately reaches to current before bias stress was applied. As this continues to several 

cycles, device showed stable operation without further degradation in the performance due to 

periodic application of stress bias. This experiment confirms that these devices are highly 

stable under bias stress and the response of these devices is exceptionally reproducible. In 

general, the devices with huge trapped electron density are responsible for degradation of 

device performance with time. But in our case this problem has been solved successfully, this 

can be attributed to the high capacitance and better capacitive coupling of our bilayer 

dielectric system with the activation channel. 

VGS (V) 
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Chapter VIII 

Summary and Conclusions 
 

 
The aim of this thesis was to fabricate low operating voltage and highly stable organic 

field-effect transistors (OFETs) using two different semiconducting materials as active 

channels. In order to achieve this, two strategies were followed. Firstly, we have considered 

gate dielectric materials with high-k dielectric constant for our study. Essentially, we have 

used bi-layer dielectric system considering different dielectric materials. The selection of the 

materials was based on the easy techniques available to grow the films and their different 

band energies. This enabled us to reduce the leakage current through the defects states. At the 

same time, the thicknesses of the dielectric layers were optimized to enhance the capacitance 

of the dielectric layer. In order to establish a better capacitance coupling between gate and 

organic semiconducting channel, the morphology of the dielectric layers were also studied to 

obtain smooth surface structure formation leading to minimum defect states. Secondly, we 

have studied the growth of organic active channel on top of the smooth dielectric surfaces to 

obtain the suitable growth parameters, which can enhance the performance of the devices. In 

one case, the organic active channel was in the form of single crystal wires like structures 

and in the other case, the active channel was in the form of thin film.  

CoPc and PTCDI-Ph are the two molecules, which were used as the materials for active 

channel of the OFETs we fabricated in this thesis work. These two molecules are in the 

family of phthalocyanine and perylene derivatives, respectively. CoPc shows p-type 

semiconducting properties and PTCDI-Ph shows n-type semiconducting properties when 

devices are fabricated with these materials.  To study the growth of thin films, we have used 

two solid substrate surfaces, such as SiO2 and mica (001). SiO2 is amorphous in nature, 

whereas, freshly cleaved mica (001) surfaces is atomically flat reconstructed surface.  

Growth of CoPc thin film was studied on both the surfaces. However, PTCDI-Ph films were 

TH-1322_10612101



144  Chapter VIII 
 
 
grown on different bi-layer dielectric systems. The bi-layer dielectric systems were fabricated 

using Al2O3 as one of the layers in combination with PVA, PMMA or any other metal 

oxides, such as TiOx, BaTiOx, SrTiOx and BaSrTiOx as second layer. These are the materials 

with high dielectric constant. Several OFETs were fabricated with these materials. The 

performances of the devices were studied optimizing different growth parameters. We 

successfully fabricated OFETs with high carrier mobility of the order 1.1 cm2/Vs with CoPc 

as active materials. We have demonstrated the performance of the OFETs with operating 

voltage as low as 1.2 V for the devices based on PTCDI-Ph. The stability of the devices was 

also checked in terms of stress bias effect, hysteresis and exposing to ambient for several 

days.  

CoPc films were found not suitable for the fabrication of OFETs. We have observed 

roughening in CoPc film due to instability in the growth mechanism induced by local 

diffusion of the molecules. Charge transport through the organic channel is essentially driven 

by the hopping conduction from molecules to molecules which are connected by very week 

π−π interaction. The rough films as channel would further reduce the charge transport by 

introducing defects and grain boundaries in the film. The roughening in CoPc films were 

characterized by calculating different scaling exponents such as α, β and 1/z determined from 

the height fluctuations obtained from atomic force microscopy images of the surface 

morphologies. We have observed equal diffusion activation energy for lateral and vertical 

diffusion of the molecules. However, it was found that local surface diffusion, which exists 

even at 120 °C growth temperatures and it plays crucial role for roughening in CoPc film 

growth. The reported scaling exponents do not belong to the existing models, which hold 

well for inorganic film growth. Therefore, the roughening behavior observed in the present 

study appears to belong to a different universality class. The growth kinetics of the CoPc 

films were also studied and obtain the diffusion activation energy Ea = 0.35eV for the growth 

laterally as well as vertically. This represents the molecular translational and rotational 

barrier on the surfaces. However, we observed different activation energy for the growth of 

CoPc on mica (001) surfaces. The film morphology also remains rough in this case and found 

not suitable to fabricate OFETs based on these films. In order to improve the molecular 

packing within the OFET active channel, we used physical vapor deposition (PVD) 
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technique exploiting the self-assembly of the CoPc molecules to grow CoPc micorstructures. 

The molecules self-assembled to form CoPc single crystal micron size wires in PVD growth 

technique. We have achieved to grow more than 100 μm long CoPc wires after optimizing 

the growth conditions on different substrates. XRD and TEM measurements confirm the 

crystallinity of the wires. These wires were further used for the fabrication of OFETs.  

We have used poly(vinyl-alcohol) (PVA)/Al2O3 system as bi-layer dielectric for the 

fabrication of CoPc wires based OFETs. Al2O3 layers were grown using anodization of Al 

films. We have grown a very smooth film of PVA due to the lower surface free energy of 

PVA (~0.045 J/m2) than Al2O3 (~1.7 J/m2). In this process, we achieved a better capacitive 

coupling between CoPc wires and gate through the bi-layer dielectric system. The thickness 

of the individual layers was optimized for minimum leakage current at the same time 

enhanced capacitance in the system. We have observed significant enhancement of carrier 

mobility, which is 1.11 cm2/Vs with on/off ratio ~104 and 20 V operating voltage. The 

observed carrier mobility of CoPc based OFETs is about one order of magnitude higher than 

the reported.  

We have followed the same strategies to fabricate n-type OFETs based on PTCDI-Ph as 

active channel. The growth of PTCDI-Ph films on SiO2 and polymer dielectric surfaces have 

been carried out in order to obtain the suitable growth conditions to fabricate efficient 

devices. In this case, we have also considered using bi-layer dielectric consisting layers of 

poly (methyl methacrylate) (PMMA) and Al2O3. The field-effect carrier mobility obtained 

from the devices designed at 90 °C substrate temperature showed the highest value of 0.02 

cm2/Vs. This has been attributed to the formation of smooth and uniform films of PTCDI-Ph 

on PMMA surfaces. In this process, we were able to enhance the carrier mobility. However, 

the operating voltage for these OFETs was about 30 V, which is still very high.  

In order to fabricate the OFETs based on PTCDI-Ph as active channel with lower 

operating voltage, we have replaced the PMMA layers by the materials with higher dielectric 

constant. We have synthesized high-k metal-oxide gate dielectric sols like TiO2, BaTiO3, 

SrTiO3 and BaSrTiO3. The device parameters were optimized to obtain lower leakage current 

and formation of smooth dielectric surfaces. We have successfully achieved low operating 
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voltage OFETs by introducing solution-processed high-k bi-layer systems as the gate 

dielectric. The bilayer dielectric systems exhibits very smooth surfaces with rms roughness 

below 1 nm, high capacitance about 65 nF/cm2 and low leakage current. PTCDI-Ph based 

OFETs exhibit an electron mobility about 0.04 cm2/V-s and an operating voltage as low as 

1.2 V with threshold voltage ranging from 0.3-0.5 V. The obtained results for all the 

transistors are much better than the transistors fabricated with the traditional SiO2 dielectric. 

Most importantly, we demonstrated air stable n-type OFETs since all the measurements were 

performed under ambient condition. The observed parameters are highly reproducible and 

reliable.   

In order to study the stability under bias stress and exposing into air, we have performed 

measurement on one of the best devices fabricated above. The stability of the devices was 

studied through hysteresis and bias-stress response. Negligible hysteresis in transfer 

characteristics have been observed for these devices in compare to the devices fabricated 

with SiO2 dielectric. In that case, we observed huge hysteresis (corresponding threshold shift 

is > 4V). The air stability of the devices was studied for 150 days. We have observed slow 

decay process of carrier mobility to 0.02 cm2/Vs in 68 days. However, these devices were 

found to be quite stable without showing any further decay in carrier mobility up to 150 days. 

This result conforms that the high reliability of the OFETs with high stability under bias 

stress. The periodic application of bias stress also confirms that the devices are extremely 

stable.  

In this thesis, we have successfully fabricated OFETs based on CoPc and PTCDI-Ph 

molecules with better performances.  Some of the open questions could be tackled within this 

work, but at the same time, new unsolved questions arose, which pave the way to interesting 

studies in the near future. In the following, some of the most intriguing issues are listed. 

We have observed roughening in CoPc thin film growth even at elevated substrate 

temperature.  Our experimental results confirmed that the local diffusion of the molecules is 

apparently reason for this roughening mechanism. The observed exponents do not satisfy any 

of the existing growth model for inorganic film growth. It would be interesting to propose a 
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simple solid on solid model including local diffusion of the molecules to get insight of the 

mechanism.  

We have observed long CoPc structures formation on mica (001) surfaces. The effect of 

surface reconstruction on the growth of CoPc films on mica (001) surfaces needs more 

involved experimental study. X-ray surface diffraction study could be one of the appropriate 

studies to probe the molecular arrangement at the interfaces. In order to successfully 

implementation of the structures into electronic device fabrication, it would be very 

important to have the control on the growth of these structures with specific directionality. 

For further comprehensive description of the involved interactions might also be employed.  

We have successfully fabricated n-type air stable PTCDI-Ph based OFETs with bi-layer 

dielectric system for low voltage operation. The stability of the devices is also very 

promising. The interaction of polymer or high-k dielectric surfaces with small molecules is 

more complex than the inorganic surfaces like SiO2. It would be interesting to understand the 

molecular interactions, which lead to form different surface structures. The complete 

understanding of the growth, could guide to fabricate devices with enhanced performances.  

We have observed an anomalous increase in current during bias stress measurement. 

More involved experiments require to understanding this effect. Though, proton migration 

model is proposed to explain this effect for p-type OFETs, but the mechanism could be 

different for n-type OFETs. Nevertheless, the interaction of water with STO surface is more 

complex. Moreover, the partial current flow through the STO layer cannot be ruled out. More 

controlled experiments are required to be short out these issues.      
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Appendix 

Height-height correlation function: 

The simplest way to calculate the height-height correlation function for an isotropic surface 

is along the fast scan direction (assumed to be the x direction): 
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An alternative is the circular average: 
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For an isotropic surface, the two-dimensional height-height correlation function can be 

calculated according to the following equation: 
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[Adopted from Y. P. Zhao, G.C. Wang, and T.M. Lu  “Characterization of Amorphous and 

Crystalline Rough Surface: Principles and Applications” Experimental Methods in the Physical 

Sciences, Volume 37 pp 27.] 
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