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Synopsis

Organic semiconductors have found a wide variety of application owing to a unique
set of properties which facilitates large area fabrication and low temperature solu-
tion processing. The charge transport in these disordered material is modelled using
gaussian distribution of states for site energy and position. Theoretical modelling in
this case becomes complex due to lack of a periodic potential. Noise spectroscopy
is being used here, as an alternative approach, to study the transport properties
of organic semiconductors in a field effect transistor architecture. Low frequency
noise analysis has been used extensively for silicon MOSFETs to calculate density
of traps and/or defects at interface or in the dielectric, to address degradation issues,
and used as a reliability tool. Noise in organic or polymer field effect transistors
(OFETs or PFETs) have been studied with silicon and/or hafnium oxide as gate
dielectric and the noise source has been attributed to traps in dielectric and at inter-
face. In present study, noise analysis has been done on solution processable polymer
dielectric and semiconductor based OFETs. Apart from gaining insight into charge
transport of organic semiconductors, the study also becomes relevant in the context
of using organic semiconductors for low cost flexible electronics.

The first part of thesis deals with experimental techniques comprising of device
fabrication and noise measurement details of OFETs. The experimental setup for
successfully extracting low frequency noise from the device under test (DUT) is
carefully designed to eliminate noise from unwanted sources. Details of setup de-
sign is followed by the digital signal processing of sampled current from DUT. The
main components for obtaining the frequency response or the power spectral den-
sity (PSD), comprises of DC batteries (for biasing), a trans-impedance preamplifier
(for amplification of current signal) and a signal analyser to record the time series
signal. Further processing is done on a desktop PC. Statistical averaging is done,
giving sufficient time, to obtain accurate frequency response in the relevant range
of frequencies.

The second part forms the most important as well as the largest portion of the
thesis, dealing with noise studies in OFETs in different regimes and working modes.
This part mainly consists of four types of noise measurements on n-type and p-
type transistors. First study deals with the dependence of noise with drain-source
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voltage keeping gate-source voltage constant, while the transistor is ON and under
dark conditions, at room temperature.

The second study focuses on noise as a function of gate-source voltage keeping
drain-source voltage constant, under similar conditions. The current noise is stud-
ied in linear and saturation regimes. The DC characteristics of OFETs have been
explained by the equations developed for silicon MOSFETs. The noise modelling
for the first two study is based on standard models developed for Si-MOSFETs as
well. However, deviations are seen while applying these models, namely the mobility
fluctuation model or the Hooge model and the carrier number fluctuation model or
McWhorter model. From the PSD plots of the first two studies, it is observed that
the origin of noise is a two dimensional (surface) phenomena which is expected since
the conducting channel of transistor is formed at dielectric-semiconductor interface.
The experimental fitting for obtained noise at high drain bias suggests mobility fluc-
tuation. On the other hand the data fits more to McWhorter model (at low drain
bias) however the fundamental assumption of underlying mechanism for conductiv-
ity fluctuation is not met here.

The third study investigates the noise properties of leakage gate current noise
and its effect on the source-drain current noise, in a p-type transistor. High noise
levels at gate terminal limits the frequency range of input waveforms and hence
adversely affects the processing speed of circuits. The gate is the front end for input
signals in most electronic circuits and thus it is quite important to study noise in this
section of device, which has been scarcely attempted in polymer FETs. The spectral
signature of gate current is seen at low frequency which dominates the source-drain
current noise. In the PSD plot, gate noise component is identified by a higher expo-
nent, on frequency term of the PSD equation, as compared to the source-drain noise.

The fourth and last study deals with light experiments on transistor operating in
the depletion mode and compared with dark conditions, in similar bias conditions.
The noise in this region is seen as a broad curve with a peak at around 1 kHz,
spanning in a frequency range of 10 Hz to 10 kHz. This particular feature is usually
associated with generation-recombination type noise with time constants having a
distribution centered around the peak frequency. Upon the incident of light (green
laser) at steady state, the noise amplitude as a whole increases, in the observed
frequency range, retaining the shape of curve which corresponds to dark condition.
The source of noise in depletion mode is attributed to bulk conductivity fluctuations
in the semiconductor.

This thesis is an attempt to understand the charge transport properties of organic
materials and address issues related to device stability and performance, by studying
the noise or current fluctuations.
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Chapter 1

Introduction

Practical demonstration of a working transistor by John Bardeen, Walter Brat-

tain, and William Shockley in 1947 laid the foundation of electronics industry, and

were awarded the Nobel prize in Physics (1956)1 for the same. The electronic cir-

cuits that used vacuum tubes and triodes were supplanted by silicon based devices

with the added advantage of reduced power consumption, smaller size, improved

performance, large scale production, etc. Silicon based logic circuits find critical

application in the field of computing, communications, space technology, manufac-

turing industries, aviation, defence, research, consumer electronics and many more.

At present, all forms of technological advancements rely heavily on electronics.

The transistor is the functional building block of an electronic circuit. It has

evolved through various stages, to meet varied requirements. It evolved from bipolar

junction transistor(BJT) to junction field effect transistor(JFET) and later to metal-

oxide-semiconductor field effect transistor (MOSFET). MOSFETs have gained pop-

ularity in complementary metal oxide semiconductor (CMOS) technology for making

integrated circuits (ICs).2 The word complementary refers to the fact that both p-

type (holes as majority charge carriers) and n-type (electrons as majority charge

carriers) MOSFETs are used, in a pair, for implementing logic functions. CMOS

technology is used in microprocessors, microcontrollers, static RAM and various

other digital logic circuits. The idea of ICs started with the development of small

scale integration (SSI) devices comprising of few hundred transistors and finally

achieved very large scale integration (VLSI) with millions of transistors on a single

chip. An Intel i7 processor, today, typically contains few million transistors per

1



2 CHAPTER 1. INTRODUCTION

square millimetre.3 This drastically reduces the cost per chip. However, the wafer

on which the ICs are fabricated is presently limited to a diameter of 12 inch(a).

The most commonly used semiconducting material for making transistors is silicon

although germanium, gallium nitride, gallium arsenide, silicon carbide, etc. are also

seen as potential candidates for certain specific applications. Ultrapure crystals (

purity> 99%) are used for making substrate wafers which require very high tem-

perature (∼ 14000C) for processing, substantially increasing the production cost.

Further, the substrate wafer can only be increased to a certain size in order to have

low cost per chip with a sustainable market strategy.4 Thus, it is quite difficult

for the silicon based technology to meet certain applications which demand large

area electronics along with the desired virtue of being low cost. A promising candi-

date for such specific requirements is hydrocarbon based conducting materials often

termed as organic semiconductors.

1.1 Organic Semiconductors

Organic semiconductors (OSCs) are compounds made of carbon and hydrogen atoms

with few other heteroatoms like sulphur, nitrogen and oxygen, and show properties

similar to inorganic semiconductors.5 In 1977, the first highly conducting polymer,

polyacetylene (chemically doped) was discovered, which demonstrated the utility of

polymers as conductors or semiconductors. Heeger, MacDiarmid, and Shirakawa

were awarded the Nobel Prize in Chemistry (2000)6 for the discovery of conduc-

tive polymers. Molecular crystals like naphthalene and anthracene were studied

before the discovery of conjugated polymers.7 The field of OSCs was influenced sig-

nificantly when higher conductivities were obtained in π-conjugated polymers(b)(a

system where the carbon chain has alternating single and double bonds) by doping

the polymer.8 With tedious research in the field of OSC, for the past two decade, it

has been shown that these materials can be successfully used in solar cell, field effect

transistor (FET) and light emitting diode (LED) applications.9 They are potential

candidates for low cost, large area and flexible substrate applications.10

Organic semiconductors can be broadly classified into two categories: small

(a)ongoing research is in the direction to make wafers of diameter 18 inch
(b)conjugated polymers will be used interchangeably with organic semiconductors

2
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molecules or oligomers (usually processed in vacuum) and polymers (usually pro-

cessed by wet chemical techniques).5 In each case, various materials have been

designed over the years that transport holes or electrons, or both (ambipolar). The

processing temperature for wet chemical techniques is low as compared to silicon

technology, thus reducing the manufacturing cost for this technology.

Organic semiconductors belong to a class of disordered materials. They show

semiconducting properties albeit the “semiconducting” nature is different as com-

pared to their inorganic counterpart.11 Organic molecular crystals are van der Waals

bonded solids12 and have considerably weaker intermolecular bonding as compared

to covalently bonded semiconductors, like Si or GaAs. This greatly affects their me-

chanical properties and enables them to be deposited on flexible substrates without

worrying about structural damage due to folds and bends. In case of polymers, the

polymeric backbone or chain can be arranged, either in an amorphous spaghetti-like

structure, or form ordered domains with amorphous regions at their boundaries. In

each of these cases, crystal structure or the packing of polymer chains show sig-

nificant anisotropy which results in a certain degree of disorder, having a strong

influence on the electronic properties of the material and consequently on the oper-

ation of organic electronic devices.

1.2 Charge transport

The charge transport properties of OSCs are briefly summarized in this section.

The energy states of molecules are centered around the lowest unoccupied molec-

ular orbital (LUMO) level and highest occupied molecular orbital (HOMO) level

unlike inorganic semiconductors which have well defined conduction and valence

band levels. The electronic wavefunctions are weakly delocalized among neighbour-

ing molecules.5 The density of states (DOS) around HOMO and LUMO levels are

described by a Gaussian distribution.13,14 The gaussian energy spectrum g(ε) is

expressed as,

g(ε) =
No

σo
√

2π
exp

(
−ε2

2σ2
o

)
(1.1)

here, σo is the standard deviation (energy spread or width) of the DOS, No is the

3



4 CHAPTER 1. INTRODUCTION

density of randomly distributed localized states (also known as sites). The energy ε

is measured relative to the center of the DOS. The broadening of the DOS (expressed

by σo) is known to be influenced more by the randomness of intermolecular interac-

tions rather than its magnitude. The weak van der waals force and the morphology

of disordered materials results in a positional disorder which is also modelled by a

gaussian distribution(c).

The charge transport in these materials occurs due to “incoherent” hopping of

carriers (electrons or holes) via randomly distributed localised states. The hopping

rate (νij) for carrier transition from an occupied site i to an empty site j, separated

by distance rij, is described by the MillerAbrahams expression11,12 given by,

νij = ν0exp

(
−2rij
αr
− εj − εi + |εi − εj|

2kBT

)
(1.2)

αr is the localization length of charge carriers (∼ 10−8cm), εi and εj are the

carrier energies on sites i and j, respectively, kB is the Boltzman constant, and T is

absolute temperature. The prefactor ν0, is termed as attempt-to-escape frequency

which depends on the interaction mechanism that causes transitions of charge car-

ries. In the case of interaction with phonons, its value is usually assumed close to

the phonon frequency ν0 ≈ 1012s−1. A carrier at site i can hop to another site j

with three possibilities-

• Hopping to another site having higher energy i.e, εj > εi, assisted by absorp-

tion of a phonon. This is a thermally assisted tunnelling process and thus

depends on temperature.

• Hopping into another site with equal energy, εj = εi, which occurs by tun-

nelling and is independent of temperature.

• Hopping into another site which has lower energy, εj < εi, where the energy

difference is being compensated by the release of a phonon. This process is

temperature independent.

If spatial positions and energies of localized states can be considered indepen-

dent from each other, this model is traditionally called the Gaussian Disorder Model

(c)similar to eqn.1.1 and having standard deviation Σ.
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(GDM). If site energies are correlated with their spatial positions the model is tra-

ditionally called the Correlated Disorder Model (CDM).8 The energy spectrum in

the latter case can also be Gaussian.

Two kinds of disorder are usually distinguished- Diagonal Disorder, which re-

flects the fluctuations in site energies (i.e., the energies of the HOMO or LUMO levels

of individual molecules or chain segments) within the material; and Off-Diagonal

Disorder, which is related to fluctuations in the strength of interactions between ad-

jacent molecules or chain segments.5 Off-diagonal disorder results in a distribution

of electronic couplings within the material that can generate conducting pathways

through the material as well as dead-ends for the charges. In the case of flexible

molecules/chains, a major contributor to diagonal disorder is conformational free-

dom, as it leads to a distribution of torsion angles between adjacent moieties.15 In

addition, diagonal disorder is induced by electrostatic/polarization effects from sur-

rounding molecules which vary with fluctuations in local packing.9 In theoretical

simulations, energetic disorder is generally described via a Gaussian distribution of

HOMO/LUMO level energies; in conjugated polymers, the corresponding standard

deviations are generally found to be of the order of 50-100 meV.

In an organic electronic device, the charge carriers are either injected into the or-

ganic semiconductors from metal or conducting oxide electrodes in the case of FETs

and LEDs, or generated within the materials in the case of solar cells via photon-

induced charge separation at the interface between electron-donor and electron-

acceptor components. The anisotropy of charge transport in OSCs points out that

the efficiency of transport is intimately related to the relative positions of the inter-

acting molecules, and hence to crystal packing. The performance of organic elec-

tronic devices, thus, critically depends on the efficiency with which charge carriers

(electrons and/or holes) move within the π-conjugated materials, or the conductivity

of the material.

Conductivity

On a macroscopic level, the current density (J) through a material is given by the

charge carrier density (n) and the carrier drift velocity (vd), where the latter can be

expressed by the mobility µ and the applied electric field F . We have J = qnµF
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where the conductivity, σ is defined as

σ = qnµ

Correlated in the conductivity equation, along with mobility, is charge carrier den-

sity. The density of injected carriers as well as mobility, is influenced by the strength

of applied electric field.16 At lower densities, all the carriers can be affected by trap-

ping due to energetic disorder and/or impurities whereas at higher carrier densities,

only a portion of the carriers are necessary to fill all the traps and the remaining

carriers can experience trap-free transport.17 However, it is possible that the filled

traps, if charged, can increase scattering and lead to observed mobility values lower

than the intrinsic values. Thus, both the density and mobility of charge carriers are

influenced by nature and distribution of traps present in the material.18

It is observed that mobility in organic solids show an electric-field dependence. It

is different in the case of single crystals and disordered materials. In single crystals,

a field dependence is observed only in ultrapure crystals along the directions giving

rise to the highest charge mobilities. In such instances, an increase in electric field is

seen to reduce mobility. In disordered materials, an increase in mobility is observed

at high fields.9 The field dependence in the range 104 − 106 V/cm generally obeys

a Poole-Frenkel behavior,

µ(F ) ∝ exp(γF 1/2)

where γ is temperature dependent. The experimental data is fit to the expression

for γ given by,

γ = B

[
1

kBT
− 1

kBT0

]
here B is a constant and characteristic of the system, and T0 is generally much

larger than room temperature. However, a time of flight study on P3HT chains

has led to T0=250 K,5,8, 18 which implies that γ becomes negative above T0 and the

mobility decreases with increasing electric field. An understanding of this evolution

can be found in the Bassler model13 when off-diagonal disorder dominates diagonal

disorder. Conceptually, this reflects the fact that, at low fields, the charges man-

age to follow the best percolation pathways and to avoid structural defects; higher
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electric fields impose a stronger directionality and prevent the charges from moving

around the defects, thereby reducing mobility.

Another factor that influences mobility is the presence of (chemical) impurities

in the sample. Compounds that have a slightly different chemical structure than the

compound under investigation, appear as side products of the chemical synthesis,

are known to be present and usually classified as intrinsic impurities. A major

impact on the transport properties can be expected when HOMO/LUMO levels of

the impurities have energies that fall within the HOMO-LUMO gaps of the pure

molecules.18 In such conditions, a distinction is made between deep trap states

(when the trapping energy is much larger than kBT ) and shallow traps (when the

trapping energy is on the order of kBT , which allows for thermal detrapping). In

many instances, the exact nature of impurities/traps is difficult to determine.

The temperature dependence is markedly different in single crystals and in dis-

ordered materials.8 In single crystals, the hole and electron mobilities generally

decrease with temperature according to a power law evolution: µ ∝ T−m. This

decrease in mobility with temperature is typical of band transport and originates

from enhanced scattering processes by lattice phonons, like metals. Depending on

the degree of order, the charge carrier transport mechanism in organic semiconduc-

tors can fall between two extreme cases: band or hopping transport. Band transport

is typically observed in highly purified molecular crystals at low temperatures. In

highly disordered systems, transport generally proceeds via hopping and is ther-

mally activated.11 Higher temperatures improve transport by providing the energy

required to overcome the barriers created by energetic disorder. The temperature

dependence has been often fitted to an Arrhenius-like law:

µ ∝ exp(−∆/kBT )

where ∆ is the activation energy and increases with the amount of disorder.

Thus, charge transport in OSC is dictated by several intrinsic and extrinsic param-

eters, which are often convoluted among each other.

It is clear that conductivity in organic solids depends on various factors and is

mostly influenced by the chemical purity and the structural order present. Even

inorganic semiconductors are influenced by the presence of defects, impurities and

7
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the lattice vibrations.

The physical and chemical properties of OSC can be tuned or altered by effec-

tive design strategies. For instance, the side alkyl chain in a polymer backbone

is known to affect solubility and degree of crystallinity in thin films.8 Similarly, a

wide range of such functionalities like processing temperature, band gap, nature of

charge transport (p-type or n-type), conductivity, etc can be influenced by care-

ful molecular design and processing techniques.9 These organic materials based on

their design, structure and photophysics find applications in solar cell, field effect

transistor and light emitting diode device architectures. They have already caught

attention of some companies like Sumitomo, DuPont, Solvay, BASF, Ciba, PARC,

Polyera, Merck, etc who are actively engaged in research and development of effi-

cient organic materials as well as in their application.19 In this thesis, conjugated

polymers have been used in FET architecture to study the charge transport in the

material as well as its device properties. The next section deals with the electrical

transport in FETs.

1.3 Organic field effect transistor

Organic field effect transistors (OFETs)(d) have gained commercial importance for

their application in cheap and flexible electronic circuits. Organic FET-based ac-

tive matrix backplanes on plastic substrates are close to being commercialized in

lightweight, robust, flexible displays for electronic reading applications.19 OFET-

driven liquid-crystal displays (LCD) and organic light-emitting diode (OLED) dis-

plays have already been demonstrated.19 Impressive progress has also been made in

realizing logic circuits based on OFETs for applications in radio frequency identifi-

cation tagging (RFID) and chemical or biological sensing.20

The key quantity that characterizes charge transport, in an OFET, is the car-

rier mobility.21 The focus is to design better and new molecules to achieve higher

mobility values in an OFET. An OFET is similar to MOSFET in device archi-

tecture where the dielectric and semiconductor is replaced by an organic material.

Both small molecules and conjugated polymers have been used as semiconductor

in OFETs. The choice of material largely depends on charge carrier mobility and

(d)OFET will be used interchangeably with PFET, in this thesis
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processing requirements. A schematic of device structure for a MOSFET and an

OFET is shown in fig.1.1.

(a) MOSFET (b) OFET

Figure 1.1: Device architecture of field effect transistors

Silicon MOSFETs are grown on a single crystal silicon wafer where the drain

and source regions are formed by heavy doping with n-type or p-type elements,

the dielectric is formed by the sacrificial oxidation of silicon to form silicon dioxide

and is followed by metal deposition to form electrodes for source, drain and gate.2

Other materials like hafnium oxide and aluminium oxide have also been explored,

as dielectric, for better performance. Inorganic MOSFETs usually work in inversion

region where the gate voltage creates an inversion region of minority charge carriers

near the dielectric-semiconductor interface.

The device structure shown for OFET (fig.1.1b) is a bottom-gate top-contact

(BGTC) architecture where the gate electrode is deposited on a clean substrate (like

glass or polyethylene terephthalate) followed by thin film deposition of dielectric

and semiconductor layers, and finally evaporation of metal to form source-drain

contacts. Voltage bias is applied to the gate electrode (Vgs) and the drain electrode

(Vds), with respect to the source electrode kept at ground (Vs = 0). In case of

OFETs, the transistor works in accumulation where the gate bias creates a charged

region at the dielectric-semiconductor interface which is conducive for the transport

of one type of charge carriers, through the semiconductor.21 Molecules that readily

give up electrons are well suited to transport holes and are thus referred to as

hole-transporting molecules (p-type), while the converse is the case for electron-

transporting or electron-accepting molecules (n-type). In a p-type OSC the gate bias

is of negative polarity which creates a positively charged interface (accumulation)

facilitating transport of holes through the channel. The device operation of OFETs

9
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is established on the working of inorganic MOSFETs.

(a) Linear regime, Vds <
Vgs − Vth

(b) Start of saturation
regime, Vds = Vgs − Vth

(c) Saturation regime,
Vds > Vgs − Vth

Figure 1.2: Schematic diagram showing operating regimes in a field effect transistor.
The magnitude of gate bias is greater than the threshold voltage for all three cases.

The basic operating regimes of FET are shown in figure 1.2.The gate bias (Vgs) is

responsible for accumulation of charge carriers at the interface, however because of

the distribution of localised energy states near HOMO and LUMO levels, a certain

minimum threshold voltage (Vth) must be reached before the charge carriers are

mobile and the entire channel becomes conducting.22 The channel is formed in the

transistor when the magnitude of gate voltage (Vgs) is greater than that of Vth.

This situation is depicted in fig.1.2a where the channel has been formed and Vds

is much less than (Vgs − Vth), referred to as the linear regime where the current

flowing through the channel, Ids is directly proportional to Vds. When Vds is further

increased, a point is reached when Vds = Vgs−Vth at which the channel is pinched off

(fig.1.2b). Beyond this point, Ids saturates (fig.1.2c) and increases only marginally

with increasing Vds.

The current-voltage characteristics can be described by assuming the gradual

channel approximation (where the electric field due to Vgs is much larger than field

due to Vds). The current expression22 is given by

Ids =
W

L
µCi

[
(Vgs − Vth)Vds −

V 2
ds

2

]
(1.3)

here,

W is channel width,

L is channel length,

µ is mobility, and

Ci is insulator/dielectric capacitance.

In linear regime, when Vds � Vgs − Vth, one obtains

10
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Ids =
W

L
µlinCi(Vgs − Vth)Vds (1.4)

and, at the onset of saturation regime (Vds = Vgs − Vth), the channel current is

approximated as

Ids,sat =
W

2L
µsatCi(Vgs − Vth)2 (1.5)

To obtain mobility in linear regime (µlin), we have from eqn.1.4

µlin =

(
∂Ids
∂Vgs

)
Vds

L

WCi
(1.6)

and can be calculated by obtaining the slope of transfer curve (Ids − Vgs) at a

given Vds. Similarly, for saturation regime, the square root of Ids goes linear with

V eff
gs

(e)(eqn.1.5) and the saturation mobility (µsat) can be extracted from the
√
Ids

v/s Vgs plot.

1.4 Conductivity fluctuations

It has been observed that the instantaneous value of conductivity, in any sample,

fluctuates around a mean value (σ). These fluctuations, observed in the time series

of current or voltage signal, is termed as noise .23 In condensed matter, the fluctu-

ations are related with measured conductivity of systems like bulk materials, thin

films, nanowires, 2D materials, etc.24 Noise has been observed in metallic crystals

as well as organic solids. In the latter case, the fluctuations are more pronounced

due to a lower carrier density and a host of other factors that influence the charge

transport mechanism.

Noise has been observed in a multitude of systems ranging from physical, bio-

logical, chemical, astronomical, musical, physiological, climatic and various others.

Current or voltage fluctuations in solids are typical random processes. It consists

of frequency components that are random in amplitude and phase. A random pro-

cess is a random function (v(t)) of an independent variable t which in this case

is time. The random function v(t) denotes the sampled voltage signal as a func-

tion of time. Random (voltage) signals typically occur due to many independent

(e)Effective gate voltage V effgs is defined as, V effgs = Vgs − Vth

11
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contributions (from charge carriers) and they are mathematically described by a

stochastic process. A random signal can have fluctuations around a mean rms value

and is termed as stationary random signals where the mean value remains constant.

However, over long sampling durations, most random signals are non-stationary.

Random processes are usually described by their spectral characteristics (spectral

density) or correlation function, and its amplitude characteristics, for example, the

probability density function.

Time domain representation

The central limit theorem states that the distribution of the sum (or average) of a

large number of independent, identically-distributed variables will be approximately

normal (or a gaussian distribution), regardless of the underlying distribution.
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Figure 1.3: (a). Time series plot of current fluctuations measured for 50 ohm
resistor, (b). Gaussian curve fit to the current amplitude distribution (number of
counts) for the time series data (in fig.(a)), (c). Power spectrum density as a function
of frequency for the time series data (fig.(a)), and (d). Histogram plot of the time
series data (in fig.(a)). The y-axis for fig.(a) and (b) has similar range and values,
and plotted together for visual aid.
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Normal or gaussian distribution function has a “bell” shape curve and has

been used in section-1.2 to characterise the DOS around the HOMO/LUMO lev-

els. The sampled current signal, here, can be treated as a series of independent

random events. The current output from OFETs is digitally recorded and stored

as time series data. In time domain representation, this digital data is plotted as

a function of time (fig-1.3(a)) or plotted as histogram (fig-1.3(d)). The amplitude

distribution of current fluctuations for a (50 Ω) resistor has been observed to fit

quite appropriately to a gaussian curve (fig.1.3). A gaussian distribution is defined

by two parameters, the mean (xi) and the standard deviation (σi) or full-width at

half maxima (FWHM)(f)

Frequency domain representation

For frequency domain analysis, noise in a signal is expressed in terms of root mean

square (rms) value of the amplitude of the observed quantity (voltage, current,

etc.). Frequency response of the signal (time series data) is obtained by taking the

fourier transform(g) of the sampled data. The magnitude of fourier transform gives

amplitude spectral density (V/
√
Hz or A/

√
Hz) while the square of the magnitude

gives the power spectral density (V 2/Hz or A2/Hz). The sampled voltage signal is

normalized by the transimpedance gain to obtain current power spectrum density

(SI(f)). The current power spectrum for the resistor is shown in fig-1.3(c).

1.5 1/f-type noise

Noise in electronic systems is an important field of investigation because its presence

limits device performance and is a bottleneck for practical applications.23,25–27 Nu-

merous factors can contribute to the total noise present in an electronic device.28–30

The sources can be broadly classified into two groups-

1. Intrinsic material property which influences the charge transport mechanism

like the lattice structure, the presence of defects/impurities, and charge carrier

(f)FWHM ≈ 2.35σi
(g)fast fourier transform, since the data length is finite and is digital.
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density. The noise in this case is intrinsic or fundamental in nature, for a given

material.

2. Processing and fabrication related noise sources that includes growth and/or

deposition of dielectrics, thin films, metal contacts, the interfaces, etc. These

sources are extrinsic in nature, and can be minimized by careful design and

processing techniques.

In general, fluctuations in the current signal result from the different arrival times

of charge carriers at the collecting electrodes. The free charge carriers traverse

through an energetic landscape which has been modified by impuritties, defects,

interface states and the disorder in the material itself (in case of OFETs), which

subsequently affects the scattering and/or trapping-detrapping of the mobile charge

carriers, and is observed as noise. Thus, the charge transport in the device is reflected

in the noise of the signal.25 In an attempt to identify mechanisms which contribute

to noise in the source-drain current of the PFETs, noise has been studied in the low

frequency regime in this thesis.

Appearing in all kinds of electronic devices and many other non-physical sys-

tems, noise typically has a 1/f type spectrum at low frequencies.23 It has captured

the attention of researchers from various disciplines. To a physicist, the noise in

an electronic system represents a manifestation of some physical phenomena that

can be described by statistical mechanics and an understanding of its practical

consequences helps clarify some concepts of the physical theory. To an electronics

engineer, noise is a constraint of the real systems but a better understanding of its

physical origins helps them to minimize its effects and design instruments with im-

proved performance. For example, low-frequency noise is one of the main problems

in designing a low-noise amplifier, used for very sensitive applications. It becomes

more crucial in modern integrated circuit engineering, as the device size continues

to shrink and more MOS devices are used in analog circuits. It dominates in the

power spectrum of metals, semiconductors, and a variety of other materials. The

generality of 1/f-type noise has sparked a lot of interest among researchers and is

currently investigated in organic field effect transistors.
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The power spectrum Sf shows 1/fα dependence, with α in the range of 0.8 -1.4.

For exponent values very close to unity, this excess noise is known as 1/f noise(h) ,

else it is referred to as 1/f -type noise.

1.6 Other types of noise

Noise in solids have been studied for more than seven decades now. Different type of

sources/systems show different frequency response and is briefly mentioned in this

section.

Thermal Noise

Also known as Johnson or Nyquist noise, it arises in any resistor of resistance R at

temperature T . The voltage power spectral density (V 2/Hz) is given by

SV (f) = 4kBTR (1.7)

similarly, the current power spectral density (PSD) (A2/Hz) is given by,

SI(f) = 4kBT/R (1.8)

Thermal noise is independent of frequency, thus having a white noise spectrum and

exists in almost all kinds of electronic systems.. The spectral power is independent of

the current flowing through the resistor. Johnson noise doesn’t distinguish between

material as long as the resistance value is the same.

Shot Noise

The shot noise arises from current flowing in a conductor and is also white in nature.

The spectral power is given as SI(f) = 2qI where q is the electronic charge and I

represents the current. In general, the shot noise is observed at low temperatures

when the thermal noise does not dominate.

(h)also known as pink or flicker noise
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Generation-recombination (g-r) Noise

Generation-recombination (g-r) noise in semiconductors originates from traps that

randomly capture and emit carriers, thereby causing fluctuations in the number of

carriers available for current transport. In semiconductors, electronic states within

the forbidden bandgap are referred to as traps, and exist due to the presence of

various defects or impurities in the bulk and at its surface.? With a free charge

carrier density N , the PSD of number fluctuation31 is given by

SN(f) = 4(∆N)2
τ

1 + (2πfτ)2
(1.9)

where τ is the time constant for the transitions. The shape of the spectrum given

by equation 1.9 is called a Lorentzian spectrum.

Random Telegraph Signal (RTS) Noise

A special case of g-r noise is the random telegraph noise (burst or popcorn noise),

which is viewed as discrete switching events in the time domain. The waveform

resembles a square pulse of randomly varying duty cycle and pulse width, similar

to a random telegraph message. The two levels remain constant and switching is

random, the PSD for the RTS noise and the g-r noise are both of the Lorentzian

type. In fact, g-r noise can be viewed as a sum of RTS noise processes from one or

more traps with identical time constants, and is only displayed as RTS noise in the

time domain if the number of traps involved is small. RTS noise is an interesting

phenomenon since the random switching process from just one trap can be studied

in the time domain. It is established that RTS noise is caused by a single carrier

controlling the flow of a large number of carriers rather than a large number of

carriers being involved in the trapping/detrapping process, thus a single electron

can be studied.

The frequency response or the noise spectrum provides information about the na-

ture of electronic transitions that are present in a material. Usually these transitions

are recorded in the form of fluctuating voltage or current signal. More accurately

these are conductivity fluctuations and is dealt in the next section.
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1.7 Analytical models for noise

Current or conductivity fluctuations (∆σ = ∆(qnµ)) are related to the fluctuation in

charge carrier density (∆N model or McWhorter model) or mobility fluctuation (∆µ

model or Hooge model) or sometimes both.32–34 These models have been extensively

applied to study noise in FETs,26 and other systems as well. In this section, a very

brief description of these theories is presented.

Flicker noise in thin film transistors (TFTs) can be analysed according to McWhorter’s

or Hooge’s theories, as has been done for crystalline Si MOSFETs.35,36 In the for-

mer case, the 1/f noise is attributed to carrier number fluctuations (∆N model)

due to the random trapping and detrapping of charges from the traps located near

the dielectric-channel interface. While the latter is concerned with the bulk mobility

fluctuations (∆µ model) due to scattering of charge carriers. A trapping noise model

with correlated mobility fluctuations (∆N -∆µ model) can also be taken into account

to describe possible effects of dielectric charge fluctuations on carrier mobility.37 A

brief description of these models are mentioned in subsequent sections.

1.7.1 Mobility Fluctuation model

The most celebrated empirical relation for analysing noise is the Hooge’s relation

for power spectral density (PSD) which was first proposed for equilibrium resistance

fluctuations in homogenous samples and gradually applied to other systems, for its

simplicity.27 Hooge gave this relation based on the assumption that noise arises from

the bulk of the solid and that it results from lattice scattering of charge carriers.28

The spectral power in observed resistance fluctuations is given as,

SR(f)

R2
=

γH
Nf

(1.10)

For homogeneous ohmic samples, where the relation between current and voltage

is linear, Hooge relation can also be expressed as

SR(f)

R2
=
SV (f)

V 2
=
SI(f)

I2
=

γH
Nf

(1.11)

where SR(f) is the resistance PSD (Ω2/Hz), γH is Hooge’s constant (material

property), N is the total number of charge carriers and f frequency (Hz). The
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fundamental assumption is that the resistivity fluctuations (or noise) arises from

the independent motion of N electrons (charge carrier) i.e. whatever the electrons

do to produce the 1/f spectrum, they do it independently.23 The Hooge’s constant

γH , earlier thought of as a universal constant (2 × 10−3) for materials, has been

shown to depend on the purity of the material.38 The central idea behind the use of

1/f noise is based on the fact that noise is a resistance (or conductivity) fluctuation

and that it has a defect origin, which has been experimentally established on metal

films and semiconductors.39 However, it gives a good estimate of the relative noise

present in a system, and is useful for comparisons. The noise in a solid depends on

its quality and purity which makes noise spectroscopy a valuable tool31 in materials

characterization.

To study noise properties of some external parameter (current, temperature,

light, doping, etc.), the magnitude of 1/f noise has to be well above the thermal

noise level (4kBTR). Thus, the joule heating of the sample should be avoided by

passing high currents which sets a limit to N and, as an approximation N should be

less than 1013. This means that for a observable 1/f noise, metal samples should be

smaller than 103 µm3 and semiconductor samples (with free charge carrier density,

n ≈ 1017 cm−3) could be much larger, upto 1 mm3. The reverse is also true, to

make samples free of 1/f noise the samples should be made larger than the given

dimensions.35

In ohmic (or linear) operation of transistors, the total number of free carriers

(N) can be estimated from the following relations;

Ids = qN
t

= qN
L/vd

= qNvd
L

while, drift velocity, vd = µVds
L

which gives,

N =
L2Ids
qµVds

=
L2

qµRch

(1.12)

“N ’ can also be calculated from the gate bias from the following relation

N = CiWL(Vgs − Vth) (1.13)

In the linear regime, the two equations (eqn.1.13 and 1.12) are similar. The PSD in

this case can be written as,
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SI(f) =

(
qγh

WLCi

)
I2ds

(Vgs − Vth)
1

f
(1.14)

Using eqn.1.5 and 1.14, the PSD for saturation regime can be written as,

SI(f) ∝ I2ds
(Vgs − Vth)

1

f
∝ (Vgs − Vth)3

1

f
(1.15)

The current noise spectra is usually analysed by Hooge’s empirical relation, and

is expressed as,

SI(f) =
γHI

2

Nf
(1.16)

Another way of representing above equation (eqn.1.16) is in terms of relative

or normalised power spectral density (RPSD), obtained by normalising the power

spectral density by the square of current magnitude.

S(f) =
SI(f)

I2
= γH/Nf (1.17)

Relative or normalised PSD shows an inverse dependence with the number of

charge carriers N , implying that noise amplitude is more pronounced when charge

carriers are less, and vice versa. A more useful and modified form of Hooge’s ex-

pression is

SI(f) = γHI
β/Nfα (1.18)

Hooge’s equation, originally developed for metals, has been applied to a variety

of electronic systems.24 The exponents on current bias (β) and frequency (α) deviate

from the proposed value of 2 and 1, respectively, for many systems. These exponents

are obtained by experimental fitting to observed PSD plots. The β value is a measure

of the mixing of various noise sources in the device40 and to distinguish between the

volume versus surface (interface) origin of noise source.30,41 For surface trapping

β ∼ 1 and for volume trapping β ∼ 1.5 − 2. The α value is interpreted as a

measure of the distribution of traps responsible for the carrier number fluctuations.

A value close to unity (±0.2) is indicative of uniform distribution of trap energies.

However, Hooge’s mobility fluctuation model is applied only when the observed
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flicker noise has α equal to or very close to unity, any deviation from such behaviour

is not explained in this framework since γH becomes frequency dependent and the

frequency has to be specified for obtaining hooge’s constant (which should ideally

be independent of frequency). The modified expression for PSD (eqn.1.18) is being

used in subsequent sections, to analyse the spectral features.

1.7.2 Number Fluctuation model

In the number fluctuation model or the McWhorter model, the 1/f noise is due to

generationrecombination (g-r) noise resulting from electron transitions between the

conduction band of the channel material and the traps in the oxide layer of the metal-

oxide-semiconductor transistor. This model has been very successful, particularly for

the n-channel transistors where it is assumed that the electron trapping-detrapping

events occur between the gate oxide and the channel, through quantum tunneling.

The basic assumption is that the trap states are homogeneously distributed along

the distance (s) from the interface. The trapping time constant (τ) depends expo-

nentially on distance s from the interface. It is given as τs = τ0 exp(s/λ) where λ is

the tunnelling parameter (10−8cm) which gives the relaxation function (statistical

weight) g(τ),

g(τ)dτ =

(
1

ln(τh/τl)

)
dτ

τ
(1.19)

where the terms in bracket are used for normalising the integral when computing the

power spectrum. The spectrum (S(τ)) resulting from carriers trapping-detrapping

at some distance s having time constant τ is obtained as a Lorentzian spectrum,

given by

S(τ) ∝ τ

1 + (2πfτ)2
(1.20)

The power spectrum thus can be obtained by the integration over time constants in

a range that represents the smallest(τl) and largest distances(τh) . Thus we have,

S(f) ∝
∫ τh

τl

S(τ)g(τ)dτ

∝
∫ τh

τl

τ

1 + (2πfτ)

1

τ
dτ
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or,

S(f) ∝ [tan−1(2πfτh)− tan−1(2πfτl)]

2πf
(1.21)

Depending on the value of τl and τh, the power spectrum will have the following

dependencies,

S(f) ∝


const. for f � 1/τl,

1/f for 1/τl < f < 1/τh,

1/f 2 for f � 1/τh.

(1.22)

From equation 1.22, at very low frequency, the noise power becomes constant and the

integral converges, unlike the Hooge relation. Thus, the Mcwhorter model is much

preferred because of the benefit of having a mathematical treatment,37 however, the

underlying assumptions may not be always valid.

In McWhorter theory, the current noise spectral density, for silicon MOSFETs,42

can be expressed as

SI(f) =

(
k∗µ

fCiL

)
IdsVds

(Vgs − Vth)
(1.23)

In this expression, k∗ takes into account the electron tunnelling from insulator traps

near the interface to the conducting channel, and vice versa. This formulation works

well with oxide based dielectrics (like SiO2), and in that case

k∗ =
q2Dt(EF )kT

ln( τh
τl

)
(1.24)

where, Dt(EF ) is the active trap density in the vicinity of the Fermi level (EF ). In

linear regime, eqn.1.23 can be modified using the I-V relation (eqn.1.4) to obtain,

SI(f) =

(
k∗

WLC2
i

)
I2ds

(Vgs − Vth)2
1

f
(1.25)

or,

SI(f) ∝ I2ds
(Vgs − Vth)2

1

f

And for saturation regime we obtain, using eqn.1.5

SI(f) ∝ I2ds
(Vgs − Vth)2

1

f
∝ (Vgs − Vth)2

1

f
(1.26)
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The interface-trap density(Nt) in Si-MOSFETs, in the sub-threshold conduction

(Vgs < Vth), is evaluated from the relative current noise spectrum using the following

relation,

S(f) =
q4Nt

δkBTWLC2
i

(
1

f

)
(1.27)

where, δ is the attenuation coefficient of the electron wave function. The value

of tunnelling parameter or the tunnel penetration depth (λ), which is defined as

λ = 1/δ, is estimated to be 0.1 nm for Si− SiO2 system.

1.7.3 ∆N −∆µ model

The ∆N − ∆µ model37,42,43 applies when the carrier number fluctuations induce

noticeable changes in the mobility. The normalised drain current spectral density

has been related to the voltage spectral density by the following relationship,

SI(f)

I2
=

[
1± αsµCi

Ids
gm

]2(
gm
Ids

)2

SV (f) (1.28)

here, αs is a constant correlated with the sensitivity of the mobility to the in-

terface charge coulomb scattering and gm

(
= ∂Ids

∂Vgs

)
is the device transconductance,

where, Sv(f) has been expressed as,

SV (f) =
q2kTNt

δWLC2
i f

(1.29)

For pure ∆N model we have αs = 0 which gives,

SI(f)

I2
=

(
gm
Ids

)2

SV (f) =

(
gm
Ids

)2
q2kTNt

δWLC2
i f

(1.30)

Eqn.1.30 has been used extensively for calculating trap density in MOSFETs

(based on silicon, MoS2, graphene, etc).44,45 However, the calculation of Nt requires

the value of tunnelling parameter (λ or δ) for the dielectric which is difficult to obtain

for a polymer dielectric.
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1.8 Noise in disordered semiconductors

Noise in homogenous crystalline solids, like metals and semiconductors, are mostly

dominated by mobility fluctuations.27,29,30 In case of disordered materials, like amor-

phous Silicon (a-Si) and organic semiconductors, the mobility and number density

largely depend on the growth dynamics and/or processing conditions.9 The pres-

ence of small range crystal domains and grain boundaries provide scope for both

trapping-detrapping and scattering of charge carriers.46 In these materials, low fre-

quency noise is more pronounced at room temperature and generally takes a 1/f-type

spectrum.

The origin of 1/f noise in solids has been the topic of active debate for nearly

half a century.24,47 There are two popular schools of thought, namely, the mobility

fluctuation model (Hooge model) and the number fluctuation model (McWhorter

model).32–34 In hundreds of publications, there is ample support for any theory and

many counterarguments against the alternative. As mentioned earlier (section-1.7),

any submicron system has a 1/f noise (usually) and either of the models can be

fitted to prove or disprove a certain model. There have been reports which confirm

and deny the same model in a given system.

The common acceptable point is that the flicker noise may have different origins

and properties. Similarities of spectra in different systems may be due to the similar

mathematical processes, for example, in Mcwhorter model the 1/f noise is the sum-

mation of individual Lorentzians,35 which can be the case for some other systems

as well. In that case, the physical process that contributes to distribution of time

constants and a Lorentzian spectrum might have different origin but the collective

response over a given bandwidth may sum up to a 1/f type noise.25 Despite a lot

of effort dedicated towards the understanding of noise, its exact physical origins are

still unclear in most systems and the disputes on the origin of 1/f noise are still un-

resolved so far. Several models of different origins have been proposed to interpret

the observed 1/f noise in different electronic devices or experiments.23 But they can

applied to very specific situations considering idealistic assumptions. In most cases,

the actual observed spectra are ordinarily of the form (0.8 < α < 1.4) over a wide

frequency range (∼ 1Hz− 10kHz) and has been used to correlate a change in some

parameter (annealing conditions, surface treatment, film thickness, etc)46,48–50 with
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the noise amplitude (in a PSD plot). However, these observations become more

complicated when various competing factors, each having 1/f type behaviour, are

present and contribute to the total observed spectrum.

1.9 Degradation and noise in OFETs

The operational stability of OFETs is influenced by extrinsic factors, such as ox-

idation or presence of moisture, and intrinsic factors, such as the inherent struc-

tural and electronic disorder that is present in thin organic semiconductor films.19,51

Some of the high-mobility organic semiconductors, such as pentacene and poly-3-

hexylthiophene (P3HT), are known to suffer from chemical instabilities when ex-

posed to atmospheric species, and light.52 In some systems, device instabilities are

more pronounced in humid atmosphere than in vacuum. There is clear evidence in

many systems that hysteresis is due to the moisture uptake in the polar polymer

dielectric. For many OFET materials and device structures, bias stress measure-

ments have been reported which significantly affects the device performance. Device

degradation commonly manifests itself as

• a shift of the threshold voltage,

• an increase in the sub-threshold slope,

• a reduction of the field-effect mobility,

• an increase of the OFF current, and/or

• increased hysteresis between subsequent measurements in transistor charac-

teristics.

In most systems, degradation is caused by trapping of charge carriers in local-

ized states in the organic semiconductor, gate dielectric, or at the interface between

the two layers. The molecular-level nature of these defects and whether they are re-

lated to intrinsic structural defects or extrinsic chemical impurities or a combination

thereof is still under investigation. The task of coming to a general understanding of

reliability issues in OFETs51 is complicated because there is a wide variety of organic
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semiconductors with different chemical structures and varying levels of chemical pu-

rity.9

These factors, that lead to device degradation, modify the energetic landscape

of the material and/or interface affecting the charge transport mechanism.53 The

corresponding effects are observed in the noise spectrum of conductivity fluctuations.

The spectral features, in a PSD plot, are known to change with the density of trap

states, applied field, free carrier concentration, thin film properties, etc. in organic

electronics devices.54,55 The magnitude of the noise spectrum, slope of frequency,

and the dependence of noise spectrum on current or voltage are the indicators that

help identify various mechanisms26,36 that influence the charge transport properties

and the observed noise in the device.

1.10 Outlook and Thesis Outline

In PFETs, various competing processes influence the charge transport mechanism

and subsequently the current noise. Static or DC characteristics are helpful in deter-

mining the device performance parameters like mobility, on-off ratio, subthreshold

swing (SS), leakage current and threshold voltage.21 However, the time evolution

of these properties is difficult to predict from these measurements. Low frequency

noise analysis has been widely used as an analytical tool for improving device per-

formance and to address reliability issues in Si-MOSFETs.35,36 Noise measurements

on OFETs have been reported using inorganic dielectric and organic semiconduc-

tor.41,55–67 Studies in these systems provide limited insight into the transport prop-

erties of organic materials. A noise study reported by Kang et.al68 used organic

dielectric (PVP)(i) and semiconductor (pBTTT)(j) to study channel noise proper-

ties where the OTFT was fabricated on top of silicon dioxide. Another study by

Jia et.al69 deals with noise in parylene-C (organic dielectric) - pentacene (organic

semiconductor) based OFETs, but Parylene-C requires a custom chemical vapor

deposition chamber for obtaining thin films and is not solution processable. In this

direction, the present study deals with current noise properties in polymer field effect

transistors made from solution processable components and suitable for roll-to-roll

(i)poly-4-vinylphenol
(j)poly(2,5- bis(3-alkythiophen-2-yl)thieno[3,2-b]thiophene)
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applications.

For a reliable noise measurement, it is important that external interference from

surrounding be minimized. This demands a noise measurement environment which

ensures effective shielding from external disturbances. The device fabrication pro-

cedure and the noise measurement technique are described in chapter-2 along with

the details on data acquisition and digital signal processing techniques.

The third chapter is dedicated to the measurement and analysis of current noise

in PFETs (both n-type and p-type). Noise in PFETs have been studied at different

bias conditions and in different working regimes of transistor operation. This chapter

is further divided into sections which deal with noise properties of different types

of transistors at various biasing conditions. The first section deals with the current

noise measured for n-type BCB-N2200(k)transistors while the second section deals

with p-type BCB-P3HT transistors.

The third section forms the most important part of this thesis. The current

noise properties of p-type PVDF-P3HT transistors are studied in detail, at different

operating conditions. Current fluctuations have been studied both as a function of

Vgs and Vds. The subsequent section in this chapter deal with noise in transistors

that have high gate leakage. The power spectrum corresponding to gate current

noise and the channel noise compete in the total noise spectrum. At significantly

high (gate) leakage, the corresponding noise spectrum shows features that can be

correlated with magnitude of gate current in these devices.

The effect of light on the channel noise is studied in the last section. Upon

illumination, the current noise, in the depletion mode of transistor operation, shows

spectral features that are characteristic of noise originating from the bulk of the

semiconductor. Photo-excitation of charge carriers influences the current magnitude

in dark condition and the corresponding noise spectrum.

(k)the dielectric and semiconductor materials have been detailed in next chapter.
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Chapter 2

Materials and Methods

The device fabrication procedure is critical in the field of organic electronics as

fabrication of a working polymer field effect transistor (PFET) requires effort and

practice. In order to investigate the noise properties of PFETs, it is crucial to work

with a low-noise measurement set-up. External disturbances or unwanted noise

may interfere with device output and contaminate signal “noise” data. Identifying

possible noise sources are as important as reducing (or removing) them. Processing

and fabrication details constitute the first half of this chapter and details regarding

noise set-up and measurement, essential for a reliable noise analysis, are discussed

in the second half.

2.1 Materials

The polymer field effect transistor (PFET) structure consists of disordered dielectric

layer, semiconductor layer and electrodes. A brief description of these material

components is described in following sections.

2.1.1 Dielectric Materials

(a) Benzocyclobutene (BCB)

Divinyltetramethyldisilooxane-bis (benzocyclobutene) (DVS-bis-BCB) is an organic

dielectric, having a dielectric constant of 2.65, derived from BCB. It has been used

as the gate insulator in the PFET structure. It is diluted in a 1:1 ratio with filtered
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mesitylene (spectroscopic grade). Thin films are obtained on cleaned glass substrates

by spin coating the diluted solution at 800 rpm for 1 minute, including 10 seconds

ramp-up time from 0 to 800 rpm. The curing temperature for BCB is 2500C beyond

which the molecules get cross-linked forming a dense polymer network.70 The spin

coating procedure is followed by thermal annealing (hard bake) at 2900C inside

Glove-box(a)for 1 hour. BCB gives highly transparent thin films and has very less

leakage (few to tens of pA) due to high volume resistivity (∼ 1018 Ω − cm). The

breakdown voltage is approximately 5 MV/cm or 0.5 V/nm which is suitable for

OFETs since they have high operating voltages. The typical thickness obtained

after annealing is around 200 nm.

(b) Poly-vinylidene fluoride (PVDF)

Polyvinylidene fluoride (PVDF) is a non-reactive and thermoplastic fluoropolymer

produced by the polymerization of vinylidene difluoride. The dielectric constant

is ∼ 7.4 with a dielectric strength of 0.18 MV/cm. The volume resistivity is ∼
1014Ω.cm, which is less compared to BCB thus the gate current leakage is more

pronounced in PVDF based PFETs. Thin films are obtained by spin coating at 800

rpm for 1 minute from a solution of PVDF in Dimethylformamide (DMF) having a

concentration of 80 mg/ml. It is followed by thermal annealing at 1400C in an inert

atmosphere. Typical thickness obtained is in the range of 300 - 400 nm.

2.1.2 Organic Semiconductors

(a) Poly-3-hexyl thiophene (P3HT)

Poly-3-hexyl thiophene (P3HT), the model semiconductor, is used for noise stud-

ies in PFET structure. It belongs to a group of alkyl substituted poly-thiophenes

(P3AT) and has been extensively studied. The HOMO and LUMO levels lie close

to -5 eV and -3 eV, respectively.71 High molecular weight regio-regular(rr) P3HT

(∼ 88k) is used for making PFETs; higher molecular weight of polymers are charac-

teristic of long polymer backbone.15 Thin films are obtained by spin coating P3HT

solution (10 mg/ml in anhydrous chlorobenzene) at 800 rpm for 1 min. on top of

(a)Glove-box provides an inert (N2) atmosphere having O2 and H2O concentration less than 10
ppm and 5 ppm, respectively.
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a dielectric layer, followed by thermal annealing for 1 hour at 1100C in an inert

atmosphere. For BCB based devices, a thin layer of Hexamethyldisilazane (HMDS)

is also spin-coated on top of (annealed) BCB layer to passivate the dielectric surface

and reduce electron trap states at the dielectric-semiconductor interface.

(b) N2200

NDI-based polymer poly[N,N’-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-

2,6-diyl]-alt-5,5’-(2,2’-bithiophene) or N2200 is used as a n-type semiconductor in

PFETs. Thin film are obtained by spin coating at 1000 rpm for 1 min. (5 mg/ml

solution in anhydrous chlorobenzene) and annealed at 1400C for 2 hours.

2.2 Device Fabrication

Transistors are made in bottom-gate top-contact (BGTC) architecture (fig.1.1b) on

a cleaned glass substrate. The steps involved in the fabrication of a PFET are

explained below:

• Substrate Cleaning: Glass substrates have been cleaned by multiple rounds

of ultrasonication followed by standard RCA procedure. After every round of

cleaning, the substrates are blow dried with nitrogen. A 1:1 mixture of iso-

propyl alcohol (IPA) and acetone is used for ultrasonication which is followed

by rinsing substrates in running deionised (DI) water. RCA cleaning involves

heating glass substrates in a 1:1:5 mixture of ammonium hydroxide, hydrogen

peroxide and DI water, respectively, at ∼ 900C till the effervescence disappears

(typically 15 - 20 minutes). Finally, the cleaned substrates are sonicated in DI

water and baked in an oven at ∼ 500C, for half an hour, to remove any trace

quantities of water.

• Gate Electrode: Aluminium (Al.) is used as the gate electrode for P3HT

based transistors and is coated on top of cleaned glass substrates by ther-

mal evaporation. Al. is coated at a rate of 1A0/s when the pressure inside

the thermal evaporation chamber is 2 × 10−6mbar or less. The gate area is

patterned using a shadow mask, using Teflon (polytetrafluoroethylene).
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• Thin Films coating: Gate electrode coated substrates are transferred to

Glove box for thin film coatings of dielectric and semiconductor. The solu-

tion processable dielectric and semiconductor are deposited by spin-coating

at optimised speeds (mentioned in section 2.1). Each spin coated layer is fol-

lowed by a thermal annealing process and subsequently cooled down to room

temperature.

• Source-Drain Electrodes: Top contact source-drain electrodes are coated

similar to gate electrode. Gold (Au) is used for p-type semiconductor (P3HT)

while Al. for n-type semiconductor (N2200).

Figure 2.1: Schematic diagram showing steps of device fabrication

2.3 DC Characterisation

The transistor I-V characteristics and capacitance measurements (capacitance-voltage

and capacitance-frequency) are done using Keithley 4200-SCS parameter analyzer.

Automated library functions are used for all the measurements. The value obtained

from these measurements is used in noise analysis. It is generally observed that the

current characteristics change with sweep rate and the applied bias time. In noise

measurement, bias is applied to transistors typically for few (5-10) seconds and the

current values may differ with I-V curves obtained from the parameter analyzer. It

is observed that sample time of 2 seconds and hold time of 1-second show similar
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current levels. Further, I-V measurements are taken before and after the noise mea-

surement to check for drift in transistor performance. Devices which show very less

drift and hysteresis are chosen for noise studies.

2.4 Noise Setup

External noise or disturbances interfere with the system under investigation and

obscure the low-level signals from the device. The electrical noise can be induced, in

wires, cables and connections, due to electromagnetic interference or due to vibration

effects. Controlling these unwanted signals and keeping it within acceptable limits is

vital to any data acquisition system. For designing a low-noise measurement setup,

it is important to identify the main sources of noise and then design strategies to

reduce them, as far as possible.

2.4.1 Sources of Noise

Most laboratories and industrial environments contain abundant electrical noise

sources which include AC power lines, heavy machinery (like motors, vacuum pumps),

radio and TV stations, and a variety of electronic equipment. Radio stations gener-

ate high-frequency noise while computers and other electronic equipment generate

noise in all frequency ranges. Noise sources having a specific frequency appear as

sharp peak in the power spectrum and can be identified, for example, peaks at 50/60

Hz and its harmonics are due to the power line, and a peak at 2.4 GHz corresponds

to wi-fi and Bluetooth operation. For sources which generate noise in a wide range

of frequency, it is better to isolate and decouple them from the instrumentation

setup.

Noise can couple into electric circuits by various means and a careful under-

standing of coupling methods can help eliminate them. Most commonly the noise

couples into a circuit on a conductor. A wire running through a noisy environment

may pick up spurious signals and then conduct it to another circuit. Most common

example of this conductively coupled noise is noise conducted into a circuit through

power supply leads.

Radiated electric and magnetic fields are other means of noise coupling.
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All circuit elements including conductors radiate electromagnetic waves whenever a

charge is moved. In addition to this unintentional radiation, there is the problem

of intentional sources such as the radio broadcast station, radar transmitters and

wireless communication waves in the form wi-fi and Bluetooth signals.

The grounding conflict: Preventing electrical shocks and electrical fires is the

highest priority for ground circuits, but these redundancies (of ground connections)

built into many electrical grounding systems create a conflict with data acquisition

systems called as ground loops. A ground loop can be understood as multiple paths

for ground currents. Several internal, common busses in a data control instrument

are arranged to regulate current flows and terminate all paths at one common point.

Usually, this one common point connects through a low impedance to the safety

ground connection, on the instruments AC power cord. This connection prevents

the internal system from floating at an AC potential between earth ground and the

input AC supply potential. Measuring instruments that contain an earth ground,

as described above, usually generate a ground loop. A ground loop can become

a serious problem even when the ground voltage on the measured point equals

the ground voltage entering the instrument through the line cord. A voltage that

develops between the two grounds can be either an AC or a DC voltage of any value

and frequency, and as the voltage and frequency increase, the ground loop becomes

more troublesome and dominates the input waveforms in noise measurements.

Triboelectric Effect: A charge can be produced on the dielectric material

within a cable if the dielectric doesn’t maintain contact with the cable conductors.

This is called the triboelectric effect. It is usually caused by mechanical bending of

the cable or if the cable is simply hanging without any rigid support. The charge

acts as a noise voltage within the cable and adds up with the DUT signal.

Conductor Motion: If a wire is moved through a magnetic field, a voltage

is induced between the ends of the wire. Due to power wiring and other circuits

with high current, in laboratories and industries, stray magnetic fields exist in most

environments. If a wire with a low-level signal is then allowed to move through

this field, a noise voltage is induced in the wire. The problem can be especially

troublesome in a vibrational environment.
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2.4.2 Noise Reduction

After careful inspection of possible noise sources, a set-up has been designed taking

proper precautions which are suited for noise measurements. The first and fore-

most thing for minimizing environmental (electromagnetic) interference is to have

a shielded metal enclosure , also known as faraday cage . The faraday cage in

this setup has been made from 2mm thick aluminium sheet having a cubic shape

of side length 20 inches. Shielding is very important when the circuit connections

have unshielded metal wires and connections. The faraday cage houses the device

under test (DUT) as well as the DC biasing circuit.

The solution for conductively coupled noise is to prevent it from entering the

signal path before it interferes with the susceptible circuit. If other instruments

are connected to the power supply which generates noise, it becomes necessary to

decouple noise from the wires before they enter the circuit. Here the biasing circuit

for OFET is made from a combination of sealed lead acid batteries for all ranges

of measurement. Using an isolated DC voltage source gives an advantage over AC

power supply as it completely eliminates power line interference and associated noise

on power leads.

The ground loop problem is avoided by having a single grounding contact at

the dynamic signal analyzer (DSA). Connections from DUT and preamplifier are

grounded with DSA channel input (using BNC coaxial cables), while the faraday

cage is separately grounded to the instrument’s ground connection port by a thick

copper wire. The outer shield of BNC cables (from the DUT) are not shorted with

the metal shield to avoid ground loops. Further, the instrument ground is physically

isolated from the rest of the instruments by having a separate ground line to the

earth.

The DUT is placed in a diecast aluminium box (G106) for better shielding which

also provides a very low resistance to common ground connections at the DUT and

DC bias. BNC female connectors are fitted into the metal box and copper wires

soldered to the connector’s centre pin for taking contacts with the DUT. These

copper wires take the connection from the electrodes of DUT and are made firm by

the use of conducting silver paste. No pressure is applied in these contacts. The

silver paste, used here, is a dispersion of micron-sized (0.5 microns or less) fine silver
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particles in amyl acetate. After making the connections, the box is covered with a

lid and tightened. This ensures reliable electrical and optical shielding of the sample.

To minimize vibration induced noise in the circuit, the entire setup is kept on

a vibration proof table. The noise in cables due to triboelectric effect is minimized

by avoiding cable movement and keeping them steady, and eliminating sharp bends

while making connections. Short cable lengths (1 metre) are used for connections,

to avoid extra noise sources.

2.5 Instrument Configuration

The instruments which are a part of the measurement setup comprises of a dynamic

signal analyser and a low noise transimpedance amplifer. The settings and configu-

ration that are essential for a reliable noise measurement are discussed in subsequent

sections.

• Dynamic Signal Analyser (DSA)

• Transimpedance amplifier (TIA)

2.5.1 Transimpedance amplifier (TIA)

A current to voltage preamplifier is used to amplify the (current) signal from DUT.

The TIA used in noise studies are DLPCA 200 (Femto) and SR 570 (Stanfard

Research Systems). Typical settings of a current amplifier, for noise measurement,

are explained below.

• Input current: The amplifier is connected in series with the device (DUT)

and so the current flows through the front-end input of the TIA. There is a

limitation to the current magnitude at a particular gain setting. For both

TIAs, the maximum input current that can be passed through the TIA scales

down with gain. The corresponding values are listed in the datasheet of the

instruments.

• Transimpedance gain: is defined as the ratio of the output voltage to the

input current. A high gain implies large amplification of the input signal.
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The gain of an amplifier is inversely related to its bandwidth, in terms of gain-

bandwidth (GBW) product which is constant over a certain range of frequency.

This means that bandwidth reduces when gain is increased and vice versa. It

is advisable to keep the gain at a value which is close to the inverse of the

DUT resistance for optimum performance. Gain is referred to as sensitivity

in SR 570, a sensitivity of 10−3A/V is equivalent to a transimpedance gain of

103V/A. The gain settings should be adjusted keeping in mind, the input DC

current and the frequency range that is required.

• Bandwidth: The upper 3-db cut-off frequency (or the bandwidth) is limited

by gain settings. Like the maximum input current, the bandwidth also reduces

with gain. Typically it reduces from 1.0MHz (sensitivity of 10−3A/V ) to

10Hz (sensitivity 10−9A/V ) in SR 570, whereas for Femto it reduces from

500kHz to 1.1kHz at similar gain settings. The amplifier response is linear in

a given bandwidth and rolls off at higher frequencies. This feature should be

taken into account to avoid error in data analysis.

• Coupling: The choice of coupling is optional and is required only when the

amplifier’s DC bias is to be connected in series with DUT in the circuit. For

most amplification purposes, the input coupling is kept at “Ground” setting.

The voltage output can be AC or DC coupled, DC coupling is the normal

mode of operation while in AC coupling a capacitor is placed in the circuit

which removes the DC components (frequency close to zero).

• Precautions: Proper care and attention should be taken while using current

amplifier in a noise measurement. Unmatched settings can lead to erroneous

results and/or instrument failure. The value of the maximum DC current that

can be present in the circuit should be taken into account while setting the

gain. When the current exceeds the maximum allowable current, an “Over-

load” condition is reached which is seen as the glowing of a red LED indicator

on the display panel. This condition should be avoided as much as possible.

In occurrence of such an event, the connection from the DUT or the circuit

should be terminated immediately to avoid severe instrument damage. The

input coupling should be kept at “Ground” by default and the DC bias kept
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at low values to avoid accidental flow of large currents through its input ter-

minals, when low impedance DUTs are connected. Apart from these, other

settings that are specific to the experiment like bandwidth, filter cut-off, input

current noise, output coupling, etc. should be factored into data analysis.

2.5.2 Dynamic Signal Analyser (DSA)

The Agilent 35670A dynamic signal analyser (DSA) is a low noise 16-bit “fft” spec-

trum analyser that samples and stores voltage signal. Key-points regarding the

operation of DSA, that is fundamental for making a reliable noise measurement, are

explained below.

• Input coupling: The input to DSA should be properly configured before

sampling. The choice of ground or float coupling is dictated by the physical

grounding of the electronic circuit. The noise measurements, in this thesis,

have DSA as the single grounding point in the circuit and so the input is

ground coupled with the input channel. Apart from that, AC coupling is used

to sample the fluctuations or noise in the voltage output from amplifier.

1 0 1 1 0 2 1 0 31 0 - 1 6

1 0 - 1 5

1 0 - 1 4

1 0 - 1 3

1 0 - 1 2

1 0 - 1 1

1 0 - 1 0

1 0 - 9

 5
 1 0
 5 0
 1 0 0
 2 0 0
 5 0 0
 1 0 0 0

S V (V
2 /Hz

)

F r e q u e n c y  ( H z )

C h a n n e l  r a n g e  ( m V )

Figure 2.2: Power spectrum of channel noise at different levels of input range.
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The channel input range (peak-to-peak voltage Vpp) for voltage signals is user

defined and should be adjusted by taking into account the largest peak-to-

peak values of the input voltage (Vin) signals (which are output from TIA).

The ability of DSA to resolve the smallest voltage signal is determined the

number of bits (16) of ADC at the front-end and the selected input range. For

the minimum possible Vpp range of 4 mV at DSA, the lowest value of Vin that

can be faithfully detected is given by the relation,

Vin =
Vpp(4× 10−3)

216
≈ 6× 10−8V

Thus, the voltage (energy) spectral density would be ∼ 10−15 V 2. The power

spectrum density is expected to be in similar range, however, it is frequency

dependent and decreases at higher frequencies. The channel input digitiza-

tion noise is a practical bottleneck for measuring low noise signals and so the

signals are amplified before digital sampling to surpass the noise floor of the

instrument. It can also be seen from the above equation that the channel input

noise scales up with channel range (fig.2.2). The channel range should be such

that smaller values don’t lead to overload conditions and higher values don’t

overwhelm DUT noise.

• Frequency Span: The bandwidth (BW) of the DSA is DC to 102.4 kHz.

This means that the higher frequency fh limit is 102.4 kHz while the lower

frequency (fl) depends on the total sampling time duration (T ) and is limited

by the low frequency noise of the instrument. The upper frequency can be

adjusted in powers of 2 descending from 102.4 kHz while the lower frequency

is adjusted by the number of resolution lines. The sampling frequencyfs is

adjusted by DSA automatically corresponding to user defined fh, while main-

taining the Nyquist criterion. The mathematical relations for signal processing

by DSA are given below.

fl = 1/T frequency span,fspan = fh − fl fs = 2.56× fh

Usually fh is dictated by BW at TIA but higher frequencies can also be cho-

sen to have higher sampling frequencies, for better resolution, in frequency
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response.

• Resolution lines: The ability to resolve two signals at closely spaced fre-

quencies depends on the frequency resolution of the spectrum. The number

of resolution lines, in DSA, is responsible for the frequency resolution (fres)

in the power spectrum plot. It can take values of 400, 800 and 1600 (used for

noise measurements). In one time capture frame, the lower frequency at DSA

is defined by resolution lines.

fl = fh(1.6kHz)
lines(1600)

= fl(1Hz)

where, minimum frequency resolution, fres = fl. Smaller the magni-

tude of fres , higher is the resolution.

The time span (∆t) of capturing one data frame is defined by fl, as ∆t = 1/fl.

Usually y (∼ 50) frames are captured for averaging the plots and in that case,

T = y∆t.

• Data Processing: The instrument can be used in two modes after it is

configured for data analysis. In the first mode, the time series capture of data

(voltage v/s time) is stored in the buffer memory and subsequently transferred

into a desktop for further analysis. The maximum number of data points, that

can be saved in one capture, is determined by the buffer memory of DSA(b). In

the second mode, the power spectrum is computed and averaged directly by

the instrument, as per the user-defined settings and subsequently stored into

a computer. For the time series data, all of the digital signal processing, for

time and frequency domain analysis, is done in Matlab (R2008b). The code

used for this purpose is given in Appendix-A.

• Precautions: Like the TIA, the instrument channel should be protected from

voltage signals that are greater than the channel input range. At low levels of

signal input, the range can be in auto-range mode to avoid such problems, but

it is often required to have a constant thermal noise floor of the background

setup. In that case, the channel range should be adjusted corresponding to

(b)with the available memory, typically 10 mega-points can be saved
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the maximum current or voltage produced in the circuit. The input cables

should be immediately disconnected in the event of an unexpected spike in

voltage levels. The instruments should be monitored during a measurement

for indications of “overload” condition.

2.6 Noise measurement

The DUT (PFET) for noise measurement is a three terminal device. The gate

and drain terminals are used for biasing the transistor whereas source is used for

collecting current.

Figure 2.3: Schematic of the circuit for transistor noise measurement.

Sealed lead acid batteries are used for biasing the DUT and are placed inside

the faraday cage. The voltage output from TIA can be stored in a digital format in

an oscilloscope or DSA. The accuracy and background noise level is related to the

number of bits used for analog-to-digital conversion of input signals. The DSA is

preferred over the 8-bit oscilloscope (LeCroy WaveRunner 6100A) for low frequency

noise measurements. The circuit connection and the signal path is shown in fig.2.3.

Data collected from DSA is processed on a desktop PC using Matlab.
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Chapter 3

Noise Studies

It has been known that transistor performance is correlated to the magnitude of

low frequency noise46,56,57,63,69,72–74 present in the output current. The channel

current fluctuations in (p-type and n-type) OFETs are studied in this chapter, to

understand the transport properties and to address stability issues. The current

noise has been measured for linear and saturation regimes of transistor operation,

at different bias conditions. The gate referred input current noise is studied for

different (p-type) devices that show varying levels of leakage gate current. The noise

properties of channel current are also measured for steady state light illumination,

in the depletion mode of transistor operation.

3.1 Experiments and measurements

To study noise in high resistance (> 1MΩ) devices, the current is amplified us-

ing a low input impedance (50-100 Ω) current-to-voltage amplifier. For low resis-

tance (<10 kΩ)devices, the voltage drop across a load resistor is amplified using a

voltage-voltage amplifier. In an alternate approach, the device is used as the arms

of balanced wheatstone bridge network and fluctuations through the balanced arm

amplified using lock-in amplifier, commonly referred to as the a.c. or lock-in

technique.75,76 In case of OFETs, the channel resistance range from few to tens of

MΩs, and so current amplification is preferred for noise measurements. The noise

studies for n-type and p-type OFETs are presented in this section.
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n-type transistors

3.1.1 BCB-N2200 transistors

OFETs were fabricated using BCB as gate dielectric and N2200 as semiconductor(a).

These OFETs function as n-type transistor when sufficient positive bias is applied

to gate and drain terminals. Aluminium is used as SD electrodes77 to match the

work function of electrode with that of HOMO level of semiconductor.
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Figure 3.1: Source-drain current plotted as a function of gate bias (transfer curve) at
different drain bias (Vds), for n-type BCB-N2200 (BN) transistor before (fig-(a))and
after (fig-(b)) the noise measurement.
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Figure 3.2: Source-drain current plotted as a function of drain bias (output curve) at
different gate bias (Vgs), for n-type BCB-N2200 transistor in fig-3.1. Channel length,
L = 60 microns and width W= 0.91 mm.

(a)in short form, these devices will be referred as BN transistors.

42



43

From fig-3.1 and 3.2, it is observed that DC characteristics of BN transistors lack

distinct linear and saturation regimes. Similar behaviour was observed for other

transistors (8 devices) as well. However, the SD current shows a gate dependence

and noise measurements were carried out for these devices.
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Figure 3.3: Current noise spectrum of a BCB-N2200 transistor plotted as a function
of frequency, at different gate bias. A reference 1/f-type plot with slope 1.5 is shown
in dashed line.

To study noise in BN transistors, channel current was measured at Vds = 30V

while Vgs was varied from 20 V to 60 V (in steps of 10 V). The experiment details

corresponding to this set of measurements are detailed below:

• Transimpedance gain at preamplifier : 106 V/A

• Measured frequency range: 2 Hz to 3.2 kHz

• Time duration for capture of one data-frame: 0.5 second

• Number of data-frames in one dataset: 50

• Devices were encapsulated and measured in dark conditions, at room temper-

ature (298 K)
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• Gate and drain terminals were kept at ground potential after every measure-

ment.

• Hold time of 60 - 80 seconds between successive measurements.

The noise spectrum is analysed using modified Hooge’s empirical relation (1.18)

given by,

SI(f) = γHI
β/Nfα

For BN transistors, the current power spectrum density (PSD) shows a 1/fα type

behaviour (fig.3.3) at different Vgs. The frequency exponent, α lies close to 1.4 (1.4

± 0.2). The DC characteristics of these transistors have been observed to change

drastically and show significant drift, before and after the noise measurement (fig-

3.1). The analysis of noise spectrum becomes complex, in situations, where the

mean current (I) has a transient behaviour during the measurement.27 Further

noise studies were not carried out for BN devices due to the lack of stable and

working transistors.

p-type transistors

3.1.2 BCB-P3HT transistors

The OFETs studied in this section were fabricated using BCB dielectric and P3HT

semiconductor(b). The transistors function as p-type OFET when sufficient negative

bias is applied to gate and drain terminals. Gold is used as SD electrodes to match

the electrode work-function with that of LUMO level of the semiconductor.78

(b)in short form, these devices will be referred as BP transistors.
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Figure 3.4: Source-drain current plotted as a function of drain bias (output curve)
at different gate bias (Vgs), for a p-type BCB-P3HT transistor.
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Figure 3.5: Source-drain current plotted as a function of gate bias (transfer curve)
at different drain bias (Vds), for the p-type BCB-P3HT transistor in fig-3.4. Channel
length, L = 50 microns and width W= 0.9 mm.
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The DC characteristics of BP transistors showed a gradual shift with operating

time, but the shape of plot remained the same, showing clear linear and saturation

regimes (fig-3.4). Devices having minimum drift in DC characteristics were chosen

for noise studies. The current noise is investigated for such transistors, in the linear

regime, at different Vds.
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Figure 3.6: Current noise spectrum of a BCB-P3HT transistor plotted as a function
of frequency, at different drain bias. The gate bias is kept constant at Vgs = −60V .
A reference 1/fα type plot with α = 1.5 is shown in dashed line.

The experiment details for this noise study are mentioned below:

• Vgs= -60 V

• Vds varied from -6 V to -20 V in steps of -2 V (8 data sets)

• Transimpedance gain at preamplifier : 106 V/A

• Measured frequency range: 1 Hz to 1.6 kHz

• Time duration for capture of one data-frame: 1 second

• Number of data-frames in one dataset: 40

• Devices were encapsulated and measured in dark conditions, at room temper-

ature (298 K).
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• Gate and drain terminals were kept at ground potential after every measure-

ment.

• Hold time of 60 - 80 seconds between successive measurements.

The noise characteristics of BP transistor have been shown in fig-3.6. The power

spectrum density in linear regime exhibits a 1/fα type behaviour with frequency

exponent, α ∼ 1.4 (1.4 ± 0.1). The peaks at 50 Hz and 100 Hz (PSD plot for

Vds = −18V ) are due to noise from power line supply.

The noise magnitude, here, is independent of the mean current value (or Vds).

According to Hooge relation (eqn.1.16), the noise power spectrum has a current bias

dependence39 characterized by exponent β (= 2),however, in the present case β is

almost zero. Such behaviour in power spectrum are difficult to explain quantita-

tively, and may result due to some parasitic noise source in the channel or the bulk

of semiconductor, which dominates the total noise spectrum. Measurement on other

BP transistors (5 devices) showed similar behaviour.

3.1.3 PVDF-P3HT transistors

The p-type transistors based on PVDF (dielectric) and P3HT (semiconductor)(c)

have been studied in this section. Representative set of typical output and transfer

curves of a PP transistor, chosen for noise studies, are shown in fig.3.8 and 3.7,

respectively. These transistors showed stable DC characteristics for measurements

over a long period of time (∼ 3 weeks), and were studied in detail.

The output curve (fig-3.7) show distinct linear and saturation regime. Transfer

curve for Vds = -60 V is plotted, (fig-3.9) to obtain threshold voltage and for the

calculation of saturation mobility. The linear fit to
√
Ids v/s Vgs plot when extrapo-

lated to Ids = 0 gives the threshold voltage (Vth = −15V ). The saturation mobility,

µsat is obtained by calculating the slope from the linear fit. For PP transistors, µsat

typically lies in the range 10−4 − 10−3 cm2V −1s−1. A number of devices (> 100)

were measured to check for the stability of DC characteristics, and those showing

minimum hysteresis and drift (15 devices) were further studied to investigate noise

properties.

(c)here after, referred to as PP transistors in this chapter

47



48 CHAPTER 3. NOISE STUDIES

0 - 2 0 - 4 0 - 6 0
0 . 0

- 4 . 0 x 1 0 - 7

- 8 . 0 x 1 0 - 7

- 1 . 2 x 1 0 - 6 V g s ( V )
 - 1 0
 - 2 0
 - 3 0
 - 4 0
 - 5 0
 - 6 0

I ds 
(A

)

V d s  ( V )
Figure 3.7: Source-drain current plotted as a function of drain bias (output curve)
at different gate bias, for a p-type PVDF-P3HT (PP) transistor. The channel length
L = 30 microns and channel width W = 0.84 mm.
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Figure 3.8: Source-drain current plotted as a function of gate bias (transfer curve)
at different drain bias, for the p-type PVDF-P3HT (PP) transistor in fig-3.7.

The experimental conditions for noise measurements on PP transistors are men-

tioned below:

• Transimpedance gain at preamplifier : 106 V/A

• Measured frequency range: 1 Hz to 1.6 kHz

• Time duration for capture of one data-frame: 1 second

• Number of data-frames in one dataset: 40
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Figure 3.9: Square root (Y-axis right) and log scale (Y-axis left) plot of drain
current v/s gate voltage (at Vds−60V ) for a p-type PVDF-P3HT transistor (fig-3.7).
The linear fit to the plot corresponding to I0.5ds is shown in dashed lines which gives
threshold voltage, Vth -15 V.

• Devices were encapsulated and measured in dark conditions, at room temper-

ature (298 K).

• Gate and drain terminals were kept at ground potential after every measure-

ment.

• Hold time of 60 - 80 seconds between successive measurements.

The current noise of these OFETs are studied at different bias conditions and

are detailed in subsequent sections.

(a) Drain voltage dependence of noise

In this section, current noise spectra is measured in linear regime by varying Vds

from -4 V to -24 V (steps of -2 V) and keeping Vgs constant at -60 V. The DC

characteristics of the transistor are shown in fig-3.7 and fig-3.8.

The PSD for this study shows a typical 1/fα type behaviour (fig.3.10) in the

measured frequency range. The spectral features are analysed by using the Hooge

empirical equation (eqn-1.18). Here, the frequency exponent α is close to 1 (1 ±
0.1). It is observed that noise magnitude increases with the drain bias (or Ids).

49



50 CHAPTER 3. NOISE STUDIES

1 0 1 1 0 2 1 0 31 0 - 2 6

1 0 - 2 5

1 0 - 2 4

1 0 - 2 3

1 0 - 2 2
 B a c k g r o u n d
 V d s  - 4 V
 V d s  - 1 0 V
 V d s  - 1 8 V

S I 
(A2 /H

z)

F r e q u e n c y  ( H z )

1 / f  

Figure 3.10: Current noise spectrum (SI(f)) plotted as a function of frequency, in
linear regime at different drain voltage and constant Vgs (-60V) for a p-type PVDF-
P3HT transistor (fig-3.7). The dashed line shows a reference 1/f plot.
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Figure 3.11: Current noise spectrum (SI(f)) plotted as a function of current mag-
nitude for a p-type PVDF-P3HT transistor (fig-3.10). The transistor is operated in
linear regime, gate voltage is at -60 V and drain voltage varied from -4 V to -24 V.
The dashed lines show reference slope corresponding to current exponent β=1, in the
Hooge relation.

The current dependence of noise spectrum (β) is obtained from log-log plot of

PSD (SI(f)) as a function of drain current (Ids), and is shown in fig-3.11. It is

observed that β lies close to unity (0.9± 0.1).

50



51

(b) Gate voltage dependence of noise

In linear regime

In this study, Vds is kept below V eff
gs and SD current (Ids) is measured at different

values of Vgs for calculating noise. The DC characteristics of the PP transistor(d),

used in this study, are similar to that in fig-3.7 with a threshold voltage Vth = -15V.
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Figure 3.12: Normalised power spectral density (S(f)) plotted as a function of
frequency for a p-type PVDF-P3HT transistor. The transistor is operated in linear
regime at different gate voltage and constant Vds (-10V) The dashed line shows a
reference 1/f plot.

The current noise spectra, in linear regime (fig.3.12), is measured at different Vgs

ranging from -30V to -70V (steps of -10 V), at constant Vds (-10V). The PSD exhibits

a 1/fα type behaviour where the frequency exponent, α is close to 1 (1± 0.1).

The gate voltage dependence of current spectrum (eqn.1.14 and 1.25) is obtained

by calculating exponent p in the following relation

S(f) =
SI(f)

I2
∝ 1

(V eff
gs )p

(3.1)

(d)L=60 microns and W= 1.13 mm
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Figure 3.13: Gate voltage dependence of relative noise spectrum (S(f)), at different
frequencies, for a p-type PVDF-P3HT transistor operating in linear regime. The
dashed lines show reference plot corresponding to p = 2.

To obtain the value of p, a log-log plot of the normalised PSD (S(f)) and effective

gate voltage (1/V eff
gs ) is fitted to a linear equation and the slope (or p) obtained

from the fit.

S(f) ∝ 1

(V eff
gs )p

⇒ S(f) =
C1(constant)

(V eff
gs )p

(3.2)

log(S(f)) = −p.log(V eff
gs ) + log(C1) (3.3)

From fig-3.13, it is observed that slope (p) is close to 2 (2± 0.2)

Time series plots

The time series (current) data from these measurements are plotted as histograms to

obtain the amplitude distribution of the sampled signals. The plotting parameters

have been kept constant in all the plots, and are mentioned below:

• Number of bins for histogram plot : 35

• Number of data points for each plot : 50,000

• Range of current amplitude : −0.15 to 0.15 nA

• Number of counts shown in Y-axis (common for all plots) : 8400
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Figure 3.14: Histogram plots for time series data for a p-type transistor operating
in linear regime, obtained at different gate bias and constant drain bias (-10V).
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Figure 3.15: Gaussian fitting of the histogram plots (fig-3.14) obtained at different
gate bias for a p-type transistor, operating in linear regime.

The amplitude distribution of histogram plots, at different Vgs, are plotted in a

single graph window and fitted with gaussian curve as shown in fig-3.15.
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Saturation regime

In this study, PP transistor is biased in saturation regime where Vds > V eff
gs and the

channel current noise is measured at different gate voltage. The DC characteristics

are shown in fig-3.7 and 3.8.
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Figure 3.16: Current noise spectrum (SI(f)) plotted as a function of frequency, in
saturation regime, at different gate bias and constant drain bias (-50 V) for a p-type
PVDF-P3HT transistor (fig-3.7). The dashed line shows a reference 1/f plot.

The PSD is measured at different gate bias(e) while keeping Vds constant (-50

V). The corresponding noise spectrum (fig.3.16) exhibits a 1/fα type behaviour

with α close to 1 (1 ± 0.1). The I-V characteristics change for saturation regime

as compared to linear regime. The exponent p, in this case, is obtained from the

relation (SI(f)) ∝ (V eff
gs )p). This equation can also be written as, log(SI(f)) =

p.log(V eff
gs ) + log(C2).

(e)Vgs(V ) ∈ [−30,−34,−40,−44,−50]
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Figure 3.17: Gate bias dependence of power spectrum (fig-3.16), in saturation
regime, for a p-type PVDF-P3HT transistor. The dashed lines show reference plots
corresponding to p =3
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Figure 3.18: Source-drain current dependence of power spectrum (fig-3.16), in satu-
ration regime, for a p-type PVDF-P3HT transistor. The dashed lines show reference
plots corresponding to β =1.5

The gate dependence (p) of the PSD is obtained by experimental curve fitting

to the log-log plot of SI(f) versus V eff
gs . In this study, value of p lies close to 3

(fig.3.17). Since Ids ∝ (V eff
gs )2, current exponent β is expected to take a value of

p/2 and is observed (fig.3.18).
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Time series plots
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Figure 3.19: Histogram plots for time series data for a p-type transistor operating
in saturation regime, obtained at different gate bias and a constant Vds (-50V).
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The time series data is plotted as histogram (fig-3.19), similar to that in linear

regime. For plotting histogram, the parameters have been kept constant, and are

mentioned below:

• Number of bins for histogram plot : 35

• Number of data points for each plot : 40,000

• Range of current amplitude : −0.78 to 0.84 nA

• Number of counts shown in Y-axis (common for all plots) : 6400
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Figure 3.20: Gaussian fitting of the histogram plots (fig-3.19) obtained at different
gate bias for a p-type transistor operating in saturation regime.

The amplitude distribution of the time series data obtained from fig-3.19 is fitted

to gaussian distribution and is depicted in fig-3.20.
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3.1.4 Leakage gate current noise

This section is dedicated to the study of leakage gate current noise (SIgs(f)) in

PP transistors. The transistors used in this section show stable DC characteristics,

marked by distinct linear and saturation regimes, similar to fig-3.7 and fig-3.8. To

measure noise in gate current (Igs), the drain terminal is kept float (open circuit)

and the corresponding current measured in gate-source circuit.
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Figure 3.21: Comparison between gate and source-drain current noise at a constant
gate bias (-50V) for a p-type transistor (PVDF-P3HT). Reference 1/fα slopes are
shown for α =1 and 2, in dashed lines.

The magnitude of SIgs(f) is compared with channel current noise (SI(f)), for

low leakage transistors, and shown in fig-3.21. In this measurement, Vgs is kept

constant at -50 V while Vds is at -50 V (for SI(f)) and open circuit (for SIgs(f)).

Corresponding current values are 590 nA (Ids) and 30 nA (Igs). From the PSD plots,

it is observed that gate and channel current noise take different values of slope or

the frequency exponent α (from eqn.1.16). SIgs(f) is characterized by an α value

close to 2 (f < 100 Hz) while for SI(f), α ∼ 1.
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Figure 3.22: Current noise spectra of gate and source-drain current shown for a
high leakage p-type transistor (PVDF-P3HT), at constant gate bias (Vgs = −50V ).
Reference 1/fα slopes are shown for α =1 and 3, in dashed lines.

Similarly, the noise spectra are compared for a PP transistor having higher gate

leakage, and depicted in fig-3.22. For this measurement, Vgs is kept constant at -50

V while Vds is at -18 V (for SI(f)) and open circuit (for SIgs(f)). Corresponding

current values are 670 nA (Ids)and 340 nA (Igs). Thus, gate current magnitude is

almost 50% of the SD current. The noise amplitude for channel and gate current

noise (fig-3.22) are almost equal and have similar shape.

The measurement were carried out at other Vds values (in the same device) as

well (-8 V to -18 V, in steps of -2 V). In all of these measurements, magnitude of

SIgs(f) is found comparable to SI(f), as seen in fig-3.22. From the PSD plots, it

is observed that noise spectrum has two distinct regions characterized by different

slope values. A clear “corner” frequency can be seen at ∼ 100 Hz where the slope

changes.

The higher value of α (∼ 2) is typical of SIgs(f) while α is close to unity for

SI(f) (as observed in fig-3.21). The α value in the noise spectrum, for high leakage

transistor, is referred to as gate-exponent “αg”, for f < 100 Hz, while the exponent

corresponding to f > 100 Hz, is termed as “αch”.
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Figure 3.23: Frequency exponent, α (from Hooge relation), in the noise spectra
of gate and channel current is plotted as a function of leakage current percentage
(C.P.), for three devices-L1, L2 and L3 (p-type transistors based on PVDF-P3HT).
Square shaped data points denote gate-exponent (αg) while circles represent channel
exponent αch.

The frequency exponents, αg and αch were obtained for three PP transistors

which showed varying levels of leakage gate current. The devices in this study are

referred to as L1, L2 and L3. In fig-3.23, circles represent αch while square represent

αg. The exponents are plotted as a function of current percentage (C.P.) in this

figure, where C.P. is defined as

C.P. =

(
Igs
Ids

)
× 100 (3.4)

The PSD plots for device L2 and L3 that showed C.P. of ∼ 5 % and ∼ 50 %

are shown in fig-3.21 and 3.22, respectively. The leakage in device L1 is quite less

(∼ 1%). Each data point in this plot corresponds to a given set of measurement,

and is described below:

• L1: Vgs(V ) ∈ [−30,−40,−50,−60,−70]; Vds at -30 V and float.

• L2: Vgs(V ) ∈ [−30,−34,−40,−44,−50]; Vds at -50 V and float.

• L3: Vds(V ) ∈ [−8,−10,−14,−16,−18] and float; Vgs at -50 V.

From the plot of α versus C.P., it is clearly seen that the αg increases (1.7 - 3.5)

with gate leakage current while αch remains close to unity (0.7 - 1.1).
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3.1.5 Effect of light

The effect of photo-illumination on current noise of PP transistors is studied in this

section. A continuous beam helium-neon (He-Ne) laser of wavelength 543 nm and

power output of 2 mW has been used to excite charge carriers in the semiconductor

(P3HT). Light experiments have been performed on transistor biased in depletion

mode. To operate p-type OFET in depletion mode, the gate bias is kept at positive

polarity whereas for accumulation, polarity is negative. In depletion mode, the

dielectric-semiconductor interface of a p-type OFET provides large resistance for

hole conduction and the transport is mostly through the bulk of semiconductor.79
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Figure 3.24: Noise spectrum of source-drain current for a p-type (PVDF-P3HT)
transistor operated in accumulation and depletion mode, at constant Vds (-50V). The
dashed line shows reference 1/f slope.

The DC characteristics (accumulation mode) of the PP transistor, used for light

studies in this section, are similar to that shown in fig.3.7 and 3.8. The threshold

voltage for this transistor is 10 V. The SD current output for different set of bias

conditions are mentioned below:

• Accumulation mode Vds = −50V , Vgs = −30V and Ids = −253nA

• Depletion mode Vds = −50V , Vgs = +30V and Ids = −14nA
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The trans-impedance gain for noise measurement has been kept at 107 V/A to

amplify the current fluctuations and to maintain a frequency bandwidth of 50 kHz(f).

The current noise spectrum corresponding to the accumulation and depletion mode

(in dark conditions) is compared in fig.3.24. The spectral features of current noise

are quite different in these modes. In the depletion mode, a wide peak at 1 kHz

is observed while in accumulation mode, noise spectrum has a typical 1/fα type

feature (α ∼ 1.05).
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Figure 3.25: Current noise spectrum in dark and light conditions for a p-type
transistor (PVDF-P3HT) operated in depletion mode for Vgs = 30V and Vds = −50V

The noise spectrum (in depletion mode) corresponding to light and dark con-

ditions are depicted in fig-3.25. The experiment details for this measurement are

summarized below:

• Vgs = +30V and Vds = −50V

• In dark condition, SD current Id = 14nA while in light Iph = 27nA

• Measured frequency range: 8 Hz to 12.8 kHz.

• Time duration for one data frame: 125 milliseconds

(f)Source: Femto DLPCA-200 datasheet
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• Number of data-frames in one data set: 20

• Time duration of laser irradiation for one data set: ∼ 5 seconds

• Time duration between successive laser experiments: > 10 minutes

The channel area can be assumed to uniformly illuminated since the FWHM of

laser beam intensity or spot diameter is > 2 mm while the device has a channel

length of 26 microns and a width of 0.96 mm. Upon light illumination, the current

magnitude increases and the percentage change, ∆I is given by

∆I =

(
Iph − Id
Id

)
× 100 ≈ 92% (3.5)

This increase in noise amplitude is observed with the maximum intensity of laser

irradiation. Intensity dependent studies were difficult due to the small changes in

noise spectrum. Increasing gain could circumvent these problems but the bandwidth

of the measurement would be compromised, which is undesirable since the power

spectrum spans over a wide range of frequency.

3.2 Discussions

The results obtained from noise measurements on n-type and p-type OFETs are

discussed in this section. The PSD analysis of current fluctuations is based on

Hooge’s empirical relation (eqn-1.18) and the parameters within.

BCB-N2200 transistors

It was observed that the DC characteristics (fig-3.1 and 3.2) of a n-type BN transis-

tor, do not truly represent the behaviour of a stable and working transistor. A gate

dependence was seen in the output channel current and the current fluctuations

were measured at various Vgs values (keeping Vds constant). The noise spectrum

showed a 1/fα type behaviour with α ∼ 1.4. However, the current characteristics

changed significantly during the noise measurement. The measured current fluctu-

ations, thus, have a transient character in the mean current value. Noise spectrum,

usually analysed by the hooge equation (eqn.1.18) is inadequate to quantitatively
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analyse such behaviour. It is applicable only for current fluctuations that are present

over a constant DC current.29

The channel current of BN transistors shows a 1/fα type behaviour but its

difficult to find the source of noise, except that it has a gate dependence. The origin

of noise has been a complex issue since a large number of factors (collectively or

individually) can manifest as flicker noise spectrum.23 It has been known that n-

type PFETs are susceptible to oxygen and moisture that introduces interfacial trap

states within HOMO-LUMO energy levels51 affecting the charge transport. Apart

from oxygen/moisture induced traps, various other factors may as well contribute

to device performance. For BN transistors, further noise analysis was not possible

due to the instability in static characteristics. The transistor stability in terms of

DC characteristics, thus, is a necessary condition for reliable noise analysis.

BCB-P3HT transistors

The p-type BP transistors showed distinct linear and saturation regime (fig-3.4) with

relatively less drift in channel current, as compared to BN transistors. The current

magnitude remained almost constant before and after the noise measurement for

such devices. The current noise (fig-3.6) was measured in linear (or ohmic) regime

of transistor at different Vds (Vgs was kept constant). In this study, the free charge

carrier density N remains constant for this study since N is proportional to Vgs. The

observed PSD, at various Vds, showed a 1/fα type behaviour (α ∼ 1.4) but the noise

magnitudes were similar for different values of Ids (or Vds). According to Hooge’s

equation (eqn.1.16), the noise amplitude (SI(f)) increases with the current bias (I)

(provided N remains constant). For metallic samples, silicon MOSFET and even

in organic thin film transistors, it is usually observed that SI(f) ∝ I2. The current

exponent β typically lies in the range 1 - 2 depending on the material and/or the

source of noise.30

While these PFETs showed stable DC characteristics, the noise properties were

still difficult to explain. The current independent behaviour of PSD suggests that

other noise source dominates the channel noise spectrum, for example, contact re-

sistance at metal-semiconductor interface.80 Measurements on other BP transistors

showed similar results in the noise spectrum. This suggests that transistor stability,
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in terms of DC characteristics, is a necessary but not a sufficient condition for noise

analysis.

PVDF-P3HT transistors

The p-type PP transistors showed very less drift in transistor characteristics. They

were analysed in different operating regimes and bias conditions.

Drain voltage dependence

At constant Vgs, the noise spectrum showed current (Vds) dependence with β ∼
0.9 (fig-3.11). The current exponent, β is usually associated with the source of

noise30 in the material. According to hooge model, its value is 2 and represents

bulk conductivity fluctuations in the solid. However, β deviates from the proposed

constant value (two) for current noise in transistors. It has been observed that β

lies between 1.5 - 2 for channel current noise in transistors.41 Smaller β values, in

case of PP transistors, suggests that noise sources have an interface origin (surface

phenomena). The dielectric-semiconductor interface can be assumed to be the origin

of conductivity fluctuations.

In the linear regime, transistor is modelled as an ohmic resistor. However, β is

different for ohmic transport in organic semiconductor (≈ 1) and in metals (≈ 2).

Noise being a reflection of charge transport in a material suggests that fundamental

mechanism of carrier transport is different in organic semiconductor and metals,

even when DC characteristics are same.

Gate voltage dependence

The gate voltage is related to the number of free charge carriers N at the channel

interface by eqn.1.13. The power spectrum can be expressed as,

S(f) =
SI(f)

I2
∝ 1

(V eff
gs )p

Here, the exponent p is used to identify the noise model that explains the observed

noise spectrum.
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The noise studies were performed both in linear and saturation regime of transis-

tor operation at various gate voltages (keeping Vds constant). In the linear regime ,

the relative PSD (S(f) = SI(f)/I2) showed a 1/f behaviour with α ∼ 1 (fig.3.12).

The gate voltage dependence of S(f) is obtained from fig-3.13 and it can be seen

that p is very close to 2. A value of p = 2 is indicative of McWhorter’s number den-

sity fluctuation (eqn-1.25) for observed noise spectrum, in MOSFETs. McWhorter

model for carrier density fluctuation25,34,35,47 is concerned with the tunnelling of

electrons in the (oxide based) gate dielectric which cannot be applied to PFETs,

since the dielectric is a polymer and holes are the majority charge carriers in the

channel current. However, it is possible that trapping-detrapping of charges takes

place due to surface trap states at the dielectric-semiconductor interface and finally

result in number density fluctuations. In that case, the assumption of oxide dielectric

is to be replaced with a more appropriate explanation supported by mathematical

equations.

In the saturation regime , the PSD showed a 1/fα type behaviour with α ∼ 1

(fig.3.16) and a gate voltage dependence identified by exponent p (fig-??). The

experimental fit to curve in fig-3.17 gives p ≈ 3 which suggests Hooge mobility

fluctuation model (eqn-1.15). Since Ids ∝ (V eff
gs )2, current exponent β is expected

to take a value of p/2 which is indeed observed in fig-3.18. The general consensus,

regarding noise models, is that both number and mobility fluctuation sources are

present in the system and either can dominate the total noise spectrum.40 It is

also possible that sometimes both sources may have significant contributions.26 The

current noise fits to number density fluctuation model for linear regime studies and

to mobility fluctuation model for saturation regime studies.

The strength of applied electric field along the channel (drain-source voltage), is

different in the two studies. Measurements have been carried out at low drain bias

(−10V ) in linear regime, and at high bias (−50V ) in saturation regime. With high

electric field , the charge carriers are constrained to move in a preferred direction

which could lead to more scattering events. It is usually observed that mobility

fluctuations dominate when the density of free charge carriers is larger than the

density of traps, limiting the contribution of number density fluctuations.26,36 Thus,

for high electric fields in OSCs, mobility fluctuations may dominate in the noise

spectrum because of higher density of carriers, in a given direction, compared to the
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trap states. Following similar reasoning, it can be argued that at low electric fields,

the number density fluctuation dominates the total noise spectrum.

For mobility fluctuations or the hooge model, the hooge’s constant γH can be

calculated from the following relation,

γH =
SI(f)× f ×N

I2
(3.6)

The calculations have been done for all the data points at f = 10Hz (fig-3.16),

value of N is obtained using eqn.1.13 and Ci = 28 nFcm−2 for the PP transistor. In

saturation regime, the value of γH ≈ 4.1 (4.1 ± 0.1) which is consistent with other

reports on OFETs57,66,68 and is slightly higher than crystalline MOSFETs.81 For

other models, γH is dependent on the current magnitude and the frequency, and

is no longer a constant. In the linear regime, γH lies in the range ∼ 4 − 50. The

magnitude of hooge constant is an indication of relative noise present in the system.

It is useful for comparing system performance which obeys hooge model.

Leakage gate current noise

Ideally, the gate-source current (Igs) should be negligible (∼ 10−11 − 10−12A), and

is mostly the case with crystalline MOSFETs. However, in PFETs, it has been

observed that Igs levels are relatively higher (∼ 10−9 − 10−10A) and may increase

with time.

The reliability of OFETs is one of the major issues and a bottleneck for com-

mercial applications. The leakage gate current often increases with operation time

and the reason is mainly attributed to bias stress, ionic transport or electrode mi-

gration.51 It is induced in the polymer material due to their low tolerance towards

electric field. As a consequence of bias stress, the gate dielectric behaves like a lossy

capacitor with increased conductivity, and subsequently affects the device perfor-

mance. A high leakage gate current in a transistor may lead to an increased power

consumption affecting the working of otherwise working transistors, in an integrated

circuit environment.

The total noise in output SD current of a transistor is a combination of gate

current noise (SIgs(f)) and the channel noise (SIds(f) or SI(f)). These noise sources

have spatially different origin and so they can be assumed to uncorrelated. The total
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noise then becomes the addition of these two sources. In the present noise studies,

a portion of SIgs(f) is present but because of its relatively low magnitude, overall

spectrum is dominated by SI(f), as shown in fig.3.21. A clear distinction can be

seen between the spectrum of Igs and Ids in the form of different slope values, in the

measured frequency range. The former is characterized by α ∼ 2 while the latter

shows a typical 1/fα type behaviour with α ∼ 1. In case of stable and working

transistors with low leakage, Igs magnitude is quite less compared to Ids and so the

total output noise is dominated by conductivity fluctuations at the interface.

The noise spectrum of gate current, which has a higher slope at low frequencies, is

expected to dominate the channel noise if the current levels (Igs) are high enough, as

shown in fig-3.22. The total noise spectrum in this case has significant contribution

from both gate and SD current, and a clear cross-over is observed at ∼ 100 Hz. In

this case, the channel noise departs from the ideal 1/f type form and is dominated

by the 1/f 3 behaviour of gate current noise. The higher α value is related with

SIgs(f) and is referred as gate-exponent “αg” and exponent “αch” to channel noise.

From fig.3.21 and 3.22, it is observed that SIgs(f) dominates at f < 100 Hz (low

leakage) and a crossover is seen in the SI(f) for high leakage devices. The frequency

exponents in PSD plots, measured for three devices, are plotted in fig.3.23 which

show that αg increases (1.7− 3.5) with relative percentage of leakage current (C.P.)

while αch remains fairly constant (0.7−1.1). The gradual increase in leakage current

is not readily observed in the FET characteristics, but is quite obvious in the PSD

evolvement. Such spectral features in channel current noise serve as a useful tool to

monitor device degradation.

Effect of light

The effects of photo-illumination on current noise were studied in the depletion mode

of transistor operation. In depletion mode, the polarity of gate bias in OFETs is such

that the majority charge carriers are repelled from the interface, and encountered

by a greater resistance path which decreases the channel current. The conduction

between the SD electrodes then takes place through the bulk of the semiconductor,

away from the depletion region.79

The fluctuations in Ids in accumulation mode (negative Vgs) has a typical 1/fα

type spectrum while current in depletion mode shows a wide peak in the power
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spectrum (fig-3.24) around 1 kHz, in range ∼ 10 Hz to 10 kHz. The spectral features

of drain current, in depletion mode, is indicative of transport through the bulk of

semiconductor. This particular feature of having a peak at some frequency (1 kHz,

here), is representative of generation-recombination (g-r) type noise observed in

organic semiconductors.82

The Ids noise spectrum, in depletion mode and in dark conditions, show fea-

tures that can be correlated with bulk conductivity fluctuations. Light illumination

on semiconductor (P3HT) leads to excitation of charge carriers in the volume (or

bulk)(g)of the sample. The effect of light can be viewed simplistically as an equiv-

alent to a greater gate bias, with an enhanced value of Ids (referred as Iph). The

percentage increase in current (light and dark conditions) is almost 90% for the

measured device (fig-3.25). Measurements on (three) other devices showed ∆I as

high as 500 % however the absolute current magnitude were in the range of few

pico-amperes and the corresponding noise was dominated by the thermal noise.

A comparison of noise spectra (fig-3.25) in light and dark conditions suggests

that the noise mechanisms are identical. The shape of noise spectrum (in dark) is

retained upon light illumination along with the a wide g-r type feature having cen-

ter frequency at 1 kHz, and only the magnitude is seen to increase. The magnitude

of spectrum is a manifestation of the number of transition events (or fluctuations)

of carriers that contribute to total noise. Thus, the influence of light has been to

amplify the events taking place in dark conditions (bulk conductivity fluctuations).

The generation-recombination of charges can be correlated with holes participating

in the trapping-detrapping events between the bulk of semiconductor and the deple-

tion region near the interface. The centre frequency (at 1 kHz)and g-r noise feature

were consistent with noise measurements on (five) other devices.

(g)the thickness of P3hT film is ∼ 50 nm.
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3.3 Summary

In this thesis, current noise of p-type and n-type PFETs have been studied. Solution

processable polymer dielectric (BCB and PVDF) and semiconductor (N2200 and

P3HT) were used for the fabrication of PFETs. The current fluctuations from the

transistors were amplified, and sampled by a signal analyser for calculating noise.

The noise studies in n-type PFETs (BN transistors), were limited since the static

(or DC) characteristics changed rapidly during the measurement. The source-drain

current noise exhibited a 1/fα type behaviour (α ∼ 1.4) and the noise magnitude was

seen to increase with the current bias. In case of p-type BP transistors, the current

noise had no dependence with applied drain bias even though the DC characteristics

showed improved stability as compared to the n-type transistors. The spectrum, in

this case also, had a 1/fα type (α ∼ 1.4) behaviour.

The DC characteristics of p-type PP transistors showed distinct linear and satu-

ration regimes and the devices were stable for longer operation times. Noise studies

at fixed Vgs showed that the noise spectrum has 1/fα type behaviour and takes a

linear dependence (SI(f) ∝ I) with current value, unlike metallic samples having a

square dependence. The current exponent in the power spectrum served useful in

identifying the nature of the noise source.

Current noise spectrum, in linear and saturation regime, exhibited 1/f-type be-

haviour in measured frequency range 1 Hz -1.6 kHz. The observed noise spectrum

showed a gate voltage dependence which suggests that the channel current is the

dominant noise source. The specific nature of gate dependence has been, tradition-

ally, used to identify the model that explains the mechanism of noise or the con-

ductivity fluctuations in transistors. The linear regime data fitted to the number

density fluctuation (or McWhorter) model while the saturation regime data fitted

to mobility fluctuation (or Hooge) model. Measurements were carried out at low

drain bias (−10V ) in linear regime, and at high bias (−50V ) in saturation regime.

In both the regimes, the main source of conductivity fluctuations is attributed the

interface trap states that lead to either mobility or number density fluctuation.

Noise study on various working devices with varying levels of leakage gate current

showed characteristic trend in the power spectra of the channel current noise. The

frequency exponent for channel current was found to be close to unity when gate
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leakage was less. A relative increase in the gate current, was identified with a higher

exponent on frequency term (> 3) in the PSD plot, observed at lower frequencies.

The exponents corresponding to SD and gate current noise, in a high leakage tran-

sistor, have been observed in spectra of channel noise with a clear cross-over around

100 Hz. Such spectral features are helpful in monitoring device stability. The fre-

quency exponents are related to noise from the (polymer) dielectric and served as

an indicator of magnitude of leakage current.

In the last study, noise properties of bulk semiconductor were studied by operat-

ing transistor in depletion mode, and in dark conditions. The noise spectra, in this

case, showed a broad curve having a peak around 1 kHz in frequency range 10 Hz - 10

kHz. Such features have been attributed to noise due to generation-recombination

of charge carriers in the material. With light illumination, noise amplitude was ob-

served to increase taking the similar g-r feature. In this case, the g-r events can take

place between the charge carriers (holes) at the interface and bulk of the semicon-

ductor. The intrinsic disorder present in the material and/or the thin film structure

can influence the bulk noise properties.

The noise output characteristics of OFETs exhibit the universal 1/fα type be-

haviour. The microscopic origin of the noise has contributions from both mobility

and carrier number fluctuations in the channel originating from the interfacial trap

states. The SD current in OFETs was identified with characteristics features in the

frequency domain. For addressing issues related to device degradation and stability,

the leakage gate current was studied in several transistors. The contributions from

the gate leakage current to the output Ids appears with unique signature in the noise

spectrum, in the form of higher exponent values in the low f range (< 100 Hz). It is

seen that α ≈ 1 for leakage-free devices, while for leakage dominated devices α ≈ 3.

These studies in PFETs points out that low frequency noise analysis can be used to

study the charge transport in disordered materials (dielectric and semiconductor)

and monitor reliability and degradation.
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Appendix A

Matlab Code

%% Details of the Code

% The PSD is computed by taking the time series file and splitting into

% frames of a specific frequency range, which can be different from the

% settings at DSA. This program can change the lower and

% higher frequency ranges, and performs averaging as well.

%% Created at- Molecular Electronics LAB, JNCASR

function DSA_PSD

format long

clear all

%% Initializing all parameters from the measurement settings

fres = input(’Enter the frequency resolution: ’);

fspan = input(’Enter the frequency span

of time capture in DSA(in Hz): ’);

sf = fspan*2.56;

T = input(’Enter the total duration of time capture: ’);

%minf=1/T; % lowest frequency possible

fl = input(’Enter the lower frequency of plot: ’);

fu = input(’Enter the upper frequency of plot: ’);

t = 1/fl;
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Av= input(’Enter the gain at preamplifier: ’);

%% Calling the saved text file into MatLAB

data_file = input(’Enter the file name of time series capture: ’,’s’);

fid = fopen(data_file,’r’);

data= dlmread(data_file);

X= data(:,1);

X=X./(Av);

len_X= length(X);

%% Initialize parameters for obtainig PSD plots

len_T = T*sf;

len_t= t*sf; %data points required for one PSD plot

nfft = 2.56*(fu/fl);nfft

Navg = len_T/len_t;

x = zeros(len_t,1);

PSD_total = zeros(nfft,1);

psd_x = zeros(nfft,1);

ptr=0;

for i= 1:Navg

x = X(1+ptr:len_t+ptr,1);

psd_x = (fft(x,nfft))./(nfft);

psd_x = abs(psd_x);

psd_x = (psd_x.^2);

PSD_total=PSD_total+psd_x;

ptr= ptr+len_t;

end

freq=0:fl:fu;

PSD_total = PSD_total/Navg;

PSD_total=PSD_total(1:((nfft/2)+1),1);
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PSD_total(2:end-1,1) = PSD_total(2:end-1,1);

PSD_plt=plot(log10(freq),log10(PSD_total(1:((nfft/2.56)+1))));

xlabel(’Frequency (Hz)’)

title(data_file)

saveas(PSD_plt,sprintf(’some file.bmp’))

%% Saving the PSD plot into text file

freq=transpose(freq);

PSD_write=zeros((fu/fl)+1,2);

PSD_write(:,1)= freq(:,1);

PSD_write(:,2)= PSD_total(1:((nfft/2.56)+1),1);

dlmwrite(’some file.txt’,PSD_write,’precision’,16,

’delimiter’,’,’,’newline’,’pc’)

fclose all

end
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