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Synopsis

Thin films based on molecular semiconductor, specifically “small” conjugated organic
molecules, like metal phthalocyanine (M-Pc), are finding an increasing application in a
number of electronic and optoelectronic devices [1-5]. In particular, they have been exploited
in organic field-effect transistors (OFET), organic light emitting diodes, photovoltaic
devices, and organic sensors due to their favorable properties, e.g., thermal and chemical
stability, well ordered thin film growth and wide absorption band in the optical region [1,6-
10]. Further, the structure and morphology of the first organic layer in the device have a large
impact on the charge carrier mobility in OFETS. For each specific material, the charge carrier
mobility depends crucially on the overlap between z-orbitals of vicinal molecules, which in
turn is intimately related to the microscopic structure and density of structural defects in the
organic film. These molecules also exhibit a certain degree of “specific tunability” due to
various metals ion (M= Sn, Cu, CO, Zn etc.) and the side groups (R= F, Cl, NH,
O(CH3)100H etc.) that can be introduced within a broad range of composition [1,11]. The
optimized transport phenomena, such as injection and recombination of charge carriers
depend, among other parameters, on molecular packing, range of grain
boundaries/microstructure and roughness/morphology of surfaces. Thus, in organic electronic
devices, e.g. OFET, where the thin films of specific organic semiconductors serve as active
layer, the controlled deposition of molecular thin films as well as understanding their growth
mechanism is primarily a key requirement for the optimization of electro-optical properties
[12-15]. Understanding the growth dynamics of organic thin films is one of the key issues in
the field of organic electronics.

In the past two decades, a theoretical framework relating the mechanisms of thin film
growth to a set of scaling exponents describing the dependence of the surface roughness on
film thickness and lateral length scale has been established [16]. Much effort has been

devoted to theoretically predict the scaling exponents for certain growth models, as well as to



determine them experimentally for a large variety of thin film systems. However, detailed
studies for calculating scaling exponents of organic thin films are rare and, in particular, the
deposition of small molecules based organic thin films under high vacuum conditions.
Among the well-known growth modes of thin films, one can distinguish among three
different growth modes, i.e. layer-by-layer, layer-plus-island, and islands due to various
relevant interactions of surface and interface energies [17-22]. However, it has been found
that the layer-plus-island growth mode is typically most favorable for organic semiconductor
films [17,23,24].

OFETs, whose characteristics are modulated by an external electrical field, are
probably the most prominent components is virtually all modern microelectronic devices.
Since they were first described in 1987, enormous progress has been made on OFETS,
especially in the last several years. OFETs have many advantages over conventional silicon
technology: they can be fabricated at low cost, large area coverage and on flexible substrates
with high durability, stretchability, bio compatibility. They are key building blocks for
applications such as active matrix-display driving circuits, sensors arrays, low-cost data

storage devices for smart cards and price tags [6,25].

Over the last few years, high-quality, air stable, n-type transistors based on organic
semiconductors have been demonstrated with performance close to that of the best p-type
materials. However, most research efforts have focused on the development of materials with
high field-effect mobility; as a result the mobility of n-channel organic field-effect transistor
(OFET) exceeds that of the amorphous silicon FET (a-Si FET). On the other hand, very
limited studies have been performed on the bias-stress stability of n-channel OFETSs, which is
of utmost importance to realize the full commercial potential of OFETSs, as most of the
fabricated OFETSs still remain on the laboratory scale and work under vacuum conditions
[26-33].

This thesis presents a systematic study on the growth kinetics of organic thin films
based on different metal phthalocyanine molecules (SnCl,Pc, VOPc and CuPc), which are
grown on various substrates. Next, a systematic study on the low operating voltage, high air
stable unipolar OFET is presented, which is highly desirable for real life applications.

Further, it also includes results on a thorough study of the ambipolar OFET based on

X
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heterojunction of organic thin films. These studies are very significant and should be
addressed before commercialization of the devices, specifically for biological/chemical
sensors, ionization detectors etc. The complete thesis work has been organized into EIGHT

chapters, as summarized below:

Chapter 1 presents a brief introduction to the growth dynamics of organic thin films.
In addition, fundamental issues related to the growth mechanism and origin of superior
properties of organic molecules are discussed. A brief discussion on statistical analysis of the
rough surface has been included. Starting from the fundamental properties of organic
semiconductors, the basic principles of OFET operation and charge transport properties, bias-
stress stability are briefly discussed. The fundamental parameters related to OFET
performances (e.g. mobility, threshold voltage, current on/off ratio, characteristics time
constant) are pointed out. The problems and challenges related to the stability of the devices
are highlighted. Finally the focus of the present thesis is presented at the end.

Chapter 2 provides a brief account of the experimental procedures for the growth of
organic thin films on various substrates using thermal vacuum-deposition technique,
fabrication of the unipolar and bipolar OFETs and their characterizations are presented.
Salient features of the experimental techniques, e.g., TGA, AFM, XRD, XPS, UV-Vis, I-V,
C-V etc. used in the present work are discussed along with their working principles. The
methodology adopted and for the analysis of the raw-data extracted from the images of

organic thin films acquired from different instruments is also discussed.

In Chapter 3, the results on the growth dynamics of SnCl,Pc based n-type organic
thin films on different inert like substrates are presented. We addressed the structural
evolution of SnCl,Pc thin films grown by thermal evaporation on Si(100) and glass
substrates as a function of thickness of the film. The growth dynamics of SnClI,Pc thin films
has been studied using AFM, XRD, XPS, UV-Vis and height-height correlation function
(HHCF) analysis. By analyzing the scaling behavior and 2D fast Fourier transforms, it is
concluded that the morphological evolution of the deposited SnCl,Pc molecules follows a
mound like formation model, which suggests that the SnCI,Pc crystallites grow in the upward
direction as the film thickness increases on glass substrate, which may be due to the high

step-edge barrier. One of the important findings is that the growth exponent 5 value for
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SnCl,Pc thin film on glass substrate is comparable to that predicted by the random deposition
model, while for Si substrate it is very small and results in “smoothening”-a lying down
geometry, which may be due to the small step-edge barrier. This study is very much
important, as it reveals suitability of a particular substrate for the device fabrication.

Chapter 4 discusses the growth dynamics of VOPc based promising p-type organic
thin films on different substrates as function of substrate temperature. The growth dynamics
of VOPc thin films has been studied using AFM, XRD, and HHCF analyses. We specifically
analyzed the scaling behavior and 2D fast Fourier transforms of the AFM images. We
investigated the temperature dependence of growth front scaling characteristics for VOPc
thin films vapor deposited onto SiO, and ITO-glass substrates in the temperature range
23°C-210°C. With increasing substrate temperature, both the rms roughness amplitude (w)
and the in-plane correlation length (&) increase closely following an Arrhenius behavior. We
also investigated the evolution of surface morphology and scaling behavior of thickness
dependent VOPc thin films grown on SiO, and ITO-glass substrates using atomic force
microscopy (AFM), XRD, and height-height correlation function analyses. The root-mean-
square roughness amplitude (w) evolves with film thickness (d) as a power law, w o« d¥.
From the height distribution and scaling exponents analysis, it is concluded that the

roughening mechanism follows nearly a nonlinear type of film growth model.

Chapter 5 presents results on low operating voltage and low bias stress n-channel
OFETs made of vacuum deposited SnCl,Pc. OFETs were fabricated on PMMAJ/AI,O3
bilayer gate dielectric and on SiO, gate dielectric. The devices with top contact Ag electrode
exhibit excellent n-channel behavior with electron mobility values of 0.01 cm?Vs, low
threshold voltage of 4 V, current on/off ratio 10* with an operating voltage of 10 V. Bias
stress instability effects are investigated during long term operation using thin film devices
under low vacuum. The amount of bias stress of SnCl,Pc based OFETs is extremely small
with characteristic relaxation time >10° s obtained using stretched exponential model.
Stressing the SnCl,Pc devices by applying 10 V to the gate for half an hour results in a
decrease of the drain current, Ips, by only 10%. These devices show highly stable electrical
behavior under multiple scans and low threshold voltage instability under electrical dc bias

stress (for 2h) even after 40 days. These findings are very important, since low power
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consumption, high air stable n-channel OFETs are less reported and these can be
implemented in real life application, e.g., sensors, detectors. Further, the effect of contact
metals on the electrical performances and the bias-stress stability in SnCl,Pc based n-channel
OFETs was studied using Ag and Al contacts and it shows improved performance and

operational stability of the OFETs with Ag contact.

Chapter 6 focuses on the device performance and air stability of VOPc based p-
channel OFETs. OFET devices with a hexa-methyl disilazane (HMDS) passivation layer on
SiO;, layer shows high performance and better air stability than the devices with non-treated
SiO; layer. The devices with top contact Au electrodes exhibit excellent p-channel behavior
with high hole mobility value of ~0.01 cm?/\Vs for HMDS-treated devices. Bias stress
stability study shows stretchehed expoential decay behavior during the long term operation
with a constant bias voltage in ambient conditions with a resulting decay of drain current by
only <15% for the HMDS-treated case, while it shows a very sharp decay of constant by
>70% for the devices with bare SiO; layer. The corresponding characterics time constant (z)
is calculated as ~10000 s for HMDS-treated case, while it is very low (480 s) for bare/non-
treated devices. The poor performance of the device based on bare SiO, layer is believed to
be due to the charge trapping by the voids created in the inter grain region of the film, while
it is almost negligible for HMDS-treated SiO, case. This work opens up the possibility of

tuning the bulk properties of OFETSs using self-assembled monolayers.

Chapter 7 presents the fabrication procedure and analysis of low operating voltage
and low bias-stress top-contact SnCl,Pc/CuPc heterostructure-based bilayer ambipolar
OFETs. Herein, a symmetrical Ag top contact-bottom gate (TC-BG) bilayer ambipolar
organic field-effect transistor based on the heterojunction of vacuum-deposited small
molecules, tin(IV) phthalocyanine dichloride (SnCl,Pc) (n-channel) and copper
phthalocyanine (CuPc) (p-channel) has been demonstrated. A hydroxyl free PMMA with
Al,O3 bilayer dielectric exhibits low operating voltage and low bias stress (relaxation time
t=10° s) for both n-channel and p-channel cases. The optimized SnCl,Pc/CuPc
heterostructure exhibits balanced carrier mobility and both types of charge carriers, electrons
and holes, are facilitated by the same low work function Ag contact, depending on the bias

conditions, from the TC-BG architecture. The Ag contact also exhibits Ohmic injection of
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charge carriers with low contact resistance in the n-channel region under an optimal
heterostructure configuration. The contact resistance for electron and hole-injection is
strongly dependent on the thickness of the SnCl,Pc and CuPc layers, respectively. The bias
stress stability is modeled using a stretched exponential fitting. Our results demonstrate that
the ambipolar device characteristics and performance can be controlled by adjusting the
thickness of the molecular layer, which is highly desirable. Such simple heterostructure
engineering with utilization of organic molecular semiconductors can truly enable the
development of promising low-cost and flexible organic electronics for extensive
applications. This work is very much important for the development of improved organic

light emitting field-effect transistors and organic inverters.

In Chapter 8, we summarize the important findings of the present thesis along with
highlights of the new findings and its implications for the future research. Open questions
and the different directions of future studies related to this thesis are presented at the end.

Xiv
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Chapter 1

Introduction

This chapter provides a brief introduction to organic semiconductors-small
molecules/monomers, polymers, and few specific molecules: SnCl,Pc, VOPc, and CuPc. The
growth study of organic thin films, and charge transport mechanism in organic
semiconductors have been discussed. Thereafter, the fundamentals of organic field-effect
transistors including working principles, hysteresis, and the device reliability are briefly
addressed. The lacunae and challenges of growth dynamics of organic thin films and
fabrication of low operating voltage, highly stable organic field-effect transistors and the
focus of the present thesis and organization of the thesis are presented at the end.

1.1 Organic Semiconductors

Organic semiconductor refers to organic (non-metallic) materials that exhibit semiconducting
properties. Semiconductivity in these materials occurs for single molecules, short chains of
molecules and long polymer chains depending on the material. Small molecule
semiconductor includes pentacene, rubrene, anthracene, metal phthalocyanine etc. The first
study of electronic properties of the dark and photo conductivity on anthracene organic
crystals dates back to the early 20™ century [1,2]. After the discovery of electroluminescence
in the 1960s [3], molecular crystals were intensely investigated by many researchers. These
investigations established the basic processes involved in the charge carrier types as well as
charge carrier transport. The first application of organic semiconductor started only in the
1980s, on both small molecules and doped conjugated polymers [4-7]. The development and
the application of the organic molecules in their various forms (small molecules, polymer
chains) are, now the object of the study of a new discipline, called Organic Electronics, that
uses organic molecules instead of the classical inorganic semiconductors normally used for
the production of electronic and optoelectronic devices, such as organic field-transistors
(OFET) [8,9], organic light emitting field-effect transistors (OLFET) [10,11], light emitting
diode (LED), lighting products, radio frequency identification tags (RFIDs) [12], etc. In the
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meantime, major advances in the synthesis of new forms of conducting and semiconducting
organic materials and polymers have enabled the fabrication of high-performance devices
using inexpensive techniques, such as thermal evaporation, spin-coating, ink-jet printing, and
screen-printing, compatibility with different substrates, low processing temperature.
However, many aspects of the device reliability need to be overcome (i.e. environmental
stability, lifetime, etc.), before commercialization of this alternative technology becomes a
reality. Device reliability lies on a good understanding of their electrical properties.

(a)
sp?hybridization
(c)
A Vacuum level
0
. [ N [ ot
/'; ® C ° [} C — Co ° C. °
= )
o E
T P, N P,
5 +
b
sp? (nb) sp?
0}

Figure 1.1: (a) A schematic of sp? hybridization of a carbon atom, (b) hybridization of sp® and p, atomic
orbitals. (c) Energy level diagram of two interacting carbon atoms and of two individual carbon atoms
combined to form 7, ¢ and nonbonding molecular orbitals [13].
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Organic semiconductors consist of organic materials which exhibit semiconducting
properties. The shape and the size of these molecules can vary drastically from relatively
small molecules over larger molecules like phthalocyanine molecules, which are studied
extensively in this thesis. Phthalocyanines are very large and complex molecules. A common
feature of all organic semiconductors is the presence of a conjugated m-electron system. The
formation of this system can be explained by the electronic configuration of the binding
carbon atoms. The electronic configuration of a free carbon atom is 1s%2s°2p?, i.e. the 1s, 2s
and 2p orbitals are occupied by two electrons. When two carbon atoms are bound via a
double bond, an sp*-hybridization is formed (see Fig. 1.1(a)) [14]. One s- and two p-orbitals
(px and py) form three coplanar degenerated orbitals. Thus, an o-bond between two
neighboring carbon atoms is formed. The two p;-orbitals remain perpendicular to this plane.
Two neighboring p;-orbitals are overlapping and the so-called m-bond is generated, as
depicted in Fig. 1.1(b). The electrons in this orbital are delocalized. Due to the interaction
with the unpaired electron of the neighboring carbon atom, a splitting of the energy level
takes place and a bonding © and an antibonding n* orbital are formed, which are referred to as
highest occupied molecular orbital (HOMO, =) and lowest unoccupied molecular orbital
(LUMO, =*), respectively. This effect is depicted in Fig. 1.1(c). After filling the levels from
low to high (using Hund’s Rules for the spins) it can be recognized that four electrons (two
from each carbon atom) are used in bonding, two in o-molecular orbitals, and two in =«
molecular orbitals. The remaining four electrons are in nonbonding (nb) orbitals and are still
available for bonding to the rest of the chain and the ligands. Thus the formation of a chain of
single and double bonds thus causes an energy structure with a HOMO and a LUMO level,
with a splitting (‘band gap’, Eg) in the range of semiconductors [13]. So, it is clear that a
material with only single ¢ bonds, like polyethylene, will have a much wider band gap and
will not easily fall in to the category of semiconductors. The same goes for polyallenes with
only double bonds. To result in a semiconductor material, conjugation is essential. Generally
speaking, the larger the conjugated network is on a molecule, the smaller the HOMO-LUMO
gap [15]. Thus, molecular solids with delocalized m-electron systems show electronic
excitation energies in the range of one to several eV. This corresponds to the transition of an
electron from the HOMO to the LUMO. So, it can be noted that c-bonds are responsible to

form the backbone of the molecule, while m-orbitals are involved in the charge carrier



Chapter 1 Introduction

transport, as schematically shown in Fig. 1.2. In practice, most organic semiconductors
conduct better via holes because of a higher efficiency of trapping (immobilizing) of

electrons.

Z— =\

o—bonds —\_/_\_C\/_
n—orbitals *}\-< .>.

Figure 1.2: A schematic of coupled C-atoms in conjugated double bond structure.

The active layer in most organic electronic devices consists of one or more thin films of
organic semiconductors. These films can be amorphous or polycrystalline. Apart from thin
films, also highly pure single-crystals of organic semiconductors are under intensive
research. In this case, band-like transport behavior has been observed HOMO and LUMO
can be seen as analogs to valence and conduction band in inorganic semiconductors,
respectively. However, an important difference to inorganic semiconductors is the fact that
HOMO and LUMO do not form extended band.

1.2 Organic Semiconducting Molecules

The immensely broad spectrum of organic semiconducting molecules can be classified into
two major groups: polymers, and small weight molecules or oligomers [16]. Small weight
molecules have a well-defined molecular weight and can be found with high purity. On the
contrary, polymers are long-chain molecules formed by the repetition of molecular units. The
number of repetition units is indeterminate, thus leading to a variable molecular mass. From
the point of view, the electronic and optical properties are highly reproducible for the case of
small molecules, while it can vary batch to batch for polymer case. The polymers are
generally processed from solution, e.g. by spin-coating method and results in poor
performances due to irregular grain distribution. On the contrary, small molecules/monomers

and oligomers are generally deposited by vacuum deposition method. Their major advantage
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with respect to the polymers is that they can be grown in films of high purity and crystalline
order, two important requirements to obtain high charge carrier mobility. Devices properties
are highly reproducible due to the inherent properties. Some of the very common small
molecules and polymers are schematically shown in Fig. 1.3. In this thesis, we have
extensively studied the growth kinetics of thin films formed by phthalocyanine based small

molecules.

One of the most widely studied classes of organic semiconductors is the
metallophthalocyanine (MPc) family of molecules [17]. They are used in organic
photovolataic devices (OPVs) devices, organic light emitting diodes (OLEDSs), organic
sensors due to their ease of synthesis, chemical stability and compatibility with vacuum
evaporation. They also exhibit a certain degree of “specific tunability” due to various metals
ion (M = Sn, Cu, CO, H,, Zn, etc.) and the side groups (R=F, Cl, NH,, O(CH,)1,0H, etc.)

that can be introduced within a broad range of composition [8].

0
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Figure 1.3: Molecular structure of a few common small molecules: Metal phthalocyanine, pentacene, fullerene

(upper panel) and polymers: polypyrrole, polyacetylene, polythiophene (lower panel).
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1.2.1 Tin (IV) Phthalocyanine Dichloride (SnCl,Pc)

Among the different phthalocyanines, for the present study, we have chosen for our studies
tin (IV) phthalocyanine dichloride [SnCl,Pc: Sn(C3,H16Ng)Cly, n-type], a sky blue dye, which
is schematically represented in Fig. 1.4 (a). It is a non-planar disc-like molecule belonging to
the group of the metal-phthalocyanines, in which Cl- atoms are ‘stick-out’ top and bottom
pyramidacally both side from the molecular plane where Sn metal atom resides in the
molecular center. In the triclinic forms SnCl,Pc, the Pc macrocycles are not staggered but
slipped. A view of the SnCI,Pc molecular packing in the unit cell is shown in Fig. 1.4 (b). By
simply changing the side group, a large number of similar sister phthalocyanines with
different optoelectronic properties can be synthesized. The solubility of the SnCIl,Pc complex
in polar solvents, such as water, methanol and ethanol, is insignificant, but the complexes are
slightly soluble in pyridine, dimethylformamide, dimethyl sulfoxide, tetrahydrofuran and
high-boiling aromatic solvents, such as chloronaphthalene or quinoline [18]. The chlorine
(CI) ions increase the electron affinity of the molecules and favor an efficient electron
injection into the empty LUMO states. As a consequence, the preferential n-type
semiconducting behavior is observed for SnCl,Pc when combined with typical contact
materials, such as Ag, Al. The electric properties of SnCI,Pc are reasonably stable upon air-

exposure. Since there are only few air-stable n-type organic semiconductors, this makes

(b)

Figure 1.4: (a) The molecular structure and dimension of SnCl,Pc. (b) The molecular arrangement within a
thin film unit cell [18].
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SnCl,Pc an interesting candidate for all those applications in which both n-type and p-type
semiconductors are needed, such as organic solar cells, ambipolar transistors or OLEDs,
organic light emitting filed-effect transistors. There are a few studies focused on the bulk-
structure of various phthalocyanines, including a recent study devoted to the characterization
of SnCl,Pc by X-ray powder diffraction, for which the obtained cell parameters, volume and

number of molecules per unit cell are shown in Table 1.1.

Table 1.1: Summary of the cell parameters reported for the bulk structure of SnCl,Pc [18].

SnCl,Pc Triclinic,
spacegroup P1
a 7.363 A
b 8.676 A
G 11.048 A
a 74.21°
B 80.33°
y 85.47°
\ 669.1 A
M 702.12

1.2.2 Vanadium (IV) Oxide Phthalocyanine (VOPCc)

Vanadium (IV) oxide phthalocyanine [VOPc: VO(C3;H16Ng), p-type] is a deep blue dye
and shows p-type semiconducting behavior in combination with gold (Au) contacts. Vanadyl
phthalocyanine (VOPc, schematically shown in Fig. 1.5 (a), which is different from the
planar phthalocyanines, and show a nonplanar, pyramid-like molecular geometry. The V-O
axis lies perpendicular to the plane of the molecule, leading the vanadyl oxygen atom to
‘stick out’ of the overall molecular plane. VOPc molecule is also the building block of other
molecules, as it can be doped at side groups. A view of the VOPc molecular packing in the
unit cell is shown in Fig. 1.5(b) [19,20]. In general VOPc molecules preferentially follow
with an “edge-on” direction on the substrates [21]. Non-planar metal phthalocyanines exhibit

some unique advantages over their planar counterparts, including broader optical absorption
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profiles and shifted frontier energy level positions. These properties have led to their use in
efficient organic photo voltaic cells (OPVs) and organic filed-effect transistor (OFET)
devices. There are several studies focused on the bulk-structure of vanadium oxide
phthalocyanines, by X-ray powder diffraction, for which the obtained cell parameters,

volume and number of molecules per unit cell are shown in Table 1.2.

Figure 1.5: (a) The molecular structure and dimension of VOPc. (b) The molecular arrangement within a thin
film unit cell [20].

Table 1.2: Summary of the cell parameters reported for the bulk structure of VOPc molecules [20].

VOPc Triclinic
spacegroup(P1)
a 12.027 A
b 12.58A
C 8.71A
a 96.15°
B 94.88°
y 68.16°
V 1212A°
M 579.5
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1.2.3 Copper (Il) Phthalocyanine (CuPc)

Copper phthalocyanine [CuPc: Cu(Cs2H1sNsg), p-type] is a blue dye. In a Scottish dye
factory, a reaction vessel cracked and exposed the Pc-reagents to the outer steel piping,
leading to the creation of a green—blue material. This material was CuPc, a Pc ligand with Cu
ion in the center. The possible use of CuPc in general, as dye pigments became immediately
apparent and industrial production started in 1935 due to their intense coloring properties and
they can also be employed as a building block for the construction of new molecular
materials for optoelectronic applications. These phthalocyanines are planar molecules. The
molecule has a completely conjugated structure that exhibits exceptional stability apart from
the semiconducting properties [8]. From the planar structure of the molecule one can see how
effectively the metal atom is protected within the interior of the molecule. The central metal
atom is covalently bonded with two nitrogens of the porphine ring and also has co-ordinate
linkage with two other nitrogens of the same ring (see Fig. 1.6(a)). The other factors that
contribute to the stability of phthalocyanines are the symmetry of the molecule and the lack
of any dipole moment. There are several copper phthalocyanine analogues that have been

reported, in which the isoindole unit has been replaced with various other heterocyclic rings.

(a)

Figure 1.6: (a) The molecular structure and dimension of CuPc. (b) The molecular arrangement within a thin
film unit cell [19,22].

It has a triclinic unit cell containing one molecule; A view of the VOPc molecular packing in
the unit cell is shown in Fig. 1.6(b) [19]. From the crystallographic information, four
different polymorphs were identified: phases «, £, y and x. The two most common structures

in CuPc are the p phase and the metastable a phase and this compound has no toxicity and
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carcinogenic effects. Those phases can be distinguished by the overlap of their neighboring

molecules. Their structural properties are summarized in Table 1.3 [19].

Table 1.3: Summary of the cell parameters reported for the bulk structure of CuPc (4-phase) molecules [19].

CuPc Triclinic space group

(P1)

a 12.886 + 0.002 A

b 3.769 + 0.003 A

c 12.061 + 0.003 A

a 96.22 + 0.07°

B 90.62 + 0.04°

y 90.32 + 0.08°

v 582.3+0.5 A3

M 12.886 + 0.002 A

1.3 Growth Kinetics of Thin Films

We briefly discuss general issues related to growth physics of thin films, including epitaxial
relations, surface and interface energies, growth modes, correlation functions, dynamic
scaling, and growth exponents. We also point out the general features that distinguish organic
systems from inorganic systems, such as the different interaction potentials and the internal
degrees of freedom of organic molecules. Figure 1.7 schematically represents the processes
relevant in organic thin film growth, such as adsorption (as a result of a certain impingement
rate), desorption, intra-layer diffusion (on a terrace), interlayer diffusion (across steps),

nucleation and growth of islands [23].

10
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Desorption

Figure 1.7: Schematic of processes of organic thin film growth, such as adsorption, desorption, intra-layer

diffusion, interlayer diffusion, nucleation and growth of islands [23].

1.3.1 Quantitative Analysis of Rough Surface

Mathematically rough surfaces can be described by a surface height profile h(r,t), where h
denotes surface height with respect to the substrate at a position r on the surface at the time t.
The functional form of h(r,t) implies that there is only one surface height at a particular r,
which means h(r,t) should be single valued function. Surface growth is commonly referred
as “d+1” dimensions, which means that the substrate is d-dimensional, and the growth takes
place in one extra dimension. Growth in “2+1” dimensions is the most common

experimentally, as depositions usually occur on a planar substrate. Figure 1.8 shows the

8
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Figure 1.8: A schematic of statistical parameters used to describe the rough surface of a thin film. Here the
mean height is (h), interface width is w, lateral correlation length is & and wavelength is 4.

11
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schematic of surface height profile along with mean height (h), interface width w, lateral

correlation length &, and wavelength 4 [24].

Mean Height:

The mean surface height (h) of a surface profile is defined as

()= (h(r.))

It is very common to redefine the surface height profile such that (h) = 0, by choosing a
suitable reference height. This is helpful when concentrating on surface height fluctuations
because any artificial effect introduced by the mean height is removed. If the deposition rate

is constant, then the average height increases linearly with time i.e. (h)~t.

Interface width/ RMS Roughness (W):
The most common statistics used to describe the roughness of a surface is the standard

deviation yy of the surface heights, also called the interface width or root-mean-square (RMS)

roughness. The interface width w is defined as

w(t)s\/(<h(r,t)2>—<h(r't)>2) (1.1)

Larger values of the interface width indicate a rougher surface. It is common to observe a
power law behavior for the interface width with deposition time,

w(t)~t” (1.2)

Where £ is referred to as the growth exponent and it is widely used to describe the dynamic
properties of thin films. It has also been seen that the saturation value of w increases with

increasing L (system size) and its follows the power law,

W,

N i (1.3)
where a (0 < a <1) is the roughness exponent, and it describes the surface fractility [25].
Lateral Correlation Length &

After certain deposition time, the surface height saturates, which means in growth the process
correlation develops along the surfaces, which implying that the different sites of the surface

are not completely independent, but depend upon the heights of neighboring sites. The
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typical distance, over which the heights “know about” each other/the characteristics distance
over which they are correlated — is called correlation length, and it is denoted by ¢&. It has

been found that & is related with deposition time as

£~th (1.4)
where z is called the dynamic scaling exponent. For some systems, scaling exponents are
related by 1/z = B/a [23].

¢ can also be determined from the autocorrelation function, R = 1/W2 (h(r,t)h(r + ', t)),
and it can be found out from the following equation for the self-affine surface [26],

10 =i -enf- ()]

Height-height Correlation Function:
The scaling theory of growth-induced surface roughness is based on the behavior of height-

height correlation function (HHCF) , which is defined as the mean square of height
difference,

g(r,t):<[h(x,y)—h(x',y')]2>, (1.5)

here rz\j(x—x')z—(y—y')2 is the lateral distance between two mounds. The relative

magnitudes of r and the correlation length ¢ can divide the HHCF into two distinct behaviors:
(i) r <&, g(r)ocr™ and (ii) r > &, g(r)=2w’. A typical HHCF plot is schematically

shown in Fig. 1.9. The above concepts are used to understand the growth dynamics of
SnCl,Pc and VOPCc organic thin films on various substrates.
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Figure 1.9: A plot of height-height correlation function (HHCF) for rough surfaces.

It is worth noting that sometimes beyond the lateral correlation length, surface heights are not
correlated, and they may exhibit a periodic behavior on a length scale larger than the lateral
correlation length. So, in order to calculate long range behavior, the power spectral density
function (PSD) is used, which can be derived from Fourier transform (FT) of the surface
height in reciprocal space.

1.4 Charge Transport Mechanism in Organic Semiconductors

Semiconductors are divided into two types: intrinsic and extrinsic ones. An intrinsic
semiconductor is an insulator at very low temperature, but the band gap is small enough that
the conduction band can partly be populated at room temperature. (Figure 1.10 shows the

energy band diagram).
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Figure 1.10: Energy band diagram of a metal, an insulator, and an extrinsic organic semiconductor [27].

In metal, the valence band and conduction band come very close to each other or even they
overlap with each other, in insulators they have large band gap (>4 eV) and the electrical
conductivity is almost zero, while in semiconductor (whether it is organic or inorganic), they
have a finite ‘band gap, Ey’ separated by HOMO (conventionally ‘valence band’) and LUMO
(conventionally ‘conduction band’) (<4 eV). The representative energy band diagrams are
shown schematically in Fig. 1.10. Doping of intrinsic organic semiconductors induces
localized energy levels close to the conduction (n-type) or valence (p-type) band edge (Fig.
1.10, extrinsic semiconductors). By this technique, the energy for the introduction of an
electron or a hole in the material is tremendously lowered, and the compound becomes more
suitable for the fabrication of the devices. It has been shown that the most organic
semiconductors used for device fabrication are contaminated with relatively high amounts of
both kinds (p- and n-type) of impurities. So, by doping organic semiconductors properties
can be tuned to an n-type and p-type. It is worth noting that organic semiconductors are

intrinsically ambipolar depending upon the processing, their properties can be controlled.
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1.4.1 Charge Injection and Transport Across Metal-Semiconductor Junction
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Figure 1.11: Energy level diagram of metal/organic semiconductor junction [28].

From the practical point of view, charge injection from a metallic electrode into a
semiconductor is a very important issue. The interface between the source/drain contact and
organic semiconductor requires low contact resistance, which is a function of both parasitic
resistance and the energy barrier at the contact/semiconductor interface. Low energy barrier
necessitate matching the electrode work function (@) with the semiconductor ionization
potential (IPs). Figure 1.11 shows a schematic of the energy band diagram at the
metal/semiconductor interface. Contact material should be selected such that the barrier of
hole injection (pg=IPs-®y) is minimized (for p-type OFET), to allow for high charge
injection efficiency at the contacts. In addition to energetic matching at the interface, the
contact material must possess high conductivity for optimal OFET performance. Most
metal/organic semiconductor junction form a Schottky contact, indicating the presence of an
injection barrier [16,29]. The barrier arises as a consequence of a different morphology of
organic semiconductors at the contacts, quality of the contact and lowering of the effective
work function of contacts due to formation of interfacial dipole. Therefore, extensive efforts

have been devoted to find a way to improve contacts in organic devices.
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Usually an Ohmic contact is desirable, which requires the work function of the contact metal
to match with the HOMO of the organic semiconductor in the case of a p-type OFET, and
with the LUMO in the case of an n-type OFET. This requires a high work function metal for
p-type OFET and a low work function metal for an n-type OFET. The work function of
various common metals is listed in Table 1.4. Glold (Au) and platinum (Pt) are favorable
choices for their high work function, which has good electrical compatibility with the p-type
OFET. They

Table 1.4: Work function (@y) of some selected metals [30]:

Work Ag Al Au Cu Pt ITO
Function
Dy (eV) 4.26 4.28 51 4.65 5.65 4.8-5.2

have environmentally stable nature at the contact/semiconductor interface. In contrast, silver
(Ag) and aluminum (Al) are generally used for their low work function, which has good
electrical compatibility with n-type OFET. However, these require protection from ambient
atmosphere, otherwise, they would rapidly degrade. The simplified energy level diagrams of
Fig. 1.12(a) and 1.12(b) illustrate the carrier injection into the semiconductor in an organic
thin-film transistor (OTFT) for an n-channel and p-channel, respectively.

(a) (b)
Organic Semiconductor Organic Semiconductor
Metal (p-channel) Metal (n-channel) Metal
Metal
N - o
Injection
barrier
) =
--“i 2 Drain Source
= o (Al, Ag)
o Injection b7
5 barrier S
Source Drain
(Au)

Figure 1.12: Energy level diagram of an organic semiconductor and the work functions of source and drain
metal electrodes for (a) p-channel and (b) n-channel, respectively. Note that in transistors, there is no injection

from the drain.
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1.4.2 Charge Carrier Transport in Organic Materials

The charge transport mechanism in molecular organic solids differs significantly from that of
inorganic semiconductors, because in organic materials normally ionic molecular states, i.e.
radical cations and anions, are involved. In molecular solids, electrons or holes have to move
from one molecule to another and these ionic states are stabilized by polarization energies in
the crystal. Due to the exciton binding energy, the optical gap is significantly smaller than the
single molecule gap to create an uncorrelated electron-hole pair. Furthermore, the active
layer in most OFETSs is not single crystalline and the energy levels of valence and conduction
bands of polycrystalline or amorphous layers are less discrete, due to varying polarization
energies of different molecular environments. The contribution of different defects or
trapping states on the hopping transport was described by Béssler et al. with a Gaussian
distribution [31]. The spatial and energetic disorder in the semiconducting layer is
proportional to the bandwidth of the Gaussian density of states.

Band Transport Model:

The band transport model, as it can be used to describe carrier transport in silicon (Si),
Germanium (Ge)-based devices, can only be applied for highly ordered organic single
crystals at low temperatures. Compared to inorganic materials, the bandwidth of organic
crystals is still very small and the measured charge carrier mobilities range from 1 to ~35
cm?/Vs, which is comparable to the mobility in amorphous silicon. In these materials, charge
transport is limited by scattering of the carriers, mainly on phonons, i.e, thermally induced
lattice deformations. This model is no longer valid for low conductivity materials such as
organic semiconductors. The main difference between the two cases is that in an inorganic
semiconductor, charge transport is limited by phonon scattering, whereas in the organic case,
it is phonon assisted. As regards to high purity crystals, different measurement techniques
showed increasing mobilities with decreasing temperatures, suggesting band transport instead
of hopping [16,32]. This inverse temperature dependence of the charge carrier mobility pt can
be expressed by equation u o< T™™ (In most practical cases, n is positive, so the mobility

increases when temperature decreases).
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Contrary to organic crystals, disordered organic materials do not form energy bands, due to
low molecular interactions among the molecules based on Van-der-Waals forces. Some
models have been developed to explain theoretically the temperature and electric-field
dependencies of charge carrier drift mobility, however the exact nature of charge transport in

these crystals is still unresolved for the time being.
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Figure 1.13: A schematic representation of the formation of a polaron when a positive charge is placed on a
molecule in a conjugated organic solid. The hexagons symbolize the core of the nuclei, while the circles

represent the delocalized n-electrons [16].

Polaron Transport:

The main reason why the band model is unable to account for charge transport in organic
semiconductors is that it fails to account for a crucial phenomenon in these materials:

polarization. The occurrence of polarization in organic solids has been analyzed in detail by
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Silinsh and Cépek [33]. The principle is the following. A charge carrier residing on a
molecular site tends to polarize its neighboring region. As the resulting polarization cloud
moves with the charge, the traveling entity is no longer a naked charge, but a “dressed”
charge, and the formed species is called a polaron. In conjugated solids, the main
polarization effect is that on the clouds formed by the n-electrons. The principle is illustrated
in Fig. 1.13, where the conjugated molecules are symbolized by benzene rings; the hexagons
represent the (fixed) core of the six carbon atoms, while the circles stand for the delocalized
n-electrons. Under the effect of the positive charge on the central molecule, the m-electron
rings tend to move towards the central molecule, thus creating an electric dipole, the
magnitude of which is greater as the molecule is closer to the center. It is worth noting that in
polaronic charge transport, not only the charge moves under an applied electric field but also

the lattice deformation moves with it.

Hopping Transport:

The absence of an ideal 3D periodic lattice in disordered organic semiconductors does not
allow to describe charge carrier transport in terms of band conduction. In this case, charges
must move between these localized states and overcome the energy difference between them,
emitting or adsorbing phonons during intra-chain or inter-chain transitions (see Fig. 1.14
(a)). Hopping models have proved useful in rationalizing charge transport in disordered
materials, such as polymers. Time of flight (TOF) measurements have revealed that the
carrier mobility in these organic materials is thermally activated. Another ubiquitous feature
relates to the field dependence of n obeying a law, In(x) o VF, where F is the magnitude of
the electric field [34]. The current practice is to interpret this behavior in terms of Gill’s
[16,35] or Poole—Frenkel (PF)-like equation,
_ ~(Bo—BF ) KTy
H= 1o (1.6)

Where Te=T-To !, Eo = activation energy in the absence of electric field, f = the Poole-
Frenkel coefficient, F = magnitude electric field, k = Boltzmann constant, T, = temperature at
which the extrapolated data of Arrhenius plots for various electric fields intersect with one
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another, o = mobility at To. The problem with Eq. (1.6) is that it presents several physical
inconsistencies, among which are the lack of physical meaning for the effective temperature
and the fact that the actual values of the PF factor are far from that predicted by the

conventional PF theory.
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Figure 1.14: A schematic of charge-transport mechanisms in organic semiconductors: (a) hopping model
assumes a transport mechanism driven by thermal energy and/or tunneling between the discrete states. (b) The
multiple trapping and release model assumes a transport mechanism driven by thermal activation of charge
carriers into extended states followed by a trapping in discrete states. However, the charge carriers are

frequently trapped in states with depth E,, from which they are thermally excited back into the band.

The disorder model developed by Bassler [16,31] relies on the following assumptions: (1)
Because of the randomness of the intermolecular interactions, the electronic polarization
energy of a charge carrier located on a molecule is subject to fluctuations; (2) transport is
described in terms of hopping among localized states; in analogy to optical absorption
profiles, the DOS is described by a Gaussian distribution of variance ; (3) charge transport is

a random walk described by a generalized master equation of the Miller—Abrahams form

[36]:
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where AR;jis the intersite distance and &;;the energy difference of the sites. Depending on the
structural and energetic disorder of the system, it may be possible that a charge carrier finds
more favorable to hop over a larger distance with lower activation energy than over a shorter
distance with high activation energy. However the activation energy depends on the
molecular order and on the charge carrier density. If the charge carrier density is increased
the lower trap level are filled, the activation energy decreases and the mobility increases.
Since the energy-dependent transition is thermally-activated, the optimal hopping distance
will depend on temperature. This mechanism of hopping conduction is called variable-range
hopping (VRH) [37]. This model was introduced by Vissemberg and Matters, and describes
the temperature and gate voltage dependence in OFETs introducing a percolation model
based on VRH in an exponential density of states. The VRH model has been used to describe
the charge-transport mechanism in amorphous materials with @ maximum mobility of ~ 103

cm?/Vs.
Multiple Trapping and Release (MTR) Model:

The MTR model applies to well-ordered materials, prototypes of which are vacuum grown
small molecules based organic semiconductor, where thermally activated mobility is often
observed. This model was introduced to explain charge transport in amorphous silicon
devices and was used by Horowitz et al. to interpret the data obtained on poly-crystalline
sexithiophene-a small molecule based OFETs [9]. The basic assumption of the model is a
distribution of localized energy levels located in the vicinity of the transport band edge.
During their transit in the delocalized band, the charge carriers interact with the localized
levels through trapping and thermal release. Figure 1.14(b) schematically represents the
MTR model for charge transport mechanism for disordered organic semiconductors.
Impurities, defects, and grain boundaries can scatter charge carriers back into localized
states. For this model, some interactions are postulated: (i) Carriers arriving at a defect are
trapped with a very high probability near to one, and (ii) the release of the carriers is
thermally controlled. The resulting effective mobility e is related to the mobility o in the
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undisturbed mobility in the band by an Eq. (1.8) [38]. This model is widely used to explain

charge transport in amorphous silicon.

(Ec—E)/KT

M= oo , (1.8)

where E; is the "depth™ of the traps, the energy difference between the band edge and the trap
levels, and E. the conduction band edge. « is the ratio of the trap density of state (DOS) to
the effective density of states at transport band edge. In all circumstances, whichever the
actual energy distribution of traps, the main feature predicted by the MTR model is thermally
activated mobility. An important outcome of the MTR model is that in the case of energy

distributed DOS, mobility is gate voltage dependent.

1.5 Organic Field-Effect Transistors (OFETS)

Field-effect transistor is an electronic device that relies on the electric field to control a
current through the ‘conductive channel’ made of a semiconducting material. When the
active layer is fabricated from organic semiconductors (OSCs), the device is referred to as an
organic field-effect transistor (OFET). The most common configuration of an OFET is the
organic thin film transistor (OTFT). OTFTs are usually applied for two goals: first,
investigation of the OSC properties (e.g. field-effect mobility, light-induced modifications,
degradation effects after prolonged operation, etc.); second, OTFTs can be used as switching

or sensing devices in organic electronic applications.
1.5.1 Basic Design and Operating Principle of OFETs

The basic idea that guides the insulated-gate field-effect transistor (FET) traces back to the
mid-1920s , but it was not triggered until 1960 that this early concept could be successfully
demonstrated, with the invention of the metal-oxide-semiconductor FET (MOSFET).
Organic field-effect measurements on copper phthalocyanine (CuPc) films were reported as
early as 1964. However, the organic field-effect transistors, came into applications in the late
1980s [39].
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Figure 1.15 shows a three-dimensional view of an organic thin-film transistor. It is a three
terminal device: (1) source (S), (2) drain (D) and (3) gate electrode (G). The active part of the
device is constituted of an organic semiconductor thin film equipped with two electrodes: the
source and the drain. The distance between the source and the drain is called the channel
length L; the transverse dimension of the structure is the channel width W. A third electrode,
the gate, is laid out along the channel between source and drain; this electrode is electrically
isolated from the semiconductor film by a thin insulating film called dielectric material,
hence forming a metal-insulator-semiconductor (MIS) structure. By applying a voltage
between source and gate, one induces the formation of an accumulation layer at the
semiconductor—insulator interface, thus forming a conducting channel between these two
electrodes. So, the gate turn the device on and off with an applied voltage, and thus controls

the current flow (Ips) in the semiconductor between the source and drain electrodes [16].

Insulator

Figure 1.15: A schematic of top contact organic field-effect transistors (OFET): Vps: drain voltage; Ips: drain
current; L: channel length; W: channel width; S: source electrode; D: drain electrode; G: gate electrode; Vs :
gate voltage; Igs : gate current, OSC: organic semiconductor [40].

As shown in Fig. 1.16, OFETs are commonly used in three main device configurations
combining the basic components (electrodes, channel and insulator). Specifically, in bottom
gate-bottom contact (BGBC) configuration the organic layer is deposited on the gate
insulator, after the source and drain contact is realized on gate insulator. On the contrary, the

device structure in which source and drain contacts are pre-patterned on the gate insulator
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and the organic material is deposited on their top is known as bottom gate top contact (BG
TC) geometry. Finally, in the bottom contact-top gate (BCTG) structure, the gate insulator is
deposited on the organic channel and the device fabrication is completed with the gate

electrode.
(a) BGBC (b) BGTC (C) TGBC
Gate
Insulator

Insulator Insulator

Figure 1.16: A schematic of commonly used field-effect transistor configurations: a) bottom gate-bottom
contact (BGBC), b) bottom gate- top contact (BGTC), c¢) bottom contact- top gate (BCTG) [41].

Substrate

However, it has been found that the small contact area tends to generate large contact
resistance of the bottom contact OFETs. In contrast, top-contact OFETs usually have
relatively large areas for carrier injection at the contact/semiconductor interface, resulting in
smaller contact resistance [30,41]. In this work, a top-contact configuration was employed to
the OFETSs due to its lower contact resistance compared to that of OFETs with a bottom-
contact configuration. As discussed earlier, the lower contact resistance in a top-contact
configuration is associated with the increased effective contact area. On the other hand, the
bottom-contact configuration is limited by the nonlinear film morphology near the contacts.

A unique feature of OFETSs is that, unlike diodes, these devices are two dimensional. That is,
they are governed by two independent voltages perpendicular to each other. The role of the
gate voltage is to induce charges in the conducting channel, while the drain voltage drives
these charges from source to drain. The most popular equations to describe the current-
voltage curves of an FET are very simple, but this simplicity hides several assumptions: (1)
the transverse electric field induced by the gate voltage is largely higher than the longitudinal
field induced by the gate bias (so-called gradual channel approximation); (2) the mobility is
constant all over the channel. In short, |-V characteristics can be drawn by either varying the
drain voltage at a constant gate voltage (output characteristics Ips-Vps) or changing the gate
voltage at a fixed drain voltage (transfer characteristics Ips-Vgs). In the former case, the
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curves are divided into a linear regime at low Vps (Vps < Vi) that convert into the saturation
regime when Vs > V. The current in both regimes is given by egns. (1.9) and (1.10)
[16,42]:

w V.2
Iosiin = Tﬂci |:(VGS =V, )VDS _%:|: for |Vps| < [Vgs — Vral (1.9)
W 2
o sar _Z#Ci (Ves _VTh) ' for |Vps| = [Vgs — Val (1.10)
EokA

Here, C; =

- is the capacitance of the insulator, x is the mobility in the semiconductor, and

V is the threshold voltage.

The mobility i, in the linear regime can be extracted from the Eq. (1.9) by taking the first

derivative of the Ips with respect to Vs at constant Vps:

L ol
Hiin = ( . j -
WCiVDS aVGS Vps =const

Similarly, the saturation mobility p of the OFET is calculated using the following formula,
which is derived from the egn. (1.10):

2
O/l
Hat =£ = (112)
WCi GVGS Vpg =const

&/I : !
where the slope -5 can be calculate from the linear extrapolation of the V|lpg| vs. Vs
GS

plot (see Figure 1.17(b)).

In the linear regime, the total resistance Ry Of an OFET can be expressed as the sum of R,

and Rc as below Rita = Ren + Re.

Where Rc and Rey (= ) are the contact resistance and the channel resistance,

wei(Ves—Vrnlp

respectively.
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Figure 1.17: (a) Ips Vvs. Vps output characteristics of a top-contact OFET for different Vgs biases. (b) |lps|

vs.Vgsand [Ips| VS.Vgs transfer characteristics of OFETS [43].

Figure 1.17 shows typical output characteristics Ips-Vps and transfer curves lps-Ves (Fig.
1.17(b)), respectively for a top-contact OFET. In the output characteristics, the linear regime
at low Vps and the saturation regime at high Vps are clearly visible. So, the I-V curves are
used to extract its basic parameter, primarily the mobility and threshold voltage. It is
noteworthy to outline that the Vr, strongly depends on the specific device structure and in

particular on the combination of dielectric and semiconductor.

Apart from showing the performance of the device, -V curves are used to extract its basic
parameter, primarily the mobility and the threshold voltage. A widely used method for
parameter extraction consists of plotting the square root of the saturation current as a function
of the gate voltage. As seen in Eq. (1.10), this is supposed to give a straight line, the slope of
which gives the mobility while its extrapolation to the axis corresponds to the threshold

voltage.

The performances of OFETs can be characterized by several key parameters including,
on/off current ratio (Ion/lore), field-effect mobility (), subthreshold slope (S), threshold
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voltage and so on. Reliable and reproducible extractions of the parameters from the transfer
curve or the output curve of a transistor are prerequisites for a comparison between the
performances of devices. Here, the basic requirements for proper parameter extraction are
defined. The sub-threshold slope is obtained from the saturated transfer characteristics and is
defined as the inverse slope of the log(|Ips|) vs. Vss curve at large constant Vps, as indicated
in Fig. 1.17(a). The sub-threshold slope is related to the device switching speed: the smaller
the sub-threshold slope, the faster the transition between the ON and the OFF states. lon/lorr
ratio is defined as the ratio between the maximum drain current in the ON state (lon) and the
minimum drain current in the cut-off regime (logg). It is evaluated from the saturated transfer
characteristics at large constant Vps, as shown in Fig. 1.17(b). In terms of technical
applications, this ratio should be as large as possible. Typical values for the on/off current

ratio are six to seven orders of magnitude.

In addition, these devices under biasing conditions Ves>Ver, and Ves—Vps<V'm,
electron and hole accumulation layers are simultaneously present in different portions of the
channel, extending from the source and drain contacts into the channel, so called ambipolar
organic field effect transistors. So, in ideal ambipolar or bipolar transistors are transistors in
which both holes and electrons are mobile inside the conducting channel. Ambipolar organic
field-effect transistors have the potential to be the next generation of light-emitting devices
[29,42,44,45].

1.5.2 Subthreshold Slope and Charge Traps

Below the threshold voltage, there is a subthreshold (S) region in which the drain current
depends exponentially on the gate-source voltage. In the subthreshold region, the drain
current is induced by the carriers that have sufficient thermal energy to overcome gate-
voltage-controlled energy barrier. The subthreshold slope S, also called subthreshold swing,
can be described quantitatively by

Vg
a(Ic’glo Ios ) (1.13)
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At room temperature S = kq—Tln(lo) ~ 57 mV/dec. Conceptually, subthreshold voltage slope

can be used to estimate the density of the trapped charge carriers at the interface by [46],

LT zPS Iog(e)_l}g

t
keT q (1.14)

where q is electronic charge, N/"** is the upper limit of the trapped charges, and kg is
Boltzman’s constant. Obviously lower trapped charge density will result in lower

subthreshold slope.

1.5.3 Hysteresis

Organic field-effect transistors often exhibit a current hysteresis (difference between the
forward and the reverse sweeps). Moreover, we often have a persistent shift of the transfer
characteristic when a gate bias is applied for a prolonged time. These phenomena are known
as electrical instability. Electrical instability is most likely caused by the trapping of charge
in long-lived trap states. The term “long-lived” refers to a trapping, and release time which is
long compared to the time needed to measure a transfer characteristic (e.g. 1 min.). The shift
of the transistor characteristic (threshold voltage shift) AVy, can be related to the density of
the interface-traps (N;), which can be estimated by the following equation according to [47],

_ GV,

N, .

(1.15)

The long-lived states may be extrinsic in nature (e.g. certain chemical groups on the surface
of the gate dielectric). They may also be located within the semiconductor in regions with
increased structural disorder, i.e. may result from structural defects. Furthermore, a reversible
electrochemical reaction of adsorbed water with the organic semiconductor or with chemical
groups on the surface of the gate dielectric may play a role as well. It has also been suggested
that gate bias stress effect is an intrinsic phenomenon and is due to the formation of hole
bipolarons, which is a tightly bound state with a very low mobility. Impurity states might
even catalyze the formation of bipolarons. Other marginal causes of electrical instability of
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an organic field-effect transistor include the transfer of charge from the semiconductor to the

gate dielectric, or the movement of charged ions within the gate dielectric.

1.5.4 Electrical Stability of OFETs: Bias Stress Model
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Figure 1.18: (a) Transfer curves of an OFET for different stressing times: The gate bias voltage during the
stressing is 30 V [43]. (b) Alternative gate bias stress measurement by normalized drain current when bias
voltages are constant.

Transistors should provide a stable current under applied bias. It is a fundamental
requirement for practical applications of OFETs. At the moment, the commercialization of
organic transistors is hampered by their operational instability for which the origin is
basically unknown and there is an ongoing debate in the literature. V1, stability is a important
figure of merit as well as the field-effect mobility, because it is related to the operational and
lifetime. The stability of OFETs mainly has two aspects. One is the air stability that is a well-
known problem for organic semiconductor materials. The other limit is a characteristic of
threshold voltage shift (AV,) after prolonged gate-bias stress that results from the operation
of the OFETs. However it is generally believed that the electronic trap states in the
semiconductor or at the interface between the semiconductor and the dielectric or in the

dielectric layer can cause instabilities of the threshold voltage of OFETSs.
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Physics of Stretched Exponential decay of Drain Current:

Upon applying a gate bias, the bias-stress effect results from trapping of mobile carriers that
can be described with the change in the free carrier density (Ns), given as [48,49]

%ANf ——ADAN, (1.16)

where t is time, A is a proportionality constant that is proportional to a capture cross-section
for the charge carriers and D is the diffusivity. In OFET, D is the time-dependent diffusion
coefficient for the carriers relaxing in the mobile state and it is inversely proportional to an
average time for a carrier to find a deep trap. In addition, D follows a power law universal to
virtually all the disordered systems exhibiting dispersive transport: D(t) = Dy (wt)?~1,
where Dy is the diffusion constant, w is a hopping frequency between charge trap states, and
p is a dispersion parameter. The solution to this differential equation is given by a stretched

exponential function.

T

N, (t)=N, (O)exp{—(LJq (1.17)

where N¢(0) is the initial free carrier density, 7 is a characteristic time constant. Assuming that
the threshold voltage shift (AVy,) of an OFET at a given time is given by AV(t) = eNg(t)/C,
where e is the elementary charge, N(t) is the trapped charge density that is assumed as N¢(0)
— N¢(t), and C is the capacitance of the gate-dielectric. The corresponding normalized

threshold voltage shift (over the threshold voltage shift at #=0) can be given as
£V
AVr, (1) = {VTh (t=o00)-Vp,(t= O)} exp _(;J (1.18)

Usually the threshold voltage shift 4Vi(t) is analyzed by measuring transfer curves at various
times, with a gate bias applied in between. This straightforward measurement has some
drawbacks, however. Firstly, it is slow, therefore, information about the first few, or even
fraction of seconds is not accessible. Secondly, some devices, especially OFETs do not show

a linear regime and thus deriving a threshold voltage is not straightforward, even as the
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transfer curve clearly shifts. Therefore, we use a different method to measure the gate bias
stress influence over time. Instead of measuring a full transfer curve, the evolution of the
drain current Ips(t) is measured at a certain applied gate voltage Vs and source drain voltage
Vps. The decrease of Ips(t) over time can be translated into a shift of the transfer curve (and,
therefore, Vi) and it can be derived from Eq. (1.18) [48,50],

B
s (t) = 155 (0) exp{—[q } (1.19)
T

where 7 is the time constant, and £ is the stretching parameter (0 < < 1). A stretching
parameter close to 1 indicates a narrow distribution of time constants (the limit 5 = 1 being
the exponential function with a single time constant), while a smaller stretching parameter (5
< 1) implies a broader distribution of time constants [51]. Although this expression was
originally developed to describe the bias-stress effect in amorphous silicon transistors
considering the time-dependent evolution of trap states due to hydrogen migration, we
employ similar mathematical formulation to describe the dispersive trapping process in
OFETs.

1.6 Advances in Organic Field-Effect Transistor Performance

Organic field-effect transistors (OFETS) have received immense attention since the invention
of the first OFETs in 1986 by Tsumura and coworkers [52]. They have the potential in
integrated circuits for large area, flexible, and low-cost electronics for active matrix displays,
radio frequency identifications tags, organic light emitting transistors and organic light
emitting diodes and so on [53]. A large numbers of molecule were designed and synthesized
for electron transporting (n-type), hole transporting (p-type) and ambipolar organic
semiconductors or combinations of n-type and p-type to make ambipolarity with improved
performance and stability [54]. Table 1.1 summarizes the OFET performance parameters of
various molecular semiconductors. Compared to the inorganic semiconductors, molecules of
organic semiconductor can be tuned and modified such as charge transport, energy level etc.
can be optimized. Synthesis of organic semiconductors can be relatively easily scaled up and
can be vyielded in high purity. These advantages are not only important for

commercialization, but also allow us scientifically to explore the relationships between
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structures and properties. Over the past decades, the performance of OFETs has surpassed
our expectations, with OFET mobility in some cases exceeding those of amorphous silicon
FETs (~1.0 cm®v's™!) [55-58]. However, the overall improvement of n-type organic
semiconductors still falls behind the p-type organic semiconductors in terms of mobility, air
stability, operational stability etc. However, most well-known p-type organic semiconductors
such as pentacene, P3HT etc. suffer air stability. Considering n-type, p-type, and/or their
combinations in ambipolar organic semiconductors playing significant roles in ambipolar
transistors and complementary circuits, development of novel n-type and ambipolar
semiconducting materials with high performance is still a critical focus in organic electronics
and organic optoelectronic applications. Apart from high charge carrier mobility, large on/off
ratio, and low threshold voltage, high air stability is essential for real life applications, which
is one of the key property for organic semiconductor devices. To achieve these requirements,
the development of new organic semiconductors is highly desirable. The recent advances in
the device performance of n-type, p-type and ambipolar organic semiconductor devices are

summarized in Table 1.1.
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Table 1.1: Summary of the OFET device performance reported for n-type, p-type and the combination of small

molecule organic semiconductors (Note that the mobilities for most of the semiconductors are p-type).

Semiconductors Gate- Hu Voo | Vin T p Ref.
dielectric (cm?/Vs) V) | (V) (s)
SnCl,Pc PMMA-AI,O; | 0.01 10 |34 10 (air) 0.32 | This
work
[43]
P6p-SiO, 0.3 100 | 27 .. .. [59]
Perylene derivative | SiO, 0.02-0.03 50 7.5x10° 0.32 | [60]
Si0, 50 3.8x10? 0.41 | [60]
Si0, 1.7 150 | - [61]
Napthalene  diimide | OTS-SiO2, 0.7 80 25-26 2.8x104 0.59 [62]
derivative 0.62 60 | 21 I . [63]
HMDS-SiO, 0.1-0.7 80 | 10-18 1.2x10° 056 | [63]
Diindenopyrazinedi | HMDS-SIiO, 0.001 100 | 27 [64]
ones derivatives
Quinone HMDS-SiO, 0.15 100 | 17 [65]
Pentacenequinones | OTMS 0.1 70 34 e [66]
TriF-IF-dione PS 0.1 90 |92 9.3x10° [67]
C60 PMMMA-SiO, | 1.1 30 [21 | [68]
Pentacene HMDS-SiO,, | 0.1-0.2 40 |21 7.1x10° 0.45 | [69,70]
PS-SiO, 0.7 60 | 275 3.2x10° 0.55
TES-ADT HMDS-SiO, 0.16 40 |04 .. [71]
P3HT HMDS-SIO,, 80 4x10’, B [48,72]
ODTS-SiO, 1.5x10" 0.4
TIPS-PEN (single- | Parylene 0.05 80 1.8x10° 037 | [73]
crystal)
Tetracene  (single- 3.1x10* 0.37 | [69]
crystal)
C8-BTBT PMMA 3.1 40 4.9x10° 0.40 | [74]
Thiophene- f-PVP-SiO,, 1.7 80 y . [75,76]
derivative IDTO 1.9 3 44 10° B
TIPS-TAP SAM-AIOx- 6.8 50 |18-22 [77]
Si0,
HMDS-SiO;, | 0.01 40 |20 10" (air) 0.67 | This
VOPc work
P6p-SiO, 0.55 40 10"(vac.) |[0.38 | [78]
NT FBIl/Pentacene | HMDS-SiO, 14p,=0.23, 40 | Vgpp=11 [79]
#,=0.09 Vinn=6
SnCl,Pc/CuPc PMMA-ALLO; | 1,=2.1x10" [ 10 | Vyn,=6.84 | 10° 0.57 | This
1:=1.8x10" Vins=2.53 work
[80]
Pentacene/C60 Olefin-SigN,- | £4,=0.28 40 [81]
SiO, 1,=0.18
P13/CuPc PMMA-SiO, 1p =5.5x10° [ 60 | Vinp=10.2 [82]
11n=3.1x1072 Vinn =25.3
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1.7 Lacunae and Challenges

Despite successful synthesis of organic molecules with high purity, limited research has been
carried out on the systematic growth of organic molecular thin films by tuning various
growth parameters those are responsible for crystallization and resultant thin film
morphology [83-104]. Among the different explored materials, small aromatic molecules
particularly phthalocynanine molecules have emerged as promising candidates because they
can be grown in films with thermal and chemical stability, high crystalline order, and wide
absorption band at the optical region [16,23,89,102,105-111]. Only recently, few groups
have determined the structure and packing of stabilized organic thin film phases on various
substrates [112]. Although, a few experimental as well as theoretical efforts have been made
to establish a molecular level understanding of the growth of organic thin films, however the
physics related to morphological evolution is still an on ongoing debate for the growth of
organic thin films [86,113,114].

For inorganic materials, scaling concepts are quite successfully implemented to describe and
predict the statistical features of the morphology of growing surfaces and interfaces which is
grown far from equilibrium conditions [25,26,115-121]. So, the scaling theory can be applied
to quantify the statistical properties of the surface morphology of organic thin films and to
formulate theoretical models of growth modes for small molecules based thin films. The
height-height correlation function of the thin film can be established to relate physical growth
mechanisms from the set of scaling exponents [110]. These exponents can be used to
quantify the interface features, and the morphological evolution of thin film and of the lateral
correlation length of the surface, specifically they lead to the universality class for particular
organic thin film systems. However, most of the organic molecular thin films does not belong
to any known universality classes. Hence, in order to understand the details of surface
evolution of these complex materials, a new class of growth model/universality class may be

needed.

There are currently small number of studies reported on the growth behavior of molecular
films, which usually have very different characteristics compared to that commonly observed
for inorganic and metallic thin films [122]. However, a number of promising organic

molecules/compounds have found applications in various high performance devices. So, it is
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very much essential to investigate the growth dynamics of promising organic molecules
which are used as active layer for optoelectronic applications. There are specific issues for
growth of organic molecular thin film which can lead to quantitatively and qualitatively

different growth behavior [23], such as:

(a) Internal degrees of freedom: Organic molecules are large-‘extended objects’ as compared
to the inorganic atoms and thus have internal degrees of freedom. This is probably the most
fundamental difference between growth of atomic layers in inorganic systems and growth of
organic films. The orientational degrees of freedom, which is not included in conventional
growth models can give rise to qualitatively new phenomena, such as the change of the
molecular orientation during film growth, such as ‘lying-down’ and ‘standing-up’ geometry.
Also, the vibrational degrees of freedom can have an impact on the interaction with the
surface as well as the thermalisation upon adsorption and the diffusion behavior. These
intrinsic anisotropy will lead the extra diffusion barrier during the growth of thinfilms on

various substrates.

(b) Interaction potential: The interaction potential between molecule and molecule and
molecule and substrate is generally different from the case of atomic adsorbates, and hence,
van-der-Waals (vdW) interactions are also important. So, the interaction vdW potential also
contributes to the step-edge barrier during the thin film deposition.

(c) Molecule size: The size of the molecules and its unit cells are typically greater than that of
the typical inorganic substrates, which leads to lattice mismatches. Organics thin films
frequently crystallize in low-symmetry structures on to inorganic substrates, which again can
lead to multiple domains and it results in extra energy barrier or Schwoebel type barrier/step-
edge barrier.

Generally, most of the above issues directly or indirectly have impacts on the thin film
surface morphology and the molecules experience a barriers during the diffusion. Thus, the
growth dynamics exhibit substrate induced differences and exhibits significant differences

with that of the inorganic systems.

Thin films of organic semiconductors have attracted significant interest due to their

promising organic electronics applications. They have potential applications in various
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optoelectronic devices, most notably in organic field-effect transistors (OFETS), organic light
emitting diodes (OLEDSs), and organic photovoltaics (OPVs), organic sensors, organic
displays, radio frequency identification tags (RFIDs) etc. The advantages of organic
electronics in comparison to silicon-based technology are manifold. Properties such as low-
cost fabrication, material flexibility (leads to different choices for device fabrication), large-
scale fabrication by roll-to-roll printing process, even possibly biocompatiblity and
biodegradiblity of the electronic material scientifically and technologically are most
attractive [12,59,123-133].

The solution deposition and vacuum deposition are two basic methods for fabricating organic
semiconductor thin films. The former is suitable for processing soluble organic small-
molecule or polymer materials, while the latter is suitable for processing insoluble organic
small-molecule materials. Vacuum deposition is primarily used to fabricate small molecule
based organic semiconductor thin films. It allows a very precise control in fabrication and
tailoring of the properties of the organic thin films, which is of utmost necessity for detailed
study of growth mechanism. Its main advantages are the easy control of the thickness and
purity of the film, and the fact that highly ordered films can be obtained by tuning deposition
parameters, such as the molecule deposition rate and the substrate temperature [9].

From the view of device perspective, the manufacturing of high quality organic field-effect
transistors (OFETS) is necessary, since it is a key component for various optoelectronic
devices. Here, the organic semiconductor is only not the component, and it is also very
important to incorporate a suitable gate insulator. Again, the crucial parameters is not only
the dielectric constant, but also its thickness. The insulator should be ideally pin-hole or void
free to achieve the high device performance. The major motivation to search for alternatives
to SiO, gate insulator is to significantly reduce the OFET operating voltage. In fact, while the
carrier mobilities of organic semiconductors have now approached those of amorphous Si,
this has generally been achieved at very large drain-source voltage or gate-source voltages,
typically greater than 30-50 V. OFET operation employing such large biases will require
excessive power consumption, which is a hinderance for real life applications. Furthermore,
in such devices, the semiconductor carrier mobility is gate bias dependent. So, the issues

related to SiO, gate dielectric can be stated as: (a) high operating voltage, (b) low dielectric
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constant, (c) cost-effective process, (c) high leakage current, (d) high temperature processing,
and (d) limited choice of substrates. In contrast to SiO,, PMMA/AI,O3, SAM modified
Al,O3, SrTiO3, BaTiO3; have several advantages such as (a) low leakage current density (b)
low operating voltage, (c) room temperature processable, (d) low-cost, (e) un-limited choice
of substrates [8,16,134-137]. So, OFET gate insulators can fulfill demands specific to organic
electronics such as low-cost manufacturing by using high k-gate dielectric, such as
PMMAV/AI,O3 as compared to that of SiO; gate dielectric. In addition, over the last few years,
high-quality, n-type transistors based on organic semiconductors has been demonstrated with
performance close to that of the best p-type materials. However, most research effort has
focused on the development of materials with high field-effect mobility and good
environmental stability; as a result the mobility of n-channel/p-channel organic field-effect
transistor (OFET) exceeds that of the amorphous silicon FET (a-Si FET). Further, very
limited studies have been performed on the bias-stress stability of n-channel/p-channel
OFETSs, though this is of paramount importance to realize the full commercial potential of
OFETs. Furthermore, after low operating voltage and high air stable unipolar OFET (n-
channel or p-channel), there is an urgent demand for low power consumping, high air stable
ambipolar organic field-effect transistors, which allows both electrons and holes to be
injected and transported in the same devices, i.e., devices can operate in unipolar mode as
well as in an ambipolar mode. There are several challenges to acieve ambipolarity, such as:
(a) circuit complexity, (b) active material selection, (c) choice of contact electrode, (d) choice
of proper gate dielectric, (e) low operating voltage, (f) high operation stability in ambient
condition etc. Bilayer heterojunction structures appear to be one of the very promising
approaches for device fabrication, as they are readily deposited on the same substrate without

breaking the vacuum.
1.8 Focus of the Present Thesis

Understanding of the film morphology and growth model of organic molecular
semiconductors is quite limited. Organic thin films reveal a good variety of growth
mechanisms, from single crystal growth to rough granular growth, which makes it really
difficult to generalize to model the organic growth using one simple independent model.

Despite of substantial success, there are several challenges for the fabrication of high quality

38



Introduction Chapter 1

unipolar and ambipolar organic field-effect transistors with reproducible device properties for
their applications in various areas of electronic and optoelectronics applications. The main

focus of the present thesis is as follows:

e The influence of the molecule-substrate (organic-inorganic) interation on the growth
process and the substrate dependent structure and morphology of organic thin film.

e The influence of thickness and substrate temperature on organic thin film evolution.

e Possible growth scenario and underlying physics of SnCl,Pc and VOPc thin films
using height-height correlation function (HHCF), scaling exponents and 2D-fast
Fourier transform analysis.

e Fabrication of low operating voltage organic field-effect transistors (OFET) and study
of effect of different gate dielectric SiO,, PMMA/AI,O3 on top-contact SnCl,Pc based
n-channel OFET devices performances.

e Bias stress stability study using stretched exponential decay function.

e Effect of contact electrodes Al and Ag on the device performances and bias stress
stability of SnCl,Pc based OFET.

e Fabrication of top contact VOPc based promising p-channel OFET and studies of
effect of self-assembled mono layer HMDS treated and non-treated SiO, gate
dielectric on the device performances. Microscopic understanding of VOPc thin films
on HMDS treated and non-treated substrates.

e Ambient condition reliability study for HMDS treated and non-treated on VOPCc p-
channel OFET using stretched exponential model and plausible explanations for
device stability.

e Fabrication of low operating voltage top-contact SnCl,Pc/CuPc heterostructure
ambipolar OFET using PMMA/AI,O3 bilayer gate dielectric.

e Study of effect of active layer thickness variation on contact resistance and relation
between thickness variation and device performance.

e Bias stress stability study using stretched exponential model for both p-channel and n-
channel ambipolar OFET and possible mechanism of device instability.

e Cyclic bias stress stability of ambipolar OFET as devices often need ‘on’ and ‘off

operation mode.
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1.9 Organization of the Thesis

This thesis presents a systematic study on the growth mechanism, growth dynamics of
organic thin films and device performances of organic unipolar and ambipolar field-effect
transistors based on phthalocyanine molecules. The complete thesis work has been organized
into eight chapters. The present chapter, i.e., Chapter 1 introduced a brief account of the
organic semiconductors, particularly small molecule based SnCl,Pc, VOPc, CuPc molecules.
This chapter also included brief discussion on the study of growth kinetics of thin films,
charge transport, electrical parameters of OFETSs, and its bias stress stability. Chapter 2
provides a brief description of the experimental techniques used for the present work along
with the working principles of some characterization tools. In Chapter 3, we present the
results the evolution of surface morphology and scaling behavior of non-planar SnCl,Pc thin
films grown on Si(100) and glass substrates. Our results imply the superiority of glass
substrate over the Si substrate for the growth of device quality SnCl,Pc thin film. The
systematic study of substrate dependent growth behavior and possible growth model is
described elaborately in this chapter. In Chapter 4, we present the systematic study of the
surface evolution and growth dynamics of non-planar VOPc molecular thin film on SiO, and
ITO-glass substrate, substrate temperature dependent growth behavior and particularly
provide some insights on the role of molecular-substrate interface. It includes discussion on
the substrate induced growth scenario from the AFM, height-height correlation function
(HHCF) and two dimensional fast Fourier transform (2D FFT) analyses. Chapter 5 provides
a quantitative analysis of the electrical performances and stability of vacuum-deposited thin
film based n-channel organic field-effect transistors with SnCIl,Pc in top contact bottom gate
configuration using Ag source/drain electrodes and PMMA/AI,O3 as a bilayer gate dielectric
as well as SiO, gate dielectric. Furthermore, we demonstrate the effect of contact electrodes
Al and Ag on the performance and stability of SnCl,Pc based n-channel OFET. In Chapter 6,
we address the VOPc based p-channel OFET performance in an ambient condition and its
operational stability using HMDS treated SiO, and non-treated SiO; gate dielectric layer. We
demonstrate that HMDS treated devices shows high performances and better air stability than
the devices with non-treated SiO; layer. In Chapter 7, we explore a bilayer ambipolar OFET
based on the heterojunction of low band gap SnCl,Pc and CuPc small molecules and Ag top

contact, which exhibit ambipolar conduction in heterostructure configuration. The change in
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the active layer thickness resulted in the evolution of the field-effect mobility values and it is
also found that the optimized thickness of SnCl,Pc/CuPc heterostructure yielded balanced
carrier mobility. We also study the device stability for optimized thickness of the
SnCI,Pc/CuPc layers. Finally, in Chapter 8, we provide a summary and outlook of the
present thesis. In particular, the highlights of the major contributions of the thesis, important
conclusions of the present work and scope for future studies on phthalocyanine based organic
molecules and its application as organic field - effect transistors are presented.
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Chapter 2

Experimental Techniques

In this chapter, we have provided a brief outline of the various experimental techniques used
for the preparation of samples, systematic growth of organic thin films and fabrication for
OFET devices. The techniques related to the fabrication of organic field-effect transistors are
elaborated in details. Organic molecular beam deposition (OMBD) that works under high
vacuum condition and anodization techniques for thin film growth are discussed in this
thesis. For the characterization of both thin film and thin film-based devices, several
standard analytical, optical, electrical characterization tools are used, which are discussed in
this chapter. The methodology adopted to analyze the data from various spectroscopic tools

is also discussed in brief.

For the present thesis, we use atomic force microscopy (AFM), X-ray diffraction (XRD),
Thermogravimetric analysis (TGA), X-ray Photoelectron Spectroscopy (XPS), and UV-
visible absorption spectroscopy. While AFM gives information on the surface morphology of
the substrate, organic layer, polymer dielectric layer and 2D planar structure at the nanometer
to micrometer scale, XRD probes the crystalline structure of the layers in a macroscopic
scale. TGA analysis reveals the structural stability of the molecules. Furthermore, XPS
analysis yields the chemical composition of thin film surface and/or surface-interfaces. UV-
vis absorption spectroscopy measurement provides the information on the electronic
transitions and the quantification of the anisotropy of the layers, which are related to the
degree of structural order present. Semiconductor parameter analyzer provides information
on different electrical parameters including the mobility of the carriers in the materials. The
combination of all these different techniques allows a better understanding of the properties
of the organic layers. With the inter disciplinary approach, we aim to develop a better
understanding of the interaction between the structural, optical and electrical properties of the

organic layers and OFET devices.



Chapter 2 Experimental Techniques

We now present an overview of the materials and methods that were employed for our
experimental work. More specific experimental details can be found in Chapter 4 through
Chapter 7, where we describe the relevant details of each system.

2.1 Thin Film Growth Techniques

Physical vapor deposition involves the deposition of molecules/metal atom from the
vapor phase to the solid phase onto a desired substrate. Thin films can be grown by the basic

techniques of vacuum evaporation, which are elaborated below:

2.1.1 Organic Molecular Beam Deposition

Nowadays, a variety of techniques are available for depositing organic thin films, such as
liquid deposition (e.g. drop-cast, spin-coating, blade coating), direct printing (e.g. contact
stamp printing). However, for molecule that are low soluble or partially soluble in the
common solvent, the organic molecular beam deposition is a typical method, which is being
increasingly used for small molecule based organic semiconductor thin-film preparation [1].
The organic small molecules, such as acenes, phthalocynanine sublime at relatively low
sublimation temperature (generally lower than <400 °C in high vacuum) [2-4] and can easily
be deposited by thermal evaporation. However, here the control of temperature is much more
critical compared to inorganic materials, as they can be destroyed easily at high temperature.
Therefore, evaporation is done at temperatures below the melting point by sublimation for
particular molecule. In this thesis, all the organic thin films are grown by vacuum deposition.
The substrate temperature is another key parameter in thin film growth. Higher substrate
temperature provides more kinetic energy to the condensing molecules, such that they have
enough energy to move to a site of lower surface potential and form a preferred structure [5].
It has been generally found that the thin film growth is improved by keeping the substrate at
elevated temperature, though it may vary due to substrate variation [6]. We have assembled
an OMBD system, which works under high vacuum (base pressure ~ 107 mbar) using two
type of vacuum pumps (rotary and turbo). The high vacuum serves the following specific
purposes: (a) to eliminate the scattering by residual gas molecules, and (b) to provide high
purity films together with the possibility of an improved molecular ordering. A highly pure

organic thin film is desirable for a particular device
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application without contamination (in-situ), which may occur at low vacuum (10°-10 mbar)
and that is why very high pressure is needed for the molecular deposition. Typical
evaporation rates of molecules were 0.2-0.4 nm A/s. The microstructure of an evaporated
thin film depends on the evaporation rate, substrate temperature, and chemical and physical
nature of the substrate surface. The size of the grains in a polycrystalline film will generally
be larger for high substrate temperature. The physical nature of evaporated films can also be

changed by post-deposition heat treatment (annealing).

(a) (b)
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Substrate holder
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Figure 2.1 (a) Schematic representation of physical evaporation chamber and (b) photograph of actual OMBD
chamber used for the present work.

Figure 2.1(a) shows a schematic of the design of the OMBD chamber and Fig. 2.1(b) shows
the actual photograph of the designed chamber. This chamber has been designed in such a
way that one can performed co-evaporation of four different compounds simultaneously with
the help of four Knudsen-cells (MBE-Komponenten GmbH) assembled at four different
positions of the chamber. Each Knudsen-cell contains one quartz crucible, which is used to
load the organic compound and these crucibles are surrounded with heating coil for uniform
heating. This set-up is adopted for the deposition of the phthalocyanine molecules. Each
source has its own shutter in the proximity and a common quartz crystal microbalance
(QCM) for monitoring deposition rate and thickness of the deposition film. The thickness of
film is sometime verified by profilometer (Dektak), since as after several depositions, the
DTM can give error.
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2.1.2 Vacuum Thermal Evaporation

Solid materials vaporize when they are heated to a sufficiently high temperature into the
vacuum evaporation chamber [7]. Thin film deposition then occurs as atoms are removed
from a solid (generation of the depositing species) and then travel over some distance in a
vacuum chamber (transport of species from source to substrate) and impinge on the substrate
(film growth on the substrate). Even in a vacuum chamber, the molecules travel at high
velocities making frequent collisions with residual gas molecules such as N, O,, H,O and

CO.. From Kinetic theory, the mean free path (1) of gas can be approximated as [8],

L

P (2.1)
where p is the pressure (mbar). Thus it is necessary to use low pressures, which lead to
straight line paths between the source and the substrate. In air and at room temperature, a
typical mean free path is 65nm. In the pressure range of 10 ° mbar, the mean free path is
very large (of the order of km) compared to the source-to-substrate distance. Important
features of thin film growth are the evaporation rate, substrate temperature and the chemical
and physical natures of the substrate surface. Residual gas molecules in the chamber also
have an effect — the more residual gas molecules, the more likely it is for some of these to be
trapped in the film or for chemical reactions between residual gas molecules and evaporated
molecules to occur. A schematic diagram of a thermal evaporation system is shown in Fig.
2.2(a).
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Figure 2.2 (a) Schematic diagram representation of the thermal evaporation chamber, and (b) photograph of
actual evaporation systems (VT vacuum, Bangalore) used for the present work.

Here we have used the thermal evaporation system for metal deposition, was Ag and Al film
for OFET contact electrodes. Al was deposited using a wire helix/wire basket boat, while Ag
deposited using a dimple boat. Heating boats were made of high melting point tungsten and
molybdenum boats. Thermal evaporation is the simplest way of depositing materials onto a
substrate. During heating, some evaporants (especially reactive metals) will react with gases
which are in the chamber. A clear indication of evaporation is the reduction in the chamber

vacuum while the material is being evaporated.

2.1.3 Anodization Process for Al,03 Layer Growth

For the gate insulator, aluminum oxide (Al,O3) was electrochemically grown on the
aluminum surface by the galvanostatic anodization in 0.01 mol/I citric acid (anhydrate). This
technique is one of the cheapest, as it is solution based. The whole process can be done under
ambient conditions and at room temperature. We have used a glass substrate with size 1.5
cmx2.5 cm to fabricate devices onto it and we have cleaned by piranha solution before
depositing aluminam of thickness ~150-200 nm. The dimensions of aluminam patterned
strips were 1 mmx20 mm. The glass substrate with the aluminum layer was immersed in the
electrolyte solution, together with a platinum counter electrode (see Figure 2.3). The

electrolyte solution was stirred during the whole anodization process [9-11].
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Figure 2.3: Schematic of the anodization setup, with the aluminum deposited on a glass substrate as a working
electrode and a platinum foil as a counter electrode.

The oxidation process of aluminum is given by,

Anode reaction: 2Al+3H,0—Al,03+6e +6H"

Cathode reaction: 6H " + 6e” — 3H,

A constant current density of 0.6 mA cm % was applied through Keithley 2400 source meter
and the oxide thickness is directly proportional to the anodization time. We obtained an
Al,O3 layer of thicknesses ~15 nm, corresponding to anodization time of 10 minutes.
Following the anodization, the sample is kept in an ultrasonic bath of deionized water at
80°C for several minutes, where the oxide swells up due to water uptake and pinholes are
reduced. Afterwards the sample is heated up to 200°C in an oven under reduced pressure for
several hours to get rid of all water residues. This galvanostatic anodization process is the
simplest method, where the anodization is performed by “ramping up the voltage up to a
limiting anodisation voltage Va”, and the final thickness of the film is determined by the
“anodisation ratio” ca~1.3 nm/V [9]. It can be noted that direct Al,O3 substrates are not used

for the device application due to its high roughness. A PMMA based
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organic dielectric layer is passivized on to Al,O3 to get smoother layer as shown in Fig. 2.4
(a) and 2.4(b).

0.5

1.0

15

Figure 2.4: AFM topographies (2 pm x 2um) taken of (a) 13 nm deposited aluminum oxide film on glass, and
(b) PMMA coated Al,O3. (RMS roughness Ry is indicated for each cases).

Use of Al,O3 as a gate dielectric provides several advantages. Aluminum is a cheap starting
material, and can be applied to any substrate (glass, plastic etc.) by simple evaporation
techniques. The Al,O3 prepared by the above method is pinhole-free, has a very low leakage

current and a high breakdown yield strength.

2.1.4 Spin Coating and Thickness Measurement

A. Thin Film Coating: Spin coating is a fast and easy method to generate thin and
homogeneous organic films out of solutions. Spin coating is a procedure used to apply for
uniform thin films on to flat substrates. In short, an excess amount of a solution is placed on
the substrate (here glass substrate) holder, which is then rotated at high speed (typically
around 3000 rpm) in order to spread the fluid by centrifugal force. A machine used for spin
coating is called a spin coater. This method was first described by Emslie et al. (1958) and
Meyerhofer et al. (1978) using several simplifications. Figure 2.5(a) shows a photograph of
the spin-coater was used in this thesis. The spin coating process is shown schematically in
Fig. 2.5(b). In general, the thickness of a spin coated film is
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proportional to the inverse of the square root of spin speed squared as in the below equation,

where d is the thickness and w is the angular velocity:

d o< — (2.2)

However, to get a homogeneous polymer films, several factors are important and have to be
considered: (i) evaporation rate of the solvent (ii) viscosity of the fluid (iii) concentration of

the solution (iv) angular velocity (rotating speed), and (v) spinning time.

(a) (b)

Sample holder

Figure 2.5: (a) Photograph of | the spin—coater (Apex. Spin NXG-M1), and (b) Schematic representation of spin-
coating process.

B. Annealing: After spin-coating of polymer dielectric film (like PMMA), we annealed it
under low vacuum condition (1 mbar) to evaporate the solvent. It should be noted that
annealed temperature of solvent should be less than the glass transition temperature of
particular polymer dielectric, otherwise it will be decomposed and desired properties will not

be achieved.

C. Thickness Measurement: We measured the thickness of spin-coated film using thickness
profilometer. The profilometry is a method to measure surface height profiles. Here, we
have used a Vecco Dektak 5000 profilometer in this thesis. A diamond tip is moved to the

sample until it touches the surface. Then a defined pressure is applied and the diamond tip is
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drawn horizontally over the sample to record the height profile. This could lead to changes in
the surface topography. To define film thickness, an edge is needed, where the surface of the
substrate is not covered with the film; otherwise it should be scratched by a sharp tweezer,
one or two perpendicular to the scan direction such that it can touch the substrate.

Using a profilometer, both types of thin film thickness can be measured whether it is organic/
polymer or polymer dielectric films. Generally quartz crystal monitor (QCM) gives the
organic thin film thickness during deposition, but it is not reliable for organic molecule as the
parameters are well defined for inorganic cases. So, it is often necessary to calibrate the
organic film-thickness by a profilometer.

2.1.5 Molecular Self Assembled Monolayers on SiO,

Molecular Self-Assembled Monolayers (SAMSs) have drawn a growing interest in the field of
organic electronics due to their ability to spontaneously form highly organized organic
structures over the most commonly used dielectric surfaces, such as SiO, or aluminum oxide
(Al,03) [12,13].

SAMs provide an easy method to turn an inorganic surface into organic and to significantly
change its properties. For instance, hexamethyldisilazane (HMDS), as a result of their
favorable attachment to hydroxidized or oxidized surfaces, allow to significantly lower the
surface energy of SiO; and to change its behavior from polar to non-polar [14]. Moreover,
they reduce the density of hydroxyl groups, which are known to behave as electronic trap
states limiting electron transport in the overgrown organic semiconductor. It has been
reported that the chemical structure of the molecules of HMDS together with the SAMs
result in the covalent bond of their head-groups with the siloxanes and silanols present on the
substrate surface. However, there are several SAMs that can be used, namely trichloro(octyl)
silane (OTS), trichloro (octadecyl) silane (ODTS) etc. for surface treatment of inorganic
dielectric SiO,. In this thesis, we have used a HMDS monolayer for its availability in high
purity (due to short channel length), and easy processing. Details of the deposition process is
elaborated in Chapter7. Figure 2.6 shows the HMDS deposition process onto SiO, substrate.
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Figure 2.6: Schematic of the deposition process of HMDS.

The application of SAMs to OFETSs is the use of insulating high quality SAMs as gate
dielectrics. Because SAMs are only one molecule thick and self-limiting, it is possible to
create almost perfect, low leakage insulators with high capacitance through careful
engineering of the surface. This high gate capacitance makes it possible to achieve very low

leakage under very mild conditions of gate dielectric deposition.

2.2 Device Fabrication

A. Substrate Cleaning

All the works related to the molecule growth done in this thesis are based on (a) microscopic
glass, (ii) ITO-glass, (iii) Si(100), and (iv) SiO2 substrates. All the organic transistors shown
in this thesis are built on substrates based on (i) glass substrate, and (ii) SiO,/Si substrates.
The SiO,, Si substrates were cleaned thoroughly in deionized water (de ionized water 18.2
MQ-cm), acetone and finally in 2-propanol, 15 minute each and subsequently dried using a
N2 gas. We used SiO, substrates bare/without surface modification and sometimes with
surface treated. It should be noted that the final device performances crucially depend on
cleaning as well as surface treating procedure, which changes the growth morphology of
molecular thin film and corresponding change the bulk properties. Glass substrates and ITO-
glass substrate are firstly cleaned by piranha solution (3:1, concentrated sulfuric acid and
hydrogen peroxide solution) for an hour and after that we sonicated the glass substrates by
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Dl-water repeatedly to clean the residue from the substrates. After a proper cleaning, all the

substrates are dried in in oven at 110°C to remove the rest of solvent.
B. Passivation by SAM

In this thesis, we have used a HMDS-monolayer for passivating inorganic SiO, dielectric
layer to fabricate organic field-effect transistor. There are several methods that can be used to
deposit by HMDS namely (i) vapor exposing, (ii) dip coating and (iii) spin coating. Out of
these, we have used the HMDS vaporization method for its safety as well as its ease of use to
passivate the substrate. HMDS reacts with the oxide surface forming a strong bond, as shown
in Fig. 2.7.

CH3 CH3
| @ |

OH OH OH HMDS O0-0 S—O—CHS

SiO, | | | treatment | |

Figure 2.7 Schematic diagram of HMDS modification process on inorganic SiO, dielectric layer.
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C. Coating of Polymer Dielectric

PMMA is one of the common transparent plastic materials in electronics and initially it was
developed for e-beam lithography. Its solubility in many common solvents and
accompanying excellent processability have made PMMA a standard organic polymer in the
field. It is the only standard polymer dielectric which does not form pore at below glass
transition temperature (~120°C) and it is also a hydroxyl (-OH)-free polymer, which yields
the substrate more hydrophobic in nature. On the other hand, PVA, PVP, PS forms pore and
particularly PVA and PVP show hydrophilic nature due to containing —OH group. Again,
PMMA'’s transparency is also an advantage for display backplane applications. Figure 2.8
shows structure of some of the commonly used polymer layers for different applications [15].

61



Chapter 2 Experimental Techniques

@ 7
il IR B B L
HyC—C H,C—CH—— c-c
$=0 H OH
0—CH; n
L A n | 1 n
PMMA PS PVA

Figure 2.8: Molecular structures of (a) PMMA, (b) PS, and (c) PVA.

In this study, PMMA (M,~550 000 kg/mol, Sigma Aldrich) is used for the gate dielectric
layer in OFETs. As described in the preceding section, PMMA can be used as trap
passivation layer on Al,Os. For this purpose, purified PMMA is dissolved in anisole to a 2.5
wt. % solution. The latter is stirred overnight on a hotplate at 50°C. PMMA layers are
fabricated by spin-coating with a rotation speed of 3000 rpm for duration of 60 s. Thereafter,
the substrates are dried on a hotplate at 50°C for several minutes at low vacuum. This
procedure results in ~100 nm-thick, smooth transparent PMMA layers. In Table 2.1, we
listed some commonly used polymer dielectric materials with their dielectric constant (k),

and glass transition tempaerature (T).

Table 2.1: List of common polymer dielectric materials [15].

Polymer dielectric PMMA PS PVA PVP
k 3.2 2.6 7.8 5
T4(°C) 105 95-107 85 130-185

k=dielectric constant, Ty=glass transition temperature.

In this study, poly(methyl methacrylate) (PMMA) gate dielectric layers (anisole as solvent)
were deposited by spin-coating. The initial spin speed was 3000 rpm for 60 seconds for 2.5
wt% solution dispersal to reduce the PMMA to the thickness of 100 nm. The substrate was
then baked at 80 °C on a hot plate for 30-60 minutes to cure the PMMA. Concentrations of

the spin-coated solutions are given in the relevant chapters.
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2.3 Physical Characterization Techniques
2.3.1 Atomic Force Microscopy (AFM)

Atomic Force Microscopy (AFM) is a widespread technique to analyze the topography of
surfaces in a spatial range from few angstroms to several microns. It can detect height
differences in the nanometer range. It has been developed in 1986 by Binnig et al. [16] few
years after the invention of Scanning Tunneling Microscopy (STM) for which G. Binning
and H. Rohrer were awarded of the Nobel Prize in Physics in 1986. The basic principle of an
AFM is the interaction between a small tip mounted on a cantilever and the sample surface.
A systematic sketch of an AFM is given in Fig. 2.9. The idea is to use a tip attached to the
end of a cantilever with elastic constant k, and measure the tip-sample forces by the

cantilever deflection, which are related, according to Hooks law, by
F =-k Ax (2.3)

The same relation applies for the z direction if the force on the tip has also a component

along the surface plane. AFM is extremely popular since its use is not limited to a specific
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Figure 2.9: Schematic representation of the general behavior of tip-sample forces versus distance and
illustrating the force regimes under which each of the three most common AFM imaging modes operate.
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type of specimen such that it can be employed on metals, semiconductors, and insulators,
without any special specimen preparation. Moreover, it can be employed in ambient air or

even in liquids.

In AFM, a sharp tip — usually a few microns long and with a radius of curvature of less than
10 nm — is micro fabricated at the free end of a cantilever. Commercially manufactured
probes and cantilevers are predominantly of silicon nitride (SisN4) or silicon (Si). Typically
the upper surface of the cantilever, opposite to the tip, is coated with a thin reflective surface,
usually of either gold (Au) or aluminum (Al) [17].The interatomic forces occurring between
the tip and sample induce a cantilever deflection proportional to their strength. The deflection
is recorded as the tip is scanned across the sample, yielding a topographical map of the
surface. Often, as shown in Fig. 2.10(a), the small cantilever deflection is measured by
means of a laser beam directed to the back of the cantilever and reflected off to a position-
sensitive photodiode. If each section of the detector is labeled A to D as shown in Fig.
2.10(a), then the deflection signal is calculated by the difference in signal detected by the
A+B versus C+D quadrants. Comparison of the signal strength detected by A+C versus B+D
will allow detection of lateral or torsional bending of the lever. Figure 2.10(b) shows the
actual photograph of the AFM instrument (Agilent 5500).

(@ Photodetector Laser Beam

A B
C D

Figure 2.10: (a) Schematic sketch of an AFM. The height profile of a sample can be obtained by measuring the
interaction between the tip and the atoms on the surface of the specimen. (b) Photo of actual AFM instrument
(Agilent 5500) used in this thesis.
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There are three primary modes of use of an AFM: (i) contact, (ii) tapping and (iii) non-
contact mode [17]. In contact mode AFM, the tip contacts the sample surface during the
scanning. A feedback loop maintains a constant deflection between the cantilever and the
sample by vertically moving the scanner and thus the force between the tip and the sample
remains constant. There are several drawbacks in contact mode. Lateral forces can occur
when the probe traverses steep edges on the sample, which may cause damage to the probe or
the sample, or also result from adhesive or frictional forces between the probe and the
sample. In order to overcome the limitations of contact mode imaging as mentioned earlier,
the intermittent or tapping mode of imaging was developed. For tapping mode AFM, the
cantilever is oscillated at or slightly below its resonant frequency with amplitude ranging
typically from 20 nm to 100 nm and it is usually chosen for soft organic materials . The tip
lightly taps on the sample surface during scanning, contacting the surface at the bottom of its
swing. A feedback loop maintains constant oscillation amplitude by maintaining a constant
RMS of the oscillation signal and thus a constant tip-sample interaction is maintained during
scanning. On the other hand, for non-contact mode AFM, the cantilever is oscillated at a
frequency which is slightly above the cantilevers resonant frequency, typically with an
amplitude of a few nanometers (<10 nm). The tip does not contact the sample surface, but
oscillates above the sample surface during scanning. On the other hand, for non-contact
mode AFM, the cantilever is oscillated at a frequency which is slightly above the cantilevers
resonant frequency, typically with 51 an amplitude of a few nanometers (<10 nm). The tip
does not contact the sample surface, but oscillates above the sample surface during scanning.
This information can be used by a regulation circuit to construct a two-dimensional height
profile with the help of measurement software. The root-mean-square roughness Ry is often
used to characterize a given surface. Ry is defined as the standard deviation of the average
surface height (h).

Additionally, since charge carrier transport is limited to the first few nanometers of the
organic semiconductor in OFETS, the roughness is not a crucial parameter for the transport as
long as the films are closed but the roughness of the dielectric surface is a key limiting factor

to charge carrier transport as will be seen in the respective chapters.
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In the context of this work, the AFM imaging of the organic polymer gate dielectrics and
phthalocyanine based thin films was performed using the tapping mode. Tapping mode AFM
is suitable for organic thin film and soft surfaces that are easily damaged, because the tip is
not dragged over the surface when it is in contact mode. Different scanning-area dimensions
were considered, ranging from 10 umx10 pm to 1 pmx1 pm. For each sample, several
images were taken in different distinct locations of the sample. The width, length and area of
the grains are calculated and used to generate suitable plots to aid in the analysis of film
topology. A deeper analysis of the film topology and a comparison between the different
films is presented in Chapter 3 and Chapter 4.

The acquisition/processing of the images and the roughness analysis were performed by the
software Gwyddion 4.0, WSxM 8.0. The elaboration of the AFM data concerning the

nucleation and the growth of phthalocyanine, was conducted by means of the software.

The Ry roughness of an AFM image, constituted by MxN pixels (usually 512x512), is given

in the following equation:
1 2

13 .
Where R, == >"h, . In the following formulas we assume the mean value of h;as zero,
j=1

hi=z—2

j j Zj

]

From AFM analysis, we usually evaluate auto correlation function (ACF) and height-height
correlation function (HHCF) based only on profiles along the fast scanning axis. It can
therefore be evaluated from the discrete AFM data values (assumed1D) as,

ACF:

1 N
R(r)=mz hem, 2.5)
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HHCEF:

g(r):mi (hn+m,l _hn,l) (2.6)

2.3.2 X-ray Diffraction (XRD)

X-ray diffraction experiment provides information about the crystalline phase of thin films in
the reciprocal space. X-ray diffraction is applied to bulk material, thin films, and powders to
yield information on crystalline structure and orientation, crystalline perfection, composition,
thin film thickness and uniformity, as well as strain. X-ray related techniques are most
popular because they are compatible with insulating substrates, are nondestructive, and do
not require vacuum or special sample preparation. Moreover, the information obtained is not
limited to the surface of the films but can probe the entire thickness of the layer. X-ray
related methods are extremely powerful in determining the degree of crystallinity, average
domain size, and film orientation. That is why X-ray diffraction (XRD) is used for this
purpose. XRD is a common technique to analyze the structural properties of all kinds of
specimens, inorganic or organic. A schematic drawing of an XRD setup is shown in Fig.
2.11(a). In the Fig. 2.11 (b), we show the photograph of XRD instrument (Rigaku). The X-
ray tube is mounted on one side of the setup, the turnable sample holder at the center and the
detector, which can be moved along a circle around the sample holder, is on the opposite
side. Monochromatic X-rays hit the sample at the scattering angle/Bragg angle 6. In case of a

crystalline sample the radiation can be reflected if the Bragg condition [18],
2d,,,.Sind=nA (n=1,2,3,.....) (2.7)

is fulfilled. Electromagnetic waves with a wavelength comparable to interatomic distances
are scattered at lattice planes with Miller indices (hkl ) and spacing dng . Here, dnyg denotes
the distance between the lattice planes in crystals, and A (= 1.54056 A) is the wavelength of
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Figure 2.11: (a) Schematic drawing of an XRD setup, (b) Photograph of 18kW X-Ray Diffractometer (Rigaku)
at 11T Guwahati for the present study.

the incident X-ray beam. Figure 2.12 shows the scattering geometry for a crystal where (hkl)
is the lattice planes with respect to the surface. The reflected radiation can be measured if the
detector is located at 26 relative to the incident beam. dn can be determined by the angular

positions of the

Figure 2.12: The incoming X-rays with wave vectors are scattered by lattice planes with inter-planar distance
dra [18].

maxima of the spectrum. Our evaporated organic thin films, such as tin (IV) phthalocyanine
dichloride films, often have a polycrystalline structure as measured by XRD thin film mode.
Thin film phase is identified from the peak positions of the diffractogram. However, it is
observed that XRD measurements give reasonable information if the film thickness is more

than 30-nm. All the XRD measurements presented in this thesis were taken using
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commercially available on a X-RAY DIFFRACTOMETER (TTRAX IlI, RIGAKU 2500). In
this case, Cu-K, radiation with A=1.54056 A is used.

2.3.3 Ultraviolet-Visible Absorption

Ultraviolet-visible spectroscopy or ultraviolet-visible spectrophotometry (UV-Vis) refers
to absorption spectroscopy or reflectance spectroscopy in the ultraviolet-visible spectral
region. The absorption or reflectance in the visible range directly affects the perceived color
of the chemicals involved. In this region of the electromagnetic spectrum, atoms and
molecules undergo electronic transitions. Absorption measures transitions from the ground
state to the excited state. Molecules containing m-electrons or non-bonding electrons (n-
electrons) can absorb the energy in the form of light (ultraviolet or visible) to excite these
electrons to higher anti-bonding (x*) molecular orbitals. The more easily the electrons are
excited (i.e. lower energy gap between the HOMO and the LUMO), the longer the
wavelength of light it can absorb [19].

The electronic absorption of atoms and molecules generally lies in the ultraviolet or visible
region; hence, it is often referred to as “UV-visible absorption”. Because of the involvement
of vibrational energy levels, different absorption bands may be observed. Practically, the
wavelength range denominated by UV-vis and measureable in air (due to atmospheric
absorption) starts around 185 nm and extends up to 850 nm. Absorption of ultraviolet and
visible radiation by an atomic or molecular species can be attributed to the excitation of
electrons, generally from bonding orbitals and thereby creating a so-called ‘excited state’.
The energy of the absorbed radiation can therefore be correlated with the types of bonds

present in the studied species and help to identify the functional groups in a molecule.
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Figure 2.13: (a) Working principle of UV-Vis spectroscopy. (b) Photograph of the actual spectrophotometer
(JASCO).

The electronic absorption of a substance at certain light wavelength follows the Lambert-
Beer law [20]:

log 1 =—¢cl
(I J (2.8)

0

where lp and | are the intensity of the incident light and the transmitted light,
respectively, ¢ is the molar extinction coefficient, C is the molar concentration of
the molecule, and | is the distance that the light travels through the material. Equation (2.8)
is frequently used for solutions, where | is the thickness of the solution in the light path. For
molecular crystals and for thin films consisting of one compound, the concentration C is a
constant that depends on the density of the material and the molecular mass. In such cases,
the product of ¢ and C can be replaced by constant k and the equation can be rewritten as,

I = I,e " where | is the thickness of the crystal or film [20].

The absorption spectrum can be monitored by recording the absorbance as a function of the
wavelength (or frequency) of the incident light. The instrument used in this thesis is a
double-beam spectrophotometer JASCO, V-630. The working principles of UV-vis is
schematically presented in Fig. 2.13(a) and the photograph of the instrument is depicted in
Fig. 2.13(b).
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2.3.4 Thermogravimetric Analysis (TGA)

Thermogravimetry deals with the change in the mass of a substance or so called weight loss,
continuously monitored as a function of temperature or time, when it is heated or cooled at a
predetermined rate. The sample and the reference are exposed to the heating ramp via
symmetric placement of ceramic crucible within the furnace. The reference material is a
substance which has the same thermal mass as the sample and donot undergo any phase
transformations during the heating. The difference between the sample and reference is
measured by a “differential thermocouple” in which one junction is in contact with the
underside of the sample crucible, and other junction is in contact with the underside of the
reference crucible. It provides information on the thermal stability of the sample

(organic/inorganic) at different temperatures and pressures of the environmental gases.

From the results of TGA, it is possible it to note the temperature up to which the material
does not loose weight. For metal phthalocyanine molecules, we have found that weight the
loss started close to 450°C. It is also possible to know the temperature at which material
starts decomposing, whether the decomposition occurs in one or more stages. Here the
thermogravimetric analyses (TGA) of sample has been carried out by using a Netzsch,
Germany made TGA in an argon gas environment. The local environment inside the TGA is
purged with an inert argon (Ar) gas such that it prevents the unwanted reaction with oxygen
atmosphere. Figure 2.14 (a) shows the schematic of TGA setup and Fig.2.14 (b) shows the
photograph of TGA instrument used for this study. In general, the derivative of the TGA
weight loss gives the information about the apparent weight loss for a particular species. It
can be noted that for polymer, graphene oxide, reduced graphene oxide, gives multiple peak

points for different functional groups. For metal phthalocyanine it shows a single peak.
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Figure 2.14: (a) Working principle of TGA. (b) A photograph of the TGA equipment (NETZSH,
GERMANY).

The Specifications of the equipment are:
Temperature Range: Ambient to 1000° C
Sensitivity: 0.1m gm (0.0001mg)

Atmosphere: Ar

2.3.5 X-ray Photoelectron Spectroscopy (XPS)

XPS is a key surface characterization tool which combines surface sensitivity with the ability
to quantitatively obtain both elemental and chemical state information for each element
detected through the chemical shift. It is widely used for studies of surface defects and
chemical environment, because of its high sensitivity to surface (i.e., up to 10 nm from the
sample surface). It also provides useful information about the depth profile (i.e., an
evaluation of the variation of composition with depth) and the surface impurities present in
the sample. The principle of XPS is based on the photoelectric effect outlined by Einstein in
1905 was developed by Siegbahn and his research group [21], where the concept of the

photon was used to describe the ejection of electrons from a sample surface when photons
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Figure 2.15: (a) Schematic drawing of an XPS setup, (b) Photograph of actual XPS system used (PHI X-Tool).

impinge upon it. This process can be expressed by the following equation [22]:
BE =hv—KE—¢ (2.9)

where BE is the binding energy of the electron in the atom, A4v is the photon energy of x-ray
source, KE is the kinetic energy of the emitted electron that is measured in the XPS
spectrometer and ¢ is the spectrometer work function. For XPS, Al Ka (1486.6 eV) or Mg
Ka (1253.6 eV) is generally used as the source of x-rays. The photon is absorbed by an atom
of the sample, leading to emission of a core (inner shell) electron. The energy of the
photoelectrons leaving the sample is determined using an appropriate electron energy
analyzer and this gives a spectrum with a series of photoelectron peaks. For each and every
element, there will be a characteristic binding energy associated with each core atomic
orbital, i.e., each element will give rise to a characteristic set of peaks in the photoelectron
spectrum at kinetic energies determined by the photon energy and the respective binding
energies. The peak intensities measure how much of a material is at the surface, while the

peak positions indicate the elemental and chemical composition. Other values, such as the
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full width at half maximum (FWHM) are useful indicators of chemical state changes and

physical influences.

In this study, XPS measurements were carried out with a PHI X-Tool automated
photoelectron spectrometer (ULVAC-PHI Inc.) using Al K, X-ray beam (1486.6 eV) with a
beam current of 20 mA. Some of the samples were characterized with ESCALAB 3400
(Shimadzu, Japan) instrument using Mg Ko X-ray beam (1253.6 eV). Carbon 1s spectrum
was used for the calibration of the XPS spectra recorded for various samples. In case of Si
substrate, XPS shows Si**, Si®*, and Si* oxidation states corresponding to different suboxides
of Si, which are due to the native oxides. For organic thin films, it shows different oxygen
concentrations. Fig. 2.15(a) shows a schematic representation of a XPS instrument and Fig.
2.15(b) shows a photograph of the XPS instrument used for this study. The broad peaks with
shoulders are fitted with Gaussian line shape using the origin8.5 Peak Fit software.

2.4 Electrical Characterization Techniques
2.4.1 Semiconductor Parameter Analysis

The OFET current, I, versus voltage, V, characteristics were measured in an
electrically screened chamber under low vacuum (10 mbar) conditions using a Keithley
4200 semiconductor characterization systems (SCS) and sometimes by a Keithley 2602
double channel source meter. Figure 2.16 shows a photograph of Keithley 4200 SCS
semiconductor parameter analyzer. Tungsten probes were used for connections to the sample.
To measure the output characteristics of the OFETSs, a DC voltage was applied to the gate
while the value of the drain-source voltage (Vps) was swept in forward and reverse
directions. During this sweep, the drain current (Ips) was measured as function of voltage
(Vps). This loop was performed several times with different gate voltages. To measure the
transfer characteristics of OFETSs, a DC voltage was applied to the drain and the drain current
was measured at each point of a defined gate voltage sweep for both forward and reverse
directions. For bias stress stability measurements, a constant bias voltage was applied to the

drain and source contacts. The I-V measurements for both output and transfer characteristics
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of OFETs were made using three probes. We have performed the device characterization and

the reliability checking under low vacuum or in air ambient condition using a probe station.

In order to measure the leakage current density, the bias voltage were supplied
by a Keithley 4200 SCS source meter and two probes were used for the measurement of the
leakage current density.

Figure 2.16: A photograph of Keithley 4200SCS semiconductor characterization system used here.

2.4.2 Electrical Probe Station

The model CRX-EM-HF Lake-Shore probe station was used in this thesis work. It is a
cryogen-free closed cycle refrigerant probe station with a £0.6 T horizontal, in-plane
electromagnet. All standard CV, IV, microwave, and electro-optical probing, plus in-plane
horizontal field electromagnetic measurements can be performed on this versatile probe
station. One can use the CRX-EM-HF for testing magneto-transport parameters. A 360°
sample stage rotation option allows measurement of angular-dependent and anisotropic
magneto-transport properties. From all features, we have extensively used electrical
measurement and parametric analyses of all devices. The fabricated devices are measured

within the probe station.
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2.4.3 Leakage Current and Capacitance Measurements

Leakage current and capacitance measurements were carried out to further characterize the
gate insulator. These measurements were done in an ambient condition using Keithley 4200-
SCS high resistance meter. For practical use, the on/off ratio of an OFET should be
maximized [8,15]. Typically, current on and off ratio in an OFET is the leakage current
through the gate dielectric. As a result, reducing leakage current is one method to increase
the on/off ratio. In addition, a high leakage current can induce a degradation of organic
semiconductor material at the interface of an OFET. Therefore, minimizing the leakage
current of a gate dielectric is critical. From the electric measurement, we infer that the
anodized aluminum oxide with PMMA layer yields very low leakage current density (~10~°
Alcm?). A self-assembled monolayer treatment on inorganic dielectric layer results in low

leakage current density as compared to non-treated gate dielectric layer.
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Chapter 3

Surface Roughening and Scaling Behavior of Vacuum-
Deposited SnCl,Pc Organic Thin Films on Different Substrates

In this chapter, we studied the evolution of surface morphology and scaling behavior of tin (1V)
phthalocyanine dichloride (SnCl,Pc) thin films grown on Si (100) and glass substrates have been
studied using atomic force microscopy (AFM) and height-height correlation function analysis.
X-ray diffraction measurement confirms the crystalline nature of the SnCI,Pc thin film on glass
substrate, while no crystallographic ordering is present for film grown on Si substrate. The
growth exponent g is found to be much larger for growth on glass substrate (0.48+0.07) as
compared to that of Si substrate (0.21+0.08), which may be due to the high step-edge barrier, so
called Ehrlich- Schwdbel barrier, resulting in the upward dominant growth on glass substrate.
From the 2D first Fourier transform of AFM images and derived scaling exponents, we conclude
that the surface evolution follows a mound like growth. These results imply the superiority of

glass substrate over the Si substrate for the growth of device quality SnCI,Pc thin film.

3.1 Introduction

Thin films based on molecular semiconductor, specifically ‘small” molecules like phthalocyanine
are finding an increasing application in a number of optoelectronic devices. In particular, they
have been exploited in organic light emitting diodes [1], photovoltaic devices [2,3], organic
field-effect transistors, and organic sensors [4] due to their favorable properties, e.g., thermal
and chemical stability, well ordered thin film growth and wide absorption band at the optical
region. They also exhibit a certain degree of ‘specific tunability’, due to various metals ion (M=
Sn, Cu, CO, Hy, Zn etc.) and the side groups (R=F, Cl, NH;, O(CH,);00OH etc.) that can be
introduced within a broad range composition[5]. The optimized transport phenomenon like
injection and recombination of charge carriers, depend among other parameters, on molecular
packing, range of grain boundaries/microstructure, and roughness/morphology of surfaces.
Therefore the controlled deposition of molecular thin films is primarily a key requirement for the

optimization of electro-optical properties in organic-based devices in which the optimized film
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thickness with desired properties are essential. In this regard, the SnCl,Pc is particularly
attractive, since it is considered as a good candidate as an n-type organic material and the device
based on this molecule is relatively more stable [6,7]. So, understanding the growth dynamics of
organic thin films is one of the key issues in the field of organic electronics. In case of
heterostructures between different organic layers, organic-organic [8,9] (for organic diode),
organic-inorganic [10] (for electrode/contacts) hetero structures, the knowledge of growth
kinetics is of utmost importance, since the change in their interfacial structure can play a critical
role on the scaling properties of growth dynamics. However, there has been no report on the
scaling behavior and growth dynamics of SnCl,Pc on different substrates that are most relevant

for the device applications.

The scaling theory can be implemented to quantify the statistical properties of the surface
morphology of thin films and to formulate theoretical models of growth modes of different
inorganic materials, such as metals [11,12], semiconductors [13,14], as well as for organics like
polymers [15], and small molecules [16,17]. In this chapter, we elucidate the change of surface
morphology with variation of thickness and we address the effect of surface of substrates on the
roughness scaling behavior. From height-height correlation function (HHCF) and theoretical
formalism of scaling theory, we have calculated the growth exponents and these exponents
describe the growth dynamics and morphological features of SnCl,Pc organic thin films.

3.2 Experimental Details

SnCl,Pc (n-type) thin films were grown in a high vacuum organic thermal evaporation chamber
with a base pressure of ~10° mbar. Commercially available SnCl,Pc (Alfa Aesar, 97%)
molecules sublimed from an effusion cell were deposited onto well cleaned Si(100) and glass
substrates at room temperature under identical conditions. The substrates were first cleaned
separately by deionized water (18.2 MQ-cm), Acetone, 2-propanol with sonication for 15 min
each. The cleaned substrates were preheated to >300°C and subsequently cooled slowly to room
temperature. During the vacuum deposition, the cell temperature was maintained at ~350+£2°C,
and molecules condensed on the Si and glass substrates. The average growth rate (~0.2- 0.3 A/s)
of the film was optimized by a thickness monitor during the growth. SnCl,Pc thin films with

different thicknesses (8-87 nm) were deposited for different time duration and characterized ex-

80



Surface Roughening and Scaling Analysis of SnCl,Pc Thin Film Chapter 3

situ by atomic force microscopy (AFM) (Agilent-5500), high power X-ray diffractometer (XRD)
(Rigaku), X-ray photo electron spectroscopy (XPS) (ULVAC-PHI) analysis, UV-Visible

spectroscopy (UV-Vis) (JASCO, V-630). Thermogravimetric analysis (TGA) (NETZSCH) was
carried out in Ar gas up to 1000°C.

3.3 Results and Discussion

3.3.1 Molecule Stability and Morphological Analysis

TGA shows (see Fig. 3.1) that the SnCl,Pc molecules are stable up to a temperature of
450°C. As the sublimed temperature here is~350°C, the molecules are not fragmented during the
deposition on various substrates.

N
SanPc

0 200 400 600 800 1000
T (°C)

Figure 3.1: TGA plot for the SnCl,Pc molecule (heating rate: 10°C/min). The inset shows the chemical structure of
SnCl,Pc small-molecule.

The surface morphology was analyzed by AFM measurement in tapping mode (size: 512x512
pixel) to avoid damage to the film. Repeated measurements were carried out at different

locations of a sample in order to ensure that any changes that may occurred due to tip-sample
interaction is averaged out
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Figure 3.2: Representative AFM topography images (scan size: 1 umx1 um) of SnCl,Pc thin films for different
deposition times 5, 9, 16, 20, 30, and 60 min on Si(100) substrate (top panel) and glass substrate (bottom panel)
(thickness ~8, 16, 27, 35, 51, and 87 nm, respectively).

Representative AFM images (scan size: 1lumx1um) taken at various stages of growth of SnCl,Pc
thin film are shown in Fig. 3.2. The upper panel shows the morphology for SnCI,Pc thin film
grown on Si (100) substrate and the lower one on glass substrate for growth duration t=5, 9, 16,
20, 30 and 60 min. Initially, the deposited SnCI,Pc forms nearly spherical grains on both Si as
well as on glass substrates. The surface features enlarge with increasing growth time. As the
thickness of SnCl,Pc films increases, the grains are nucleated on the both substrates similar to
other phthalocyanine based thin films. At higher thickness, the average grain size (~15 nm) is
bigger for SnCl,Pc on Si case compared to that of glass substrate (~9 nm), as measured from the
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AFM images. As the thickness of SnClI,Pc thin films increases, the grains are nucleated on the
both substrates similar to other phthalocyanine based thin films. The nearly spherical shape of
the islands (spherical crystallite) indicates negligible anisotropy, which is a common
characteristic morphology for phthalocyanine derivatives [18].

3.3.2 Surface Statistical Analysis: Height-height Correlation Function and Scaling Exponents

In order to understand the dynamic scaling behavior and detailed insight into the growth
processes, we have calculated the scaling exponents and root mean square (RMS) local slope of
the mounds. These quantities can be obtained by calculating the height-height correlation

function (HHCF), g(r, t) which is defined as the mean square of height difference between two

surface positions separated by a lateral distances r (= / (x — x")2 — (y — y")?2). If scaling exists,
it is of the form [19,20],

9,0 = (G + 7,0 — k(" D7) = 2w()2g (755), (3.1)

where spatial averaging is done over r' variable of the planar sample surface. HHCF can be
evaluated from real space images by spatial averaging over one or several regions, which should
be much larger than r to avoid edge effects. The relative magnitudes of r and the correlation
length & (beyond which surface heights are uncorrelated on the average) can divide the HHCF
into two distinct behaviors: (i) r < &, g(r) « 2%, where o (0 < o < 1) is the roughness scaling
exponent, which describes the surface fractility, and (ii)r > &, g(r) = 2w?, where
w=((h — (h))?)}/? is the standard deviation of the surface height/RMS roughness. The

parameters ¢ and w are dependent on the deposition time, t, and fit the power laws as [21]

woc t?
goctllz}’ (32)

where £ and z are growth and dynamic scaling exponents, respectively, and in many systems
[11,12], they are related to 1/z = f/a. The &, at each thickness is determined by fitting the HHCF,
where the two regime r < & and r >» & are connected to a function for self-affine surface,

which manifest anisotropic scale invariance [22], is given by

83



Chapter 3 Surface Roughening and Scaling Analysis of SnCl,Pc Thin Film

g(r)=2w{1-exp{-[é]2a}] : (3.3)

For Self-affine surface, the roughness scaling follows simple power laws with a growth

exponent £ and scaling exponent «, which unambiguously distinguish the growth universality

classes.
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Figure 3.3: (a) HHCF g(r) as a function of distance r with best fitted theoretical curve for representative SnCl,Pc
thin films on Si substrate with different deposition times. The symbols are experimental data and the solid lines are
fit to Egn. (3.2). (b) a, (c) w, and (d) ¢ as a function of deposition time, t. The solid lines in (c) and (d) show the
linear fit to the experimental data (symbols).

From Fig. 3.3(a), it is perceptible that HHCF g(r, t) increases linearly at small r and saturates at
large r, with the asymptotic behavior predicted by Eq. (3.3). The lateral position corresponding
to the grains point is equal to & which is a measure of the average island size. It is clear from
Figs. 3.3(a) and 3.4(a) that g(r, t) shifts upward as growth time progresses or SnCl,Pc film
thickness increases, which is similar with other organic thin film growth [16,18]. From HHCF
function for the films [see Figs 3.3(b) and 3.4(b)], the calculated average roughness exponent, «

is ~0.90 for both Si and glass substrates.

Next, we measured the growth exponent 8 (w o t”) of the SnCl,Pc films. At initial stage of

growth, g is nonzero for both cases. From Figs. 3.3(c) and 3.4(c), we measured =0.21+0.08 and
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0.48+0.07 for SnCl,Pc on Si and glass substrates, respectively. Thus a large f value (0.48+0.07)
is observed for the growth on glass substrate, in contrast to the small g value for Si substrate. The

large f value of SnCl,Pc on glass substrate suggest that growth front is roughening and it implies
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Figure 3.4: (a) HHCF g(r) vs. distance r with best fitted theoretical curve (solid line) for representative SnCl,Pc
thin films on glass substrate with different deposition times. (b) «, (c) w, and (d) ¢ as a function of deposition time, t.
a large step-edge barrier or Ehrlich-Schwébel (ES) barrier, that does not allow molecules to
diffuse over the edge of step on the surface, resulting in the uphill current of diffusive particle
[23], and deep grain boundaries between neighboring domains with different molecular
orientations or different plane of stacking directions between the domains, which comes from the
intrinsic anisotropy of the molecular structures and their crystallographic ordering. The influence
of deep grain boundaries on the growth exponent is described using (1+1)-dimensional surface
growth-model proposed by Yim and Jones [16] and this may contribute to the high g value due
to tilted upward orientation of slip-stacked SnCl,Pc molecules on the glass substrate. High g
value (>0.5) is common to growth situations where unusually rapid roughening take place, as
expected for random deposition in ‘hit-and-stick” model, which could arise from non-local

effects such as shadowing effect or bulk diffusion [20,24-26]. The anomalous large g > 0.5
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values have been reported for several organic-molecular crystalline thin film system, e.g., free-
base H2Pc on glass (#=1.02+0.08) [27], ZnPc on glass substrate ($=0.62+0.04) [18], di-indeno
perylene on SiO; (5=0.75) [28], and F16CuPc (f ~3.089) [29].These values are higher than that
predicted for the random deposition model [20]. On the other hand, small 5 value for Si substrate
may be attributed to small ES barrier at edge of the molecular layer. A decrease in the
crystallographic ordering of the films may also lead to reduced step-edge barriers, although
several studies have reported significant differences in the g values obtained for amorphous and
crystalline films [30]. It is believed that phthalocyanines tend to grow in a standing-up
configuration in thicker film on chemically ‘inert’ glass substrate as compared to the single
crystalline Si substrate. This different growth modes observed on two different substrates can be
understood in terms of molecule-substrate interactions, since molecule-molecule interaction
strength is nearly the same for all investigated films. Here the molecule-substrate interaction
strength may be stronger for Si substrate than the glass substrate. So the adsorption of the
molecule occurs in a lying geometry of SnCl,Pc molecules on Si substrate[31]. Our XPS

analysis on 5 nm thin SnClI,Pc film on Si and
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Figure 3.5: C1s XPS spectra of the SnCI,Pc organic thin film of thickness 5 nm on (a) Si(100) and (b) glass
substrate. (c) Si 2p XPS spectrum of the Si substrate showing peaks corresponding to different oxidation states of Si.

86



Surface Roughening and Scaling Analysis of SnCl,Pc Thin Film Chapter 3

glass substrate is presented in Figs. 3.5(a) and (b). It shows different oxygen concentrations in
the film. In Fig. 3.5(c), the Si 2p spectrum of the Si substrate and Si 2p spectrum shows Si*",
Si**, and Si* oxidations states corresponding to different suboxides of Si, which are due to the
native oxides. Thus the nature of molecular interactions in two different substrates are likely to
be different, giving rise to different molecular structures. The inverse scaling exponents 1/z ~
0.12+0.03 and 0.26+0.13 have been observed for SnCl,Pc thin films on Si and glass substrate,
respectively (see Figs. 3.2(d) and 3.3(d)). This indicates that the molecules grow in upward
direction rather than lateral direction on glass substrate in comparison to Si substrate and higher
density of grains is formed on glass than Si within the same scan area (1umx1um). Thus, during
the growth the SnCI,Pc molecule, which is intrinsically anisotropic, can change its orientation
(standing-up or lying-down). The anisotropic interactions with surface of the substrates (inert or
reactive) may play a significant role upon the scaling relations predicted by growth dynamic
theories. This information would be important in order to understand the mechanism by which

molecular thin films grow and to control interfacial properties [32].
3.3.3 2D-Fast Fourier Transform Analysis

Interestingly, the calculated exponents (a, S, 1/z) are quite close to the exponents predicted
by the model of mound formation, which is reported for organic and inorganic materials.
Although the asymptotic value of roughness exponent o = 1 for mound formation, in practice a
lower value can be obtained [14], in our case it is ~0.9. We have plotted 2D fast Fourier

on glass

18{1/pm} 18(1/um}

Figure 3.6: 2D FFT of the AFM images of SnClI,Pc thin film of thickness ~ 8 nhm (deposited for 5 min) on: (a) Si,
and (b) glass substrate. The vertical dark line in the center of images is due to the AFM fast scan direction.
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transform of the surfaces from the representative AFM images on Si and glass substrates, as
shown in Figs. 3.6(a) and 3.6(b), respectively. It clearly shows a ring like behavior, which
supports the mound growth morphology [8,33]. Further, the HHCF is oscillatory in nature for
mounded surfaces, which is clearly visible at large r in Figs. 3.2(a) and 3.3(a). The formation of
mound on surface can be attributed to different growth effects, like step-edge barrier diffusion

effect, shadowing, reemission etc., and the mound formation may be local or non-local in nature
[33,34].

Further, it is found that the height distribution p(h) function is skewed negatively (S=-0.10) and

positively (S=0.18) on Si and glass substrates respectively, which are shown in Figs 3.7(a) and
(b)) where the skewness can be written as,

([n=(n)1%)

w3

S= (3.4)

which indicates the violation of the 2—-h symmetry and thus the presence of a nonlinearity

((Vh)?) associated with growth dependence on

(a) - (b) :
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Figure 3.7: Height distribution p(h)obtained from the AFM images of SnCl,Pc for deposition time 5 min (~8 nm)
on (a) Si and (b) glass substrates. Skewness, S, is negative for Si substrate, while it is positive for glass substrate.

the local surface inclination [35]. However, the calculated exponents do not match with the
reported Kardar-Parisi-Zhang (KPZ) growth model,

= = vP2h + b(Vh)® +1, (3.5)
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where vV2h appears due to surface relaxation and # represents random Gaussian during
deposition [36,37]. Interestingly, the scaling exponents (a, f, and 1/z) of SnCl,Pc thin films are
not consistent with any of the universality classes described by the conserved growth equations
for kinetic growth developed for inorganic materials. Note that the g value for SnCl,Pc on Si is
quite comparable with that of copper hexadecafluro phthalocyanine (FisCuPc) on ITO-coated
glass [38].
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Figure 3.8: XRD patterns of SnCl,Pc thin films gown on (a) glass, and (b) Si substrate for different deposition
times.

3.3.4 Structural Analysis

The structural quality of the organic film has been deduced from the XRD analysis. Figure
3.8(a) and 3.8(b) show the XRD pattern of different SnCl,Pc thin films grown on glass and Si
substrates, respectively. For the films on glass (Fig. 3.8(a)), the intensity of peak at 26~10° and
~12° are prominent for film thickness above ~8 nm. The inset shows the XRD pattern in
extended range of 26=15°-40° in each case. The film on the glass substrate shows a broad peak
centered at ~25° arising from the glass substrate, while no such peak was observed for the case
of Si substrate. The SnCl,Pc thin films deposited on glass substrate is identified as triclinic
crystallites (a=0.7363 nm, b=0.8676 nm, ¢=1.1048 nm, a=74.21°, =80.33°, y=85.47°) [39],
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while the film on Si substrate is amorphous, as evidenced by the absence of any diffraction peaks
for Si case, even for ~87 nm thick film. The XRD measurements with different grazing angle
(w= 0.5, 1.0 and 1.5 degree) have also been carried out for thin film on Si and glass substrate.
The films on glass substrate shows the similar peak positions at different w values while the film
on Si substrate do not show any peak in the entire 20 range (including no peak in the range 25-
32°), asevident from Fig. 3.9(a)-(b).
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Figure 3.9: XRD patterns of ~87 nm-thick SnCl,Pc thin films gown on (a) glass, and (b) Si substrate at different
grazing angle ®= 0.5 to 1.5 degree.

The peaks corresponding to inter-planar spacing, d10)and dgoo), of 8.46 A, and 7.29 A are due to
the diffraction from the (010), and (100) plane of the SnCl,Pc crystallites and it is due to the two
different kinds of slip-stacked molecular packing formed on glass substrate, which implies that
the intermolecular z-z direction is parallel to the glass substrate, and it is useful for the
fabrication of optoelectronic devices [6,40]. In contrast, for SnCl,Pc films on Si, no predominant
peak was observed for the range of the different thicknesses studied (see Fig. 3.8(b)) and it
confirms the amorphous nature of SnCI,Pc film on Si substrate. These interpretations for both
cases (Si and glass) are schematically presented in Fig. 3.10. A possible reason for the lying—
down molecular geometry of SnCIl,Pc without any ordered molecular arrangement is its
tetragonal-bipyramidal (non-planar disk like) and it would prevent it from crystallizing on the Si
substrate with diamond structure. The amorphous characteristic of SnCI,Pc thin films leads to
very small extra energy barrier at the step edge when the molecules move down to the lower

layer. The small g value of
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Figure 3.10: Schematic of SnCl,Pc molecule packing arrangement on different substrates: (a) Si(100) - amorphous
like and (b) glass substrate - crystalline like.

SnCl,Pc films on Si can be rationalized by this amorphous characteristic and consequent small
step-edge barrier. Note that no peak was observed for the SnCl,Pc films with the thickness below
8 nm on both the substrates. Although the XRD patterns is dependent on film thickness, there is
no significant shift in the Q-band peak position in the UV-Vis spectra for different thickness film

as shown in Fig. 3.11 [41], which is consistent with an earlier report [42].
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Figure 3.11: UV-Vis absorption spectra of SnCl,Pc thin films for different deposition times.
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3.4 Conclusions

In conclusion, we addressed the structural evolution of SnCl,Pc thin films grown by thermal
evaporation techniques on Si and glass substrates. The growth dynamics of SnCl,Pc thin films
has been studied using AFM and HHCF analysis. By analyzing the scaling behavior and 2D fast
Fourier transforms, it is concluded that the morphological evolution of the deposited SnCI,Pc
molecules follows mound like formation, which suggests that the SnCI,Pc crystallites grow in
the upward direction as the film thickness increases on glass substrate, which may be due to the
high potential barrier or step-edge barrier. One of the important findings is that the g value for
SnCl,Pc thin film on glass substrate is higher than random deposition model, while for Si
substrate it is very small and results in “smoothening”- a lying down geometry, which may be
due to the small step-edge barrier. SnCl,Pc films grown here on glass substrate exhibited

crystalline behavior, which is suitable for device fabrication.
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Chapter 4

Growth Dynamics of VOPc Organic Thin Films on Various
Substrates: Substrate Temperature Dependence

In this chapter, we have studied the evolution of surface morphology and scaling behavior of
vanadium oxide (IV) phthalocyanine (VOPCc) thin films grown on SiO,/Si(100) and indium
tin oxide (ITO)-glass substrates using atomic force microscopy (AFM) and height-height
correlation function analysis. X-ray diffraction measurement confirms the crystalline nature
of the VOPc thin film grown on both substrates: SiO, and ITO-glass at different
temperatures. The growth exponent g is found to be much larger for the film on SiO;
substrate (0.56+0.13) as compared to that on ITO-glass substrate (0.32+0.08), which may be
due to the high step-edge barrier resulting in the upward dominant growth with rapid
roughening on SiO; substrate. From the 2D fast Fourier transform of AFM images and
derived scaling exponents, it is concluded that the surface evolution follows a mound like
growth.

4.1 Introduction

Thin films based on metal phthalocyanine molecular semiconductors are finding extensive
applications in a number of optoelectronic devices, such as organic light emitting diodes,
organic photovoltaic devices, and organic field-effect transistors, organic sensors due to their
favorable properties, e.g., high thermal and chemical stability, well ordered thin film growth
and wide absorption band at the optical region. They exhibit high photoconductivities and
unusual nonlinear optical properties [1,2]. Specifically, they are low-cost to synthesize, can
be easily commercialized for various optoelectronic applications. The optoelectronic device
often needs single layer or multilayer thin films. So systematic growth study is needed for the
optimized carrier transport, which depend on parameters, such as molecular packing, range
of grain boundaries/microstructure and roughness/morphology of surfaces [3-6]. Therefore,
the controlled deposition of molecular thin films is primarily a key requirement for the
optimization of electro-optical properties in organic based devices in which the optimized
film thickness with desired properties are
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essential [7]. In this regard, VOPc, an organic-organic hybrid dye molecule, is receiving
increasing attention, since it is considered as a good candidate for p-type organic material
and the device based on this molecule exhibit high operation stability [8,9], [10]. In contrast
to other planar phthalocyanine, VOPc is a non-planar polar molecule with vanadyl group
arranged perpendicular to macrocycle (detailed can be found in Chapter 1, section 1.2.2)
[11,12]. Therefore, VOPc molecules of the crystalline lattice results in two dimensional n-n
stacking, which results in shorter intermolecular distances as compared to other planar
phthalocyanine molecules [13]. So, the investigation of growth dynamics and ordering
arrangement of organic thin films has become a topic of high interest in both fundamental
and applied research. However, there has been no report on the scaling behavior and growth
dynamics of VOPc on different substrates that are most relevant for device applications. We
have tuned the film thickness and substrate temperature, and studied the corresponding

growth modes and the evolution of the surface morphology.

It is worth noting that molecular level understanding of growth dynamics of organic thin
films is still in underlying as more complex growth scenarios emerge for organic molecules
due to intrinsic anisotropy [14,15]. In this chapter, we elucidate the change of surface
morphology of VOPc with the variation of film thickness as well as substrate temperature.
We address the substrate induced roughness scaling behavior. From the height-height
correlation function (HHCF) and theoretical formalism of scaling theory, we calculate the
growth exponents, and these exponents describe the morphological and statistical features of
VVOPc thin films on various substrates.
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4.2 Experimental Details

VOPc (p-type) thin films were grown in a high vacuum organic thermal evaporation chamber
with a base pressure of 10°® mbar at deposition rate 0.2-0.4 A/s measured by digital thickness
meter. Commercially procured VOPc (Alfa Aesar, 97%) molecules were sublimed onto well
cleaned SiO; (thickness~300 nm) and indium tin oxide (ITO)-glass substrates at different
substrate temperature (Tq4) and different thicknesses (d) under identical conditions. Silicon
wafers are among the most common substrates for thin film growth. They are stable in air
with their oxidized surface layer, the thickness of which can be ‘tuned’ by thermal oxidation.
Also, they are very flat and relatively easy to clean. In the context of organic electronics, they
are very popular as a substrate for thin-film transistors, since the oxide can serve as the
insulating layer between the silicon as the bottom contact (gate) and the active organic
semiconductor on top [15]. It should also be noted that oxidized silicon surfaces are suitable
for surface modification using self-assembled monolayers (SAMs). ITO-glass is another
substrate transparent electrode we have employed for growth study, as they have potential
applications such as liquid crystal displays, organic light emitting diodes and photovoltaic
cells [16]. The substrates were first cleaned separately by deionized water (18.2 MQcm),
acetone, and 2-propanol with sonication for 15 min each. The cleaned substrates were
preheated to >120 °C and subsequently cooled slowly to room temperature. During the
vacuum deposition, the cell temperature was maintained at ~350 °C, and molecules were
condensed on the SiO, and ITO-glass substrates. The average growth rate was (0.2-0.4 A/s)
and film thickness was measured by a digital thickness monitor during the growth. VOPc
thin films with different thicknesses (5-120 nm) and different substrate temperature (23-
210°C) were deposited and characterized (ex situ) for morphology and structural information
by atomic force microscopy (AFM) (Agilent-5500), and high power X-ray diffractometer
(XRD) (Rigaku). Thermogravimetric analysis (TGA) (NETZSCH) was used to deduce the

molecule structural stability, which was carried out in Ar gas up to 1000 °C.
4.3 Results and Discussion

4.3.1 Molecule Stability and Morphological Analysis
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Figure 4.1: TGA plot for vanadium (IV) oxide phthalocyanine (VOPc) molecule (heating rate: 10°C/min).

TGA analysis shows (see Fig. 4.1) that the VOPc molecules are stable up to a temperature of
~450 °C and above the temperature, the weight loss starts. As the sublimed temperature here

is ~350 °C, the molecules are not fragmented during the deposition on various substrates.

; SiO,-Substrate
RQ:O.23 nm

= -

Figure 4.2: Representative AFM topography images (scan size: 2um % 2um ) of VOPc thin films for different
thickness: 0, 5, 12, 28, 65, and 122 nm on SiO,/Si(100) substrate. The rms roughness is indicated in each case.

The surface morphology was analyzed by AFM measurements in the tapping mode (size:

512x512 pixel) to avoid any damage to the film. The details about the instrument, was
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discussed in Chapter 2. Repeated measurements were carried out at different locations of a
sample in order to obtain statistical average of the film. Representative AFM images (2
umXx2 um) taken at various stages of the growth of VOPc thin film grown on to SiO,
substrate at room temperature (25°) with film thickness d= 5, 12, 28, 65 and 122 nm,
respectively, are shown in Fig. 4.2. In Fig. 4.3 shows the AFM images of 65-nm-thick film at
various substrate temperatures T4=25, 80, 120, 170 and 210°C, respectively. Initially, VOPc
forms nearly spherical grains on the SiO, substrate. The grain size elongates laterally (~10 to
16 nm) with film thickness variation 5 -122 nm and while grain size changes from ~9 to 18
nm due to increasing of substrate temperature 25 to 210°C. The nearly spherical shape of the
islands (spherical crystallites) indicates negligible anisotropy and the grains enlarge in an
almost regular manner with increasing thickness. For thick-film (~122nm), less irregular with
relatively elongated grains can be noticeable from AFM images (see Fig. 4.2), which is a

characteristic morphology for

¥ Si0 -Substrate - =% ' Co A 1,80~ )
R ~0.23 nm <2 R=3.17nm

..

Figure 4.3: Representative AFM topography images (scan size: 2umx2 um) of a 65-nm VOPc thin film at
different substrate temperatures: 23 (RT), 80, 120, 170 and 210 °C, respectively on SiO,/Si(100) substrate. The

rms roughness (Ry) is indicated in each case.

phthalocyanine derivatives. On the other hand, with increasing substrate temperature,

crystallite shape changes from spherical to anisotropic shape and form a larger grains (~9 to
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18 nm). The reason is that by diffusion process, the small grains coalescence to another
grains and results into relatively extended size. The VOPc thin film morphology starts to
evolve particularly at 120°C. So, it is evident that size of grains of VOPc film is larger at
higher Tq (see Fig. 4.4).

To compare the growth dynamics and scaling behavior, we have grown VOPc films on ITO-
glass under identical condition. Representative AFM images (2 umx2 um) are taken at
various stages of the growth of VOPc thin film grown on to ITO-glass substrate at 25°
substrate temperature with film thickness d=5, 12, 28, 65 and 122 nm, respectively as shown
in Fig. 4.4. Figure 4.5 shows the AFM images of 65-nm-thick film at different substrate
temperature (Ty) with RT (25), 80, 120, 170 and 210°C, respectively. Initially, VOPc forms

ITO-Substrate

Figure 4.4: Representative AFM topography images (scan size: 2umx2um) of VOPc thin films for different
thicknesses: 0, 5, 12, 28, 65, and 122 nm on ITO-glass substrate. The rms roughness (R,) is indicated in each

case.

nearly spherical grains on ITO-glass substrates. The surface feature enlarges with bigger
circular grains from ~10 to 16 nm as the thickness increases. The nearly spherical shape of

the islands (spherical crystallites) indicates negligible anisotropy. With the increases of
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substrate temperature (Tq4) from 25 to 210 °C, crystallite shape changes from small round
grains to highly anisotropic shape (see Fig. 4.5) and formed a larger grain due to small grains
coalescence to bigger grain, which means nucleation occurs between grains and results into
the elongated terraces. So, the size of grain of VOPc film is large when Tq high, as more
nucleation occurs at higher substrate temperature. So, the substrate temperature has a

significant role on the evolution of VOPc thin film morphology.

ITO-Substrate
R ~1.95 nm

Figure 4.5: Representative AFM topography images (scan size: 2um x 2um) of 65-nm VOPc thin films grown
at different substrate temperature (Tg): 23 (RT), 80, 120, 170 and 210°C on ITO-glass substrate. The rms

roughness (R,) is indicated in each case.

4.3.2 Surface Statistical Analysis: Height-height Correlation Function and Scaling Exponents

In order to understand the dynamic scaling behavior and to gain a detailed insight into the
growth processes, we have calculated the scaling exponents and root mean square (RMS)
local slope of the mounds. These quantities can be obtained by calculating the HHCF, g(r),

which is defined as the mean square of height difference between two surface positions

separated by a lateral distance r(=+/(x —x)2 — (y —¥)2). It is of the form, g(r) =
([h(r + 7', t) — h(',t)]?), where spatial averaging is done over r’ variable of the planar
sample surface [17,18]. HHCF can be evaluated from real space images by spatial averaging

over one or several regions, which should be much larger than r to avoid edge effects. The
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relative magnitudes of r and the correlation length ¢ (beyond which surface heights are
uncorrelated on the average) can divide the HHCF into two distinct behaviors: (i) r «< ¢,
g(r) o« r2%; where a (0 < a < 1) is the roughness scaling exponent, which describes the
surface fractility (smoothness of local surface profile), and (ii) » » &, g(r) = 2w?, where
w=((h — (h))?)}/? is the standard deviation of the surface height/root-mean-square (RMS)
roughness [15]. It is common to redefine the surface height profile as (h) = 0, by choosing a
suitable reference height. The parameters & and w are dependent on the thickness and fit by
the power laws as w « t# and & « t'/#, where # and 1/z are growth and dynamic scaling
exponents, respectively, and in ideal system, they are related to 1/z = f/a [19-21]. The ¢, at
each thickness is determined by fitting the HHCF, where the two regime r < & and r >» &
are connected to a function for self-affine surface proposed by Sinha et al.[22], which

manifest anisotropic scale invariance, is given by

g(r)=2w’ [1— exp {—(éjw H (4.1)

For self-affine surface, the roughness scaling follows a simple power law with a growth
exponent a, roughness exponent $, and dynamic scaling exponents 1/z which unambiguously
distinguish the growth universality classes. This height correlation function works for both
two dimensionals (2D) and 3Ds. From Eg. (4.1), we can derived two district behavior for
r < & and r > &, as we have discussed for height-height correlation function. Figure 4.6(a)
and 4.6(b) shows the height-height correlation function plot for VOPc thin films grown on
SiO; substrate for different film thickness (5 nm to 122 nm) as well as different substrate
temperature increases (Tq=25 to 210°C). It is perceptible from HHCF that g(r) increases
linearly with r at small r and saturates at large r, with the asymptotic behavior predicted by
Eqg. (4.1). Figure 4.7(a) and 4.7(b) shows the HHCF plot for VOPc film grown on ITO-glass
when thickness increases from d=5 nm to 122 nm and T4 increases from 25 to 210°C, which

is consistent with the results of other organic thin films. It is noticeable that g(r) shifts
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Figure 4.6: (a) HHCF g(r) as a function of distance r for representative VOPc thin films on SiO,/Si substrate
with different (a) thickness (d=5 -122 nm) and (b) substrate temperature (T4= 25 - 210°C).

upward as growth time progresses or thickness increases similar to the growth on SiO;
substrate. So, in HHCF plot, the local slope is changing with thickness for small r with VOPc
film on both substrates SiO, and ITO glass. In case of film thickness variation, from HHCF
function analysis (see Fig. 4.6(a) and Fig. 4.7(a)), the calculated average roughness
exponent, « is 0.81+0.01 for SiO, and for ITO-glass it is 0.89+£0.02. The exponent o is
obtained by least-squares fitting to the linear slope, which gives 2«, of g(r), at small r <30
nm in Fig. 4.6 and 4.7. The roughness exponent a is slightly larger for ITO glass as
compared to that of SiO,, which implies that the surface morphology formed smoother local
surface in ITO-glass as compared to the growth on SiO; (smaller value of a implies a rougher
local surface) [22,23]. It can be explained on the basis of local surface diffusion effect. This
means that the local structure is changing with thickness and deposition temperature for both

sets of films.
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Figure 4.7: (a) HHCF g(r) as a function of lateral distance r for representative VOPc thin films on ITO-glass

substrate at different (a) thickness, d =5 -122 nm (at room temperature) and (b) substrate temperature, T4 = 25-

120°C (for 65-nm thick film).

Next, we calculated the growth exponent g (w o d”) and scaling exponent 1/z (¢ o d'/%) of
the VOPc films in order to isolate the exact growth process in our system. At the initial stage
of growth, £ is nonzero for both cases. From the linear fit of in log-log plot Figs. 4.8(a) and
(b), we measured £=0.56+0.13 and 1/z=0.10+0.05 for VOPc film on SiO,. In case of VOPc
films on ITO-glass substrate, Figs. 4.9(a) and 4.9(b) yields the g value 0.32+0.05, and
1/2=0.12+0.04. These derived scaling exponents are summarized in Table 4.1. The large S
and small 1/z values resulting larger the anomality for case VOPc films on SiO; as compared

to that of ITO. Note that our computed scaling exponents are not consistent with
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Figure 4.8: (a) w, and (b) ¢ as a function of film thickness, d for representative VOPc thin film images on

SiO,/Si substrate with different deposition times. The symbols are experimental data and the solid lines are

fitted data.
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Figure 4.9: (a) w, and (b) ¢ as a function of film thickness, d = 5 to 122 nm for representative VOPc thin film
images on ITO-glass substrate with different deposition times. The symbols are experimental data and the solid

lines are fitted data.
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those based on Kardar-Parisi-Zhang (KPZ) model, ‘;—IZ = vV2h + b(Vh)? + n, where vV2h

appears due to surface relaxation and » represents random Gaussian during deposition [18].
In KPZ model, «=0.5, S ~ 0.2, and 1/z ~0.6 [18]; while in our case, « =0.8, ~0.6, and 1/z
=0.1 for SiO; and o ~0.9, =0.3, and 1/z ~0.1 for ITO. In our case the dynamic scaling
exponents (1/z) are smaller while roughness exponents («) are higher than the KPZ

predictions.

Table 4.1: Summary of the scaling exponents for VOPc films on different substrates.

Substrate a S 1/z plo
SiO; 0.81+0.01 0.56+0.13 0.10+0.05 0.69+0.16
ITO 0.89+0.02 0.32+0.05 0.12+0.04 0.36+0.06

The large g value (0.56+0.13) for VOPc film on SiO, substrate suggests that the growth front
is roughening and it implies a large additional step-edge barrier or Ehrlich-Schwoebel (ES)
barrier experienced by the molecules and that does not allow molecules to diffuse over the
edge of step on the surface of the same layer, resulting in the uphill current of diffused
molecules. However, the strength of the step-edge barrier controls the amount of mass
transport between different crystalline layers. The intrinsic anisotropy and internal degree of
freedom (orientational: lying-down/standing-up, vibrational) of the molecules invokes a
series of activation barriers for crossing the step-edge and results upward dominant growth
leading to island formation [15,24]. It can be noted that this analogy clearly gives the
indication for the mound growth. There is considerable indirect evidence that points to the
presence of the step-edge barrier for other organic semiconductor molecules like F16CuPc,
H2Pc, Pentacene [25-27] etc. High g value (>0.5) is common to growth situations where
unusually rapid roughening takes place, as expected for random deposition in “hit-and-stick”
model, which could arise from non-local effects, such as shadowing effect or bulk diffusion
[22]. The diffusion barrier occurs may be due to tilt domains of the films results in rapid
roughening, observed in many organic thin film growth studies, so it can explain the frequent
observation of mound growth in organic growth studies [21,26,27].The anomalous large S

>0.5 values have been reported for other organic-molecular crystalline thin film systems,
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which are displayed in Table 4.2, including VOPc molecules. On the other hand, small S
value (0.32+£0.05) for ITO substrate may be attributed to small ES barrier at edge of the
molecular layer. The low g value 0.25+0.03 reported for poly(p-xylene) was interpreted the
result of monomer bulk diffusion [28]. In addition, thickness-dependent structural changes
might also imply a thermodynamic driving force for roughening due to different chemical

potential for different layers.

The dynamic scaling exponents are derived from the linear fitting in Fig. 4.8(b) and 4.9(b),
which yields 1/z =0.1020.05 for SiO, and 0.12+ 0.04 for ITO substrate, respectively. It can be

concluded

Table 4.2: A summary of experimentally determined scaling exponents for several organic thin film systems,
including this work: VOPc/SiO, and VOPc/ ITO-glass.

Thin film system p 1/z Ref.
VOPCc/SiO, 0.56+0.01 0.12+0.05 This work
VOPCc/ITO 0.32+0.13 0.12+0.05 This work
H,Pc/glass 1.02+0.08 0.72+0.13 [26]
ZnPc/glass 0.62+0.04 0.49+0.06 [29]
TiOPc/glass 0.27+0.04 0.38+0.08 [29]

DIP/SiO, 0.74£t0.05 ... [21]

F16CuPc/ITO-glass 3.08£0.04 ... [30]

that the molecules grow faster in an upward direction than lateral direction on SiO, substrate
and higher density of grains is formed on SiO, than ITO within the same scan area (2 wmx2
um), as confirmed from AFM analysis. Thus, during the growth, the VOPc molecule, which
is intrinsically anisotropic (pyramidal), can change its orientation (perpendicular or tilted on
to the substrate) due to its orientational degrees of freedom [15]. The anisotropic interactions
with the surface of the substrates (inert or conductive) may also play a significant role upon
the scaling relations predicted by growth dynamic theories [31,32]. It is observed that for
molecules growth on non-ordered poly crystalline substrate such as SiO, or ITO-glass, CuPc
(planar molecules) grows in an ordered “standing geometry” for thicker film. A possible

explanation may be that when the substrate roughness is larger than the molecules size, it
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causes a weakened substrate-molecule interaction and results in the ‘standing’ geometry
[32,33]. This information would be important to understand the growth mechanism of
molecular thin films and to control the interfacial properties of the films.

In order to understand the degree of discrepancy from the conventional scaling laws for
different organic molecular thin films, one can predict the growth behavior from the ratio of
S/o. and 1/z [29]. For SiO,, the obtained value /o =0.69£0.16 is ~7 times larger than the 1/z
value and in case of ITO, f/a =0.36+0.06 is 3 times larger than 1/z value. It signifies that
growth of VOPc film favored more vertical growth even with faster characteristics on SiO,
compared to ITO glass substrate. However, this discrepancy between f/a and 1/z has been
reported for several molecular thin-film systems. For example, p/a is ~2.4 times and ~3.0
times larger than the 1/z values for H,Pc and PTCDA (planar molecules) based thin films,
respectively [26,34]. It has also been suggested that due to the existence of a high potential
energy barrier/step-edge barrier as discussed earlier, prevents the upcoming fresh molecules
moving to lower layer. So, it can concluded that the large ES barrier is more pronounced for
thin film systems on SiO, as compared to the ITO-glass substrates (see Figs. 4.2 and 4.4).
Here, for VOPc film growth, mound can be formed due to the limited diffusion which hinder
growth Kinetics and also due to step-edge barrier effect as observed for other organic
molecules [14].

4.3.3 Temperature Dependent Growth Kinetics

In order to understand the origin of the roughening in the growth, more information can be
obtained from the analysis of VOPc film grown at different substrate temperatures which is
directly related to the molecular activation energy. However, due to application of substrate
temperature during the film growth, thermodynamic driving forces may also be responsible
for the overall evolution of morphology. So, the substrate treatment is another option to play
with the energetics of the adsorbate-substrate interaction. Activation barriers calculated from
the variation of surface interface width w with substrate temperature Ty, are associated with
rotational and translational barriers of the molecular diffusion [35,36]. It is noticeable that
with the increase of substrate temperature Tg, the rms roughness (w) amplitude increase and it

closely follows an Arrhenius behavior given by [35]
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W oc eXp T
B

Where E, is the activation energy, T is the substrate temperature and Kg (1.381x10% m? kg s”

, (4.2)

2 K'Y is Boltzmann constant. E, proportionality constant, and deposition rate determine the
orientation of the molecules with respect to the surface [37]. Understanding the effects of
these experimental parameters is crucial to engineer high-quality thin films for organic
electronic devices. The activation energy E, calculated from the slope of In(w) vs. 1/T plot
as shown in Fig. 4.10, 0.23+£0.04 eV, 0.18+0.03 eV for SiO, and ITO-glass substrate,
respectively.
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Figure 4.10: A plot of In(w) vs. 1/T4 for representative VOPc thin film on (a) SiO,/Si and (b) ITO-glass
substrate, respectively. The symbols are experimental data and the solid lines are best fitted data.

So, the diffusion can be expected to be higher for VOPc film grown on ITO glass due to low
activation energy (0.18 eV) as compared to that of the SiO, (0.23 eV). Figure 4.11(a) and
4.11(b) shows a schematic of the surface profile of VOPc films are grown on SiO; and ITO,
respectively, at certain elevated temperature (170°C). It depicts the island growth mode of
VOPc films on SiO; substrate and the layer-by-layer plus island growth mode on ITO glass.
The corresponding AFM images are shown in Fig. 4.11(c) and 4.11(d). This relatively large
step-edge barrier implies that the VOPc molecules on SiO, prefer to diffuse within the same

layer rather than move down to a lower layer, providing upward three dimensional (3D)
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island growth. One can notice deep and narrow crevices at the edge of islands on height
profile in case of SiO,, while shallow crevices are visible for ITO case. Molecules grow fast
upwardly and create deep crevices [27]. In case growth on ITO, molecules diffuse to lower
layer due to the energetically favorable position, resulting in layer-by-layer with island
growth at elevated substrate temperature (170°C). It is possible that at high substrate

temperature, the molecules are diffused along the local
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Figure 4.11: A schematic of the height profile with lateral length for VOPc films at substrate temperature more
than 170°C: on (a) SiO, and (b) ITO glass. The corresponding AFM images are shown in (c) and (d),

respectively.

surface and lateral by growth on the molecular terraces after searching for most energetically
stable position [18]. The probability to fill the lower layer by VOPc molecules is much lower
in case of ITO compared to that of the SiO, substrate. However, at low substrate temperature,

similar type 3D island growth morphology occurs for both systems.

The calculated exponents (a, 8, 1/z) are quite close to the exponents predicted by the

model of mound formation, which is reported for both organic and inorganic materials.

112



Growth Dynamics of VOPc Organic Thin Films Chapter 4

Although the asymptotic value of roughness exponent =1 indicates mound formation, in

practice, a

ITO-glass

50 um’”

Figure 4.12: 2D FFT image of the AFM images of VOPCc thin film of thickness ~5 nm on: (a) SiO,/Si, and (b)
ITO-glass substrate.

lower value can be obtained (in our case, a ~0.9 for ITO and o ~0.8 for SiO). Again
roughness exponent g is not well-defined in case of ‘mounds’ formation as mounds are not
stable in nature [18]. Their lateral and vertical size increases as the local slope increase,
which is clearly shown in Figs. 4.6 and 4.7. For further confirmation about the argument on
mound growth, we have plotted two dimensional fast Fourier transform (2D FFT) of the
surfaces from the representative AFM images of ~5nm thick-film on SiO, and ITO-glass
substrates, as shown in Figs. 4.12(a) and 4.12(b), which clearly shows a ring like behavior. It
is one of the indications of mound growth morphology [19,38]. Further, the HHCF is
oscillatory in nature (r > &) for mounded surfaces, which is noticeably visible at large r from
Figs. 4.6(a) and 4.7(a). The formation of mound on surface can be attributed to different
growth effects, such as step-edge barrier, diffusion effect, shadowing, and reemission, and it

may be local or non-local in nature [22].

Further, it is found that the height distribution function p(h) is positively skewed. The
skewness S=3.15 for SiO; and S=1.65 for ITO-glass, substrate as shown in Fig. 4.13(a) and

3
T])) is compared with a Gaussian distribution (S=0).

4.13(b), where the skewness S (= ([h=(h)

It clearly indicates the violation of the A—-h symmetry and thus the presence of a

nonlinearity ((Vh)?) associated with growth dependence on the local surface inclination.

113



Chapter 4 Growth Dynamics of VOPc Organic Thin Films

However, the calculated exponents do not match with the reported Kardar-Parisi-Zhang
(KPZ) growth model [18], as observed in other molecules [31,39]. Interestingly, the scaling
exponents («, B, and 1/z) of organic VOPCc thin films grown on SiO; and ITO substrates is not
consistent with any of the known universality classes of self-affine surfaces described by the
conserved growth equations for kinetic growth developed for inorganic materials. We believe
that the morphology of VOPc thin film on SiO, and ITO glass is decided primarily by the
surface diffusion and step-edge barrier effects. However, other parameters related to VOPc
film growth can also play some role. Therefore, the mound formation model proposed is the

most acceptable scenario in the present case [38].

(@)= Sio (0)] ITO-glass _

2 .

$=3.15>0 | . © 516550

-
o
|

-
()
1

=
o
1

ot
'S
|

Normalized height distribution p(

— —T T T T
2 1 0 1 2 3 4 5 6 10 -5 0 S5 10 15 20 25 30

Height (nm) Height (nm)

Figure 4.13: Height distribution function p(h) obtained from the AFM images of ~5 nm-thick film VOPc film on: (a) SiO,
and (b) ITO- glass substrates. The solid line shows the Gaussian fitting. Skewness, S is positive for both Si substrate and

glass substrate.
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4.3.4 Structural Analysis

The structural quality of the VOPc films has been evaluated from the XRD measurements.
Figures 4.14(a) and 4.14(b) show the XRD pattern of VOPc thin films grown on SiO,
substrates, for different thickness as (5 to 120nm) and at different substrate temperature (T4=
25 to 210°C), respectively. VOPc film shows crystalline signature on both SiO, and ITO
glass. The x-ray diffraction peaks arising at 26=7.5° is prominent for the film thickness above
12 nm and it is from the (010) plane correspond to inter planar spacing dq =11.77 A [40].
The film shows a broad peak centered at ~23° arising due to SiO, substrate (see Fig.
4.14(a)). The VOPc thin film deposited on SiO, substrate is identified as triclinic crystallites

(phasell, triclinic, spacegroup
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Figure 4.14: XRD pattern of VOPc thin-films grown on SiO,/Si (100) substrate: (a) at different thickness d,

and (b) 65-nm thick films at different substrate temperature Ty.

P1, a =12.027 A, b=12.571 A, ¢=8.690 A, 0=96.04°, f=94.80°, and y=68.20°) [41]. The
deposition of VOPc films at elevated substrate temperature (>120°C) led to the change of

morphology and size of crystallites, as shown in Fig. 4.3 and Fig. 4.5. However, no
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measurable shift in peak position is observed in the XRD pattern indicating no change in
inter planar spacing in both cases (see Fig. 4.14(a) and 4.14(b)). The diffraction peak from
(010) plane arises due to the ‘edge-on” molecular orientation formed on the SiO, substrate,
which implies that the intermolecular n-n stacking direction is parallel to the substrate and
larger m—n stacking overlap results in high mobility of charge carriers [3,41,42]. In contrast,
for VOPc films on ITO-glass for different film thickness d= 5 to 122 nm and at different
substrate temperature T4=25 to 210°C, XRD peak at 26=7.5° from (010) plane,

corresponding to inter planar spacing dng =11.77 A is observed as shown in Fig. 4.15(a)-(b).
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Figure 4.15: XRD patterns of VOPc thin-films grown on ITO-glass: (a) at different thickness d, and (b) at

different substrate temperature T4 (film thickness ~65 nm).

The (010) plane indicates ‘edge-on’ orientation similar to the SiO, case. So, the VOPc
molecular orientation on ITO substrate also favored good charge carrier transport [13].
Figure 4.16 (a) and 4.16(b) shows a schematic presentation of VOPc molecular packing on
SiO; and ITO substrate. For both cases, the peak at 26=7.5° for more than 28-nm-thick film
reveals the crystalline nature of the VOPc film. The diffraction peak intensity shows higher

intensity when the substrate temperature is high due to improvement of molecular packing.
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It is noticeable that several intense diffraction peaks appear in Fig. 4.15(a) and 4.15(b) in the
range of 26= 20-40° due to bare ITO glass. In the XRD pattern for VOPc thin film with the
thickness of 65 nm, the intensity of the (010) peak position at 26=7.5° is significantly weaker
at room temperature than that of VOPc thin film with equivalent thickness (see Fig. 5c) at
higher substrate temperature (>170°C). At elevated substrate temperature, the molecules
filled the voids and improve the crystallinity of molecular thin films during deposition
resulting in the intense peak. It can be noted that beyond certain film thickness (~65 nm) and
at elevated substrate temperature (~170°C), VOPc film show more crystalline signature on
both

I
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Figure 4.16: Schematic of the molecular packing of VOPc thin-film grown on two different substrates:
(a)SiO,/Si, and (b) ITO-glass substrate. The arrow shows the n-n stacking direction along (010) plane for both

cases.

substrates SiO, and ITO glass, which are highly desirable for organic optoelectronic device
fabrication. It is worth noting that titanyl phthalocyanine (TiOPc) based non-planar molecule
give no predominant diffraction peak from any molecular plane as reported by Kim et al.
[29]. In contrast VOPc film shows strong diffraction peaks (see Fig. 4.15(a)-(b)) with
ordered arrangement on both SiO, and ITO substrates, although it is an intrinsically
anisotropic-pyramidal (non-planar) structure, and it may prevent it from crystallizing on both
ITO-glass as well as SiO, substrate. A more detailed study is needed in order to clarify this
issue. In molecular crystalline thin films, molecules tend to stack in order to maximize their
intermolecular interactions. The crystalline nature of VOPc thin films on both ITO and SiO,
cannot be rationalized by only the step-edge barrier. Thus, the other factors related to
substrate-induced growth Kkinetics can play a crucial role at molecule-substrate interface. In

particular, small g value (0.17+0.06) reported are due to amorphous characteristics of thin
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films for CuPc/PTCDA heterostructure [43]. In our case, this explanation is highly unlikely
as VOPc film gives crystalline signature for both systems. It is worth noting that for organic
molecular materials, there are several issues that may occur in growth behavior [15]: (i)
organic molecules have internal degrees of freedom: vibrational, conformational,
orientational; (ii) van der Waals force (vdW) dominated interaction between molecule-
molecule (face to face stacking) and between molecule-substrate, and (iii) molecule size
larger than the inorganic unit cell. So, it is likely that these issues might have some role on

different growth modes, as observed for two different substrates: SiO, and ITO-glass.
4.4 Conclusions

In conclusion, we addressed the substrate dependent structural evolution of VOPCc thin films
on SiO, and ITO-glass substrates. The growth dynamics of VOPc thin films has been studied
using AFM and HHCF analysis. Analyzing the scaling behavior and 2D fast Fourier
transforms, it is concluded that the morphological evolution of the deposited VOPc
molecules follows mound like formation, which suggests that the VOPc crystallites grow
upward through the mound growth mechanism as the film thickness increases on ITO-glass
as well as on SiO, substrates, which may be due to the high potential barrier or step-edge
barrier. One of the important findings is that the g value for VOPc thin film on SiO; substrate
is comparable to that predicted by the random deposition model, while for ITO substrate it is
comparatively small and it signifies a small step-edge barrier. We have observed that the
diffusion activation energy is almost equal for molecules grown on both substrates. VOPc
film shows crystalline behavior on both SiO, and ITO-glass substrate, although they have
significant differences in the g value. It is concluded that ITO glass is superiority for device

fabrication over SiO, substrate for different applications.
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Chapter 5

Low Bias Stress and Reduced Operating Voltage in SnCl,Pc
Based n-type Organic Field-Effect Transistors

In this chapter, we have studied vacuum deposited tin (I\VV) phthalocyanine dichloride
(SnCl,Pc) organic field-effect transistors fabricated on polymethylmethacrylate/
aluminum oxide (PMMAJ/AI,O3) bilayer gate dielectric, with reduced operating
voltage and low contact resistance. We demonstrated the electrical performance and
bias stress stability effect of Al and Ag top-contact as source and drain (S/D)
electrodes. We show that the Ag-contact gives better performance of the OFET in all
respect. We show that the devices with top contact Ag electrodes exhibit excellent n-
channel behavior with electron mobility values of 0.01 cm?/Vs, low threshold voltages
~4 V, current on/off ratio ~10* with an operating voltage of 10 V. We find that the
amount of bias stress on SnCl,Pc based thin film transistor using PMMA gate
dielectric is extremely small with high characteristic relaxation time >10° s obtained
using stretched exponential model as compared to that of SiO, gate dielectric.
Stressing the SnCI,Pc devices by applying 10 V to the gate for half an hour results in
a decrease of the source drain current, Ips of only ~ 10% under low vacuum. These
devices show highly stable electrical behavior under multiple scans and low threshold
voltage instability under electrical dc bias stress even after 40 days. We have
investigated by different contact metals Ag, Al and the bias stress performance results
show that the Al contact based OFET suffers significant bias stress instability as
compared to that of the Ag-contact based OFET. The overall performances of the
device with Ag contact shows superiority over the Al contact based devices.
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5.1 Introduction

Over the last few years, high-quality, air stable, n-type transistors based on organic
semiconductors has been demonstrated with performance close to that of the best p-type
materials [1-4]. However, most research efforts have focused on the development of
materials with high field-effect mobility and good environmental stability; as a result the
mobility of n-channel organic field-effect transistors (OFETS) exceeds that of the amorphous
silicon field-effect transistor (a-Si FETs). On the other hand, very limited studies have been
performed on the bias-stress stability of n-channel organic field-effect transistor, though this
is of paramount importance to realize the full commercial potential of OFETs. In such
experiments, a defined constant bias voltage is applied to the gate, source, and drain
electrodes for a prolonged period of time and the OFET performance usually degrades as a
function of operating time. Such degradation commonly manifests itself as a shift of
threshold voltage (AVt,), an increase in sub threshold voltage, a reduction in mobility, an
increase in off current and, or increase in hysteresis between subsequent measurements of the
transfer characteristics with increase/ decrease of gate voltage etc. In some systems, the
dominant signature of degradation observed is a shift of AV, when a prolonged gate bias-
stress is in ‘ON’ and /or ‘OFF’ state. In general, for most of the systems this is caused by the
trapping of charge carriers in localized states in the organic semiconductor, in the gate
dielectric, or at the interface between the organic/dielectric interface [5-8]. There are two
major approaches for suppressing the bias-stress effects: one is to reduce the trap sites in the
semiconductor layer, such as by physically eliminating them with thermal annealing, and the
other is to improve the semiconductor/dielectric interface, e.g., by reducing roughness at the
interface, forming self-assembled monolayer modifications on the dielectric surfaces, or
using hydroxyl-free or water-repellent amorphous fluoro-polymers as gate dielectric layer
[9]. In a previous report, SnCl,Pc based transistors with high charge mobility and good
dynamic response have been demonstrated and it was found to be comparable to a-Si FETs
[10]. However, the bias stress stability on SnCI,Pc based n-type OFET has not been reported

earlier.
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In this chapter, we investigated the device performance and the electrical instability of
SnCI,Pc/PMMA/AILL,O3 OFET’s through the bias-stress process. We explore the bias stress
effect in electron transporting SnCl,Pc thin film transistors fabricated with bilayer
PMMAV/AI,O3 as the gate dielectrics, which allows a low voltage operation. PMMA, a
polymer dielectric was chosen since no chemical groups (-OH) are present at its surface that
may act as electron traps, and previous work on pentacene and perylene derivative based
OFETSs has shown very small bias stress effect [3]. We observe that upon the application of a
large gate voltage (up to 8V), the decrease in source drain current as a function of time, Ips
(t), is very small in low vacuum even when the measurements were performed after one
month. Fitting the data using a commonly used stretched exponential dependence enables the
extraction of the characteristic time scale in seconds, which we find to exceed 10° s,
remarkably almost of the orders of magnitude reported in pentacene based p-type devices
[11]. We demonstrated that the SnCl,Pc based FETs on PMMA/AI,O3 reported here have
significantly improved bias-stress characteristics as compared to other organic transistors

investigated in the past.

The degradation of the performance of OFET during operation is reflected by changes of its
current-voltage characteristics that result from changes of mobility (ure), of threshold voltage
(Vh), or variations of the capacitance density (Ci) of the gate dielectric. The dynamics of the
physical and/or chemical mechanisms producing these changes, intrinsic or extrinsic, affect
the performance of a FET on different time scales. The stability of a FET is determined by
the total effects produced by several physical and/or chemical processes, but in general, one
tends to dominate over the others. This has caused current approaches to improve the

stability to focus on mitigating individual processes.

5.2 Experiment Details

To form the control gate, a 150 nm thick layer of aluminum (Al) (Alfa Aesar, 99.9% pure)
layer was vacuum deposited at a rate 30 As™ on to clean glass substrates. The Al layer is
anodized by immersing in citric acid solution prepared with ultra-pure (18.2 MQ.cm) de-

ionized water as a solvent, ImML™. A constant current density of 0.3 mA/cm? is maintained
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until the voltage reaches 10 V, and the voltage is then maintained at 10 V until the current
density drops to 0.015 mA/cm?. The thickness of the Al,Oj is estimated to be ~13 nm, given
the anodization ratio (ca =~ 1.3 nm/V) [12,13].

The electrical characteristics including the voltage—current relationship and capacitance are
measured with a semiconductor parameter analyzer (Keithley 4200-SCS) at room
temperature in a probe station under low vacuum. The morphological analysis is carried out
with an atomic force microscopy (AFM, Agilent-5500) in the tapping mode. PMMA can
provide a high-quality hydroxyl free (-OH) interface to the organic semiconductor with high
dielectric breakdown strength (~1 MV/cm) and it decrease the roughness as well as surface
energy and thus it improves the flow of charges with reduced trap states. The thin buffer
layer, PMMA (Sigma Aldrich, My = 550 000 kg/mol, 25 mg/ml in anisole) was used to
deposit a very thin and uniform layer on Al,O3 surface at 5000 rpm for 60 s and annealed at
80°C for 30 minutes in reduced vacuum. The thickness of PMMA layer was 100 nm, as
measured by surface profilometer (Veeco Dektak-150). The root-mean-square (RMS)
roughness (oyms) of PMMA is less than 1 nm, the anodized Al,O3 layer (~6 nm) even lower
than SiO; (~0.22nm) as measured by AFM (see Fig 5.1).

PMMA
c, . =0:18nm ¢

Figure 5.1: AFM topography images of different dielectric thin films: (a) SiO,, (b) Al, O3, and (c) PMMA.

Root-mean-square surface roughness of various dielectric substrates is summarized in Table
5.1.
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Table 5.1: Root-mean-square (RMS) roughness of different dielectric surface

Dielectric surface SiO, Al,O3 PMMA
RMS 0.22 nm 6.01 nm 0.18 nm
roughness(crms)

A 60-nm-thick SnCI,Pc (Alfa Aesar) film was deposited on PMMA/AI,O3 dielectrics and on
SiO, under identical conditions at a rate 0.8 A/s and at constant pressure 3x10® mbars, to act
as the n-type active layer. The substrate were kept at various temperature 25 (RT), 60, 100
and 140 °C for PMMA/AI,O3 and 60 °C for SiO, substrate while the remaining deposition
parameters were kept constant. The surface morphology of the organic thin films was
characterized in air by AFM in the tapping mode is shown in Fig. 5.2(a) and 5.2(b)-(f) on
SiO; at substrate temperature 60°C and on PMMA at different substrate temperatures from

25-140°C, respectively.

Figure 5.2: AFM topography images (scan size: 1 um x1 um) of 60 nm thick SnCl,Pc thin films deposited
on: (a) SiO, at substrate temperature (T4) 60 °C and (b)-(e) on PMMA at different substrate temperature (T) 25,

60, 100 and 140 °C, respectively. The rms roughness, o.ys is indicated in each case.

Finally, in thermal deposition vacuum chamber, a >50 nm silver (Ag) (Alfa Aesar, 99.9%)
top electrode source/ drain (S/D) was deposited and patterned through a shadow mask on
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both type of substrates, where the device channel length (L) and channel width (W) are
defined as 30 um and 780 pm, respectively, as shown in Fig. 5.3(a). Ideally, the work
function of the source/drain electrodes should match the lowest unoccupied molecular orbital
LUMO level of an electron transporting in organic semiconductor to provide a low injection
barrier for electrons [14]. Thus, a high work function of 4.26 eV Ag was chosen for S/D
electrodes to facilitate electron injection into the lowest unoccupied molecular orbital
(LUMO) (4.0 eV) level of SnCl,Pc, since the barrier (pg) is nearly 0.26 eV between the
SnCl,Pc LUMO level and the Ag Fermi level (Eg) according to the Mott- Shottky model, as
shown in Fig. 5.3(b). In this case, a lower barrier height of 0.26 eV is present for electron

N /'&i
(a) QJWQ) (b) o 40ev
. . p_42eV
(9% =<| Lumo
) ¢ ~02eV
e Rz
5| 53ev
S D =
M| HOMO
‘ Si0, or PMMAJ/AI,O
2 2%3 '
(c) (d) T T T T T T L
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PMMA/ALO, 107 ALO (13 nm)
< 304 ) _ ,_\1078' 3
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Figure 5.3: (a) A schematic diagram of the device cross-sectional of a top contact OFET along with the
molecular structure of SnCl,Pc. (b) Simplified energy level diagram of SnCl,Pc OFET (no bias applied),
Shottky-contact formed with barrier height gg ~0.2 eV. (c) Capacitance of SiO, (300 nm) and PMMA (100
nm)/Al,O; (13 nm) gate insulators as a function of voltage at 100 kHz. (d) Leakage current density, J (A/cm?)
vs. bias voltage (V) characteristics of MIM structure (Al/Al,O3 (13 nm)/PMMA (100 nm)/Ag (50 nm)) and
SiO, (300 nm).

injection due to the higher work function of 4.26 eV of Ag. To compare electric instabilities,

we fabricated SnCI,Pc top-contact OFET’s on heavily n-doped Si substrates with a 300 nm
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SiO; layer (Cox = 11.2 nF/cm?). The capacitance density Cox (NF/cm?) was measured from a
metal-insulator-metal structure of parallel plate capacitors with 11 contact areas. The buffer
layer PMMA on Al,O3 reduced the Co from 681 to 31 nF/cm? and while to 11.2 nF/cm? for
Si0; (300 nm) measured with 4 contact areas (see Fig. 5.3(c). The leakage current density, J
(Alcm?) through the gate dielectrics was negligible (below 107 A/cm?) under an applied field
~ 1 MV/cm, as shown in Fig. 5.3(d).

5.3 Results and Discussion
5.3.1 Electrical Characterization and Device Performance

The electrical characterization including the bias stress measurement was carried out at room
temperature in dark conditions under a vacuum probe station (Lake Shore, <10 mbars) and
with a semiconductor characterization (Keithley 4200-SCS) system. Output Ips versus Vps
and transfer Ips versus Vgs characteristics were measured for devices with channel length 30

um. Field-effect mobility (urg) values and threshold voltages (V) were measured in the

1/2

saturation regime from the highest slope of |Ips|™ versus Vs plot using the saturation current

equation,

W 2
Ios = ZIUFECin (VGS _VTh) ' (5.1)

where Ci, is the capacitance per unit area of the gate dielectrics (F/cm?), W is the width and L
is the length of the semiconductor channel defined by the source and drain electrodes of the
transistor. We also investigate the stability of these devices under multiple transfer
characteristics scans and under continuous electrical bias stress. Note that most of the
fabrication steps have been performed under ambient conditions, while the characterizations
were performed under vacuum condition. All the transistors, for which data are reported here,

underwent the same fabrication process, measurement, and analysis steps.

129



Chapter 5 Performance of SnCl,Pc Based n-channel OFET

Table 5.2: Summary of the electrical parameters and stretched exponential decay parameters for SnCl,Pc
transistors fabricated on PMMAV/AI,O; at different temperatures and on SiO, at 60 °C. (Symbols are defined in
the text.)

Dielectric Contact Tg4® u Vi lollor B T
(°C)  (cm?/Vs) (V) (s)
PMMAV/AI,O4 Ag 25  0.0067 4.7 10* 056 1.1x10%

PMMA/AIO4 Ag 60 0.0099 4 10° 032 3.2x10°

PMMA/AL,O; Ag 100 0.0104 5 10°  0.36 1.0x10°
PMMA/AIO4 Ag 140 0.0068 3.8 10° 037 4.3x10*
SiO(bare) Ag 60 0.0010 20 10° 0.46 2.6x10°

®T4is the substrate temperature

Devices with W = 780 um and channel lengths L = 30 um having electrode of Ag on a single
substrate were characterized to obtain the urg, Vn and current on/off ratio (lon/lorf). Table 5.2
summarizes the performance parameters for all of the devices with uge and V1, averaged over
several devices and lon/lor reported for one representative device. We fabricated SnCl,Pc
based OFET’s at different substrate temperatures ranging from 25 °C (RT) to 140 °C on
PMMAV/AI,O3 and at 60 °C on SiO, substrate. Figure 5.4(a, c, €), and Fig. 5.5(a) shows the
typical output characteristics and Fig. 5.4 (b, d, f) and Fig. 5.5(b) shows the transfer
characteristics of the OFETs prepared on PMMA/AI,O3 at different substrate temperature
(Tq) ranging from 25-140°C. Figure 5.5(c) and Fig. 5.5(d) show the output and transfer
characteristics on SiO, at substrate temperature of 60 °C. The devices on SiO, with W/L =
780 um/30 pum (6 devices) exhibited an average electron mobility of ~ 0.001 cm?/V s with
current on-off ratio ~ 10° and low threshold voltage ~ 20V. Figures 5.4(c) and 5.4(d) show
the performance of devices on PMMA/AI,O3 with substrate temperatures 60 °C (5 devices)
and it exhibited an average electron mobility of ~ 0.01 cm?Vs. Note that our devices have
shorter channel lengths W/L =
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(a)

T =25°C

100°C

T=

Figure 5.4: Output (Ips vs. Vps) [a, ¢, ] and transfer curves (Ips vs.Vgs) [b, d, f] at constant Vps of SnCl,Pc
OFETs using PMMAJ/AI,O; bilayer dielectrics layer at different substrate temperature 25, 60, and 100°C, as
indicated in the left .

780 wmi30 um, though the parameters obtained here with SiO; are similar to the reported
values [15]. In PMMA/AI,Os device, we obtained a low operating voltage (Vp) of 10V and
low threshold voltage (V) of 4V, compared to the high Vo,=40V and Vr, =20V. It is
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noticeable that the reported V, was ~ 27V (with V,p,=100V) for SiO,, which is ~7 times
higher for the PMMA/AI,O; fabricated devices reported here.
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Figure 5.5: (Output (Ips vs. Vps), and transfer curves (Ips vs.Vgs) at constant Vps of SnCl,Pc OFET using (a, b)
PMMAV/AI,O; bilayer dielectrics (c, d) SiO, layer, deposited at substrate temperature (T4’s) 140 and 60°C,
respectively, as indicated in the left .

All the devices showed excellent n-channel behavior having no hysteresis in the transfer
characteristics. In addition, the absence of contact effect reveals a low interface trap density.
With PMMAVJ/AI,O5 device, the output characteristics, i.e., Ips VS. Vps at constant Vs show
no hysteresis, good Ohmic contact (drain current increases linearly with initial bias voltage)

and saturation behavior at a bias voltage of 10V, while hysteresis is noticeable in transfer
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curves of SiO; devices. Such improved characteristics in PMMA/AI,O5 device is primarily
due to low trap density at the SnCI,Pc/PMMA interface. Trap density N; (Ci AVt/q, AVt =
shift of threshold voltage, C; is capacitance per unit area) is estimated to be 4.0x10'* cm™at
the SnCI,Pc/PMMA interface, compared to the value of 5.34x10™ cm? calculated at the
interface SnCI,Pc/SiO, interface (as estimated from Figs. 5.4(d) and 5.5(d)).

The operational stability is of critical importance for circuit design and overall device
lifetime. The mechanism of degradation under continuous operation is related to the
dynamics of dipolar groups and charge trapping/de-trapping events at all of the critical
interfaces in an OFET and in the bulk of the semiconductor and gate dielectric. One of the
ways the operation stability can be evaluated is by applying a constant direct current (dc) bias
stress. Figure 5.6 shows the time-dependent decay of Ips under a dc bias stress with Vgs =
Vps =10 V over 30 min for all four types of devices with PMMA/AI,O3 and Vgs = Vps = 30
V over 30 min for SiO,. The current decay in this experiment exhibited typical features of
bias stress instability showing an exponential decay behavior with only 15%-20% decay in
case of PMMA/AI,O3 and in contrast more than 80% steep decay in case of SiO, after 30

min, where the degradation rate slows down with stressing time.
5.3.2 Bias Stress Stability
The bias stress instability can be modeled by a stretched exponential function fitted to either

the threshold voltage shift Vq, or the drain-source channel current decay. A stretched-

exponential decay is given by [16]

AV, (1) =V, {1—exp{—(£]ﬁ:l} (5.2)

Where, Vo=Vgs— V0. With V1, is the initial threshold voltage at time t = 0 s. The dispersion
parameter S is the trap distribution parameters, and the constant 7 represents the

characteristic relaxation time of the carriers. If the term Vgs is replaced with Vr, in the
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Equation (5.2), it is more appropriate for OFETS stressed for a very long time; however, for
a shorter stressing time of 1h, both versions of this equation with Vgs or V1, seem equally
appropriate to use. This model can be extended to fit the decay of Ips over time under a dc
bias stress. Using the decay of Ips instead of the threshold voltage shift to estimate stability
can avoid the error and inaccuracy caused by the measurement and extraction of threshold
voltage. In order to quantitatively compare the bias stress in our SnCl,Pc based transistors in
vacuum, based on Eq. (5.2) for the saturation current Ips (t) curves recorded during 30 min

operation were fitted with a stretched exponential model [17]

A
Ips (t) =1, exp _(;j (5.3)

This model is extensively used to quantify the bias stress effect in both organic and
inorganic transistors, where z is a characteristic time associated with the rate of charge
trapping/relaxation and dispersion parameter S (0 < < 1) is the stretched exponential factor
involving the width of the trap distribution/ the barrier energy height for charge trapping
below the conduction edge (as SnCI,Pc is n-type), and Iy is the initial drain current measured
at the beginning of stressing. A stretching parameter close to 1 indicates a narrow
distribution of time constants (the limit 4 = 1 being the exponential function with a single
time constant), while a smaller stretching parameter (f < 1) implies a broader distribution of
time constants. The bias stress in our experiment was applied in the saturation regime (Vgs =
Vps) and ure Was constant during bias stress. Under these conditions, the Ips decay was fitted
with Eq. (5.3) (solid line) for all the devices. Figure 5.6 shows the decay characteristics for
devices made at four different substrate temperatures (T4). The fitted data using 7 and S as the
fitting parameters are shown with solid lines and the extracted parameters are listed in Table
5.2. These allow us to compare our results with those reported by others using bias stress
experiment. The dispersion parameter £, reflecting the width of the involved trap distribution
(at room temperature in this case) was 0.56, 0.32, 0.36 and 0.37 for the devices made on
Al,O3/PMMA at 25, 60, 100 and 140 °C respectively, while £ =0.46 on SiO, deposited at 60
°C. After applying Vgs = 10 V and Vps = 10 V for 30 min, Ips decreased only by 10% for the

best device made at a substrate temperature 60 °C and the value of = for PMMA was found to
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be 3 orders of magnitude higher than that of SiO; case, which signifies the small magnitude
of bias stress in our devices. For comparison purpose, similar low g values are found for
OFET’s with solution-processed P3HT OFET’s (~f= 0.47) [18], vacuum evaporated TIPS
pentacene on various dielectrics (~f =0.37) [7] at room temperature.
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Figure 5.6: Time dependence of the normalized drain current, Ips(t)/1ps(0) of SnCI,Pc thin film transistors that
are gated with PMMA(100 nm) / Al,O3 (13 nm) at different substrate temperatures (T4’s) and with SiO, (300
nm) at 60 °C. Symbol is for experimental data and the solid line is the corresponding fit in each case using Eq.
(5.3).

The extracted characteristics time, 7 values for PMMA/AI,O3 based devices were in between
10* and 10° (1.1x10% 1.0x10* and 4.3x10" s for substrate temperatures of 25, 60, 100 and 140
°C, respectively) and 2.6x10%s for bare SiO.. The highest value of 7 = 3.2 x 10°s for SnCI,Pc
OFET in this work, is two orders of magnitude higher than the value reported in vapor-
deposited PDI-8 and one order higher than that reported in PDI-8CN; [19]. Interestingly, our
7 value is quite comparable to 8-3NTCDI based n-type organic transistors in ‘ON’ state
reported by Jung et al [20]. It is also comparable with that of the vacuum deposited

pentacene [21] and TIPS-Pentacene based p-type single crystal field-effect organic transistor
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reported by Lee et al [7]. It is significant that such a high 7 value of 10° s is achieved in
SnCl,Pc OFET with PMMAJ/AI,O3 bilayer gate dielectrics, as n-type devices traditionally
suffer from the trapping effects due to the presence of hydroxyl (-OH) groups, oxygen and
water and as a result a low zvalue is observed. Fig. 5.7 displays the range of time constants ¢
reported for different organic semiconductor based devices in. It is evident that zvalue found
in this work is quite comparable with other well-known semiconductors reported in the
literature [22].
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Figure 5.7: Comparison of relaxation time constant (z) of different well known small molecules with that of
our SnCl,Pc molecule [22]. This data may vary due to implementation of different dielectric interface, contact

electrodes and environment condition.

We believe that the PMMA, a hydroxyl (-OH)-free polymer used with SnCIl,Pc as gate
dielectrics significantly improve the device stability. It is believed that the low interface trap
density (4.0x10™ cm™) at the SnCl,Pc/PMMA is primarily responsible for the improved
device characteristics with low bias stress effect. Despite the fact that fabrication was not
carried out in clean room environment and without a globe box, the observed characteristics
show sufficient robustness of the adopted approach and this is important for commercial
applications. Our interpretations are consistent with the report by Chua et al. that hydroxyl

silanol (Si-OH) group can lead to the electrochemical trapping of electrons that results in
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shift of threshold voltage when the transistor is under continuous bias [22]. Mathijssen et al.
proposed that charge trapping in stressed devices does not occur in the semiconductor, but in
gate dielectric [23]. Choi et al. suggested that the performance of OFET’s degrades over time
because of trap formation in the polymer gate-dielectrics under continuous bias stress [11].
However, PMMA is free of aromatic ring, which may induce slow charge trapping from
semiconductor to the dielectric during bias stress; such a possibility is unlikely, since we

observed very small degradation of the device performance over prolonged biasing [3].

5.3.3 Long-term Stability

To study the long term stability of devices upon exposure to ambient, we had taken the best
performing devices with Tg= 60 °C; stress was measured as function of time at room
temperature (25 °C). As a typical example, linear transfer curves are presented in Fig. 5.8(a)
as a function of bias-stress time. The applied gate bias during stress was 10 V for
PMMAV/AI,O3 and 30 V for bare SiO,. The transfer curves were measured by sweeping the
gate bias after measuring every 3 min bias stress up to 2h shown in the inset of Fig. 5.8(a).
Arrow indicates that the transfer curves shift with stress time in the direction of applied bias
to the right. It shows that there is hardly a small shift of threshold voltage (A¥1) ~ 0.3 V for
PMMA/AI,O3 based devices, while the shift is more than 4 V for SiO, based device
measured under similar conditions up to 40 days (Figures 5.8(b) and Fig. 5.8(c)). These
results show that these OFET’s have relatively high operational and electrical bias stability
compared to the device made on SiO,, which is very important for the reliable operation of

organic devices and circuits.
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Figure 5.8: (a) and (b) Transfer curves of SnCl,Pc transistors as a function of stress time on PMMA/AI,O; and
SiO, dielectrics, respectively. The gate bias during the bias stress was Vps = 10 V for PMMA/AI,O; and while it
was Vps = 30 V for SiO,; zoomed view of transfer curves for PMMA/AI,O; measured at room temperature
after 40 days at an interval of 3 min up to 2 hours is shown in the right panel. (c) Corresponding comparison of
the threshold voltage shift (A V) as a function of stress time.

5.4 Effect of Contact Metals in SnCl,Pc based OFETs

We have approached a long-time bias stress stability of SnCl,Pc-based n-type organic field-
effect transistors (OFETS), in bottom gate, top contacts configuration, with aluminum (Al),
silver (Ag) source—drain (S/D) contacts. The results clearly shows that the bias stress effects
in SnCl,Pc-based n-type OFETs is similar to p-type OFETs and it can be reduced by

choosing an appropriate metal for the source—drain contacts. During the bias stress time, the
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threshold voltage shift and an increase in the contacts resistance have also been measured.
On the basis of the stability of the device parameters, we show that the Ag source—drain
contact-based devices give better stability as compared to the devices with Al source—drain
contacts. It is shown that the bias stress-induced threshold voltage shift is due to the trapping
of charges in the channel region and in the vicinity of the source—drain contacts.

OFETs are promising for numerous potential applications but suffer from poor charge
injection, such that their performance is severely limited. Recent efforts in lowering contact
resistance have led to significantly improved field-effect mobility of OFETs, many times
higher, as a results of careful choice of contact materials and/or chemical treatment of contact
electrodes. Here we investigated the innovative developments of contact engineering and
focus on the mechanism behind the improved performance. Further improvement towards
Ohmic contact can be expected along with the rapid advances in material research, which
will also benefit other organic and electronic devices. The interface between the source and
drain contact and organic semiconductor requires low contact resistance, which is a function
of both parasitic resistance and the energy barrier at the contact/semiconductor interface. In
practice, the actual resistance is rather high. Low energy barrier necessitate matching the

electrode work function (&) with the semiconductor ionization potential (IPs).

5.4.1 Material Processing and Device Fabrication

The vacuum-deposited SnCl,Pc based OFET (W=780 wm, L=30 wum) was fabricated using
PMMAV/AI,O3 gate dielectrics. A schematic of cross section of device structure with SnCl,Pc
molecule is shown in Fig. 5.9(a). Figure 5.9(b) shows the energy schematic at the metal
contact/semiconductor interface, where the work function of Ag (~4.26 eV) and Al (~4.28
eV) closely match with the LUMO level (~4.0 eV) of SnCl,Pc. From this stand point, we
have chosen Al and Ag as contact electrodes for efficient electron injection [24]. A hydroxyl
(-OH) free PMMA dielectric material was spin coated on Al,O3 after the coated Al,O; was

prepared with standard anodization process. The PMMA-buffer layer yields low-leakage
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Figure 5.9: (a) Schematic diagram of a top-contact OFET along with the molecular structure of SnCl,Pc. (b)
Simplified energy band diagram of SnCl,Pc OFET (no bias applied), Shottky-contact formed with
barrier height pg ~0.2-0.4 eV. Energy level diagram of metal contacts Ag, Al with SnCI,Pc molecule, and (c)
leakage current density for Ag and Al contacts.

current density (~10° A/cm?) [see Fig. 5.9(c)]. Al or Ag as a contact metal was finally
deposited to complete the fabrication after SnCl,Pc (~60 nm) deposition.

Note that all the processes related to device fabrication were performed under identical
conditions. The electrical characterization including the bias stress measurements were

carried out at room temperature in dark at low vacuum (102 mbars) in a probe station.

5.4.2 Device Performance: Electrical Characterization

Figure 5.10(a) and 5.10(b) shows the typical output characteristics of OFETSs prepared using
Al and Ag contact based top contact OFET with common PMMA/AI,O3 gate dielectric. It
has reported that bottom gate-top contact based devices results the contact resistance is
approximately one order of magnitude higher than the contact resistance of transistors with
top contacts, so the top contact devices gives the better performances compared to that
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bottom contact [25]. SnCI,Pc based OFET exhibited n-type characteristics with Al and Ag
contact electrodes. The transfer characteristic (Ips vs. Vgs) of devices operated in electron
enhancement mode are shown in Fig. 5.10 (c) and 5.10(d). The field-effect mobilities (x) and
threshold voltages Vr, were calculated in the saturation regime defined by standard metal-
oxide semiconductor field-effect transistor models by fitting the Vips vs. Vgs data to the
square law from Eq. (5.1). We extracted on/off current ratio lonor from the transfer
characteristics from Figs. 5.10 (c) and 5.10(d). In both operational modes, the highest
electron currents are larger in Ag contact based OFETs as compared to that of Al contact
devices. The field-effect electron mobility is 0.004 cm?/Vs for Al-contact and 0.01 cm? /V/s
for Ag-contact based OFET, respectively.

{ Al

84 Highly
] non-linear

Figure 5.10: Output (Ips vs. Vps) and transfer characteristics (Ips Vs. Vgs) with Al contact [(a) and (c)], and Ag
contact [(b) and (d)]. Arrows in output curves indicate the non-linear/non-Ohmic or linear/Ohmic region for
Al and Ag contact, respectively.
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Table 5.3 summarizes the performance parameters for x and V+, of devices reported for one
representative device. At very low drain-source voltage (up to 5 V), the output curves clearly
show non Ohmic behavior (curves are highly nonlinear) for Al-contact, while it is Ohmic in
nature for Ag contact, though their work function (~4.3 eV) closely match with the LUMO
level (4.2 eV) of SnCl,Pc. It has been reported that their energy level alignment can be
changes due to a number of physical and chemical processes: (a) charge transfer across the
interface, (b) image potential induced polarization of the organic material, (c) pushing back
of the electron cloud tail out of the metal surface by the organic material, (d) chemical
reactions, (e) formation of interface state, and (f) alignment of the permanent dipole of the

organic material [26,27]. The effects are schematically shown in Fig. 5.6.
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Figure 5.11: Possible factors behind forming and affecting the interfacial dipole layer: (a) Charge transfer
across the interface, (b) Concentration of electrons in the adsorbate leading to positive charging of the vacuum
side, (c) Existence of interface state serving as a buffer of charge carriers, and (f) Orientation of polar molecules
or functional groups.

Here, one of the plausible explanation for the Ohmic contact is that it can carry current with a
relatively negligible voltage drop at the metal-semiconductor (Ag-SnCI,Pc) interface, since
the interface is more conductive than the bulk, while the current due to charge carrier may be
trapped or leaked at Al-SnClI,Pc interface and thus giving rise to a non Ohmic contact. It has
been proposed that Ag is the noble metal and deposited metal atoms penetrate through large
molecule layer without reacting and the penetration depth is approximately 8 nm. Further the

band bending takes place due to charge transfer occurring from Ag to the SnCl,Pc layer, as it
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was evidenced by other tetrafluorophthalocyanine (CuPcF4) molecule [28]. So, the noble
metal Ag form a unreacted interface and it show the Ohmic behavior while Al make a

reactive interface with SnCI,Pc results highly non-Ohmic behavior.

Table 5.3: Summary of the electrical parameters and the stretched-exponential decay parameters for SnCl,Pc
OFETs.

Contact  Dielectric ~ Channel y7i Vin p T
(cm?Vish (V) (s)
Ag PMMA/AI,O;  SnCl,Pc 0.01 4 0.46 1.2x10°

Al PMMA/AL,O;  SnCl,Pc 4x10° 38 039 3.5x10°

5.4.3 Contact Metal Dependent Bias Stress Stability

In order to quantitatively compare the bias stress stability in our SnCl,Pc based transistors
with different electrode Ag and Al under continuous dc voltage biases of Vgs= Vps=8 V in
low vacuum, Ips(t) curves recorded during 30 min operation are shown in Fig. 5.10. The

normalized drain currents are fitted with the stretched exponential Eqg. (5.3).

The SnCl,Pc OFETSs with Ag contact show negligible degradation with 10% decrease in Ips,
while, device with Al contact show a steep decay with a 60% decrease in Ips, after bias
stressing. The stretched exponential fitting Eqg. (5.3) empirically gives characteristics time
constant z= 10° s and A= 0.46 for devices with Ag contact, while =10% s and = 0.39 for
devices with Al contact, respectively. The bias-stress fitting parameters for each case is
summarized in the Table 5.3. The values of 7 is very large for devices with Ag conact, which
is a result of the very small magnitude of bias stress in our devices. On the other hand,
devices with Al contact yield very high amount of bias stress during operation. It is
commonly believed that charge carrier trapping in OFETSs is caused by the trap states at the
semiconductor dielectric interface, or/and in bulk semiconductor or in the gate dielectric [9].

In our experiments, charge trapping due to PMMA/AI,O3 gate dielectric should be same for
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both the devices, as the channel SnCl,Pc, and gate dielectric layers—during processing and
deposition conditions were same. However, for the Al and Ag devices with the same SnCI,Pc
thickness, a large difference in the bias stress effect was observed, as shown in Fig. 5.12.

Primarily, the very low bias stress in the devices with Ag contact can be noticeable due

0.2 - O experimental data
| —— fitted by Eq.
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0 500 1000 1500 2000
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Figure 5.12: Time dependence of the normalized drain current, Ips(t)/Ips(0) of SnCl,Pc thin film transistors.
Symbol is for the experimental data and the solid line is the corresponding best fit to the stretched exponential
model in each case.

to deep trap creates at the grain boundary. Again n-group free PMMA dielectric OFETs with
high operational stability can be achieved for both cases [3]. These facts indicate that the trap
states at the semiconductor/dielectric interface in the channel region are not the only factor
that causes carrier trapping rather in the contact region also [29]. So, the effects of the contact
should also be considered and it has significant role on device stability. It has been reported
that the time-dependent charge trapping into the deep trap states in both the contact and
channel regions is responsible for the bias stress effect in organic field-effect transistors [30].

However, the microscopic mechanism of the gate bias stress effect in organic semiconductors
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based OFET has not been conclusively determined, but interfacial incident can be
summarized in the following way:

(i) When the metal is deposited on an organic layer by evaporation, the high reactivity of the
vaporized hot metal atom often leads to a chemical reaction at the interface. Also it is known
that metal atoms may diffuse into the organic layer. In such cases, the interface cannot be
regarded as a simple contact between the metal and the organic layer. This is important since
the metal-on-organic system is used in the actual devices. Sometimes, it should be considered

as a third layer which is resulting from reaction and/or diffusion [26].

This explanation is further confirmed by Hiroyuki Yoshida group that the redox reaction
occurs between the n-type semiconductor and the Al metal contact [31]. The electron transfer

reaction is driven by the oxidation of a reactive metal, like Al [32].
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Figure 5.13: Schematic representations of metal-organic interface: (a) Al-SnCl,Pc and (b) Ag-SnCl,Pc

(iii) It has been reported that Al atom will bond directly to oxygen atoms with organic
molecules and results a strong Al-O interaction. The relatively poor performance of Al for
electron injection into organic semiconductor is probably due to the formation of this reacted
layer (leads to high injection barrier, see Fig. 5.13(a) and 5.3(b)) in the device fabrication

[31]. Because of the large size of the organic molecule, 0.2-0.4 nm of deposited Al could
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produce a reacted layer of more than 10 nm and significantly modify the charge injection

properties of the interface.

It should be noted that the bias stress effects are also caused by extrinsic factors, such as
oxidation, presence of moisture, or chemical impurities, or whether the intrinsic structural
and energetic disorder of the organic semiconductor and/or specific structural defects are
responsible for charge trapping cannot be ruled out here as they are classified by Sirringhaus,

although the experiment are carried out in low vacuum condition [5].

5.5 Conclusions

In conclusion, the electrical performances and operation stability of vacuum-deposited
SnCl,Pc thin film based n-channel organic field-effect transistors was studied in top contact
bottom gate configuration using Ag source/drain electrodes and PMMAJ/AI,O3 as a bilayer
gate dielectric layer. The devices of SnCl,Pc and Ag S/D metal electrodes exhibited excellent
n-channel behavior with average field-effect electron mobility of 0.01 cm?Vs and low
threshold voltage 4 V (for L = 30 wm and W = 780 um). These OFET’s showed current on-off
ratio ~10* and high operational stability of electrical behavior with no hysteresis when tested
under low vacuum condition. On the other hand, multiple transfer characteristics scans and
bias stress indicates that these OFET's exhibit extremely low threshold voltage instability
when tested in low vacuum and long term operation stability even after a month. This
extremely small bias stress effect results in very long characteristics time constant ~10° s
which is 3 orders of magnitude higher than the commonly used SiO, based devices and
dispersion parameter, f ~0.32 in low vacuum is significant, since n-type organic devices are
considered to be more sensitive to trapping and ambient oxidants than the p-type counterparts
[33-35]. So, it is remarkable that not only the mobility but also the threshold voltage is very
stable in low vacuum in n-channel OFETs using PMMA/AI,O; as a gate dielectric and Ag
contact electrode. We have investigated the effect of contact electrodes on the electrical

performances of SnCl,Pc based n-channel organic field-effect transistors. The bias stress
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performance results on the Al contact based OFET suffers significant bias stress instability as
compared to that of the Ag-contact based OFET. Hence, we can conclude that the overall
performances of the device with Ag contact is superior to that of the Al contact based
devices. We believe that detailed analysis of charge-trapping mechanism can reveal the
origin of bias stress instability and that will reduce bias instability, and this work allow
practical applications namely OFETs based flexible flat panel displays for better

performance.
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Chapter 6

High Bias Stress Stability and Low Threshold Voltage Shift in
VOPc Based p-channel Organic Field-Effect Transistors
Operated Under Ambient Condition

In this chapter, we have studied the vacuum deposited vanadium (IV) oxide phthalocyanine
(VOPc) field-effect transistors, which were fabricated on bare SiO, and
hexamethyledisilazane (HMDS) monolayer passivated SiO, layer. The devices with top
contact Au metal electrodes exhibit excellent p-channel behavior with high hole mobility of
~0.01 cm?Vs for HMDS-treated device, as compared to the extremely low mobility of
~0.00023 cm?/Vs for bare SiO, case. We performed bias stress stability studies on both
systems under ambient condition, since it is of utmost importantance for real life application
of the devices. We demonstrate that the time dependent on-current decay, and threshold
voltage shift can be effectively controlled by using self-assembled mono layers of HMDS.
Bias stress stability study shows stretchehed expoential decay during long term operation
with constant bias voltage under ambient conditions with resulting decay of drain current by
<15% for the HMDS-treated case, while it shows a very sharp decay of >70% for the devices
with bare SiO, layer. The corresponding characteric decay time constant is ~10000 s for
HMDS treated case, while that of the bare SiO; case is only 480 s. The poor performance of
the device with bare SiO, layer may be due to the charge trapping at the voids in the inter-
grain region of the films, while it is almost negligible for HMDS-treated case, as confirmed
from AFM and XRD analyses. Thus, the HMDS treatment provides a very viable approach
for attaining the long term stability and low threshold voltage shift for the VOPc based OFET

devices.
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6.1 Introduction

Organic field-effect transistors (OFETS) are the fundamental building blocks of integrated
circuits; they allow the fabrication of complex and useful integrated devices such as active
matrix displays [1,2], chemical or biological sensors [3,4], and radio-frequency identification
(RFID) tags[5] etc. Further, high performance OFETSs are essential for various optoelectronic
applications. The bulk and interface properties of the dielectrics are very crucial for the
electrical performance of the final device, since charge carriers are restricted to the first few
nanometers away from the dielectric interface [6,7]. Engineering the surface chemistry of the
dielectric is a key parameter to tune the electrical performance of organic semiconductor
based OFETSs. It has been reported that the passivation of self-assembled monolayers (SAMSs)
on the inorganic oxide dielectric (specifically on SiO;) can increase the surface conductivity
for m-conjugated organic semiconducting materials [8-10]. So, controling the chemical
species of the insulator surface and/or tailoring the surface energy are the most popular
methods for altering the characteristics of semiconductor/insulator interface to improve the
thershold voltage, carrier mobility and on/off ratio of the device. Note that the magnitude of
the effect depends upon the chemical structure of alkyl tail of SAMs [8,11]. In addition, it is
believed that the density and order of the SAM strongly affect the semiconductor nucleation
mechanism and grain size; the nucleation has been identified as the most important stage of
film growth for controlling the bulk film morphology and is highly dependent on the
chemical and topological composition of the substrate [12-14]. The growth studies of organic
thin film have experimentally and theoretically proven that the grain size and density of grain
boundaries directly affect the field-effect mobility carriers in OFETS.

In addition, the stability of OFETS is a critical issue that must be addressed before their
commercialization. First, long-term environmental stability is of utmost importantance. For
example, the display devices need very long operating times. The gate-bias stress instability,
which decreases the current in a channel and shifts the threshold voltage Vi, (and
correspondigly drain-source current, Ips changes), under a constant applied bias is a major
concern. As a consequence of instability, the brightness of an organic light emitting diode
(OLED), organic light emitting field effect transistors (OLFET), liquid crystal display (LCD)
driven by an OFET will vary inhomogeneously with time because the on-current varies with

stress time in the presence of prolonged gate bias. Further, the device might not turn on/off
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appropriately when the threshold voltage shift exceeds the operating voltage of the devices
[15].

For quantitative analysis, time dependent drian current decay can be analyzed using a
stretched exponential function [16,17]. This method is better than the determination of the
changes in transfer curves, since there is no recovered charges during the measurement.
However, it is only applicable to “ON-state” bias stress and the field-effect mobility must be
assumed to be constant. Although the OFET instability behavior can be satisfactorily fitted to
a stretched exponential function, the detailed mechanisms underlying the behavior are still
elusive. It is worth pointing out that some of the original high mobility organic
semiconductors that are throughout cited as a constant reference, such as pentacene and
Poly(3-hexylthiophene) (P3HT) suffers from chemical instabilities when exposed to ambient
conditions during gate bias stress [18-20]. The primary reason may be the relatively low
ionization potential (~4.8 eV), which leads to the poor performance under ambient

conditions.

In most systems, the instability is caused by trapping of charge carriers through the following
pathways: (1) in the organic semiconductors [21-23] (in the bulk, disordered areas, regions
in-between crystalline grains), (2) in the gate dielectric due to varrious chemical species [18]
(e.g., humidity, ionic conduction, chemical species), or/and (3) at the interface [19,24-28]
(induced polarization) between the two layers due to charge transfer/doping. Among these,
charge trapping is significant at semiconductor-dielectric interface, as reported by most of the
literatures. In many cases the microscopic, molecular-level nature of these defects and
whether they are related to intrinsic structural defects or extrinsic chemical impurities or a
combination thereof are not well understood. However, metal contacts and its degradation

can also play a crucial role on the long term stabilitty of OFETs [29,30].

Vacuum deposition of organic semiconductors attempts to lower the fabrication complexity
due to in-situ chemical purification of materials by sublimation, low un-intensional doping,
lack of solvent use, and precise control of deposition conditions in terms of film quality
(smoothness) and thickness. These devices are quite reproducible as compared to the solution
process based OFET devices. Several metal phthalocyanine (M-Pc) derivatives, the

predominant vacuum processed organic semiconductor, have been researched for many years
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to understand the growth modes as a function of substrate composition and resultant
performance in field-effect transistors. The devices made with M-Pcs are usually stable, both
thermally and chemically and they are widely used for solar cells, optical limiters, and
photoconductors [31]. In ideal conditions, a field-effect hole mobility of higher than 1
cm?/V/s can be achieved in case of VOPc transistors, as demonstrated by Wang et al.[32]. A
good dynamic response has also been reported for VOPc transistors, which is comparable to
a-Si:H TFTs. These devices were fabricated using ordered para-hexaphenyl (p-6P) layer and
it showed very good bias stress sability and very low threshold voltage under vacuum as well
as dark conditions. It was proposed that the traps occured near the semiconductor/dielectric
interface rather than in the dielectric or bulk semiconductor [33]. However, under ambient

conditions, using silicon nitride as gate dielectric, the stability decreased [34].

In this chapter, we have studied the performances of VOPc based OFETs under ambient
condition with HMDS treated SiO, layer and bare SiO, layer, which has not been reported
earlier. We also present the influence of the chemical species on the insulator surface on the
shift in V, that is induced by the gate bias stress in top contact transistors with VOPc as an
active layer. It is shown that strong bias stress instability found for non-treated SiO, layer is
likely to be caused by the inter-grain voids present in the active channel. In case of HMDS
treated surface, the devices exhibited very low bias stress and low threshold voltage shift.
The bias stress stability data obey the stretched-exponential decay with charactersitis time

constat >20 times higher than that of the untreated SiO, case.

6.2 Experimental Details

A heavily p**-doped silicon wafer covered with 200 nm SiO, layer served as a
common gate dielectric. Prior to the device fabrication, the substrates were cleaned
thoroughly in deionized water, acetone and finally in 2-propanol, 15 minute each
and subsequently dried using the N, gas. Next, the surface of the SiO, layer was
exposed to a hexamethyldisilazane (HMDS) self-assembled monolayers (short-chain
length, high purity, and stable against moisture) (Alfa Aesar, 97%) vapor, which was
heated at 120°C for 1 hour in order to reduce the surface energy and it served as a
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buffer layer. Thermogravimetric analysis (TGA) (NETZSCH) was carried out in Ar
gas up to 1000 °C at a heating rate of 10 °C/min and it shows (Fig. 6.1) that the
VOPc

70 1 deposition J
temperature

(~350°C) 1
60 / -
T

0 200 400 600 800 1000
Heating temperature (°C)

Figure 6.1: TGA plot for VOPc molecule (heating rate: 10°C/min with Ar gas).

molecules (Alfa Aesar, 97%) are stable up to a temperature of 450°C. The VOPc organic
molecules were sublimed at ~350 °C to deposit thin-films of thickness ~60 nm on various
substrates susing effusion cell based thermal evaporator (BESTEC, Germany) at a chamber
preassure of ~10"" mbar with a constant growth rate of 0.4 A/s. Thickness of the film was
measured using a digital thickness monitor. As sublimation temperature of VOPc molecules
is about 350 °C in this case, we believe that the molecules are not fragmented during the
deposition on various substrates. The substrate temperature was kept constant at 120 °C
(lower than the HMDS fragmentation temperature) to improve the device performance.
Finally, to complete the device structure, gold (Au) source/drain electrodes, a high work
function (~5.3 eV) metal of ~60 nm thickness that act as an ohmic contact, was deposited
through a stainless steel shadow mask, on the top of the VOPc coated thin films (HOMO
level ~ 5.5 eV) by thermal vapor deposition at a vacuum level of 2x10® mbar. Contact
electrodes were defined in a top-contact device configuration (see Fig. 6.2) with a channel
width (W) and length (L) of 2050 pm and 50 pum, respectively.
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Figure 6.2: A schematic of the cross-section of bottom gate top contact VOPc based OFET along with
the molecular structure of VOPc and HMDS.

The surface morphology of the deposited VOPc thin film was examined by atomic force
microscopy (AFM) in the tapping mode with an Agilent-5500 AFM in ambient condition. X-
ray diffraction (XRD) (Rigaku) pattern was measured with a Cu-K, source (A= 1.54056 A).
Before applying bias stress to the devices, at first all transfer and output curves were
measured by Keithley 2602A in air ambient. After this reference measurement, the OFETSs
were stressed in enhancement mode at a high constant drain-source and gate-source voltage
under ambient conditions. Vi, and charge carrier mobility, «, were extracted from the transfer
characteristic in the saturation region of the drain current Ips on the basis of the relation,

Ios = HVE (VGS ~Vin )2
2L (6.1)

where,Vgs is the gate-source voltage, L is the channel length, W is the channel width, and

Ci is the dielectric capacitance per unit area.

6.3 Results and Discussion

6.3.1 Thin Film Morphology

To study the surface morphology, the VOPc-films were characterized by AFM in tapping
mode. Figure 6.3 shows the AFM images for two 60-nm-thick films of VOPc grown at
120°C. The images were recorded over an area of 1 um x 1 um for both HMDS-treated and
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non-treated cases, as shown in Fig. 6.3(a) and 6.3(b). To calculate different parameters

statistically related with the

0.0 pm 0.5

Figure 6.3: Tapping mode AFM images (1pmx>1um) of ~60 nm-thick VOPc thin film grown on: (a)
untreated SiO, and (b) HMDS-treated SiO, layers. The magnified view of the corresponding images are
shown in (c) and (d). Dotted circular zones show the voids created in-between the inter-grain regions in

the VOPc layer. The RMS roughness, R, of the surfaces is indicated in each case.

grains, such as grain volume and grain area, we also have taken AFM images over 2umx2pm
area. The morphology for VOPc film deposited on bare SiO, and HMDS treated SiO; are
almost similar with uniform granular structure. It is noticeable that some voids in between
grains are present on the VOPc film shown in Fig. 6.3(a) for non-treated SiO, substrate
(arrows indicate voids location). In contrast, the void-free morphology can clearly be
observed in the films on the HMDS-passivated SiO, substrate, as shown in Fig. 6.3(b). Grain
size calculated using Gwyddion software (watershed programme) are ~17.9 nm and ~18.3
nm for thin films on HMDS-treated SiO; and bare SiO; substrates, respectively. Note that the
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rms roughness of the film is 7.49 nm in HMDS treated case, which is slightly lower than the

bare SiO2 case (7.64 nm) due to low surface energy.

In order to investigate the crystalline quality of the VOPc films, we carried out XRD
analysis. The XRD pattern of the VOPc thin film with a thickness of 60-nm grown on
HMDS-treated and non-treated cases is shown in Fig. 6.4. The VOPc layer shows a
distinct XRD peak at 26~7.5° corresponding to the crystalline (010) planes of VOPc
with inter planar spacing ~11.77 A (phasell, triclinic, spacegroup P1, a =12.027 A,
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Figure: 6.4 XRD-patterns of 60-nm thick VOPCc thin film deposited at a substrate-temperature of 120°C
on SiO, substrate for: (a) non-treated SiO, and (b) HMDS-treated SiO,.

b=12.571 A, ¢ =8.690 A, «=96.04°, 5=94.80°, and y=68.20°) [35,36]. We noticed that
the intensity of the first order diffraction peak increased significantly (about 2.5 times)
for film on HMDS treated substrate as compared to the film on bare SiO, substrate.

However, no measurable shift in peak position is observed indicating no change in
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inter planar spacing in two cases. It is worth noting that XRD pattern provides
information on the intermolecular ordering perpendicular to the substrate. Our result
reveals that the ordering of VOPc molecules is improved highly with HMDS
treatment and it can be hypothesized that the VOPc-molecules are arranged vertically
on HMDS treated substrate with lower suface energy than the case of bare SiO,. The
presence of distinct peaks in the XRD pattern of the VOPc film implies the formation
of the crystalline film and intermolecular n—r stacking direction (herring-bone pattern)
parallel to the substrate. This feature implies that the crystalline quality of thin film is

appropriate to expect good transport of charge carriers in the OFET geometry.

The schematic of device structure (widh W=2050 um, length L=45 pum) of bottom gate
top contact OFET based on VOPc along with the chemical structure of VOPc and
HMDS is shown in Fig. 6.2. Here, VOPc acts as a p-channel and the hydrophobic
HMDS thin buffer layer (=2 nm) serves as a surface modification agent for the SiO,
dielectric.

6.3.2 Electrical Characterization and Device Performance

A series of bottom gate top contact devices were fabricated by using SiO, and HMDS-
modified SiO, substrates. HMDS treated devices exhibit very good p-type field-effect
characteristics. Figure 6.5(a)-(b) shows the output characteristics curves (Ips-Vps, with
Ves=constant) of HMDS-treated and non-treated devices, respectively. The drain-source
saturation current Ips for HMDS-treated devices exibits one order of magnitude higher value
than the non-treated (bare) SiO, devices. The output curves show excellent linearity (Ohmic)
in the region with low Vps, demonstrating good contact between Au and VOPc layer. The
saturation mobility x and threshold voltage Vi, are extracted from the linear fitting of the
square-root of Ips versus Vgs curves (data not shown) for a drain-source voltage Vps= —40 V.
The transfer characteristic of Ips versus Vgs for Vps = —40 V exhibits a two orders of
magnitude increase in the on/off current ratio for the HMDS treated OFETSs as compared to
the devices with untreated gate oxide case.

It is also apparent that the devices based on HMDS terated substrate exhibited much
improved field-effect characteristics (Fig. 5a) than those devices on bare SiO, substrates
(Fig. 6.5b). For example, the hole mobility of the devices on bare SiO; is calculated as
0.23x10° cm? V! s and on/off ratio is 10*-10%, while the devices on HMDS-modified SiO,
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substrates exhibited mobility of ~0.10x10" cm? Vs and on/off ratio of 10°. Thus, the

mobility of the devices on HMDS-modified SiO, substrates is nearly two orders of
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Fig. 6.5 (a, ¢) Transfer characteristic (Ips-Vgs) and (b, d) Output characteristics (Ips—Vps) of VOPc
OFETs with HMDS treated SiO, and bare SiO, layers. The inset shows a schematic of the device
structure.

magnitude higher than that of the devices on non-treated SiO,.The summary of the
performance parameters of the devices on HMDS-modified SiO, substrates and bare
sunstrate is listed in Table 6.1. Previous reports suggest that the off-current can
significantly be supressed due to reduced density of interfacial trap states caused by the
HMDS treatment; consequently it improves the device performances [37]. It is commonly
acknowledged that the structure (crystal phase composition, molecular ordering, and
molecular orientation) and morphology (grain, boundary, and interconnection) of
semiconductor film play important roles on the carrier mobility in organic thin film transistor

(OTFT). Therefore, characterization of the structure and morphology of VOPc film prior to
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Table 6.1 Summary of the electrical and stretched-exponential fitting parameters for the
VVOPCc based OFETSs.

Device AVl ut B T
\%) (cm?V's™) (s)

Untreated SiO, ~5 0.23x1073 0.73 480

HMDS-treated ~2 ~0.10x10™ 0.67 10000

SiO,

"hole mobility

device fabrication was necessary to understand the mechanism behind the improvement in
performance after HMDS treatment. One of the possible explanation that emerges from the
AFM analysis of Fig. 6.3 is that several inhomogeneous voids or charge trapping centers
(indicated by circles with arrow heads) are created on the film on bare SiO; substrate, which
is consistent with other reports, despite the fact that the grain features are almost identical in
both cases [22]. Based on the report by Kalb et.al, the structural defects associated with grain
boundaries are the primary cause of “fast” hole traps in OTFT’s made with vacuum-
evaporated pentacene [38].

The major improvement in device characteristics with HMDS treatment may be due to the
following factors. Firstly, HMDS may be covalently attached with the inorganic dielectric
and bridges linking with organic semiconductor. It optimizes the surface energy of SiO»,
which increases the adhesion of the organic semiconductor on the substrate and improve the
n-n stacking structures in the herringbone of VOPc film. Thus, the mobility is also improved
as m-m stacking structures control the strong intermolecular interaction that enhances the
stacking. From the AFM images of VOPc films shown in Fig. 6.3, a large number of closed
grains and smooth surface can be observed. One explanation for the apparent disparity
between grain size and mobility is due to creation of voids between disconnected grains in
two dimensional growth on high energy surface, reducing the effective channel width of the
transistor, and the voids are efficiently filled when 3D growth is favoured on low energy
surface [12,14,39]. The correlation between morphology (grain size/degree of crystallinity)
and TFT mobility is a key point that has been studied extensively, though unfortunately the
exact relationship remains unclear. Secondly, HMDS behaves as a silent coupling reactant,
the chemical action of which changes OH-terminated SiO, to a (CHs)s-Si surfaces [37].
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Thus, the introduction of HMDS reduces the water molecules, OH-group and at the same
time the HMDS hydrophobic surface also makes it less dipolar, which improves the electrical
properties. In essence, it provides an excellent interface with low traps and passivate the
dangling bonds, which improve the charge transportation. However, several groups also
reported on negative results of passivation by the self-assembled monolayers [40,41]. Thus,

there is an ongoing debate regarding the performance of devices with the insertation of SAM.
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Figure 6.6: Normalized drain-source current Ips(t)/1ps(0) as a function of bias-stress time (t) under
ambient condition for: (a) HMDS treated SiO,, and (b) untreated SiO, layers.

6.3.3 Bias Stress Stability

After the standard dc characterization, the electrical response of VOPc based devices
both for bare and HMDS treated cases has been investigated with respect to bias stress

effect. The bias stress phenomenon is analyzed by monitoring the time decay of Ips
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upon static voltage polarization (fixed Vps and Vgs). Bias stress effect has been
investigated by recording the Ips with stress time under an applied gate bias Vgs of -
40 V. The drain-source voltage Vps has been fixed at -40 V for VOPc. The
experimental curves have been fitted with stretched exponential decay functions. If the
OFET mobilities are approximately constant under bias stress, the decay of drain

current Ips(t) can be given by a stretched exponential function [16],

s (1) = 156 (o)exp{—(ijﬂ} (6.2)

where S is the stretching parameter (temperature dependent) related to the barrier energy
height for charge trapping (0 < g < 1), 7 is the relaxation time, and Ips(0) is the initial
maximum drain—source current measured at the beginning of stressing. Although the
stretched-exponential model was originally developed to describe the bias stress effect in
amorphous silicon transistors considering the time-dependent evolution of trap states due to
hydrogen migration,[42] we employ the formalism here to describe a dispersive trapping
process in OFETs. Stretched exponential function (Eqg. (6.2)) provides a perfect fit
(coefficient of determination R*—1 represents better fit) to the data in both bare and HMDS
treated systems. Figure 6.6 (a and b) shows the data points (symbols) as well as fitted lines
using Eqgn (2). Fitting parameters z and £ are listed in Table 6.1. The values of T at room
temperature extracted from the fitting are ~10000 s and ~480 s in HMDS treated and
nontreated devices, respectively. The corresponding exponent values are = 0.67 and 0.73,
respectively. The large t value in HMDS treated case implies a long-term stability of the
device, which is very much desirable for practical applications. It should be pointed out that
our results for HMDS treated systems is quite comparable to that of earlier reported p-type
semiconductors, where T value on tetracene based single crystal OFET was t=3.1x10* s, one
order less compared to TIPS-pentacene systems (t=1.8x10° s) reported by Lee et al.
[24].This analysis reveals that VOPc-OFETs based on bare SiO, substrate are much more
sensitive to the bias stress than the HMDS treated devices. Indeed, for the HMDS-treated
devices the current decreases by only <15% after 900 s of constant Vs application, while for
the non-treated /bare devices the current reduction is as large as >70%. For HMDS case, 1 is
about twenty times higher than the untreated device. This is a significant improvement from

the application point of view.
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The mechanism behind the charge trapping is under debate. Sharma et al. proposed a
proton migration mechanism involving water [25], while Lee et al. assumed direct
drift/diffusion of holes into the dielectric [24]. Long term charge trapping in devices with
Si0O; is known to be due to trapping in the SiO, layer as reported by Mathijssen et al [26].
One of the other possiblities that can not be ignored is the Au top contact, which can create
deep traps. Previous works have shown that carrier trapping in the long channel of the Au
devices was indirectly caused by the deep trap states at the pentacene-dielectric interface in
the contact region generated by Au penetration [43].

Squre-root of linear transfer characteristics with Vps= —40V as a function of bias stress time
(before and after 15 min bias stress) under ambient conditions are shown in Fig. 6.7(a) and
6.7(b) for HMDS treated and bare case. The relative threshold voltage shifts (|J4Viw|) for
HMDS-treated device is much smaller (4V=2V) than the device with bare SiO; layer (4Vi,
>5V), as summarized in Table 6.1. If we assume that AVy, originated from trapped charges at
active layer-insulator interface, the density of interface-traps N¢ (N=Ci|4V|/q, C; is the
capacitance per unit area of dielectric insulator and q is the elementary charge) [44] is
calculated as 2.12x10™ cm™ in HMDS treated-devices, which is much smaller than the bare
case (5.31x10 cm™). With stress time the transfer curves shift in the direction of the applied
gate bias to more negative voltages, as shown in Fig. 6.7. It clearly shows that the shift in Vi,
is smaller in the HMDS treated devices than that of untreated devices. The Vi, shift is
indicative of the charge trapping instabilities in transistors. These results are very significant
and it is believed that the water-related charge traps are reduced by passivation with HMDS
on SiO; [45]. The main effect of gate bias stress is a shift in the threshold voltage, a typical
for organic transistors, which can thus be avoided by simple HMDS treatment of the

dielectric layer.
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Figure 6.7: Threshold voltage shift before and after 15 min bias stress (BS) for: (a) HMDS-treated and
(b) untreated devices operated in an ambient condition.

6.4 Conclusions

In conclusion, we demonstrate that the VOPc based OFET devices with HMDS passivation
of SiO,, dielectric layer shows high performances and better air stability than the devices with
non-treated SiO, layer. The devices with top contact Au electrodes exhibit excellent p-
channel behavior with high hole mobility value of ~0.01 cm?V/s for HMDS-treated devices.
Bias stress stability study shows stretchehed expoential decay of drain current during long
term operation under constant bias voltage in ambient conditions with resulting decay of
current by <15% for the HMDS-treated case and a very sharp fall by >70% for the devices
with bare SiO; layer. The corresponding characteric time constant (z) is calculated as 10000 s
for HMDS-treated case, while it is very low (~480 s) for bare/non-treated devices. Thus,
HMDS treated VOPC based OFETs with long term stability are suitable for practical

applications. For low performance devices based on bare SiO,, it is believed that the charge
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trapping occurs primarily at the voids in the inter grain regions of the VOPc film, while it is

almost negligible for HMDS-treated SiO, case.
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Chapter 7

Low Operating Voltage and Low Bias Stress in Top-Contact SnCl,Pc/
CuPc Heterostructure Based Bilayer Ambipolar Organic Field-Effect
Transistors

In this chapter, a symmetrical Ag top contact- bottom gate (TC-BG) bilayer ambipolar
organic field-effect transistor based on heterojunction of vacuum-deposited small molecules,
tin(1V) phthalocyanine dichloride (SnCl,Pc) (n-channel) and copper phthalocyanine (CuPc)
(p-channel), has been fabricated and studied. A hydroxyl(-OH)-free poly (methyl
methacrylate) (PMMA) with aluminum oxide (Al,O3) bilayer dielectric exhibits low
operating voltage (~10 V) and low bias stress (relaxation time 7~ 10°s) for both n-channel
and p-channel cases. The optimized SnCl,Pc/CuPc heterostructure exhibits balanced carrier
mobility and both type of charge carriers, electron and holes, are facilitated through the same
low work function Ag contacts (depending on the bias conditions) from the TC-BG
architecture. The Ag contact also exhibits Ohmic injection of charge carriers with low
contact resistance in the n-channel region under optimal heterostructure configuration. The
contact resistances for electron and hole-injection are strongly dependent on the thickness of
the SnCIl,Pc and CuPc layers, respectively. The bias stress stability is modeled using
stretched exponential fitting. Our results demonstrate that the ambipolar device
characteristics and performance can be controlled by adjusting the thickness of the molecular
layer, which is highly desirable. Such a simple heterostructure engineering with utilization of
organic molecular semiconductors can truly enable the promising low-cost and flexible

organic electronics for extensive applications.

7.1 Introduction

Ambipolar organic field-effect transistors (OFETSs) have attracted enormous attention
due to their unique operation, which allows both electrons and holes to be injected and
transported in the same devices, i.e., the device can operate in unipolar mode as well as in an

ambipolar mode [1-4]. These devices find active applications in organic complementary logic
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circuits, double carrier devices, like light emitting field-effect transistors for organic active
matrix displays, organic photovoltaic cells (OPVs), sensors, radio frequency identification
components, e-papers, and inverters [5-9] etc. High-performance inverters are the building
blocks of the integrated circuits (ICs). Complementary metal-oxide semiconductor (CMQOS)
technology is desirable for the preparation of Ics, because it provides straightforward circuit
design, good noise margins, low power consumption, and robust operation. Organic CMOS
technology requires the use of p- and n-type transistors on the same substrate [10,11]. In
addition, both hole and electron can transport within the same device (depending upon the
bias conditions) and recombination of opposite charge carriers within the transistor channel
can result in light emission, light emitting field-effect transistor, which has a potential to be
at the heart of the next generation of light emitting devices [12-14]. For these, there is needed
to inject efficient balanced chage carriers (both types, electon and hole) in the channel of the
device. To achieve this goal, different groups have followed different approaches: (i)
ambipolar OTFTs featuring symmetric or asymmetric source and drain electrodes for single
or double channel organic semiconductors [15-17], (ii) bilayer heterojunction structures
consisting of electron- and hole-transporting organic layers [18-20], and (iii) blending two
organic semiconductors with different charge carriers [21-23]. They all have particular

characteristics and advantages as well as challenges to overcome.

In a single semiconductor, the main difficulty to achieve ambipolar transistor operation is the
injection of holes and electrons into a single semiconductor from the same electrode. This
electrode needs to have a work function that allows injection of holes in the highest occupied
molecular orbital (HOMO) of the semiconductor, and the injection of electrons in the lowest
unoccupied molecular orbital (LUMO). Consequently, this will result in an injection barrier
of at least half of the band gap energy for one of the carriers (either electron or hole as most
of the standard semiconductors have band gap of ~2-3 eV). To overcome the injection
problems due to this barrier, in double-carrier devices, such as light emitting diodes and
photovoltaic cells, two dissimilar, i.e. high- and low-work-function metal electrodes are used
to enable injection or collection of holes and electrons [15]. Unfortunately, this approach
makes circuit fabrication complex and potentially expensive. Alternatively, a single low-cost

electrode material can be used in combination with two different semiconductors, where one

172



SnCl,Pc/CuPc Heterostructure Based Ambipolar OFET Chapter 7

has its HOMO level and the other its LUMO level aligned with the metal work function.
Recently, Long et al. reported a mixed contact interlayer of transition-metal oxides that
control the efficient charge injection in ambipolar diketopyrrolopyrrole-thieno[3,2-
b]thiophene copolymer (DPPT-TT) organic transistors with using low-cost molybdenum
(Mo)-source/drain electrodes [24]. To optimize the contact effect, one can introduce a self-
assembled monolayer (SAM) to lessen injection barrier, and it results into the efficient
injection of electrons and holes [25,26]. Another important challenge is the trapping of one or
both type of carriers in the defects/impurities. In particular, the electrons are likely to be
trapped by impurities at certain chemical moieties at the semiconductor-dielectric interfaces
and/or semiconductor surfaces. We have found that the particular choice of hydroxyl-free
low-cost PMMA buffer polymer dielectric layers (as compared to fluorinated polymer
dielectric layer, CYTOP) and low work function Ag electrodes can exhibit superior
performances in terms of low gate-bias stress and efficient injection [27]. Takahashi et al.
reported rubrene single crystal ambipolar OFETS with Ag paste electrode to inject charge
carriers and PMMA buffer layer to terminate the interfacial electrons traps [17]. Most of the
ambipolar characteristics reported in the literature are based on bottom contact SiO, gate
dielectric and heavily doped Si wafer serving as a gate electrode. Such a rigid substrate
requirement limits the flexibility of the composed circuits. Further, SiO, layer may contain of
high density of hydroxyl-groups known as electron traps which significantly suppress n-type
device characteristics. Therefore, the majority of the OFETSs have reported p-type transistors
with high work function Au- electrodes that serve as a hole injection layer and these devices
are highly gate-bias stress sensitive (i.e., decay of drain source current Ips under prolonged
biased condition).

Among all organic semiconductors, vacuum deposited small molecules exhibit certain
advantages over polymeric-thin film in terms of morphology, as demonstrated in this study,
A solution processed field-effect transistor (FET) is of interest because of its potential
contributions to low-cost fabrication of circuits thorough manufacturing roll-to-roll processes
using conventional coating and printing techniques. Recently, Cheng et al. reported balance
carrier mobilities in 2-(4-n-octylphenyl) benzo[d,d"] thieno[3,2-b;4,5-b"] dithiophene (OP-
BTDT)-based fused-thiophene derivative with small-molecule, fullerene (Cg) bulk
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heterojunction ambipolar transistors [22]. Further, due to molecular weight distribution
(polydispersity), regio- and stereo- irregularity, and end-group contaminations of polymeric
materials, performance of polymer-based OTFTs could exhibit relatively large batch-to-batch
variations. The lack of ambipolar transport in binary blends of polymers for most of the
compositions is due to the fact that controlling the thin film morphology is crucial for
obtaining continuous path for both type of charge carriers. Further, a limited number of
polymer blend is available due to lack of high performing solution processable n-type
polymers. On the other hand, small molecule materials are easier to synthesize and high
chemical purity can be achieved using techniques, such as vacuum sublimation. Therefore
impurities are low, which can be considered as intrinsic semiconductor and can greatly
improve reproducibility of fabricated devices as compared to that of polymeric materials.
Small molecules can easily be purified by various methods of chromatography, sublimation,

and recrystallization, while polymers can only be purified by recrystallization.

Therefore, bilayer heterojunction structure appears to be one of the very promising
approaches for device fabrication, as they are readily deposited using the same substrates
without breaking vacuum. Unfortunately, carrier mobility in these devices rarely exceeds the
order of 107 cm® V* s, because of poor control over molecular packing. In general,
organic-based large electronic circuit may need >1800 transistors and as the number of
transistors per circuit increases there is an increasing need for circuits characterized by low
power dissipation, high noise margin, and greater operation stability [6]. So, the high
operating voltage and environmental stability of ambipolar OFETSs are still major challenges
for their commercial applications. To reduce the operating voltage, herein, we used an
anodized Al,O; modified with PMMA, as a buffer gate dielectric layer instead of the
commonly used SiO, layer. The optimized SnCIl,Pc/CuPc heterostructure ambipolar OFETSs
with operating voltages down to 10 V and carrier mobilities of 1.8x10™* cm? V! s and
2.1x10" cm? V! s* for hole, and electron, respectively are demonstrated here. The
heterojunction OFET’s consisting of p-type CuPc and n-type SnCl,Pc have been chosen for
the following reasons: (i) they possess almost identical molecular shapes, and very similar
crystal packing structures and grain sizes under the same deposition conditions, so it may be

convenient to produce a heterojunction with perfect crystalline interface, (ii) the field-effect

174



SnCl,Pc/CuPc Heterostructure Based Ambipolar OFET Chapter 7

mobility (ee) of carriers in these two materials is very similar at a level of 10" cm?V™* s in
unipolar case [28,29]. So, it may be easier to obtain a balanced ambipolar characteristics with
engineering of small molecules. Several groups have reported that low band gap organic
semiconductors, especially small molecules based semiconductors are promising candidates
for ambipolar OFETSs [18,30,31] . Most studies reported on ambipolar OFETs focus on the
hole and electron field-effect mobilities (un and [, respectively), while the issues of the bias
stress effect (i.e., drain current (Ips) instability with prolonged operation time) and contact
resistance (Rc) effect have been addressed rarely, except in a few reports [19,24,32],
especially for bilayer heterostructure ambipolar OFETs. As gate-bias stress effect and Rc
effect can be critical factors to limit the practical applications of ambipolar OFETS, it is
essential to investigate the contact resistance as well as gate-bias stress effects for both holes

and electrons in the organic bilayer structures [19,33,34].

7.2 Experimental Details

A. Materials

Tin (IV) phthalocyanine dichloride (SnCl,Pc) (Cs,H16Cl2NgSn) and copper phthalocyanine
(CuPc) (C3H16CuNg) that served as organic semiconductors in all devices are purchased
from Alfa Aesar. Poly (methyl methacrylate) (Alfa Aesar, PMMA, M,~550000 kg/mol, 25
mg/ml in anisole) was used as polymer gate dielectric. A silver (Ag) wire (Alfa Aesar, 97%)
is used for evaporation of source/drain (S/D) contact. All materials were used as received
without any further purification.

B. Heterostructure Device Fabrication

To form the control gate, about 150 nm-thick layer of aluminum (Al) (Alfa Aesar, 99.9%
pure) was vacuum deposited at a rate 30 As™ on to clean glass substrates. The Al layer is
anodized by immersing in citric acid solution prepared with ultra-pure (18.2 MQ.cm) de-
ionized water as a solvent, ImML™. A constant current density of 0.3 mA cm is maintained
until the voltage reaches 10 V, and the voltage is then maintained at 10 V until the current
density drops to 0.015 mA cm™. The thickness of the Al,Oj is estimated to be 13 nm, given
the anodization ratio (ca; =1.3 nm/V) [27]. A thin buffer layer of PMMA was coated at 5000
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rpm for 60 s to deposit a very thin and uniform layer on Al,O3 surface and annealed at 80°C
for 30 minutes in reduced vacuum to remove residual solvents. The morphological analysis is
carried out with an AFM (Agilent-5500) in the tapping mode as shown in Fig. 7.1(a). PMMA

can provide a high-quality hydroxyl free (-OH) interface to the organic semiconductor with
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Figure 7.1: (a) AFM image of PMMA layer. Surface roughness (Rq) is shown as inset. (b) Leakage current
density (J) as function of bias voltage for PMMA (100 nm)/Al,O; (15 nm) bilayer gate dielectric.

high dielectric breakdown strength (~1 MV/cm). The optimized thickness of PMMA layer
was 100 nm, as measured by surface profilometer (Veeco Dektak-150). The surface
morphology of PMMA and leakage current density of PMMAV/AI,O3 bilayer dielectric layer
are shown in Fig. 7.1 (a) and Fig. 7.1(b), respectively. The root-mean-square (RMS) surface
roughness (Ry) of PMMA layer was 0.231 nm, as measured using an AFM, which is much
lower than the thickness of the anodized Al,Os layer (=5 nm), as measured by AFM. A 60-
nm-thick SnClI,Pc film was deposited on CuPc layer with different thicknesses made on to
the PMMAJ/AI,O; dielectrics under identical conditions at a rate 0.8 A/s using thermal
evaporation at a pressure ~10"® mbar, to act as the n-channel and p-channel, respectively. The
thickness of top SnCl,Pc layer is kept constant while thickness of CuPc layer was varied. The
substrate temperature was kept at 60 °C during all depositions. Finally, using a thermal
vacuum deposition chamber, a >50 nm thick silver (Ag) top electrode drain/source (S/D)
were deposited and patterned through a shadow mask on the substrate to complete the device
structure, where the device channel length (L) and channel width (W) are defined as 30 um
and 780 pm, respectively. The surface morphology of the organic thin films was

characterized by AFM in tapping mode to avoid any damage to the film.
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C. Device Characterization

We fabricated SnCl,Pc top-contact OFET’s on PMMA/AI,O3 substrates. The capacitance
density C; (nF/cm?) was measured from a metal-insulator-metal structure of parallel plate
capacitors with different contact areas. The buffer layer PMMA on Al,O; gives the
capacitance density C; ~ 31 nF cm™. The leakage current density, J (A/cm?) through the gate
dielectrics was very small (~107 A/cm?) [see Fig.7.1 (b)]. The electrical characteristics
including the voltage-current relationship and capacitance are measured with a Keithley
4200-SCS system at room temperature in a probe station (Lake shore, USA) under low
vacuum (~10° mbar). The field-effect mobility (ure) and threshold voltage (V) were
calculated in the saturation regime using equation, |Ips|= (WCi/2L)pe(Vas — Vrne)? and |lps| =
(WCi/2L)n [Vos — (Vas — Vinye)] 2 for electron and hole transport, respectively (where W is
channel width (780 pm) and L is channel length (30 pm), C; is the capacitance of
PMMAV/AL,Oj3 gate dielectrics (~ 31 nF cm™).

7.3 Results and Discussion

In bilayer heterostructure, depending on the device configuration and on the materials used,
charge accumulation and transport of electrons and holes can occur in different layers.
However, at least one of the two accumulation zones will form at the interface and therefore
charge transport will depend on the quality of interface. Consequently, an accurate control of
the growth conditions of the evaporated film is necessary. The top contact-bottom gate (TC-
BG) ambipolar bilayer device structure with silver (Ag) as source/drain (S/D) electrodes and
the chemical structures of small band-gap molecules tin(I\V) phthalocyanine (SnCl,Pc) and
copper phthalocyanine (CuPc) are shown in Fig. 7.2(a). In general, top contact OFETs
exhibit the lowest contact resistance, at least two orders of magnitude lower, because of the
increased metal-semiconductor contact area in this configuration [35]. Details of fabrication
procedures for devices are provided in the experimental section. CuPc was deposited as the
first active layer on the top of the insulator, PMMA/AI,O3, and SnCl,Pc was deposited as a
second active layer on the top of CuPc layer. The bilayer dielectrics PMMAJ/AI,O3 enable
low voltage operation. PMMA as a polymer dielectric is chosen, since no chemical groups (-

OH) are present at its surface that may act as electron traps, and it shows very low bias stress

177



Chapter 7 SnCl,Pc/CuPc Heterostructure Based Ambipolar OFET

effect, low contact resistance and is of low cost compared to other hydroxyl-free flouro
polymer, like CYTOP [27,36] . The same device structure is reported to show the low bias
stress and low operating voltage of 10° s, and 10 V, respectively. Herein, we used Ag
electrodes as a top-contact source/drain (S/D) electrodes, instead of the usual gold electrodes,
which facilitate the electron injection due to their low work function. In addition, top contact-
bottom gate (TC-BG)-OFET behaves as inverted-staggered, and TC-BG transistor is affected
by current crowding effect, in which contact resistance R, is lower than the channel sheet
resistance, Rcy [37]. The schematic of energy level diagram of SnCl,Pc and CuPc —
heterostructure with symmetric Ag-contact is shown in Fig. 7.2(b) (under zero bias
condition). The lowest unoccupied molecular orbital (LUMO) level of SnCl,Pc is 4.0 eV
[38], which has a very small difference with Fermi energy level (Eg) of silver (Ag) (work
function @ = - 4.3 eV), and it results in an Ohmic electron injection (i.e., an output drain-
source current initially increase and finally saturated) into the LUMO level of SnCl,Pc layer.
It is known that a good Ohmic contact can be achieved when the work function of metal is
closely aligned with the LUMO or HOMO energy level of the semiconductor. On the other
hand, the difference between HOMO level of CuPc and Fermi energy of Ag is quite large (=

(a) (b)
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g 43 LUMO 4.3

77777777777 EF

SnCl,Pc
CuPc

’; \Q Source Drain
PMMAIAIZOSIAI
5.2

5.3 Pt

F—ﬁﬁ HOMO
HOMO

Figure 7.2: (a) A schematic of the top-contact ambipolar device configuration employed in this study, with
chemical structures of the small molecules SnCl,Pc and CuPc. (b) A schematic of the energy band diagram of

SnCl,Pc/CuPc heterostructures with Ag electrodes without any external bias.

0.9 eV). When the gate bias is applied, the band-bending occurs at the metal/semiconductor

interface and reduce the energy barriers and will allow tunneling of charge carriers from the
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electrode to the semiconductor. However, we did not find any ambipolar signature for
CuPc/SnCl,Pc  (top/bottom) configuration of the bilayer heterostructures. Therefore,
SnCl,Pc/CuPc (top/bottom) heterostructure pair is an excellent choice for obtaining

ambipolar characteristics.

7.3.1 Morphological and Structural Analysis

The performance of electronic devices depends crucially on depletion width, film thickness,
and in particular the spatial location of trap states, either in organic/organic or
organic/dielectric interface. In addition, an energy land scape at organic-organic interface is
complicated due to several electrostatic phenomena such as charge transfer, dipole generation
and/or dipole orientation, and doping, which are related to the feature of molecular structure
(orientation), crystallinity, inter-diffusion, and domain size. Therefore, it is necessary to track

the evolution of device characteristics with film thickness [30,39].

In order to investigate the crystalline quality of the SnCl,Pc/CuPc heterostructure, we carried
out X-ray diffraction (XRD) analysis with Cu-K, radiation (A= 1.54056A). The XRD pattern
of SnCl,Pc thin film of thickness 60 nm grown on different thickness (4, 12 and 16 nm) of
CuPc layer is shown in Fig.7.3. The SnCl,Pc layer without the CuPc layer has XRD peaks at
20=10.48" and 12.18" corresponding to (010) and (100) planes, respectively. With increasing
thickness of CuPc layer, the intensity of the peaks related to SnCl,Pc decreases and a new
peak appears at 20 = 6.84° for the 12 nm and 16 nm CuPc thin films. The peak at 20 = 6.84°
results from (200) lattice planes of CuPc, where the inter-stacking distance is d =~ 12.9A. It
implies that the trace of herring bone pattern is parallel to the substrate [18]. The presence of
distinct peaks in the XRD pattern of SnCI,Pc film implies the formation of the crystalline
films and inter molecular n- 7 stacking direction parallel to the substrate. This feature implies
that the crystalline quality of the thin film is appropriate to expect good transport of charge
carriers in the OFET geometry [29].
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Figure 7.3: X-ray diffraction (XRD) patterns of SnCl,Pc (60 nm) deposited on different thicknesses of CuPc
layer at a substrate temperature, T4 = 60 °C. Inset shows a schematic of the layer configuration (60 nm SnCl,Pc

as top layer and CuPc with varying thickness (x) as bottom layer) used for the XRD measurement.

We used an atomic force microscope (AFM) to study the surface features of the as-deposited
films that influence the ambipolar behavior of the fabricated transistors, and to investigate
whether the CuPc to SnCl,Pc thickness variation have any influence on the phase-separated
network. Figure 7.4(a-d) shows the AFM images in tapping mode of the SnCl,Pc thin film
(~60 nm) grown over the CuPc layer with different thicknesses (0, 4, 12 and 16 nm) at a
substrate temperature 60 °C. It is noticeable that the root-mean-square roughness (R;) of
SnCl,Pc thin film becomes higher with increasing CuPc thickness (Rq = 1.7 to 2.2 nm). The
thickness of the CuPc film is controlled by building up of separate single layers. At a very
low thickness of CuPc deposited at 60 °C, voids may appear in the film, since all grains are
not fully connected with each other, and it provides the location upon which the second layer
can grow. Thus, the SnCIl,Pc/CuPc heterojunction interface is smooth with the ultra-thin
CuPc layer, but it may become little rougher with increasing CuPc thickness.
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IR

T

Figure 7.4: Tapping-mode AFM images (1 pm x 1 pum) of 60-nm-thick SnCl,Pc: (a) without CuPc layer, and
60-nm-thick SnCl,Pc film grown on CuPc layer with different thicknesses: (b) 4 nm, (c) 12 nm, and (d) 16 nm.

The measured RMS roughness (R,) of the SnCl,Pc surface is indicated in each case.

7.3.2 Electrical Characterization and Device Performance

A typical unipolar OFET based on vacuum-deposited SnCl,Pc exhibited carrier mobility of
0.01 cm? V! s [27]. The bilayer heterostructure ambipolar OFET device charateristics are
shown in Fig. 7.5(a-f) and in Fig. 7.6 (a-c) with optimal 60-nm thick SnCl,Pc and x-nm (x =
4,12, and 16 nm) thick CuPc bilayer heterostructure. Figures 7.5(a), 7.5(d) and 7.6(a) shows
the output characteristics (Ips -Vps), Figs. 7.5(b-c), 7.6 (e-f) are the transfer characteristics in

p-channel and n-
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Figure 7.5: (a) Output characteristics (Ips-Vps), and (b)-(c) transfer characteristics (Ips-Vgs) (for p-channel and
n-channel, respectively) of the heterostructure ambipolar OFET for CuPc thickness of 4 nm. (d) Output
characteristics (Ips-Vps), and (e)-(f) transfer characteristics (Ips-Vss) for p-channel and n-channel, respectively,
of the heterostructure ambipolar OFET for CuPc thickness 12 nm (L= 30 um, W = 780 um). Note that the

thickness of SnCl,Pc was kept constant (60 nm) for both the cases.

channel regime for two different CuPc-thicknesses (4 nm and 12 nm), respectively. The
bilayer heterostructure OFETs show V-shape transfer characteristics of typical ambipolar
transistors of n-channel and p-channel ambipolar OFET under low vacuum (~107 mbar) and
in dark condition with electron and hole mobility of 5x10™ and 3x10™ cm? V! s* for n-
channel and p-channel regime, repectively. In the case of thick CuPc with corresponding
rough heterojunction interface, hole- current dominates Ips, while the electron-dominant Ips
is supressed. We have noticed that at Vps=0 V, electrons and holes contributed equally to

eletron current and hole-current, as shown in Fig 7.7.
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Figure 7.6: (a) Output characteristics (Ips- Vps), and (b)-(c) transfer characteristics (Ips-Vgs) for p-channel

and n-channel, respectively, of the heterostructure ambipolar OFET for CuPc thickness 16 nm, while the

thickness of SnCl,Pc was 60 nm (L= 30 um, W = 780 pm).
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Figure 7.7: Transfer characteristics of heterostructure OFETS at Vps=0 V, which shows equal electron and hole-

current.
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In Fig. 7.8, Mobility (u) distribution of representative devices for different thicknesses of

CuPc layers for p-channel (left panel) and n-channel (right panel). Average [ and its standard
deviation are mentioned in each case at the top of the plots.
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Figure 7.8: The mobility (u) distribution of representative devices for different thicknesses of CuPc layers for

p-channel (left panel) and n-channel (right panel). Average | and its standard deviation are mentioned in each
case.
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The device parameters are summarized in Table 7.1, Ve, and V,p are threshold voltages

for the top n-channel and bottom p-channel, respectively.

Table 7.1. Electrical parameters for the TC/BG OFET (Ag-contact) with SnCI2Pc/CuPc heterostructures for

different CuPc thicknesses grown at a substrate temperature of 60°C.

SnCIch-) CuPc- | n-channel OFET p-channel OFET
thickness® | thickness
[nm] [nm]
ue VTh,e Rc.e l-lh VTh,h Rc;h
[cm? V's?] vl [x10° Q- [cm?V's™] V] [x10° Q-
cm] cm]
4 1.8x10* 2.53 1.60 2.1x10™ -6.84 7.19
60 12 2.4x10" 4.22 15.6 1.2x10° | -2.88 9.78
16 1.4x10* 3.40 115.15 | 4.2x10* -3.41 10.70

a) active layer (n-channel), b) active layer (p-channel)

A noticieable hysteresis in the output characteristics of p-channel regime may be due to hole
scattering and/or trapping at CuPc/PMMA interface (as the thin CuPc layer may have formed
as interconnected grains, not fully covered on the dielectric surface). As the growth of
heterostructures was sequential and was performed under vacuum conditions, the
measurement of the surface roughness of only the CuPc layer was not possible. The
mechanism of charge carrier transport in the present heterostructure (SnCl,Pc/CuPc)
transistor is schematically illustrated in Figs. 7.9(a) and 7.9(b) for n-channel and p-channel
cases, respectively. With Vps> 0 and Vgs> 0, electron conduction takes place from the source
to the drain mainly through the SnCl,Pc layer due to the particular positions of the Fermi and
LUMO levels, as explained in Fig. 7.2(b). Similarly, under Vps<0 and Vgs<O, the hole
conduction takes place through the CuPc layer only. In this way, an ambipolar characteristic
is obtained in the hererostructure device.

Note that at higher thickness of CuPc, L is reduced marginally (see Fig.7.10(a)) that may be
due to the enhanced electron scattering and/or electron trapping owing to the increased
roughness of heterojunction at the SnCl,Pc/CuPc interface. It is evident that the ambipolar
OFETs can work well with the CuPc layer as thin as 4 nm and gives almost balanced electron

and hole mobilities (~ 2x10™* cm? V* s), which is an interesting feature and it is crucial for
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applications in electronic circuits and light emitting OFET. py and e in this devices are ~10
cm? V! s, which is comparable to the literature reports on other CuPc based ambipolar
devices [18,30]. Note that the commonly reported mobility for unipolar devices is
comparatively higher (~102 cm? V* s?) than that of the ambipolar devices. It has been
generally attributed to low conductivity of evaporated CuPc and SnCl,Pc that exhibit
disorder of dipole at the heterojunction interface [31]. At low values of Vgs, the bilayer
heterojunction ambipolar transistors exhibited diode-like (super-linear) curves, which are
frequently observed for typical ambipolar transistors, due to the presence of both charge
carriers (electron and hole) in the active channel of the device. We attribute this behaviour to
the highly negative threshold voltage, Vs, for p-channel operation and /or the positive
threshold voltage for n-channel operation. The relatively high threshold voltages imply
electron and hole trapping at the interface between the p- and n- channel materials in the
phase separated network (see Table 7.1).

(a) n-channel operation
(Vs> 0) (b)

p-channel operation

SnCIch

CuPc

Figure 7.9: Schematic of the conduction process in the TC-BG SnCl,Pc/CuPc heterostructure transistor for (a)
n-channel, and (b) p-channel operations under different bias conditions. The flow of electrons and holes is
indicated with arrows in the respective cases.

Table 7.1 shows that the threshold voltages, Ve and Vqinp, shifts oppositely towards
negative and positive sides, respectively, with the increase of the heterojunction roughness.
A possible mechanism of the shift in Ve and Vrnn may be due to charge transfer to some
extent (a possible mechanism may be electrons from CuPc HOMO to SnCI,PC LUMO) at
the SnCl,Pc/CuPc interface, which could be facilitated by rough interface due to an increased
interfacial area [19]. With increasing thickness of CuPc layer, both the electron and the hole

threshold voltages shift oppositely to more negative and positive values, respectively. In an
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n-channel device, threshold voltage shows a less shift AVt = 0.87 V. when the CuPc
thickness is changed from 4 nm to 16 nm, and consequently the p- channel threshold shows a
larger shift AVnn~ 3.43 V to more positive voltages (Vrnn down from - 6.84 V to - 3.41 V).
Thus, the shift of threshold voltage in n-channel is much smaller compared to that of p-
channel device. This may occur due to the larger contact area of Ag with CuPc-thin film with
high thickness. At higher thickness of the CuPc layer, the diffusion of noble metals Ag is
high in organic semiconductor. These diffused Ag impurity can create deep trap centers in
SnCl,Pc/CuPc layers, which may affect the long term trap states. Note that most of the deep
trap states are located directly under the contact layer. However, some trap states may extend

to the underneath of semiconductor layer [37,40].

To further investigate the degree of charge trapping, we extracted the density of traps for
CuPc (4nm), N¢ (= Ci 4V, where, C; capacitance per unit area, 4V, is shift of threshold
voltage). The trap density derived from the trans-conductance curves are 6.31x 10™ cm ™ and
9.69 x10' cm™? at |Vps| = % 4V, in p-channel and n-channel, respectively. It has been
proposed that deep traps are usually responsible for the shift of threshold voltage and its
density is higher in CuPc/PMMA interface than at the SnCl,Pc/CuPc interface. The deep trap
states may be generated at both interfaces in the contact region due to the diffusion of Ag
atoms [40]. To further confirm the modulated charge injection, we analyzed the contact
resistance. Figure 7.10(b) shows the channel width (W)- normalized contact resistance (R )
as a function of CuPc thickness, in the n-channel regime (for electrons) as well as p-channel
regime (for holes) of the OFETSs. In an n-channel regime, the normalized contact resistance is
1.60x10° Q cm for SnCl,Pc (60 nm)/CuPc (4 nm), which is smallest, as compared to that
with larger thickness of CuPc layer. Note that the R is extracted by the Y-function method
(YFM) for individual SnCl,Pc/CuPc OFETs (channel width/ channel length (W/L) of 780
pum/30 pm) using the following equation [41],

R=-0___ - (7.1)
IDS Gm (VGS _VTh)

187



Chapter 7 SnCl,Pc/CuPc Heterostructure Based Ambipolar OFET

where Gn=(W/L)UoC;, is the trans conductance parameters. This is in contrast to the transfer
line method (TLM) used to estimate contact resistance for the amorphous silicon transistors,
where one can only obtain an average R;, from the set of different channel lengths of
transistors. This leads to the scattering of data in the plot, as R varies from transistor to
transistor. Again, this method cannot be used if contact resistance is nonlinear (i.e. departs
from Ohms law), as it is applicable in linear regime. The YFM offers a straightforward way
to obtain the R in a single transistor and thereby it accesses the evolution of charge injection
induced by different combination of heterostructures with same channel length, L. In devices
with different thickness combination, the ReW (Rce) for electron injection systematically
increases from 1.6 x10° Q-cm to 115x10° Q-cm, while the R.W (R for hole injection does
not change significantly. This is due to the importance of diffusion at the contact. As the
thickness of CuPc increases, diffusion is no longer sufficient to derive the current through the
bulk of the semiconductor, since for a given number of charges induced by the gate voltage, a
sizeable concentration gradient can only be maintained over a finite distance and this results

in the increase in contact resistance, R¢e for electron conduction. Furthermore, the Vgs
dependence of normalized R shown in Fig. 7.10(c) and 7.10(d) supports the above analysis.
It is noticeable that the contact resistance R. of hole is one order of magnitude higher than
that of electrons for SnCIl,Pc/CuPc heterostructure reflecting a finite Schottky barrier at
Ag/CuPc interface. It is clear that R; decreases with increasing Vgs for both hole and electron
injection, and it is due to the fact that higher Vgs induces more accumulated charges, which
will increase the conductivity of contact region and follow the current crowding model [42].
In staggered TC-BG OFETs (where contact and accumulation layer are formed at opposite
sides of the semiconducting layer), the gate-voltage dependent R. has been observed to
mainly arise from current crowding. At a small gate bias, the bulk semiconductor between
contacts and channel would be highly resistive if the injected charges are limited, and the
injection is confined in a small contact area close to the channel. At higher gate bias, charges
accumulate in the channel and also spread far from the channel interface and thus increase
the bulk conductivity at contacts. Moreover, charge injection extends to larger contact area,
as injection current gets more and more crowded and consequently R. decreases. It has also

been found that in staggered devices, R. does not change significantly. Thus, the optimized
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Figure 7.10: (a) Electron (L), and hole-mobility (u,) of SnCl,Pc/CuPc bilayer heterostructure OFETS at the
saturation region (Vps = + 10 V) using Ag electrodes for different thickness (4, 12 and 16 nm) of CuPc layer
with a fixed thickness (60 nm) of SnCl,Pc layer. (b) Contact resistance for n-channel regime ( R.e) and p-
channel regime (R.n) of the corresponding devices extracted from the Y-function method. (c)-(d) Gate bias
dependence of channel width normalized contact resistance for the top contact- bottom gate (TC-BG) devices

based on SnCl,Pc (60 nm)/CuPc (x nm, x = 4, 12 and 16) for n-channel and p-channel regime, respectively.

SnCl,Pc/CuPc heterostructures results in gate-voltage independent R; and signifies Ohmic

contact.
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7.3.3 Device Reliability

Besides the static device characteristics, the dynamic device characteristics are correlated
significantly to the SnCIl,Pc/CuPc heterojunction. Figure 7.11(a) shows the bias stress results
at positive Vgs and Vps (Ves = Vps = 8 V) in the ambipolar OFETSs, i.e., the operational
instability of electron-dominant drain-source current, Ips(t) normalized by its initial
maximum value Ipg(0, initial source-drain current established right after the transistor is on
(in n-channel and p-channel regime) for SnCIl,Pc (60 nm)/CuPc(4 nm). In SnCl,Pc/CuPc
bilayer heterojunction OFETS, the dark bias stress effect is very small; the current decreases
by only 5-7 % after a continuous bias-stressing for 1 h at Vgs = Vps = 8 V for n-channel
(Fig. 7.11(a)) and in p-channel regime (Vgs = Vps = -8V) it shows very similar small decay
(<10%, see Fig. 7.11(b)). It is noticeable that initially (t<50 s) Ips increases to some extend
and then it decays at longer times for both n-channel and p-channel devices. It is believed to
be caused by dipoles that can be oriented at the PMMA/AI,QOj3 interface or at Al,O3 bulk[43].
Although the SnCl;Pc-based unipolar OFETs show good bias stress stability, the bias stress
effect for electron-dominant Ips in the ambipolar OFETS is generally significant.

The bias stress-induced drain-source current, Ips decay in OFETs can be described by
stretched-exponential time (t) dependent formula applicable to wide variety of disordered
system and can be written as (when field effect mobility, prg, is almost constant) [44,45],

s (€)= e (O)eXp{—Gﬂ 72)

T

where £ is the stretching parameter (temperature dependent) related to the barrier energy
height for charge trapping (0 < f <1), z is the relaxation time at room temperature, and Ips (0)
is the initial maximum drain-source current measured at the beginning of stressing. Although
this expression was originally developed to describe the bias-stress effect in amorphous
silicon transistors considering the time-dependent evolution of trap states due to hydrogen
migration, we employ similar formalism to describe dispersive trapping process in OFETs. A
stretched exponential function (Equation 7.2) provides a perfect fit to both systems in n-
channel and p-channels. Figure 7.11(a) and (b), shows the data points (symbols) as well as
fitted line using Eq. (7.2). The values of 7 at room temperature, extracted from the fitting are

4.28x10° s and 1.58x10° s in n-channel and p-channel device, respectively. The exponent
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values are £#=0.57 and 0.67, respectively. The large z values imply a long-term stability of the
device, which is very much desirable for practical applications. Considering that the
interfacial chemistry at the heterojunction remains identical, the bias stress effect is primarily
attributed to structural defects at the SnCl,Pc/CuPc interface, which may generate deep traps
for electron in the n-channel. It has been proposed that the time-dependent charge trapping in
deep traps is responsible for the bias stress effect in OFETSs and thus, charge traps at organic

heterojunction can be the origin of the small bias-stress instability in the n-channel
device[46].
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Figure 7.11: (a)-(b) Normalized drain-source current decay Ips(t)/lps(0) as a function of time in n-channel
(SnCl,Pc) at electron accumulation state and in p-channel (CuPc) at hole accumulation state. Cyclic stability
with the “ON” and “OFF” cycles up to 3600 s for TC-BG heterostructure ambipolar OFET device based on
SnCl,Pc (60 nm)/CuPc (4 nm) (c) n-channel, and (d) p-channel.
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As for the bias stress effect in the p-channel shown in Fig. 7.11(b), it has less dependence on
the SnCl,Pc/CuPc heterointerface. It is in agreement with the argument that the p-channel is
close to the CuPc/PMMA dielectric than to the SnCl,Pc/CuPc

heterointerface. Therefore, both the organic/dielectric and organic/organic interfaces

interface rather

influence the bias stress effect in the bilayer ambipolar OFETSs [1,46].

To study the influence of gate bias on the cyclic bias stress behavior, we measured the drain-
source current, Ips of bilayer ambipolar OFET applying gate-source voltage Vps of 6 V while
varying Vs of 6V results in “ON” state (for 180 s) and Vgs 0 V shows “OFF” state (for 180
s). It is plotted as function of time in Fig. 7.11(c). During “OFF” state the drain current
slowly decreases with time and in “ON” state it sharply raises to its maximum value. It is
noticeable from Fig. 7.11(c)-(d) that negligible decay of drain current occurs after repeated

ON and OFF states during 3600 s of operation at room temperature under low vacuum for
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Figure 7.12: Transfer characteristics of top-contact OFET with PMMAJ/AI, O3 bilayer dielectric at room
temperature before and after an applied cyclic gate-bias stress (BS) for 1 hr in (a) p-channel of Vgs = -10 V(Vps
=-4V) and (b) n-channel of Vgs = 10 V (Vps = 4 V) devices.
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both n-channel and p-channel case. The time constant for “OFF” state is ~333 s. We acquired
the transconductance curves before and after cyclic bias stress of 1h for both channels and it
shows no shift of threshold voltage (see Fig. 7.12(a) and (b)). Thus the devices are very

stable under low vacuum conditions.

7.4 Conclusions

In conclusion, we have demonstrated an ambipolar OFET based on low band gap SnCl,Pc
and CuPc small molecules heterojunction that exhibits ambipolar conduction depending on
the applied gate bias, either an accumulation layer of holes (negative gate bias) is formed in
the CuPc layer or an accumulation layer of electrons (positive gate bias) is formed in the
SnCl,Pc layer of the heterostructure device. The change in operation mode was attributed to
the appropriate choice of the organic/organic heterojunction and the contact electrode
metal work function. The change in the layer thickness resulted in evolution of the field-
effect mobility values and an optimized thickness SnCl,Pc/CuPc heterostructure yielded a
balanced carrier mobility (~10 cm? V! s™). The bias stress effect and contact behavior in
the bilayer ambipolar OFETs have been investigated. For the top SnCl,Pc n-channel, a
smooth and continuous organic heterojunction enabled not only high bias stress stability (z
~10° s) but also optimal contact resistance (Rc) for efficient carrier injection. For the bottom
CuPc p-channel, the hole injection may be realized by the Ag penetration into SnCl,Pc to
form local direct contact to CuPc, and the bias stress stability is dependent on the
CuPc/dielectric interface rather than on the organic heterojunction. Using low work function
Ag as a top contacts and a hydroxyl-free PMMA gate dielectric, the electron injection is
greatly enhanced, leading to an improvement of both the electron and hole currents at the
saturation regime. We believe that the present results are significant to develop better
understanding on the carrier transportation process in organic-organic (p-n) heterojunction,
and will be helpful to develop the fabrication of stable, ambipolar OFETSs, which will be
superior candidate for organic complementary circuits, organic light emitting field-effect

transistors and organic lasers.
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Chapter 8

Summary and Outlook

The summary of the original contributions of the thesis and important conclusions of the
present thesis are presented in this chapter. New findings on the surface roughening and
growth dynamics of organic thin films on various substrates, fabrication and characterization
of top contact organic field-effect transistors with different dielectric materials, treated and
non-treated, different contact electrodes and their stability, ambipolar organic filed-effect
transistors with performance and stability studies are summarized here. Outlooks and scope
for future work are also presented at the end.

8.1 Summary of The Thesis

In this thesis work, we studied the substrate dependent growth dynamics of a non-planar (bi-
pyramidal), disc-like SnCl,Pc. We addressed the evolution of surface morphology and
scaling behavior of SnClI,Pc thin films grown on Si(100) and glass substrates. We observed
the crystalline nature of the SnCl,Pc thin film on glass substrate, while no crystallographic
ordering is present for the film grown on Si substrate. From scaling analysis, we found an
upward dominant growth on glass substrate during thin film growth due to high step-edge
barrier presents in glasss substatre, while lying down geometry without proper arrangement
of molecules on the Si substrate. We described the possible analogy of surface evolution to a
closely mound like growth mode (Chapter 3). Thin films changes their morphology at
different deposition parameters and results into substrate induced growth/roughening
behavior. We discussed the growth dynamics of non-planar (pyramidal) VOPc molecules on
both 1TO-glass and SiO, substrate that shows crystalline nature. From scaling analysis and
thin film morphology, it was explained most possible analogy that the surface diffusion and
step-edge barrier are responsible for the overall surface evolution. However, a molecular
level understanding is necessary to provide further explanation (Chapter 4). The observed
growth exponents for SnCl,Pc and VOPc organic thin films on different substrates do not
match with the reported conserved growth models available for inorganic material and it

belongs to a different new universality class. Next, we studied the vacuum deposited
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SnCl,Pc organic field-effect transistors. Devices were fabricated on PMMAJ/AI,O3 bilayer
gate dielectric and SiO, gate dielectrics insulator and it results in a low operating voltage and
a low contact resistance device. It exhibits excellent n-channel behavior with high electron
mobility, low threshold voltages, large current on/off ratio for PMMA/AI,O3, while devices
with SiO, gate insulator shows poor performance. Further, we observed that the amount of
bias stress for SnCl,Pc based thin film transistor is extremely small with large characteristic
relaxation time obtained using a stretched exponential model. These devices show highly
stable electrical behavior under multiple scans and low threshold voltage shift under
electrical dc bias stress even after 40 days of operation. We have addressed the contact
electrode Al, Ag dependent devices performance and concluded that Ag contact based OFET
shows overall good performance as compared to that of Al contact device (Chapter 5). High
bias stress stability and low threshold voltage shift under ambient condition are highly
desirable for practical applications of organic field-effect transistors (OFETSs). We
demonstrated a 20-fold enhancement in the bias-stress stability for hexamethyledisilazane
(HMDS) treated VOPc based OFETs as compared to the bare VOPc case under ambient
condition. VOPc based OFETs were fabricated on bare SiO; and HMDS monolayer
passivated SiO, layer. The devices with top contact Au electrodes exhibit excellent p-channel
behavior with a high hole mobility for HMDS-treated device as compared to that non-treated
case. We observed a very small decay of drain current during long term operation under
ambient conditions for the HMDS-treated case, while it shows a large decay for the
nontreated devices (Chapter 6). We have investigated a symmetrical Ag top contact-bottom
gate (TC-BG) bilayer ambipolar organic field-effect transistor based on the bilayer
heterojunction of vacuum-deposited small molecules SnCIl,Pc (n-channel) and CuPc (p-
channel). A hydroxyl (-OH) free poly(methyl methacrylate) (PMMA) with aluminum oxide
(Al,03) bilayer dielectric exhibits low operating voltage and low bias stress for both n-
channel and p-channel cases. The optimized SnCl,Pc/CuPc heterostructure exhibits balanced
carrier mobility and both types of charge carriers, electrons and holes, are facilitated by the
same low work function Ag contact, depending on the bias conditions. The Ag contact also
exhibits Ohmic injection of charge carriers with low contact resistance in the n-channel
region under an optimal heterostructure configuration. The contact resistance for electron and

hole-injection is strongly dependent on the thickness of the SnCIl,Pc and CuPc layers,
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respectively. The bias stress stability is modeled using a stretched exponential decay function
and it shows that the devices are highly bias stress stable during prolonged operation
(Chapter 7).

The major contributions and new findings of the present thesis is presented below.
8.2 Highlights of the Thesis Contribution

A. Substrate-induced Surface Roughening and Scaling behavior of Non-planar Bipyramidal

SnCl,Pc Organic Thin Films and Mound Growth Scenario

The structural evolution of vacuum deposited SnCIl,Pc thin films on Si(100) and glass
substrates has been studied systematically. The growth dynamics of SnCI,Pc thin films has
been studied using AFM and HHCF analysis. It may be noted that there has been no report
on the scaling behavior and growth dynamics of SnCl,Pc on different substrates that are most
relevant for device applications. By analyzing the scaling behavior, it has been found that the
growth exponent g is be much larger for the film on glass substrate as compared to that on Si
substrate, which suggests that the SnCl,Pc crystallites grow in the upward direction as the
film thickness increases on glass substrate, which may be due to the high potential barrier or
step-edge barrier. Small g value for Si substrate may be attributed to small
step-edge barrier at edge of the molecular layer and consequent decrease in the
crystallographic ordering of the films. One of the important findings is that the growth
exponent S value for SnCl,Pc thin film on glass substrate is comparable to that predicted by
the random deposition model, while for Si substrate it is very small and results in
“smoothening”-a lying down geometry without proper molecular arrangement, which may be
due to the small step-edge barrier. This different growth modes observed on two different
substrates can be understood partly in terms of molecule-substrate interactions, since
molecule-molecule interaction strength is nearly the same for all investigated films. Here, the
molecule-substrate interaction strength may be stronger for Si substrate than the glass
substrate. Our XPS analysis supports the above explanation. XPS investigation on ~5 nm thin
SnCl,Pc film on Si and glass substrate shows different oxygen concentrations in the film.
Thus, the nature of molecular interactions in two different substrates are likely to be

different, giving rise to different molecular structures. So, the adsorption of the molecule
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occurs in a lying geometry of SnCIl,Pc molecules on Si substrate. SnCI,Pc films grown here
on glass substrate exhibited crystalline behavior, which is suitable for device fabrication. The
derived growth exponents (o, £, 1/z) are quite close to the exponents predicted by the model
of mound formation, which is reported for both organic and inorganic materials. Note that the
asymptotic value of roughness exponent satisfy the condition for mound formation. We have
plotted two dimensional (2D) fast Fourier transform (FFT) of the surfaces from the AFM
images on Si and glass substrates, which shows a ring like behavior, supporting the mound
growth morphology. SnCIl,Pc films grown here on glass substrate exhibited crystalline

behavior, which is suitable for device fabrication.

B. Effect of Growth Parameters on Surface Roughening and Scaling behavior of non-

planar, Pyramidal VOPc Organic Thin Films

The structural evolution of VOPc thin films for different deposition parameters such as
substrate temperature and film thickness on SiO, and ITO-glass substrates has been studied.
At elevated substrate temperature, VOPc film shows different surface morphology on two
different substrates, as confirmed from the AFM images. The growth dynamics of VOPCc thin
films has been studied using AFM and HHCF analysis. It may be noted that growth dynamics
of VOPc thin films has not been reported earlier, to our knowledge. Analyzing the scaling
behavior and 2D fast Fourier transform, it is concluded that the morphological evolution of
the deposited VOPc molecules follows mound like formation, which suggests that the VOPc
crystallites grow in the upward direction and closely follows mound growth mechanism as
the film thickness increases on ITO-glass as well as on SiO, substrates, which may be due to
the high potential barrier or step-edge barrier. X-ray diffraction measurement confirms the
crystalline nature of the VOPc thin film grown on both substrates, SiO, and ITO-glass. From
the scaling analysis, the growth exponent g is found to be much larger for the film on SiO,
substrate as compared to that on ITO-glass substrate, which may be due to the high step-edge
barrier resulting in the upward dominant growth with rapid roughening on SiO, substrate.
One of the important findings is that the g value for VOPc thin film on SiO; substrates is
large, while for ITO substrate it is comparatively small and signifies the small step-edge
barrier. We observed that the diffusion activation energy is almost equal for molecules grown

on both substrates. VOPc film shows crystalline behavior on both SiO, and ITO-glass
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substrate although they have significant differences in the growth exponent g value. The
other non planar disc/pyramidal phthalocyanine molecules are reported to have amorphous
nature, while VOPc non planar pyramidal molecules exhibits crystalline behavior on two
different substrates, SiO, and ITO. This observation is not rationalized by step-edge barrier
or simply by molecular diffusion, rather it opens further questions for which more indepth

study is required at the molecular level.
C. Effect of Gate Dielectrics and Contact Electrodes on the SnCl,Pc based n-Channel OFET

The electrical performances and stability of vacuum-deposited thin film based n-channel
organic field-effect transistors with SnCl,Pc were demonstrated in top contact
bottom gate configuration using Ag source/drain electrodes, and PMMA/AI,O3 and SiO; as a
gate dielectrics. We observed that the devices of SnCl,Pc with PMMA/AI,O3 bilayer
dielectric exhibited excellent n-channel behavior with high field-effect electron mobility and
low operating voltage, while devices with SiO; gate dielectric exhibits poor performance and
high operating voltage. We estimated that a lower trap density occurs at the hydroxyl (-OH)
free PMMA/AI, O3 dielectric interface as compared to that of SiO; interface. These OFET’s
showed high current on-off ratio and high operational stable electrical behavior with no
hysteresis when tested under low vacuum condition as compared to the devices with SiO;
gate dieletric. Further, multiple transfer characteristics scans and bias stress results indicate
that these OFET’s exhibit extremely low threshold voltage instability when tested in low
vacuum and long term operation stability even after a month. In contrast, the devices with
SiO, gate dielectric exhibit poor operation stability. The mechanism of
degradation under continuous operation is related to the dynamics of dipolar groups and
charge trapping and detrapping events at all of the critical interfaces in the OFET
and in the bulk of the semiconductor and gate dielectric. However, the exact mechanism is
still unknown and is under debate. This extremely small bias stress effect results in very long
characteristics time constant, which is three orders of magnitude higher than the commonly
used SiO, based devices, which is significant, since n-type organic devices are considered to
be more sensitive to trapping and ambient oxidants than the p-type counterparts. We arrive at
the conclusion that the nature of the gate dielectric layer is more important than the chemistry
of the organic semiconductor in order to obtain transistors with a high electrical stability.
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This results is very much useful to make CMOS integrated circuits, organic light emitting
field-effect transistors, organic inverters where both p-channel as well as n-channel active

layer is necessary.

We also studied the electrical performance and bias stress stability of Al and Ag top-contact
as source and drain electrodes. We show that the Ag-contact yields a better performance in
all respect. We have investigated the bias stress effect by using different contact metals Ag,
Al. The Al contact based OFET suffers significant bias stress instability as compared to that
of the Ag-contact based OFET. It was also observed that Al contact devices results in non-
ohmic (nonlinear in output characteristics at low bias) behavior at metal-semiconductor
interface, while Ag contact devices shows Ohmic (linear in output characteristics at low bias)
nature. We find the characteristics time constant is two order of magnitude higher in case of
Ag contact devices as compared to the Al contact devices. It is likely that the Al atom will
bond directly to oxygen atoms with organic molecules and results in a strong Al-O
interaction. In contrast, Ag is noble metal and the atoms will directly penetrate at organic
layer without reaction. So, the relatively poor performance of Al for electron injection into
organic semiconductor is probably due to the formation of this reacted layer that leads to a
high injection barrier at the interface, while for Ag, there is no injection barrier at metal-
semiconductor interface. It may be noted that there are only a limited number of low
operating voltage and low bias stress (high operation stable) n-channel OFET reported till
date. In addition, choice of Ag electrode is more superior for optoelectronic applications, as
solution processable Ag-paste is readily available in the market. So, these results are of

paramount important to make device for real life applications.

D. Effect of HMDS monolayers on SiO, and its Influence on the Performance of VOPc p-

channel OFETs

We have demonstrated the beneficial role of HMDS passivation of SiO, dielectric layer as
compared to non treated SiO, layer on the performance of VOPc based OFET under ambient
condition. It may be noted that HMDS treated VOPc OFET has not been reported in
literature. We observed that HMDS treated devices shows high performance and better air
stability than the devices with non-treated SiO, layer. All the devices with top contact Au
electrodes exhibit excellent p-channel behavior with high hole mobility for HMDS-treated
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devices. Bias stress stability study shows stretchehed expoential decay behavior during the
long term operation under constant bias voltage in ambient conditions with a very low decay
of drain current for the HMDS-treated case and very sharp fall for the devices with bare SiO,
layer. The corresponding characteric time constant is large for HMDS-treated case, while it is
very low for bare/non-treated devices. Thus, HMDS treated devices with long term stability
are suitable for practical applications. For low performance devices based on bare SiO,, it is
believed that the charge trapping occurs primarily at the voids in the inter grain regions of the
film, while it is almost negligible for HMDS-treated SiO; case as it has been observed from
the morphological analysis of VOPc tin films using AFM analysis. It should be noted that
the insatbility due to molecular grains which has a significant contribution is rarely addressed
in the literature. This work will lead to the better performance devices, by controlling the
thin film morphology.

E. Fabrication of Low Operating Voltage and High Bias Stress Stable SnCl,Pc/CuPc based
Ambipolar OFET

We have investigated an ambipolar OFET based on the heterojunction of low band gap
SnCl,Pc and CuPc small molecules that exhibit ambipolar conduction depending
on the applied gate bias, either an accumulation layer of holes is formed in the CuPc layer or
an accumulation layer of electrons is formed in the SnCl,Pc layer of the heterostructure
device. We have shown that the change in operation mode was attributed to the appropriate
choice of the organic/organic heterojunction and the contact electrode metal work function.
The change in the layer thickness resulted in evolution of the field-effect mobility values and
an optimized thickness SnCIl,Pc/CuPc heterostructure yielded a balanced carrier mobility.
The bias stress effect and contact behavior in the bilayer ambipolar OFETs have been
studied. For the top SnCl,Pc n-channel, a smooth and continuous organic heterojunction
enabled not only high bias stress stability but also optimal contact resistance for efficient
carrier injection. For the bottom CuPc p-channel, the hole injection may be realized by the
Ag penetration into SnCl,Pc to form a local direct contact with CuPc, and the bias stress
stability is dependent on the CuPc/dielectric interface rather than on the organic-organic
heterojunction. Using a low work function Ag as a top contact and a hydroxyl-free PMMA

gate dielectric, the electron injection is greatly enhanced, leading to an improvement of both
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the electron and hole currents in the saturation region. We believe that the present results are
significant to develop further understanding of the carrier transportation process in organic—
organic (p—n) heterojunction, and will be helpful to develop the fabrication of stable
ambipolar OFETS, which are superior candidates for organic complementary circuits, organic

light emitting field-effect transistors and organic lasers.
8.3 Outlooks and Scope for Future Work

We believe that the comprehensive study presented in this thesis on the growth dynamics of
organic thin films on commonly used substrates and fabrication of low power consumption
and high air stable organic unipolar/ambipolar field-effect transistors-based research and
development efforts will stimulate further investigations for real life applications. We are
quite affirmative about the real life applications of the phthalocyanine based promising
organic thin films and its devices with superior performances, since the properties are being
improved continuously through the newer findings. However, there are several unresolved
issues on the growth study of growth study of organic thin films and long term operational
stability of organic thin film based field-effect transistors. Thus, there is enormous scope to
extend the present work for the study of growth kinetics and developing high performance
organic field-effect transistors to address the challenges of the real life applications, as

discussed below:

1. Studies of the growth dynamics of organic thin films opened up new avenues on the
growth of organic-organic heterostructure, which is more complex than single layer growth
and it very essential for photovoltaic, light emitting diode where two or more active layers
are needed. In this context, one can investigate the growth dynamics of SnCl,Pc/VOPc (n-
type/p-type) heterostructure and make theoretical framework based on continuous modeling

of height fluctuations of growing film.

2. Organic thin film deposition and consequently surface evolution occurs at far from
euilibrium condition. So, the growth dynamics does not follow the commonly conserved
growth model or does not fall into any known universality classes, which are reported for
inorganic systems. So, there is a need for new model or new universality class for particular

organic thin film system.
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3. The bias stress stability as well as cyclic stability can be performed under different gas

environment such as NH3, Ar, N2, O, for the development of organic based gas sensors.

4. Low operating voltage OFET may be achieved by using high k-dielectric material such as
BaTiOg3, SrTiO3 and their combination. These are room temperature processable and low cost
method and should be implemented for OFET fabrication.

5. A more detailed understanding of the physics of charge transport behavior in single
crystal organic field-effect transistor based SnCl,Pc, VOPc and CuPc molecules should be

developed.

6. Specific role of doping of SAM layer on organic active layer need to be studied, since
SAM can improve the device performance. It has been found that device performances and

stability also sometimes suffer instability due to SAM treatment.

7. The tuning of the thickness of the active layer of bilayer heterostructure (SnCl,Pc/CuPc)
may result the balance ambipolar charge transport. There are several factors taken care to
enable into better ambipolar charge carrier transport: a trap-free dielectric-semiconductor
interface, a trap-free semiconductor and sufficiently low injection barriers for both charge
carrier types. The influence of gate dielectric layer, active layer thickness, contact materials,
grain size and substrate temperature on the charge carrier transport has been investigated.
This works shows the way for the fabrication light emitting transistors, which has significant

potential for the next generation light emitting devices.

8. Charge transport physics between organic-inorganic heterostructure can be studied using
stretched exponential model. In this systems a modified stretched exponential function may
be needed, which may lead to a new bias stress model. The physical significance of stretched

exponential parameters is still illusive, which calls for an indepth study in this context.
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