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ABSTRACT

When considering new materials for optoelectronic applications, the transport of charge

carriers, in the dark and under illumination, in the material is of utmost importance. In

this dissertation, the transport of charge carriers in co-deposited mixed phase amorphous/-

nanocrystalline silicon (a/nc-Si:H), a nano-composite consisting of quantum con�ned silicon

quantum dots (SiQDs) embedded in an amorphous silicon (a-Si:H) matrix, is examined using

the �eld e�ect. A/nc-Si:H is grown by concurrently embedding crystalline silicon nanopar-

ticles, grown in a 
ow-through plasma reactor, into an amorphous silicon �lm that is being

grown in a Plasma Enhanced Chemical Vapor Deposition (PECVD)chamber. With this pro-

cess, we are able to grow a/nc-Si with crystalline phase ranging from about 2nm to 10nm.

Unlike conventional nc-Si, where the crystalline phase sizeand volume fraction are limited,

this gives us the opportunity to investigate the e�ects of quantum con�ned crystalline phase

on the overall properties of the hybrid material.

Using a/nc-Si:H thin-�lm transistors (TFTs), we address the e�ects of the crystalline

phase on the electron and hole mobility,� e and � h respectively. An increase in� e as a

function of increasing volume fraction,' , of the crystalline phase, was succeeded by a gradual

' dependent decline. For the holes, however,� h was found to decline over the measured'

range. These observed trends in� e(' ) were interpreted as resulting from the competition

between an enhancement in the transport of electrons due to the silicon quantum dots and

a simultaneous suppression because of the presence of additional defects. We modeled this

e�ect using a variant of the Maxwell-Garnett E�ective Medium Approximation that accounts

for carrier scattering and localization attributed to defect density in the host, a-Si:H. For

holes, the persistent decrease in the measured mobility suggestedtrapping of thermalized

holes in the SiQDs because of the signi�cant o�set between the valence bands of the a-Si:H

and matrix.
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Using 1:96eV and 1:55eV photons, we were able to selectively photo-excite carriersin

either the a-Si:H or SiQDs. We took advantage of this to investigate what e�ects ' had

on dynamic features, like the photosensitive conduction exponent,
 , and the mobility life-

time product, (�� )e. These dynamic features revolve around charge carrier generation and

recombination. From the
 measurements, we were able to infer the presence of SiQD inclu-

sions that are notcoupledto the a-Si:H matrix. We were also able to corroborate the defect

density increase with' .

Ultimately, using a simple yet powerful tool, the thin �lm tra nsistor, we were able to

investigate the macroscopic transport mechanisms involved in an hybrid form of silicon for

photovoltaic applications. We were also able to identify and characterize the possible origins

of the factors limiting its transport properties.
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CHAPTER 1

INTRODUCTION

In this chapter, the motivations for this research are examined. We'll make a case for

silicon and present reasons to consider nanostructures andissues associated with goingsmall

all in the context of photovoltaics, microelectronics and large area electronics. We conse-

quently comment on the attempt, made in this dissertation, to investigate a hybrid form of

silicon comprised of bulk hydrogenated amorphous silicon (a-Si:H) and silicon quantum dots

(SiQDs). Finally, a brief description of the proceeding chapters is given.

1.1 Motivation

In the past, researchers have considered, and in fact successfully implemented, PV and

microelectronic devices using bulk crystalline silicon, a-Si:H, polycrystalline silicon, porous

silicon and even microcrystalline/conventional nc-Si:H [1{5]. This tremendous success has

created a market dominated by silicon. Limitations in the optical properties of conven-

tional bulk forms of silicon have led to, as in the case of manyother bulk semiconductors,

signi�cant research into the feasibility of employing its quantum con�ned counterpart in

microelectronics, photovoltaics, and optoelectronics. One of the major drawbacks of using

bulk crystalline silicon is its indirect bandgap which leads to weak optical absorption and

emission[6]. For example, this prevents the use of bulk silicon in light emitting diodes (LEDs)

and limits how thin a silicon PV cells can be. As an alternativefor PV applications, a-Si:H

was considered because of a low processing cost and higher absorption coe�cient[7]. Light

induced photodegradation, also known as the Staebler-Wronski e�ect, where the defect den-

sity in a-Si:H is found to increase as a result of electromagnectic irradiation[8], has been the

Achilles heel of a-Si:H[9]. This e�ect is not completely understood, but models generally

suggest that the non-radiative recombination of electron-hole pairs, formed during optical

illumination, give o� enough energy to break weak Si-Si bonds that are nearby. Amorphous

1



silicon is typically grown with nearly 10% H incorporation to terminate dangling bonds[10].

During photodegredaton, a hydrogen atom near the broken Si-Si bond can terminate one of

the bonds, but this leaves behind a Si atom with an unterminated bond. These dangling

bonds are known sites for recombination of electron-hole pairs in a-Si:H. In fact, they are

considered to be the main contributors to deep lying states in the band gap[11]. Because of

the Staebler-Wronski e�ect, despite having a high initial output, a-Si:H based solar panels

degrade with an exponential time dependence. They exhibit an initial conversion e�ciency

decay of approximately 20% after 1,000 h under 1 sun and a subsequent degradation of 5-10%

for the next 10,000 h. This latter decay, because of its relatively slow rate, is described as

photostabilization[2, 12]. Ultimately, this, along with other factors like the presence of deep

hole traps and low hole mobility[13], was a major cause of a-Si:H based solar technology's

demise as a competitor in the PV industry.

Conventional nc-Si:H was proposed as a follow up to a-Si:H for use as a thin �lm silicon-

based PV absorber. Conventional nc-Si:H, sometimes referred to as microcrystalline Si, is

a form of silicon that is grown via a chemical vapor deposition method similar to methods

used to grow a-Si:H. It is made up of relatively small crystalline silicon grains in an a-Si:H

matrix. These crystalline grains form spontaneously when the precursor, silane (SiH4), for

a-Si:H CVD growth, is diluted with hydrogen[14]. Microcrystalline silicon has promising

properties, such as higher carrier mobility compared to a-Si:H[15], reduced Staebler-Wronski

e�ect [16, 17] and higher Jsc as a result of improved quantum e�ciency in the infrared part of

the solar spectrum[18]. It also o�ered promising possibilities, including the ability to change

the band gap by controlling the size of the crystalline grains. However, microcrystalline

silicon has some disadvantages as a PV material because of several issues, namely its low

open-circuit voltage (Voc) in comparison to both a-Si:H andbulk c-Si PV cells[18] . Also,

because Si nanocrystals form spontaneously during growth,there is signi�cant di�culty

associated with experimentally realizing control of the crystalline grain properties such as

defect structure, passivation, shape, and size. This prevents the realization of quantum

2



con�nement related bene�ts that will be discussed later on in this chapter[14].

We have developed a method of embedding separately synthesized crystalline SiQDs into

PECVD grown a-Si:H via a co-deposition process thereby eliminating the issue of uncon-

trollable crystalline grain sizes. With this process, whichrelies on growth of the SiQDs and

amorphous matrix in separate zones, we can potentially maintain the quality of the a-Si:H

matrix as size and QD density if varied while introducing thepossibility of using di�erent

amorphous matrices. Despite most of the preceding discussion centering around the use of

a-Si:H and nc-Si:H for PV applications, it is useful to pointout other areas in which these

semiconductor excel. For example, a-Si:H and nc-Si:H have been used as the active layers for

Thin Film Transistors (TFT) used in large area electronics like active-matrix liquid-crystal

display (AMLCD)e.t.c. [19]

As scientists, we are constantly confronted with the need to decide whether to investigate

the interesting or the useful. Rarely do both coincide, as isthe case with quantum con�ned

nanomaterials for photovoltaics (PV), optoelectronics or large-area electronics (LAE) ap-

plications. This feature of this research area has made it a hot topic for a while. Bulk

semiconductors, including di�erent phases of silicon (Si), Gallium Arsenide (GaAs), Gallium

Selenide (Ga1� xSe2), Cadmium Telluride (CdTe), and III-V semiconductors, have dominated

the market for PV, microelectronics, infrared detectors, optoelectronics and LAE applica-

tions. However, nanostructures of these semiconductors, quantum mechanically con�ned in

one dimension, also known as quantum-well con�nement[20];two dimensions, as in the case

of nanowires[21]; or in three dimensions, i.e. quantum dots(QDs) [22], o�er several unique

and promising properties. In QDs for PV applications, for example, some of these properties

include how the bandgap of the semiconductor can be tuned dueto quantum con�nement,

multi-exciton Generation (MEG) in quantum dots (Figure 1.1)[23], and the potential for

unipolar transport[24]. Quantum con�nement occurs when a material's diameter is on the

order of the Bohr exciton radius of the bulk semiconductor, 8.6nm in silicon [25]. The charge

carriers in the semiconductor then become con�ned to that region by a potential barrier,
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created by the boundaries of the material with another material or with the environment,

leading to a change in the optoelectronic properties. Of note is the move from continuous

to discrete energy levels. This change in the con�guration of the energy levels allows for

widening of the energy gap between Lowest Unoccupied Molecular Orbital (LUMO) and the

Highest Occupied Molecular Orbital (HOMO) as the potential well dimension decreases in

quantum dots, i.e. the band gap of the material increases as the size decreases.

Figure 1.1: Multiple Exciton Generation (MEG) in quantum dots. [23]

The tunability of the bandgap of quantum con�ned materials can be categorized as a

static property that is in
uenced by quantum con�nement. Also, suggested as a bene�cial

static material property resulting from quantum con�nement, is the enhancement of the

relatively weak absorption in bulk semiconductor, speci�cally Si, in SiQDs due to the mixing

of the �-character into the � -like conduction band states[24][26].

Another group of material properties that are a�ected by quantum con�nement are the

carrier dynamics. The dynamics referred to here are used to describe material proper-

ties related to charge carrier excitation, relaxation, generation and recombination. These

dynamic properties change indirectly from quantum con�nement as they rely on static phys-
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ical properties. An example of these dynamic properties created by quantum con�nement is

multi-exciton generation which is a scenario in which charge carriers excited with photons of

energy higher than the bandgap of the semiconductor, often referred to as hot carriers, can

produce multiple electron hole pairs. In bulk semiconductors, this process often referred to as

impact ionization is not very e�cient as the carriers are more likely to relax to the band edge

via phonon emission. In QDs however, the relaxation dynamics are signi�cantly di�erent.

First, because of the formation of discrete electronic states due to quantum con�nement,

phonon related hot carrier cooling rates can be reduced[27]. There is also an enhancement

of the Coulomb interaction between electrons and holes, because their wavefunctions are

forced to have greater overlap, that results in a signi�cantincrease in the Auger rate rel-

ative to thermal cooling. These changes in the relaxation dynamics of SiQDs versus their

bulk counterpart allow for more e�cient generation of multiple excitons by a single photon

[23][28]. Other added bene�ts of moving to these nanostructures include the ability of QDs,

InGasAs/GaAs speci�cally, to withstand proton irradiation over 100 times better than their

bulk counterpart as shown by Leon et. al[29] . It has been suggested that the increased

radiation hardness is due to reduced migration of photo-excited carriers to non-radiative

recombination centers. This improved radiation tolerancemakes space applications more

tenable.

Other bene�ts of going small include the possibility of makingtandem solar cells with

di�erent sized QDs of the same semiconductors. A tandem solar cell is one that is able to

utilize a broaderwindow of the solar spectrum by having more than one p-n junction com-

prised of semiconductors with di�erent bandgaps. Such solar cells have a theoretical limiting

e�ciency of 86:8% [30]compared to 33:2% [31] in conventional single-junction solar cells. To

make higher e�ciency solar cells using a tandem design, di�erent bulk semiconducting layers

have to be both structurally and chemically matched. This task is notoriously di�cult for

two reasons. The �rst is the complexity of identifying material candidates with the appro-

priate semiconducting and optoelectronic properties, like the right band gap, to be used in
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tandems. The second di�culty is based in the experimental realization of working cells after

the identi�cation of materials that exhibit theoretical compatibility based on metrics like

lattice and thermal mismatch. Simply put, the growth conditions needed for one layer may

not be suitable for the proceeding or preceding layers. With quantum con�ned semicon-

ductors, like SiQDs, the tunability of the band gap, and hence absorption edge, opens the

door to vastly greater permutations of semiconductor layers with changing absorption edges

without having to worry about chemically or structurally matching them because they are

the same material.

As with any system in nature, however, one has to deal with the unfavorable e�ects that

accompany the aforementioned bene�ts. The most prominent of which, in quantum con�ned

nanomaterials for PV applications the introduction of moresurface area. This added surface

area increases the potential for defects. It also necessitates the need for inter-nanostructure

transport across these surfaces. This ultimately leads to ine�cient charge transport [24]. For

a photovoltaic solar cell to work, three things need to happen: (i) There must be absorption

of photons from irradiated light from the sun. These photonsmust have energies above

the band gap of the absorbing semiconductor in order for there to be (ii) a generation of

charge carriers, i.e. electrons and holes. These photo-generated charge carriers come about

di�erently in di�erent systems. In organic semiconductor systems, they appear as excitons

(bound pairs of electrons and holes) because the high binding energy of carriers relative to

kT. This high binding energy results from the relatively low dielectric constant of the organic

and its large e�ective mass. But in bulk inorganic semiconductors having higher dielectric

constants, the photo-generated carriers quickly become uncorrelated at room temperature

and separated into free carriers. These electrons and holescan move freely in the conduction

and valence bands of the semiconductor, respectively. (iii) The photo-generated charge

carriers must then be collected at the electrodes to be used in a PV cell. For inorganic solar

cells, an internal electric �eld is required to collect the charges. This is most commonly done

with the use of doped junctions (P-N or P-I-N cells) or contacts having suitable workfunctions
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(MIM or MIS cells). In the case of organic PV however, where the carriers are bound as

excitons, there has to be a dissociation of the excitons to create free carriers that can be

collected in a fashion similar to the inorganic cells. To realize this dissociation, an interface

between two materials with di�erent band energetics, a heterojunction, is used[23]. With

appropriate band-o�sets (or HOMO LUMO o�sets), resulting from the heterojunction, it is

energetically favorable for excitons to dissociate into free electrons on one side of the interface

and holes on the other. Despite not appearing as a feature in bulk inorganic semiconductors,

atomistic calculations including many-body interactionsperformed on systems of quantum

con�ned silicon nanocrystals suggest an increase in the exciton binding energy resulting

from quantum con�nement[24]. This e�ect can make charge carrier collection signi�cantly

more di�cult. It is also exacerbated when one considers the landscape of the QD solar

cell de�ned by a large number of QDs with di�erent orientations and sizes. In essence, in

order to collect charge carriers e�ectively in QD PV systems, one would have to e�ectively

separate the excitons and get the resulting carriers to e�ciently travel through a cluster of

QDs without recombining. This issue is related to the high exciton binding energies in each

QD and the e�ective barrier between dots as well as the defectstructures of the dots and

their surfaces. To collect carriers in these quantum dot systems, several proposals have been

made and researched. Strategies range from stacking the QDsclosely together, to the use of

ligands to enhance dot-dot coupling without compromising con�nement, or dye-sensitization

of nanocrystals, to embedding these quantum dots in matrices[32][24][23].

1.2 Dissertation Objective

In this dissertation a potential con�guration for e�cient p hoto-generated carrier col-

lection in QDs embedded in a semiconductor matrix is investigated. To be speci�c, we

experimentally investigate the transport of both dark and photo-generated charge carriers

in co-deposited system consisting of silicon quantum dots embedded in an amorphous silicon

matrix. Field e�ect thin �lm transistor (TFT) structures are u sed to investigate carrier

transport as a function of QD parameters and density in the a-Si matrix. In particular,
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we investigate the carrier �eld e�ect mobility. We also consider the sensitivity of the con-

duction to photon energy and intensity to gain insight into the character of the electronic

transport mechanisms in co-deposited a/nc-Si:H. Chapter 2 gives an introduction to some

of the physics of a/nc-Si:H. This will cover ideas like the atomic and electronic structure

of, and electronic transport in the di�erent phases of the composite, and how they might

combine to perform together. This chapter also deals with the device physics of the TFT

structures. In Chapter 3, the experimental methods employed through out the thesis are

explored. Chapter 4 considers electron and hole mobility inthe dark, while Chapter 5 ex-

plores the photosensitivity of the electronic transport togain insights into charge transfer

processes occurring in co-deposited a/nc-Si:H. Finally, in Chapter 6, we discuss the potential

relevance of this work. Suggestions for extensions and possibilities for other researchers to

tackle are o�ered.
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CHAPTER 2

PHYSICAL BACKGROUND

In this dissertation, the electrical properties of a hybridform of silicon, made up of

hydrogenated amorphous silicon (a-Si:H) and silicon nanocrystals otherwise known as silicon

quantum dots (SiQDs), is considered. To properly set the stage, this chapter will present

introductory material that covers the relevant discussionon the physics of silicon and its

phases. We'll also delve into the relevant device physics ofa/nc-Si:H thin �lm transistors.

2.1 Introduction to Silicon

Silicon has played a leading role in the Photovoltaic (PV) andmicroelectronics industry

partly because it is earth abundant ( about 90% of the earths crust is made up of Silicates), it

is non-toxic, and it has advantageous optoelectronic properties. Through extensive use and

study of silicon, an added bene�t of a well-established industry is the collection of knowledge

based on silicon processing that has emerged.

This section will discuss the di�erences between the two phase of silicon that comprises

our co-deposited a/nc-Si:H, a-Si:H and SiQDs, in terms of their respective atomic structure,

electronic structure and transport of charge carriers.

2.1.1 Atomic Structure

The main di�erence structural between c-Si and a-Si:H is thelack of long range order in a-

Si:H. (Figure 2.1). Crystalline silicon has a characteristictetrahedral bond angle of 109O and

Si-Si bond length of 0:23nm. The silicon atoms have four-fold coordination, i.e. each atom

is covalently bonded to four other Si atoms except in cases ofvacancies or interstitials. In

a-Si:H, the bond angles and lengths can vary, by 10% and 1% respectively, from the charac-

teristic angle and length in c-Si[11]. Despite the theoretical possibility of makingperfect a-Si

without unterminated bonds, experimental realization of such is di�cult as the presence of
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Figure 2.1: Representations of computationally constructed a) a-Si and b) c-Si. These
were obtained by the Wooten Winer Weaire bond switching algorithm[33] and a have bond
lengths, angles, and dihedral angles comparable to experimentally observed values[34]. Image
courtesy of Prof. Mark Lusk[35]

disorder encourages dangling bonds. Hydrogen in a-Si:H passivates the unterminated bonds,

thereby reducing the defect density[10]. It also encourages four-fold coordination in a-Si:H.

The electronic structures, this will be discussed in the nextsection, of both amorphous and

crystalline silicon are determined by their respective atomic structures. Simply, deviations

from the characteristic structure in c-Si leads to featuresin the electronic structure of its

amorphous equivalent. These deviations include distortion of the bond angles and lengths,

broken/unterminated bonds, and bonding arrangements withdi�erent coordinations. Ex-

perimentally, the atomic structure of these phases of silicon, and other materials, are usually

studied by scattering electromagnetic radiation o� the sample and analyzing the energetics,

di�raction or absorption of the irradiated source. These techniques include, but are not

limited to, X-ray scattering[36], Raman spectroscopy[36][37], contrast electron microscopy

and electron di�raction[38] e.t.c. and in some instances neutron di�raction[39] is employed.

In this dissertation Raman spectroscopy is used a the primary characterization method of
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the amorphous versus crystalline character of the silicon based �lms being studied.

2.1.2 Electronic Structure (Density of States)

As noted earlier, the electronic properties of silicon are dependent on its atomic structure.

According to Linus Pauling's theory of hybridization, thes and p orbitals in unbonded Si

mix to form four brand new sp3 orbitals with a tetrahedral geometry[40]. The valence and

conduction bands arise from the splitting of these orbitals, by bonding interactions, into the

anti-bonding (conduction bands) and bonding (valence bands) orbitals(Figure 2.2). Between

these bands, is aforbiddengap where localized states resulting from non-binding orbitals, like

dangling bonds, reside. For c-Si, because of the presence ofboth short and long range order,

the picture is just as described previously. There is a sharptransition from the conduction

band extended states to the band gap and to the valence band.

Figure 2.2: Molecular Orbital model of the electronic structure in Silicon. Adapted from
R.A. Street's Hydrogenated Amorphous Silicon[11]

Electronic states that exist in the band gap are discrete andarise because of point defects

like interstitials, dangling bonds and vacancies or extended defects like dislocations. In a-Si:H

however, the distortion of the bond lengths and angles leadsto a softening of the transition

between the extended states and the forbidden gap. These softenings are referred to as band
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tails. In the forbidden gap of a-Si:H there is also a distribution of defect states that result

from the non-binding silicon interactions, i.e. unterminated/dangling bonds (Figure 2.3).

Figure 2.3: Representation of the Electronic Density of States of a) c-Si and b) a-Si:H

To obtain information about the electronic structure and distribution of electronic states,

experimental techniques such as Photoluminescence (PL), Photoluminescence Excitation

(PLE), Photothermal De
ection Spectroscopy (PDS) and Electron Spin Resonance (ESR)

are used. One can also employ techniques that involve manipulating the space charge to

infer electronic information. Deep-level transient spectroscopy (DLTS), space charge limited

current (SCLC) and the �eld e�ect in thin �lm transistors are examples of such techniques.

In this dissertation the �eld e�ect is used heavily to study the electronic structure of a/nc-

Si:H. It is therefore important to consider, at least initially, a simple picture of the electronic

structure of this hybrid composite material. First, quantumcon�nement of charge carriers in

the nanocrystals will a�ect the DOS. For example, at the sizerange of these SiQDs (3-10nm),

their band gap increases as the size of the SiQD decreases [41][42][24][43]. This can be seen

from the Photoluminescence (PL) measurements [Figure 2.4].However, by surrounding the

SiQDs by an a-Si:H matrix, the strength of the quantum con�nement is found to be weakened

because the wave functions are allowed to extend out into theencapsulating a-Si:H [44].
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Figure 2.4: Photoluminescence Spectra of Silicon quantum dots with changing size. The
�gure shows shifting PL peak, as a function of size, representative of changing band gap of
the quantum dots ([45])

2.1.3 Electronic Transport

One of the leading consequences of the electronic structureof the relevant phases of

silicon, a-Si:H and SiQDs, is how charge carriers move through the material. This is obviously

extremely important for the operation of photovoltaics andmicroelectronics. Experimentally,

most of the techniques used to investigate the nature of charge carrier transport in both c-Si

and a-Si:H can only give an averaged picture. This average iscomprised of the intrinsic

transfer rate, scattering and charge trapping.

In a-Si:H, because of the presence of an added distribution oflocalized states in the

band gap and band-tails compared to c-Si, electronic transport relies on three mechanisms.

These transport mechanisms are the extended state conduction, band tail conduction and

hopping conduction at the Fermi level. In the extended states, conduction occurs via ther-

mally activated carriers. Comparing the extended state conductivity for a-Si:H and c-Si, it

becomes clear that the disorder in a-Si:H introduces scattering e�ects that limits its trans-

port. Basically, the scattering length in c-Si is much longer, about 1000�A, compared to
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a few inter-atomic distances in a-Si:H [11]. Consequently,the extended state mobility of

electrons and holes in a-Si:H is reported to be about5-10cm2=(V�s�) and 1cm2=(V�s�), re-

spectively, compared to 1400cm2=(V�s�) and 450cm2=(V�s�) for c-Si. In the band tails,

carriers can get localized in states that are immobile at 0K . At elevated temperatures, how-

ever, transport occurs by a hopping of charge carriers between states and into the extended

states(Figure 2.5). This process limits the e�ciency of transports and further lowers the

mobility of carriers in a-Si:H. One key consideration is the ine�ciency of hole transport in

a-Si:H because of the presence of a signi�cantly larger density of bandtail localized states at

or below the valence band mobility edge. This gives hole drift mobilities in a-Si:H of about

0:01cm2=(V�s�) compared to1-0.5cm2=(V�s�) for electrons[11]. Typically, because a-Si:H is

hydrogen passivated, there is signi�cantly less contribution from the hopping conduction

mechanism at the Fermi-level to the total transport.

Figure 2.5: Schematic of electron trapping in and reemissionfrom localized states in the
band tail. A similar picture is present for holes in the valence band mobility edge

By combining a-Si:H and SiQDs, one can hope to expect a few improved features. The

most exciting of these is the mediation of hole transport by charge carrier hopping between

quantum dots in close proximity of each other.
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2.1.4 Recombination Mechanisms

Upon illumination, excess carriers get generated and populate the extended and localized

states. These excess carriers can recombine in the localized states thereby appreciably limit-

ing the photocurrent. In crystalline silicon, because of the presence of long range order, the

recombination lifetime is limited mostly by radiative, Auger and Shockley-Read-Hall (SHR)

recombination. Radiative and Auger recombination are intrinsic e�ects whereas, SHR recom-

bination occurs because of the presence ofdefectsin c-Si. These defects can be intentional,

as is the case with doping, or unintentional, vacancies, interstitials, impurities or extended

defects like grain boundaries of surfaces. Either can lead to the presence of non-bonding

electronic states in the forbidden gap where an electron (ora hole, if hole transport is being

considered) can get trapped. This trapped electron can alsorecombine with a hole before

it is thermally re-emitted to the conduction band. Radiative recombination is a process

whereby an electron in the conduction band emits light by relaxation into its ground state in

the valence band thereby recombining with a hole. This process is less important relative to

other processes in silicon because of its indirect bandgap.The other intrinsic recombination

process is Auger Recombination. It is a recombination process involving three charge car-

riers where the excess energy emanating from the recombination of an electron and hole is

transfered to a third carrier. This carrier then gives its newly found energy by means of heat

to the lattice, a process known as thermalization. The rate of Auger recombination greatly

depends on the number/ density of charge carriers, either due to substitutional doping or

photogeneration.

In this thesis, we consider crystalline SiQDs in an a-Si:H matrix. This adds an extra

layer of complexity, i.e. quantum con�nement and its e�ect on carrier generation and re-

combination. For generation for example, a reverse Auger process called impact ionization

becomes prominent due to quantum con�nement[23]. Impact Ionization is the creation of a

charge carrier with the energy lost by another energetic charge carrier. For instance, an elec-

tron in the valence band can be nudged into the conduction band, by another photo-excited
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electron with excess kinetic energy. This process results in the creation of more that one

electron-hole pair for a single high energy photon. In quantum dots, this particular form of

Impact Ionization is referred to as Multi-Exciton Generation (MEG). There are also e�ects

due to extra surface area and surface defects. For example, possibility of mismatch between

the energy levels of nanostructures. Also, because of quantum con�nement, excitons, rather

than free carriers, have to be considered [22]. There is alsoan enhancement of the Coulomb

interaction between electrons and holes which leads to a higher Auger recombination rates.

Not of inconsequence is the formation of discrete energy levels in the extended states of

SiQDs because of quantum con�nement. This has been shown to signi�cantly slow down the

rate of relaxation of excited electrons to the conduction band edge[23].

2.2 Introduction to Thin Film Transistors

A �eld e�ect transistor (FET) is a three terminal electrical d evice that uses an electric

�eld to control charge concentration and, hence, the conductivity of a semiconductor. In this

work, a special kind of FET, called a Thin Film Transistor (TFT) is utilized. A schematic

representing the architecture of a form of TFT used in this dissertation is shown in Figure 2.6.

The source and drain electrodes form contacts with the semiconductor, a/nc-Si:H in this

case, which sits on an insulating oxide called the gate oxide. This gate oxide in conjuction

with a gate electrode is used to modulate the charge concentration in the semiconductor

channel above the oxide by attracting carriers to the oxide interface by a process known as

accumulation.

2.2.1 I-V Characteristics

Typically two forms of current-voltage measurements are used to characterize TFTs.

The �rst involves applying a constant bias at the gate electrode with respect to the source

electrode (VGS) and measuring the current (I DS ) between the source and drain electrodes

as a function of the applied voltage between said electrodes(VDS ). The gate voltage is

typically stepped to generate a family of curves as seen in (Figure 2.7). This form of I-
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Figure 2.6: Schematic of a generic �eld-e�ect thin �lm transistor.

V measurement is referred to as the output characteristics of the TFT. Alternatively, one

can obtain I DS by holding VDS constant and sweepingVGS . The resulting I-V is called the

transfer characteristic (Figure 2.10). While the output characteristics give a more complete

picture of the operation of the TFT, the transfer characteristics are signi�cantly more useful

in extracting information of the electrical properties of the TFT.

These electrical characteristics can be described by considering a conventional MOSFET's

gradual channel model[46] (Figure 2.7). In the linear region, de�ned as where the drain

voltage (VDS ) is less than the di�erence between the gate voltage (VGS) and the threshold

voltage (Vth ):

VDS < VGS � Vth (2.1)

The drain current, (I DS ) is described by:

I DS = � F ET;lin Cins
W
L

[(VGS � Vth;lin �
1
2

VDS )VDS ] (2.2)

17



where � F ET;lin is the mobility in the linear region of TFT operation, Cins is the gate

dielectric capacitance per unit area andW and L are the channel width and length, respec-

tively. The threshold voltage is the gate voltage need to accumulate enough charge carriers

in order to form a conductive channel.

Figure 2.7: Sample Output Characteristics of a a/nc-Si:H TFT.

In the saturation region the drain voltage (VDS ), is greater than or equal to the di�erence

between the gate voltage (VGS) and the threshold voltage (Vth ):

VDS � VGS � Vth (2.3)

The drain current, (I DS ) is described by:

I DS = � F ET;sat Cins
W
2L

(VGS � Vth;sat )2 (2.4)

2.2.2 Normalizing the Thin Film Transistor Electrical Characteristi cs

A/nc-Si:H thin �lm transistors can take on di�erent geometri es. These geometries are

usually utilized to observe speci�c properties of the TFTs, or overcome practical limita-

tions in device fabrication. Because of this variance in geometric parameters from sample

to sample, a method is required to properly compare di�erentsamples. In this work, the

normalization of the transfer characteristics is done in the style of S. Martin et.al [47]. This
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normalization, as will be seen below, is particularly useful for extracting device parameters

like the Threshold voltage of a TFT (Vth ), the mobility of charge carriers (� ) and the sub-

threshold swing. This concept will also prove key in taking advantage of the Gated-Four

Probe TFT Structure described below.

In the linear operating regime of a TFT, the measured drain current (I DS ) can be nor-

malizied to a channel conductance G (with units of 
� 1):

G =
I DS L
VDS W

(2.5)

W and L are the width and length of the channel, respectively,and VDS is the source-drain

voltage.

2.2.3 Gated-Four Probe TFT Structure

In this thesis, the physics of a/nc-Si:H is investigated by analysis of the electrical char-

acteristics of thin �lm transistors that use di�erent compositions of SiQDs and a-Si:H as

their active region. Accurate interpretation of the intrinsic properties of this hybrid ma-

terial is easily obfuscated by non-idealities in the measurements. Of these non-idealities,

the contribution of parasitic resistances at the source anddrain contacts rank among the

most signi�cant. In our systems, this contact resistance isnot negligible. The �eld e�ect

results discussed in Chapter 4 are done in the saturation regime, where the parasitic series

resistance isn't very relevant. This can be seen from Equation 2.4, whereVDS isn't a part

of the equation necessary to calculateI DS . Ideally, all the measurements will be done in the

saturation region. However, in Chapter 5, the TFTs have to be characterized in the linear

regime because the application of highVDS complicates the interpretation of the values we

are interested in. In this regime, the series resistance at the source and drain contact could

potentially dominate the measurement (2.2). To this end, wehave employed the Gated-Four

Probe (GFP) TFT geometry as conceived by Chen et al. [48] to correct for the e�ects of the

parasitic resistances at the source and drain contacts in linear regime measurements.
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Figure 2.8: Measurement setup for characterizing a GFP TFT

The GFP-TFT works by the inclusion of two thin probes between the source and drain

contacts that exclusively sense the voltage drop across thechannel. Since there is no current


owing through them, the measurement at the probes serves asa contact resistance free

representation of the e�ective applied source-drain voltage (VDS ). Certain assumptions have

to be made when implementing this modi�ed TFT structure. First, the probes shouldn't

a�ect the electrical �eld in the channel. This has be achieved in the work presented here

by de�ning probes that are thin relative to the channel widthand only extend an eighth of

the way into the conducting channel (Figure 2.8). Small perturbations caused by the probes

should not matter as long as the current is known and the probes are far enough apart that

any lateral depletion does not a�ect the channel length appreciably. Another assumption

needed to be made for successful implementation of this technique is that the voltage at the

interface between the contact and a/nc-Si:H is the same as the voltage within the channel.

This assumption is similar to that made when considering a conventional TFT. Here the

resistance freechannel conductance,G0, and the e�ective gate voltage,V 0
GS , are obtained
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by:

G0 =
I DS L0

WVp
(2.6a)

V 0
GS = VGS �

Vp

2
(2.6b)

whereL0 is the distance between the voltage sensing probes, andVp is the voltage across

the probes.

Figure 2.9: Normalized channel conductance for a conventional (green) and GFP (blue)
A/nc-Si:H TFT with a linear �t (red) in the dark. The top plot is t he voltage measured
between the sensing probes used to obtain the GFP conductance.

Figure 2.9 shows an example of data obtained on one of our a/nc-Si:H devices. One

important consideration is the di�erence between the inputimpedance of the voltmeter

used to senseVp and the resistivity of the device under test. For measurements in the

dark (in undoped a/nc-Si:H), this was a evident in the subthreshold region of the transfer
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characteristics. For example, in Figure 2.9, the voltage between the sensing probes in the

region of 0� 3V (VGS) is due to this instrumentation limitation. In this range, the voltmeter

senses anopen circuit. This however, was inconsequential for measurements in thelight

or those that required information about the TFT under accumulation, like the carrier

mobility. It is also important to remember that all the devices discussed in the results

chapters (Chapters 4 and 5) are built with the same structure (GFP) but the voltage sensing

probes are only utilized in Chapter 5.

2.2.4 Field E�ect Mobility

The �eld e�ect mobility of charge carriers can be derived from the transfer characteristics.

In the linear region, smallVDS relative to Vth , one can obtain the mobility by �tting the

slope of the linear portion of the transfer curve. This slope, mlin , can be used along with

geometric properties of the TFT to obtain the mobility according to Equation 2.2. In the

saturation regime, the slope of the square root ofI DS , msat is used (Figure 2.10).

The mobility obtained here, as is the case with most experimentally obtained mobilities,

is a drift mobility rather than an intrinsic free carrier mobility. The free carrier mobility is

the mobility of charge carriers in the extended states, whilethe drift mobility is the e�ective

mobility that is impacted by scattering and trapping due to lack of long range order and

localized states respectively.

2.2.5 Field E�ect Characteristics of Photo-excited Carriers in a/nc-Si :H

Nc-Si:H photo-�eld e�ect transistors work just like MOSFETs, except for a couple dis-

tinct di�erences. One of these di�erences is that the space charge in a/nc-Si:H photo-TFTs

does not result from the presence of ionized dopant atoms but�lled midgap trap states, local-

ized band tail states and presence of photoexcited charge carriers. By carefully considering

Shockley-Read-Hall (SRH) recombination kinetics[49] and charge neutrality, one can get an

understanding of the physics of the photo-�eld e�ect in nc-Si:H TFTs. In general terms, at

zero gate bias, the Fermi level is close to midgap and the TFT isin 
atband condition. When
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(a) (b)

(c) (d)

Figure 2.10: Examples of Transfer Characteristics in the (a)Linear Region and (b)Saturation
Region of a a/nc-Si:H TFT.
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the TFT is illuminated and a positive gate voltage is applied,photogenerated electrons move

towards the gate and, inversely, the holes away. There is also the occurrence of band bending

at the interface between the gate oxide and the a/nc-Si:H. This leads to a redistribution of

the space charge in the localized states in the band gap. In steady state, there will be a 
ux

of charge carriers perpendicular to the source-drain current path because of recombination

and generation of these carriers (Figure 2.11). We can then describe the photo-�eld e�ect in

terms of recombination, space-charge redistribution and 
ux of the charge carriers[50][51].

Figure 2.11: Suggested description of a/nc-Si:H photo-TFT insteady state under illumina-
tion.
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CHAPTER 3

EXPERIMENTAL METHODS

Critical to a complete understanding of the results and discussions that will be presented

in later chapters, the experimental techniques used to get these results is needed. This

chapter will provide that foundation on which the reader canrely and refer to as they interact

with the material below. The primary experimental vehicle utilized in this dissertation

is a 3 terminal device, the Thin Film Transistor (TFT). A/nc-si: H TFTs were fabricated

and characterized using a variety of techniques like current-voltage analysis and Raman

Spectroscopy.

3.1 Device Fabrication

For most of the results that will be discussed in this thesis,the TFTs used were fabricated

using the methods described below.

3.1.1 Substrate Preparation

The fabrication process forbottom gate staggereda/nc-Si:H TFTs, used in this disser-

tation, is illustrated in (Figure 3.1). Here bottom gate staggered TFT describes the con-

struction of the TFT. In this con�guration, the gate and gate oxide are beneath the active

region (bottom gate) and the source and drain contacts are above (staggered) rather than

on the same plane as the a/nc-Si:H channel. The fabrication begins with a 280m thick boron

c-Si p++ wafer, resistivity 0.001-0.005 
-cm, on which a 90 nm dry thermal oxide has been

grown as the starting substrate. The oxidized wafer is purchased commercially from Univer-

sity Wafer Incorporated. This substrate is subsequently cleaned with acetone and Isopropyl

alcohol (IPA). The substrate is then patterned using photo-lithography to de�ne the regions

for 100 nm of Al to be thermally evaporated (Figure 3.1a and b). The Al is lifted-o� in

acetone and cleaned using IPA and DI water (Figure 3.1c). These Al pads serve asback
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re
ectors for Raman Spectroscopy, see Section on Raman Spectroscopy.At this point, the

substrate is ready for the deposition of the a/nc-Si:H thin �lm.

Figure 3.1: Cross-sectional schematic of the TFT substrate preparation steps before deposi-
tion of a/nc-Si:H.

3.1.2 PECVD Growth of co-deposited a/nc-Si:H

To deposit this quantum con�ned co-deposited nano-crystalline Silicon (a/nc-Si:H), we

have utilized a custom hybrid dual-zone reactor. The reactor is based on a modi�ed PECVD

deposition chamber mounted on a cluster tool. Modi�cationsto the reactor to allow this

new material to be deposited, and an optimized process for the deposition, were developed

over several years by members of our research group, please see Figure 3.2. In particular,

Chito Kendrick and Grant Klafhen did much of the modi�cation and early process devel-

opment and subsequent process optimization[52]. In the course of my tenure as a graduate

student, I was involved in several projects necessary to fully capitalize on the potential of the

PECVD cluster tool. These projects include the implementation of a load-lock attachment

to the growth tool, modi�cations to computer code for sampletransfer robot control, safety
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procedures update, and thorough leak checking of di�erent essential vacuum components of

the cluster tool. I now operate the system to grow samples forthis study as well as other

members of the group.

Figure 3.2: Schematic of Dual chamber PECVD tool. Image courtesy of Grant Klafhen

This hybrid reactor consists of a Plasma Enhanced Chemical Vapor Deposition (PECVD)

chamber for growth of amorphous Silicon (a-Si:H) and a 
ow through silicon nanoparticle

tube reactor. Researchers have previously realized conventional nc-Si via other methods

including, but not limited to, very high-frequency PECVD[53], electron cyclotron resonance

chemical vapor deposition[54], hot wire chemical vapor deposition[55, 56], radio-frequency

magnetron sputtering[57]. These methods are limited by their inability to produce nc-Si

with highly controlled crystalline grains while maintaining the quality of the a-Si:H phase

of the a/nc-Si:H. Our technique, by separating the growth of the amorphous and crystalline
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phases, has resolved this issue thereby allowing growth of a-Si:H and crystalline grains, in

the form of SiQDs, ranging from 3-10 nm diameter in size [58].The PECVD chamber for

a-Si:H growth is a commercially available tool, made by MVSystems, with a 10 x 10 cm RF

powered electrode plate modi�ed to include an interchangeable slit. A prepared substrate is

loaded on a downward facing plate with dimensions similar tothe electrode plate. This plate

is loaded in the chamber above the electrode plate and is separated by 10mm. The substrate

is held at 200OC. In order to grow a-Si:H, silane (SiH4) is introduced into the chamber at 20

sccm. The pressure in the chamber is maintained at 500 mTorr throughout the process by a

throttle valve with pressure monitored using a Baratron gauge. A capacitively coupled SiH4

plasma forms between these two plates when an RF power of 1-2 Watts operating at 13.56

MHz is applied leading to dissociation of SiH4 into radicals that react and form a-Si:H on

the heated substrate.

Simultaneously, SiQDs are created by a similar plasma process in a 
ow-through quartz

tube [59]. Dilute SiH4, 0.45% SiH4 in Ar, 
ows through the quartz tube at rates ranging

from 70{100 sccm. Two RF powered copper rings are clamped around the tube and used

to generate a plasma. In the plasma, SiH4 is decomposed into radicals that nucleate to

form small SiQDs which subsequently coalesce to form largerparticles. Mangolini et all[59]

argue that carrier recombination with the Ar ions produced inthe plasma results in SiQD

temperatures well in excess of ambient (� 800oC) resulting in crystallization and growth of

SiQD size. These SiQDs are carried in the process gas stream and are accelerated through

the slit in the bottom RF powered electrode plate into the a-Si:H PECVD chamber. They

are then embedded in the concurrently growing a-Si:H that serves as a matrix. The slit

in the electrode also serves the purpose of separating the PECVD chamber and the tube

into two di�erent growth zones with two di�erent pressures, plasma powers, and feed gas

compositions (Figure 3.2).
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Figure 3.3: Schematic of TFT sample after deposition of a/nc-Si:H layer

3.1.3 Device Completion

After the deposition of the a/nc-Si:H active layer (Figure 3.3), another photoresist mask

is applied to de�ne the source, drain and voltage-sensing electrodes for GFP-TFT de-

vices(Figure 3.4a). Next, 100-115nm of Al is evaporated (Figure3.4b) and lifted o� in

acetone to create the source and drain contacts (Figure 3.4c). While the front side is covered

in a thick coating of photoresist, the thermal oxide on the backside of the wafer is then

removed by a wet etch in Bu�ered Oxide Etch (BOE), a solution comprised of a 1:6 volume

ratio of to 49% HF in water and 40% NH4F in water. Another round of thermally evaporated

Al is deposited on the freshly exposed backside of the highly-doped Silicon wafer as the gate

contact (Figure 3.4d).

Figure 3.4: Process 
ow for device fabrication completion
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Next, a second level photolithography mask is used to de�ne anarea around each chan-

nel region. Reactive Ion Etching is then used to etch away excess nc-Si:H which isolates

individual devices (Figure 3.5). The completed devices are then ready for Raman and elec-

trical characterization. The design of the components was chosen to increase packing of the

transistors to enable study of a wide range of SiQD crystal fractions.

Figure 3.5: Top view of the a completed a/nc-Si:H TFT obtained using Optical Microscopy.
(a) Shows the packing of the TFTs, while (b) is a zoom-in on one showing more detail. The
Al Raman pads have a di�erent color from the electrodes because the Raman pads are buried
underneath the a/nc-Si:H.

3.2 Raman Spectroscopy

Raman Spectroscopy is a technique that takes advantage of inelastically scattered monochro-

matic light to determine the vibrational modes in a materialsystem. In this section, I will

describe how Raman Spectroscopy is used to determine the crystallinity of co-deposited

a/nc-Si:H.
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3.2.1 Theory of Raman Spectroscopy

When matter is struck by a photon of electromagnetic radiation, it can be scattered o�

the sample in three ways. It could scatter o� the sample whileretaining all its energy. This

form of scattering is referred to as elastic or Rayleigh scattering. The other two ways of

incident light scattering involve a change in the energy of the scattered photon, i.e. inelastic

scattering. The situation where the scattered photon has lower energy in comparison to the

incident photon by giving energy to create a phonon (or otherfundamental excitation like

a magnon in magnetic material) in the sample is referred to asStokes scattering. Inversely,

where there is an inelastic gain of energy by the scattered photon through annihilation of a

phonon, the process is described as anti-Stokes scattering. In both Stokes and anti-Stokes

scattering, a resulting shift in the energy of the inelastically scattered light occurs because

of the Raman e�ect. [60] [61]

To be clear, the scattering described here refers to the interaction of the incident light

with the bonds of the molecule and its polarizable electron density. This interaction causes

a transient move in a molecule from its quantized vibrational state to a virtual energy state.

The resulting vibrational state is either the same as (Rayleigh scattering), higher in energy

than (Stokes scattering), or lower than (anti-Stokes scattering) the starting state Figure 3.6

[62].

3.2.2 Spectroscopy Instrumentation

Raman Spectroscopy utilizes the inelastically scattered light as a function of the di�erence

in energy between the incident and scattered light to detectRaman active excitations in the

sample. Experimentally, the Stokes process is about 103 times more e�cient than the anti-

Stokes process (both of which are drastically less e�cient than the Rayleigh line) and hence,

scattered light from this Stokes process is more commonly collected.

To measure the Raman scattered light, which often has a relatively weak strength and

small energy separation relative to the elastically scattered light, an incident light source
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Figure 3.6: Energy level diagram showing the states involvedin Raman signal.

with a known wavelength is used an excitation source. Opticsare used to �lter out the

Rayleigh line and direct the inelastically scattered lightto a spectrometer where the light is

dispersed onto a multichannel detector to obtain a spectrumof inelastic scattered intensity vs

energy or wavelength. For our experiments, most of the Ramanmeasurements are done using

a WiTec confocal Raman spectroscopy apparatus which allows measurement of 100 micron

size regions of the sample. The excitation source is a doubled YAG cw-laser operating at 532

nm. Detection is in the back-scattering con�guration. Raman lines often exhibit polarization

sensitive selection rules that can be used to enhance and identify lines. Because the lines

we use for c-Si and a-Si:H are well known and have been studiedfor years [36], no speci�c

relationship of the collection polarization relative to the linear laser polarization was used

(Figure 3.7).

3.2.3 Raman Spectroscopy of a/nc-Si:H

There is quite a long history of using Raman spectroscopy to determine the crystalline

composition of of nc-Si:H. All of these methods, as will ours, take advantage of the di�erence

in the Raman modes of c-Si and a-Si:H[64][36]. A-Si:H has a longitudinal acoustic mode,

longitudinal optical mode and a transverse optical mode. These modes are observed in the
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Figure 3.7: Sketch of the WiTec confocal Raman Spectrometer. Modi�ed from the WiTec
Website [63]
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Raman spectrum from about 180 cm� 1 to 480cm� 1. At about 521 cm� 1, the transverse

optical mode for c-Si shows up (Figure 3.8). Initial approaches to analyzing crystallinity

relied heavily or almost exclusively on peak �tting routines [58, 65, 66]. This way, the ratios

of the c-Si and a-Si:H peaks is used as the crystallinity (Equation 3.1).

� c =
I cSi + I gbs

I cSi + I gbs + I aSi
(3.1)

Where � c is the Raman crystallinity, I cSi , I gbs and I aSi are the areas under the Gaussians

�tted to the c-Si, grain boundary and a-Si:H Raman peaks, respectively.

Figure 3.8: Raman �tting procedure used in this work. Five Gaussian peaks representing
the Raman modes in a/nc-Si:H

An inherent issue with employing peak �tting in determining the crystalline fraction of

nc-Si:H is the requirement to have a physical reason for selecting line-shapes and number of

peaks. This is complicated, even in conventional nc-Si:H, because of the added contributions

of longitudinal acoustic and optical modes in a-S:H. There isalso an observedasymmetry

in the residual c-Si peak. This asymmetry has attributed to the presence of two crystalline

sizes[67], the relaxation of the phonon q-vector selectionrule[68], phonon con�nement[69]

and electron-phonon interaction due to quantum con�nement[70]. This asymmetry has also

been seen to increase as the size of the crystalline phase decreases. The 521cm� 1 peak red-

shifts as the size of the crystalline silicon inclusions falls below 10nm diameter.[71]. Choosing
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the right initial values and constraints while accounting for all of these possible variations

accurately is a di�cult task and has been at the heart of the lack of consensus on the right

peak �tting procedures. To overcome this problem, C.Smit etal. [36] developed a rather

simple method of determining the crystalline fractions in microcrystalline silicon �lms. This

method is based on scaling a Raman spectrum of� c-Si to that of an a-Si:H �lm. The scaled

a-Si:H spectrum is then subtracted from the� c-Si spectrum. The resulting spectrum can be

con�dently attributed to the crystalline inclusions without making any of the assumptions

that are necessary for peak �tting. The ratio of the respective areas of the a-Si:H spectrum

and remainder from the subtraction gives the Raman crystallinity.

We extend this approach by using a method termed First Derivative Deconvolution of

Raman Spectra (FDDR). The �rst derivative of an a/nc-Si:H Raman spectrum is scaled to

that of an a-Si:H spectrum. A subtraction, similar to that used by Smit et al. is performed

before each of the spectra is transformed back via an Integration(Figure 3.9). By taking the

�rst derivative, the peaks associated with the crystallinecomponent of the a/nc-Si:H �lms

are more visible, even all low crystalline volume fractions.

The resulting Raman crystallinity can be scaled based on theX-ray di�raction mea-

surements on similar samples to obtain a crystal fraction(' ). These results stem from the

interpretation of data from Dr. Klafehn and Dr. Guan's PhD thesis[52][58]. A/nc-Si:H

Raman data from that work was compared using the FDDR method described above and

the peak �tting procedure to establish the relationship between these analysis techniques.

A �nal conversion to XRD based crystal fraction was done usingGuan's Raman to XRD

data(Figure 3.10).

3.3 Electrical Characterization of a/nc-Si:H TFT

The electrical characterization measurements are carriedout using a homemade probe

station in a dark metal box (Figure 3.11). Current-Voltage characteristics are collected using

a combination of a Keithley 2636B Source Meter Unit (SMU) and Keithley 230 Voltage source

controlled by a homemade Python Script.
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Figure 3.9: Using the FDDR method to obtain the crystal fraction. Here, the �rst derivative
and the resulting subtractions are shown for 3 di�erent crystal fractions

Figure 3.10: SiQD crystal fraction obtain from Raman spectroscopy and XRD compared.
This is used as a conversion template from Raman measurements to th crystal fraction (' )
used in this thesis[52, 58].
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Figure 3.11: Photograph of the probe station

3.3.1 Illumination Intensity dependent Measurements

For electrical measurements that require illumination, hole mobility measurements and

illumination intensity dependent �eld e�ect measurements(Chapter 5), two illumination

sources where used. These light sources, chosen because they correspond very well with the

absorption pro�le of amorphous and crystalline silicon, are HeNe and Ti:Sapphire lasers.

At 632.8nm and 800nm, the emission wavelength of the HeNe laser, we can expect the

light to penetrate the whole �lm because the absorption coe�cient of a-Si:H low enough.

The absorption at these wavelengths is also strong enough for generation of appreciable

photocurrent. The di�erence in the energy of the illumination sources allows us to selectively

excited carriers in the a-Si:H or c-Si:H. The light is introduced through an opening in the

box and redirected on the devices using a mirror.

The illumination intensities are controlled with a combination of a waveplate and polar-

izer for the Ti:Sapphire laser and Neutral Density (N.D.) �lters for the HeNe. The HeNe

had a total power of 2.5mW while the Ti:Sapphire laser had a maximum power of 70mW.
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Figure 3.12: Measurement system setup for illumination intensity based �eld e�ect charac-
terization
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The measurement setup was designed to allow both light sources to hit the sample at on the

same spot, by taking out a mirror, though not at the same time (Figure 3.12).
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CHAPTER 4

THE FIELD EFFECT CHARGE CARRIER MOBILITY IN A/NC-SI:H TFTS

4.1 Introduction

When considering new materials for photovoltaics (PV) and microelectronics, the trans-

port characteristics of charge carriers is of primary importance. One category of materials,

that has elicited great interest for these applications, iscomposites of nanoscale and amor-

phous materials [72{75]. A transport characteristic describing how quickly charge carriers

move through these semiconductors in the presence of an electric �eld is referred to as the

Carrier Mobility . When talking about mobility, it is important to di�erentiat e between the

free charge carrier mobility and its counterpart, a�ected by the distribution of the density

of states, the drift mobility (Eq.4.1). The free carrier mobility is the mobility of carriers in

the extended (mobile) states. In experiments, the drift mobility is always measured because

the charge transport is considered over a period of time longer than it takes for the charges

to interact, get trapped in or emitted from, with the band tail states [11]. To extract the

free carrier mobility, one would need to have an accurate description of the DOS and the

residence time time of carriers in the localized and extended states.

� D = � 0=(1 + f trap ) (4.1)

where

f trap =
�

NT

N (ET R )kT

�
exp(ET =kT) (4.2)

Here, � D , � 0 and f trap are the drift mobility, free carrier mobility and the ratio of the

carrier residence time in localized states to time spent in mobile states, respectively.ET is

the binding energy,NT is the density of localized trap states andN (ET R ) is the DOS of at

the conduction band[11].
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Wienkes et al. have considered the electronic transport in Phosphorous-doped mixed-

phase hydrogenated amorphous/nanocrystalline silicon (a/nc-Si:H)thin �lms by performing

temperature dependent conductivity measurements over a range of crystalline fractions[76].

These �lms were prepared in a manner similar to the ones discussed in this thesis with

a key di�erence being the addition of phosphorous as a dopantin their �lms. Ours is

undoped. They surmised that the conduction could be separated into three contributing

mechanisms- exponential variable range hopping (Exp-VRH), multi-phonon hopping (MPH)

and thermally activated conduction (ACT).

In this chapter we use thin �lm transistors (TFTs) to look at th e drift mobility of electrons

and holes in a composite of silicon quantum dots in an amorphous silicon matrix. The

question that arises is how the transport nature of electrons and holes is a�ected by changes

in the composition of a/nc-Si:H. In essence, we try to answer the question, how do the SiQDs

and the a-Si:H matrix interact and how does this interactionin
uence how charge carriers

move in the composite material. To adequately do this, a goodunderstanding is needed

of the motion of carriers in a-Si:H and SiQDs, separately. The physics of carrier mobility

in the composite material becomes a combination of the transport mechanism in both its

constituents plus changes in each due to the presence of the other phase. By employing

undoped a/nc-Si:H, we avoid inherently modifying the natureof this phase of the composite

material. Instead we e�ectively dope the material through the �eld e�ect. This is important

because substitutional doping of semiconductors introduces defects and shallow electronic

states [11]. As will be seen later, this also allows us to consider both the mobility of both

electrons and holes in the same material and device.

This co-deposition technique for a/nc-Si:H, which has been alluded to earlier, gives us

immense 
exibility in studying the e�ects of the density of SiQDs in the a-Si:H matrix. In

particular, we can examine how properties change with the density of SiQDs using the radial

variation in SiQD density present in a single sample (Figure 4.1). For several reasons, there

are slight variations in the properties of a-Si:H from sample to sample. These variations
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can act as experimentalnoise when using a series of samples during the extraction of the

inherent roles SiQDs inclusions play in the electrical or optical properties of this hybrid

material. Consequently, there is greater con�dence that the e�ects seen in the devices,

corresponding to di�erent crystalline fractions, are not due to di�erences in the surrounding

a-Si:H matrix.

Figure 4.1: Schematic of SiQD density variation across substrate

4.2 Sample Fabrication and Characterization

The samples used for these set of experiments were fabricated based on the methods

described in detail in Chapter 3.1. A brief recap is o�ered here. A p++ Si/SiO2 (90 nm thick

dry thermal oxide) substrate patterned with Al pads is put into a dual zone a-Si:H - SiQD

deposition system. This system is comprised of a conventional low pressure (500 mTorr)

PECVD chamber, for a-Si:H growth, attached to a 
ow through nanoparticle reactor. In the

a-Si:H PECVD reactor, two capacitively coupled parallel plate electrodes, 15mm apart, are
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connected to a RF power supply set to 13.56MHz and operated at 1W during deposition.

The substrate is also held at a nominal temperature of 200OC. Undiluted SiH4 is injected

into this chamber with a 
ow of 20 sccm. The 
ow through SiQD reactor, a 9.5 mm quartz

tube with two copper rings separated by 5mm (to supply RF power), is separated from the

PECVD chamber with a thin stainless steel sheet with a 5 mm longand 0.5mm wide slit.

The slit serves two main functions. i) To decouple the pressures in the two growth zones.

This is important, because electronic properties of a-Si:Hand size of the nanoparticles[37]

depend signi�cantly on the pressures in their respective growth chambers. ii) To accelerate

the SiQDs to the substrate in order to encourage the formation of a thin �lm. The relevant

SiQD growth parameters are described next. A gas of 0.45% wt SiH4 diluted in Argon 
ows

through the tube reactor at rates of 70, 85 and 100 sccm which,along with the presence of

the slit, creates pressures between 3 and 4 Torr in the reactor tube. The RF power is held at

50W. As a consequence of this growth technique, there is a gradual decrease of the density

of SiQDs from the center of the substrates, directly above the slit at the end of the SiQD

reactor zone, to the edge of the substrates. The growths are done for 10 - 20 minutes.

Next, the top electrodes, which include the source, drain andvoltage sensing probes

are photolithographically de�ned and thermally evaporated onto the samples. Since the

measurements done in this chapter are in the saturation region of TFT operation, the voltage

sensing probes, present in these devices, will not be utilized. Alluminium is also evaporated

on the backside of the wafer as the gate electrode. A �nal Reactive Ion Etch (RIE) step is

used to isolate all the devices from each other (Figure 5.1).

The crystal fractions (' ) of the a/nc-Si:H at each TFT that will be referenced in this

chapter are obtained from Raman Spectroscopy measurements, described in detail is Chapter

3.2. These Raman spectra have been analyzed using the First Derivative Deconvolution

Method (FDDM) and scaled with an XRD scaling factor to get' (Chapter 3.2). The I-V

characteristics of the TFTs were obtained using the combination of a Keithley 2636B SMU

and Keithley 230 voltage source. The measurements were carried out in a dark metal box
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Figure 4.2: Schematic of completed a/nc-Si:H TFT

with an opening for the illumination source. This measurement setup is detailed in Chapter

3.3. Finally, thermal annealing of the TFTs, to modify the nature of the contacts (see

discussion below), was carried out in a MILA-5000 rapid thermal processor (RTP) in UHP

N2. The gas 
ow was set to 4LPM .

4.3 Results and Discussions

Two main experiments will be discussed in this thesis chapter. The �rst involves a

discussion on the e�ect of post-metalization thermal annealing on the critical parameters

in the a/nc-Si:H TFTs using RTP. As will be seen later, these post-metalization thermal

anneals are necessary to study transport of both electrons and holes, thereby setting the

stage for the second part of this chapter. In the second section, we investigate how the

density of embedded SiQDs a�ects the �eld e�ect mobility in these TFTs.

4.3.1 Thermal Annealing of a/nc-Si:H TFTs

For this study, three undoped a/nc-Si:H devices where considered. Two of these devices

were from the center and edge of the same a/nc-Si:H sample while the third is a TFT
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fabricated from a separately grown a-Si:H �lm with no simultaneous SiQD growth. From

the a/nc-Si:H sample, the device from the center had an estimated Raman crystalline fraction

(' ) of 0:19, while the device from the edge had no appreciable SiQD incorporation by Raman

spectroscopy (Figure 4.3). The TFTs had a channel length of 80� m and a channel width

to length ratio of 10. Post metalization rapid thermal processing (RTP) was carried out

on all of these devices. They were annealed between 100OC and 200OC for 1 minute at

each temperature. This temperature range was chosen to avoid exceeding the deposition

temperature of the a/nc-Si:H. Staying below this temperature should limit the e�ects of

thermal stress to the interfaces between the a/nc-Si:H and Alcontacts, and a/nc-Si:H� SiO2

all the while avoiding additional bulk e�ects like e�usion of H2 from the �lms [77] or bulk

temperature induced crystallization of the �lms[78]. In order to study the e�ect of thermal

annealing on these devices, the same devices were electrically characterized before treatment

in the RTP and at temperature steps up to 200OC. The electron and hole mobilities of the

TFTs were obtained in the dark at the di�erent annealing temperatures (Figure 4.4). All of

the electrical characterizations were carried out at room temperature.

`

Figure 4.3: Raman Spectrum of a-Si:H (shown in red) and the twoa/nc-Si:H TFTs(green
and blue). The presence of SiQDs is observed
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Figure 4.4: Saturated �eld e�ect transfer Characteristics of a/nc-Si:H TFTs for (a) positive
gate voltages and 20VVDS and (b)negative gate voltages and -20VVDS . Used to obtain
mobilities and Vth

Before thermal annealing, the electron mobilities fall in the range of previous reported

mobilities for a-Si:H(� 0:5cm2=(V�s�)[11]. The Vth ranged from � 2V to � 10V. On the

other hand, for negativeVGS and negativeVDS where hole transport would be expected, the

transfer characteristics showed very low current-voltage(I-V) pro�le (Figure 4.5). For an

undoped semiconductor with an amorphous component this could imply a few possibilities.

Firstly, the presence of unintentional dopants like oxygen (O2). This isn't altogether uncom-

mon or improbable as leaks in the a/nc-Si:H deposition system during growth could serve

as a source of substitutional dopants. This eventuality could be investigated by the use of

spectroscopy tools like Fourier transform Infrared Spectroscopy (FTIR)[79] or secondary ion

mass spectroscopy (SIMS)[80]. These measurements are experimentally expensive because

they require growth of new �lms in di�erent con�gurations. An other possible, and compara-

tively easier to investigate, reason for the observed di�culty in measuring the drain current
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for negativeVGS could be the nature of the contacts between the source and drain electrodes

and the a/nc-Si:H. I-V sweeps, sweeping theVDS and measuringI DS with no applied VGS ,

were done to see if the contacts were ohmic (Figure 4.6). We obtain instead a rectifying

curve. This suggests that the contacts are not ideal and thatthey are not symmetrical, with

at least one acting more like a Schottky barrier and dominating the 
ow. The formation of

schottky contacts could block transport of one carrier type, and variations in which contact

was dominating the series resistance or how rectifying eachis would lead to large device to

device variations. While we don't understand the exact nature of the contacts and why they

tend to be assymetrical, it's clear they are not ideal ohmic contacts. Rapid thermal anneal-

ing was used primarily to modify the nature of the contacts. For the rest of the section, we

discuss this process and other accompanying e�ects seen as aresult of thermal processing.

Figure 4.5: Change in the �eld e�ect transfer Characteristics in of a/nc-Si:H TFT with
respect to changing annealing temperatures for (a) positive gate voltages and 20VVDS and
(b)negative gate voltages and -20VVDS
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The observations from this experiment are twofold. First, there is an observable shift of

the threshold voltage (� Vth ) of the TFT (Figure 4.7). Secondly, the hole mobilities increase

with annealing temperature while the electron mobility does only slightly 
uctuates around

the mean value. To obtain the origin of the positive �Vth we must �rst understand the

parameters that de�neVth . The threshold voltage, by de�nition is the minimumVGS needed

to form a complete conducting path through the channel for the relevant charge carrier in a

transistor. This path is formed at the a/nc-Si:H-SiO2 interface. Therefore, one can infer that

any changes in theVth is closely tied to presence of an unintentionally applied electric �eld

at the gate, and often this arises from the existence of charged localized states in the a/nc-

Si:H, the SiO2 gate oxide and/or the interface between these two. This leaves a short list of

potential candidates that could be contributors to this phenomenon. One likely candidate

is the trapping of charge carriers at the SiO2� a/nc-Si:H interface, similar to the Vth shift

which has been reported under appliedVDS bias stress[81]. A similar behavior has been seen

in a-InGaZnO thin �lm transistors TFTs deposited at room temperature[82].

The second observation, an increase in the hole mobility (Figure 4.7), can be attributed

to a change in the nature of the contact between the a/nc-Si:Hand Al source and drain

pads. The recti�cation in the I-V curve is signi�cantly reduced with annealingFigure 4.8.

According to Wronski e.t al, the barrier height (q� B ) of the Schottky barrier formed between

an unannealed Al and a-Si:H interface could be as high as 0:7eV[83]. After annealing, the

reduction in the contact resistance and recti�cation can beattributed to sub-eutectic tem-

perature crystallization of the a/nc-Si:H and doping at theinterface[84]. This formation of a

local polycrystalline a/nc-Si:H at the interface has been previously reported in literature[85].

It should be noted however that this temperature,< 200OC is signi�cantly lower than re-

ported for temperatures needed to start the formation of a polycrystalline a/nc-Si:H layer

at the contact interface. It is possible that added presenceof H2 in the �lms supports this

low temperature crystallization. However, a more reasonable explanation is onset of some

interdi�usion between the Al electrode and the a/nc-Si:H on an atomic level. Consequently,
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Figure 4.6: Current-Voltage Curves of a/nc-Si:H TFT with no applied gate voltage in a)the
dark (shown here in blue), and b) under illumination by a 2.5 mW red HeNe (shown here in
red). The I-V measurement was done in opposite voltage directions and show hysteresis.
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the Schottky barrier gets leaky due to the dopant nature of Al.

Figure 4.7: Trend in the mobilities andVth for devices with 3 di�erent crystalline fractions,
as a function of annealing temperatures for (a)Electrons and (b)Holes.

In conclusion, thermal annealing a�ects the crucial interfaces in an a/nc-Si:H. At the

SiO2-a/nc-Si:H interface, possible trapping of charge carriers could contribute to the observed

positive � Vth . At the other crucial a/nc-Si:H-Al interface, shallow di�usion of Al from the

contacts into the a/nc-Si:H is believed to reduce the recti�cation at the source and drain

contacts. These results are important as we can proceed to investigate the e�ects that SiQDs

have on the of mobility of both the electrons and holes.

4.3.2 Charge Carrier Mobility Dependence on Crystalline Volume Fract ion

The �eld e�ect electron and hole mobility of a/nc-Si:H TFTs were considered over a range

of crystalline fractions, from devices containing no SiQDsdetectable by Raman Spectroscopy

to devices having crystalline fractions (' ) up to � 0:22. The devices were fabricated in a

format consistent with the description in Chapter 3.1. As in the last section, the density
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Figure 4.8: Current-Voltage Curves of a/nc-Si:H TFT with no applied gate voltage before
annealing (shown here in red), and after 10 minutes of RTP thermal annealing(shown here
in blue)

of silicon quantum dots was surmised from the Raman spectroscopy and analyzed using

the FDDM technique, see Chapter 3.2. For both positive and negative gate voltages, cor-

responding to electron and hole carrier transport, respectively, the transfer characteristics

were considered in the saturation regime of conduction to minimize the contribution of series

resistance at the source and drain contacts. Figure 4.5 showsexamples of the
p

I DS vs VGS

plot used in extracting the electron (Figure 4.5[a]) and hole(Figure 4.5 [b]) parameters like

the mobility and Vth . For these experiments theVDS used were 20V and -20V for electron

and hole transfer characteristics respectively. These values for VDS were chosen to ensure

the TFTs were in the saturation regime. Direct observation ofthe output characteristics

con�rmed this. It should also be noted that the hole mobilities reported here were obtained

from a/nc-Si:H TFTs annealed at 200OC for 2 minutes while the electron mobilities were

obtained on unannealed devices. This is because, as seen in the last section, thermal an-

nealing is required to obtain hole mobilities whereas, electron mobilities are not signi�cantly

in
uenced by thermal annealing. The devices could have be annealed for longer, but all
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the trends that are reported and discussed hold for longer anneal times. This post metal-

ization thermal processing, as described in the preceding section, is necessary to realize the

ambipolar transport characteristics in these TFTs.

From Figure 4.9, trends in mobility become observable. For electrons, at positive applied

gate voltages, the extracted mobilities increase from 0.45cm2=(V�s�) to 0.64cm2=(V�s�) from

the device at the edge (' = 0) of the sample to that with a crystal fraction of 0:083. After

this point, in the electron mobility declines. For holes, the �eld e�ect mobility is much lower

than for electrons. In addition, it decreases steadily as the density of embed SiQDs increases

(Figure 4.9). To verify that the trends were a result of the added SiQDs, and not from the

modi�cation of the a-Si:H during the growth, an a-Si:H sample was fabricated in the same

way as the a/nc-Si:H TFTs without striking the plasma for the growth of the SiQDs. In

essence, all the precursor gases required for the growth of a/nc-Si:H were present, but only

the a-Si:H PECVD plasma was ignited. These measurements showed a negligible change in

the device characteristics, for negative and positive gatevoltages, across the sample. This

suggests that variation of the quality of the a-Si:H matrix across the sample can be ruled

out as a primary contributor to the trends observed in these experiments.

In an attempt to understand the results, a critical look intosupporting work on the trans-

port phenomena in related mixed phase systems is needed. In the literature, both theoretical

and experimental work have been done to investigate the nature of the interaction, optical

and electronic, in mixed phased a/nc-semiconductors like a/nc-Si:H [65] [76][58][44][24][35].

Lusk et al.[44] considered, via Density Functional Theory (DFT), the e�ect encapsulating

SiQDs in a-Si:H has on the strength of quantum con�nement. Speci�cally, they looked at

a system analogous to ours, SiQDs in a-Si matrix. One result from that work, that will be

important shortly, is the computationally observed softening of the quantum con�nement

in the SiQDs in the a-Si:H matrix. This is particularly important because highly spatially

con�ned SiQDs, despite having incredibly high charge carrier mobilities internal to the QDs,

because of their crystallinity, make notoriously poor carrier transport �lms over any scale

52



Figure 4.9: Electron and Hole Field E�ect Mobilities as a function of Raman crystallinity
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that involves more than a single dot. This is because in the SiQDs, the charge carriers exist

as excitons, correlated electron-hole pairs, and their wavefunction is con�ned mostly within

the dot. This makes transport of charge carriers across a collection of SiQDs, even in ones

in intimate contact, a low probability process. In fact, reported electron mobilities of �lms

made up of compact standalone SiQDs are on the order of 10� 5cm2=(V�s�)[86].

By considering the softening of the con�nement in the SiQD phase of the a/nc-Si:H,

we can begin to appreciate the possibility of a positive contribution of the SiQD phase

of a/nc-Si:H to the transport mechanism. Bleeding out of theexcitonic wavefunction or

isolated carrier in the SiQDs, into the a-Si:H matrix, meansthat charge carriers present

in the a-Si:H matrix, by the �eld e�ect could be transfered into the SiQDs. This has been

observed by Guan et al. by Photoluminescence (PL) quenchingand Electron Spin Resonance

(ESR) measurements[58]. This study is particularly interesting because it caters to three

important physical e�ects that a�ect charge carrier dynamics in mixed phase a/nc-Si:H. The

�rst, as discussed earlier, is the softening Lusk et al. computationally observed. Guan et al.

correlated this to a systematic red-shift in the PL peak position, relative to the PL emission

for free standing SiQDs. Another result from the work of Guan et al, is the quenching of

the a-Si:H PL emission at 1.4eV as the density of embedded SiQDs increases. This �nding

suggests, that the interaction between the SiQDs and its surrounding a-Si:H matrix cannot

be ignored. In fact, this �nding will serve as a starting point for the interpretation of the

�eld e�ect mobility results presented in this chapter, i.e. charge carriers present in the a-Si:H

matrix do, in fact, transfer into the embedded SiQDs. The last, but not least with regards to

implication, is Guan's measured increase in the populationof non-radiative recombination

sites as the density of SiQDs in the a-Si:H grows[58].

Taking all of these �ndings in concert with the experimentalresults presented in this

chapter, one can start to formulate a picture of the charge carrier transport dynamics active

in the mixed a/nc-Si:H TFTs. The e�ects of increasing the density of embedded SiQDs,

on the electrical characteristics of a/nc-Si:H TFTs, can be divided into two parts. For
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Figure 4.10: Energy band diagram of sketch of embedded SiQD ina-Si:H matrix. Electrons
(red dots) can overcome the 56 meV barrier created by the o�set between the a-Si:H and
SiQD conduction band. The holes (blue dots), however, must surmount a barrier over a
order of magnitude greater thankT

electrons, the �rst contribution is an enhancement of the mobility as SiQD phase assisted

charge transport and secondly, defect limited transport. Charge carriers generated in the

a-Si:H via the �eld e�ect can transport through the SiQDs. In the SiQDs, they experience

electron mobilities of 1000cm2=(V�s�), as in crystalline silicon. Because of the relatively

shallow o�set, with respect to kT at room temperature, of the alignment of the conduction

band edges of SiQDs and the surrounding a-Si:H matrix, 56meV [35], the electrons are able

to escape the SiQDs at room temperature(Figure 4.10). When a gate voltage is applied,

there is the creation of an equilibrium number of carriers inthe a-SiH and the SiQDs. The

dots essentially restrict the Fermi level from rising to thevalence mobility edge of the a-S:H

because of their higher energy and as the gate voltage is applied they �ll up �rst. At the

same time, when a �eld tries to move them along the channel, they can hop to any state that

helps given thermal energy, they can hop from dots into states of the a-Si:H and back to dots

because the band edges are pretty close to on another in the conduction band. However, this
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enhancement has to compete with the mobility degradation resulting from induced defects,

associated with this growth technique. This can be seen in the (Figure 4.9). The �eld e�ect

mobility increases as crystallinity of the �lm increases till about ' = 0:083 and then starts

a steady decline. For holes, the picture is quite di�erent because of one signi�cant detail,

the o�set between the a-Si:H and embedded SiQDs valence bandedges. In this composite

material, the o�set has been estimated to be about 600meV which will make the probability,

of the transfered holes escaping the electronic structure of the SiQDs, low. Therefore, the

SiQDs act as additionaltraps for holes hence the reduction in the mobility of the holes as

the density of quantum dots increases .

4.4 Modeling the Electron Mobility as a Function of Volume Fraction '

To further establish this idea of two competing e�ects, SiQDenhanced and defect sup-

pressed mobility, we consider macroscopic transport models to see if they could reproduce

similar mobility trends as is experimentally observed. Arriving at physically reasonable

models, not only requires an appreciation of some microscopic transport mechanism, but

also the limitations of such models in predicting the mobility of charge carriers in a com-

plicated system such as this. Therefore, I preface this section with some disclaimers. The

�rst of which is that the e�ort here is to suggest that an appropriate combination of the de-

fect limited transport and an enhancement could reasonably�t the experimentally obtained

results. To accurately model the mobility in a/nc-Si:H, one would have to have accurate

information that pertains to charge transfer between the a-Si:H and the embedded SiQDs

and how this could vary with ' , i.e. the overlap of the electronic wavefunctions between

dots and between dots and the a-Si:H matrix. One would also need an accurate de�nition of

the localization of defects states and its density as a function of ' . With these limitations in

mind, a Maxwell-Garnett E�ective Medium Approximation (EMA) theory based approach

was used. To account for the presence of defects, the drift mobility was described in terms

of free carrier mobility(� o) and the ratio of the time a carrier spends in a localized state to
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the length of time in the extended states,f trap [11].

� D = � 0=(1 + f trap ) (4.3)

here, f trap is de�ned by:

f trap =
�

NT

N (ET R )kT

�
exp(ET =kT) (4.4)

whereNT is the density of traps with binding energy,ET , k is the Boltzmann constant

and T is the temperature which in our case is 293K. The assumption here is that the defect

are limited to the a-Si:H matrix. This assumption isn't completely unreasonable as one could

expect the defects to be located at the surface of the SiQDs orto arise in the a-Si:H as a

result of the inclusion of the SiQDs and potential changes inH incorporation or void space

formation.

4.4.1 Maxwell-Garnett Approximation

A homogenization theory was developed by Maxwell and Garnett to obtain an approxi-

mate description of a complex composite system of more than one component. Thise�ective

medium approach is generally used for properties of composite media that rely on its in-

teraction with electromagnetic radiation, like its permitivity or complex conductivity. For

this work, we attempt to obtain an expression� ef f which relates the `e�ective mobility'

of a composite material to the volume fractions and mobilities the individual constituents.

It is important to remember that the "well-de�ned host medium" speci�cation, limits this

approximation to dilute systems (sub-percolation). Modeling the mobility of a 2-component

semiconductor medium is in principle di�cult because thereare two carriers present for each

component. In the case of a composite consisting of SiQDs anda-Si:H, (i) one carrier domi-

nates in each phase, and (ii) the mobility of one phase (SiQDs) signi�cantly exceeds that in

the other (aSi:H).

For simplicity, we'll treat each phase as single-carrier materials, as the transport of elec-

trons has been shown to dominate in a similar system [87]. Fora single-carrier material
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with isotropic response, the mobility is directly related to the DC conductivity, which is in

turn related to the DC value of the `optical conductivity', which (�nally) is related to the

complex-valued dielectric function. I point this out, because the `e�ective dielectric constant'

of a composite system has been considered extensively in thepast[88].

For this formulation, assume a two-component composite medium with a well-de�ned

`host' medium (volume fraction' H and dielectric function "H (! )) and `inclusions' (volume

fraction ' in � 1 � ' H and dielectric function " i H ). We also assume that the inclusions

are reasonably described asspherical, and of a diameter much less than the wavelength of

light ( � 5nm in the case of the embedded SiQDs in this thesis), so that we may use the

`quasi-static' approximation, treating �elds inside as uniform even though they depend on

the frequency! of electromagnetic waves (light). (We will be interested inthe ! ! 0 limit

ultimately.)

In the case of a uniform dielectric sphere (dielectric constant " in ) embedded in an in�nite

medium (of dielectric constant"out ) with an applied static (or, here, `quasi-static') electric

�eld of value Eout , the electric �eld inside a dielectric sphere (E in ) is:

E in =

 
3

2 + " in
" out

!

Eout (4.5)

in cgs units[89].

If the `e�ective dielectric constant' is de�ned by the ratio of volume-weighted values1, we

have

"ef f �
Def f

Eef f
=

P 2
j =1 ' j D j

P 2
i = j ' j E j

(4.6)

=
' H "H EH + ' in " in E in

' H EH + ' in E in
(4.7)

where E i is the electric �eld in component i and D i = " i E i is the corresponding value of

D = "E . Using Eout = EH in Eq. (4.5), we �nd

1
This result follows from simply applying the Lorenz local �eld result to a point dipole.
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"ef f =
(1 � ' ) "H EH + ' " in

�
3

2+ " in
" H

�
EH

(1 � ' ) EH + '
�

3
2+ " in

" H

�
EH

(4.8)

!
(1 � ' ) "H + ' " in

�
3

2+ " in
" H

�

(1 � ' ) + '
�

3
2+ " in

" H

� (4.9)

= "MG (4.10)

We can now identify the corresponding result for the mobility as follows:

1. Use the fact that the `optical conductivity' � (! ) is related to the dielectric function

via (in cgs)

"(! ) = 1 + i 4�
� (! )

!
: (4.11)

This permits us to replace"H and " in above by the corresponding conductivities.

2. Take the limit ! ! 0, yielding

� ef f
DC =

(1 + 2' )� in + 2(1 � ' )� H

2 + ' + (1 � ' ) � in
� H

(4.12)

3. Use the relation between the mobility and the DC conductivity for a single carrier,

vd = � E

j = n q vd = n q� E

) � DC = n q � (4.13)

Thus for a composite medium we can replace each constituent conductivity via � ! ��

where � = nq, then solve for � ef f
DC . However, in a general sense, via this route we cannot

readily identify � ef f without knowing the carrier densityn and charge carrierq in the e�ective

medium; calculation ofn itself is a distinct problem. But in our special cases, undoped host

and inclusions, the application of a gate voltage in the darkleads to an equilibrium density
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of carriers in both the SiQD and a-Si:H matrix that are proportional to each other. We can

therefore simplify � DC further to obtain:

� ef f
DC =

(1 + 2' )� in + 2(1 � ' )� H

2 + ' + (1 � ' ) � in
� H

(4.14)

To include the e�ect of defect density on the electron mobility, we can replace the mobility

of the host (a-Si:H) with a drift mobility as described in (Equation 4.1). The defect density

is allowed to vary as a function of' 3

� a� Si :H
D =

� a� Si :H
0

1 + f 0 + f QD ' 3
(4.15)

There was no physical reason for choosing this exponent, except that it produced the

best �t to the experimental data. Figure 4.11 shows the computed values for defects density

using this approach and how the resulting mobility overlaysthe experimental data.

What can be gleaned from this modeling e�ort, is that defect density can in fact, produce

e�ects similar to what is observed experimentally. However, full-
edged transport calculation

for the mobility of a two-carrier, two-component system would be di�cult. The calculation

of Bergman and Levy [90] for the thermoelectric properties of a two-component composite

give an example of the complications involved in a careful treatment even when each phase

has only one carrier.

4.5 Conclusions

To summarize, the e�ects of thermal annealing on the �eld e�ect characteristics of a/nc-

Si:H TFTs were investigated. Changes inVth , and the source and drain contacts were

observed and interpreted based on further measurements andworks published in the litera-

ture. Positve � Vth was attributed to the thermalization of charge carriers forthe bulk of the

a/nc-Si:H into the a/nc-Si:H-SiO2 interfacial trap states. While the reduction in the contact

resistivity and recti�cation has been tied to the crystallization of the a/nc-Si:H at the Al

pads interface.
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Figure 4.11: Comparison between mobility model using a modi�ed Maxwell-Garnett EMA
and the experimentally obtained electron �eld e�ect mobility. (a) shows ND estimated
using Equation4.1 for di�erent f SiQDs . (b) is the corresponding electron mobility with the
experimental data superimposed (black dots)
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Also considered was the e�ect changing the density of SiQDs inthe a-Si:H matrix has

on the electron and hole mobilities. The rise and eventual dip in the calculated electron

mobilities as a function increasing crystalline fraction was interpreted as a result of the

competition of an enhancement in the electron transport due to the silicon quantum dots

and a simultaneous suppression of mobility because of the presence of additional defects.

For holes, the comparatively large o�sets of the valence band edges between the a-Si:H and

quantum con�ned SiQDs, makes the SiQDs serve as added trap sites for holes leading to

systematically decreasing hole mobilities with increasing SiQD density. A modi�ed Maxwell-

Garnett EMA reproduced the trends in electron mobilities asa function of ' . This further

established the idea that an increase in the defect density of the a-Si:H matrix does limit

the mobility of the a/nc-Si:H, at least prior to percolation.
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CHAPTER 5

THE PHOTO-FEILD EFFECT IN CODEPOSITED A/NC-SI:H TFTS

5.1 Introduction

For a/nc-Si:H to be integrated into microelectronics, large area electronics and photo-

voltaic (PV) devices, its photoconductive properties have to be understood. For certain ap-

plications, semiconductors having high photosensitivityare considered a disadvantage. For

application in large area electronics i.e. active matrix liquid crystal displays (AMLCDS) and

microelectronics, negligible photoresponse is essentialwithout compromising the �eld e�ect

characteristics. For PV applications however, there is an obvious need for utilizing semi-

conducting materials with very high photosensitivity. Co-deposited a/nc-Si:H, a proposed

next iteration of conventional nc-Si:H as a photovoltaic and microelectronic material, has

shown promise because of measured reduction in the Steabler-Wronski E�ect (SWE)[58].

The potential to separately control the properties of both the amorphous and crystalline

phase of the composite material, is also a major draw. Consequently, we need to carefully

generate a proper understanding of the e�ect of illuminationon the �eld e�ect and charge

carrier transport in co-deposited quantum con�ned a/nc-Si:H.

Another reason to study the photosensitivity of a/nc-Si:H isthe opportunity it provides

to understand some of the physics associated with the chargetransport in this composite

material system by utilizing the photo-�eld e�ect (PFE). So far in this thesis, the transport

of charge carriers in a/nc-Si:H has been considered only in the dark. However, including

one more experimental knob, photon irradiation, opens avenues to examine the dynamics

of charge carrier transport in such a system. The photosensitivity of the carrier transport,

and how it is a�ected by the �eld e�ect, will be used in this thesis chapter to investigate

such phenomenon as the shift in electron quasi-Fermi level (�E f ) with illumination intensity

and band bending in co-deposited a/nc-Si:H which will ultimately serve as tools to discuss
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the carrier generation and recombination mechanisms in this hybrid material as a function

of changing the density of embedded SiQDs. The next section will focus on the general

photosensitivity model that will be used in this chapter.

5.2 Theory of Photo-Field E�ect

The theory of the photosensitivity in a-Si:H is used as a starting point for our analysis

of the photo-�eld e�ect in a/nc-Si:H. Over the years various interpretations of the photo-

sensitivity in a-Si:H have been developed[50, 91{94]. These treatments have considered the

various aspects of a rather involved set of dynamical variables. This has invariably allowed

for debate and inconsistencies as to what factors contribute to the phenomenon called the

photo-�eld e�ect and how those factors combine to produce this e�ect. This section will at-

tempt to introduce the reader to a brief summary of some of thetreatments and in doing so,

justify the approach used to understand the results obtained from the illumination intensity

and photon energy dependent measurements on a/nc-Si:H TFTs.

Simply put, the photo-�eld e�ect is the generation of photoexcited charge carriers and

how these carriers interact with the electronic density of states, via recombination, in the

presence of an applied electric �eld and under illumination. The majority of the discussion

around the PFE can be divided into two parts. The �rst being thenature of the band bending

at the gate oxide-a-Si:H interface under illumination and how much of a role this plays in the

PFE. The other part is the recombination mechanism models implemented in dealing with

the photo-�eld e�ect. When a gate bias is applied to an unilluminated TFT, the activation

energy, which is the di�erence between the bottom of the conduction band (Ec) and the Fermi

Level (E f ), is reduced due to the band bending. Here,band bendingrefers to the deviation

of the energy levels at the interface from the extended states con�guration in the bulk of

the semiconductor [95]. This deviation, in the dark, has been well described in literature

using a combination of charge neutrality and the Shockley-Read-Hall recombination kinetics

[50, 96]. Under illumination, however, charge carriers are generated and under a gate bias

that creates an electron channel in accumulation, bias, photoexcited electrons are attracted
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to the gate oxide� a/nc-Si:H interface while holes are repelled. During this transient state,

there is a reorganization of the space charge leading to a reduction in the band bending.

Recombination ultimately leads to a steady state distribution of electrons and holes. Steady

state is reached when there is no net current 
owing perpendicular to the a/nc-Si:H� oxide

interface. After this steady state has been reached, electrons and holes are continuously being

excited and recombining at recombination centers away fromthe critical interface leading to

an equal 
ux of electrons and holes perpendicular to this interface. As a result, for a given

set of transistor conditions (VGS and VDS ) the amount of current 
owing from the source to

drain changes from its value in the dark. This change is the main manifestation of the PFE.

The band bending nature can, hence, also be described as asynonymfor the generation of

photoexcited carriers and their 
ux orthogonal to the oxide-a-Si:H interface. This is because

the band bending at the oxide-semiconductor interface and the photoexcited carrier 
ux are

related by the distribution of the space charge in the dark and under illumination. For there

to be a constant 
ux of electrons and holes under illumination and applied gate voltage, there

has to be a free carrier induced change in occupancy at the oxide-semiconductor interface

that results in the space charge redistribution in the bandgap. This redistribution will have

to be balanced by the appropriate charge carrier, electronsfor positive appliedVGS and holes

for negativeVGS . In this scenario, the band bending relaxes, from its form inthe dark, after

a steady state is reached (Figure 5.1).

Some early treatments like that of Kagawa et al. [91], because they focus on the active

recombination mechanisms in interpreting PFE results, simpli�ed their model by assuming

that the presence of illumination did not change the nature of the band bending. Van Berkel

et al. [97] showed that this simpli�cation has the unfavorable consequence of forcing the

minority carrier concentration to be invariable through the device under uniform absorption.

By solving Poisson's equation along with continuity equations for electrons and holes, Van

Berkel et al. were able to show a non-constant gradient in thehole quasi Fermi level with

increasing density of recombination centers. In other words, because the change in the
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Figure 5.1: Schematic of the energy bands and quasi-Fermi levels of an undoped a/nc-
Si:H TFT in steady state under illumination. The band bendingin the dark (red dashed
lines) is reduced under illumination. This is also an equal 
ux of electrons and holes to the
recombination region away from the SiO2� a/nc-Si:H interface. IMREF n and IMREF p are
the electron and hole quasi-Fermi levels, respectively, under illumination
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quasi-Fermi level changes the space charge in the localizedstates due to the presence of

photoexcited charge carriers,Ec � E f at the interface has to be modi�ed. This band bending

problem is universal and the treatment is applicable to other semiconductor-gate dielectric

interfaces. Deciphering the nature of the recombination mechanism, however, provides its

own sets of challenges because of its material speci�c nature. This dissertation doesn't

attempt to describe in detail, the exact nature of the recombination in a/nc-Si:H, but rather

take advantage of the band bending, provided by the photo-�eld e�ect, to examine how

photoexcited charge carriers interact with the density of localized states in the composite

material and how this is impacted by variation in the densityof embedded SiQDs in the

a-Si:H. Ultimately, the photo-�eld e�ect (PFE) will serve a win dow through which one can

discern some of the underlying physics of this hybrid composite material.

5.3 Experimental Methods

For this chapter, a/nc-Si:H TFTs of the inverted staggered variety were used. They were

fabricated in the same manner as described previously. For details, refer to Chapter 3.1.

Devices from two samples were used here, one was a-Si:H with no embedded SiQDs while

the other sample had SiQDs embedded with a 
ow of 85 sccm of 0:45% SiH 4 in Argon.

The volume fractions of SiQDs in each of the devices fabricated on the second sample were

characterized by the use of Raman Spectroscopy (See Chapter3.2). Brie
y, inelastically

scattered light resulting from the interaction between photons from a 532nm doubled YAG

continuous wave (CW) laser and the a/nc-Si:H device, at specially designed locations, were

obtained. These spectra were then analyzed by taking advantage of the di�erence between

the transverse optical modes in crystalline silicon, the phase of the embedded SiQDs, and

the a-Si:H (Figure 5.2). The crystal volume fraction (' ) was subsequently derived from

the relative areas of the amorphous and crystalline contributions, and adjusted based on an

XRD scaling factor. This method of extracting a relative crystal fraction of SiQDs has been

addressed in explicit detail in Chapter 3.2.
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Figure 5.2: Raman Spectra acquired in the region just adjacent to the a/nc-Si:H devices
characterized in this chapter. The crystal fractions shownhere, ' , were obtained by the
method described in Chapter 3.2.
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These TFTs were either illuminated with 633 nm Helium Neon laser(HeNe) or a 800nm

Ti:sapphire laser, during electrical characterization. The illumination sources were chosen

based on the absorption coe�cient (� ) pro�le of the a/nc-Si:H (Figure 5.3). From Figure 5.3

it can be seen that at 632.8nm (1.95eV), a-Si:H has nearly and order of magnitude higher ab-

sorption coe�cient than c-Si. For this reason most of the absorption per unit volume should

occur in the a-Si:H matrix. At 800nm, most of the absorption per unit volume should oc-

cur in the crystalline phase of the a/nc-Si:H because at thatwavelength, crystalline silicon

has about a couple orders of magnitude greater absorption coe�cient than the encapsulat-

ing a-Si:H. It is also important to note that the devices arethin enough2 that the photon


ux from either light sources should penetrate the whole device, ensuring uniform carrier

generation throughout the device under test. This unique property (di�erence in � ) allows

us to selectively excite photogenerated carriers in either phase of the composite material

by using either illumination source. The intensity of the HeNelight source was modulated

using neutral density �lters while the combination of a waveplate and polarizer was used to

attenuate the intensity of 1.55eV Ti:sapphire laser light impinging on the device under test.

Both techniques allowed illumination intensity to be varied over 3 orders of magnitude.

The I-V characteristics of the TFTs were obtained using the combination of a Keithley

2636B source meter unit (SMU) and Keithley 230 voltage source. The measurements were

carried out in a dark metal box with a small opening for the illumination source. This

measurement setup is detailed in Chapter 3.4. To minimize error associated with contact

resistance, gated four probe TFTs (described in previous Chapter 3) were utilized. Here, by

sensing the voltage drop atprobecontacts placed strategically within the channel region, we

are able to obtain channel conductance characteristic thatare free of series resistance from

the source and drain contacts (See Chapter 3.4). All the electrical measurements reported

here were performed at room temperature.

2
thickest region (center of the sample) is about 250nm
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Figure 5.3: Absorption coe�cient for a/nc-Si:H obtained using PDS. [Figure modi�ed with
permission from San Theingi [98]
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5.4 Results and Discussions

Generally, the photo-�eld e�ect is studied by applying small �xed VDS and sweepingVGS

at di�erent illumination intensities. The drain current in the dark (I dark
d ) is subsequently

subtracted from the obtained transfer characteristic curves under illumination (I light
d ) to get

the photocurrent as a function ofVGS . This photocurrent is then analyzed to infer defect

characteristics of the material in the region near the gate as discussed below.

Figure 5.4: Transfer characteristics of a a/nc-Si:H TFT in thedark showing the shift in
threshold voltage afterVGS bias stress.

Our initial e�orts to obtain a/nc-Si:H TFTs photosensitivit y data proved that procedure

to be problematic as the application ofVGS , during a transfer characteristic measurement,
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caused a corresponding threshold voltage shift even for lowVGS (note this had little e�ect

on slope and hence mobilities in the dark as discussed in Chapter 4). This e�ect has been

seen for a-Si:H TFTs in literature and has generally been referenced as the threshold volt-

age shift(�V th ) [81, 99, 100]. This�V th has been attributed to two possible mechanisms.

The �rst, and obviously more catastrophic option, is the creation of dangling bonds at the

interface between the a-Si:H and the gate barrier[101{103]. The other possible, and more

generally accepted in the literature, mechanism for�V th is the trapping of charge in or at the

gate dielectric interface. Silicon nitride gates where used for most of the studies reporting

these shifts but the same principles can apply to SiO2 gates used here. With this model,

Libsch et al., suggested that charge carriers are injected from the bulk of the a-Si:H, under

positive gate bias, into the trap states at the a-Si:H/nitride interface and into regions of

the nitride close to the interface [81]. They also observed that the bond breaking model

doesn't work with this model. As a �nal check, replacing the nitride dielectric with a gate

oxide, which more closely models the TFT con�guration used inthis thesis, showed di�erent

�V th , further supporting the charge trapping model. In this study, it was also observed

that the application of high negativeVGS reverses�V th . This further implies a trapping and

de-trapping mechanism at work in the devices since the formation of dangling bonds in the

a-Si:H would be expected to be less reversible without some post processing treatment like

thermal annealing.

While this shift has been reported in studies of conventionaldevice characteristics of

a-Si TFTs, previous studies of the photo-�eld e�ect in a-Si:Hmade no explicit reference

to experiencing this issue, except in the work by Nishida et al. [96], where they suggested

restricting the gate bias to below 20V to avoid this shift. Inthe study reported here, however,

gate bias stress induced shifts in the threshold voltage were observed for appliedVGS as low

as 2 V. This presented, by far, the most signi�cant challenge in obtaining information about

the changes in the TFT photocurrent as a result of illumination intensity modulation as

this e�ect was convoluted with the observedVth shift. An apparent di�erence between light
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and dark I DS at a particular gate voltage could actually be due to a shift in the threshold

voltage resulting in a lateral shift of the whole transfer characteristic from the dark to light

measurements as seen in Figure 5.4.

Figure 5.5: Photo-Field E�ect transfer characteristics for a/nc-Si:H with 1:96eV light, ' =
0:106. The di�erent intensities were obtained using Neutral Density �lters. The numbers
here represent the intensity of the illumination relative to the maximum power density, 1.

To avoid the threshold voltage shift issue, rather than sweeping VGS at di�erent illu-

mination intensities, a single gate voltage was applied fora brief period of time whileI DS

was measured at di�erent illumination intensities. TheVGS stress time was long enough to

allow for current settling associated with theRC time constant of the devices under test but

su�ciently short to avoid signi�cant shift in Vth . The device was then reverse biased before
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making another measurement. This allowed it to return to itsoriginal state.

By performing photosensitivity measurements this way, we are able to look at speci�c

regions of the TFT operation, speci�cally with a VGS that produces 
at-band conditions

or electron depletion (Region I in (Figure 5.5)), and during strong accumulation (Region

III in (Figure 5.5)) for di�erent densities of embedded SiQDs. At either of those regions

of a/nc-Si:H TFT operation, the photocurrent dependence on the illumination intensity, 


was calculated. This photosensitivity factor
 relates the produced photocurrentI p
d to the

illumination intensity G with the relation:

I p
d / G
 (5.1a)


 =
@log(I light

d � I dark
d )

@log(G)
(5.1b)

whereI p
d is the photocurrent which is the di�erence between the current under illumina-

tion ( I light
d ) and in the dark (I dark

d ).

Figure 5.6: Example photocurrent versus Illumination intensity at di�erent gate voltages on
a a/nc-Si:H TFT.
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For measurements in Region I, we used the TFT as a instrument toimpose 
at-band

condition on the a/nc-Si:H active region. This way, we can eliminate any complications

that accompany photoconductivity measurements done in a typical coplanar transmission

line or resistance measurement (no gate) which can arise as aresult of stored charge at the

a/nc-Si:H� oxide interface. Flat-band condition, as the name implies, is a mode of operation

where there is no band bending at the interface between the semiconductor and the gate

dielectric. This condition is achieved by applying the 
at band voltage (VF B ) at the gate

contact ensuring no band bending. Since a/nc-Si:H TFTs operates in accumulation mode,

the VF B is the voltage corresponding to the dividing line between electron depletion and

accumulation. However, great care has to be taken in our case,as the a/nc-Si:H is undoped

and the contacts aren't completelyhole blocking, to avoid moving from electron depletion

mode to hole accumulation. For these measurements, transfer characteristics in the dark

and under illumination were obtained and analyzed to determine regions of gate voltage

where there isn't any hole related dark current for an applied small VDS , 200mV and 500mV

(Region I in Figure 5.5). For our devices this corresponded togate voltages between� 15V

and 0V. The photoconductive exponent was also evaluated for strong accumulation (
 c),

or above the threshold voltage,Vth (Region III in Figure 5.6). Typical gate voltages used

for this condition were, depending on device, between� 2V and 10V. Here we consider

what happens to the photosensitivity when we transition from 
at-band to non-negligible

band bending at the oxide interface. As discussed in the section 2 of this chapter, this band

bending results in a reduction of the activation energy,Ec � EF .

As an initial step, the photogenerated current at 
at-band condition was investigated,

with 1.55 eV and 1.96 eV illumination, as a function of crystal fraction (Figure 5.7) as a

substitute for a conventional dark and light photoconductivity measurement. The ratio of

light to dark conductivity is commonly used as a quick measure of the quality of a-Si:H. As

an important sanity check, the ratio between the photocurrent, in a-Si:H, at the 632nm and

800nm was found to be in agreement with the di�erence in the calculated carrier generation
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Figure 5.7: The photocurrent obtained at 
at-band condition for varying crystal fractions
with a 1:96eV HeNe laser source (Red) and 1:55eV Ti:Sapph source (Blue)

rates, based on the absorption coe�cient and photon 
ux at those wavelengths. An initial

increase in the 
at-band photocurrent proportional to the density of SiQDs in the a-Si:H

matrix was observed for both illumination sources. However,like the electron mobility (� e)

in the previous chapter, the observed photocurrent (for either illumination source) eventually


attens out and then decline with increasing crystal fraction (Figure 5.7). The photocurrent

produced by the 1.96eV HeNe source is about an order of magnitude less than that by

Ti:Sapph source at high crystal fractions.

Also, by using illumination sources that selectively excitecarriers in di�erent regions

of the composite material based on the relative absorption coe�cients of these phases, we

are able to observe di�erences in the photoresponse due to nanoscale di�erences in where

carriers are generated. The exponent of illumination power dependence atVF B doesn't

change signi�cantly with respect to crystal fraction,' , when the devices are illuminated with

either illumination source (
 o � 0:85 for 1.96eV light and� 1 for the 1.55 eV Ti:Sapph).

The exponent of illumination power dependence during strong accumulation, 
 c, is similar

for both 1:55eV and 1:96eV illumination in the a-Si:H TFT. Here, 
 c � 0:2. Upon the
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Figure 5.8: The photosensitivity exponent
 was calculated for di�erent crystal fractions for
(a) 
at-band condition 
 o and (b) strong accumulation
 c
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inclusion of SiQDs,
 c increases up to two times the
 c for a-Si:H when illuminating with

1:96eV light. With the lower energy photons (1:55eV Ti:Sapph), however, the change in
 c

is relatively small (Figure 5.8).

5.4.0.1 Discussions

An interesting perspective on the photoexcited conduction in this composite material

is the photoconductivity, � p at 
at-band. This quantity taken in concert with the gen-

eration of rate (G) of the material can be used to evaluate the mobility lifetime product

(( �� )e)(Equation 5.2)[96].

(�� )e =
� p

eG
=

I photo
d � I dark

d

(W=L) � d � eG
(5.2)

Here, � is the electron drift mobility (Chapter 4) and the � is the electron recombination

lifetime. The product of these two parameters, (�� )e, is useful in determining thequality

of solar materials. This is because it can be used with the electric �eld to calculate the

transport distance of excess carriers[104]. Also, in undoped a-Si:H, (�� )e has been used

as a measure of the density of dangling bonds (ND ) [105] as they considered to be the

primary recombination centers for photoexcited carriers[106]. (�� )e in this work, is used

as an indirect measure of theND in a/nc-Si:H as a function of crystal fraction (' ). For

this experiment, the 1:96eV HeNe and 1:55eV Ti:Sapph laser were operated with focused

beams with power densities of 1:1� 103mW:cm� 2 and 1:45� 105mW:cm� 2 respectively. These

power densities correspond to photon 
ux of 3:5� 1017cm� 2s� 1 and 5:8� 1019cm� 2s� 1. More

details of how these values were obtained is described in the�rst section of the Appendix.

The generation rates obtained by incorporating the absorption coe�cients, of the di�erent

phases of this composite at the two relevant energies is given in Table 5.1. These values for

the photoexcited carrier generation rates in the a-Si:H andSiQD phases where combined

using the formulation in Equation 5.3 to estimate the total carrier generation rate (Gtotal ) in

the a/nc-Si:H composite as a function of' . Equation 5.3 is a trivial formulation resulting

from a simple comparison of the total volumes of the crystalline and amorphous phases of
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the composite material.

Table 5.1: The absorption coe�cients and the generation rates for a-Si:H and the crystalline
Si (at 1.96eV and 1.55eV) used in the calculation of the total Generation rates at di�erent
crystal fractions.

� HeNe (cm� 1) � T i :Sapph(cm� 1) GHeNe (cm� 3s� 1) GT i :Sapph(cm� 3s� 1)
a-Si:H 2 � 104 6 � 101 7:0 � 1021 3:5 � 1021

c-Si 3 � 103 6 � 102 1:1 � 1021 3:5 � 1022

Gtotal = GaSi :H (1 � ' ) + 'G SiQD (5.3)

Here, ' is the crystalline volume fraction andGaSi :H and GSiQD are the generation rates

for the a-Si:H and SiQD component respectively. These rateswere computed for both light

sources (Figure 5.9).

Figure 5.9: Calculated Total Generation for a/nc-Si:H composite as a function of crystal
fraction '

Using the data in Figure 5.7 along with the calculated total generation rates in Equation

5.3 in Equation 5.2, we were able to estimate the (�� )e at di�erent ' . The estimated

values for a-Si:H are in agreement with (�� )e at room temperature reported previously,
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� 10� 8cm2V � 1[107]. For both illumination sources, the (�� )e was seen to slightly increase

at low crystal fractions. At about ' = 0:1, the (�� )e starts to decrease. This observation

of a gradually decreasing (�� )e (Figure 5.10) serves as an independent con�rmation of the

ESR and PL measurements performed by Guan et al. [58] showingan increase in defect

density with increasing phi. The similarity between the change in � e (from Chapter 4)

(�� )e suggests that� e doesn't contribute to the shape of this product. This is initially

surprising, as in homogeneous amorphous semiconductors, like a-Si:H, � e is proportional

to the density of defect statesND . In this composite system, there is a possibility that a

population of photoexcited holes are trapped in the the SiQDs and hence can contribute

to the recombination processes. In chapter 4, we proposed that holes could be trapped in

valence band of SiQDs (in a dilute sub-percolation system).The localization and emmission

process that limit � e are still active but recombination is suppressed as there are not enough

holes for the electrons to recombine with.

Figure 5.10: (�� )e at VF B as a function of' for illumination with a 633nm HeNe laser source
(Red) and 800 nm Ti:Sapph source (Blue)

The inclusion of quantum con�ned silicon nano-crystals in the a-Si:H matrix makes the

interpretation of the photosensitive conduction a bit moreinvolved. In homogeneous amor-
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phous semiconductors, like a-Si:H, the interpretation of
 is well understood[50].
 in a-Si:H

at VF B is a good starting point to understand the results of
 . At 
at-band, recombination

occurs almost completely near the middle of the forbidden gap and is monomolecular [92].

The distribution of states at the center of the gap in a-Si:H is continuous and this prevents


 o for a-Si:H from being unity. This is because by increasing the illumination intensity, the

electron quasi Fermi level shifts towardEc and samples this continuous DOS near midgap.

This is mostly independent of photon energy, whereh� > E g. However, for sub-bandgap

light when h� is smaller than Eg, like in the case of the 800 nm Ti:Sapph light source

(h� = 1:55eV and a-Si:H Eg = 1:85eV), the collection of photoexcited electrons relies on

variable range hopping (VAR) from the bandtail states to the conduction band. This doesn't

necessitate a
 o di�erent from that obtained from photons with energy greater than Eg as

the electron quasi-Fermi level still sweeps through the density of states near midgap.

The addition of SiQDs doesn't change
 o even for large' when illuminating using the

1:95eV photons, but rises above unity for the 1:55eV Ti:Sapph source as the density em-

bedded SiQDs increases. At �rst glance, one is tempted to dismiss this as a measurement

error, but the systematic nature of the increase in
 o makes this unlikely (Figure 5.8 a). The

reasons for this are not immediately obvious, but we can ruleout, such e�ects as Multi-

Exciton Generation (MEG). This is because the energy of the illumination source (1:56eV)

isn't large enough in comparison to the bandgap,Eg. For MEG to occur, the energy of the

absorbed photon has to be at least twiceEg. The observation of a relatively constant
 o

with changing ' is not in con
ict with the observation of a non-changing� e, from the (�� )e

experiments discussed earlier as
 o and � e are expected to be proportional [92].

The behavior of
 during strong accumulation, is more interesting. The value
 c for a-Si:H

(with both the 1.96eV and 1.55eV light source) is in line withpreviously reported a-Si:H TFT


 c values in the literature [50, 92]. In a-Si:H TFTs, operation in strong accumulation, there

is screening of carriers that limit how close to the conduction band the electron quasi-Fermi

level can be. This explains the low
 c. In essence, a negative space-charge is being applied
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causing the band bending to relax. For a/nc-Si, when selectively photoexciting electrons in

a-Si:H matrix, using the 1.95eV light source, the increase in 
 c could be attributed to the

transfer of these electrons from the a-Si:H to the SiQD inclusions. This way, the electrons

are transfered to the SiQDs before they recombine with holesin the defective matrix. On

the other hand, it could be inferred that electrons that are photoexcited in the SiQDs do

not exhibit the same increase in
 c because of the presence of SiQDs that aredisconnected

from the host. This then becomes a sampling problem. In essence, with the di�erent light

sources, two di�erent, but not necessarily exclusive populations of SiQDs are contributing

to 
 c. In other words, every electron photoexcited in the a-Si:H (that doesn't recombine in

the host) can contribute to the enhancement of
 c via transfer to coupled SiQD inclusions.

However, electrons photoexcited directly in the SiQDs couldbe trapped if the quantum dot is

electronically uncoupled to the matrix. It is crucial to remember that neither the a-Si:H nor

the SiQDs are transparent at either illumination energies.This means that both described

phenomena are active at both 1.96 eV and 1.55 eV, but at di�ering magnitudes.

5.5 Conclusions

The photo-�eld e�ect in co-deposited a/nc-Si:H was studiedusing two photon energies.

Evidence for charge carrier transfer from the a-Si:H matrixto the embedded SiQDs was seen

by the measurement of the photosensitivity exponent in the accumulation mode
 c. Photo-

conductivity measurements along with an estimated generation rate were used to obtain a

(�� )e product for di�erent crystal fractions using 1:55eV and 1:96eV illumination sources.

This measurement serves a con�rmation of the presense of a growing population of dangling

bonds with ' .
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CHAPTER 6

CONCLUSION AND FUTURE WORK

For this dissertation, we set out to study the transport of charge carriers in a/nc-Si:H.

To do this, we took advantage of the �eld e�ect in the dark and under illumination. In

the dark, the �eld e�ect mobility of electrons and holes was considered for a range of SiQD

fractions (' ) in the a-Si:H matrix. It was observed that the rise of the electron mobilities of

the a/nc-Si:H TFTs were suppressed by the presence of a population of defect states that

grew with ' . The trapping of thermally activated holes, in SiQDs because of the presence of

a relatively large band alignment o�set between the a-Si:H and SiQD valence bands, resulted

in hole mobilities that decreased as a function of' .

We also considered the e�ects of photo-exciting charge carriers in the di�erent phases of

the composite material by taking advantage of the di�erences in their absorption coe�cient at

di�erent photon energies. By doing this, we saw evidence forcharge carrier transfer from the

a-Si:H phase to the embedded nanocrystals. An ubiquitous feature of all these measurements

was the signi�cant role that defect density played in limiting the advantages of the embedding

SiQDs in the a-Si:H matrix. It was observed that the density of additional defect states

increased with volume fraction of SiQDs. This in my opinion isthe most signi�cant barrier

for employment of this material technology in photovoltaicor microelectronic applications.

In order to solve this problem, the origin of the additional defects need to be understood.

For most of this thesis, it was assumed that the additional defects created as a result of the

embedded SiQDs existed in the a-Si:H matrix. A possible mechanism for the formation of

these defects could be restriction of the 
ow of the precursor gas (SiH4) by the presence of

SiQDs. In essence, in regions with high crystal fractions, the molecule is not able to penetrate

and grow conformal a-Si:H around the SiQDs. This could ultimately lead to the formation of

void spaces and defects. If percolation is achieved, carrier transfer through the SiQD network
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might be able to overcome this material system limitation. Thermal annealing could serve

as tool to encourage more interconnection between the silicon nanocrystals and the a-Si:H

matrix. Another problem is collection of holes in this co-deposited composite material. In

Chapter 4, we concluded that the o�set between the valence band of the a-Si:H and the

embedded SiQD was too large, at room temperature. This made the SiQDs act as traps for

hole. One possibility is to consider a di�erent host medium that will have better alignment

with the embedded quantum dot system. This should reduce theo�set between the valence

band of the host and inclusions. By doing this, one might be able to take advantage of the

enhancement in hole dynamics. It is also expected that if changing the size of SiQDs could

play a signi�cant role in the dynamics of holes in a nano-composite material such as this.

6.1 Solar Cells

Ultimately, for application of this interesting composite material, one would want to test

its performance in photovoltaic con�guration. To this end,we have done some preliminary

work using a/nc-Si in a PIN solar cell con�guration. In this study we evaluated the e�ect of

adjusting the Silicon Quantum dot (SiQD) composition of ourco-deposited nanocrystalline

silicon (ncSi) PIN solar cells.

The center of the samples have the highest concentration of SiQDs which reduces radi-

ally as you approach the edge of the sample. We are able to showa trend in the device

characteristics as we move across the samplesFigure 6.1. In this investigation, we showed

that the crystallinity had a signi�cant e�ect on the open circuit voltage (Voc), short circuit

current (Jsc), Fill Factor and Ultimately the power conversione�ciency of the solar cells.

More work is needed to properly characterize the e�ects of SiQD density for photovoltaic ap-

plication. During this study, we weren't able to determine the crystallinity of the a/nc-Si:H

because of the Raman signal produced by the Si substrate. Better design of the devices for

experimentation is required. One could also consider doping one or both of the constituents

separately as this is one of the unique features this deposition technique a�ords us.
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Figure 6.1: PIN Solar Cell Device structure. Also shown here isthe change in solar cell
conversion e�ciency as a function of position.
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APPENDIX

PHOTOCURRENT DEPENDENCE CALCULATIONS

This appendix section covers the calculations used for the formulations in Chapter 5.

A.1 Getting the power density of the illumination sources

For the work in this thesis, two continuous wave lasers were used. One commercial

2:5mW Helium-Neon laser, by Newport Corp, at 633nm and Ti:Sapphire laser built by the

Squier group in the Physics department. This Ti:Sapphire laser lases at 800nm and for this

work, is used in the none mode-locked c-w con�guration, withmaximum power at 250mW .

The HeNe laser was attenuated using neutral density �lters while the Ti:Sapphire laser was

attenuated using a waveplate and polarizer. In order to determine the exact power density of

each illumination source, the average power was measured with a Thorlabs PM100A power

meter and Si Sensor. The beam size at the focal point was measure using a CCD camera

beam pro�ler from Thorlabs(Figure A.1).

The areas were calculated by using two diametrically opposite points of the full width at

half the beams maximum intensity. The areas of the Ti:Sapphire and HeNe lasers were�

125 and 269�m , respectively. The power density is therefore the average power, at di�erent

attenuations, divided by the area of the focused beam.

A.2 Converting Illumination intensity to Photon Flux

The power of the illuminaition source was measured inmW and converted to the power

density mW=cm� 2. This unit, irradiance, isn't very easily converted to photocurrent. A

better unit is the photon-
ux with the units of cm� 2s� 1. This is especially appropriate as

we can estimate the number of generated electrons (Primary Photocurrent) if we know the

quantum e�ciency � G and charge collection e�ciency� C . To make this conversion, we start
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(a)

(b)

Figure A.1: a) is a 2D beam pro�le for the HeNe laser source, while(b) is the pro�le for the
Ti:Sapphire laser
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with the relation:

Ep =
h
f

(A.1)

whereEp is the energy of a single photon if frequencyf h is Planck's constant, 6:63� 10� 34J:s.

This lead to:

Ep =
hc
�

(A.2)

c is the speed of light, 2:998� 108m=s and � is the wavelength of light innm.

We can then proceed to calculate the number of photons by dividing the total energy in

mW=cm2 by Ep described above:

Np =
E
Ep

(A.3a)

=
E�
hc

(A.3b)

= ( E)(� )5:04� 1011cm� 2s� 1 (A.3c)

For example, an 800nm light with source with power density 68mW=cm2 will results in

a photon 
ux of:

= 68 � 800� 5:04� 1011cm� 2s� 1 (A.4a)

= 2:74� 1016cm� 2s� 1 (A.4b)

A.3 Calculating the Generation rate

Considering both consistuents of a/nc-Si:H, a-Si:H and SiQDs, have di�erent asborption

coe�cients ( � ), the photon 
ux is multiplied by the absorption coe�cient t o get the genera-

tion rates. For the a-Si part, for example, when illuminating with the HeNe. The generation

rate is given by:

GSiQD = � HeNe
SiQD � Np (A.5)
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