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Synopsis

Organic electronic devices offer several advantages in terms of device fabrication,
scalability and cost. Organic light-emitting diodes (OLEDs) and organic photodiodes
(OPDs) which have already carved a niche in mainstream electronics need driver
circuits preferably consisting of organic/polymer field-effect transistors (PFETSs) for
integrated circuit applications. Consequently, PFETs must have low turn-on voltage,
operate at high speed and must be scalable. This thesis addresses some of these PFET
requirements by a) dielectric engineering to obtain ultra-thin organic/organic-
inorganic hybrids with low turn-on voltage, which is then utilized in conjunction with
a solution processed photodiode b) composites of organic dielectrics for low leakage
PFETs and c) studying an alternate, scalable 3D vertical transistor architecture to
reduce the channel length, increase the device density and improve switching speed.

The section on dielectric engineering is structured in three parts. In the first part
of the studies, techniques for forming a self-assembled monolayer (SAM) of a
surfactant on a high k oxide layer are used to obtain ultra-thin, pin-hole free dielectrics
with d < 10 nm and high specific capacitance of 0.3 pF/cm?. PFETs fabricated using
this hybrid dielectric operate at -2 V and demonstrate a p-type mobility of 0.35
cm?/V.s.

In the second part, a new molecular dielectric 4,5,6,7-tetrabromo-2-(2,5-di-tert-
butylphenyl)isoindoline-1,3-dione (TBD) 1is utilized as a single step, solution
processable dielectric layer for PFETSs. The dielectric properties of a thin film of TBD
reveal a low loss tangent and a very small dipolar relaxation time. PFETSs fabricated
using TBD as the dielectric and a low bandgap p-type polymer operate in saturation
at -5 V with a mobility of 0.1 cm?/V.s and a near-zero threshold voltage which implies
low interfacial disorder.

The small size and high polarizability of TBD also makes it favorable as an
additive in a semi-crystalline ferroelectric polymer matrix of poly|(vinylidenefluoride-
co-trifluoroethylene| P(VDF:TrFE). AFM morphology and capacitance measurements

suggest closer chain packing resulting in larger oriented ferroelectric regions thereby

X



resulting in increased P(E) magnitude as compared to the pristine P(VDF-TrFE) film.
Temperature dependent dielectric spectroscopy of the composite reveals signatures of
TBD and P(VDF-TrFE) relaxations giving rise to a frequency and temperature
dependent relaxation generally seen in relaxor ferroelectric films. PFETs fabricated
from the composite dielectric yield an order of magnitude higher mobility over pristine
PVDF devices suggesting lower interfacial disorder due to better lamellar packing in
the dielectric film.

In the next section, a PFET using the oxide-SAM hybrid dielectric is integrated
with an OPD as a pixel addressable optical sensor. The integrated PFET-OPD
structure demonstrates a reasonable light dependence of up to four orders of incident
power and a minimum sensitivity of 10 ptW /cm?. Thickness variations of the OPD in
the integrated structure is studied to optimize the linear dynamic range of the sensor.
Secondly, a monolithic structure of the two components is also fabricated.

The final section addresses the capability of organic transistors to be used in high
density and high-speed circuits. A vertical organic transistor configuration is realized
using a porous alumina membrane as a template to demonstrate massively parallel
organization (10° transistors/mm?) of connected three-terminal devices called the
organic nano-triode array. Charge transport in this device is governed by space charge
limited current which is modulated by a porous, sandwiched base (similar to gate)
electrode to give transistor-like characteristics. The response characteristics of this
novel structure are studied to indicate the key parameters involved in the underlying
mechanism. Device operation at single transistor level is verified by conductive atomic
force microscopy, and the inherent short switching time scales of the vertical transistor
is also demonstrated.

Charge transport models such as Poole-Frenkel behavior, Langevin
recombination and defect models are introduced in a 2-D simulation procedure to
observe the relation of material specific characteristics with the output current of the
integrated PFET-OPD structure and the organic nano-triode array. Based on the

output, additional parameters which affect the device performance such as device



dimensions, trap density and the electrode-semiconductor interfaces have been studied
to predict figure of merit parameters for fabricating devices with optimal performance.

The combination of experimental and simulation approaches to improve solution
processable transistor characteristics provides a possible route to implement organic

devices for variety of applications.
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Introduction 3

1.1 Organic electronics: Overview

Research and development in organic electronics has risen dramatically since the
observation of conductivity in doped polyacetylene as shown by Shirakawa,
McDiarmid and Alan. J. Heeger:2. Over the last few decades, it has been a vibrant
field of research and development encompassing chemistry, physics, materials
engineering and even biology. At the core of this field is the interesting interplay of
the rn-electronic structure in conjugated carbon chains with their chemical nature
which has led to the realization of fascinating electronic devices such as organic light-

emitting diodes?, organic field effect transistors* and organic solar cells®.

Organic semiconductors benefit from their ability to be processed from a solution
phase at relatively low temperatures in the form of layers/thin films for electronic
devicesS. The ability to deposit organic semiconductors using conventional printing
methods has also attracted interest in them. Organic electronic devices are not
designed to replace conventional silicon-based technology, but can offer
complementary manufacturing and form-factor options to suit applications where the
use of silicon is not possible. Two demonstrated examples of such applications are
large area displays based on organic light emitting diodes (OLEDs) like LG’s 77-inch
Ultra HD curved OLED TV7 and flexible electronic skin meshed with embedded

sensors and actuatorsS.

This chapter gives a brief introduction to the nature of organic semiconductors
and fundamental topics of material and device characteristics which are used to realize
novel and complex device architectures for integrated electronics. The choice of topics
introduced are particularly relevant to the results and discussions in the following

chapters.

1.2 Organic Semiconductors

Organic semiconductors comprise a class of carbon-based molecules and polymers

with alternating double bonds. Of prime importance to the performance of organic
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semiconductors is their property of n-conjugation which characterizes these materials.
They are essentially formed by carbon atoms which are sp*hybridized having the sp*
orbitals in a trigonal planar configuration with the pz-orbitals perpendicular to the
plane. Such a configuration forms a conjugated system with delocalized n-electrons
due to resonating alternate double (o + ) and single bonds (o) in the molecule. The
conjugation planarizes the molecule, which allows delocalization of n/n*-states over
many carbon atoms. The symmetric (n) configuration is stabilized by significant
electron density present between neighboring carbon atoms as opposed to the anti-
symmetric (n*) one. Consider a simple two-carbon system. From molecular orbital
theory, the two unpaired 2p, electrons occupy the two spin-allowed & states as it is a
stable configuration, leaving the n* states unoccupied above a forbidden energy gap
E,: the difference between the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) which is analogous to the bandgap in a
crystalline material. sp®hybridised molecules can therefore act as semiconductors and
the HOMO and LUMO levels are but the bonding and anti-bonding orbitals of the -

conjugated cloud. The scheme of molecular orbital formation is shown in Figure 1.1.

o+

7 - bond T+

p,_T_ —T- P,
ot TR

ot

Plane of the
sp2 -orbitals
n-bond

o+

Figure 1.1: Molecular bond and orbital formation scheme in conjugated systems.

Although the bonds along the polymer chain are covalent, multiple chains are
linked only by weak Van der Waal’s forces. As a result, three-dimensional long-range
order is seldom observed although they can be crystalline over a short range (semi-
crystalline polymers). This categorizes polymer semiconductors as disordered

materials and any perturbation along the conjugation of the polymer backbone
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changes the HOMO and LUMO levels locally. Localization of states due to this
disorder generates a set of energy levels (as opposed to a continuum in inorganic
semiconductors) close enough to each other and tailing into the bandgap energies (trap

sites) to facilitate charge carrier hopping between them at ambient temperatures.

Various approaches have been suggested to explain the hopping nature of charge
transport in polymeric materials. These transport models can be classified as
microscopic transport models which consider atomic levels with first principle
modeling and the macroscopic transport models where the device parameters can be

directly mapped.

1. q=0, s=0

VAV AV aN 4

LUMO
HOMO

2. q=+1,s=1/2

NSNS
NN N NS

3. q=2, s=0
4 ®

VAVA YA YAV
®

i GliN 81

Figure 1.2: Types of polarons along with their spin state and charge

The widely accepted microscopic model is based on the motion of charges through
trap sites with the assistance of the molecular distortion (phonon) within the
conjugated framework!:29:10, When the electronic transfer energy is small, a localized
charge carrier can cause a significant displacement of its surrounding atoms from their
equilibrium positions. The displacement of the surrounding atoms creates a potential
well in which the localized charge carrier gets ‘self-trapped’. Such a composite

quasiparticle self-trapped charge carrier when taken together with the polarization
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cloud that its presence induces on its surrounding can be defined as a polaron!l-13,
The strength of the electron-phonon coupling decides the radius of the polaron and
the activation energy required for the charge to hop. The presence of polarons creates
additional levels symmetrical to the Fermi level. Typical energy levels and types of
polarons are shown in Figure 1.2. The location of the energy levels is dependent on
the length of the polymer chain and the transition between the polaronic levels is
governed by selection rules which require parity transformation. Polarons were first
modeled by Holstein in a simplistic 1D molecular crystall4 and the presence of polarons
is evident from experiments involving electron spin resonance and transient

absorption!?:16,
1.2.1 p-type Semiconductors

1.2.1.1 P3HT
P3HT belongs to the group of alkyl-substituted poly-thiophene, commonly

known as poly(3-alkyl-thiophene) (P3AT) which has been a model system for polymer
electronics. The chemical structure of P3HT is shown in Figure 1.3. Based on the
position of the alkyl chains in consecutive thiophene units, the polymer chains can be
categorized into different conformations: head-to-head (HH) or head-to-tail (HT) or
tail-to-tail (TT) combinations which yield different conjugation lengths and hence
charge transport properties'?. Poly alkyl thiophenes can also be categorized as regio-
random polymers which have randomly distributed conformations and regio-regular
polymers containing only one of the conformations. Typically, field-effect transistor
(FET) mobility (urer) increases with increase in the degree of regio-regularity which
is highly desired and falls by orders of magnitude for regio-random films!®19. The
HOMO level of P3HT being -5.2 eV w.r.t the vacuum level gives it a p-type character
for an active layer material in FETs. It has a bandgap of 2.1 eV, making it a visible-
range absorber (7300-600 nm) and is widely used as a donor material for photovoltaic

and photoconductive device applications.
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1.2.1.2 PBDTTT-C-T

The commercially available benzodithiophene co-polymer with thienothiophene
polymer known as poly[4,8-bis-(2-ethylhexyloxy)-benzo[1,2-b:4,5-b’|dithiophene-2,6-
diyl-alt-4-(2-ethylhexyloxy-1-one)thieno[3,4-b|thiophene-2-yl)-2-ethylhexan-1-one|
(PBDTTT-C-T)?° is used extensively as a low bandgap p-type amorphous
semiconductor for bulk heterojunction (BHJ) based photodiodes (Figure 1.3). The low
bandgap is achieved by donor-acceptor co-polymerization for better solar spectral
matching. In the donor-acceptor co-polymer approach, the electron-rich monomers
and electron-deficient monomers are fused alternately along the backbone of the
polymer. The quinodal form is stabilized along the alternating structure of monomers
due to the charge-separated resonance structure. This approach offers to tune
individually the HOMO and LUMO level of the polymer because of their different
locations on the polymer-backbone. It was shown that, the LUMO level is observed
to be exclusively on the acceptor unit whereas the HOMO level is more delocalized
but predominantly observed on the donor unit?!. The bandgap of PBDTTT-C-T is
measured to be ~ 1.58 eV and its absorption extends to the near infrared region (7800
nm) making it a highly desirable material for photovoltaic and photoconductive

devices.
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Figure 1.3: Chemical structures of semiconducting p-type polymers and n-type

PC71BM used in this thesis.
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1.2.1.3 PBTOR

Polymer chain conjugation length and co-planarity plays a critical role in
enhancing the charge transport properties?2. One of the strategies to enhance the co-
planarity of the conjugated core is by using secondary forces like Van der Waals
interactions to obtain a rigid structure?s. Understanding these effects, the polymer
with repeat unit 4,4’-dialkoxy-5,5"-bithiazole (BtzOR) is designed. This polymer takes
advantage of secondary forces like the S(thiazolyl)---O(alkoxy) originating from the
intramolecular interactions to obtain extended m-7 conjugation and high crystallinity.
XRD measurements performed on the polymer films demonstrate lamellar packing
with diffraction pattern corresponding to the backbone length and -z stacking. The
higher degree of crystallinity can also be attributed to the backbone co-planarity
induced by the C—H---H—C repulsions between the phthalimide and thiazole units
(Figure 1.3) which ultimately enhances carrier mobility?®. Typical absorption
spectrum of the polymer indicates a broad absorption throughout the visible region
with optical band-gap of 1.6 eV. PBTOR was procured from Polyera Activink Inc.
and its unique chain arrangement enables high mobility (up to 2 cm?/V.s) in an FET

device?4.

1.2.104 DPP_DTT
Diketopyrrolo-pyrrole-dithiophene-thienothiophene (DPP-DTT) also follows

the donor-acceptor copolymer approach as explained above to obtain a bandgap of
1.3 eV. A copolymer comprising both 1,4-diketopyrrolo[3,4-c|pyrrole (DPP) and
thieno|3,2-b|thiophene (TT) is synthesized to have large intermolecular overlapping
through n—n stacking. The electron-donating T'T and the electron-accepting DPP also
strengthen intermolecular interactions through the donor-acceptor interaction to
shorten the distance between polymer chains which result in more crystalline
structures, both of which would facilitate charge carrier transport. 2D x-ray
diffractometry measurements of a stack of polymer thin films revealed that this

polymer formed a lamellar crystalline structure in the thin film with an edge-on
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stacking which isolates the conjugated core from the dielectric in an FET device?.

This polymer chain alignment is ideal for obtaining large prpras high as 10 cm?/V.s%.
1.2.2 n-type Semiconductors

1.2.2.1 PCBM

Fullerene derivatives have been used as electron acceptors since the earliest
reports on organic photovoltaics. Among these, [6, 6]-phenyl C61-butyric acid methyl
ester (PCgBM)?" has been used most widely, with its variant [6, 6]-phenyl C71-butyric
acid methyl ester (PC7;1BM)?® showing enhanced optical absorption and device
characteristics. The main characteristics which make them ideal as acceptors in BHJ
devices is their ability to form a favourable nanoscale morphology forming a
continuous network with the donor polymers in the films, 3D nature of the molecule
for ultra-fast charge extraction and a low-lying LUMO level (E; =-2.2 eV) which

enables energy level alignment in a BHJ based photodiode configuration.

1.3 Organic Dielectric Materials
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\C \C ]/b
/\ /\
HH FH
PVDF PTFE

poly(vinylidenefluoride-co-
trifluoroethylene) PVDF-TTFE (k~10-15) divinyltetramethyldisiloxane-
bis(benzocyclobutene) BCB (k~2.6)

Figure 1.4: Commonly used polymer dielectrics

Polymers which do not exhibit conjugation (hence, no electron delocalization)
are inherently insulating materials. Several classics examples such as teflon,

polyethylene and polyester can be recalled gauging the impact they have in the
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industrial and consumer market today. They are also indispensable in the
microelectronics industry and their uses vary depending upon the dielectric constant
of the material. The class of organic materials with € > 2.5 are extremely useful as
dielectrics in metal-insulator FETs or MISFETSs. Dielectrics classified as high-k and
low-k in effect are cast as layers to isolate the metal gate from the semiconductor. The
value of ¢ is determined by the polarization strength of an atomic dipole in the
polymer backbone and the polymer chain conformation. In a PFET, charge
accumulation /inversion and subsequently charge transport in the semiconductor
occurs in a narrow channel (3-4 nm) close to the semiconductor-dielectric interface
because of molecular dipole polarization in the dielectric as effected by the gate. A list
of commonly used low-k and high-k dielectrics are shown in Figure 1.4. The class of
organic dielectrics have since emerged not only as thin film polymers but also as self-
assembled monolayers (SAMs), molecular dielectrics and hybrids which consist of a
bilayer of inorganic and organic dielectrics. Compared to SiOs, an organic dielectric
interface with an organic semiconductor minimizes charge trapping and improves the
overall mobility of the FET%. As seen with most organic materials, the ability to
process them at low temperatures on varied substrate form factors also makes organic

dielectrics attractive for use in FETs.

1.3.1 Ferroelectric Dielectrics

Ferroelectric (FE) polymers are a unique class of dielectrics whose nature of
ferroelectricity arises from chain conformations rather than ionic-crystal nature as
seen in ceramic/inorganic ferroelectric materials. FE materials possess a polar
structure which enables spontaneous polarization. This gives rise to high values of €
which also makes them useful as dielectrics for FETs. In this class of dielectrics, PVDF
and its copolymers are well-known semi-crystalline polymers with a degree of
crystallinity that can range from 45% to 60% and exhibit strong electromechanical
properties. PVDF is a linear chain polymer that has a permanent electric dipole
30,31

moment approximately perpendicular to the direction of the chain (Figure 1.5(a))

The dipoles are due to the difference in electronegativity between the atoms of
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hydrogen and fluorine with respect to carbon3*33. It is capable of crystallizing in
several phases (o, B, y and 8) and morphologies depending on the processing
conditions?! of which the  phase or the all-trans phase is known to exhibit the highest
FE and piezoelectric properties. In pure PVDF, an ordered 3 phase is obtained by
either thermal annealing, mechanical rolling, stretching3® or application of a very
strong electric field6. A simpler method to ensure ferroelectricity is by introducing a
copolymer structure with varying ratios of trifluoroethylene (TrFE) to PVDF.
P(VDF-TrFE) readily crystallizes into the 3 phase upon casting from solution and
annealing it between the Curie transition temperature (T.) and the melting

temperature (Ty,)37.

a) Front View Side View b) FF.|RF
P(VDF-TrFE) (FE)
a F b
M a-PVDF (PE)
FFI
FF

P(VDF-HFP) (r-PE)

Figure 1.5: a) all-trans conformation showing permanent electric dipoles of P(VDF-
TrFE) which gives rise of FE behavior?®, and b) three copolymers of PVDF which can

be structurally modified to exhibit FE/PE behavior.

In semi-crystalline P(VDF-TrFE), the B phase is responsible for FE whereas the
amorphous region does not contribute significantly. Therefore, FE is intimately
dependent upon both the crystal structure and the crystalline-amorphous interaction
(or the nanoconfinement effect3?). The free volume available in the disordered regions
of the polymer matrix can be utilized to study the dependence of the FE property of
P(VDF-TrFE) on its structural composition. P(VDF-TrFE) composites consisting of
a small molecule or polymer secondary component have been studied widely to

enhance the dielectric constant as well as the ferroelectric response of the polymer40-41,
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When a homogenous blend of P(VDF-TrFE) and a small molecule is cast into a film,
the ensuing thermodynamic and free volume conditions enable the small molecules to
get distributed in the amorphous regions upon annealing the cast film. Based on the
concentration of the small molecule used, the inter-dependence of the local electric
field of the P(VDF-TrFE) grains on the additive molecules?? and the lamellar
organization of the polymer chains®® can be evaluated for enhanced electrical
characteristics. Recently, novel ferroelectric behaviors have also emerged for P(VDEF-
TrFE) and its copolymers which has resulted in huge enhancement in its dielectric
constant and electrostrictive properties*** which enables more efficient electric energy
storage*647 and makes them attractive for novel applications such as electrocaloric
cooling®®49. Apart from the broad FE hysteresis loops (Figure 1.6(a)), narrow single
(Figure 1.6(b)) and double (Figure 1.6(c)) hysteresis loop behaviors have been
obtained by tuning the structure and degree of crystallinity.

In summary, P(VDF-TrFE) being the only high-k polymer dielectric provides an
interesting morphology to study several phenomena which have resulted in high
performing polymer FETSs, transducers and memory devices.

Increasnng dlelectnc nonlinearity

c P p »

AL =

Increasing domain size and cooperativeness

ferroelectric relaxor dipolar glass dielectric

TTTTTTTTTTTTTTT

Figure 1.6: Illustrations of hysteresis loops for (A) normal FE, (B)
paraelectric/dipolar glass/relaxor FE, (C) antiferroelectric, and (D) normal dielectric.
From (D) to (A) the dielectric nonlinearity gradually increases. The bottom panel

illustrates ferroelectric domain structures of (E) normal FE, (F) relaxor FE, (G)
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dipolar glass, and (H) dielectric polymers. From (H) to (E) the domain size gradually

increases. Reproduced with permission®Y.

1.3.2 Dielectric Constant as a Complex Quantity

The dielectric constant (¢) which classifies insulators relates directly to the
permittivity of the material. It expresses the ability of a material to polarize in
response to an externally applied electric field. Physically it means, the greater the
polarization in a material in an applied field of given strength, the greater the e.
During the polarization process, the system also undergoes macroscopic changes. This
behavior is described by relaxation—the phenomenon related to the time taken for
recovery of the equilibrium state within a system after removing an external
perturbation. It is associated with a time constant T which in dielectric systems is
related to the relaxation of the oriented dipoles when the AC field is removed.
However, the orientational motion (or the resistance to motion) of the dipoles also
gives rise to an internal friction resulting in dielectric-energy losses. The loss gives an
estimate of the breakdown of the material beyond which the current through the
dielectric exponentially rises. The dielectric constant (e;(w)) is a complex quantity
with the magnitude expressed by the real part (€,(w)) and the energy loss in the

material expressed as the imaginary part (&, (w)).
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Figure 1.7: a) Representation of a C(f) curve showing capacitance of a thin film
dielectric w.r.t frequency. The right y-axis shows the loss tangent as a function of

frequency, and b) Cole-Cole plot description.
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€ as a function of frequency can be obtained by measuring a material’s parallel
plate capacitance at varying frequencies. The relation of capacitance with ¢ is given

in equations 1.1-1.3.

& () = er(w) — igy(w) (1.1)

&(w) = Cg‘)) where Cy = % (1.2)
0

g (w) = &.(w)tand (1.3)

Capacitors using organic dielectrics are generally fabricated by sandwiching a thin
film of the dielectric material between two metal electrodes. Figure 1.6(a) shows a
representative capacitance vs. frequency curve along with the loss tangent. The energy
losses in the system given by tand increase with frequency due to the inability of the
dipoles to orient at high AC fields. For small AC signal amplitudes (730 mV), the
magnitude of the output signal (C(®)) and conductance (G(o)) is directly proportional

to the € and &” respectively.

1.3.3 Dielectric Spectroscopy

The evolution of the charge storage distribution in dielectric materials: in other
words, the evolution of the materials’ polarization (P) when subjected to an external
electric field or once this electric field has been removed can be studied by Dielectric
Spectroscopy (DS). From the values of € and €”, the characteristic relaxation time(s)

can be extracted. Temperature dependent studies reveal a thermally-activated
behavior T = Toexp(%) where, AE, is the activation energy of the process. Magnitude

of AE, yields significant information of the molecular relaxation processes in the

dielectric.

Figure 1.7(b) illustrates a simple schematic of the Cole-Cole plot obtained from
a DS measurement. The theoretical basis of DS in its simplest form can be explained
by Debye’s theory®2, It assumes a system of non-interacting fluctuating dipoles
whose relaxation (decay) function is exponential in nature once the electric field is

removed. The dielectric dispersion for such a system is given by equation 1.4 below.
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Ers ~ Eren (1.4)

g (W) =0 + -
r(w) =& 1+ iwt

where, the real and imaginary parts are, respectively,

Ers T &roo
s;(a)) = & T —11':_ w2;2 <15)
g — &
eh(w) = e (1.6)

T+w2e2?’

& is the static-asymptotic, low frequency-permittivity, €., is the high frequency limit
and T refers to a single relaxation time. When &].(w) is plotted against &,(w), the locus
of points traces a perfect semicircle with the maximum corresponding to wt = 1. The
Debye theory can explain the molecular relaxations of small molecules which do not
contain bulky side groups or intermolecular interacting side chains®. When long-chain
polymers such as shown in Figure 1.4 are considered, several relaxation phenomena
have been observed®56 which are associated with multiple relaxation times. For
example, a schematic of the a, § and y relaxations of PMMA is shown in Figure 1.8
which involves polymer backbone (a), side-chain () and C-C bond (y) relaxations
which occur at different temperatures and time-scales. A temperature dependence of
¢ and €’ at different frequencies yields characteristic peaks which can be traced to

phase transitions associated with the respective relaxation phenomena.
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Figure 1.8: Relaxation phenomena in PMMA. Reproduced with permission from 5°.

Such systems deviate from the semi-circle plot and are defined by a more general

Havriliak-Negami equation (1.7)57
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&rs ~ &roo (1.7)
* [1+ (iwt)1~*]8

The parameters o and B (o > 0, 3 < 1) are related to the distribution of relaxation
times. The Debye (o =0, B = 1, a semicircle plot) and the Cole —Davidson (0 < a <
1, B =1, a circular arc plot) expressions are special cases of the Havriliak—Negami

relation.

1.3.4 The Dielectric-Semiconductor Interface

The morphological homogeneity and molecular nature of the organic dielectric
is of fundamental interest to realize high performance PFET devices. Since charge
transport in the PFET occurs within 3-4 nm in the semiconductor at the dielectric-
semiconductor interface, obtaining an optimum interface between the dielectric and
the semiconductor is critical. The interaction between the semiconductor and the
dielectric is mainly Van der Waal’s in nature. It has been observed that the polarity
of the dielectric layer affects the density of states (DOS) in the semiconductor®®. The
surface bonds of a polar dielectric constitute random dipoles which lead to broadening
of the DOS at the interface. This leads to increase in interfacial disorder which hinders
charge transport and it is observed that ppgr o 1/¢¥*. Thus, dipolar induced
broadening of DOS is related to the nature of the dielectric material and not on the
dielectric constant alone®. Several approaches have been studied to isolate the
conjugated semiconductor core from the dielectric such as developing new active
materials®® and by introducing self-assembled monolayers at the interfacef2-64,
Nevertheless, efficient charge transport affects the operation voltage, saturation
current, speed of response and device stability of PFETs?%. A combination of strategies

must be utilized to obtain an optimum transport interface for high performing PFETs.
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1.4 Organic Field Effect Transistor

Organic Semiconductor

Insulator

Glass substrate

Figure 1.9: Schematic of a bottom-gate top-contact organic FET

Charge carrier mobility of semiconducting polymers and small organic molecules
is obtained using the FET geometry565, Figure 1.9 shows the schematic of a typical
bottom-gate top-contact FET, the architecture used throughout this thesis. The
organic semiconductor layer is electrically insulated from the gate by a polymer or
oxide insulator. On application of a voltage at the gate electrode, a conductive channel
is created at the interface between the organic semiconductor and the gate dielectric.
Under the influence of both a source-drain and gate bias, charge carriers follow the
course marked by the white line in Figure 1.9. It is of significance to stress that organic
semiconductors work in an accumulation mode, where the channel of charge carriers
formed at the interface under a gate field are injected from the metal source and drain
electrodes. Unlike MOSFETSs, organic FETSs do not work in an inversion mode owing
to the absence of band transport and favorable band bending at the metal-
semiconductor interface. The presence of traps at the interface hinders free flow of
charges which results in selective carrier trapping and thus an absence of inversion%.
The source and drain injectors in organic FETSs are normally chosen depending on
their Fermi level and how closely it matches with either the LUMO or the HOMO
level of the semiconductor. If the Fermi level of the metal is close to the HOMO level

of the organic semiconductor, holes can be injected into the organic semiconductor
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with ease. If the Fermi level of the metal is close to the LUMO level of the organic
semiconductor, electrons can be injected with ease. If the organic semiconductor has
a narrow band-gap and the work-function of the electrodes lies midway between the
HOMO and the LUMO, both electrons and holes can be injected into the organic
semiconductor depending on the polarity of the gate voltage and the source-drain
voltage and the barriers associated. Ambipolarity of polymer FETSs thus boils down
to having a narrow band-gap, ~1 eV, with an optimally chosen work-function of the
source and drain electrodes®’.

The current-voltage characteristics of organic FETSs are analyzed using the same
formalism that governs charge transport in conventional MOSFETSs based on silicon.
As shown in Figure 1.10(a), when the transverse gate electric field Vg is much larger
than the longitudinal source-drain field (Vps), the accumulated carrier concentration
at the interface can be considered uniform. This requires the channel length to be
much larger compared to the insulator thickness which is referred as gradual channel
approximation. A typical channel length should be about four times the dielectric
thickness for observation of proper saturation behaviorf8. This is called the triode
regime, where the current is directly proportional to the source-drain (S-D) voltage.
In this so called linear regime, from the gradual channel approximation, the current

through the channel is given by

IDS,lin = % (Ves = Vr)Vps ( )

where, W is the channel width, L is the channel length, C; is the area-normalized
dielectric capacitance, 1y, is the linear regime mobility and V is the threshold voltage
of the device. It is customary to apply voltages Vgs and Vpg with reference to the
source that is kept common (ground). The threshold voltage V1 accounts for the onset
of charge accumulation in the channel. When the applied gate voltage Vgs — Vr is
equal to Vpg, the effective voltage between the gate and channel at the drain is zero
thus implying zero charge density at this point. The voltage at the source on the other

hand is maximum within the channel, thus ensuring the highest charge accumulation
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there. The point of zero accumulation of charge carrier density is called the pinch-off

point shown as P in Figure 1.10(b).

Vps << Vgs - Vr Iss

Vgs>Vr /
Vbs
Vs =Vas - Vr Ips
Il')sat - =
Vas™> Vr 1
1
1
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Vbs > Vgs - Vr
IDsar - - -
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Figure 1.10: Charge distribution within an FET channel under different operating
regimes of the device. (a) the linear regime, (b) at the start of saturation, i.e., pinch-

off, and (c) the saturation regime.

As long as the applied Vps is larger than Vgs — V7, the channel remains
pinched-off and the current within the channel remains constant. This transport
regime is called the saturation regime. Typical Ipg vs Vpg characteristics measured
under the above circumstances are shown as accompanying figures on the right-hand

column of Figure 1.10. In saturation, the current through the channel is given by

W tsa: Ci 1.9
IDS,sat = % (Ves — VT)Z ( )

In most disordered materials, charge carriers do not move in delocalized energy bands
as Bloch waves. Rather, owing to the presence of disorder, they hop between localized
sites with an average energy known as the activation energy. Among other parameters,

the magnitude of the activation energy is an important metric in ascertaining the
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nature of charge transport within an organic semiconductor. The mobility derived
from FETs can be measured at various temperatures to extract the activation energy

responsible for charge transport.

1.5 Other Organic Transistor Architectures

Printable coplanar PFETSs can be fabricated with channel lengths of up to 20
pm. Following standard thin-film transistor theory%, as seen from the previous
section, the performance of PFETs largely depends on transistor geometry and
material parameters, in particular the channel length L. and the charge carrier mobility
u. The saturation current increases linearly with the ratio p/L and the transit
frequency scales with p/L? /. Much progress has been made in developing novel
organic semiconductors with charge carrier mobilities above 5 ¢cm?/V.s™72 with the
highest mobility so far measured in a thin-film transistor reported by Yuan et. al.
(average mobility of 25 c¢m?/V.s)™. Still, this mobility is significantly lower than
charge carrier mobility in silicon—by a factor of approximately 18 compared to the
hole mobility of silicon and by a factor of 56 compared to the electron mobility. Besides
the comparatively low charge carrier mobility, PFETSs are severely limited by their
large channel length. Downscaling the channel length of PFETs into the 100 nm
regime, as usually done for silicon transistors, seems to be prohibitive considering that
organic electronics is a low-cost technology. Furthermore, contact resistances at the
source and drain hinder the improvement of device performance as a result of
downscaling”™. The combination of a low charge carrier mobility and large channel
lengths leads to low switching frequencies of PFETSs. Best organic circuits only reach
an operational frequency in the lower MHz range™, and often have to be operated at
several tens of volts to reach higher frequencies™, which is incompatible with modern
low-voltage device applications. Therefore, several forms of vertical FETs (VFETS)
that circumvent these issues have gained importance. Some of the novel device

architectures to realize high density FETs are shown in Figure 1.11.
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Figure 1.11: Alternate transistor architectures for high density and high-speed
applications. (a) organic Schottky barrier transistor (Reproduced with permission
from 70), (b) step-edge VFETs (Reproduced with permission from "), (c) organic static
induction transistors, (d) VFETs using porous frameworks of semiconductors
(Reproduced with permission from ™), and (e) vertical channel FETs (Reproduced

with permission from 7).

The underlying charge transport mechanism for most vertical transistors is by

space-charge current in the bulk of the semiconductor (equation 1.10).

2 Vo 1.10
]0n = 56067'”% [f(d! l! W)] ( )

where, f(d,l,w) is a function dependent on the geometrical parameters of the channel.
Since the ON current depends inversely on the length of the semiconducting channel,
thicknesses of the order of 100 nm which can be easily achieved by solution processing
improves J,, by >103 times as compared to conventional PFETs. However, a
combination of low temperature fabrication along with retaining the simplicity of
fabrication to obtain high density organic transistors remains a challenge and is the
central focus of many research studies. The mechanism of vertical conduction with

gate dependent behavior will be discussed in more detail in Chapter 5.
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1.6 Organic Photodiodes

Photodiodes are two-terminal architectures which typically consist of a
photoactive layer sandwiched between two metal electrodes and exhibit rectification
characteristics. Photodiodes are extremely useful for color imaging due to their light
response and are routinely fabricated as 1D and 2D arrays of image sensors80-82, Their
light sensing feature classifies them into two broad categories: broadband detectors
which are mostly utilized for image sensors and narrowband detectors more suitable
for sensing monochromatic light or a narrow range of wavelengths. Although silicon
dominates the market in visible light sensing and lead sulfide (PbS) detectors for the
infra-red (IR) region, they have many limitations such as poor mechanical flexibility,
cross-talk between neighboring pixels and wavelength purity to name a few that
restrict their application. The emergence of organic semiconductors as an alternative
photodiode material has opened the field of photodetection and imaging to a new set
of possibilities. They can be processed in vacuum, from solution or by commercial
techniques such as inkjet-printing® and spray coating®%. One of the major advantages
that has boosted research in organic photodiodes (OPDs) for image sensing is in the
capability of OPDs to control the spectral response without the need for color filters
or additional optics®>%6. Emergence of OPDs has been timely given the rise in demand
for new PD designs and pixel-cell architectures to serve applications outside
traditional digital camera technologies, e.g., in machine vision or the medical arena
such as large-area, flexible X-ray imagers or for endoscope-based imaging. The
properties of organic semiconductors used for OPDs in this thesis are explained in

Section 1.2.1 and the chemical structures are shown in Figure 1.3.

1.6.1 Device Operation

In OPDs, as with organic solar cells (OSCs), incident light photons are
absorbed as they travel through the organic semiconductor layer, provided they are
of equal or greater energy than the optical gap. Unlike OSCs which work in the
photovoltaic mode, OPDs can use an external electric field to assist free charge carrier

extraction (photoconductive mode). Since organic semiconductor materials are
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generally low dielectric constant media (static € ® 3-4), the excitation leads to the
formation of a neutral bound state called an exciton (essentially a bound electron-hole
pair) rather than free charges. The lack of direct separation of the exciton into free
charges is due to the weak screening of the Coulomb interaction of the generated
electron-hole pair. For this reason, the free charge generation quantum yield in a
homojunction (single material active layer) is low, which causes the maximum external
quantum efficiency (EQE) at short-circuit voltage (V = 0) to be =1% 87. Thus,
strategies to overcome the exciton binding energy, usually of the order of 0.3-0.5 eV,
i.e., >>kT at room temperature®®, are essential for high EQEs. The widely used and
successful approach to obtaining improved free charge generation in OPDs (as with
OSCs) is to combine an electron ‘donor’ (D) with an electron ‘acceptor’ (A) while
maintaining a D-A energy offset that is greater than the exciton binding energy to
enable electron or hole transfer®? (Figure 1.12). This has been achieved in two ways:
by forming a D/A planar heterojunction or a ‘bilayer’, or by mixing the donor and
acceptor in a blend to form a distributed heterojunction across the bulk of the thin
solid film (a bulk heterojunction (BHJ) layer)“2. However, the optimized thickness of
the active layers in the bilayer OPD is higher than the exciton diffusion length (usually
=10-20 nm). Consequently, the excitons’ recombination coefficient is higher which
results in low extraction and photocurrent. Therefore, BHJ based OPDs are more
widely used for photocurrent detection and optimization of device parameters like
thickness of the active layer, BHJ components and buffer layers can help realize
narrowband or broadband detection?:94, Strict requirements are applied to OPDs to
utilize/integrate them for photodetection. These are defined as figure of merit

parameters and are briefly outlined below.
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Figure 1.12: Photoexcitation of the electron a) donor and b) acceptor showing
exciton dissociation at the organic donor—acceptor interface in each case. Electron
affinity (EA) [often equated to the LUMO energy]|, and ionization potential (IP) [often
equated to the HOMO energy]. (a) to (c) electron transfer, and (b) to (c) hole transfer
are shown in the figure where ED(A)Pinding denotes the binding energy of the excitons.
These two charge generation pathways result in interfacial charge transfer (CT) states

(c) that dissociate to separated charges (d). Reproduced with permission from %.

1.6.2 EQE and Responsivity

The EQE also known as the incident photon-to-current efficiency (IPCE) of an
OPD is defined as the ratio of extracted electrons to the number of incident photons.
It is also very common to express the EQE in a more practical format: the responsivity
(R), which is essentially the ratio between the output current and the input light

power (units = Amperes/Watt (A/W)). The responsivity and EQE can be calculated

as R = Q';h and EQE = RT}W respectively. Jpn is the photocurrent density, Pj, is the

incident light power, e is elementary electron charge and hv is the energy of the

incident photon, respectively. Assuming a constant light source and therefore a fixed

number of photons per unit time, it is the photocurrent that determines the EQE.



Introduction 25

Thickness of the active layer strongly influences the EQE as it is directly related to
the mobility-lifetime product (nt) of charge carriers. However, a trade-off between the
dark current and EQE determines the optimized thickness to improve the OPD
performance?3%, Responsivity should not be confused with sensitivity, which refers to
the lowest detectable light level of a PD, which is related to the signal/noise (S/N)

ratio and is therefore heavily influenced by the detection bandwidth?”.

1.6.3 Dark Current and Noise

Dark current is primarily determined by the electronic properties of the device
such as trap densities, doping concentrations and work function of the electrodes®.
Organic semiconductors typically act as intrinsic semiconductors. Since their optical
gap is relatively large (>1.5 eV), the thermally generated free charge carrier density
is expected to be <10° cm™3. However, this ideal condition is never achieved and a
finite doping density of >101* ¢cm™ is often observed?:100. The actual dark current is
always larger than what is potentially predicted due to physical defects such as spikes
in the Indium Tin Oxide (ITO) substrate, cracks and dust particles, which decrease
the shunt resistance. One common way to decrease the dark current is to use thick
BHJ layers and good blocking buffer layers with which values as low as 109 A /cm?

have been achieved?4101,

Any current generated in the absence of light defines the noise signal. Noise
current, iyoise (in units of A), is the root mean square of the random fluctuations in
the dark current at a detection bandwidth, B. These fluctuations include shot noise,
which is due to the random arrival of quanta of the electric current, Poissonian-
distribution of electrons and thermal fluctuations in the charge density in the
semiconductor!?2. The experimentally measured noise current in OPDs is shown to be
frequency dependent?* and precise measurement of the 1/f noise has been employed

to obtain information about percolation pathways in disordered semiconductors!03:104,
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1.6.4 Specific Detectivity

The importance of noise current becomes clear while studying the signal to
noise ratio or the minimum detected signal of an OPD. Noise equivalent power (NEP)
is defined as the minimum signal obtained when S/N=1 and the measured electrical

bandwidth B=1. From the equation of responsivity, we can therefore, obtain the NEP

as i;’;’%. The reciprocal of the NEP is the detectivity, D. The detectivity can be

normalized to the square root of the device area, A, to obtain the specific detectivity

VA _ RVAB

- . To evaluate D* of an
NEP lnoise

with units of cm Hz!/2W™! or Jones (J) as D* =

OPD, the noise power spectral density must be quantified. D* can be increased by
either reducing the noise or by increasing the EQE as seen from the equation. Specific
detectivities as high as 10!3 J in the visible have been reported using organic

semiconductors by suppressing the dark current and employing hole blocking layers!0.

1.6.5 Linear Dynamic Range

The linear dynamic range (LDR) is the operational region of a
photodetector /sensor. It is expressed as the ratio of the maximum (Ijax) and minimum
detectable current (Inin), where Iy, is limited by the noise current of the

photodetector. For practical applications, the LDR must be linear which means that

the responsivity in this region is constant. The LDR is calculated as 2O*log1m—m and

max

defined as an order of magnitude of current over which the response is linear. At low
light intensities where the bimolecular recombination (i.e., when the recombination is
quadratically proportional to the carrier density) is negligible compared to charge
extraction, the photocurrent is linear with respect to the light intensity. After a certain
light intensity is reached, depending on the charge mobility of the active materials
and recombination rate coefficient, the photocurrent deviates from linearity and the
responsivity begins to decrease!®. This deviation is predominantly due to the
formation of space charges when the charge carrier concentration increases, resulting
in a lowering of the bimolecular lifetime with respect to the charge carrier transit

time!06:107. The lower current limit of the linearity range Iy, is theoretically inoise. TO
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improve the LDR, the noise level needs to be lowered to decrease Ijnin. Increasing the
space charge formation threshold will result in higher I,.x. In OPDs this has been
done by increasing the slower carrier mobilityl%6, decreasing the junction thickness!06,
minimizing the series resistance!%, and employing BHJ systems with suppressed

bimolecular recombination!97.

1.6.6 Speed of Response

The speed of response in an OPD is expressed as the time taken to extract the
photo-generated electron and hole carriers. For imaging applications, the
photodetector response should be fast enough to capture all levels of light variation in
the scene. The temporal bandwidth is a combination of two terms: bandwidth limited
by the transit time of the charge carriers and bandwidth limited by the RC time
constant. In OPDs, reducing the thickness of the active layer can effectively decrease
the carrier transit time as: t., = d?/uV, where, d is the thickness of the active layer,
1t charge carrier mobility and V the applied voltage. However, decreasing the thickness
also results in increasing the capacitance and therefore the RC time. In general, the
temporal bandwidth should be optimized by balancing the thickness, mobility and

applied voltage.

1.7 Integrated Organic Devices

The ease of layer by layer processing of organic materials at low temperatures
has enabled complex printed components of organic devices combining different classes
of devices to obtain printed radio frequency identification (RFID) tags, smart labels
and cards, smart packaging and sensors. The PFET forms the most basic driving
circuit component for digital applications due to its fundamental performance as a
switch which emphasizes its research towards low operating voltage, ambient stable
and printable PFETSs. Figure 1.13 shows some basic circuit components (single pixel)
for integrated circuit applications. Fabricating an (2D) array comprising several such

pixels enables serial /parallel addressing with in-pixel charge to voltage conversion with
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high signal to noise ratio. The image sensor pixel comprising of a PFET and OPD is

considered in detail in chapter 4.

Vob Vop Vi
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nFET I_ FET
(a) (b) (c)

Figure 1.13: a) OLED pixel, b) CMOS logic pixel and c¢) image sensor pixel showing
FET as the building block for digital technology.

1.8 Thesis Outline

The inherent property of facile fabrication and low cost of organic devices have
enabled their application in the niche area of flexible and disposable technology!08.
The present thesis comprises largely of experimental studies of three important device
systems. A brief introduction and discussion of device simulation is presented in
chapter 2. A comprehensive description of the different devices is obtained in chapters
3, 4 and 5. Chapter 6 summaries this thesis and discusses further studies along the

lines of the work presented.

In Chapter 3, two strategies to obtain a dielectric layer and a dielectric
semiconductor interface are studied for realizing PFETSs with low operating voltage,
high saturation current and high switching speeds. The first strategy combines the use
of self-assembled monolayers (SAMs) with high k oxides to form an ultra-thin hybrid
dielectric. The SAM reduces leakage through the oxide and provides a trap-free
interface with the organic semiconductor. In the second strategy, a new small molecule
organic dielectric is modified synthetically to obtain amorphous, thin films with low
leakage which are compatible for PFET fabrication. Novel properties of a composite
of the small molecule with high k P(VDF-TrFE) are studied to obtain trap-free
dielectric layers for PFETS.
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In Chapter 4, the characteristics and efficiency of the low power PFET are
studied by integrating it with an OPD for a pixel addressable optical sensor. The
integrated PFET-OPD structure operates at < 3 V and yields a reasonable light
dependence of up to four orders of incident power. The facile fabrication process of
organic layers also enabled us to realize a monolithic structure of the two components
which are vertically stacked. This quasi 3D structure reproduced the sensor’s light
response and the fundamental charge extraction dynamics are verified using a 2D

device simulation package Atlas by Silvaco, Inc.

Chapter 5 addresses the capability of organic transistors to be used in high
density and high-speed circuits. A vertical organic transistor configuration is realized
using a porous alumina membrane as a template to demonstrate massively parallel
organization (109 transistors/mm?) of connected three-terminal devices called the
organic nano-triode array (ONTA). 2D device simulation of a single pore showed
classical transistor operation for a pore dimension of 100 nm. Each pore in the array
is also addressable individually using a conducting cantilever which makes the ONTA

suitable for high density miniaturized integrated circuits.

Chapter 6 summarizes the results obtained and the major contributions to this
field. A brief outline of essential, possible as well as innovative studies which should

be pursued is also presented as the outlook of this thesis work.
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2.1 Introduction

Numerical simulations are a useful way to understand semiconductor device
operation especially where unconventional materials and complex fabrication processes
are involved. Under the broad term of technology computer-aided design (TCAD), 2D
finite-element based simulations have acquired mainstream importance to understand
concepts ranging from device physics to process flows. Numerical simulations in this
thesis were performed by a commercially available 2D device simulation package called
Atlas by Silvaco, Incl. The use of TCAD software for organic semiconductor devices
has only recently gained importance in research by incorporating organic materials
specific models for transport?3. Atlas is a materials’-based device simulator which
utilizes inputs defined for material specific parameters to solve for the electrical
characteristics of a device. Physically-based simulation is advantageous for two
important reasons. Firstly, it is almost always quicker and cheaper than performing
experiments. Secondly, it provides information that is difficult or impossible to
measure. As a result, the predictability of the output is not only realistic but also
insightful which provides a rulebook for fabricating complex device structures with
optimal performance. The drawback of a physically-based simulation is that all the
relevant physics need to be incorporated into the simulator implying that some
experimental data is required for accurate parameter extraction through simulation.
Moreover, numerical procedures must be implemented to solve the associated
semiconductor equations which requires prior know-how of the charge transport

processes in the material.

2.2 How a Device Simulator Works

A finite-element simulator calculates a set of physical equations in a user-defined
device structure, which is approximated to a 2D mesh (or grid). In Figure 2.1, the
function of this type of simulator is illustrated by specifying the information required
to run a simulation, and the results obtained for analysis and design. The device

dimensions are first specified by the user and the entire device area in the x and y
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directions is divided into a grid which consists of a node, mesh and interpolation line.
The result of such a division enables the physical equations to be solved at each node
point with an interpolation formula to incorporate the dependence of the neighboring
points. The mesh size is controlled by the user and finer meshes yield higher accuracy
for the desired spatial distributions of charges/dopants in a material or for extremely

thin layers of materials.
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1 1
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Figure 2.1: Illustration of the working principle and flow of the 2D device simulator.

2.3 Building a Simulation Code

2.3.1 Defining a Mesh

A device simulation by the finite-element method begins with the construction
of a mesh which approximates a geometric domain. The mesh discretizes the entire
device structure to solve the semiconductor equations. Figure 2.2(a) shows an example
2D output file from Atlas and Figure 2.2(b) is a simplified illustration of the mesh
structure. As the figure suggests, the mesh consists of finely interconnected lines
forming equilateral triangles. Each node point is attributed with the material

parameters and exact solutions are obtained by solving equations which describe the
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attributes. Using a fine mesh that contains very closely-defined lines results in more
reliable results because it approximates a real continuous medium well. However, the
simulation time gets longer as the number of cross-section points is increased.
Therefore, it is reasonable to define a high-resolution (fine) mesh only within the most
important regions where the analysis is to be made, with a relatively coarse mesh
elsewhere. An example of this principle of making use of a non-uniform mesh in Atlas,
with a significantly improved accuracy at metal /semiconductor interfaces is illustrated
in Figure 2.2(a). Atlas provides exact solutions at each node defined by the grid lines,
and also calculates interpolation values along the diagonals. A maximum allowed node

limit of 106 is capable in Atlas, which is large enough in most cases.

| am
ARO3

p3ht
Vacuum MeSh
Gold
Aluminum
o 10 20 30 40 50 60 70 80
— ° Node

/ Interpolation

Figure 2.2: a) Non-uniform mesh layout of a typical PFET as defined at the start of

the simulation, b) illustration of the mesh layout for better understanding.

2.3.2 Material and Region Specifications

Once the mesh is specified, every region is defined by the material parameters.
After X and Y dimensions are assigned, region and material specifications include
type: metal, semiconductor or insulator, dopant concentrations, permittivity, electron

affinity, bandgap and density of states. Every material belongs to a class provided in
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the Atlas database. However, user defined materials can also be defined by using an
appropriate syntax. Apart from specifying semiconductor and insulator layers,

electrodes are also specified accordingly.

Boundary conditions are specified as contacts which can be Ohmic or Schottky.
By specifying the workfunction of the metal, the contact is simply defined as Ohmic
or Schottky relative to the semiconductor HOMO/LUMO level. Voltage and current
boundary conditions can also be specified when ground and floating contacts,
respectively, are specified. Organic materials are generally un-doped materials,
however unintentional doping during device processing has been shown to change the
device performance?. In this thesis, unless otherwise specified, all the simulations have

been done without considering any dopant profiles.

Another important factor to consider while defining organic layers is the
presence of defect levels mostly in the sub-bandgap energies. The lack of crystallinity
in molecular solids such as polymeric semiconductors gives rise to significant disorder
in these materials. The disorder materializes as a set of discrete energy levels in the
bandgap, which is the primary cause for hopping type transport in the class of
amorphous semiconductors®. In the hopping regime, charge transport is thermally
activated within the manifold of the discrete trap levels. These trap levels generally
have a distribution in the form of an exponential, gaussian or a combination of the
two functions which has been the center of study by many research groupsf®. The
output current of a device is strongly affected by the hopping transport and therefore,
it is extremely important to define the trap densities during simulation. All
simulations performed in this thesis include an exponential DOS from the
LUMO/HOMO band edge and an illustration of a typical distribution is shown in
Figure 2.3(a) and (b).
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Figure 2.3: a) Illustration of exponential and Gaussian distribution of DOS for a
disordered semiconductor, b) difference between discrete energy levels versus the

continuum, and ¢) the exponential DOS modeled in Atlas for organic semiconductors.

The total DOS distribution is given by ¢gp(E) and is composed of a donor-like band
DOS. One of the primary models for organic defects? is defined for the defects which
have a characteristic trap temperature given by T, Hgis the donor trap DOS and
Ey signifies the HOMO band edge which is defined at E=0 eV. The trapped state

concentrations for holes depends on the donor probability of occupation fip(E, n, p)

and the DOS distribution gp, and is given by: pp = fEECV 9p(E).f: p(E,n,p)dE.

2.3.3 Physical Models for Organic Semiconductors

Extensive studies in device physics have resulted in a mathematical model that

operates on any semiconductor devicel. The model consists of a set of fundamental
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equations which link together the electrostatic potential and the carrier densities
within a simulation domain. These equations, which are solved inside any general-
purpose device simulator consist of Poisson’s equation, the continuity equations and
the transport equations as shown below. The Poisson’s equation relates variations in
electrostatic potential to local charge densities. The continuity and the transport
equations describe the way the electron and hole densities evolve as a result of
transport processes, generation processes, and recombination processes. Upon this, a
wide variety of models based on the material characteristics should be incorporated

during simulation for calculating the steady-state solutions of the device.

Jn = qnu,F + qD,Vn

]p = qupF + quVp

on 1

T =5V.]n+6n—Rn
dp 1

Frin —EV.]p + G, — Ry

V. (€& VV) = —q(p —n+ Np — Ny)

The simplest model for charge transport is the Drift-Diffusion Modelll. This
model is simple and reliable in the sense that it does not introduce any independent
variables in addition to potential and charge carrier concentrations n and p. Until
recently, the drift-diffusion model was adequate for nearly all devices that were
technologically feasible. However, it should be noted that, with decreasing feature
sizes, quantum effects can start dominating thereby rendering the model inadequate.
Secondly, the emergence of new classes of materials such as organic semiconductors,
2D Van der Waals’ materials and semiconducting quantum dots to name a few have
proved the basic models to be significantly inadequate for charge transport. For a
time-dependent simulation, the displacement current is calculated along with the

steady-state drift-diffusion components and included in the structure and the output
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files. The expression for the displacement current is given by: J4; = € (%), where F is

the effective electric field in the system.

2.3.3.1 Poole-Frenkel Mobility Model

The Poole-Frenkel (PF) effect is explained as the lowering of the potential barrier
of an electron in an electronic solid such as the organic semiconductor or an insulator
in the presence of an external electric field!2. This phenomenon is especially seen in
disordered solids where the system is not described by free electrons moving in a self-
consistent periodic field of force, but simply as a system of neutral atoms to begin
with. When an atom is ionized, the electron moves freely in a surrounding medium
consisting of neutral polarizable atoms and in the field of the remaining positive ion.
Since this field is screened by the polarization of the surrounding atoms, the ionization
energy is decreased and is proportional to the dielectric constant of the surrounding
medium. In an external field, this energy is further decreased by a mechanism similar
to the Schottky effect in the thermionic emission from metals. The lowering of the
potential barrier is proportional to the square root of the external electric field and

the effective conductivity of the material as a result of this phenomenon is given as

o = gpexf(e3E/¢) Y2 /kT]. The observed field dependence can be incorporated into an

empirical relation for the hole or electron mobility of the form:

1N
(Eno - IBnEZ)
kBTneff

:unpf(E) = Hno €XP|—

N
(-]
keTpers

.uppf(E) = Upo €XP| —

where i, r(E)and p,,r(E) are the PF mobility for electrons and holes respectively,
Uno and py, are the zero-field mobility for electrons and holes respectively, and E is the

external electric field. E,p and E,gare the activation energy at zero electric field for
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electrons and holes respectively. B, and B, are electron and hole PF factor
respectively!314, Based on the majority charge carrier contribution the PF model can

be defined for electrons or holes or both.

2.3.3.2 Singlet and Triplet Exciton Generation

The primary process for generation of photocurrent in an organic photovoltaic
device is the generation of bound electron-hole pairs called excitons by absorption of
energy from the incoming optical electric field (wavelength > bandgap of
semiconductor). Once created, the exciton has a lifetime determined by rate of
recombination through radiative (governed by singlet excitons) or non-radiative
(governed by triplet excitons) decay or by dissociation into free charge carriers. Charge
collection is possible only by the dissociation of the exciton into free charge carriers.
The dissociation can be forced by an electric field or by interaction of the excitons
with interfaces, impurities, or defects where charge transfer can occur. The diffusion
range of the excitons is limited and only those excitons within a diffusion range of the
dissociation sites will contribute to the photocurrent. The remaining fraction of
excitons recombine via geminate or non-geminate pathways and is governed by the

Langevin recombination model which is described in the next section.

Importantly for OLED simulation, continuity equations for singlet and triplet
excitons can be solved individually along with the Poisson’s and charge-carrier
continuity equations to obtain the spatial and temporal distribution of excitons once
they are generatedl®. The exciton continuity equations use the Langevin
recombination term to include coefficients for radiative (r) and non-radiative (nr)
decay, intersystem crossing (ISC), triplet—triplet (T'T) annihilation, as well as singlet—
singlet (SS), singlet-triplet (ST), singlet-polaron (SP), and triplet—polaron (TP)
quenching mechanisms. Alternatively, where solar cell simulations are concerned,

exciton dissociation can be included by specifying the singlet dissociation fraction.

Atlas can solve self-consistently the singlet and triplet exciton continuity

equations along with the electron and hole drift-diffusion equations!6. The spatial and
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temporal singlet exciton densities are modeled and the equation also takes into account
the exciton decay lifetimel”. Once the exciton is generated, exciton dissociation needs
to be modeled to obtain the charge collection efficiency of organic devices. This process
is also governed by the Langevin model and considers the exciton binding energy and
the electron-hole separation distance. At any given time, the exciton distribution can
be obtained based on the charge generation model used. Some examples of the
implementation of this approach includes obtaining the external quantum efficiency

in organic solar cells!® and electroluminescent devices!?.

2.3.3.3 Langevin Recombination Model

In dual carrier devices, two major contributions to charge transport study are
the presence of recombination and charge neutralization processes. In molecular solids,
where charge transport is of a hopping nature, majority of the recombination events
proceeds on a time scale less than that of the geminate pair dissociation. This happens
because the mean-free path of the generated charges is of the order of the lattice
spacing and the exciton is of Frenkel type?02l. As a result, the bimolecular
recombination process is diffusion controlled as given by the Langevin model?2:23 and
follows the equation ]// U= e/ggo, where y is the bimolecular recombination rate
constant and p is the sum of the carrier mobilities. Main examples of this process are
trap-assisted recombination, non-geminate recombination and Auger recombination in

organic solar cells?4.

The Langevin model is used to account for the recombination of photo-generated
charge carriers in organic photodiodes. In Atlas, the Langevin model is defined by two

equations:

a) The Langevin recombination rate coefficient is given by:

qlun(E) + .up(E)]
£r&

r.(x,y,t) = A.LANGEVIN

b) The Langevin recombination rate is given by:

RL(n:p) = TL(X'Y' t) (Tlp - an)
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When enabled, the Langevin recombination rate is included in the recombination

terms in the carrier continuity equations.

2.3.4 Numerical Methods and Iteration Parameters

Different combinations of models require the simulator to solve up to a maximum
of six equations. Three generic numerical methods are present to converge to the
required solution based on the nature of the equations: (a) decoupled (Newton), (b)
fully coupled (Gummel) and (c¢) Block, which involves both the previous methods.
The Newton method solves for each unknown in turn keeping the other variables
constant, repeating the process until a stable solution is achieved. The Gummel
method solves the total system of unknowns together. The Block method solves some
equations fully coupled while others are de-coupled. All the methods used in Atlas
solve by self-consistent iterations which involve initial guesses and have to be chosen
based on convergence limitations?. Similarly, based on the convergence of a given
equation the number of iterations can be varied to obtain the best tolerance limit for

the solution.

2.3.5 Light Incidence

Simulations involving optoelectronic properties are solved by the Luminous
module in Atlas?6. It calculates the optical intensity profiles within the semiconductor
device. The intensity profiles are then converted into photogeneration rates, which are
directly integrated into the generation terms in the carrier continuity equations. The
optical source is modeled as a collimated beam either using ray optics or by finite-
difference-time-domain (FDTD) techniques. A transfer-matrix method (TMM) which
is one of the simplest ways to model the wave-front of electromagnetic radiation is
used in this thesis!8. A file comprising the intensity of photons for visible wavelengths
for AM 1.5 radiation is invoked via a function during the program to solve for the

photodiode response.
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2.3.6 Bias Conditions: Static and Transients

We calculate DC, small signal AC, and transient solutions for the simulated
devices. Obtaining solutions is similar to setting up parametric test equipment for
device tests. The voltages on each of the electrodes in the device is defined. Atlas then
calculates the current through each electrode. It also calculates spatial and temporal
internal quantities, such as carrier concentrations and electric fields which are difficult

or impossible to measure.

In all simulations, the device starts with zero bias on all electrodes. Solutions are

obtained by stepping the biases on electrodes from this initial equilibrium condition.

2.3.7 Reading the Output

Specific to Atlas, the solutions obtained at each voltage bias by solving the
semiconductor equations is saved in a *.log file. All the terminal semiconductor
characteristics such as J(V) and C(V) can be extracted and plotted in TonyPlot
(which is the inbuilt plotting software) from the *.log files. Atlas also stores structure
files (*.str) which saves the device structure with all its regions. The *.str file also
saves the spatial charge and field distribution characteristics along with user-defined

mesh and beam parameters.

2.4 Simulation of Organic Devices: An Example

In this thesis, two main semiconductor devices are considered, the polymer FET
(PFET) and the organic photodiode (OPD). As an example of compact numerical
simulation in Atlas, the standalone PFET and OPD are considered here before
simulating their integrated structure in the form of an image sensor pixel in Chapter
4. Subsequently, a new transistor architecture which is the vertical transistor is

simulated for its device characteristics in Chapter 5.

2.4.1 Polymer Field-Effect Transistor

A low voltage operating PFET has been studied in this thesis. The low voltage

operation is achieved by making use of high k dielectrics like alumina and hafnia in
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conjunction with a self-assembled monolayer which reduces leakage. P3HT is used as
the active layer for p-type charge transport. The device structure as simulated in Atlas
is shown in Figure 2.4(a). PF model for hopping transport is used in the simulation.

The region and model parameters are specified in Table 2.1.

Table 2.1: Simulation parameters for a PFET

Name of the parameter Value27:28
N¢, Ny of the P3HT layer 2.5x1019 cm3
Bandgap, affinity of the PSHT layer 1.9eV, 3.2eV
Zero field hole and electron mobility 4x104 cm?/V.s

Field dependent mobility parameter | 0.1 ¢cm?5 V-0-5
(hole and electron)

Characteristic trap temperature 600 K29

Total trap density 108 ¢m3
Permittivity of P3HT layer 3.3
Permittivity of SAM layer 3

Permittivity of Al,O3 layer 9.3
Poole-Frenkel Factor 4x104 cm?/V.s
Zero field activation energy 0.1eV

Figure 2.4(d) and 2.4(e) display the output and transfer characteristics
respectively of the simulated PFET. J(V) in the PFET is solved by gradual channel
approximation which is conventional for channel lengths ~60 pm. The spatial current
density is shown in Figure 2.4(b) at -5V (accumulation region of the PFET). The hole
concentration which is maximum at 2-3 nm close to the dielectric-semiconductor

interface as shown in Figure 2.4(c).
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Figure 2.4: a) The PFET structure, b) hole concentration and c) potential
distributions in the P3HT channel at Vag= -5 V, Vpg= -5 V, d) transfer characteristics
and e) output characteristics of the P3HT PFET.

2.4.2 Organic Photodiode

For the OPD, a 400 nm thick P3HT:PCBM bulk heterojunction blend is
considered as the active layer. A PEDOT:PSS buffer layer is used for hole carriers
and a ZnO buffer layer is chosen for electrons (Figure 2.5(a)). Langevin theory of
charge recombination is used to account for the process of formation of excitons to
dissociation into free charges. Suitable parameters for the PSHT:PCBM blend are
shown in Table 2.2. Simulating a BHJ in Atlas is done via a single layer which includes
properties of the hole and electron transporting materials. This is feasible since the

variation in the two materials processing parameters is minimal as they are cast from
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the same solution. Differences between P3HT and PCBM are only due to mobility

parameters which are added individually in the simulation.

Table 2.2: Simulation parameters for an OPD.

Langevin recombination

Name of the parameter Valuel6:30
N., Ny of the BHJ layer 1x102! ¢cm3
Bandgap, affinity of the BHJ layer 1.34 eV, 3.3 eV
Zero field hole and electron mobility 2.5x103, 3x10* cm?/V.s
Permittivity of the organic layer 3.3
Singlet diffusion length 20 nm
Exciton binding energy 0.28 eV
Singlet radiative decay lifetime 1020 s
Fraction of singlets formed during | 1.0

Singlet non-radiative decay constant

1.82694x106
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Figure 2.5: a) Structure of an OPD with PSHT:PCBM as the photoresponsive layer,

b) Dark and light J(V) characteristics of the OPD, c) charge carrier concentrations in

the BHJ after illumination, and d) Photon absorption rate in /cm3.s in the BHJ upon

illumination.



Device Simulations-Theory 53

Light is incident on the device from the ITO side. TMM for light propagation
through the different layers is utilized to take into account thickness dependent
parameters of the layers. The photon absorption rate shows an exponential
dependence in the BHJ layer with negligible absorption in the buffer layers. The
results of the simulation can be obtained as J(V) characteristics as shown in Figure
2.5(b). Several other parameters such as carrier concentration (Figure 2.5(c)), singlet
exciton density and electron/hole quasi fermi levels to name a few can also be

extracted from their respective 2D distributions.

2.5 Summary

Atlas forms a strong, supportive tool for semiconductor device research. With
the incorporation of material specific models, all charge generation, recombination and
transport processes can be quantitatively studied for better understanding of complex,
novel structures. Organic models such as Poole-Frenkel and Langevin models provide
a strong base to predict properties of organic semiconductor devices so that novel
architectures can be realized. Using the reliability of solutions obtained for an OPD
and PFET, two hierarchical structures are studied in this thesis: a) a solution
processed monolithic organic image sensor pixel in Chapter 4, and b) an organic nano-

triode (vertical transistor) in Chapter 5.
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3.1 Introduction

Field effect transistors based on solution processed conjugated
polymers/molecules have undergone tremendous progress in the recent years in terms
of mobility!, current amplification? and stability?%. As their operational reliability
improves, integrated devices such as active matrix backplanes®%, sensors” and flash
memory® where FETs are the backbone for functional circuits become more feasible.
Correspondingly, it is imperative that PFETSs operate at low voltages and exhibit high
switching ratios. It is evident that to obtain high-quality FETSs, it is not only
important to improve the organic semiconductor properties but to also use a gate
insulator with high specific capacitance which can induce a substantial charge density
at low gate voltages. This can be achieved either by employing a high-k insulator? or
an ultra-thin, pin-hole free dielectric film!%. Such materials must also exhibit high
breakdown strength, low parasitic current leakage, low trap density, and high thermal
stability. However, use of high-k materials results in the broadening of the DOS at
the semiconductor-dielectric interface which increases the effective mass of the charge
and reduces the mobility!!-13. Similarly, ultra-thin dielectric layers are prone to high
leakage current, easy rupture of films and low device reproducibility!?. Ton gel
dielectrics'* and electrolytes!® which constitute high-k dielectrics have been employed
to achieve low voltage operation. However, movement of ions within the dielectric
and/or electrochemical doping!® ultimately govern their AC response eventually
limiting their speed when they are incorporated into integrated circuits. Non-ionic
materials such as amorphous inorganic dielectrics can be an alternative to achieve
high performance PFETs. High-k oxides such as HfOg, AlyO3, ZrOs and AIPO have
seen the most prominent usage!™20. They yield high capacitance values even for thick
films (> 100 nm) which reduces leakage currents due to physical pin-holes. They also
provide an excellent interface with oxide semiconductors as a result of low trap
density??, but a brief analysis of scientific literature in this field shows that high
temperatures (> 600 °C) need to be used to obtain defect (vacancy) free and pin-hole

free films. As a solution to this, an ultra-thin hybrid dielectric layer was first
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demonstrated by H. Klauk et. al 2! which used solution processed AloOs having k=9
in conjunction with a self-assembled monolayer which formed a energetically favorable
interface with organic semiconductors. Careful design rationale from then on has led
to more robust hybrid dielectrics such as the self-assembled Nano Dielectric (SAND)
which enables p and n type FETs with mobility > 2 ¢m?/V.s?2. Recently, hybrid
dielectrics have also shown promise in large scale circuits”® making them an ideal

combination of facile processing and high performance.

In the pursuit of obtaining high performance dielectrics, this chapter details out
the work in three sections. The first section outlines a general fabrication process to
obtain hybrid dielectrics for low voltage PFETSs. In the second section, small molecule
dielectrics which have not been explored so far are studied for their potential PFET
applications. Finally, we also study the effect of a composite dielectric to improve the

dielectric strength, polarization magnitude and mobility of PFETSs.

3.2 Device Fabrication

All the devices were fabricated on glass substrates. The substrates were cleaned

using wet chemical techniques by the following procedure before any device

fabrication.
I. 10 minutes sonication in surfactant and de-ionized water.
1L Rinsing and sonication in di-ionized water for 10 minutes to wash off excess

surfactant. This removes dirt and loosely bound contaminants.

III.  Sonication in a mixture of acetone, isopropyl alcohol and chloroform for 10
minutes. This removes grease and oil-based contaminants.

IV.  RCA treatment: Dipping the substrates in a mixture of ammonia, hydrogen
peroxide and water (1:1:4) at 120 °C for 20 minutes. This removes metallic
and organic contaminants.

V. Blow drying using compressed air and mild air plasma treatment for 10
minutes. This removes left-over carbon contaminants leaving a clean,

contaminant-free (hydrophilic) surface.
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3.2.1 Two Terminal Devices

Thermal Evaporation
l Al electrode

Spin coating Dielectric layer

l Thermal Evaporation
Al electrode

Figure 3.1: Schematic showing MIM structure device fabrication.

For capacitance-voltage and hysteresis measurements, metal-insulator-metal
(MIM) devices were fabricated as shown in Figure 3.1 with the dielectric material
sandwiched between two aluminum electrodes. The fabrication procedure involved
coating of aluminum electrodes (10-6 mbar, 1 A/s, 40 nm thick) on cleaned glass
substrates and then introducing the insulator thin films followed by depositing the
second aluminum electrode (106 mbar, 1 A/s, 40 nm thick) by physical vapor
deposition (PVD).

3.2.2 Three Terminal Devices

PFETSs were fabricated for charge transport measurements. All the spin coated
layers were formed in a No-filled glove box whereas the metal electrodes were obtained
by physical vapor deposition (PVD). 40 nm thick patterned aluminum bottom gate
was coated by PVD on cleaned glass substrates. Subsequently, the dielectric layers
were coated by an optimized procedure to obtain the desired phase and thickness.
Polymer thin films were then introduced on these substrates and annealed under
conditions essential for obtaining ordered and crystalline structures. The FET was
completed by coating a 40 nm thick (10-6 mbar, 1 A/s) gold source-drain electrode
after carefully aligning the mask on the gate electrode. The experimental results

represent typical median responses arrived from measurements on large (7 20 devices
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from each batch) number of devices. An illustration of PFET fabrication is shown in

Figure 3.2 alongside an optical image of a completed PFET

/ / Thermal Evaporation 3 ?
Au electrodes (S-D) Organic Semiconductor

Organic semiconductor
Thickness = 50-100 nm
Spin coat |

Source. i & Drain
§ - - -
Thickness = 7-500 nm "B A

Thermal Evaporation

Al electrode (gate)

Figure 3.2: Schematic showing PFET fabrication along with an optical image of a

completed device.

3.3 Experimental Techniques

3.3.1 X-ray Diffraction Measurement

XRD measurements were performed using Bruker axis D8-Discover with Cu K-
o source. Thin films samples were prepared on glass substrates and scans were

performed in steps of 0.0045°.

3.3.2 Atomic Force Microscopy

Morphologies of TBD and composite thin film surfaces were obtained using a
JPK Nanowizard 3 AFM. A non-contact mode cantilever with resonance =300 kHz
and force constant =42 N/m was used to obtain the surface roughness and phase of

the thin film.

Piezo response microscopy (PFM) was performed to obtain the local piezo
magnitude (amplitude image) and domain nature (phase image) of ferroelectric thin
films cast on a metal electrode. An Au/Cr coated cantilever having a nominal spring
constant 0.2 N/m and resonance frequency of 13 kHz was used to obtain the vertical
piezo response. The samples were grounded during each measurement while a nominal

drive voltage of 3 V was applied to the cantilever.
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Force modulation AFM was performed using a contact mode cantilever with
resonance =75 kHz and force constant =3 N/m. A modulation drive frequency ~28
kHz, less than half the free resonance was used to map the changes in the local elastic

modulus of the surface.

3.3.3 Electrical Characterization

Capacitance-voltage measurements on MIM devices and FET characterization
was performed using a Keithley 2400 Semiconductor Parameter Analyzer (SCS).
Switching measurements were performed by applying a pulsed voltage of AVgg = -20
V to the gate electrode of the FET using the K-Pulse card in the SCS, while
maintaining Vpg = -30 V. The output voltage was measured across an external series

resistor (10 k€2) using a Tektronix MD03024 200 MHz oscilloscope.

Thin film P(E) loop measurements were performed using the Radiant
Technologies Precision Feroelectric Tester. Composite and pristine P(VDF-TrFE)
films were sandwiched between two aluminum electrodes and the hysteresis curve was

measured between + /- 100 V at varying frequencies.

3.4 Hybrid Ultra-Thin Dielectrics

Hydrocarbon chain

- P
Al coated O, Plasma SAM formation . }{0/

glass for 15 min over 12 hrs d <10 nm e
eadgroup

N-octadecyl phosphonic
acid (ODPA)

Figure 3.3: Schematic showing hybrid dielectric layer formation.

Solution processed amorphous oxide films are being widely used as thin film
dielectrics, however, to utilize an oxide layer as a PFET compatible dielectric, the
annealing temperature must be reduced to < 200 °C. An HfOy dielectric layer, in the
presence of a hydrolyzing agent, is obtained from HfCly with the removal of HCI

during annealing. We observed that formation of the HfOy layer begins by nucleation



64 Chapter 3

at several sites on the substrate. The presence of oxygen leads to Ostwald ripening of
the nuclei leading to a semi-continuous network of HfOy. It is well known from
literature that the reaction to form oxides is highly dependent on the number of ~-OH
groups present on the surface. High temperatures are necessary for the nucleation sites
to grow in order to form a continuous layer?). We achieved this by annealing the film
at a low temperature of 150 °C for one hour in ambient and subsequently exposing it
to oxygen plasma for 20 minutes which aided in the growth of interconnected islands
of HfOy. The HfOy surface morphology and phase scanned in non-contact mode AFM
is shown in Figure 3.5(a) and (b) respectively. Alternatively, a self-grown Al,O3 layer
was also used as an ultra-thin dielectric. A freshly deposited aluminum coated glass
substrate was exposed to pure oxygen plasma for 20 minutes to increase the thickness

of the nascent oxide layer.
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Figure 3.4: Contact angle on a) oxide layer and b) after SAM formation on the oxide
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layer, ¢) C(f) measurement and d) leakage current for the hybrid dielectric.

The films formed after low temperature annealing or from oxygen plasma

treatment suffer from high trap density and high leakage currents respectively. With
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the formation of a dense self-assembled monolayer (SAM) of an organic molecule just
a few nanometers in thickness on the oxide layer, the leakage currents can be
drastically reduced without compromising on the high capacitance. 3 mM octadecyl
phosphonic acid (OPA) was dissolved in an ethanol solution and the oxide coated
substrates were immersed in the pre-heated OPA solution for 12 hours at 70 °C. The
phosphonic acid head group binds electrostatically to the surface of the dielectric and
the octadecyl chain stands vertically due to its hydrophobic nature. The procedure for
obtaining the hybrid layer is shown by an illustration in Figure 3.3. A dense monolayer
of SAM is formed with a hydrophobic surface as confirmed from the change in contact
angle from Figure 3.4(a) to (b). Thus we obtain hybrid layers which provide excellent
mechanical, electrical and environmental durability of the inorganic material as well

as mechanical flexibility and tenability of organic materials?324,

3.4.1 Electrical Characterization

Capacitance-voltage measurement on MIM devices employing the hybrid
dielectric layer exhibits high specific capacitance with an effective ¢’=3 for an effective
thickness of 10 nm and leakage currents in the nA regime (Figure 3.4(c),(d)). Such a
magnitude of capacitance is noted only for Debye layers in electrolytes. The roll-off
frequency is 7100 kHz which is two orders higher than electrolyte dielectrics (71
nF/cm?) and can be improved further if the oxide layer is annealed at higher

temperatures.

PFETSs were fabricated using the hybrid dielectric. Polymer active layers (50 nm)
PBTOR and DPP-DTT were spin coated from a 5 mg/ml solution in chlorobenzene
at 1000 rpm for 1 min. The active layers were annealed in nitrogen atmosphere at 110
°C for 30 mins. This was followed by coating gold source-drain electrodes to complete
the device fabrication. The channel lengths for the devices were chosen depending on
the dimensions of the gate electrode to obtain minimum overlap and extremely low
parasitic capacitance (1 pF/cm?). The channel width (W) was 1 mm for the PFETs.
The PFETs with SAM dielectric operate at Vgg = -3 V with well-defined linear and

saturation characteristics. The performance characteristics obtained from Figure
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3.5(c) and (d) give an average hole mobility of 0.8+£0.1 cm?/V.s and a maximum ON-
OFF ratio of 106.
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Figure 3.5: a) AFM surface morphology and b) AFM phase image of a spin coated
HfOy surface, c) transfer and d) output characteristics of a PFET using the hybrid

dielectric.

3.5 Small Molecule Dielectrics

Another class of materials which can form PFET quality monolayers or thin
multilayer dielectric films are small organic molecules?22526. Small molecules can be
tailored more easily to obtain a high dipole moment and thus a high dielectric
constant. In the solid state, however, molecular motion is severely restricted due to
rigid bonds which limits its contribution to orientational polarization. Consequently,
most of the materials tend to exhibit drastic reduction in dielectric constant upon
solidification?” or the crystalline nature of the material is not suitable for thin film
applications. Two approaches can be adopted to obtain high-k materials based on
their molecular motion. The first approach involves rational design of molecules to

yield dense SAMs with precise thickness control as seen in the previous section. In
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such films, the trade-off with the dielectric constant of the molecule is compensated
by the overall thickness of the dielectric layer. A second technique involves retaining
the dielectric constant of the molecule in the solid state so as to obtain high
capacitance even at large areas and film thicknesses. In the second scenario, film
quality is severely compromised due to crystallite formation (hence cracks) and there
is no report to date on PFETs using solution processed, high-k small molecule
dielectric thin films. This section focuses on incorporating both the approaches by
chemically tailoring a well-known -crystalline small molecule tetrabromopthalic

anhydride (TBPA) whose structural characteristics is shown in Figure 3.6(a).
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Figure 3.6: a) Powder XRD pattern of TBPA, b) Thin-film XRD (blue) overlaid on
the powder XRD pattern (green) of TBD. In the insets of a) and b) are shown the

chemical structures of the respective molecules along with the magnitude of their
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dipole moment (arrow length). ¢) Morphology of TBD thin film surface obtained from

AFM shows a maximum roughness ~ 2.2 nm.!

TBPA is a polar electron accepting molecule with a high dipole moment of 4.5
D?%. Tt is a rigid and planar molecule which does not exhibit orientational polarization
in its single component crystals. By introducing alkyl and aromatic substituents as a
donor at the anhydride position, charge and dipole stabilization is achieved (0.5 D*)
making the molecule non-polar. Alkyl chain substitution at the imide position using
butyl, octyl and 2(octan-3-yl) groups (chemical structure not shown) improves
solubility in common organic solvents with increasing alkyl chain length, however,
crystallite formation persists due to the planarity of the overall structure. Imide
substitution with 2,5-di-tertiary butyl aniline results in TBD (4,5,6,7-tetrabromo-2-
(2,5-di-tert-butylphenyl)isoindoline-1,3-dione) (inset of Figure 3.6(b)) where N-C bond
twist is induced due to the stearic hindrance between the tert-butyl moiety and the
carbonyl oxygens. This leads to a dihedral angle* of 80" which breaks the rigidity of
the imide bond. The intra-molecular non-planarity also disrupts crystal stacking and
consequently, we believe, a thin film is obtained by solution processing which is
amorphous as seen from the XRD pattern (Figure 3.6(b)) of a spin-coated TBD film.
The AFM morphology (Figure 3.6(c)) reveals a continuous film with visibly small
grain sizes and a surface that is extremely smooth with an RMS roughness < 0.4 nm
which is two orders of magnitude lower than the surface roughness of P(VDF-TrFE)
films (dyms=15 nm).

3.5.1 Electrical Characterization of TBD

3.5.1.1 Dielectric Spectroscopy

To evaluate the applicability of TBD as a dielectric material, MIM capacitors
were fabricated. The capacitor structure consisted of a TBD thin film (spin-coated
from a 20 mg/ml DMF solution at 700 rpm for 1 min and annealed at 140 °C for 1

hour) sandwiched between two aluminum strips (740 nm) which were coated by PVD.

* Calculations performed in Maestro-Materials Science Suite, Schrodinger Inc.
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The effective thickness of the TBD film was =120 nm as measured by a Dektak
Profilometer. The dielectric response to an external AC field (Vims=30 mV) was

studied by measuring its capacitance as a function of frequency.
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Figure 3.7: a) C(w) curve of TBD capacitor. Right y-axis gives the dielectric loss of
the material, and b) Cole-Cole behavior of TBD which shows a single relaxation time

in the polarization process.

From Figure 3.7(a), the C(®) of the MIM device occurs in the pF range which
corroborates to a dielectric constant €’=6. It is to be noted that such a magnitude of
capacitance is comparable to the Debye layer of electrolytes and is rarely observed in
pristine polymer dielectric films. The loss tangent depicted by tand in Figure 3.7(a)
reveals low dielectric loss implying good dielectric strength up to the MHz region. This

is also confirmed by the J(V) plot in Figure 3.9(c) where we observed low leakage

currents of the order of 0.1 nA.

The Nyquist plot in Figure 3.7(b) primarily helps in understanding the nature of
the relaxation processes at the molecular level. A perfect semi-circle implies that TBD
relaxations follow the Debye Model?®? which is the simplest model of dielectric
relaxation generally observed in systems with non-interacting dipoles such as small
molecules with simple/no branched moieties. The maximum value on the semicircle is
ot=1 where 7 is the relaxation time of the induced dipoles. We obtain t=0.036 ps for
the TBD capacitors which implies rapid dipole switching. Signatures of the relaxation

process which occur as a peak in the loss €” and a step in € show up in both frequency-
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and temperature-dependent plots of the complex permittivity in dielectric

spectroscopy.
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Figure 3.8: Temperature dependent C(o) response in TBD. a) Dielectric magnitude

and b) loss for frequency ranging from 10 kHz to 1 MHz.

At low field frequencies, molecular relaxation is faster than the applied field
frequency which gives ¢’ >¢”. Towards higher frequencies, where the AC field reversal
and molecular reorientation time are comparable, the molecular dipoles contribute to
the dielectric constant with a phase lag between the applied electric field and the
induced orientational polarization. The phase lag results in the absorption of energy
by the material, which is known as dielectric loss (¢”) and the relaxation time at a
given frequency and temperature can be obtained from the peak value of €”. From
Figure 3.8(a), we observe a broad peak slightly below room temperature which can be
assigned to the dipolar relaxation along the plane of the molecule (imide bond
rotation) as it requires higher energy for rotation. The second peak observed around
240 K can be attributed to side group such as C-Br or/and C=0 relaxations. Although
the Debye model yields a single relaxation time, the broad nature of & occurs as a
result of variations in relaxation times caused by local disorder quite common in
molecular solids. Moreover, being in the range of the ambient temperature, the
relaxations are also dominated by thermal fluctuations. The dielectric loss as a
function of frequency as shown in Figure 3.8(b) does not show any peak in the entire

temperature range studied. A linear shift in the loss magnitude with increase in
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frequency points to the possibility of increase in random (kT) fluctuations of individual
dipoles with frequency which causes the spread in the relaxation times. Measuring €’
and €’ at higher temperatures may shed some light on the relaxation phenomena in
more detail. Consequently, by plotting the relaxation times as obtained from the Cole-
Cole function at each temperature, the activation energy obtained is 0.025+0.01 eV
which is same as the ambient thermal energy suggesting that the dielectric properties

of TBD are dominated by fluctuations in the molecular dipoles at room temperature.

3.5.1.2 PFET Measurements

Bottom-gate, top contact PFETs were fabricated using TBD as the dielectric
layer and DPP-DTT as the p-type semiconducting layer. TBD was spin-coated from
a DMF solution as outlined above on a patterned aluminum (gate electrode) coated
glass substrate. A thin layer of HMDS was spin-coated at 1000 rpm and annealed at
120 °C for 1 hour to passivate the surface and make it more hydrophobic. After spin-
coating DPP-DTT as the active layer from a 5 mg/ml dichlorobenzene solution, gold
S-D electrodes were deposited by PVD to complete the PFET fabrication.
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Figure 3.9: a) Transfer and b) output characteristics of a PFET using TBD as the
dielectric layer and hole conducting DPP-DTT as the active material, and c) gate

current in the PFET showing low leakage values in the PFET operating voltages.

Figure 3.9(a) and (b) shows the transfer and output characteristics respectively
of the p-type PFET along with the gate leakage current in Figure 3.9(c). Thin films
combined with high dielectric constant results in an operating voltage of Vgg = -5 V
which is drastically lower as compared to PFETs using polymer dielectrics. The

performance characteristics are obtained from the saturation region using the relation:



72 Chapter 3

Wpsat = ;—;(:—V‘Z‘fl)z applicable at |Vas-Vr|<|Vps|. Upsqae obtained for DPP-DTT is

0.1 ecm2/V.s with an ON-OFF ratio of 10%. A V1= |0.6 V| suggests no trapped charges
at the interface and a sub-threshold swing of 560 mV /dec implies fast polarization
switching at a voltage as low as 1 V making it suitable for logic circuits. More than
20 devices were tested and although we obtained a 70% success rate, the lack of
orthogonal solvents for the dielectric and semiconductor layer proved to be a major

bottleneck to obtain high device efficiency.

3.6 TBD-P(VDF-TrFE) Composites

P(VDF-TrFE) is one of the most important ferroelectric (FE) polymers and as
a typical semi-crystalline polymer, it is well known that the ferroelectric response is
obtained mainly from the crystalline 8 phase whereas the amorphous regions do not
contribute to FE significantly®. 30 wt% of TrFE in P(VDF-TrFE) results in
repeating-unit isomorphism3! as TrFE is similar to PVDF in chemical structure and
size. Therefore, along with increasing the polar nature of PVDF, crystallinity
significantly increases to >80 wt% as compared to 50% or less in the pristine PVDF
polymer. The free volume available in the disordered regions of the polymer can be
utilized to study the dependence of the ferroelectric property of P(VDF-TrFE) on its
structural composition. When a homogenous blend of P(VDF-TrFE) and a small
molecule is cast into a film, the ensuing thermodynamic and free volume conditions
enable the small molecules to get distributed in the amorphous regions upon annealing
the cast film. At low concentrations, the additive gets incorporated in between the
polymer chains thereby increasing the interchain distance which eases dipole flipping
in the presence of an external electric field?2. As the additive concentration is
increased, the aggregation of small molecules and its influence on the local polymer
chain conformation and relaxation can be studied. We study the feasibility of high-k
polymer composites for organic FETs by introducing TBD in small concentrations in

the polymer matrix.
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3.6.1 Ferroelectricity Measurements

MIM capacitors were fabricated using the TBD-P(VDF-TrFE) composite as the
dielectric layer. Composite solutions were prepared by adding different weight percent
(1%, 2%, 4%) of TBD in a 80 mg/ml DMF solution of P(VDF-TrFE) and stirred
overnight at 50 °C to obtain a homogenous mixture. 30 pl of this solution was
dispensed on Al coated substrates, spin coated at 900 rpm for 1 min and annealed at
140 °C for 2 hours. A minimum of 20 devices were tested for their P(E) and C(w)
characteristics at each TBD concentration in the composite between a voltage range

of +/- 100 V at varying frequencies.
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Figure 3.10: a) and b) P(E) loops showing comparison between pristine P(VDF-
TrFE) and the composite at varying TBD concentration at 100 Hz, c¢) and d) P(E)

characteristics for 1% TBD composite at 1Hz and 1 kHz respectively.
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Hysteresis loops of pristine P(VDF-TrFE) and composites with different
concentrations of TBD are shown in Figure 3.10. Instantly we observe that the P(E)
magnitude starts increasing in the composite film as compared to the pristine polymer
(PP) from 0.3% TBD concentration. The P(E) magnitude goes through a maximum
for 1 wt% TBD composite (PV) with a marginal narrowing in the hysteresis loop. As
the concentration of TBD increases beyond 1%, the magnitude and loop area decreases
until leakage dominates the signal to give a resistive loop (not shown). The trend in
P(E) magnitude suggests a strong correlation between the morphology of the
composite and its electrical characteristics. In P(VDF-TrFE), the FE signature is a
result of flipping of the C-F dipole on the zig-zag chain within a ferroelectric domain.
The increased P(E) magnitude should, therefore, be due to increased chain mobility
caused by reduction in intermolecular friction from its neighbors. Increase in
interchain distance occurs if TBD at low concentrations gets accommodated between
the P(VDF-TrFE) chains. Reduction in inter-chain friction also results in a
plasticizing effect as seen in commercially viable plasticized polymers such as

polyimide33 and can be verified by comparing the local elastic modulus of PV and PP.

3.6.2 Bilayer Ferroelectric Measurements

Results from P(E) measurements on the composite film make it evident that the
presence of TBD is favorable for enhancing the ferroelectric properties of P(VDF-
TrFE) due to either morphological or relaxation changes in the composite. To confirm
the thermodynamic nature of TBD incorporation in enhancing the P(E) magnitude,
bilayer capacitors were fabricated in three structures. The first set of capacitors were
fabricated by starting with a thin layer of TBD spin coated from a 15 mg/ml solution
in DMF at 900 rpm and annealed at 140 °C for 1 hour on an aluminum electrode.
Subsequently, P(VDF-TrFE) was coated from a 80 mg/ml DMF solution at 900 rpm
for 1 min and annealed at 145 °C for 2 hours after which the counter aluminum
electrode was coated. The second set consisted of capacitors with the polymer layer
coated initially followed by the TBD layer using the same conditions as above. In the

third set, P(VDF-TrFE) was sandwiched between two TBD layers to constitute the
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dielectric layer. In the bilayer fabrication, firstly, the underlying layer dissolves when
the second layer is spin coated. As a result, the two layers blend to form a composite
layer. The P(E) magnitude for the three capacitor structures with comparison to PP

is shown in Figure 3.11.

P (uC/cm)

2 4
E (MV/cm)
——PP
—T
——BT
—B

Figure 3.11: Hysteresis plots of bilayer dielectric based MIM capacitors. PP - pristine
polymer, T - top TBD bilayer, BT - bottom and top TBD, B — bottom TBD.

From the graph, we see that composite formation from blending increases the
saturation polarization magnitude as compared to PP which is observed from single
solution blends also. In the sandwiched film, the concentration of TBD is
approximately twice as higher compared to the bilayer films. As observed from P(E)
loops of composites with high TBD concentration (> 5%), P(E) magnitude drops due
to increase in resistive losses in the film. Higher P(E) magnitude for the top TBD
bilayer capacitor as compared to bottom TBD can also be speculated as the result of
a more homogenous distribution of the TBD in the former composite upon blending.
The results obtained from this study is consistent with the previous P(E) results which
indicate that TBD is responsible for improved FE characteristics. Micro and
macroscopic structural characterizations are performed to relate the structural

changes to improved FE behavior in the composite.
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3.6.3 Microscopic Characterization of the Composite

3.6.3.1 Surface Morphology

The surface morphologies of PP and the composite at varying TBD
concentrations were compared by tapping mode AFM using a 300 kHz silicon
cantilever. Representative images of the PP film (Figure 3.12(a)) and PV film (Figure
3.12(b)) surface are shown below. The grain-like morphology is clearly visible in PP
and the grain size is calculated as ~85 nm. The RMS roughness of the surface reduced
from 719 nm in PP to 713 nm in PV. Although the origin of reduction in roughness
in PV is not understood as of now, we see from the table in Figure 3.12 that the FE
grain size reduces when TBD is introduced even in amounts as small as 1%. Further,
the average grain size increases only marginally with an increase in the spread of grain

sizes when the concentration of TBD is further increased.

Weight percent of Domain size (nm)
TBD in PVDF:TrFE

0 82 +5
11 55+ 6
232 62 + 4
4.4 60 + 10

Figure 3.12: a) PP and b) PV surface morphology images obtained from a tapping
mode AFM height scan. The table gives a comparison of the FE grain size in the

composite for varying concentrations of TBD.



Solution Processable Ultra-Thin Dielectrics 77

Figure 3.13: Phase images obtained from tapping mode AFM for a) PP, b) PV, and

¢) composite with 2.2 wt% TBD concentration.

The variations in phase for PP and PV (Figure 3.13(a) and (b)) is minimal
with the grain dimensions being replicated from its morphology scan. Upon increase
in the concentration of TBD to 2.2%, the phase separation is visible with distinct
domains of TBD and P(VDF-TrFE) seen in Figure 3.13(c). It is clear from the large
domain sizes of the two phases in Figure 3.13(c) that the eventual breakdown in the
capacitor occurs due to pin holes formed at the boundary of the two phases when the
pristine component domain size increases at higher TBD concentrations. The phase
separation is kinetic in nature during the drying phase of the composite film. This
happens due to the semi-crystalline nature of P(VDF-TrFE). If the concentration is
kept low enough (< 1%), TBD gets accommodated in the amorphous regions of the
semi-crystalline matrix. To confirm the aggregation kinetics of TBD in a composite,
an amorphous polymer PMMA+1 % TBD composite solution was cast into a film and
the morphology obtained using AFM clearly shows a homogenous mixture of the two

components (Figure 3.14) as opposed to phase separation in a semi-crystalline matrix.

1.22 nm 508 deg

0deg



78 Chapter 3

Figure 3.14: a) AFM Morphology and b) phase image of the surface of a PMMA-+1%

TBD composite

3.6.3.2 Force Modulation Microscopy

The plasticizing effect of TBD molecules at low concentrations is verified by
measuring the local elastic properties of the composite surface using force modulation
AFM. In this technique, a change in modulation amplitude of a cantilever in contact
(Multi75-G cantilever) with the sample surface is recorded. The tip-sample interaction
force causes the resonance amplitude to dampen for a soft surface and increase for a
relatively hard surface?t. Figure 3.15 shows the force amplitude images of the pristine
polymer surface in comparison with the composite surfaces. We observe a decrease in
the voltage amplitude from 10.6 mV in PP to 4.7 mV in PV which implies a decrease
in the elastic modulus of the composite surface. For TBD concentrations < 1%, all
observations suggest a softening of the matrix surface suggesting the intercalation of
TBD between the polymer chains. The increase in the voltage amplitude to 7.6 mV
in Figure 3.15(c) for the composite surface (TBD concentration = 2%) maybe due to

the onset of phase separation as suggested even in the decrease in P(E) magnitude.

omv

Figure 3.15: Force modulation AFM scans of a) pristine P(VDF-TrFE), b) 1%
TBD:P(VDF-TrFE) and c) 2% TBD:P(VDF-TrFE) film surface (on glass substrates).

3.6.3.3 Piezo Response Microscopy

The dependence of P(VDF-TrFE) polymer chain packing and dipole
orientation due to the presence of TBD is a clear indicator for the enhancement of the

P(E) characteristics in PV. The local piezo response of the PV surface using Piezo
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Response Microscopy (PFM) is also measured to observe the ferroelectric domain size
in the composite in comparison to pristine P(VDF-TrFE). The vertical PFM
amplitude gives a nanoscale insight into the polarization distribution within the FE
domains by detecting their mechanical oscillations in response to the applied AC bias.
The phase image of a PFM scan qualitatively explains the direction of orientation of

the dipoles w.r.t the external field.

30.7 deg

omv

421 mv

0omv -206 deg

Figure 3.16: a) and c) Vertical PFM amplitude images for PP and PV respectively.

b) and d) vertical PFM phase images for PP and PV respectively.

Analysis of the FE domain morphology in the amplitude image of PP (Figure
3.16(a)) shows domain sizes of the order of ~1 nm. Contrast variations in the vertical
PFM phase image (Figure 3.16(b)) corroborates to most of the dipoles orienting
parallel to the surface/in-plane w.r.t the electric field direction. Correlating the
explanation of the plasticizing effect of TBD, the local piezo magnitude in PV in

Figure 3.15(c) shows an increase in the FE domain size as a larger fraction of dipoles
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are aligned parallelly for a low electric field. The phase image (Figure 3.15(d)) also
confirms the dipole orientation in the FE domains with neighboring domains aligning
almost 180° out of phase w.r.t each other. To understand the structural changes in
more detail, we performed the thin film XRD of pristine FE and the composite with

two concentrations of TBD.

3.6.4 X-ray Diffraction

The normalized XRD pattern in the pristine and composite thin film in Figure
3.17 reveals only the all-trans B phase peak of P(VDF-TrFE) which corresponds to
26=19.5°. XRD pattern analysis of P(VDF-TrFE) thin films has been studied
previously and the presence of the obtained 26 peak presumes the polymer chains to
be arranged in a co-planar ziz-zag manner parallel to the substrate303>. Addition of
1% TBD to the pristine polymer does not change the crystallinity of the domains
significantly. As the concentration of TBD increases, signatures of TBD are seen in
low intensities. There is no change, however, in the degree of crystallinity of the
polymer matrix which confirms that TBD occupies the amorphous regions at low
concentrations and a uniform blend is obtained. With increase in concentration, the
propensity to phase separate can result in multiple low intensity XRD signatures. In

summary, TBD does not change the morphology or crystallinity of P(VDF-TrFE).
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Figure 3.17: Comparison of the thin film XRD spectra of pristine P(VDF-TrFE)
and the composite.
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3.6.5 Dielectric Spectroscopy

Relaxation dynamics of both the components in the composite is obtained by
dielectric spectroscopy. Figure 3.18 compares the Nyquist plots of PP and PV for C(w)
measurements performed at room temperature. PP and PV show a deviation from
semi-circle behavior, common in polymers which exhibit multiple relaxation processes
due to multiple side-chain and polymer backbone orientations3637. Secondly, the high
frequency response is improved in PV as compared to PP suggesting that the
molecular dipoles reorient faster than the external alternating field due to freedom of
rotation as an effect of increased interchain spacing. Frequency dependent chain
relaxation dynamics of the composite can be studied by obtaining the temperature
dependent dielectric response of the composite. The outcome of this experiment is

shown for €’(T) and €”(T) in Figures 3.18(c) and 3.18(d) respectively.
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Figure 3.18: a) and b) Cole-Davidson behavior in PP and PV respectively. In the
inset of a) is the Cole-Davidson equation, c) temperature dependent dielectric

magnitude and d) loss for frequency ranging from 10 kHz to 1 MHz.

We observe three significant peaks in the high and low temperature regime.
From the dielectric response of the pristine TBD film explained in the previous section,
the low temperature peak which occurs at “290 K can be assigned to TBD relaxation.
This peak overlaps with the B phase transition peak of P(VDF-TrFE) which is known
to occur in the 250-270 K temperature range!238, Frequency dispersion in the two
peaks indicates the thermal fluctuations in TBD relaxation which is quite pronounced
in the pristine films as observed in Figure 3.8(a). The FE transition peak is observed
at low frequencies as a shoulder at the Curie temperature (T.) of P(VDF-TrFE). As
the frequency increases, the T, peak is pronounced. The increase in €’ (T) for low
frequencies is attributed to Maxwell-Wagner-Sillars interfacial polarization which
explains charge buildup at the interface of the crystalline and amorphous regions3339.
The space charge at the interface cannot follow the field frequency as it increases and
subsequently in Figure 3.18(c) we see a drop in the €'(T). The above-mentioned three
transitions are also replicated in the €”(T) graph where each transition becomes more
resolved as the frequency increases and is overlaid by a linear shift indicative of
thermal fluctuation dominated absorption losses. In PV, the interfacial polarization is
suggested to result from the TBD-polymer boundaries and is expected to show a larger
deviation in ¢'(T) and €’(T) as the concentration of TBD is increased due to
component phase separation. Consequently, for T<Tc, a collective dipole alignment
in the composite not only yields higher P(E) magnitude but also results in a favorable

dielectric surface morphology for interfacial charge transport in PFETs.

3.6.6 Composite PFETs

PFETs were fabricated using PP and PV to evaluate the effect of TBD in
interfacial charge transport. Both the films were spin coated on an aluminum gate
electrode using the same procedures as two terminal capacitors. On the annealed

dielectric films, a thin layer of HMDS was spin coated at 1000 rpm for 1 min and the
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substrates were annealed for 1 hour. This was followed by spin coating DPP-DTT at
800 rpm for 1 min as the active layer from a 5 mg/ml dichlorobenzene solution. After
annealing the substrates at 140 °C for 1 hour, gold S-D electrodes were coated to
complete the PFET device fabrication. For each dielectric type, > 10 devices were
tested to obtain a comparison between pristine and composite characteristics. The
output and transfer characteristics of PP and PV are shown in Figure 3.19(a), (b) and

(c), (d) respectively.

. Pr. PVDF:TrFE
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30 20 -0 0 10 30 20 10 0
Figure 3.19: a) and b) PFET characteristics of PP, ¢) and d) PFET characteristics

of PV using hole conducting DPP-DTT as the active layer.

PFETs fabricated from both the dielectrics yield similar operating voltage as
the effective dielectric constant for PP and PV are of the same order. Difference in
characteristics is observed in the Ipggac of the two PFETs. PV PFETs show nearly
one order higher saturation currents as compared to PP PFETs. The V1 of PV is also

lower at 2.7 V as compared to -7.6 V in PP. The improvement in the Ipgga; and Vr
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for PV can be clearly correlated to the increase of in-plane P(VDF-TrFE) dipoles
which reduces disorder (hence narrows interface DOS) at the dielectric-semiconductor
interface. Consequently, we also see an increase in the PFET mobility prer by one
order from 0.005 cm?/V.s in PV as compared to 0.08 cm?/V.s in PP. The structural
analyses of the composite imply that the two components are non-interacting species
and TBD only guides the molecular dipole orientation and FE domain formation.
Considering the importance of high-k polymer dielectrics for PFET applications, the
presence of TBD in P(VDF-TrFE) is very beneficial as it does not degrade the
dielectric characteristics of the pristine polymer but reduces the fraction of random

dipoles quite common in high-k polymer dielectrics.

3.7 Summary

Table 3.1: Comparison of commonly used dielectrics for PFETs with the two

materials studied in this chapter.

Material Dielectric Leakage current PFET operation
constant (’) (Jiear) (A/m?2) voltage
BCB 2i5 10310 80V
PMMA 3.6-4.5 108 60-80 V
P(VDF-TrFE) 6-8 108 30-40 V
Oxide+~SAM 3-5 10= <3V
This TBD 6-8 107 <3V
work
Composite 8-9 1010 <30V

This chapter details out strategies to obtain low voltage and high performance
PFETs using three dielectric engineering strategies. Table 3.1 shows some basic
parameters of commonly used dielectrics for comparison with the results obtained
from this chapter. The first necessity to obtain low voltage operation is to use high-k
dielectrics. Although, amorphous oxides monopolize this field in the conventional
silicon industry, a trap-free interface for PFETSs is difficult to achieve without high
temperature processing. This was overcome by our first strategy of using a surfactant
monolayer whose hydrophilic head passivates the oxide traps and the hydrophobic tail

enables better adhesion of the organic semiconductor. PFETs using this hybrid
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dielectric were processed at temperatures < 150 °C and operated at -2 V. The second
strategy to obtain low Vp PFET operation involved a single-step, low temperature
dielectric layer processing by utilizing a small molecule high-k organic dielectric TBD.
Chemical modification of TBPA to introduce molecular dipole orientation in the solid
state is studied. The resulting molecule, TBD, exhibits rapid dipole switching due to
the presence of an intra-molecular twist caused by steric hindrance between the tert-
butyl and carbonyl groups. The small size and non-interacting nature of TBD is
utilized for enhancing the electrical properties of P(VDF-TrFE) by adding TBD as a
plasticizer in the semi-crystalline matrix. The intercalation of TBD in between the
polymer chains is shown to enhance C-F dipole switching in response to an external
AC field. Reduction in the fraction of randomly oriented dipoles of P(VDF-TrFE) due
to the presence of TBD is clearly manifested in two major results: a) higher P(E)
magnitude which is confirmed with morphology correlations using PFM and b) higher

FET mobility due to reduced semiconductor-dielectric interfacial disorder.
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4.1 Introduction

The previous chapter provided an in-depth study of fabricating low voltage,
high performance PFETs by engineering key material characteristics for their
incorporation into functional circuits. In this chapter, a proof of concept passive
pixel sensor, primarily a photodiode connected in series with an FET which is widely
used as the optical sensor in cameras, is fabricated and characterized using a low
voltage PFET containing the oxide-SAM hybrid dielectric. The ubiquitous camera-
element in mobile phone platforms has undergone a vast transformation over the
last decade and has become a major factor in the energy management and pricing of
these gadgets. The current standards for complementary metal-oxide semiconductor
(CMOS) based image sensing offer pixel densities higher than 20 megapixels per
inch, low noise levels and ultra-high definition images!. However, apart from the
complexities in design and fabrication of high-end CMOS chips, a foreseeable
constraint is the necessity for planar, rigid substrates. Solution-processed organic
semiconductors enable the use of flexible and conformal substrates in addition to
facile integration with optics, and vertical integration of device elements?3. These
factors, in principle, can result in higher pixel densities and large spatial fill-factors

leading to better image resolution.

There has been a significant development in organic electronics for CMOS-
like optical sensors over the last two decades. Structures incorporating many
components in a pixel such as the OPD:FET passive pixel sensors (PPS)?, sheet
scanners®, non-volatile resistive sensorsS, OPD based linear sensor arrays’ and
organic light-dependent resistor based sensors® have been explored. The feasibility of
printing techniques to fabricate arrays of sensors on varied substrates can
potentially overcome form?, cost and performance barriers. Among organic image
sensors, the PPS is most promising for integration into arrays due to high signal to
noise ratio, high pixel densities and overall robustness as shown previously!?. In a
PPS, the photocurrent, in addition to the dark current, is integrated over the

dynamic capacitance of an illuminated photodiode. The PFET in series with the
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OPD modulates the signal during the integration and sampling period. The PFET is
used to address individual pixels and acts as a nearly ideal switch which isolates the
OPD when it is turned off thereby decreasing the overall dark current in the circuit.
The figure of merit for the image sensor pixel is determined by the photocurrent vs.
intensity response, which decides the operating regime. A typical sensor relies on the
sensor’s linear response over several decades of light intensity!!. While the upper
limit of operation is marked by photocurrent saturation, the lower limit of the linear
region is determined by the signal-to-noise ratio of the pixel. There are very few
examples of solution-processed circuit elements consisting of an OPD and PFET for
imaging purposes!'?!3, These devices which resemble conventional image sensors can
gain tremendous significance upon introducing fabrication methodologies involving
spontaneous assembly of both the diode and FET active layers. For instance, a
spontaneous vertical phase-separation of components from a bulk heterojunction
(BHJ) mixture! can result in a donor-enriched bottom layer (forming the PFET
channel) and a bulk/top layer forming the OPD active layer. Simultaneous
formation of active layers of PFET and OPD components along with suitable
electrode patterning can significantly reduce the manufacturing complexity of large

area image sensors.

Organic image sensors are limited by the large turn-on voltage and low PFET
mobility resulting in unreliable and low performance values!3. The use of high
mobility polymers with appropriate thin dielectrics!® provide a viable route to this
end. Similarly, photosensitivity can be improved by utilizing BHJ based devices
which are the most efficient in the class of solution processed photodetectors!6. It
has been widely observed that the properties of BHJ OPDs are sensitive to the
composition, buffer layers, thickness of the BHJ layer and processing conditions!?-18,
It should be mentioned that BHJ based OPDs exhibit high open circuit voltage
(Vo) which can enable signal read-out in the photovoltaic mode (PV) of operation

also leading to a logarithmic intensity response!. In this chapter, we emphasize
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vices operating in the photoconductive mode (PC) and demonstrate two material

dependent properties which affect the linear regime of operation of the PPS.

4.2 Device Fabrication

Patterned ITO coated substrates were cleaned (details in Chapter 3) and
coated with aluminum gate electrodes (not on ITO) by PVD using a shadow mask.
The Al coated substrates were immediately exposed to pure oxygen plasma for 15
min which was followed by immersing the substrates in THF:EtOH (1:1) solution
containing octadecyl phosphonic acid (OPA) at 60°C for 12 hours for SAM
formation. The FET active layer PBTOR was spin-coated from a 7 mg/ml
chlorobenzene solution on the SAM functionalized substrates. Gold S-D electrodes
(50 nm) were subsequently coated by PVD. The gold electrode was serially
connected to the ITO during the evaporation process. This was followed by
selectively exposing the I'TO coated region to mild air plasma for 5 minutes to clean
the surface for OPD fabrication. Zinc Oxide (ZnO) was chosen as the electron
transport layer for the OPD. ZnO nanoparticles dispersed in an ethanol solution
(Sigma-Aldrich) was spin-coated on the ITO at 3000 rpm by masking the FET and
annealed at 70°C for 15 min. Subsequently, without removing the mask, the
photodiode active layer (PBDTTT-CT:PC7;1BM) was spin-coated from a 40 mg/ml
chlorobenzene solution at 1000 rpm for 60 seconds. Using a shadow mask, the
counter electrode MoOyx/Ag (8/100 nm) was evaporated thermally to complete pixel
fabrication. MoOy was chosen as the hole buffer layer for better charge extraction as
shown in the band energy diagram of the OPD in Figure 4.2(c). The area of the

completed device was 0.17 cm?.

4.3 Device Characterization

4.3.1 Polymer Field Effect Transistor

High performance PFETSs were obtained with typical characteristics as shown
in Figure 4.1. The PFET measurements were carried out at room temperature under

vacuum using a Keithley 2400 semiconductor parameter analyzer. Saturation
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characteristics were obtained under -3 V and the average saturation hole mobility of

0.08 ¢cm?/V.s with a range from 0.15 to 0.01 cm?/V.s (measured over 20 devices) was

obtained using the equation: u = (L/VyC;) (gwm) The PFETSs exhibited an ON-OFF

ratio of 10* and a threshold voltage of -1 V.
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Figure 4.1: (a) Transfer characteristics and (b) output characteristics of a p-type

PFET with W/L=17. Inset of (b) shows the PFET device structure.

4.3.2 Organic Photodiode

Steady state current vs. voltage (J(V)) measurements of standalone OPDs was
obtained using standard light sources. Figure 4.2(a) shows the J(V) characteristics of
discrete OPDs with thicknesses of 200 nm and 500 nm in dark, and under AM 1.5, 1
sun illumination conditions. As the thickness of the BHJ was increased, we obtained
a decrease in dark current which is desirable. However, this was accompanied by a
decrease in the J(V) characteristics under illumination for the thicker OPD. The
reverse saturation current in thicker OPDs was lower in magnitude and also

exhibited increased field-dependence or the Poole-Frenkel effect due to space-charge

generation in the bulk?0,
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Figure 4.2: (a) J(V) characteristics in dark and under AM 1.5, 1 sun illumination
for OPDs of two thicknesses, d=200 nm and d=500 nm, (b) Normalized External
Quantum Efficiency (EQE) at 0.4 V reverse bias for OPDs of thicknesses, d=200 nm

and d=500 nm. Inset of (b) shows the device structure, ¢) Energy band diagram of
the OPD device architecture.

4.3.3 Integrated Structure

The OPD and PFET were integrated on a single substrate with the anode of
the OPD connected serially with the drain of PFET during electrode evaporation.
The integrated structure is schematically depicted in Figure 4.3(b). The circuit-
equivalent is shown in Figure 4.5(a). Circuit dynamic range measurements were
performed with a mercury light source/532 nm laser along with suitable aligned
optics. Light pulses were generated using an SRS laser shutter controller and a 1

GHz digital scope (LeCroy WaveRunner) was used to capture the time series data.
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Initially, an external reverse bias is applied to the OPD under dark
conditions. At this instant (t=0), a light pulse illuminating the pixel is generated for
a period t;;. The photoresponse of the BHJ layer leads to a charge carrier buildup
during the exposure time. Subsequently, during the shutter closure duration, the
accumulated charge Q(in:), where Q(time)=(iph+%dc)tint is extracted via the PFET by
measuring the current decay I,u(t) across the cathode of the OPD and the source
electrode (I5). The maximum non-saturating photocurrent is given by
iph(max)=(Qmaz/tint)-idc Where, Qma, is the charge capacity of the OPD, is obtained
at the instant the shutter is closed. A clear photoinduced signal signifying the
buildup and decay is observed across the integrated circuit with the two components

(Figure 4.3(a)).

(a) (b)
0.0 Light ON

Ag Au'electrode

PBDTTT-CT:PCBM PBTZzOR film
film e

ZnO buffer AlO, + SAM
layer / dielectric

1.0 Patterned ITO -
o Light OFF - Aluminum gate

-0.04 -0.02 0.00 0.02 0.04
Time (s)

Figure 4.3: (a) Timing diagram for an integrated OPD:PFET pixel showing
current measured across the PFET source and OPD cathode (CS current) for a

pulsed 1 mW, 532 nm illumination, (b) integrated device structure.

It must be noted here that the PFET functions only as a switch in PPS and
hence, the output is a direct outcome of the photo-detected signal from the OPD
with similar PFET characteristics reflected in all the pixels. To eliminate the
inherent variations in the PFET, two control experiments were performed apart
from obtaining results from many devices. Initially, the low power light pulse is

directed exclusively on the PFET channel region and the gate transients are
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observed. The ON current did not alter significantly during the exposure-scan cycle
(Figure 4.4(a)) indicating that stray illumination does not affect the drain-source

current during sensor operation.

The absence of PFET contribution is also confirmed from the nature of the
decay transient (read-out time) of the integrated structure. The read-out time,
measured as the RC time constant of the integrated structure is given by the
formula: 7=R,,*Cpizer. It is obtained by measuring the rate of voltage decay across a
1 MQ resistance between the source of the PFET and the ground and is represented
in the circuit shown as inset of Figure 4.5(b). The dynamic capacitance of the OPD
(Cp) in addition to the parasitic gate overlap capacitance of the PFET constitutes
the overall capacitance of the circuit (Ciws). The triode resistance of the PFET
during accumulation mode operation (switch ON) along with the series resistance of
the OPD under illumination constitutes the overall resistance in the circuit (R,p). As
seen in Figure 4.4(b), a single exponential behavior is obtained for the decay
transient which implies that trapping mechanisms in the PFET channel do not play

a significant role in charge extraction and transfer®.
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Figure 4.4: (a) CS cuwrrent upon illuminating the PFET alone, (b) single

exponential fit to the output current signal from the PFET.
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4.4 OPD Thickness Dependence

Charge transport in amorphous semiconductors is predominantly via hopping
due to inherent energetic disorder where the charge carriers undergo multiple and
stochastic trap and release events before being collected at the electrodes. In this
framework, the photocurrent is dependent on material morphology such as the

thickness of the BHJ layer. The photogenerated charge extraction efficiency is

2
represented by the Hecht equation, %z TaiVre, L2 (1 — exp (— L ))Where,
0

TalVrev

Q/Qy is the fraction of extracted charge for an externally applied reverse bias Ve,
74 is the transit time of the charge carriers and u is the mobility of the charge
carriers?!. As we see from this equation, @/Qy depends on the mobility-lifetime
product (ut) of the photoactive layer. If we consider the mobility to be independent
of external BHJ parameters such as layer thickness, the charge lifetime which is
thickness dependent determines the magnitude of @Q(Vie). From standard
semiconductor theory, it can be derived that the photocurrent is altered by a factor
Tr+T,

— where 7, is the average release time and 7. is the average capture time of
.

charge carriers??2. Consequently, the photocurrent alters the signal read-out in the
integrated structure as well. Extraction efficiency dependence on thickness of OPD
is seen in individual OPDs of two thicknesses 200 nm and 500 nm as J(V)
characteristics in Figure 4.2(a) and EQE in Figure 4.2(b). Since the J(V)
characteristics of individual OPDs show clear signatures of photocurrent variation in
the reverse bias for the two BHJ thicknesses, we examined the effect of thickness on
the overall performance of the PPS. The linear dynamic range (LDR) yields the
performance parameter of the integrated structure (PPS) and variations in the OPD
and PFET are directly translated in the extent of the linear regime in the LDR

characteristics.

To obtain the LDR, the PPS was subjected to a constant bit line voltage
(Vgg) of -0.5 V and word line voltage (Vcg) of -2 V to measure the photocurrent

transient. Various neutral density filters along with focusing optics were used to
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measure the light intensity-dependence. However, it should be noted that all the
figure of merit parameters are not translated to the integrated structure due to

additional losses emerging from the PFET output current (Ips).
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Figure 4.5: LDR of the integrated structure for (a) Pixell and (b) Pixel2. Inset of
(a) shows the circuit diagram of the integrated pixel and inset of (b) shows the RC
equivalent circuit. Ry, is the triode resistance of the PFET and Cp is the dynamic

capacitance of the OPD.

Figures 4.5(a) and 4.5(b) show the light intensity-dependence of the pixels
incorporating BHJs of the two thicknesses discussed above. The low intensity range
of operation of Pixell (d=200 nm) is =17 uW/cm?, which can be improved by
increasing the thickness of the OPD as seen from Pixel2 (d=500 nm) where the
resolvable signal is =10 uW /cm?. It is also possible to extend this limit and access
the noise equivalent power (NEP) of the OPD by using amplification schemes in the
read-out circuit. In the higher intensity regime, Pixell exhibits linearity up to the

measured intensity of =12 mW /cm?.

The above observations show that the OPD response characteristics
determined by the active material and interface parameters clearly affect the overall
sensor features also. This outcome is studied further in detail. The analysis of the

storage mode of the OPD in series with a PFET is derived from the current balance
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. av
equation: C, T

= —(lgark + Ipnoto); where, Cy is the photovoltage dependent
capacitance (dynamic capacitance). Upon substituting for the dark current and
photo-generated current based on the diode equations, the time dependent voltage is

12
qae?

obtained as V(t) = [VOZ/ 3—§IOH (—=)?t]%/? where, V, is the initial reverse bias
voltage applied to the OPD, I, is the photosensitivity of the OPD, H is the
illumination intensity and a is the carrier concentration in dark?. The equation
states that the rate at which the photovoltage decays depends on the illumination
intensity and photosensitivity of the OPD. Therefore, if the photosensitivity of the

OPD is low, the read-out times are larger as the photovoltage takes longer time to

decay.

The photosensitivity is directly related to the quantum efficiency of the OPD

by the relation: I, = enAPO/ ne Where, 7is the external quantum efficiency (EQE) of
the OPD and Py is the incident light power. From the above equation we obtain a
comparison between the two OPDs based on their EQE value. The EQE graph at
0.4 V reverse bias of the OPD for the two thicknesses of the BHJ is shown in Figure
4.2(b). Despite the higher absorption for thicker BHJ layers, the EQE value is lower
due to losses arising from charge carrier trapping and/or charge carrier
recombination thereby resulting in an overall increase in series resistance. As seen by
previous studies, the magnitude of extracted current shows a gradual decrease with
increasing thickness?3, especially in organic materials, which are prone to low
mobility-lifetime (ur) products. Consequently, we see an overall decrease in EQE
which explains the narrowing of the linear mode operation of the sensor. The effect
of the OPD thickness is observed in the read-out time of the PPS also. The read-out
times for Pixell and Pixel2 as obtained from the fit of the Icg decay transient are
0.7 ms and 0.9 ms respectively. The difference in the read-out time is related to the
reduced dynamic capacitance for the thicker OPD. However, the decay time
constant is large due to overall low specific capacitance (C;) of the pixel, a common

shortcoming of PPS. (s can be reduced by placing a storage capacitor parallel to the
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OPD or by employing the active pixel structure which isolates the line capacitance

from the circuit?4.

4.5 A Self-Assembled PPS

OPDs, in particular, bulk heterojunction (BHJ) blends of donor and acceptor
polymers are most efficient as the photo-responsive element in the PPS. They
exhibit absorption coefficients of the order of 10°/cm? and signal response times in
nanoseconds?6. Large linear responses encompassing 8 orders of magnitude for BHJ
based photodiodes before the sub-linear bimolecular recombination mechanisms take
over at AM 1.5 levels can be utilized, in principle, to extend the LDR in these
pixels!6. Similarly, one of the many possible ways to decrease the response time of
the OPD is studied by fabricating stratified hetero-structures of alternating donor
and acceptor layers where the thickness of each layer is of the order of the diffusion
length of the charge carriers. This architecture leads to more efficient charge
separation and faster charge extraction which enabled a response time of 720 ps?”. A
previous study from our lab noted that by utilizing a thin layer of the acceptor
above the electron buffer layer in a solar cell, charge extraction was improved which
increased the short circuit current density and subsequently, the efficiency of the
solar cell?8. Similarly, a previous report showed that the solar cell efficiency can also
be increased in a ternary blend of P3HT:PC7:BM and DPP-DTT due to higher hole
mobility of DPP-DTT which enables balanced charge carrier extraction2??. Most
commonly, two or more polymer donors in a mixture with a PC71BM acceptor have
the inherent property to partially phase segregate when cast into a film due to
surface energy variations and varying degree of solubility in a common solvent!4. By
combining the above two properties, we have tuned the pixel architecture to obtain
a monolithic solution processed PPS. Casting the BHJ blend on a thin layer of high
molecular weight DPP-DTT creates an energetically favorable landscape for the
donor polymer (P3HT) to mix with the underlying DPP-DTT layer. As a result, a

ternary blend and a graded junction combining the PFET channel and the photo-
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responsive layer respectively, is generated. The schematic of the PPS is shown in

Figure 4.6(a).

a)

&

Al anode
CrtAu %
source Cr+Au
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Figure 4.6: a) Monolithic image sensor pixel architecture, and b) Absorbance of the
P3HT:PC7BM BHJ blend film, pristine DPP-DTT film and the transmittance of a

20 nm semi-transparent Cr+Au electrode with the DPP-DTT film coated over it.

DPP-DTT in the blend improves charge extraction and the pristine
underlying layer functions as the channel for charges in the PFET of the sensor.
DPP-DTT is an ideal candidate to realize a blended OPD cum PFET due to its
complementary absorption spectrum as compared to the BHJ components. This
ensures that DPP-DTT participates only in charge transport which minimizes
variations in PFET operation when incorporated into an array. As shown in Figure
4.6(b), DPP-DTT absorbs in the near-infrared region and does not have a significant
peak at the photopic maximum of the spectrum. The P3HT:PC;;BM BHJ layer has
an absorption maximum at 555 nm which is ideal for the photoactive layer of the
sensor. The Cr+Au electrode which acts as the anode cum PFET drain electrode
exhibits nearly 75% transmittance in the visible region with a drop from 700 nm due

to the presence of the DPP-DTT layer.

4.5.1 Device Fabrication

Bottom-contact PFETs were fabricated using the HfO,/SAM hybrid dielectric
and p-type polymer DPP-DTT as described in detail in Chapter 3. Semi-transparent

Cr+Au S-D electrodes (thickness=20 nm) was coated by PVD to allow the incident
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light to penetrate the PFET and get absorbed in the OPD active layer. The
P3HT:PC7;BM blend was spin-coated over the DPP-DTT layer from a 35 mg/ml
chlorobenzene solution. MoOx+Ag was coated as the cathode of the OPD by

patterned deposition only above the source of the PFET (Figure 4.6(a)).

4.5.2 PPS Characterization
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Figure 4.7: a) Photocurrent response transient of the OPD when it is illuminated
with a 10 ns, 532 nm laser pulse showing a single exponential decay with a time

constant of 1 ys, and b) Responsivity of the OPD as a function of reverse bias.

Excellent output and transfer characteristics are obtained from the PFET
(Chapter 3) with an average hole mobility of 0.840.1 cm?/V.s and a maximum ON-
OFF ratio of 105. The decay transient obtained from the OPD fabricated above the
FET is of the order of 1 ps (fall time) with 0.03 A/W responsivity in the
photoconductive mode as shown in Figure 4.7(a) and (b) respectively. The fall time
forms a crucial parameter in image sensor performance as it determines the rate at
which charges can be transferred after one light exposure. These values correspond
to a bandwidth 1/2mt of 160 kHz which is excellent even for high speed video

recording.

Light response measurements were performed on the integrated structure

with a 532 nm CW laser along with suitable aligned optics. As explained in the
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previous section, a similar pulsed technique was used to observe the PFET output
during multiple exposure-scan cycles of the incident illumination. A clear
photoinduced signal signifying the buildup and decay of charges is observed across

the integrated circuit with the two components as shown in Figure 4.8.
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Figure 4.8: Photocurrent transients of the image sensor pixel at different intensities

(white LED source).

4.6 Device Simulations

4.6.1 Operation of the Sensor

The working of the proposed PPS architecture was simulated using the Silvaco
Atlas 2D TCAD package. Figure 4.9 shows the device structure of the simulated
image sensor pixel. An aluminum gate of length 60 ym was chosen to match with
experimental dimensions. HfOy was used as the dielectric with dielectric constant ~
22. All the parameters chosen for the simulation are displayed in Table 4.1 below.
DPP-DTT was used as the active layer in a bottom contact FET structure with
gold S-D electrodes placed with no gate overlap to minimize stray capacitance. A 1
pum thick PSHT:PC7yBM layer was defined throughout the FET as the photoactive
layer of the OPD, with the cathode of the OPD constructed in alignment with the
drain electrode (also the anode of the OPD) of the FET. The simulation code is

shown in Appendix A.
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Figure 4.9: Structure of the image sensor pixel as simulated in Atlas.

Charge transport in the FET is characterized by the Poole-Frenkel mobility
model whose implications for transport in organic materials has been proved in
many studies3?-32, The presence of sub-gap states due to the disordered nature of the
material has led to many important observations especially for the photo-response of
the device?3. Since the simulation deals with the optoelectronic characterization of
the PFET and OPD, we take into account the consequence of defect levels by
considering an exponential density of states (DOS)3%% whose nature is shown in
Figure 4.11(b). The defect levels are characterized by a specific trap temperature
and density?6. Similarly, the OPD is characterized using the scheme presented by
Koster et. al.37. The BHJ is considered as a single layer with the difference in the
LUMO energy of the acceptor and the HOMO energy of the donor material
considered as the bandgap of the composite material. Recombination mechanisms
are taken into account using the Langevin theory?®. Light incidence is simulated by
the transfer matrix approach (TMM)3 which is a 1D method utilizing the
interference effects of all the layers where the electromagnetic field amplitudes of the
reflected and transmitted wave are directly related to the incident wave amplitude.
TMM gives the exact nature of the photon absorption and exciton generation rate

can be determined as a function of the BHJ thickness?0.



106 Chapter 4

Table 4.1: Parameters used for Atlas 2D TCAD simulations.

Name of the parameter Value
N, N, of the DPP-DTT layer 2.5x10" cm?
N., Ny of the BHJ layer 2.5x10"cm
Bandgap, affinity of the DPP-DTT layer 1.7eV,3.5eV
Bandgap, affinity of the BHJ layer 1.1eV,4.0eV
Zero field hole and electron mobility 4x10* cm*/V.s
Field dependent mobility parameter (hole and | 0.1 cm®> V*°
electron)
Exciton binding energy 0.28 eV
Characteristic trap temperature 600 K
Total trap density 10" cm™
Permittivity of the organic layers 3

The image sensor pixel is characterized for its photo-response by including
the individual models of charge transport for the PFET and the OPD. Initially, the
OPD is reverse biased in dark to a small negative value. Under this condition, the
light is switched on for an integration time t¢;,;. A photocurrent transient is observed
due to separation of charge carriers in the BHJ layer as shown in Figure 4.10(a).
The photogenerated charges drift under the influence of the externally applied field
with clear increase in the hole concentration close to the PFET channel (Figure
4.10(c)) and increase in electron concentration near the cathode (Figure 4.10(d)).
The accumulated charges are extracted after the light is turned off when a gate
voltage is applied to drive the PFET into operation (Figure 4.10(b)). The integrated
current in the channel of the PFET gives a signature of the intensity of light that
was incident on the OPD during one exposure cycle. The decay transient fitted to a
single exponential with time constant is equal to luys which is in perfect agreement
to our experimentally observed OPD transfer rate. However, many other influences
such as stray capacitance and line noise can yield a lower limit of the transfer rate

in actual devices when the OPD is connected serially to the PFET.
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Figure 4.10: a) Photocurrent transient simulated in Atlas, b) Extraction of charges
after light exposure, c¢) and d) electron and hole separation in the BHJ layer during

light exposure.

4.6.2 Dark Current Measurements

Various sources of noise distort the signal at especially low light levels which
decreases the signal to noise ratio and therefore the LDR of the image sensor. Given
a single pixel, the major source of noise is the temporal noise which results due to
time dependent signal fluctuations in the PFET channel. This sets a fundamental
limit for read-out time as a function of light intensity. The temporal charge
fluctuations can be measured in the dark by recording the increase in the number of
charge carriers in the FET channel as a function of time. Figure 4.11(a) shows the
hole carrier concentration in the FET channel as a function of time when the OPD
is reverse biased to 1V in dark. At ambient temperature, the number of charge
carriers in the channel is low up to 4 ms after which time it increases rapidly. This
rise puts an upper limit for extraction time beyond which the noise dominates. A

temperature dependence of the charge accumulation is also presented in Figure
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4.11(a). It is observed that when the image sensor is cooled to temperatures reaching
150 K, the time taken for the fluctuations to dominate the signal current is longer
and of the order of 0.1 s. On the other hand, the maximum charge transfer time is
reduced when the image sensor is operated at 400 K. Due to the inherent disorder in
organic materials, charge transport is predominantly of a hopping nature where the
charges have to overcome an energetic barrier in order to constitute current*!. At
high temperatures, the thermal barrier for charges is overcome by kT which leads to
large carrier fluctuations in the FET channel at small sample times. Cooling the
sensor implies high activation for the charge carriers to move thereby decreasing

charge fluctuations and increasing the sensitivity of the device.
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Figure 4.11: a) Charge accumulation in the PFET channel during read-out as a

function of temperature, and b) the nature of trap distribution at the

semiconductor-dielectric interface.

4.7 Summary

The present studies of a solution processed image sensor pixel demonstrate the
suitability of using organic semiconductors to realize applications on non-rigid
substrates. The pixel design and fabrication process are relatively simple and
exhibits reasonable characteristics. Our observations and results can serve as a good
example where the interdependency of the materials, device design, and circuit
parameters for image sensor pixel is established, and forms the initial crucial step for

fabricating a large area image sensing array with solution processed active layers.
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Secondly, graded junctions with a gradual energy change can be formed by facile
solubility governed chemistry to improve the efficiency of charge extraction in the
photoactive layer of the OPD. An in-depth understanding of the processes during
one exposure-read cycle of the novel image sensor pixel architecture is presented
using 2D TCAD device simulations. Dark current charge accumulation calculations
show that charge transport processes affect the temporal noise of the sensor
significantly. The feasibility of synthesizing wavelength specific polymers and their
easy processing makes the organic image sensor suitable for low density, high fill-
factor imaging applications. However, arrays incorporating these pixels will give a
better insight into the various properties of the sensor such as pixel pitch, pixel
densities and noise sources for incorporating them into next generation sensor

applications.
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5.1 Introduction

Advancement in the field of organic electronic devices has led to their
incorporation in mainstream integrated -circuits mainly for flexible electronic
applications!:2. In the quest for miniaturizing electronic devices for denser circuitry,
the wvertical transistor geometry offers seamless packing density with output
characteristics in par with traditional organic field effect transistor (OFET)
counterparts. Large strides have been made to enhance the OFET performance
characteristics by increasing carrier mobility and improving transport pathways via
rational designing of molecules and interfaces3*. Progress in dielectric materials and
surface treatments have also led to lowering the threshold voltage of operation®S.
However, as growing applications demand higher density of FETs, conventional
solution deposition and printing methods may fall short of the requirement criteria.
The combination of prerequisites for high performing OFETs involve high on-off ratio,
low operating voltage and high switching speed without resorting to complex
fabrication processes which pose challenges to the growth and usage of solution
processible electronics’. In this regard, the vertical organic transistor (VOT) provides
a paradigm shift to keep up with the technological requirements in this field. VOTs
can overcome short channel limitations®? as well as enable 3D integration of devices
thereby reducing the areal footprint of processing electronics in integrated circuits. In
VOTs, the semiconductor thickness which is equivalent to the channel length can be
accurately controlled to the nanometer scale in a facile manner. As a result, VOT
operation can yield large current densities at low voltages along with precise gate
voltage control. Several other advantages and large-scale requirements which can be
fulfilled by VOTs has resulted in the study of novel architectures to fabricate 3D three
terminal devices to obtain transistor-like characteristics'®-19. To achieve vertical
current conduction, nearly all the classes of VOTs employ a perforated source
electrode with nanometer-sized pore dimensions. To obtain porosity in the source

electrode, the device fabrication involves a direct or indirect lithography step?? which
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ultimately makes the process non-scalable. The organic permeable base transistor
(OPBT) is limited by low current amplification f which results in large base
recombination currents due to the absence of a perfect blocking contact?!:?2. The
vertical field effect transistor (VFETSs) geometry reduced off currents by isolating the
gate from a perforated source via the dielectric layer?. However, most of the gate
induced field is shielded by the source metal on the dielectric which increases the
operation voltage of the VFETs. The above examples imply that issues in the
utilization of VOTs remain. A few of them are: random source electrode porosity
which results in unsteady ON currents, complex source patterning and high OFF
currents which are due to gate electrode independent pathways between the source

and the drain.

The availability of well-defined, large-area mesoporous alumina templates?*
provides an inherently scalable architecture to implement vertical conduction in the
form of an organic nano-triode array (ONTA). Through-hole circular pores which are
obtained by standard anodization and etching techniques?:26 provide an ideal
template to form an array of nano-devices with densities as high as 10 pores/cm?
(Figure 5.2(a)). Alumina also takes up the role of a dielectric which isolates
neighboring conducting channels without resorting to complex lithography processes.
This technique avoids the complexity associated with polystyrene-based lithography?”
which has been the most reliable method for obtaining the surround barrier layer in
vertical transistors. This chapter describes the fabrication and working principle of
the ONTA using commercially available anodized aluminum oxide (AAQO) membranes
as the template for a porous base (gate-equivalent) electrode. The output
characteristics of the fabricated device are analyzed and the underlying working
principle is explained as a function of design parameters using 2D finite element
simulations to identify key factors affecting device performance. Subsequently, we
demonstrate single pore conductivity and basic switching characteristics in the ONTA

device for applications in logic and driving circuits.
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5.2 Device Fabrication

A patterned indium tin oxide (ITO) on a glass substrate was used as the
collector (drain-equivalent) electrode. The ITO coated substrate was cleaned using
standard glass cleaning protocol as mentioned in Chapter 3. After RCA cleaning, the
substrates were exposed to mild air plasma for 60 seconds to remove organic
contaminants. A clean, hydrophilic surface improves AAO adhesion to the ITO.
Through-hole AAO membranes were purchased from TopMembranes technology 1td.
and utilized without further modification. The base support of PMMA in the AAO
membranes was separated from the AAO sheet by gripping the membrane with the
ITO substrate using tweezers and dipping the substrate in an acetone bath. The
transferred AAO membrane was annealed at 50°C for 5-6 hours to remove any residual

acetone. The schematic of the AAO transfer process is shown in Figure 5.1 below.

A \ /Dry, hydrophilic substrate

Placing upside down l m

/ l Acetone Bath

Figure 5.1: Schematic of the procedure of AAO membrane transfer onto a patterned

ITO substrate.

The transferred AAO membranes exhibit large-scale pore uniformity as shown
in Figures 5.2(b), (c) and (d) and are known to be robust over a wide temperature
and solvent range?6-28. A thin layer of aluminum (720 nm) was thermally evaporated
at 106 mbar pressure as the base electrode over the AAO. It conforms to the AAO

porous structure, thereby resulting in a porous electrode naturally. The sample holder
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was placed exactly above the sublimation source in the PVD to ensure that the
aluminum does not coat the inner pore walls of the membrane. Along with this
condition, the ratio of the pore height to the thickness of the coated aluminum also
determined the extent of the coating on the inner walls of the barrier. This is
illustrated in Figure 5.3(a) and (b) from which an optimized thickness of 20 nm was
chosen for a barrier height of 100 nm to obtain an Al coating without conductivity
with the bottom electrode. A control I(V) graph given in Figure 5.3(c) for the
optimized conditions shows negligible current between the ITO and Al electrodes in
the absence of P3HT filled in the pores. To reduce the base recombination current
and the reverse collector-emitter current, the substrates were exposed to an oxygen
plasma for 30 minutes to increase the thickness of the nascent oxide layer on the

aluminum.
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Figure 5.2: a) SEM image of a 300 nm thick the AAO porous membrane coated with
20 nm aluminum and filled with P3HT, b) pore diameter, and c¢) center to center pore
distance statistics showing an average of 100 nm and 125 nm respectively, and d) FFT

of the pore structure showing hexagonal packing.
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response between Al and ITO electrode prior to filling P3HT in the pores.

Semiconducting p-type polymers such as P3HT and DPP-DTT were used as
the active layer, cast either through dip-coating (for AFM measurements) or drop-
casting (for transistor measurements) in a No-filled glove box from a 20 mg/ml solution
in chlorobenzene and annealed at 140°C for 1 hour to form the active channel inside
and above the pores. In effect, the polymer film extends from the collector-bottom of
the pore to the emitter (100 nm above the base electrode), where thermally deposited
gold forms the emitter (source-equivalent) electrode, to complete the nano-triode
device. An illustration of the side view of the completed device is shown in Figure 5.4.
An individual organic nano-triode comprises of a porous metal base forming a
Schottky contact, an emitter which forms an injecting ohmic contact and a collector

electrode for charge extraction.

—— Au (Emitter)

Ver |
—[’_ P3HT (~ 700 nm to 1 um)
VCE =

Aluminum (Base) + AlO,
= » AAO membrane

ITO (Collector)

Figure 5.4: Illustration of the side view of the ONTA structure showing the different

layers.
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5.3 Device Characterization

5.3.1 Experimental Characterization

All measurements were performed in inert atmosphere using a customized
device holder chamber. Devices were stored in an inert atmosphere in between

measurements.

Current-Voltage Measurements: J(V) characteristics, transistor and diode curves
were measured using a Keithley 4200 semiconductor parameter analyzer. Switching
measurements were performed by applying a pulsed voltage of AVgg = -1 V to the
base electrode while maintaining Vcg = -2 V. The output voltage was measured across
an external series resistor using a Tektronix MDO3024 200 MHz oscilloscope. Time of
Flight (TOF) measurements were performed using a 532 nm pulsed excitation from a
nanosecond laser, and the output transient was measured using a 50 §2 coupling in the

oscilloscope.

Atomic Force Microscopy: Topography and conducting AFM (C-AFM)
measurement of the ONTA device was recorded using JPK Nanowizard 3 atomic force
microscope. Topography and C-AFM were simultaneously recorded in contact mode
using a Si cantilever coated with Cr/Au having resonance frequency of 13 kHz and

force constant of 0.2 N/m.

5.3.2 Device Simulations

The mechanism of operation of an ONTA was studied by performing 2D device
simulation using Atlas, Silvaco Inc. Organic semiconductor transport properties were
used for the simulation by employing the ‘Organic Display’ module. P3HT properties
were incorporated by taking values from literature?. An exponential density of states
was considered at the band edge to introduce defect energy levels close to the HOMO
level as seen in previously reported studies®?:3!. The simulation code along with the

material parameters for the different regions of single pore ONTA is given in Appendix

B.
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5.4 Working Principle of ONTA
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Figure 5.5: a) Transfer, and b) output characteristics of a fabricated ONTA device
of area =1 mm?, c¢) a single pore of the ONTA as simulated in Atlas. 2D current
density distribution is shown in the pore, and d) line scan of the simulated potential
landscape in the vertical channel of the pore which shows base modulation as the Vg

is increased in the forward bias.

Conventional vacuum triodes consist of a p+ base region and an n-channel
region for charge transport when a finite forward collector-emitter bias (Vcg) is
applied at zero base bias. As the base is reverse biased (Vgg), a depletion region is
created around it. Subsequently, increasing the bias widens the depletion width,
pinches off the channel and switches off the transistor3?33. One of the features of
triode-like VOTSs is the realization of normally OFF transistors. Veg causes the flow

of collector-emitter current (Icg) through the P3HT in the pore. Icg is primarily space-
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2
charge limited and follows J :ggogﬂu% where Vi, is the contribution of Ve and
Vge. The Icg in the forward bias ON state is higher than the base-emitter current
(Igg) due to the thin aluminum oxide blocking layer formed by plasma treatment
which lowers the base recombination current. Vpg modulates the current in the P3HT
as shown in the transfer (Figure 5.5(a)) and output characteristics (Figure 5.5(b)).
The drastic reduction in the channel length in an ONTA leads to current densities

that are nearly three orders of magnitude higher as compared with conventional P3HT

FETs3.

The mechanism of operation of the ONTA can be explained based on four
regimes as shown in Figure 5.6 which is obtained from 2D simulation of a single pore
(Figure 5.5(c)) and (d)). In this study, we use a common emitter configuration for the
ONTA. In the first case, when Vg = 0 V and Vcg = -5 V, Ipg is purely diffusion
limited since the base and emitter are at equipotential. For a sufficiently thick PSHT
layer, the overall current in the channel is low and vertically confined to the center of
the pore (Figure 5.6(a)). The second regime of interest is the saturation regime when
VBe = -2 V, Vcg = -5 V. Since Vg > Vg, charges injected at the emitter are
transmitted to the collector under a drift of the CE diode bias. In other words, an
overall decrease in the barrier height at the base results in a smooth flow of charges
towards the collector thereby giving rise to high Icg (Figure 5.6(b)). To ascertain the
role of the base in modulating the Icg, we consider a third regime wherein Vgg = -2
V, Veg = -1 V. At this bias, the base is at a lower potential than the collector and
the BE field lines point toward the base which causes most of the current from the
emitter to recombine at the base. As shown in Figure 5.6(c), although there is hole
injection at the emitter, recombination at the base is high which ultimately results in
low Icg. Finally, we consider the region of complete pinch-off which happens for Vg
>0 V. When Vgg = 1V, the BE, and CE field lines are anti-parallel, so the possibility
of the base rather than the emitter injecting holes is higher. However, the presence of

a thin oxide layer around the base prevents any charge injection, therefore, resulting
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in an overall reduction in Icg (Figure 5.6(d)). In an organic ONTA, for any Vgg> 0
V, the channel is pinched off since Vg >Vcg, implying that the threshold voltage
(V1) should be at/close to Vgg= 0 V which is seen in the transfer characteristics of
the fabricated device in Figure 5.5(a). From the above description, we note that the
base electrode is primarily responsible for the transistor-like operation in ONTAs. It
has been shown from earlier reported results that V. in the SCLC equation is a linear
combination of Vcg and Vpg with a geometrical perturbation factor (A) associated
with Vg given by Vep+AVpe*. Optimizing A can yield better saturation behavior,
lower off currents and high switching speed. We explore the influence of the
geometrical parameters of the AAO template like pore diameter, pore height and base
electrode thickness on the device characteristics by device simulation, which is

consistent with the experimental trend.
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Figure 5.6: Simulated total current density in the active layer of a single organic
nano-triode when a) Vpg = 0 V and Vg = -5V, b) Vgg = -2 V, Vcg = -5V, ¢) Vgg
=-2V,Veg = -1 Vandd) Vgg = 1 V, Vg = -5 V explaining different regimes of
operation. The pore diameter is kept constant at 100 nm with a total P3HT thickness
of 530 nm.

5.5 Optimizing Geometrical Parameters

5.5.1 Pore Width

0.1 0.001

Figure 5.7: a,b,c) Simulated current density contours for three pore diameters at

Vip= -2 V, Vep= -5 V.

The first parameter we consider is the AAO pore width. For p-type ONTA
operation, at Vgg =0 V and V¢cg < 0 V, the channel for Icg is not completely pinched-
off, resulting in a small OFF current. A pinch-off voltage is obtained when the energy
barrier exceeds the activation energy required for electrons to hop. Apart from the
VBE, the barrier height is also a function of the pore diameter. The low-charge density
region extends beyond the base along the walls of the AAO and decreases radially.
These features of the charge distribution determine the OFF current in the ONTA.
As the pore diameter reduces from 100 nm to 25 nm, the low charge density region
extends into the entire pore thereby reducing the magnitude of the OFF current

(Figure 5.7(a), (b), (c)). However, the reduction in active channel area also reduces
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the magnitude of saturation current. We fabricated ONTAs with two pore dimensions
and observe that the Jog of a 100 pm? device can be varied from 40 pA/cm? to 30

A /cm? as the pore dimension changes from 100 nm to 50 nm.

5.5.2 Semiconductor Thickness

The second geometrical parameter considered is the thickness of the P3HT
layer. In an SCLC diode, the internal electric field is non-uniform and strongly
dependent on the thickness of the active layer36. The presence of a third electrode
further modifies the potential landscape between the CE and BE diodes. The potential
distribution can be divided into two regions: the BC potential gradient which varies
linearly as a function of V¢ and is dependent on the pore depth and pore diameter
of the AAO and the BE gradient which is a function of the P3HT layer thickness
between the base and the emitter. Since the AAO membrane thickness is fixed, by
changing the P3HT thickness between the base and the emitter, the transistor
characteristics can be tailored to obtain saturation current. Figure 5.8(a) shows the
vertical potential distribution for different P3HT layer thicknesses at a fixed bias. As
the PSHT thickness between the BE diode increases, the slope of the BE potential
gradient becomes more gradual. The bulk of Vg drops across the BC region implying
that as we sweep the Vg, the BC gradient changes but there is negligible contribution
from the BE diode. Consequently, a thicker semiconductor yields Vcg independent
Icg at saturation. A similar condition can be achieved by varying the aspect ratio of
AAO to P3HT thickness thereby giving a figure of merit parameter to obtain low OFF
currents along with high saturation Icg, The figure of merit parameter has been
quantified in previous studies to obtain a high sub-threshold swing which is a crucial

parameter for high-frequency switches37.
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Figure 5.8: a) Simulated vertical potential in the P3HT for varying P3HT
thicknesses, and b) base electrode thickness dependence in a 100 nm wide pore ONTA

device. The horizontal electric field distribution is obtained at saturation Icg.

5.5.3 Base Electrode Height

The third parameter considered is the effect of the base Al electrode thickness.
In an ONTA, the aluminum oxide around the base creates a depletion region in the
shape of a cylinder. The depletion capacitance can be subsequently calculated and is
found to be inversely proportional to the base metal thickness®®. Figure 5.8(b) shows
the electric field profile for three different thicknesses of the base metal electrode for
a pore diameter of 100 nm. As the base thickness increases (2040 nm), the magnitude
of the lateral electric field at the base in the P3HT decreases. As a result, the Vgg
drift for the incoming holes from the emitter reduces, and the Icgp magnitude drops.
The decrease in specific depletion capacitance also implies that the BE diode should
be reverse biased further (due to leakage currents) to pinch off the channel thereby

shifting the threshold voltage to more positive values.

5.6 Switching Characteristics

By implementing the design strategies from the above analyses, we study the
applicability of an ONTA fabricated using AAO templates with 100 nm pore diameter

and 300 nm AAO thickness for switching circuits. A square voltage pulse is applied
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to the base electrode (AVgg = -1 V) of the transistor operating in the saturation

regime (Vcg = -2 V) as shown by a circuit diagram in Figure 5.9(a).
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Figure 5.9: Switching characteristics in an ONTA. a) Circuit diagram of the setup
used for obtaining switching behavior, and b) output signal for a 120 Hz pulsed Vpg=
-1 V and VCE: -2V.

Icg is measured using a linear current to voltage converter (1 k{2 load resistor
connected across the CE diode). The response of the ONTA (Figure 5.9(b)) is obtained
after correcting for the exponentially decaying background surge current which arises
due to capacitance discharge at the emitter electrode. The switching time gy, which
can be subsequently deduced from the rise time of the output signal is observed to be
87.8 ps for a pulse voltage duration of 5 ms. In the ONTA, three time constants need
to be considered to determine the syn. The first is the RC charging time zgc, where
R is a sum of base resistance and channel resistance and C is the depletion capacitance.
Capacitive effects due to the AAO walls (geometrical capacitance) are negligible as is
seen from the simulation of barrier materials of different dielectric constant (Figure
5.10(a)) and can, therefore, be neglected. The second factor is the transit time of
charge carriers between the emitter and collector. To estimate the transit time of the
holes, time of flight (ToF) measurements are performed as a function of Vg, while
the Vg is kept constant (typical ToF transient shown in the inset of Figure 5.10(b)).
As we can see from Figure 5.10(b), the transit time of charge carriers decreases with

increasing Vg by the equation, 7, =d’/uV , where d is the channel length and p is



128 Chapter 5

the space-charge mobility of P3HT. At Vcg = -2 V, Vg = -0.5 V, the transit time is
=1 ps which is of the order of the . of the device. The saturation current which is
determined by the thickness of the semiconductor can be controlled at the nanometer
level and gives us an accurate handle to tune the transit time. Finally, the dielectric
relaxation time (z;) needs to be considered. The 7, is intrinsic to the semiconductor
material and is expressed as T4 = pe where ¢ is the dielectric constant of the
semiconductor implying that increasing the dielectric constant of the semiconductor
can also increase the switching frequency. The role of r;0on the ONTA performance is
studied by fabricating devices based on a high mobility DPP-DTT polymer? (Figure
5.10(c)). The higher mobility of DPP-DTT translates to higher channel conductance.
As expected, the magnitude of the saturation current in the ONTA increases, however,
it is found that the ON-OFF ratio is less due to high channel off currents. From this
discussion, it is understood that the above three time constants can be finely tuned
by the device geometry and material choice. trc can be reduced by maintaining a high
aspect ratio of AAO to P3HT thickness and sy, can be further improved by reducing
the charging/parasitic capacitance at the emitter which develops when the barrier
height for charge carrier injection is more. Many other factors such as lowering the
injection barrier using appropriate buffer layers, improved blocking layers around the
base, etc. to name a few can improve the switching frequency further which can
parallel the operation limits of inorganic FETSs in the near future for next-generation

integrated circuit requirements.
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Figure 5.10: a) Transfer characteristics of a single pore for varying dielectric

constants of AAQO. This shows no contribution of geometrical capacitance to Icg, b)
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transit time dependence when Vg is increased keeping Vgg constant at -0.5 V. Inset
of b) shows a representative ToF signal obtained for 532 nm pulsed laser illumination,
and ¢) output characteristics of an ONTA using high conductivity DPP-DTT polymer
as the channel layer. Pore size is 100 nm with center to center pore distance =125 nm

and thickness of the membrane is 300 nm.

5.7 Up-scaling Device Density

Finally, we emphasize the possibility of 3D integrated circuits at mesoscales by
using individual nano-triodes and lateral patterning. We measure the performance of
a single pore ONTA and observe current levels well above noise levels. In this pursuit,
we also demonstrate the linear scaling of Icg as a function of pore number by emitter
electrode patterning. Figure 5.11(a) shows the topography of the porous AAO
structure with P3HT filled in the pores recorded using atomic force microscopy. The
conducting atomic force microscopy image of the same area is presented in Figure
5.11(b) and Figure 5.11(c) showing the uniformity of current throughout the pore
which implies that P3HT completely wets the pore. For a forward Vcg = 5 V, a
uniform current magnitude is observed in the pore while the AAO region acts as a
barrier implying that each pore can perform as an individual device. The patterning
of the emitter electrode enables the formation of miniature functional blocks of
ONTAs that provide an accurate control on the signal magnitude. Figure 5.11(d)
provides evidence for this approach and shows the Icg dependence on emitter area for
an ONTA operating at Vcg = -2 V, Vg = -0.5 V. A linear relationship between pore
density and current can be observed, however, larger device statistics need to be

considered to confirm a clear trend.
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Figure 5.11: a) AFM image of the porous AAO membrane surface, b) Conductive
AFM image shows current through the pores whereas the AAO walls act as barriers
thereby isolating each pore, c¢) shows current uniformity in the pore of diameter 100
nm, and d) device density upscaling shown by plotting the Icg in an ONTA as a

function of device area for Vpg= -0.5 V, Vo= -2 V.

5.8 Summary

In summary, porous alumina membranes provide the desired geometry and
systematic quantification of Icg over a large area for a nano-triode array which opens
a facile route for device integration coupled with superior device performance.
Simulations reveal that the aspect ratio of pore diameter to semiconducting polymer
film thickness controls the Icp saturation and OFF-current magnitude (ON-OFF

ratio) for switching. It is interesting to note that the performance parameter criteria
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of the device do not pose requirement constraints of high-mobility structurally ordered

active layer materials. In the present ONTA design, the Ipc is nearly six orders lower

than Icg due to the presence of the AAO layer which reduces the BC diode

contribution. All the salient advantages of an ONTA coupled with the facile

fabrication techniques enabled us to test its applicability as a switch with a short rise

time ~ 87.8 pus and stable operation in kHz range.
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Summary and Outlook

Field-effect transistors are the building block of modern day electronics and
research towards improving device performance is a continued goal in this technology.
The underlying effort in this thesis was to achieve this in polymer devices by dielectric
and device engineering using facile solution techniques and low temperature processing
for scalable applications. Experimental methods of enhancing performance parameters
of polymer transistors such as increasing switching speed, reducing the threshold
voltage and power consumption and up-scaling device density were presented. An
optical sensor utilizing a PFET with the improved characteristics was also
demonstrated. Device simulations proved to be a useful tool to complement the results

obtained for novel device architectures.

The possibility of low turn on voltage and low-power operation of OFETSs opens
of variety of sensor applications. The first outcome of the thesis was to achieve this
goal by two dielectric engineering strategies. Firstly, an ultra-thin hybrid dielectric
film was fabricated using a solution processed oxide layer (high-k) followed by a dense
monolayer of a surfactant (low-k) which was formed by self-assembly. The monolayer
reduced leakage in the dielectric without lowering the effective dielectric constant
(¢€~11) which resulted in a low-loss, high specific capacitance of 0.3 pF/cm? and
PFETs fabricated using the hybrid dielectric operated under -2 V. In the second
strategy, a new molecular dielectric TBD was utilized as a single step, solution
processable dielectric layer for PFETSs. The dielectric properties of a thin film of TBD
revealed an € ~6 which lies in the mid-k region. Capacitors using TBD as the dielectric
also exhibited a low loss tangent with a small dipolar relaxation time and low
interfacial disorder. Under - 5 V operation was achieved in p-type PFETs with a
mobility of 0.1 cm?/V.s using DPP-DTT as the active material layer. We also observed
that when TBD is added in small concentrations in a P(VDF:TrFE) matrix, thin films
exhibited enhanced ferroelectric properties. AFM, XRD and dielectric spectroscopy

studies suggested improved packing of the P(VDF:TrFE) chains which resulted in
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higher dipolar orientation in the presence of an external field. Simultaneously,
capacitors utilizing the composite as the dielectric layer revealed a marginal increase
in the effective dielectric constant (¢'~8) and decrease in dielectric loss as compared
to pristine TBD films. PFETSs fabricated from the composite dielectric show one order
higher mobility as compared to pristine P(VDF-TrFE) because of lowered interfacial

disorder and dielectric loss.

In the following chapter, a functional circuit consisting of an OPD connected
in series with the low voltage PFET was fabricated to study the PFET applicability
in a pixel addressable optical sensor. A reasonable light dependence of up to four
orders of incident power and a minimum sensitivity of 10 pW /cm? was obtained from
photoresponse measurements of the integrated PFET-OPD structure and the output
characteristics showed thickness and structure dependence. By utilizing the
strongpoint of solution and low temperature processing of organic devices, a novel

monolithic pixel architecture was also realized and studied for its photoresponse.

In the subsequent chapter, strategies to increase switching speed and device
density and reduce operating voltage were studied by utilizing a vertical transistor
architecture. A mesoporous alumina template was obtained and transistors were
fabricated within each pore. Analogous to the vacuum triode structure, the P3HT
based vertical transistor exhibited saturation current densities of the order of mA /cm?
and an operating voltage of -2 V. An array of such transistors was feasible due to the
ordered template structure and a device density of up to 10° transistors/mm? was
achieved. This study was supported by device simulations which helped in identifying

the key structural parameters to optimize the performance of the nano-triode array.

In summary, three main aspects of organic devices, specifically PFETSs, were
considered in this thesis to enhance device functionality. They were: reducing device
power consumption, improving PFET mobility and increasing device density. As an
immediate confirmation of device applicability, reliability tests are utmost important.

Simultaneously, scalability techniques must be explored to implement solution
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processing functional circuits for flexible and roll-to-roll applications. Detailed studies
of the degradation and reliability of organic electronic devices also must be studied to

increase their life-time and enable them as an emerging technology option.

In terms of practical device applications, the passive pixel sensor can be
extended to an active matrix circuit to be utilized in image sensors and to drive display
units. PFETs designed from the ultra-thin dielectrics can also be utilized for bio-
sensing and mapping cellular potential which will pave the way for novel applications,

generally believed to be unachievable with silicon electronics.

The porous alumina membrane provides an ordered template to study
confinement induced transport phenomena in semiconducting polymers/ small
molecule materials. Pore size dependent conductivity and photoresponse of semi-
crystalline and amorphous polymers can reveal the mechanism prevailing in electrical

charge transport in disordered systems
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Appendix A

A Self-Assembled Image Sensor Pixel Device Simulation

go atlas
title image sensor pixel characteristics

# ***********mesh definition**********
mesh width=1000

.mesh location=0 spacing=1

.mesh location=20 spacing=1l

.mesh location=60 spacing=1
.mesh location=80 spacing=1l

HKoX X X

1=-0.05 s=-0.025
1=0 s=0.001
1=0.02 s=0.001
1=0.04 s=0.01
1=0.07 s=0.01
1=0.27 s=0.1
1=0.30 s=0.1

MK K KKK
2333232323

# ***********region definition**********

region num=1 material=Hfo2 x.min=0 x.max=80 y.min=0 y.max=0.02
region num=2 user.material=dpp x.min=0 x.max=80 y.min=0.02
y.max=0.07

region num=3 user.material=bhj x.min=0 x.max=80 y.min=0.07
y.max=0.27

region num=4 material=vacuum x.min=0 x.max=20 y.min=-0.05
y.max=0

region num=4 material=vacuum x.min=60 x.max=80 y.min=-0.05
y.max=0

region num=4 material=vacuum x.min=20 x.max=80 y.min=0.27
y.max=0.30

# ***********electrode definition**********

electrode num=1 name=gate x.min=20 x.max=60 y.min=-0.05
y.max=0 material=aluminum

electrode num=2 name=drain x.min=0 x.max=20 y.min=0.02
y.max=0.04 material=gold

electrode num=3 name=source x.min=60 x.max=80 y.min=0.02
y.max=0.04 material=gold

electrode num=4 name=cathode x.min=0 x.max=20 vy.min=0.27

y.max=0.30 material=aluminum
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frxxrrxxxxcontact definition****xxxxx

contact name=gate workfunc=4.1
contact name=source workfunction=5.2
contact name=drain workfunction=5.2
contact name=cathode workfunc=4.1

# We assign a resistivity to the aluminum and gold using the
RESISTIVITY
# parameter of the MATERIAL statement.

material material=aluminum resistivity=1le-5
material material=gold resistivity=le-4

# ***********Saving structure file**********

save outf=fet.str
tonyplot fet.str

frxxxx*x**parameters for all the regions*******x

material material=Hfo2 permittivity=22.0

material material=dpp user.group=semiconductor
user.default=organic eg300=1.7 affinity=3.5 nc300=2.5el19
nv300=2.5el9 permittivity=3.0

fmaterial material=Dbhj user.group=semiconductor
user.default=organic eg300=1.1 affinity=4.0 nc300=2.5el19
nv300=2.5el9 permittivity=3.0

FrrxxxxrkiiirBimolecular recombination and poole-frenkel
#parameters* *x x x Ak kx

material material=bhj knrs.exciton=1.82694e6 lds.exciton=0.01
taus.exciton=1.0e20 rst.exciton=1.0

material material=bhj a.singlet=1.32167 s.binding=0.28484
mobility material=bhj deltaen.pfmob=0.1 deltaep.pfmob=0.1
betan.pfmob=4e-4 betap.pfmob=4e-4 mun0=2.5e-3 mup0=3.0e-4

material material=dpp knrs.exciton=1.82694e6 1lds.exciton=0.01
taus.exciton=1.0e20 rst.exciton=1.0

material material=dpp a.singlet=1.32167 s.binding=0.28484
mobility material=dpp deltaen.pfmob=0.1 deltaep.pfmob=0.1
betan.pfmob=4e-4 betap.pfmob=4e-4 munO=1le-5 mup0=0.1
frrxxxrriiidissociation parameters*x xxxkkokx

material material=bhj ge.exciton=1

grrxkxxkxkxxrparameters for light source**x**xx*xxxx*
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material material=aluminum sopra=Al.nk

material material=bhj real.index=2.05 imag.index=0.49
material material=gold sopra=Au.nk

material material=dpp real.index=2.02 imag.index=0.84
material material=Hfo2 sopra=Hfo2.nk

material material=vacuum real.index=1 imag.index=0.1

#********defects statement‘k****‘k****

odefects ha=1el8 hd=1el8 +tcd=600 sigae=le-14 sigah=le-14
sigde=1le-14 sigdh=le-14 numa=64 numd=128 \
dfile=oddon.dat afile=odacc.dat

grrxxxx+xmodels statement***x*xxxx

models pfmob singlet langevin s.dissoc

frrxrxxxtx**measure the characteristics****x*x*xx*%
# First measure dark FET characteristics

method newton trap
solve init
solve previous

# Un-Saturated D.C. IV Characteristics

solve vdrain=-0.02

solve vdrain=-0.1

log outfile=fet 1.log

solve vgate=1 vstep=-0.1 vfinal=-3 name=gate
log off

# Saturated D.C. IV Characteristics

solve init

solve previous

solve vdrain=-0.1

solve vdrain=-1.0

solve vdrain=-3.0

log outfile=fet 2.log

solve vgate=1 vstep=-0.1 vfinal=-3.0 name=gate

log off
# Save structure - in dark

save outf=fet.str
tonyplot fet.str
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# Plot PFET Characteristics
tonyplot -overlay fet 1.log fet 2.log
# transient with green light

beam num=1 x.origin=10 y.origin=-1.0 min.window=0 max.window=20
angle=90 wavelength=0.532

method newton trap

solve init

solve prev

# Set vd to wvdd

solve vdrain=-0.01

solve vdrain=-0.5

solve vdrain=-1.0

#solve vdrain=-2.0

# Float the drain

contact name=drain current

# Shine light

log outfile=light opd.log
solve bl=0.001 ramp.lit ramptime=le-6 dt=le-7 tstop=49e-6

# Save structure - integration time t=0

save outfile=light opdl.str

tonyplot light opdl.str

solve bl=0 ramp.lit ramptime=le-6 dt=le-7 tstop=54e-6
# Save structure - end of integration time

save outfile=light opd2.str

tonyplot light opd2.str

tonyplot light opd.log

# Transfer the charge to fet

solve vgate=-3 ramptime=le-6 tstep=le-7 tstop=80e-6
# Save structure - start of sampling time

save outfile=opd fetl.str

tonyplot opd fetl.str
solve vgate=0 ramptime=le-6 tstep=le-7 tstop=100e-6
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# Save structure - end of sampling time
save outfile=opd fet2.str

tonyplot opd fet2.str

tonyplot light opd.log

quit
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Appendix B

Single Alumina Pore Nano-Triode Device Simulation

go atlas
title vertical transistor characteristics

#*****meash definition*****

mesh width=0.025

x.mesh location=0 spacing=0.01
x.m 1=0.003 s=0.01
x.m 1=0.022 s=0.01
x.m 1=0.025 s=0.01
x.m 1=0.125 s=0.01
x.m 1=0.128 s=0.01
x.m 1=0.147 s=0.01
x.m 1=0.15 s=0.01
y.m 1=0 s=0.01

y.m 1=0.05 s=0.01
y.m 1=0.07 s=0.01
y.m 1=0.35 s=0.01
y.m 1=0.37 s=0.01
y.m 1=0.374 s=0.01
y.m 1=0.60 s=0.01
y.m 1=0.65 s=0.01

f*****region definition*****

region num=1 X .min=0 x.max=0.025 y.min=0.05 y.max=0.35
material=al2o3

region num=2 x.min=0.025 x.max=0.125 y.min=0.07 y.max=0.374
user.material=P3HT

region num=l1 x.min=0.125 x.max=0.15 y.min=0.05 vy.max=0.35
material=al2o3

region num=1 x.min=0 x.max=0.025 vy.min=0.37 y.max=0.374
material=al2o3

region num=1 x.min=0.125 x.max=0.15 y.min=0.37 y.max=0.374
material=al2o3

region num=2 x.min=0 x.max=0.15 y.min=0.374 y.max=0.6
user.material=P3HT

fr****electrode definition****x*
electrode num=1 name=collector x.min=0 x.max=0.15 y.min=0

y.max=0.05 material=ito
electrode num=2 name=collector x.min=0.025 x.max=0.125
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y.min=0.05 y.max=0.07 material=aluminum

electrode num=3 name=base x.min=0 x.max=0.025 y.min=0.35
y.max=0.37 material=aluminum

electrode num=3 name=base x.min=0.125 x.max=0.15 y.min=0.35
y.max=0.37 material=aluminum

electrode num=4 name=emitter x.min=0 x.max=0.15 y.min=0.60
y.max=0.65 material=gold

#**x*x*contact definition*****

contact name=base workfunction=4.0
contact name=emitter workfunction=5.2
contact name=collector workfunction=4.2

#r****physical models*****
models pfmob print
#*****material specifications*****

material material=p3ht user.group=semiconductor
user.default=organic eg300=1.9 affinity=3.3 nc300=1e21
nv300=1e2]l permittivity=3.3

material material=al203 permittivity=9.0

mobility material=p3ht deltaep.pfmob=0.1 betap.pfmob=4e-4
mupO0=1le-3

#*x*x*x**defects statement*****
odefects ha=1el8 hd=1el8 +tcd=600 sigae=le-14 sigah=le-14
sigde=1le-14 sigdh=le-14 \
dfile=oddon.dat afile=odacc.dat
#**** mathematical methods*****
method carriers=1 holes
# Transfer characteristics

fr****solve parameters*****

solve init
solve prev

solve vemitter=0

solve vcollector=0 outf=tc tmpl
solve vcollector=-1 outf=tc tmp2
solve vcollector=-2 outf=tc tmp3
solve vcollector=-3 outf=tc tmp4
solve vcollector=-5 outf=tc tmpb
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#load in temporary files and ramp Vds

load infile=tc tmpl

log outf=tc 0.log

solve vbase=2 vfinal=-2 vstep=-0.1 name=base
output e.field j.electron j.hole j.total
save outf=pore 100 tc O.str

=

load infile=tc tmp2

log outf=tc 0.5.log

solve vbase=2 vfinal=-2 vstep=-0.1 name=base
output e.field j.electron j.hole j.total
save outf=pore 100 tc 0.5.str

load infile=tc tmp3

log outf=tc 1l.log

solve vbase=2 vfinal=-2 vstep=-0.1 name=base
output e.field j.electron j.hole j.total
save outf=pore 100 tc 1l.str

load infile=tc tmp4

log outf=tc 1.5.l1log

solve vbase=2 vfinal=-2 vstep=-0.1 name=base
output e.field j.electron j.hole j.total
save outf=pore 100 tc 1.5.str

load infile=tc tmpb
log outf=tc 2.log
solve vbase=2 vfinal=-2 vstep=-0.1 name=base

output e.field j.electron j.hole j.total
save outf=pore 100 tc 2.str

tonyplot pore 100 tc 2.str

#r****plot parameters*****

tonyplot -overlay tc 0.log tc 0.5.1log tc l.log tc 1.5.log

tc 2.1og

log off

# Output characteristics
#*****solve parameters*****

solve init
solve prev

solve vemitter=0

solve vbase=0 outf=oc tmpl
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solve vbase=-0.5 outf=oc tmp2
solve vbase=-1 outf=oc tmp3
solve vbase=-1.5 outf=oc_ tmp4
solve vbase=-2 outf=oc tmpb5

probe name=potential x=0.04 y=0.085 potential
#load in temporary files and ramp Vds

load infile=oc tmpl
log outf=oc 0.log
solve vcollector=0 vfinal=-5 vstep=-0.25 name=collector

output e.field j.electron j.hole j.total
save outf=pore 100 ocO.str

load infile=oc tmp2
log outf=oc 0.5.1log
solve vcollector=0 vfinal=-5 vstep=-0.25 name=collector

output e.field j.electron j.hole j.total
save outf=pore 100 oc0O.5.str

load infile=oc tmp3
log outf=oc 1l.log
solve vcollector=0 vfinal=-5 vstep=-0.25 name=collector

output e.field j.electron j.hole j.total
save outf=pore 100 ocl.str

load infile=oc tmp4
log outf=oc 1.5.1o0g
solve vcollector=0 vfinal=-5 vstep=-0.25 name=collector

output e.field j.electron j.hole j.total
save outf=pore 100 ocl.5.str

load infile=oc tmpb

log outf=oc 2.log

solve vcollector=0 vfinal=-5 vstep=-0.25 name=collector
#rx****plot parameters*****

output e.field j.electron j.hole j.total

save outf=pore 100 ocZ.str

tonyplot pore 100 oc2.str

tonyplot -overlay oc 0.log oc 0.5.log oc 1l.log oc 1l.5.log
oc 2.log

quit
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