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ABSTRACT

When considering new materials for optoelectronic applicans, the transport of charge
carriers, in the dark and under illumination, in the materid is of utmost importance. In
this dissertation, the transport of charge carriers in co@posited mixed phase amorphous/-
nanocrystalline silicon (a/nc-Si:H), a nano-composite caisting of quantum con ned silicon
guantum dots (SiQDs) embedded in an amorphous silicon (a:#3) 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 amorpous silicon Im that is being
grown in a Plasma Enhanced Chemical Vapor Deposition (PECVIxhamber. With this pro-
cess, we are able to grow a/nc-Si with crystalline phase rang from about 2nm to 10nm.
Unlike conventional nc-Si, where the crystalline phase sizmd volume fraction are limited,
this gives us the opportunity to investigate the e ects of gantum con ned crystalline phase
on the overall properties of the hybrid material.

Using a/nc-Si:H thin- Im transistors (TFTs), we address the eects of the crystalline
phase on the electron and hole mobility, . and | respectively. An increase in . as a
function of increasing volume fraction; , of the crystalline phase, was succeeded by a gradual
' dependent decline. For the holes, however,, was found to decline over the measured
range. These observed trends ing(' ) were interpreted as resulting from the competition
between an enhancement in the transport of electrons due todlsilicon quantum dots and
a simultaneous suppression because of the presence of aoludti 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 defet density in the host, a-Si:H. For
holes, the persistent decrease in the measured mobility gegtedtrapping of thermalized
holes in the SiQDs because of the signi cant o set between ¢hvalence bands of the a-Si:H

and matrix.



Using 196eV and 155eV photons, we were able to selectively photo-excite carriens
either the a-Si:H or SiQDs. We took advantage of this to invéigate what e ects ' had
on dynamic features, like the photosensitive conduction exponent, and the mobility life-
time product, ( ). These dynamic features revolve around charge carrier gesteon and
recombination. From the measurements, we were able to infer the presence of SiQD uRcl
sions that are notcoupledto the a-Si:H matrix. We were also able to corroborate the deft
density increase with' .

Ultimately, using a simple yet powerful tool, the thin Im transistor, we were able to
investigate the macroscopic transport mechanisms involen an hybrid form of silicon for
photovoltaic applications. We were also able to identify athcharacterize 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 examed. We'll make a case for
silicon and present reasons to consider nanostructures asdues associated with goingmall
all in the context of photovoltaics, microelectronics anddrge area electronics. We conse-
guently comment on the attempt, made in this dissertation, @ investigate a hybrid form of
silicon comprised of bulk hydrogenated amorphous silicoa-Si:H) and silicon quantum dots

(SiQDs). Finally, a brief description of the proceeding chdgprs is given.
1.1 Motivation

In the past, researchers have considered, and in fact sucfaly implemented, PV and
microelectronic devices using bulk crystalline silicon,-8i:H, polycrystalline silicon, porous
silicon and even microcrystalline/conventional nc-Si:H1f5]. This tremendous success has
created a market dominated by silicon. Limitations in the ofical properties of conven-
tional bulk forms of silicon have led to, as in the case of margther bulk semiconductors,
signi cant research into the feasibility of employing its gantum con ned counterpart in
microelectronics, photovoltaics, and optoelectronics. @ of the major drawbacks of using
bulk crystalline silicon is its indirect bandgap which leas to weak optical absorption and
emission[6]. For example, this prevents the use of bulk siin in light emitting diodes (LEDSs)
and limits how thin a silicon PV cells can be. As an alternativéor PV applications, a-Si:H
was considered because of a low processing cost and highaogition coe cient[7]. Light
induced photodegradation, also known as the Staebler-Wrski e ect, where the defect den-
sity in a-Si:H is found to increase as a result of electromaggtic irradiation[8], has been the
Achilles heel of a-Si:H[9]. This e ect is not completely undstood, but models generally
suggest that the non-radiative recombination of electrohele pairs, formed during optical

illumination, give o enough energy to break weak Si-Si borgdthat are nearby. Amorphous



silicon is typically grown with nearly 10% H incorporation b terminate dangling bonds[10].
During photodegredaton, a hydrogen atom near the broken Si-bond can terminate one of
the bonds, but this leaves behind a Si atom with an unterminad bond. These dangling
bonds are known sites for recombination of electron-holeipgain a-Si:H. In fact, they are
considered to be the main contributors to deep lying states ithe band gap[11]. Because of
the Staebler-Wronski e ect, despite having a high initial atput, a-Si:H based solar panels
degrade with an exponential time dependence. They exhibihanitial conversion e ciency
decay of approximately 20% after 1,000 h under 1 sun and a safjgent degradation of 5-10%
for the next 10,000 h. This latter decay, because of its relaely slow rate, is described as
photostabilizatior{2, 12]. Ultimately, this, along with other factors like the pesence of deep
hole traps and low hole mobility[13], was a major cause of &% 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 fase as a thin Im silicon-
based PV absorber. Conventional nc-Si:H, sometimes refar®® as microcrystalline Si, is
a form of silicon that is grown via a chemical vapor deposittomethod similar to methods
used to grow a-Si:H. It is made up of relatively small crystafie silicon grains in an a-Si:H
matrix. These crystalline grains form spontaneously wherhé precursor, silane (Sil), for
a-Si:H CVD growth, is diluted with hydrogen[14]. Microcrysalline silicon has promising
properties, such as higher carrier mobility compared to ak8l[15], reduced Staebler-Wronski
e ect [16, 17] and higher Jsc as a result of improved quantum eiency in the infrared part of
the solar spectrum[18]. It also o ered promising possibiles, including the ability to change
the band gap by controlling the size of the crystalline grasn However, microcrystalline
silicon has some disadvantages as a PV material because oks# 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 growtthere is signi cant di culty
associated with experimentally realizing control of the gstalline grain properties such as

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



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

We have developed a method of embedding separately syntlzesi crystalline SiQDs into
PECVD grown a-Si:H via a co-deposition process thereby elinating the issue of uncon-
trollable crystalline grain sizes. With this process, whiclnelies on growth of the SiQDs and
amorphous matrix in separate zones, we can potentially maain 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 discussicentering around the use of
a-Si:H and nc-Si:H for PV applications, it is useful to poinbut other areas in which these
semiconductor excel. For example, a-Si:H and nc-Si:H havedn used as the active layers for
Thin Film Transistors (TFT) used in large area electronics lik active-matrix liquid-crystal
display (AMLCD)e.t.c. [19]

As scientists, we are constantly confronted with the need toedide whether to investigate
the interesting or the useful. Rarely do both coincide, as the case with quantum con ned
nanomaterials for photovoltaics (PV), optoelectronics ordrge-area electronics (LAE) ap-
plications. This feature of this research area has made it aohtopic for a while. Bulk
semiconductors, including di erent phases of silicon (Sifzallium Arsenide (GaAs), Gallium
Selenide (Ga xSe), Cadmium Telluride (CdTe), and IlI-V semiconductors, hae dominated
the market for PV, microelectronics, infrared detectors, dpelectronics and LAE applica-
tions. However, nanostructures of these semiconductors,aium mechanically con ned in
one dimension, also known as quantum-well con nement[2@yo dimensions, as in the case
of nanowires[21]; or in three dimensions, i.e. quantum dof®Ds) [22], o er several unique
and promising properties. In QDs for PV applications, for eample, some of these properties
include how the bandgap of the semiconductor can be tuned dtee 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 aterial's diameter is on the
order of the Bohr exciton radius of the bulk semiconductor,.8nm in silicon [25]. The charge

carriers in the semiconductor then become con ned to that ggon by a potential barrier,



created by the boundaries of the material with another mat@al or with the environment,
leading to a change in the optoelectronic properties. Of netis the move from continuous
to discrete energy levels. This change in the con gurationfdhe energy levels allows for
widening of the energy gap between Lowest Unoccupied MoleauDrbital (LUMO) and the
Highest Occupied Molecular Orbital (HOMO) as the potential wik dimension decreases in

guantum dots, i.e. the band gap of the material increases aset size decreases.

>

One photon yields
) € | two e—h* pairs

(D

EIgap Multiple Exciton Generation
(MEG)

h+

-
o NNANIA

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

The tunability of the bandgap of quantum con ned materials an 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 nemen, is the enhancement of the
relatively weak absorption in bulk semiconductor, specially 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 quatum con nement are the
carrier dynamics. The dynamics referred to here are used taestribe material proper-
ties related to charge carrier excitation, relaxation, gesration and recombination. These

dynamic properties change indirectly from quantum con nerant as they rely on static phys-



ical properties. An example of these dynamic properties cited by quantum con nement is
multi-exciton generation which is a scenario in which chaegcarriers excited with photons of
energy higher than the bandgap of the semiconductor, ofteeferred to as hot carriers, can
produce multiple electron hole pairs. In bulk semiconducts, this process often referred to as
impact ionization is not very e cient as the carriers are moe likely to relax to the band edge
via phonon emission. In QDs however, the relaxation dynansicare signi cantly di erent.
First, because of the formation of discrete electronic statedue to quantum con nement,
phonon related hot carrier cooling rates can be reduced[27here is also an enhancement
of the Coulomb interaction between electrons and holes, lzse their wavefunctions are
forced to have greater overlap, that results in a signi canincrease in the Auger rate rel-
ative to thermal cooling. These changes in the relaxation dgmics 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 nanostruates 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 suggjed that the increased
radiation hardness is due to reduced migration of photo-exxed carriers to non-radiative
recombination centers. This improved radiation tolerancenakes 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 soleell 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 salaells have a theoretical limiting
e ciency of 86:8% [30]compared to 32% [31] in conventional single-junction solar cells. To
make higher e ciency solar cells using a tandem design, dirent bulk semiconducting layers
have to be both structurally and chemically matched. This tak is notoriously di cult for
two reasons. The rst is the complexity of identifying materal candidates with the appro-

priate semiconducting and optoelectronic properties, kkthe right band gap, to be used in



tandems. The second di culty is based in the experimental ralization 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 conditons needed for one layer may
not be suitable for the proceeding or preceding layers. Withugntum con ned semicon-
ductors, like SiQDs, the tunability of the band gap, and here absorption edge, opens the
door to vastly greater permutations of semiconductor laysrwith 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 thenfiavorable e ects that
accompany the aforementioned bene ts. The most prominent ahich, in quantum con ned
nanomaterials for PV applications the introduction of moresurface area. This added surface
area increases the potential for defects. It also necess#sthe need for inter-nanostructure
transport across these surfaces. This ultimately leads toe cient charge transport [24]. For
a photovoltaic solar cell to work, three things need to hapme (i) There must be absorption
of photons from irradiated light from the sun. These photonsnust have energies above
the band gap of the absorbing semiconductor in order for therto be (ii) a generation of
charge carriers, i.e. electrons and holes. These photo-geated charge carriers come about
di erently in di erent systems. In organic semiconductor ystems, they appear as excitons
(bound pairs of electrons and holes) because the high bindienergy of carriers relative to
kT. This high binding energy results from the relatively low ddlectric constant of the organic
and its large e ective mass. But in bulk inorganic semicondtors having higher dielectric
constants, the photo-generated carriers quickly become correlated at room temperature
and separated into free carriers. These electrons and hobes move freely in the conduction
and valence bands of the semiconductor, respectively. XiiThe photo-generated charge
carriers must then be collected at the electrodes to be useda PV cell. For inorganic solar
cells, an internal electric eld is required to collect the lsarges. This is most commonly done

with the use of doped junctions (P-N or P-I-N cells) or contas having suitable workfunctions



(MIM or MIS cells). In the case of organic PV however, where #hcarriers are bound as
excitons, there has to be a dissociation of the excitons toeate free carriers that can be
collected in a fashion similar to the inorganic cells. To rdiae this dissociation, an interface
between two materials with di erent band energetics, a hetejunction, 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 intode electrons on one side of the interface
and holes on the other. Despite not appearing as a feature ialk inorganic semiconductors,
atomistic calculations including many-body interactiongerformed on systems of quantum
con ned silicon nanocrystals suggest an increase in the é@ot binding energy resulting
from quantum con nement[24]. This e ect can make charge caer collection signi cantly
more dicult. It is also exacerbated when one considers theahdscape of the QD solar
cell de ned by a large number of QDs with di erent orientatilns and sizes. In essence, in
order to collect charge carriers e ectively in QD PV systemsone would have to e ectively
separate the excitons and get the resulting carriers to e @ntly travel through a cluster of
QDs without recombining. This issue is related to the high exton binding energies in each
QD and the e ective barrier between dots as well as the defestructures of the dots and
their surfaces. To collect carriers in these quantum dot sigsns, several proposals have been
made and researched. Strategies range from stacking the Qfdssely together, to the use of
ligands to enhance dot-dot coupling without compromisingan nement, or dye-sensitization

of nanocrystals, to embedding these quantum dots in matris82][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 invegtated. To be specic, we
experimentally investigate the transport of both dark and poto-generated charge carriers
in co-deposited system consisting of silicon quantum dotmbedded in an amorphous silicon
matrix. Field e ect thin Im transistor (TFT) structures are u sed to investigate carrier

transport as a function of QD parameters and density in the & matrix. In particular,



we investigate the carrier eld e ect mobility. We also congler the sensitivity of the con-
duction to photon energy and intensity to gain insight into he character of the electronic
transport mechanisms in co-deposited a/nc-Si:H. Chapter 2vgs an introduction to some
of the physics of a/nc-Si:H. This will cover ideas like the ataic and electronic structure
of, and electronic transport in the di erent phases of the amposite, and how they might
combine to perform together. This chapter also deals with thdevice physics of the TFT
structures. In Chapter 3, the experimental methods emplogethrough out the thesis are
explored. Chapter 4 considers electron and hole mobility ithe 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, inh@pter 6, we discuss the potential
relevance of this work. Suggestions for extensions and pbaties for other researchers to

tackle are o ered.



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 nangstals otherwise known as silicon
guantum dots (SiQDs), is considered. To properly set the gj@, this chapter will present
introductory material that covers the relevant discussioron the physics of silicon and its

phases. We'll also delve into the relevant device physics ahc-Si:H thin Im transistors.
2.1 Introduction to Silicon

Silicon has played a leading role in the Photovoltaic (PV) andhicroelectronics industry
partly because it is earth abundant ( about 90% of the earthgast is made up of Silicates), it
IS non-toxic, and it has advantageous optoelectronic proges. Through extensive use and
study of silicon, an added bene t of a well-established inditry is the collection of knowledge
based on silicon processing that has emerged.

This section will discuss the di erences between the two pbka of silicon that comprises
our co-deposited a/nc-Si:H, a-Si:H and SiQDs, in terms of threrespective 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 thiack of long range order in a-
Si:H. (Figure 2.1). Crystalline silicon has a characteristitetrahedral bond angle of 109 and
Si-Si bond length of @3nm. The silicon atoms have four-fold coordination, i.e. eachi@n
is covalently bonded to four other Si atoms except in cases wcancies or interstitials. In
a-Si:H, the bond angles and lengths can vary, by 10% and 1% respvely, from the charac-
teristic angle and length in c-Si[11]. Despite the theoretal possibility of makingperfect a-Si

without unterminated bonds, experimental realization of sch is di cult as the presence of



Figure 2.1: Representations of computationally construatiea) a-Si and b) c-Si. These
were obtained by the Wooten Winer Weaire bond switching algihm([33] and a have bond

lengths, angles, and dihedral angles comparable to expeentally observed values[34]. Image
courtesy of Prof. Mark Lusk[35]

disorder encourages dangling bonds. Hydrogen in a-Si:H paates the unterminated bonds,
thereby reducing the defect density[10]. It also encouragéour-fold coordination in a-Si:H.
The electronic structures, this will be discussed in the nexection, of both amorphous and
crystalline silicon are determined by their respective atoic structures. Simply, deviations
from the characteristic structure in c-Si leads to features the electronic structure of its

amorphous equivalent. These deviations include distortioof the bond angles and lengths,
broken/unterminated bonds, and bonding arrangements withtli erent coordinations. Ex-

perimentally, the atomic structure of these phases of siba, and other materials, are usually
studied by scattering electromagnetic radiation o the samle and analyzing the energetics,
di raction or absorption of the irradiated source. These tehniques include, but are not
limited to, X-ray scattering[36], Raman spectroscopy[3&}], contrast electron microscopy
and electron di raction[38] e.t.c. and in some instances n&on di raction[39] is employed.

In this dissertation Raman spectroscopy is used a the primarcharacterization method of
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the amorphous versus crystalline character of the silicorabed Ims being studied.
2.1.2 Electronic Structure (Density of States)

As noted earlier, the electronic properties of silicon are gendent 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 sp® orbitals with a tetrahedral geometry[40]. The valence and
conduction bands arise from the splitting of these orbitaJ9y bonding interactions, into the
anti-bonding (conduction bands) and bonding (valence basjl orbitals(Figure 2.2). Between
these bands, is d#orbiddengap where localized states resulting from non-binding othls, like
dangling bonds, reside. For c-Si, because of the presencbath short and long range order,
the picture is just as described previously. There is a shatpansition from the conduction

band extended states to the band gap and to the valence band.
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Figure 2.2: Molecular Orbital model of the electronic struatre in Silicon. Adapted from
R.A. Street's Hydrogenated Amorphous Silicon[11]

Electronic states that exist in the band gap are discrete anarise because of point defects
like interstitials, dangling bonds and vacancies or exterd defects like dislocations. In a-Si:H
however, the distortion of the bond lengths and angles leatls a softening of the transition

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

from the non-binding silicon interactions, i.e. unterminged/dangling bonds (Figure 2.3).
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Figure 2.3: Representation of the Electronic Density of Stas of a) c-Si and b) a-Si:H

To obtain information about the electronic structure and dstribution of electronic states,
experimental techniques such as Photoluminescence (PL)hd&oluminescence Excitation
(PLE), Photothermal De ection Spectroscopy (PDS) and Eleton Spin Resonance (ESR)
are used. One can also employ techniques that involve manigiing the space charge to
infer electronic information. Deep-level transient speodscopy (DLTS), space charge limited
current (SCLC) and the eld e ect in thin Im 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 initialy, a simple picture of the electronic
structure of this hybrid composite material. First, guantumcon nement of charge carriers in
the nanocrystals will a ect the DOS. For example, at the sizeange of these SiQDs (3-10nm),
their band gap increases as the size of the SiQD decrease}{42][24][43]. This can be seen
from the Photoluminescence (PL) measurements [Figure 2.4owever, by surrounding the
SiQDs by an a-Si:H matrix, the strength of the quantum con nenent is found to be weakened

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

2.1.3 Electronic Transport

One of the leading consequences of the electronic structuwe the relevant phases of
silicon, a-Si:H and SiQDs, is how charge carriers move thigluthe material. This is obviously
extremely important for the operation of photovoltaics andnicroelectronics. Experimentally,
most of the techniques used to investigate the nature of clge carrier transport in both c-Si
and a-Si:H can only give an averaged picture. This average demprised of the intrinsic
transfer rate, scattering and charge trapping.

In a-Si:H, because of the presence of an added distribution lotcalized states in the
band gap and band-tails compared to c-Si, electronic transg relies on three mechanisms.
These transport mechanisms are the extended state condwctj band tail conduction and
hopping conduction at the Fermi level. In the extended stat conduction occurs via ther-
mally activated carriers. Comparing the extended state caluctivity for a-Si:H and c-Si, it
becomes clear that the disorder in a-Si:H introduces scatieg e ects that limits its trans-

port. Basically, the scattering length in c-Si is much longe about 100A, compared to
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a few inter-atomic distances in a-Si:H [11]. Consequentlthe extended state mobility of
electrons and holes in a-Si:H is reported to be abo6t10cm?=(V s) and 1cn?=(V s), re-
spectively, compared to 1400m°=(V s) and 45@&m?=(V s) for c¢-Si. In the band tails,
carriers can get localized in states that are immobile atkD. At elevated temperatures, how-
ever, transport occurs by a hopping of charge carriers betare states and into the extended
states(Figure 2.5). This process limits the e ciency of trasports and further lowers the
mobility of carriers in a-Si:H. One key consideration is thene ciency of hole transport in
a-Si:H because of the presence of a signi cantly larger dagf bandtail localized states at
or below the valence band mobility edge. This gives hole drihobilities in a-Si:H of about
0:01cm?=(V s) compared to1-0.5cm?=(V s) for electrons[11]. Typically, because a-Si:H is
hydrogen passivated, there is signi cantly less contribitn from the hopping conduction

mechanism at the Fermi-level to the total transport.
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Figure 2.5: Schematic of electron trapping in and reemissidrom localized states in the
band tail. A similar picture is present for holes in the valece band mobility edge

By combining a-Si:H and SiQDs, one can hope to expect a few iroped features. The
most exciting of these is the mediation of hole transport byharge carrier hopping between

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

Upon illumination, excess carriers get generated and poptéathe extended and localized
states. These excess carriers can recombine in the localigeates thereby appreciably limit-
ing the photocurrent. In crystalline silicon, because of # presence of long range order, the
recombination lifetime is limited mostly by radiative, Auge and Shockley-Read-Hall (SHR)
recombination. Radiative and Auger recombination are intrisic e ects whereas, SHR recom-
bination occurs because of the presenceddfectsin c-Si. These defects can be intentional,
as is the case with doping, or unintentional, vacancies, itstitials, impurities or extended
defects like grain boundaries of surfaces. Either can lead the presence of non-bonding
electronic states in the forbidden gap where an electron (arhole, if hole transport is being
considered) can get trapped. This trapped electron can alsecombine 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 rakation into its ground state in
the valence band thereby recombining with a hole. This pross is less important relative to
other processes in silicon because of its indirect bandgaghe other intrinsic recombination
process is Auger Recombination. It is a recombination procesvolving three charge car-
riers where the excess energy emanating from the recombioat of an electron and hole is
transfered to a third carrier. This carrier then gives its nely found energy by means of heat
to the lattice, a process known as thermalization. The ratefdAuger recombination greatly
depends on the number/ density of charge carriers, either duo substitutional doping or
photogeneration.

In this thesis, we consider crystalline SiQDs in an a-Si:H rr&. This adds an extra
layer of complexity, i.e. quantum con nement and its e ect m carrier generation and re-
combination. For generation for example, a reverse Auger press called impact ionization
becomes prominent due to quantum con nement[23]. Impact hozation is the creation of a
charge carrier with the energy lost by another energetic ctge carrier. For instance, an elec-

tron in the valence band can be nudged into the conduction bdnby another photo-excited
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electron with excess kinetic energy. This process results the creation of more that one
electron-hole pair for a single high energy photon. In quamtn dots, this particular form of
Impact lonization is referred to as Multi-Exciton Generaton (MEG). There are also e ects
due to extra surface area and surface defects. For examplespibility of mismatch between
the energy levels of nanostructures. Also, because of quamteon nement, excitons, rather
than free carriers, have to be considered [22]. There is alo enhancement of the Coulomb
interaction between electrons and holes which leads to a h& Auger recombination rates.
Not of inconsequence is the formation of discrete energy lessén the extended states of
SiQDs because of quantum con nement. This has been shown tgrs cantly slow down the

rate of relaxation of excited electrons to the conduction vl 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 condtigity 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 d&ertation is shown in Figure 2.6.
The source and drain electrodes form contacts with the seroimductor, a/nc-Si:H in this
case, which sits on an insulating oxide called the gate oxid&his gate oxide in conjuction
with a gate electrode is used to modulate the charge conceation in the semiconductor
channel above the oxide by attracting carriers to the oxidenterface by a process known as

accumulation.
2.2.1 |-V Characteristics

Typically two forms of current-voltage measurements are ad to characterize TFTs.
The rst involves applying a constant bias at the gate electwde with respect to the source
electrode Vss) and measuring the current [ps) between the source and drain electrodes
as a function of the applied voltage between said electrod€gps). The gate voltage is

typically stepped to generate a family of curves as seen in {fire 2.7). This form of I-
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Figure 2.6: Schematic of a generic eld-e ect thin Im transstor.

V measurement is referred to as the output characteristicd the TFT. Alternatively, one
can obtain | ps by holding Vps constant and sweeping/gs. The resulting |-V is called the
transfer characteristic (Figure 2.10). While the output chaacteristics give a more complete
picture of the operation of the TFT, the transfer characteriics are signi cantly more useful
in extracting information of the electrical properties of he TFT.

These electrical characteristics can be described by catesing a conventional MOSFET's
gradual channel model[46] (Figure 2.7). In the linear regiprde ned as where the drain
voltage (Vps) is less than the di erence between the gate voltagev§s) and the threshold

voltage (Vy):

Vbs <Vgs Vi (2.1)

The drain current, (Ips) is described by:

w 1
Ips = FeTiin Cins T[(VGS Vihilin EVDS)VDS] (2.2)
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where reriin IS the mobility in the linear region of TFT operation, Ci,s is the gate
dielectric capacitance per unit area anlV and L are the channel width and length, respec-
tively. The threshold voltage is the gate voltage need to asmulate enough charge carriers

in order to form a conductive channel.
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Figure 2.7: Sample Output Characteristics of a a/nc-Si:H TFT.

In the saturation region the drain voltage ¥ps), is greater than or equal to the di erence

between the gate voltage\(ss) and the threshold voltage ¥4 ):
Ws Ves (2.3)
The drain current, (Ips) is described by:
Ips = FeT;sat Cins \ZN_L(VGS Vin;sat ) (2.4)
2.2.2 Normalizing the Thin Film Transistor Electrical Characteristi cs

A/nc-Si:H thin Im transistors can take on di erent geometries. These geometries are
usually utilized to observe specic properties of the TFTs, 0movercome practical limita-
tions in device fabrication. Because of this variance in geetric parameters from sample
to sample, a method is required to properly compare di erensamples. In this work, the

normalization of the transfer characteristics is done in th style of S. Martin et.al [47]. This
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normalization, as will be seen below, is particularly useffior extracting device parameters
like the Threshold voltage of a TFT (V), the mobility of charge carriers () and the sub-
threshold swing. This concept will also prove key in taking dvantage of the Gated-Four
Probe TFT Structure described below.

In the linear operating regime of a TFT, the measured drain cuent (Ips) can be nor-

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

IpsL
= 2.
G Voo W (2.5)

W and L are the width and length of the channel, respectivelgnd Vs 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 ralysis of the electrical char-
acteristics of thin Im transistors that use di erent compositions of SiQDs and a-Si:H as
their active region. Accurate interpretation of the intringc properties of this hybrid ma-
terial is easily obfuscated by non-idealities in the measements. Of these non-idealities,
the contribution of parasitic resistances at the source andrain contacts rank among the
most signi cant. In our systems, this contact resistance isot negligible. The eld e ect
results discussed in Chapter 4 are done in the saturation iete, where the parasitic series
resistance isn't very relevant. This can be seen from Equah 2.4, whereVps isn't a part
of the equation necessary to calculatie,s. Ideally, all the measurements will be done in the
saturation region. However, in Chapter 5, the TFTs have to be eracterized in the linear
regime because the application of highps complicates the interpretation of the values we
are interested in. In this regime, the series resistance dida source and drain contact could
potentially dominate the measurement (2.2). To this end, whave employed the Gated-Four
Probe (GFP) TFT geometry as conceived by Chen et al. [48] to cact for the e ects of the

parasitic resistances at the source and drain contacts iméar 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 tk source and drain
contacts that exclusively sense the voltage drop across tbieannel. Since there is no current
owing through them, the measurement at the probes serves as contact resistance free
representation of the e ective applied source-drain volge (Vps). 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 achieva 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 pertipations caused by the probes
should not matter as long as the current is known and the prokere far enough apart that
any lateral depletion does not a ect the channel length apgciably. Another assumption
needed to be made for successful implementation of this teaue is that the voltage at the
interface between the contact and a/nc-Si:H is the same asetvoltage within the channel.
This assumption is similar to that made when considering a ogentional TFT. Here the

resistance freechannel conductanceG? and the e ective gate voltage, Vs, are obtained

20



by:

Go= los L (2.6a)
WV, '
V,
Vs = Ves 3" (2.6b)

whereLis the distance between the voltage sensing probes, avidis the voltage across

the probes.
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Figure 2.9: Normalized channel conductance for a conventidn@reen) and GFP (blue)
A/nc-Si:H TFT with a linear t (red) in the dark. The top plot ist 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/8cH devices. One
important consideration is the di erence between the inputimpedance of the voltmeter
used to sensev, and the resistivity of the device under test. For measuremenin the

dark (in undoped a/nc-Si:H), this was a evident in the subthrghold region of the transfer
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characteristics. For example, in Figure 2.9, the voltage bseen the sensing probes in the
region of 0 3V (Vgs) is due to this instrumentation limitation. In this range, the voltmeter
senses aropen circuit. This however, was inconsequential for measurements in thight
or those that required information about the TFT under accumiation, 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 structureGFP) 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 fran the transfer characteristics.
In the linear region, smallVps relative to Vy,, one can obtain the mobility by tting the
slope of the linear portion of the transfer curve. This slopem;,, can be used along with
geometric properties of the TFT to obtain the mobility accoréhg to Equation 2.2. In the
saturation regime, the slope of the square root ¢fs, msy is used (Figure 2.10).

The mobility obtained here, as is the case with most experimglly 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, whilde drift mobility is the e ective
mobility that is impacted by scattering and trapping due to kck 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 MOSFETSs, except for a couple dis-
tinct di erences. One of these di erences is that the spaceharge in a/nc-Si:H photo-TFTs
does not result from the presence of ionized dopant atoms blied midgap trap states, local-
ized band tail states and presence of photoexcited chargeroars. By carefully considering
Shockley-Read-Hall (SRH) recombination kinetics[49] and alge neutrality, one can get an
understanding of the physics of the photo- eld e ect in nc-BH TFTs. In general terms, at

zero gate bias, the Fermi level is close to midgap and the TFTiis atband condition. When
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Figure 2.10: Examples of Transfer Characteristics in the (Ajnear 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 appliedphotogenerated electrons move

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

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

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

of charge carriers perpendicular to the source-drain cunepath because of recombination

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

terms of recombination, space-charge redistribution andux of the charge carriers[50][51].
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Figure 2.11: Suggested description of a/nc-Si:H photo-TFT isteady state under illumina-

tion.
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CHAPTER 3
EXPERIMENTAL METHODS

Critical to a complete understanding of the results and disssions that will be presented
in later chapters, the experimental techniques used to gehése results is needed. This
chapter will provide that foundation on which the reader camely 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 curremoltage analysis and Raman

Spectroscopy.
3.1 Device Fabrication

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

using the methods described below.
3.1.1 Substrate Preparation

The fabrication process forbottom gate staggere@/nc-Si:H TFTs, used in this disser-
tation, is illustrated in (Figure 3.1). Here bottom gate staggred TFT describes the con-
struction of the TFT. In this con guration, the gate and gate axide are beneath the active
region (bottom gate) and the source and drain contacts are ate (staggered) rather than
on the same plane as the a/nc-Si:H channel. The fabricatiorefins with a 280m thick boron
c-Si p++ wafer, resistivity 0.001-0.005 -cm, on which a 90 m dry thermal oxide has been
grown as the starting substrate. The oxidized wafer is puresed commercially from Univer-
sity Wafer Incorporated. This substrate is subsequently eaned with acetone and Isopropy!l
alcohol (IPA). The substrate is then patterned using photodhography to de ne the regions
for 100 nm of Al to be thermally evaporated (Figure 3.1a and b). Té Al is lifted-o0 in

acetone and cleaned using IPA and DI water (Figure 3.1c). ThedAl pads serve adack
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re ectors for Raman Spectroscopy, see Section on Raman Spectroscoplythis point, the

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

[ ] Photoresist
SiO, (Gate Oxide)

B p++c-Si Wafer
(@) [ Aluminum

(b

©

Figure 3.1: Cross-sectional schematic of the TFT substrate gparation 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-crystée Silicon (a/nc-Si:H), we
have utilized a custom hybrid dual-zone reactor. The reaatds based on a modi ed PECVD
deposition chamber mounted on a cluster tool. Modi cationgo the reactor to allow this
new material to be deposited, and an optimized process foretdeposition, were developed
over several years by members of our research group, please Bigure 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 ase of my tenure as a graduate
student, | was involved in several projects necessary to figkapitalize on the potential of the
PECVD cluster tool. These projects include the implementatin of a load-lock attachment

to the growth tool, modi cations to computer code for sampldransfer robot control, safety
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procedures update, and thorough leak checking of di erenssential vacuum components of
the cluster tool. | now operate the system to grow samples fainis study as well as other

members of the group.

a-Si
Precursor:
Silane

Chamber pressure: 0.5 Torr

Growth Temperature:
200°C

SiQDs
Precursor:
Dilute Silane in Argon

SiQDs reactor tube
pressure: 3.75 Torr

INozzIe: to maintain pressure differential between growth zonesl

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

This hybrid reactor consists of a Plasma Enhanced Chemicahlor Deposition (PECVD)
chamber for growth of amorphous Silicon (a-Si:H) and a ow tlough silicon nanoparticle
tube reactor. Researchers have previously realized conttenal 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 degition[55, 56], radio-frequency
magnetron sputtering[57]. These methods are limited by tireinability to produce nc-Si
with highly controlled crystalline grains while maintainng the quality of the a-Si:H phase

of the a/nc-Si:H. Our technique, by separating the growth offte amorphous and crystalline
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phases, has resolved this issue thereby allowing growth e6aH and crystalline grains, in
the form of SiQDs, ranging from 3-10 nm diameter in size [58The PECVD chamber for

a-Si:H growth is a commercially available tool, made by MVSymms, with a 10 x 10 cm RF
powered electrode plate modi ed to include an interchangbée slit. A prepared substrate is
loaded on a downward facing plate with dimensions similar tihe electrode plate. This plate
is loaded in the chamber above the electrode plate and is segtad by 10mm. The substrate
is held at 20 C. In order to grow a-Si:H, silane (Sik) is introduced into the chamber at 20
sccm. The pressure in the chamber is maintained at 500 mTomrbughout the process by a
throttle valve with pressure monitored using a Baratron gage. A capacitively coupled Sik

plasma forms between these two plates when an RF power of 1-2%¥ operating at 13.56
MHz is applied leading to dissociation of SilHinto radicals that react and form a-Si:H on
the heated substrate.

Simultaneously, SiIQDs are created by a similar plasma prasein a ow-through quartz
tube [59]. Dilute SiH;, 0.45% SiH in Ar, ows through the quartz tube at rates ranging
from 70{100 sccm. Two RF powered copper rings are clamped anad the tube and used
to generate a plasma. In the plasma, SiHis decomposed into radicals that nucleate to
form small SiQDs which subsequently coalesce to form largearticles. Mangolini et all[59]
argue that carrier recombination with the Ar ions produced inthe plasma results in SiQD
temperatures well in excess of ambient (80(°C) resulting in crystallization and growth of
SiQD size. These SiQDs are carried in the process gas streamd are accelerated through
the slit in the bottom RF powered electrode plate into the a-8H PECVD chamber. They
are then embedded in the concurrently growing a-Si:H that sees as a matrix. The slit
in the electrode also serves the purpose of separating the ®#D 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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[ ] p++ c-Si Wafer
[ Aluminum

Figure 3.3: Schematic of TFT sample after deposition of a/nctSl 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-sensingeetrodes for GFP-TFT de-
vices(Figure 3.4a). Next, 100-115nm of Al is evaporated (Figui@4b) and lifted o in
acetone to create the source and drain contacts (Figure 3.44)/hile the front side is covered
in a thick coating of photoresist, the thermal oxide on the bekside of the wafer is then
removed by a wet etch in Bu ered Oxide Etch (BOE), a solution omprised of a 1:6 volume
ratio of to 49% HF in water and 40% NHF in water. Another round of thermally evaporated
Al is deposited on the freshly exposed backside of the highdgped Silicon wafer as the gate

contact (Figure 3.4d).

a/nc-Si:H
SiO, (Gate Oxide)
p++ c-Si Wafer

Aluminum

Photoresist

@
: :
)
;
@
Figure 3.4: Process ow for device fabrication completion
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Next, a second level photolithography mask is used to de ne area around each chan-
nel region. Reactive lon Etching is then used to etch away exsenc-Si:H which isolates
individual devices (Figure 3.5). The completed devices arben ready for Raman and elec-
trical characterization. The design of the components wasasen to increase packing of the

transistors to enable study of a wide range of SiQD crystaldctions.

Al Pads
for

Raman

Voltage Sensing Probes

(@) (b)

Figure 3.5: Top view of the a completed a/nc-Si:H TFT obtained sing Optical Microscopy.

(a) Shows the packing of the TFTs, while (b) is a zoom-in on onédewing more detail. The

Al Raman pads have a di erent color from the electrodes becagishe Raman pads are buried
underneath the a/nc-Si:H.

3.2 Raman Spectroscopy

Raman Spectroscopy is a technique that takes advantage oélastically scattered monochro-
matic light to determine the vibrational modes in a materialsystem. In this section, | will
describe how Raman Spectroscopy is used to determine the staflinity 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 radiatio, it can be scattered o
the sample in three ways. It could scatter o the sample whileetaining all its energy. This
form of scattering is referred to as elastic or Rayleigh s¢ating. The other two ways of
incident light scattering involve a change in the energy otk scattered photon, i.e. inelastic
scattering. The situation where the scattered photon hasuer energy in comparison to the
incident photon by giving energy to create a phonon (or otheiundamental excitation like
a magnon in magnetic material) in the sample is referred to &tokes scattering. Inversely,
where there is an inelastic gain of energy by the scattered gtion through annihilation of a
phonon, the process is described as anti-Stokes scatteriig both Stokes and anti-Stokes
scattering, a resulting shift in the energy of the inelastally scattered light occurs because
of the Raman e ect. [60] [61]

To be clear, the scattering described here refers to the iméetion of the incident light
with the bonds of the molecule and its polarizable electronetisity. This interaction causes
a transient move in a molecule from its quantized vibratiorisstate to a virtual energy state.
The resulting vibrational state is either the same as (Rayigh scattering), higher in energy
than (Stokes scattering), or lower than (anti-Stokes scattring) the starting state Figure 3.6

[62].
3.2.2 Spectroscopy Instrumentation

Raman Spectroscopy utilizes the inelastically scatteremht as a function of the di erence
in energy between the incident and scattered light to deted®aman active excitations in the
sample. Experimentally, the Stokes process is about®fimes more e cient than the anti-
Stokes process (both of which are drastically less e cienhian the Rayleigh line) and hence,
scattered light from this Stokes process is more commonlylleated.

To measure the Raman scattered light, which often has a reia¢ly weak strength and

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

with a known wavelength is used an excitation source. Opticare used to Iter out the
Rayleigh line and direct the inelastically scattered lighto a spectrometer where the light is
dispersed onto a multichannel detector to obtain a spectruwf inelastic scattered intensity vs
energy or wavelength. For our experiments, most of the Ramameasurements are done using
a WiTec confocal Raman spectroscopy apparatus which allowsasurement of 100 micron
size regions of the sample. The excitation source is a doubMAG cw-laser operating at 532
nm. Detection is in the back-scattering con guration. Rama lines often exhibit polarization
sensitive selection rules that can be used to enhance andntify lines. Because the lines
we use for c-Si and a-Si:H are well known and have been studfed years [36], no specic
relationship of the collection polarization relative to tle 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 tetérmine the crystalline
composition of of nc-Si:H. All of these methods, as will oursake advantage of the di erence
in the Raman modes of c-Si and a-Si:H[64][36]. A-Si:H has a ldndinal acoustic mode,

longitudinal optical mode and a transverse optical mode. Tése modes are observed in the
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Figure 3.7: Sketch of the WiTec confocal Raman Spectrometer. ddi ed from the WiTec
Website [63]
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Raman spectrum from about 180 cm to 480cm !. At about 521 cm !, the transverse
optical mode for c-Si shows up (Figure 3.8). Initial approa@s to analyzing crystallinity
relied heavily or almost exclusively on peak tting routine [58, 65, 66]. This way, the ratios

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

lesi+ Ign
c= = = (3.1)
lcsi+ lgbst lasi

Where . is the Raman crystallinity, | csi, | gbs and | 5si are the areas under the Gaussians

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

© Raman Signal
— Fit
a-Si:H LA modes
B a-Si:H LO modes
@ a-Si:H TO modes
@ ne-Si:H grain boundary TO modes
®E nec-Si:H TO modes

Raman Intensity (a.u.)

T 1
300 350 400 450 500 550 600
Wavenumbers (cm")

Figure 3.8: Raman tting procedure used in this work. Five Gausian 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 sgi@g line-shapes and number of
peaks. This is complicated, even in conventional nc-Si:H, dsuse of the added contributions
of longitudinal acoustic and optical modes in a-S:H. There i@lso an observedasymmetry
in the residual c-Si peak. This asymmetry has attributed totie presence of two crystalline
sizes[67], the relaxation of the phonon g-vector selectionle[68], phonon con nement[69]
and electron-phonon interaction due to quantum con nemeifif0]. This asymmetry has also
been seen to increase as the size of the crystalline phasereses. The 521cnt peak red-

shifts as the size of the crystalline silicon inclusions falbelow 10nm diameter.[71]. Choosing
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the right initial values and constraints while accounting ér all of these possible variations
accurately is a di cult task and has been at the heart of the lak of consensus on the right
peak tting procedures. To overcome this problem, C.Smit etl. [36] developed a rather
simple method of determining the crystalline fractions in merocrystalline silicon Ims. This
method is based on scaling a Raman spectrum of-Si to that of an a-Si:H Im. 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 respectie areas of the a-Si:H spectrum
and remainder from the subtraction gives the Raman crystatlity.

We extend this approach by using a method termed First Derivate Deconvolution of
Raman Spectra (FDDR). The rst derivative of an a/nc-Si:H Ranman spectrum is scaled to
that of an a-Si:H spectrum. A subtraction, similar to that uged by Smit et al. is performed
before each of the spectra is transformed back via an Integjan(Figure 3.9). By taking the
rst derivative, the peaks associated with the crystallinecomponent of the a/nc-Si:H Ims
are more visible, even all low crystalline volume fractions

The resulting Raman crystallinity can be scaled based on th¥-ray diraction mea-
surements on similar samples to obtain a crystal fractioh). 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 deribed above and
the peak tting procedure to establish the relationship beween these analysis techniques.
A nal conversion to XRD based crystal fraction was done usingsuan's Raman to XRD

data(Figure 3.10).
3.3 Electrical Characterization of a/nc-Si:H TFT

The electrical characterization measurements are carriezut using a homemade probe
station in a dark metal box (Figure 3.11). Current-Voltage chracteristics are collected using
a combination of a Keithley 2636B Source Meter Unit (SMU) and Kthley 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 cryl fractions
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Figure 3.10: SiQD crystal fraction obtain from Raman spectszopy and XRD compared.
This is used as a conversion template from Raman measuren®etd th crystal fraction (' )
used in this thesis[52, 58].
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Figure 3.11: Photograph of the probe station

3.3.1 lllumination Intensity dependent Measurements

For electrical measurements that require illumination, hie mobility measurements and
illumination intensity dependent eld e ect measurements(Chapter 5), two illumination
sources where used. These light sources, chosen becausedbeespond very well with the
absorption pro le of amorphous and crystalline silicon, & HeNe and Ti:Sapphire lasers.
At 632.8nm and 800nm, the emission wavelength of the HeNe lasare can expect the
light to penetrate the whole Im because the absorption coecient of a-Si:H low enough.
The absorption at these wavelengths is also strong enouglr fgeneration of appreciable
photocurrent. The di erence in the energy of the illuminaton sources allows us to selectively
excited carriers in the a-Si:H or c-Si:H. The light is introdoed through an opening in the
box and redirected on the devices using a mirror.

The illumination intensities are controlled with a combinaion 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 mianum power of 70mW.
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Figure 3.12: Measurement system setup for illumination intesity based eld e ect charac-
terization
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The measurement setup was designed to allow both light soescto hit the sample at on the

same spot, by taking out a mirror, though not at the same timeRigure 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 mioelectronics, the trans-
port characteristics of charge carriers is of primary imptance. One category of materials,
that has elicited great interest for these applications, isomposites of nanoscale and amor-
phous materials [72{75]. A transport characteristic desitsing how quickly charge carriers
move through these semiconductors in the presence of an &ieceld 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 § the distribution of the density
of states, the drift mobility (Eq.4.1). The free carrier moliity is the mobility of carriers in
the extended (mobile) states. In experiments, the drift mabty is always measured because
the charge transport is considered over a period of time loagthan it takes for the charges
to interact, get trapped in or emitted from, with the band tail states [1]. To extract the
free carrier mobility, one would need to have an accurate degtion of the DOS and the

residence time time of carriers in the localized and extendistates.

b= ox1l+ ftrap) 4.1)
where
_ Nt _

Here, p, o andfya are the drift mobility, free carrier mobility and the ratio of the
carrier residence time in localized states to time spent in abile states, respectivelyEt is
the binding energy,N+ is the density of localized trap states andN (Etg) is the DOS of at

the conduction band[11].
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Wienkes et al. have considered the electronic transport in Bephorous-doped mixed-
phase hydrogenated amorphous/nanocrystalline silicon/(e-Si:H)thin Ims by performing
temperature dependent conductivity measurements over ange of crystalline fractions[76].
These Ims were prepared in a manner similar to the ones disssed in this thesis with
a key dierence being the addition of phosphorous as a dopamt their Ims. Ours is
undoped. They surmised that the conduction could be sepagat into three contributing
mechanisms- exponential variable range hopping (Exp-VRH),utti-phonon hopping (MPH)
and thermally activated conduction (ACT).

In this chapter we use thin Im transistors (TFTs) to look at th e drift mobility of electrons
and holes in a composite of silicon quantum dots in an amorph® silicon matrix. The
guestion that arises is how the transport nature of electr@anand holes is a ected by changes
in the composition of a/nc-Si:H. In essence, we try to answelné question, how do the SiQDs
and the a-Si:H matrix interact and how does this interactiorin uence how charge carriers
move in the composite material. To adequately do this, a goodhderstanding is needed
of the motion of carriers in a-Si:H and SiQDs, separately. Ehphysics of carrier mobility
in the composite material becomes a combination of the trapsrt mechanism in both its
constituents plus changes in each due to the presence of thbes phase. By employing
undoped a/nc-Si:H, we avoid inherently modifying the naturef this phase of the composite
material. Instead we e ectively dope the material through he eld e ect. This is important
because substitutional doping of semiconductors introdas defects and shallow electronic
states [11]. As will be seen later, this also allows us to codei 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 beerliaded to earlier, gives us
immense exibility in studying the e ects of the density of SQDs in the a-Si:H matrix. In
particular, we can examine how properties change with the dsity of SiQDs using the radial
variation in SiQD density present in a single sample (Figure.?). For several reasons, there

are slight variations in the properties of a-Si:H from samplto sample. These variations
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can act as experimentahoise when using a series of samples during the extraction of the
inherent roles SiQDs inclusions play in the electrical or ¢ipal properties of this hybrid
material. Consequently, there is greater con dence that # e ects seen in the devices,
corresponding to di erent crystalline fractions, are not die to di erences in the surrounding

a-Si:H matrix.

x position

Density of SiQDs

Figure 4.1: Schematic of SiQD density variation across subate

4.2 Sample Fabrication and Characterization

The samples used for these set of experiments were fabrichteased on the methods
described in detail in Chapter 3.1. A brief recap is o ered lre. A p++ Si/SiO2 (90 nm thick
dry thermal oxide) substrate patterned with Al pads is put inb a dual zone a-Si:H - SiQD
deposition system. This system is comprised of a conventanow pressure (500 mTorr)
PECVD chamber, for a-Si:H growth, attached to a ow through naoparticle reactor. In the

a-Si:H PECVD reactor, two capacitively coupled parallel plee electrodes, 15mm apart, are
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connected to a RF power supply set to 13.56MHz and operated a¥Vlduring deposition.
The substrate is also held at a nominal temperature of 26C€. Undiluted SiH, is injected
into this chamber with a ow of 20 sccm. The ow through SiQD rector, a 9.5 mm quartz
tube with two copper rings separated by 5mm (to supply RF powg is separated from the
PECVD chamber with a thin stainless steel sheet with a 5 mm longnd 0.5mm wide slit.
The slit serves two main functions. i) To decouple the presses in the two growth zones.
This is important, because electronic properties of a-Si:Bind size of the nanoparticles[37]
depend signi cantly on the pressures in their respective gwth chambers. ii) To accelerate
the SiQDs to the substrate in order to encourage the formatimoof a thin Im. The relevant
SiQD growth parameters are described next. A gas of 0.45% wHS diluted in Argon ows
through the tube reactor at rates of 70, 85 and 100 sccm whichlong with the presence of
the slit, creates pressures between 3 and 4 Torr in the reactabe. The RF power is held at
50W. As a consequence of this growth technique, there is a gratldecrease of the density
of SiQDs from the center of the substrates, directly above ¢hslit at the end of the SiQD
reactor zone, to the edge of the substrates. The growths arergk for 10 - 20 minutes.

Next, the top electrodes, which include the source, drain andbltage sensing probes
are photolithographically de ned and thermally evaporate onto the samples. Since the
measurements done in this chapter are in the saturation rexgi of TFT operation, the voltage
sensing probes, present in these devices, will not be ut@d Alluminium is also evaporated
on the backside of the wafer as the gate electrode. A nal Rdae lon 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 measurememtsscribed in detail is Chapter
3.2. These Raman spectra have been analyzed using the Firstridetive 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 combiniain of a Keithley 2636B SMU

and Keithley 230 voltage source. The measurements were @adrout 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 measurenme setup is detailed in Chapter
3.3. Finally, thermal annealing of the TFTs, to modify the natue of the contacts (see
discussion below), was carried out in a MILA-5000 rapid therah processor (RTP) in UHP

N,. The gas ow was set to 4LPM .
4.3 Results and Discussions

Two main experiments will be discussed in this thesis chapte The rst involves a
discussion on the e ect of post-metalization thermal anndiag on the critical parameters
in the a/nc-Si:H TFTs using RTP. As will be seen later, these pagnetalization thermal
anneals are necessary to study transport of both electronsdaholes, thereby setting the
stage for the second part of this chapter. In the second sewt, 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 codgred. Two of these devices

were from the center and edge of the same a/nc-Si:H sample iehthe third is a TFT
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fabricated from a separately grown a-Si:H Im with no simulaneous SiQD growth. From
the a/nc-Si:H sample, the device from the center had an estated Raman crystalline fraction
(" ) of 0:19, while the device from the edge had no appreciable SiQD amporation by Raman
spectroscopy (Figure 4.3). The TFTs had a channel length of 86h and a channel width
to length ratio of 10. Post metalization rapid thermal procesing (RTP) was carried out
on all of these devices. They were annealed between 900and 20°C for 1 minute at
each temperature. This temperature range was chosen to avaxceeding the deposition
temperature of the a/nc-Si:H. Staying below this temperatuw should limit the e ects of
thermal stress to the interfaces between the a/nc-Si:H and A&bntacts, and a/nc-Si:H SiO,
all the while avoiding additional bulk e ects like e usion o H, from the Ims [77] or bulk
temperature induced crystallization of the Ims[78]. In oder to study the e ect of thermal
annealing on these devices, the same devices were eledtyicharacterized before treatment
in the RTP and at temperature steps up to 200C. The electron and hole mobilities of the
TFTs were obtained in the dark at the di erent annealing tempeatures (Figure 4.4). All of

the electrical characterizations were carried out at roomemperature.

Raman Intensity (a.u.)

| | 1 1
200 300 400 500 600
Wavenumber (cm'1)

Figure 4.3: Raman Spectrum of a-Si:H (shown in red) and the twa/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 é a/nc-Si:H TFTs for (a) positive
gate voltages and 20Wps and (b)negative gate voltages and -20Wps. Used to obtain
mobilities and Vi,

Before thermal annealing, the electron mobilities fall inhe range of previous reported
mobilities for a-Si:H(  0:5cm?=(V s)[11]. The Vi, ranged from 2V to 10V. On the
other hand, for negativeVgs and negativeVps where hole transport would be expected, the
transfer characteristics showed very low current-voltagé-V) pro le (Figure 4.5). For an
undoped semiconductor with an amorphous component this ddumply a few possibilities.
Firstly, the presence of unintentional dopants like oxygend;). This isn't altogether uncom-
mon or improbable as leaks in the a/nc-Si:H deposition systeduring growth could serve
as a source of substitutional dopants. This eventuality cadi be investigated by the use of
spectroscopy tools like Fourier transform Infrared Speciscopy (FTIR)[79] or secondary ion
mass spectroscopy (SIMS)[80]. These measurements are erpentally expensive because
they require growth of new Ims in di erent con gurations. An other possible, and compara-

tively easier to investigate, reason for the observed di clly in measuring the drain current
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for negativeVgs could be the nature of the contacts between the source and dralectrodes
and the a/nc-Si:H. I-V sweeps, sweeping th¥ps and measuringl ps with no applied Vgs,

were done to see if the contacts were ohmic (Figure 4.6). We alit instead a rectifying
curve. This suggests that the contacts are not ideal and thahey are not symmetrical, with

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

schottky contacts could block transport of one carrier typeand variations in which contact
was dominating the series resistance or how rectifying eaishwould lead to large device to
device variations. While we don't understand the exact natw of the contacts and why they
tend to be assymetrical, it's clear they are not ideal ohmicontacts. Rapid thermal anneal-
ing was used primarily to modify the nature of the contacts. & the rest of the section, we

discuss this process and other accompanying e ects seen agsult of thermal processing.
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Figure 4.5: Change in the eld e ect transfer Characteristis in of a/nc-Si:H TFT with
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The observations from this experiment are twofold. First, thre is an observable shift of
the threshold voltage ( Vy,) of the TFT (Figure 4.7). Secondly, the hole mobilities increse
with annealing temperature while the electron mobility dog only slightly uctuates around
the mean value. To obtain the origin of the positive V;, we must rst understand the
parameters that de neV;,. The threshold voltage, by de nition is the minimum Vgs needed
to form a complete conducting path through the channel for t relevant charge carrier in a
transistor. This path is formed at the a/nc-Si:H-SiQ interface. Therefore, one can infer that
any changes in theVy, is closely tied to presence of an unintentionally applied edtric eld
at the gate, and often this arises from the existence of chadg localized states in the a/nc-
Si:H, the SiG, gate oxide and/or the interface between these two. This leas a short list of
potential candidates that could be contributors to this pheaomenon. One likely candidate
is the trapping of charge carriers at the Si@ a/nc-Si:H interface, similar to the Vi, shift
which has been reported under appliedps bias stress[81]. A similar behavior has been seen
in a-InGaZnO thin Im transistors TFTs deposited at room temperature[82].

The second observation, an increase in the hole mobility (Rige 4.7), can be attributed
to a change in the nature of the contact between the a/nc-Si:ldnd 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  g) of the Schottky barrier formed between
an unannealed Al and a-Si:H interface could be as high a¥éV[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 beenrpviously reported in literature[85].
It should be noted however that this temperature< 200°C is signi cantly lower than re-
ported for temperatures needed to start the formation of a pgycrystalline a/nc-Si:H layer
at the contact interface. It is possible that added presencaf H, in the Ims supports this
low temperature crystallization. However, a more reasonablexplanation is onset of some

interdi usion between the Al electrode and the a/nc-Si:H on a atomic level. Consequently,
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Figure 4.6: Current-Voltage Curves of a/nc-Si:H TFT with no aplied gate voltage in a)the
dark (shown here in blue), and b) under illumination by a 2.5 W red HeNe (shown here in
red). The I-V measurement was done in opposite voltage diteans and show hysteresis.
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the Schottky barrier gets leaky due to the dopant nature of Al.
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Figure 4.7: Trend in the mobilities andV;, for devices with 3 di erent crystalline fractions,
as a function of annealing temperatures for (a)Electrons dn(b)Holes.

In conclusion, thermal annealing a ects the crucial intedices in an a/nc-Si:H. At the
SiO,-a/nc-Si:H interface, possible trapping of charge carrisrcould contribute to the observed
positive V4, . 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 rectcation at the source and drain
contacts. These results are important as we can proceed to@stigate 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 SiQDdetectable 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 ke last section, the density

50



T

40 + Before Annealing
+ 10 min at 200°C

N
o
T

Measured Current (pA)

| 1 | |

-4 -2 0 2 4
Applied Voltage (V)

Figure 4.8: Current-Voltage Curves of a/nc-Si:H TFT with no aplied gate voltage before
annealing (shown here in red), and after 10 minutes of RTP thmal annealing(shown here
in blue)

of silicon quantum dots was surmised from the Raman spectompy and analyzed using
the FDDM technique, see Chapter 3.2. For both positive and nagve gate voltages, cor-
responding to electron and hole carrier transport, respaetly, the transfer characteristics
were considered in the saturation regime of conduction to mimize the contribution of series
resistance at the source and drain contacts. Figure 4.5 shoasamples of theIO Ips VS Vas

plot used in extracting the electron (Figure 4.5[a]) and holéigure 4.5 [b]) parameters like
the mobility and Vy,. For these experiments thé/ps used were 20V and -20V for electron
and hole transfer characteristics respectively. These uals forVps were chosen to ensure
the TFTs were in the saturation regime. Direct observation othe output characteristics

con rmed this. It should also be noted that the hole mobilites reported here were obtained
from a/nc-Si:H TFTs annealed at 200C for 2 minutes while the electron mobilities were
obtained on unannealed devices. This is because, as seenhm last section, thermal an-
nealing is required to obtain hole mobilities whereas, elean mobilities are not signi cantly

in uenced by thermal annealing. The devices could have be asaled for longer, but all
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the trends that are reported and discussed hold for longer aeal times. This post metal-
ization thermal processing, as described in the precedingction, is necessary to realize the
ambipolar transport characteristics in these TFTSs.

From Figure 4.9, trends in mobility become observable. Forestrons, at positive applied
gate voltages, the extracted mobilities increase from 0&B?=(V s) to 0.64cm?=(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, tk eld e ect mobility is much lower
than for electrons. In addition, it decreases steadily as éhdensity of embed SiQDs increases
(Figure 4.9). To verify that the trends were a result of the addd SiQDs, and not from the
modi cation of the a-Si:H during the growth, an a-Si:H samp was fabricated in the same
way as the a/nc-Si:H TFTs without striking the plasma for the gowth of the SiQDs. In
essence, all the precursor gases required for the growth ffcaSi:H were present, but only
the a-Si:H PECVD plasma was ignited. These measurements slealva negligible change in
the device characteristics, for negative and positive gateltages, across the sample. This
suggests that variation of the quality of the a-Si:H matrix aross the sample can be ruled
out as a primary contributor to the trends observed in thesexperiments.

In an attempt to understand the results, a critical look intosupporting work on the trans-
port phenomena in related mixed phase systems is needed. e titerature, both theoretical
and experimental work have been done to investigate the natiof the interaction, optical
and electronic, in mixed phased a/nc-semiconductors like @a¢-Si:H [65] [76][58][44][24][35].
Lusk et al.[44] considered, via Density Functional TheoryQFT), the e ect encapsulating
SiQDs in a-Si:H has on the strength of quantum con nement. i cally, they looked at
a system analogous to ours, SiQDs in a-Si matrix. One resuibi that work, that will be
important shortly, is the computationally observed softemg 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 caet mobilities internal to the QDs,

because of their crystallinity, make notoriously poor carer transport Ims over any scale
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that involves more than a single dot. This is because in the @Ds, the charge carriers exist
as excitons, correlated electron-hole pairs, and their wafunction is con ned mostly within
the dot. This makes transport of charge carriers across a legtion of SiQDs, even in ones
in intimate contact, a low probability process. In fact, reprted electron mobilities of Ims
made up of compact standalone SiQDs are on the order of 26m?=(V s)[86].

By considering the softening of the con nement in the SiQD pdse of the a/nc-Si:H,
we can begin to appreciate the possibility of a positive caribution 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, meanghat charge carriers present
in the a-Si:H matrix, by the eld e ect could be transfered ino the SiQDs. This has been
observed by Guan et al. by Photoluminescence (PL) quenchiagd Electron Spin Resonance
(ESR) measurements[58]. This study is particularly inteting 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. corafationally observed. Guan et al.
correlated this to a systematic red-shift in the PL peak poson, relative to the PL emission
for free standing SiQDs. Another result from the work of Guanteal, is the quenching of
the a-Si:H PL emission at 1.4V as the density of embedded SiQDs increases. This nding
suggests, that the interaction between the SiQDs and its swunding a-Si:H matrix cannot
be ignored. In fact, this nding will serve as a starting poih 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 lasbut not least with regards to
implication, is Guan's measured increase in the populatioof 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 oaer transport dynamics active
in the mixed a/nc-Si:H TFTs. The e ects of increasing the densy of embedded SiQDs,

on the electrical characteristics of a/nc-Si:H TFTs, can be idided into two parts. For
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Figure 4.10: Energy band diagram of sketch of embedded SiQDarSi:H matrix. Electrons
(red dots) can overcome the 56 meV barrier created by the o sbetween the a-Si:H and
SiQD conduction band. The holes (blue dots), however, mustuisnount a barrier over a
order of magnitude greater tharkT

electrons, the rst contribution is an enhancement of the minlity as SiQD phase assisted
charge transport and secondly, defect limited transport. KRarge carriers generated in the
a-Si:H via the eld e ect can transport through the SiQDs. Inthe SiQDs, they experience
electron mobilities of 1006m?=(V s), as in crystalline silicon. Because of the relatively
shallow o set, with respect tokT at room temperature, of the alignment of the conduction
band edges of SiQDs and the surrounding a-Si:H matrix, B@V [35], the electrons are able
to escape the SiQDs at room temperature(Figure 4.10). When atgavoltage is applied,
there is the creation of an equilibrium number of carriers ithe 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 apglithey Il up rst. At the
same time, when a eld tries to move them along the channel, &y can hop to any state that
helps given thermal energy, they can hop from dots into stateof the a-Si:H and back to dots

because the band edges are pretty close to on another in the@doction band. However, this
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enhancement has to compete with the mobility degradation selting from induced defects,
associated with this growth technique. This can be seen ingh{Figure 4.9). The eld e ect
mobility increases as crystallinity of the Im increases tilabout ' = 0:083 and then starts
a steady decline. For holes, the picture is quite di erent bmause of one signi cant detail,
the o set between the a-Si:H and embedded SiQDs valence baadges. In this composite
material, the o set has been estimated to be about 6@V which will make the probability,
of the transfered holes escaping the electronic structuré 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 modeib see if they could reproduce
similar mobility trends as is experimentally observed. Argiing at physically reasonable
models, not only requires an appreciation of some microseogransport mechanism, but
also the limitations of such models in predicting the mobtly of charge carriers in a com-
plicated system such as this. Therefore, | preface this sext with some disclaimers The
rst of which is that the e ort here is to suggest that an apprgoriate combination of the de-
fect limited transport and an enhancement could reasonablythe experimentally obtained
results. To accurately model the mobility in a/nc-Si:H, one wuld have to have accurate
information that pertains to charge transfer between the &i: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 @& an accurate de nition of
the localization of defects states and its density as a funeh 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 bility was described in terms

of free carrier mobility( ,) and the ratio of the time a carrier spends in a localized statto
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the length of time in the extended statesf, [11].
p= o1+ ftrap) (4.3)
here,f4 is de ned by:

A -
ftrap - N(ETR)kT exp(ET kT) (44)

where N+ is the density of traps with binding energy,E+, k is the Boltzmann constant
and T is the temperature which in our case is 293K. The assumph here is that the defect
are limited to the a-Si:H matrix. This assumption isn't competely unreasonable as one could
expect the defects to be located at the surface of the SiQDs tor arise in the a-Si:H as a
result of the inclusion of the SiQDs and potential changes id incorporation or void space

formation.
4.4.1 Maxwell-Garnett Approximation

A homogenization theory was developed by Maxwell and Garridb obtain an approxi-
mate description of a complex composite system of more thaneocomponent. Thise ective
medium approach is generally used for properties of composite madhat rely on its in-
teraction with electromagnetic radiation, like its permiivity or complex conductivity. For
this work, we attempt to obtain an expression ¢ which relates the “e ective mobility'
of a composite material to the volume fractions and mobiliéis 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). Modé&hg 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 am®i:H, (i) one carrier domi-
nates in each phase, and (ii) the mobility of one phase (SiQpsigni cantly exceeds that in
the other (aSi:H).

For simplicity, we'll treat each phase as single-carrier nterials, as the transport of elec-

trons has been shown to dominate in a similar system [87]. Farsingle-carrier material
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with isotropic response, the mobility is directly related ¢ 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. | point this out, becase the “e ective dielectric constant'
of a composite system has been considered extensively in paest[88].

For this formulation, assume a two-component composite miedn with a well-de ned
“host' medium (volume fraction' | and dielectric function"y (! )) and “inclusions' (volume
fraction ' i, 1 ' yand dielectric function"jH). We also assume that the inclusions
are reasonably described aspherical 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 ynase the
‘quasi-static’ approximation, treating elds inside as uiform even though they depend on
the frequency! of electromagnetic waves (light). (We will be interested ithe ! ! 0 limit
ultimately.)

In the case of a uniform dielectric sphere (dielectric corsstt ", ) embedded in an in nite
medium (of dielectric constant",) with an applied static (or, here, "quasi-static') electric

eld of value E., the electric eld inside a dielectric spherek;,) is:
!

3
Ein = >+ o Eout (4.5)

out

in cgs units[89].

If the “e ective dielectric constant' is de ned by the ratio of volume-weighted value’s we

have
D et i j2=1 i Dj
" eff E.p P Z T E (4.6)
_ H'"H En .I in "in Ein 4.7)
H Enw + " in Ein
where E; is the electric eld in componenti and D; = ";E; is the corresponding value of

D = "E. UsingEq = Ey 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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(1 ' ) "H EH + " in 3in EH

“eff = - (4.8)
1 ")Ew+' 2x En
H
T ")"w+""n 2+?:i7n
! i (4.9)
@ )+
"H
= "MG (410)

We can now identify the corresponding result for the mobilt as follows:

. Use the fact that the “optical conductivity’ (!) is related to the dielectric function

via (in cgs)

"(1)y=1+i4 # (4.11)

This permits us to replace'y and ", above by the corresponding conductivities.

. Take the limit I I 0, yielding

eff:(1+2')in+2(1 ") on
S TR K

H

(4.12)

. Use the relation between the mobility and the DC conductity for a single carrier,

Vg = E
] = ngqw=nqgE
) oc = ng (4.13)

Thus for a composite medium we can replace each constituemanductivity via !

eff

where = nq, then solve for .. However, in a general sense, via this route we cannot

readily identify ©" without knowing the carrier densityn and charge carrieqin the e ective

medium; calculation ofn itself is a distinct problem. But in our special cases, undea host

and inclusions, the application of a gate voltage in the darleads to an equilibrium density
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of carriers in both the SiQD and a-Si:H matrix that are propational to each other. We can

therefore simplify pc further to obtain:
eff:(1+2I)in+2(1 l)H
SR (R

H

(4.14)

To include the e ect of defect density on the electron mobily, 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

a Si:H — 0
= 4.1
b 1+fo+ fop' 3 (4.15)

There was no physical reason for choosing this exponent, egt that it produced the
best t to the experimental data. Figure 4.11 shows the comped values for defects density
using this approach and how the resulting mobility overlaythe experimental data.

What can be gleaned from this modeling e ort, is that defect desity can in fact, produce
e ects similar to what is observed experimentally. Howevefull- edged transport calculation
for the mobility of a two-carrier, two-component system woldl be di cult. The calculation
of Bergman and Levy [90] for the thermoelectric propertiesf @ two-component composite
give an example of the complications involved in a carefuldatment even when each phase

has only one carrier.
4.5 Conclusions

To summarize, the e ects of thermal annealing on the eld e et characteristics of a/nc-
Si:H TFTs were investigated. Changes inVy,, and the source and drain contacts were
observed and interpreted based on further measurements awdrks published in the litera-
ture. Positve Vi, was attributed to the thermalization of charge carriers fothe bulk of the
a/nc-Si:H into the a/nc-Si:H-SIO, interfacial trap states. While the reduction in the contact
resistivity and recti cation has been tied to the crystallzation of the a/nc-Si:H at the Al

pads interface.
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Also considered was the e ect changing the density of SiQDs the a-Si:H matrix has
on the electron and hole mobilities. The rise and eventual gliin the calculated electron
mobilities as a function increasing crystalline fraction as interpreted as a result of the
competition of an enhancement in the electron transport dueotthe silicon quantum dots
and a simultaneous suppression of mobility because of theepence of additional defects.
For holes, the comparatively large o sets of the valence bdredges between the a-Si:H and
guantum con ned SiQDs, makes the SiQDs serve as added trapesi for holes leading to
systematically decreasing hole mobilities with increaginSiQD density. A modi ed Maxwell-
Garnett EMA reproduced the trends in electron mobilities as function of ' . This further
established the idea that an increase in the defect density 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, larg area electronics and photo-
voltaic (PV) devices, its photoconductive properties haveda be understood. For certain ap-
plications, semiconductors having high photosensitivitare considered a disadvantage. For
application in large area electronics i.e. active matrixdjuid crystal displays (AMLCDS) and
microelectronics, negligible photoresponse is essentiathout compromising the eld e ect
characteristics. For PV applications however, there is anbwious need for utilizing semi-
conducting materials with very high photosensitivity. Codeposited a/nc-Si:H, a proposed
next iteration of conventional nc-Si:H as a photovoltaic ath microelectronic material, has
shown promise because of measured reduction in the SteatWéonski E ect (SWE)[58].
The potential to separately control the properties of both he amorphous and crystalline
phase of the composite material, is also a major draw. Conseqtly, we need to carefully
generate a proper understanding of the e ect of illuminatioron the eld e ect and charge
carrier transport in co-deposited quantum con ned a/nc-SH.

Another reason to study the photosensitivity of a/nc-Si:H ighe opportunity it provides
to understand some of the physics associated with the chargansport 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 ihet dark. However, including
one more experimental knob, photon irradiation, opens avees to examine the dynamics
of charge carrier transport in such a system. The photosetigity 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 leveE( ;) with illumination intensity

and band bending in co-deposited a/nc-Si:H which will ultirately serve as tools to discuss
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the carrier generation and recombination mechanisms in thihybrid material as a function
of changing the density of embedded SiQDs. The next sectiorillWocus 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 sting point for our analysis
of the photo- eld e ect in a/nc-Si:H. Over the years various nterpretations of the photo-
sensitivity in a-Si:H have been developed[50, 91{94]. Theereatments have considered the
various aspects of a rather involved set of dynamical varis. This has invariably allowed
for debate and inconsistencies as to what factors contribeito the phenomenon called the
photo- eld e ect and how those factors combine to produce tis e ect. This section will at-
tempt to introduce the reader to a brief summary of some of thigeatments and in doing so,
justify the approach used to understand the results obtaimefrom 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 oftates, via recombination, in the
presence of an applied electric eld and under illuminationThe 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 &w much of a role this plays in the
PFE. The other part is the recombination mechanism models ingmented in dealing with
the photo- eld e ect. When a gate bias is applied to an unillunnated TFT, the activation
energy, which is the di erence between the bottom of the comdtion band (E.) and the Fermi
Level (E¢), is reduced due to the band bending. Herdyand bendingrefers to the deviation
of the energy levels at the interface from the extended staecon guration in the bulk of
the semiconductor [95]. This deviation, in the dark, has beewell described in literature
using a combination of charge neutrality and the Shockleyd&ad-Hall recombination kinetics
[50, 96]. Under illumination, however, charge carriers areegerated and under a gate bias

that creates an electron channel in accumulation, bias, ptaexcited electrons are attracted
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to the gate oxide a/nc-Si:H interface while holes are repelled. During thisransient state,
there is a reorganization of the space charge leading to a vetion in the band bending.
Recombination ultimately leads to a steady state distribubn of electrons and holes. Steady
state is reached when there is no net current owing perperdilar to the a/nc-Si:H oxide
interface. After this steady state has been reached, eleatand holes are continuously being
excited and recombining at recombination centers away frothe critical interface leading to
an equal ux of electrons and holes perpendicular to this ietface. As a result, for a given
set of transistor conditions ¥gs and Vps) the amount of current owing from the source to
drain changes from its value in the dark. This change is the nrmamanifestation of the PFE.

The band bending nature can, hence, also be described ayaonymfor the generation of
photoexcited carriers and their ux orthogonal to the oxidea-Si:H interface. This is because
the band bending at the oxide-semiconductor interface andhé¢ photoexcited carrier ux are
related by the distribution of the space charge in the dark ahunder illumination. For there
to be a constant ux of electrons and holes under illuminatio and applied gate voltage, there
has to be a free carrier induced change in occupancy at the a@sdisemiconductor interface
that results in the space charge redistribution in the bandgp. This redistribution will have
to be balanced by the appropriate charge carrier, electrofsr positive appliedVss and holes
for negativeVgs. In this scenario, the band bending relaxes, from its form ithe dark, after
a steady state is reached (Figure 5.1).

Some early treatments like that of Kagawa et al. [91], becaeighey focus on the active
recombination mechanisms in interpreting PFE results, simiped their model by assuming
that the presence of illumination did not change the naturefahe band bending. Van Berkel
et al. [97] showed that this simpli cation has the unfavoralke consequence of forcing the
minority carrier concentration to be invariable through the device under uniform absorption.
By solving Poisson's equation along with continuity equatins for electrons and holes, Van
Berkel et al. were able to show a non-constant gradient in thieole quasi Fermi level with

increasing density of recombination centers. In other wosgd because the change in the

65



Shallowing Trapping EleCtron flux
T Ec
e
Ves L —  IMREE,
I = hv
Ef(dark) "\ "\
I AE;
............................... - [MREFp
Sfiﬂ-owingﬂﬁnpirﬁ . Ev
/ - Hole flux
Si05 a/ncSi: H E

Figure 5.1: Schematic of the energy bands and quasi-Fermi éé&v 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 equalux of electrons and holes to the
recombination region away from the Si@ a/nc-Si:H interface. IMREF , and IMREF  are

the electron and hole quasi-Fermi levels, respectively, der illumination
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guasi-Fermi level changes the space charge in the localizgdtes due to the presence of
photoexcited charge carriersiE; E; at the interface has to be modi ed. This band bending
problemis universal and the treatment is applicable to other semiocadluctor-gate dielectric
interfaces. Deciphering the nature of the recombination neskanism, however, provides its
own sets of challenges because of its material specic natur This dissertation doesn't
attempt to describe in detail, the exact nature of the recomhbation in a/nc-Si:H, but rather
take advantage of the band bending, provided by the photo-ld e ect, to examine how
photoexcited charge carriers interact with the density ofdcalized 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 window through which one can

discern some of the underlying physics of this hybrid comptes material.
5.3 Experimental Methods

For this chapter, a/nc-Si:H TFTs of the inverted staggered vaety were used. They were
fabricated in the same manner as described previously. Foetdils, refer to Chapter 3.1.
Devices from two samples were used here, one was a-Si:H withembedded SiQDs while
the other sample had SiQDs embedded with a ow of 85 sccm 0#46% SiH,4 in Argon.
The volume fractions of SiQDs in each of the devices fabrieat on the second sample were
characterized by the use of Raman Spectroscopy (See Chap8?). Briey, inelastically
scattered light resulting from the interaction between phimns from a 532nm doubled YAG
continuous wave (CW) laser and the a/nc-Si:H device, at spedly designed locations, were
obtained. These spectra were then analyzed by taking advagte of the di erence between
the transverse optical modes in crystalline silicon, the @ise 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 contritions, and adjusted based on an
XRD scaling factor. This method of extracting a relative cry&l 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 adjadeto the a/nc-Si:H devices
characterized in this chapter. The crystal fractions showtere, ' , were obtained by the
method described in Chapter 3.2.
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These TFTs were either illuminated with 633 nm Helium Neon lasgHeNe) or a 800nm
Ti:sapphire laser, during electrical characterization. e 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 ander of magnitude higher ab-
sorption coe cient than c-Si. For this reason most of the absrption per unit volume should
occur in the a-Si:H matrix. At 800nm, most of the absorption pr unit volume should oc-
cur in the crystalline phase of the a/nc-Si:H because at thawavelength, crystalline silicon
has about a couple orders of magnitude greater absorptionecoient than the encapsulat-
ing a-Si:H. It is also important to note that the devices arehin enougl? that the photon
ux from either light sources should penetrate the whole deee, ensuring uniform carrier
generation throughout the device under test. This unique pperty (di erence in ) allows
us to selectively excite photogenerated carriers in either phase of the congie material
by using either illumination source. The intensity of the HeNedight source was modulated
using neutral density Iters while the combination of a waveplate and polarizer was used to
attenuate the intensity of 1.55eV Ti:sapphire laser lightmpinging on the device under test.
Both techniques allowed illumination intensity to be variel over 3 orders of magnitude.

The I-V characteristics of the TFTs were obtained using the cubination of a Keithley
2636B source meter unit (SMU) and Keithley 230 voltage sourc&he measurements were
carried out in a dark metal box with a small opening for the ilimination source. This
measurement setup is detailed in Chapter 3.4. To minimize rer associated with contact
resistance, gated four probe TFTs (described in previous Gpizzr 3) were utilized. Here, by
sensing the voltage drop aprobe contacts placed strategically within the channel region, &
are able to obtain channel conductance characteristic thatre free of series resistance from
the source and drain contacts (See Chapter 3.4). All the eleital 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 usirg 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 smal xed Vps and sweepingvgs
at di erent illumination intensities. The drain current in the dark (1§2%) is subsequently
subtracted from the obtained transfer characteristic cums under illumination (I('jght) 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 gatesadiscussed 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 oVgs, during a transfer characteristic measurement,
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caused a corresponding threshold voltage shift even for I0fs (note this had little e ect
on slope and hence mobilities in the dark as discussed in Ckep4). This e ect has been
seen for a-Si:H TFTs in literature and has generally been reémced as the threshold volt-
age shift(V ) [81, 99, 100]. ThisV 4, has been attributed to two possible mechanisms.
The rst, and obviously more catastrophic option, is the cration of dangling bonds at the
interface between the a-Si:H and the gate barrier[L01{103]The other possible, and more
generally accepted in the literature, mechanism fo¥ 4, is the trapping of charge in or at the
gate dielectric interface. Silicon nitride gates where uddor most of the studies reporting
these shifts but the same principles can apply to SgOgates used here. With this model,
Libsch et al., suggested that charge carriers are injectecbin the bulk of the a-Si:H, under
positive gate bias, into the trap states at the a-Si:H/nitrice interface and into regions of
the nitride close to the interface [81]. They also observedhdt the bond breaking model
doesn't work with this model. As a nal check, replacing the riride dielectric with a gate
oxide, which more closely models the TFT con guration used ithis thesis, showed di erent
V w, further supporting the charge trapping model. In this stug, it was also observed
that the application of high negativeVgs reversesV . This further implies a trapping and
de-trapping mechanism at work in the devices since the foriti@n of dangling bonds in the
a-Si:H would be expected to be less reversible without somesp processing treatment like
thermal annealing.

While this shift has been reported in studies of conventionalevice 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.a[96], where they suggested
restricting the gate bias to below 20V to avoid this shift. Irthe study reported here, however,
gate bias stress induced shifts in the threshold voltage veeobserved for applied/ss as low
as 2 V. This presented, by far, the most signi cant challenganiobtaining information about
the changes in the TFT photocurrent as a result of illuminatia intensity modulation as

this e ect was convoluted with the observedvy, shift. An apparent di erence between light
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and dark I ps at a particular gate voltage could actually be due to a shiftn the threshold
voltage resulting in a lateral shift of the whole transfer caracteristic from the dark to light

measurements as seen in Figure 5.4.

Figure 5.5: Photo-Field E ect transfer characteristics for &éc-Si:H with 1:96eV light, ' =
0:106. The dierent intensities were obtained using Neutral Desity Iters. The numbers
here represent the intensity of the illumination relative 6 the maximum power density, 1.

To avoid the threshold voltage shift issue, rather than sweeg Vs at di erent illu-
mination intensities, a single gate voltage was applied fa brief period of time whilelps
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 Vi, . The device was then reverse biased before
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making another measurement. This allowed it to return to itoriginal state.

By performing photosensitivity measurements this way, wera able to look at specic
regions of the TFT operation, speci cally with aVgs that produces at-band conditions
or electron depletion (Region | in (Figure 5.5)), and during sbng accumulation (Region
Il 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 th illumination intensity,
was calculated. This photosensitivity factor relates the produced photocurrent ] to the

illumination intensity G with the relation:

12/ G (5.1a)

_ @og(l c'jight | gark)
@og(G)

wherel} is the photocurrent which is the di erence between the currg under illumina-

(5.1b)

tion (15%™) and in the dark (I $).

Figure 5.6: Example photocurrent versus lllumination intesity at di erent gate voltages on
a a/nc-Si:H TFT.
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For measurements in Region |, we used the TFT as a instrument ionpose at-band
condition on the a/nc-Si:H active region. This way, we can ighinate any complications
that accompany photoconductivity measurements done in a pycal coplanar transmission
line or resistance measurement (no gate) which can arise aseault of stored charge at the
a/nc-Si:H oxide interface. Flat-band condition, as the name impliessia mode of operation
where there is no band bending at the interface between thensieonductor and the gate
dielectric. This condition is achieved by applying the at kand voltage V/g) at the gate
contact ensuring no band bending. Since a/nc-Si:H TFTs opées in accumulation mode,
the Vg is the voltage corresponding to the dividing line between esdtron depletion and
accumulation. However, great care has to be taken in our case, 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, transfeharacteristics in the dark
and under illumination were obtained and analyzed to deterime regions of gate voltage
where there isn't any hole related dark current for an applegesmall Vps, 200mV and 500mV
(Region | in Figure 5.5). For our devices this corresponded gate voltages between 15V
and OV. The photoconductive exponent was also evaluated for strgraccumulation ( ),
or above the threshold voltageVy, (Region Ill in Figure 5.6). Typical gate voltages used
for this condition were, depending on device, between2V and 10v. Here we consider
what happens to the photosensitivity when we transition frm at-band to non-negligible
band bending at the oxide interface. As discussed in the semti2 of this chapter, this band
bending results in a reduction of the activation energyg. Ek.

As an initial step, the photogenerated current at at-band cadition was investigated,
with 1.55 eV and 1.96 eV illumination, as a function of crystiafraction (Figure 5.7) as a
substitute for a conventional dark and light photoconductrity measurement. The ratio of
light to dark conductivity is commonly used as a quick measarof the quality of a-Si:H. As
an important sanity check, the ratio between the photocurn&, in a-Si:H, at the 632nm and

800nm was found to be in agreement with the di erence in the taulated carrier generation
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Figure 5.7: The photocurrent obtained at at-band conditionfor varying crystal fractions
with a 1:96eV HeNe laser source (Red) and:3%eV 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 censity of SiQDs in the a-Si:H
matrix was observed for both illumination sources. Howevelike the electron mobility ( ¢)
in the previous chapter, the observed photocurrent (for dier illumination source) eventually
attens out and then decline with increasing crystal fracton (Figure 5.7). The photocurrent
produced by the 1.96eV HeNe source is about an order of magniutess than that by
Ti:Sapph source at high crystal fractions.

Also, by using illumination sources that selectively excitearriers in di erent regions
of the composite material based on the relative absorptioroe cients of these phases, we
are able to observe di erences in the photoresponse due tonoacale di erences in where
carriers are generated. The exponent of illumination poweregendence atVrg doesn't
change signi cantly with respect to crystal fraction,’ , when the devices are illuminated with
either illumination source (, 0:85 for 1.96eV light and 1 for the 1.55 eV Ti:Sapph).
The exponent of illumination power dependence during strgnaccumulation, ., is similar

for both 1:55%V and 1:96eV illumination in the a-Si:H TFT. Here, . 0:2. Upon the

76



Figure 5.8: The photosensitivity exponent was calculated for di erent crystal fractions for
(a) at-band condition , and (b) strong accumulation .
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inclusion of SiQDs, . increases up to two times the . for a-Si:H when illuminating with
1.96eV light. With the lower energy photons (155eV Ti:Sapph), however, the change in.

is relatively small (Figure 5.8).
5.4.0.1 Discussions

An interesting perspective on the photoexcited conductiomithis composite material
is the photoconductivity, , 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 lifetire product

((  )e)(Equation 5.2)[96].

I photo | dark
d d

( Je= &= (5.2)

eG~ (W=L) d eG

Here, s 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 elec eld to calculate the
transport distance of excess carriers[104]. Also, in undape-Si:H, ( ). has been used
as a measure of the density of dangling bond®§) [105] as they considered to be the
primary recombination centers for photoexcited carrier§p6]. ( ). in this work, is used
as an indirect measure of theNp in a/nc-Si:H as a function of crystal fraction (). For
this experiment, the 196eV HeNe and 155eV Ti:Sapph laser were operated with focused
beams with power densities of:1  1®mW:cm 2 and 145 1PmW:cm 2 respectively. These
power densities correspond to photon ux of 3 10'cm 2s 'and 58 10%m 2s !. More
details of how these values were obtained is described in thst section of the Appendix.
The generation rates obtained by incorporating the absormn coe cients, of the di erent
phases of this composite at the two relevant energies is givim Table 5.1. These values for
the photoexcited carrier generation rates in the a-Si:H an8iQD phases where combined
using the formulation in Equation 5.3 to estimate the total arrier generation rate Giotar ) 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 crystatle and amorphous phases of

78



the composite material.

Table 5.1: The absorption coe cients and the generation ras for a-Si:H and the crystalline
Si (at 1.96eV and 1.55eV) used in the calculation of the total &eration rates at di erent

crystal fractions.

HeNe(Cm l) Ti:Sapph(Cm 1) GHeNe(Cm 35 l) GTi:Sapph(Cm 33 1)
a-Si:H 2 10 6 10 70 101 35 101
c-Si 3 10° 6 10 11 107 35 107
Guotal = Gasin(l ')+ 'G siop (5.3)

Here," is the crystalline volume fraction andGgsi.n and Gsjop are the generation rates

for the a-Si:H and SiQD component respectively. These rategre computed for both light

sources (Figure 5.9).

Figure 5.9: Calculated Total Generation for a/nc-Si:H compgite as a function of crystal
fraction '

Using the data in Figure 5.7 along with the calculated total gegration rates in Equation
5.3 in Equation 5.2, we were able to estimate the ()e at dierent ' . The estimated

values for a-Si:H are in agreement with ( ) at room temperature reported previously,
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10 8cm?V 1[107]. For both illumination sources, the ( ). was seen to slightly increase
at low crystal fractions. At about' = 0:1, the ( ). 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] showiag increase in defect
density with increasing phi. The similarity between the chage in . (from Chapter 4)
(e suggests that o doesn't contribute to the shape of this product. This is initally
surprising, as in homogeneous amorphous semiconductoike la-Si:H, . is proportional
to the density of defect statesNp. In this composite system, there is a possibility that a
population of photoexcited holes are trapped in the the SiQPand hence can contribute
to the recombination processes. In chapter 4, we proposedatrholes could be trapped in
valence band of SiQDs (in a dilute sub-percolation system}.he localization and emmission
process that limit  are still active but recombination is suppressed as thereeanot enough

holes for the electrons to recombine with.

Figure 5.10: ( )¢ at Ve 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 intte a-Si:H matrix makes the

interpretation of the photosensitive conduction a bit morenvolved. 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 kg is a good starting point to understand the results of . At at-band, recombination
occurs almost completely near the middle of the forbidden gaand is monomolecular [92].
The distribution of states at the center of the gap in a-Si:Hs continuous and this prevents

o for a-Si:H from being unity. This is because by increasing ¢hillumination intensity, the
electron quasi Fermi level shifts towarde. and samples this continuous DOS near midgap.
This is mostly independent of photon energy, where > E 4. However, for sub-bandgap
light when h is smaller than Eg, like in the case of the 800 nm Ti:Sapph light source
(h =1:5%V and a-Si:HE4 = 1:8%V), the collection of photoexcited electrons relies on
variable range hopping (VAR) from the bandtail states to the onduction band. This doesn't
necessitate a , di erent from that obtained from photons with energy greate than E4 as
the electron quasi-Fermi level still sweeps through the dsity of states near midgap.

The addition of SiQDs doesn't change, even for large’ when illuminating using the
1:9%V photons, but rises above unity for the B5%V Ti:Sapph source as the density em-
bedded SiQDs increases. At rst glance, one is tempted to digss this as a measurement
error, but the systematic nature of the increase in, makes this unlikely (Figure 5.8 a). The
reasons for this are not immediately obvious, but we can ruleut, such e ects as Multi-
Exciton Generation (MEG). This is because the energy of thdlumination source (156eV)
isn't large enough in comparison to the bandgafE,. For MEG to occur, the energy of the
absorbed photon has to be at least twic&,. The observation of a relatively constant ,
with changing' is not in con ict with the observation of a non-changing ¢, from the ( )e
experiments discussed earlier ag and . are expected to be proportional [92].

The behavior of during strong accumulation, is more interesting. The value, for a-Si:H
(with both the 1.96eV and 1.55eV light source) is in line witlpreviously reported a-Si:H TFT

¢ values in the literature [50, 92]. In a-Si:H TFTs, operationri strong accumulation, there
is screening of carriers that limit how close to the conduan band the electron quasi-Fermi

level can be. This explains the low.. In essence, a negative space-charge is being applied
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causing the band bending to relax. For a/nc-Si, when seleeéily photoexciting electrons in
a-Si:H matrix, using the 1.95eV light source, the increasa i . could be attributed to the
transfer of these electrons from the a-Si:H to the SiQD indions. This way, the electrons
are transfered to the SiQDs before they recombine with hol@s the defective matrix. On
the other hand, it could be inferred that electrons that are potoexcited in the SiQDs do
not exhibit the same increase in ;. because of the presence of SiQDs that agésconnected
from the host. This then becomes a sampling problem. In essen with the di erent light
sources, two di erent, but not necessarily exclusive popations of SiQDs are contributing
to .. In other words, every electron photoexcited in the a-Si:Hl{at doesn't recombine in
the host) can contribute to the enhancement of . via transfer to coupled SiQD inclusions.
However, electrons photoexcited directly in the SiQDs coulge trapped if the quantum dot is
electronically uncoupled to the matrix. It is crucial to renember that neither the a-Si:H nor
the SiQDs are transparent at either illumination energiesThis means that both described

phenomena are active at both 1.96 eV and 1.55 eV, but at di ergymagnitudes.
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 matrito the embedded SiQDs was seen
by the measurement of the photosensitivity exponent in thec@umulation mode .. Photo-
conductivity measurements along with an estimated genelianh rate were used to obtain a
(' )e product for di erent crystal fractions using 155V and 1:96eV illumination sources.
This measurement serves a con rmation of the presense of aging 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 chrge 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 cosidered for a range of SiQD
fractions (' ) in the a-Si:H matrix. It was observed that the rise of the eletron mobilities of
the a/nc-Si:H TFTs were suppressed by the presence of a popida of defect states that
grew with ' . The trapping of thermally activated holes, in SiIQDs becawsof the presence of
a relatively large band alignment o set between the a-Si:Hrad SiQD valence bands, resulted
in hole mobilities that decreased as a function of.

We also considered the e ects of photo-exciting charge caars in the di erent phases of
the composite material by taking advantage of the di erencein their absorption coe cient at
di erent photon energies. By doing this, we saw evidence foeharge carrier transfer from the
a-Si:H phase to the embedded nanocrystals. An ubiquitous faee of all these measurements
was the signi cant role that defect density played in limithg the advantages of the embedding
SiQDs in the a-Si:H matrix. It was observed that the density badditional defect states
increased with volume fraction of SiQDs. This in my opinion ithe 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 dfects need to be understood.
For most of this thesis, it was assumed that the additional dects created as a result of the
embedded SiQDs existed in the a-Si:H matrix. A possible mentism for the formation of
these defects could be restriction of the ow of the precurs@as (SiH,) by the presence of
SiQDs. In essence, in regions with high crystal fractiond)¢ molecule is not able to penetrate
and grow conformal a-Si:H around the SiQDs. This could ultiately lead to the formation of

void spaces and defects. If percolation is achieved, carrinsfer through the SiQD network
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might be able to overcome this material system limitation. fiermal annealing could serve
as tool to encourage more interconnection between the silic nanocrystals and the a-Si:H
matrix. Another problem is collection of holes in this co-depsited composite material. In
Chapter 4, we concluded that the o set between the valence bd of the a-Si:H and the

embedded SiQD was too large, at room temperature. This madeet SiQDs act as traps for
hole. One possibility is to consider a di erent host mediumHhat will have better alignment

with the embedded quantum dot system. This should reduce theset between the valence
band of the host and inclusions. By doing this, one might be &bto take advantage of the
enhancement in hole dynamics. It is also expected that if chging the size of SiQDs could

play a signi cant role in the dynamics of holes in a nano-congsite material such as this.
6.1 Solar Cells

Ultimately, for application of this interesting composite naterial, 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 dudy 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 af®s which reduces radi-
ally as you approach the edge of the sample. We are able to shavirend in the device
characteristics as we move across the samplesFigure 6.1. histinvestigation, 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 @D density for photovoltaic ap-
plication. During this study, we weren't able to determine he crystallinity of the a/nc-Si:H
because of the Raman signal produced by the Si substrate. B#tdesign of the devices for
experimentation is required. One could also consider dogimne or both of the constituents

separately as this is one of the unique features this depasit technique a ords us.
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Figure 6.1: PIN Solar Cell Device structure. Also shown here the 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 therulations in Chapter 5.
A.1 Getting the power density of the illumination sources

For the work in this thesis, two continuous wave lasers weresed. One commercial
2:5mW Helium-Neon laser, by Newport Corp, at 633nm and Ti:Sapphire dar built by the
Squier group in the Physics department. This Ti:Sapphire ker lases at 800nm and for this
work, is used in the none mode-locked c-w con guration, witmaximum power at 250nW .
The HeNe laser was attenuated using neutral density lters wha the Ti:Sapphire laser was
attenuated using a waveplate and polarizer. In order to detaine the exact power density of
each illumination source, the average power was measuredhna Thorlabs PM100A power
meter and Si Sensor. The beam size at the focal point was measusing a CCD camera
beam pro ler from Thorlabs(Figure A.1).

The areas were calculated by using two diametrically oppésipoints of the full width at
half the beams maximum intensity. The areas of the Ti:Sappte and HeNe lasers were
125 and 269m , respectively. The power density is therefore the averagewer, at di erent

attenuations, divided by the area of the focused beam.
A.2 Converting lllumination intensity to Photon Flux

The power of the illuminaition source was measured imW and converted to the power
density mW=cm 2. This unit, irradiance, isn't very easily converted to phobcurrent. A
better unit is the photon- ux with the units of cm ?s . This is especially appropriate as
we can estimate the number of generated electrons (PrimaryhBtocurrent) if we know the

guantum e ciency ¢ and charge collection e ciency ¢. To make this conversion, we start
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(@)

(b)

Figure A.1: a) is a 2D beam pro le for the HeNe laser source, whi(b) is the pro le for the
Ti:Sapphire laser
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with the relation:

h
Ep= ¢ (A.1)

whereE,, is the energy of a single photon if frequendyh is Planck's constant, 663 10 34J:s.
This lead to:

_ he

= (A.2)

c is the speed of light, 898 10°m=sand is the wavelength of light innm.
We can then proceed to calculate the number of photons by diding the total energy in

mW=cn? by E, described above:

E
Np= — A3
P Ep ( a)
= i—c (A.3b)
= (E)( )5:04 10'"cm %s* (A.3c)

For example, an 808m light with source with power density 68nW=cn? will results in

a photon ux of:

=68 800 504 10"cm %s? (A.4a)
=2:74 10%cm 2s ! (A.4b)
A.3 Calculating the Generation rate

Considering both consistuents of a/nc-Si:H, a-Si:H and SiQ have di erent asborption
coe cients (), the photon ux is multiplied by the absorption coe cientt o get the genera-
tion rates. For the a-Si part, for example, when illuminatig with the HeNe. The generation

rate is given by:

Gsiop = &b Np (A.5)

101



	Abstract
	Table of Contents
	List of Figures and Tables
	List of Symbols
	List of Abbreviations
	Acknowledgments
	Introduction
	Motivation
	Dissertation Objective

	Physical Background
	Introduction to Silicon
	Atomic Structure
	Electronic Structure (Density of States)
	Electronic Transport
	Recombination Mechanisms

	Introduction to Thin Film Transistors
	I-V Characteristics
	Normalizing the Thin Film Transistor Electrical Characteristics
	Gated-Four Probe TFT Structure
	Field Effect Mobility
	Field Effect Characteristics of Photo-excited Carriers in a/nc-Si:H


	Experimental Methods
	Device Fabrication
	Substrate Preparation
	PECVD Growth of co-deposited a/nc-Si:H
	Device Completion

	Raman Spectroscopy
	Theory of Raman Spectroscopy
	Spectroscopy Instrumentation
	Raman Spectroscopy of a/nc-Si:H

	Electrical Characterization of a/nc-Si:H TFT
	Illumination Intensity dependent Measurements


	The Field Effect Charge Carrier Mobility in A/Nc-Si:H TFTs
	Introduction
	Sample Fabrication and Characterization
	Results and Discussions
	Thermal Annealing of a/nc-Si:H TFTs
	Charge Carrier Mobility Dependence on Crystalline Volume Fraction 

	Modeling the Electron Mobility as a Function of Volume Fraction 
	Maxwell-Garnett Approximation

	Conclusions

	The Photo-Feild Effect in Codeposited A/Nc-Si:H TFTs
	Introduction
	Theory of Photo-Field Effect
	Experimental Methods 
	Results and Discussions
	Conclusions

	Conclusion and Future Work
	Solar Cells

	References Cited

