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Photovoltaic solar cells (PVs) are now recognisedha world’'s fastest growing energy technology,
yet, they only account for a mere fraction of cotrgylobal renewable power capacity. It is
acknowledged that this inadequate market penetrdtas been largely a result of the technology’s
excessive cost. Researchers have therefore endedvtouind innovative, economic solutions with the
aim of either cutting back on the active materiahutity or improving power efficiencies to abate
operating expenditure. Both approaches, howevere lpesented a cost vs. performance trade-off,
which some believe may be surmounted by the empoyraf Nanotechnology. Amongst the many
potential nano-materials proposed for PV converssothe Carbon Nanotube (CNT) due to its low
material utilisation, superior carrier transporoperties and most notably; a tunable band-gap. This
thesis investigates the theoretical performancea oinge of CNT based solar cells, and in doing so,
novel computational methodologies are formulateslatols characterising the related electronic and
optical properties with respect to the CNT strugtwariability.

The first part of this thesis addresses the issmecerning the differentiation of metallic and
semiconducting CNTs. As an outcome, a simulatidiciefit and experimentally validated analytical
model is developed to distinguish the nanotubespmedict the band-gap of semiconducting CNTSs. In
addition, a model that approximates the semicomagi€NT’s carrier effective mass is presented.

The key challenge affecting CNT’s at present desi in the uncertainty of the structural
characteristics realised using existing synthesilrtiques. Thus, the second part of this thesis om
statistically model the variation in band-gap arafrier effective mass as a function of typical
geometric distributions. This work offers a valualdhsight into the optimisation of CNT diameter
related process parameters towards suppressirtgogliecvariability.

The final part of this thesis initially focuses modelling the optical absorption of CNTs where th
photo-generated current and quantum efficiency aiesps are derived for various tube geometries
when exposed to laser illumination. The establismedels are later exploited in combination with an
equivalent PV circuit model to evaluate the perfance metrics of a variety of isolated CNT based PV
devices under solar radiation. A proposed set dfithand-gap CNT PV devices are also analysed
where the optimized CNT structures for PV conversice outlined.

Within the confines of the assumptions made is study, it is concluded that only specific ty#s
CNTs may yield competitive PV conversion effici@gxicompared to other nanotechnology based solar
cells. However, reservations are maintained on mdre€NTs could outperform bulk PV materials,
even when a multiple band-gap scheme is considered.
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Chapter 1 Motivation

1.1 Energy challenge

Kindled by the industrial revolution, global enerdggmand has rapidly soared with the
2007 total primary energy supply recorded at agsteigg 140 PWh (xI8 Wh) [1]. Over
81% of this energy has been fulfilled by the contimnsof fossil fuels (coal, oil, gas), which
are envisaged to diminish in the near future duthédr finite nature [1, 2]. Some countries,
such as the UK for example, have already experéeaceeak in fossil fuel production rates
and are faced with a security-of-supply issue paldrly as their ageing coal and nuclear
power stations loom towards decommission [2]. Asoasequence, this has intensified the
dependence on foreign energy supplies adding gallistrain amongst nations looking to

close the gap between their energy demand andysuppl

Notably, it is very likely that using fossil fuelgeas an effect on the climate since the
atmospheric concentration of gOa by-product of burning fossil fuels, has grown
considerably since the outset of the industriabsaperiod [2]. Figure 1-1 illustrates this
argument. Because GQOs a greenhouse gas, it has a warming effect obatjlaverage
temperatures and will ultimately, if not cappederabur environment and ecosystem through

the compounding of more frequent natural disasters.

The above-mentioned problems have caused worldeadeern and prompted some to
seek alternative sources of energy that neitheroutnnor have a hazardous effect on the
environment. These renewable sources of energpatseal resources such as sunlight, wind
and waves to generate power, which, depending cali$ed weather conditions and
geographical location can be undesirably intermitt&or this reason, the deployment of
renewable solutions has been confined to areas fanvtburable conditions where they can



exhibit relatively high energy yield ratios (theiceof energy delivered by the system over its

lifetime to the energy input during the systems tif/cle) [2].

Amidst the recent rise in emission cutback targetd incentivised policies for the
adoption of renewable sources there has been aofasécial uptake due to the economical
competitiveness of traditional fossil fuel sourcelence, in 2008, global governments and
industries invested a combined $18 billion in reseaand development projects to
investigate solutions in reducing the overall costrenewable technologies [3]. These
initiatives ranged from cutting back on capital tsohrough material savings to improving

system efficiencies that abate operating experalitur
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Figure 1-1: Carbon dioxide (GDconcentrations (in parts per million) for thetla&00 years,

measured from air trapped in ice cores (up to 1and)directly in Hawaii (from 1958 onwards) [2].

There is growing speculation that grid parity (theeshold after which the energy price
of renewable sources is less than conventional goder) will be achieved during the
forthcoming decade with the expected surge in ndgs and the continuing decline in the
lifetime costs of renewables. If made economicalugh, it is also envisioned that off-grid
renewable solutions may provide a feasible optarttie 1.6 billion people situated in rural

areas without access to electricity.

Given that in 1 hour the sunlight energy radiaipon our planet is equivalent to the

energy consumed by humanity in 1 year, this cleaiffigrs a great means of generating clean



energy [4]. One form of renewable technology tla&es advantage of such a resource is the

solar cell.

1.2 Solar cells

A solar cell converts sunlight into electricity aisdoften referred to as a photovoltaic
(PV) - named after the discovery of the photovoltaifect by Edmond Becquerel in 1839.
Depending on the size of the PV system, power eediy can range from, typically, a few
kilowatts for rooftop and grid-connected applicasalown to tens of milliwatts for functions
such as pocket calculators and remote sensingeatewcom 2004-2008, global PV capacity
increased sixfold to more than 16 gigawatts peadk/{Ghe optimal power delivered under
standard test conditions), becoming the world'sefsts growing energy technology [5].
However, PV's only represented 6% of the total Z8W, renewable power capacity
(excluding hydropower) owing to their high costprformance ratio [5]. Thus, up till now,
much of the PV industry and research community h@een focusing on realising more cost
efficient solar cells.

Silicon (Si) comprises the main constituent mateoif most solar cells in use today
and is recognized as the ‘first generation’ PV texdbgy [6]. In practice it has been shown
that crystalline silicon PVs can harvest up to 2&Pthe incoming solar energy without any
optical enhancements such as sunlight concentrptjoithis performance is not far from the
nominal upper limit (31%) theoretically predictemt tilicon PV’s by Shockley and Queisser,
which implies that standard silicon cells have atneached their maximum achievable
efficiency [8]. Incidentally, more than 50% of thatal cost of a silicon cell is due to the
processing of polysilicon into crystalline form [As a result, any significant reduction in
unit cost can only be accomplished by utilising Benaamounts of the constituent material
per device or considering a lower quality matesiath as amorphous silicon. This strategy
paved the way for the ‘second generation’ thin-filethnology that assumes a material
thickness in the order of less than a few micronseds opposed to a hundred micrometers or
more [6, 10]. Evidently, this comes at the expeofsenuch lower operating efficiencies as

revealed in Figure 1-2.

Despite silicon having a well established technplbgse and history owing to the

rapid advances in the microelectronics industrys ihot an ideal material for photovoltaic



conversion purposes and has of late experiencedngxte supply shortages [4, 9].
Consequently, other inorganic as well as organiderisds have emerged as potential
contenders for second generation cells [11]. Innig@ompound semiconductors such as
Gallium Arsenide (GaAs) and Copper Indium-Galliunsédenide (Cu(ln,Ga)Seare now

considered mainstream thin-film technologies witlicencies approaching that of the first
generation cells [5, 6]. Organic dye-sensitizedisdeave also gained noteworthy attention in

the flexible PV market, although their efficienceag on average between 5-10%.

Still, a substantial increase in conversion efficie is required if the cost over the
operating lifetime of a cell is to be minimisedn& the thermodynamic Carnot limit (1-
Tee/Tsup 0N the conversion of sunlight to electricity %99, this suggests that the
performance of a solar cell could be improved b§ fimes the present theoretical limit
calculated for silicon cells [6]. With the evoluticof new exotic materials and different
device architectures, a ‘third generation’ of hggrformance, low-cost photovoltaics has

recently surfaced.

Third generation PVs generally operate under aelandcheme where a number of
solar cells bearing dissimilar solid-state chanasties, namely the band-gap, are stacked
together to harness more power from the solar spad#]. As pointed out in Figure 1-2, the
highest recorded efficiency for a triple-junctiok’ Bevice is 40.7%, which is almost double
that of a single-junction silicon cell. Devices bdon this optimisation technique have only
just begun commercial production, finding applioas predominantly in the space industry
[6]. Theoretically, however, if the number of celis the stack were to grow infinitely, a
direct sunlight conversion efficiency of 68% coud@ obtained [12]. Approaching this
performance limit using nano-structured materias hecome the focus of much of present-

day PV research.
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Figure 1-2: Best research solar cell efficiencezorded from 1976 to 2008 for different PV

technologies [13].

Many types of nano-materials have been studiedpfmtovoltaic conversion, most
notably, silicon nanowires, quantum dots and cantenmotubes [4]. Although still at an early
stage of research, they have yet to demonstratdasior superior performance/cost ratios
compared to first and second generation PV teclgnedo Owing to the low material
requirements for nano-PV devices, the inexpensaderidation processes and the high
performances achieved through carrier confinemerg,anticipated that the associated costs

will drop considerably with the large-scale deplayrof such cells [4].

Carbon nanotubes have received least attention gshothe above mentioned
nanotechnologies for PV applications given the gmeselative complexity in synthesising
them to the desired physical dimensions that woelidver the electronic properties needed.
Nevertheless, in this thesis, it is theoreticalgmibnstrated how their geometrical structures
could be optimised for the realisation of a carbanotube based tandem solar cell.

1.3 Carbon nanotubes

Declared as one of the greatest breakthroughsnn-seale science, the discovery of

Carbon Nanotubes (CNTs) came about in 1991 duheglose inspection of a graphitic soot



produced from an arc-discharge synthesis of budkybigerenes (Go) [14, 15]. A Single-
Walled CNT (SWCNT) is composed of carbon atoms reyed in a single-layered
honeycomb sheet that is self-wrapped into a cyikaditube as depicted in Figure 1-3. With a
large aspect ratio, SWCNT's typically have diameter the order of 1-2nm and lengths

ranging from hundreds of nanometers and abovel[a]6,

Figure 1-3: A Single-walled carbon nanotube cappith half a buckyball at each end [18].

Due to the intrinsic nature of carbon and the omeedsional (1D) structure of
SWCNTs this offers superior electronic, optical @ahdrmal properties compared to three-
dimensional (3D) bulk materials such as silicon][TFable 1-1 summarizes some of these

distinctive properties and draws a comparison agalme corresponding characteristics of Si.

SWCNTs Silicon
Band-gap (eV at 300K) 0.5-2.0 (semi. SWCNTS) 1.12
Band-gap type Direct Indirect
Resistivity (Qcm at 300K ) 10° 10°-10* (depending on doping)
Carrier mobility (cm*/Vsat 10° 107-10° (depending on doping)
300K)

Table 1-1: Comparison of SWCNT and silicon matecferacteristics [19, 20].

With respect to their electrical conductivity, SWTH can remarkably exhibit
semiconducting or metallic behaviour depending beirt diameter and chirality (the
orientation in which the carbon honeycomb sheeblled with respect to its axis) [16]. Such
a trait may have significant implications since 8\ CNT band-gap can be effectively tuned
for a desired application by varying the geometrsteucture. This versatile feature has not
been witnessed in any other known material [16].

The primary advantage in using semiconducting SW&GNsver conventional bulk

semiconductors for devices is that they demonstmata-ballistic carrier transport due to



their quantum confinement [17]. This results inh@g carrier mobilities (almost 100x more

mobile compared to silicon) with low recombinatiosses.

As metallic 1D conductors, where charge can onbpagate backwards or forwards,
SWCNTSs enable carriers to flow with less scattefosges compared to bulk structures [16].
This offers lower resistivity and allows CNTSs tos&in large current densities (S1&/cm?)
without dissipating too much power [17]. Furthemgdo the strong C-C covalent bonds, the
SWCNT side-walls are almost perfectly bound withrywédow defect densities, thus,

possessing sound chemical and physical stability21].

The key challenge concerning SWCNT’'s at the monrests in the uncertainty
associated with the structural characteristicagedlusing existing synthesis techniques [14,
16, 17]. That is, even though the diameter can dydraclled to some extent, the chirality
cannot and hence the electronic properties may wamensely within a single batch of
SWCNT’s [16]. In turn this renders irreproduciblevites, which, if not rectified, could
impede the widespread adoption of SWCNT'’s [16]. #ieo major challenge confronting
CNTs is defining their spatial location and orid¢imia with respect to the surface they lay
upon [16, 17].

Amongst several anticipated applications, includingh power-density ultracapacitors
and flat-panel displays, CNTs may possibly plagla m future Integrated Circuits (ICs). For
instance, there have been suggestions of replantegconnects with metallic SWCNTSs,
particularly, in place of vias which interface nidtaes between different layers [22]. IBM
has been intensely exploring CNT based Field-Effeahsistors (CNT-FETs) where
switching characteristics have been found to ofper that of advanced silicon MOSFET
devices [17]. This news has been welcomed by tloeomliectronics industry as they strive to
find novel ways in downscaling conventional CMOSicen circuits beyond their
fundamental physical limit. However, given the imgircality of integrating CNT-FETs on a
large scale using present fabrication techniqunresptospects of replacing silicon based FETs

is unlikely within the foreseeable future.

Because of their direct band-gap attribute, SWCNawe also gained a lot of attention

in the optoelectronic research arena. Light ensites well as photo-detectors have been



implemented using semiconducting SWCNT’s and h&esve promising light emission and
absorption at different wavelengths of light [234].2Proposals for an all carbon-based
photovoltaic cell have even come to light with omgop experiments investigating the
potential of semiconducting SWCNT'’s as active materfor photovoltaic conversion [20,
21, 24-26]. In addition, there have been effortstilising metallic SWCNT’s as transparent

conductive contacts for thin-film PV technologi@®] 24].

The latest successful experimental CNT based PMcdewcluded a network of
semiconducting SWCNTs as a scaffold within a hyb@dT/Si heterojunction, which
exhibited enhanced light-trapping and absorptiomperties [20, 24]. The resulting
conversion efficiency was measured to be around@oli@r a non-optimised cell [24].
Although this performance is relatively poor congghto conventional cells, it would be
valuable to gain an insight on the maximum theoattefficiency limit for an optimised
multi-CNT based PV cell.

The primary aim of this thesis is to develop namahputational methodologies that
characterise the electronic and optical propertie6 SWCNTs with respect to their
geometrical structure variability. Further, the rhetlologies created will be utilised in
identifying the theoretical limiting performancehaeved by an isolated and tandem SWCNT
based solar cell. The chief outcome of this analygil be to define optimized nanotube
geometrical properties that deliver the highest\arsion efficiencies within the confines of
the assumptions made. Ultimately, this study sheufablement experimental efforts in the

evaluation of nano-structured solar cells.

1.4 Thesis outline

Chapter 2 gives an introductory overview of presiay solar cell operation presenting
standard circuit models used in evaluating theifgpmance and subsequently highlighting
the main limitations and optimisations of existiRY technologies. The second part of the
chapter reviews all literature concerning the laii@plementations of carbon nanotube based
PV’s. The strengths and shortcomings of each deaieeaddressed, which paves the way for

a newly proposed tandem CNT solar cell.



Chapter 3 provides a detailed review of single @httarbon nanotubes where an initial
brief discussion is given on their structural featu The associated electronic characteristics
are later studied with the development of a senpigoal Tight-Binding with Zone Folding
model that generates the SWCNT band-structure.donfirmed that the CNT band-structure

is appreciably altered with respect to its geornatmproperties.

In Chapter 4, the first contribution of this themsmade where the band-structure is
calculated for a number of structurally dissimi@WCNTs and the resulting band-gap and
carrier effective mass are derived. As an outcomesimulation-efficient and accurate
analytical model is created for distinguishing metaand semiconducting tubes.
Furthermore, a band-gap model for semiconductifgpduis established. These proposed
analytical models are verified against other sempieical andab-initio approximations as
well as experimental data. The chapter is conclwdédthe development of carrier effective
mass models for achiral and chiral SWCNTs, whioh @so validated against previously

reported results.

Chapter 5, which presents the second contributibrithiz thesis, deals with the
uncertainty associated with the CNT geometricabprbes and endeavours to statistically
model the variation in band-gap and effective maitk respect to the mean diametdr)(
and standard deviationd,J. The typical distributions for CVD grown CNT sttural
parameters are firstly discussed and identifietbs8guently, the models derived in Chapter 4
are used in running a set of Monte Carlo simulatiwhere the spread in band-gap and carrier
effective mass are calculated for the correspondingctural parameter distribution. By
establishing analytical expressions for the CNTdsgap and effective mass variability,
insight is offered on optimising diameter-relatedgess parameters in order to suppress

variation.

Chapter 6 is concerned with modelling the optidadaaption properties of SWCNTs
using first order perturbation theory. Here, thghtiBinding and Zone Folding method is
employed once again in deriving the Transition Rate) for a SWCNT when exposed to
laser illumination. This technique is utilised mhentifying the photo-generated current and
guantum efficiency spectral responses for a raigéngle nanotubes giving new insights on

the optimal CNT geometrical structure for optoelesic applications. The adopted novel



approach is compared and validated against expetaih@s well as other theoretically

simulated results.

In Chapter 7 a framework of assumptions is ingiadutlined with respect to the
SWCNT PV devices investigated. By employing thealdsquivalent circuit model of a PV
cell we determine the short-circuit current, op@otit voltage, fill factor and conversion
efficiency of various isolated SWCNT solar cellddanthe standard AMO as well as AM1.5
solar irradiation spectrum. The performance of aceptually proposed CNT based tandem
cell is later calculated when exposed to solamilhation. Lastly, the optimized nanotube
structural properties are analysed and defineckémh photovoltaic converter in addition to

the optimal number of SWCNTSs required for a tancdehar cell.
Chapter 8 summarizes the key outcomes and conbmisubf this thesis as well as the
feasibility of exploiting SWCNTSs towards the devatheent of a tandem PV device. This is

followed by recommendations for future work.

The appendices include supporting material as agla list of peer-reviewed papers

that have resulted from this PhD project (see AdpeD).
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Chapter 2 Introduction to Solar
Cellsand CNT based Photovoltaic

Devices

In this chapter, firstly an overview of the opeoatiof present-day solar cells will be
discussed in Section 2.1 followed by Section 2.2emghtheir effectiveness and main
technology limitations will be outlined. Next, arp-to-date literature review of Carbon
Nanotube (CNT) based devices and photodiodes wifiresented in Section 2.3 highlighting
their strengths and shortcomings. In the final isactSection 2.4, a proposed hypothetical
CNT based solar cell architecture will be revealgehn which this thesis will endeavour to

study and model in detail.

2.1 Basic operation of solar cells

A solar cell is an energy conversion device thategates electrical energy directly
from the absorption of light energy. The sourcdigift energy, usually typified by the sun, is
generally represented by a black body radiator ¢ngits photons (quanta of radiation) with
wavelengths ranging from the ultraviolet (w3 to the infrared (~218n) region of the
electromagnetic spectra [19]. This is illustratedFigure 2-1, which depicts a comparison
between terrestrial measurements made of the sumnigted power density per unit photon
energy, also known as the solar irradiance, andirtadiance emitted from a black body
radiator at 5800K [19]. When both graphs are coexghait can be observed that the black
body approximation provides a reasonable matchdostins’ measured irradiance spectrum

11



from earth (Air Mass AM=1.5) [27]. Notably, the aolradiation spectrum is shown to extend

across a broad range of photon energjgs0.48- 4.13eV.
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Figure 2-1: A standard terrestrial (AM=1.5) solaadiance spectrum-) and an approximation of a
black body radiator at¥5800K given by Plank’s Law (---).

Unlike solar thermal energy conversion where heatxchanged from a hot body to a
cool object causing a rise in the internal kinedieergy, solar cells convert the absorbed
photon energy into electrochemical potential end&8j. This process is recognised as the

photovoltaic (PV) effect.

By in large, PV converters are made of semicondgatnaterials, which hold most of
their electrons at a ground state separated gnfi@in a higher potential energy state by a
forbidden gafE, [11]. When a photon is absorbed in a semicondymtssessing a band-gap
Ey = Ep, an electron transitions to the excited stateifgabehind a hole (positive ion) [11].
All photons with energieg, < E; are not absorbed and transmit through the semimtod
as if it were transparent [19]. ConverselyEif> Eg, an electron-hole pair is produced and the
excess energyeg-Ey) is rapidly dissipated as heat, that is, thetedeehole pair undergoes

‘thermalisation’ to the edges of their respectiaadis [28].
To complete the PV conversion process, the eledtobe pairs are quickly separated

from their point of creation with the support obailt-in electric field that is set-up by an

asymmetric junction in the device [28]. A contadthwa raised electrochemical potential
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collects electrons before they relax to the grostade and, equally, the holes are collected at
the other end contact with a lower electrochempcaiéntial [28]. A photocurrent is produced
as a result, which flows into an external circtihe extra potential energy of the excited
electrons establishes a potential difference, atgioltage, across the cell terminals that

drives electrons through a load where electricakvi®done [28].

2.1.1 Process of photon absorption and radiative recoratsom

Under illumination, the photocurrent densiti§E;)) generated in a semiconducting
material by the absorption of a photon with a gieeergyg, is related to:

1) The incident solar photon flux density (number dbfns per unit area per
second per photon energgn),

2) The probability of photon reflectionR],
3) The absorbance (the probability of photon absonpi.

This is denoted by Eqg. 2.1 whegecorresponds to the unit electron charge. Giveroma n
reflecting semiconductor, Eg. 2.1 assumes thataitheabsorbed photon generates one
electron, then, the electron photocurrent density)(and the photon flux density are
equivalent with a constant multiple @{28].

JapdEy) =tll-RE,)Ja(E,)e(Ep) 21
where:
1 Ey2E
E )= P 2.2
T
and
ok E
%(Ep)= =2 (eEP /kBpTS _J 2.3
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The absorbance is dictated by the material praggsedand is commonly described as a
function of the absorption coefficient(E,). However, in this introductory chapter it is
sufficient to express it as a step-like functioaraeterised by Eq. 2.2. The absorbance is also
significantly influenced by the optical path lengttthin the semiconductor [28].

The incident photon flux density per unit energy.§'meV?) provided by Eq. 2.3
represents the generalised form of Plank’s radiadov per photon energy whekg is the
Boltzmann constant is the speed of light and is the surface temperature of the black body
radiator in Kelvins [28]. The geometrical facteg is a term related to the angle subtended
between the incoming direction of the light and tloemal to the solar cell surface and will
be considered a fixed constant of 6.79%#8 in [28].

As well as absorbing radiation, the cell emits phst Under thermal equilibriun.€.
no exposure to illumination and no applied bia® tell acts as a black body and emits
thermal radiation characteristic of its temperaflirdhis emission can occur spontaneously
where electrons relax from their excited stateneodround state producing a photon of light
with energy equivalent to the potential energy asésl [28]. Due to this unavoidable

spontaneous emission the performance of a photwedaell will always be limited [28, 29].

Spontaneous emission can be further intensifiednvthe cell is in a non-equilibrium
state. Under illumination the electron populatisrraised in potential energy, which in turn
causes the system to develop a finite electroctanpotential difference between the
electrode terminalau= qV >0 [28]. This potential difference facilitates moelectrons in
relaxing to their ground state and recombining viidihes. As a result, the rate of emission is

dependent uponu [28]. Akin to Eq. 2.3, the photon flux emitted rfinothe cell @) per

photon energy due i can be expressed as follows:

2
AT E,

(Ep. B = -
R\Ep 2| (B tilicT _y

2.4

The geometrical factdfs has been replaced witlxr h Eq. 2.4 since the solar cell may

be considered isotropic, that is, the cell can gvhittons in any direction [8]. Now if the
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probability of photon emission, the emissivity, (is known for a given cell then the current

density for radiative recombinatiod{i(E, , Ax)) for a givenE, andAx can be defined as:

Jrad(Ep, &) = al— R(E))e(E) ¢ (Ep, AL) 25

Thus, using Eqg.2.1 and Eq. 2.5, the net equivalanient density for a given photon
energy can be denoted by Eq. 2.6 [28].

‘]net(Ep’Aﬂ) = Jabs(Ep) _‘]rad(Ep’A.u)

= qU-REaENRE) -ENREnt)]

Under a steady state where the concentration ofrefes remains constant, the rate of
photon emission by the cell must balance with #te of photon absorption according to the
theory ofdetailed balancg8, 12, 28]. That is, the absorbance and emigsshbuld match as
denoted by:

a(Ep) =&(E,) 2.7

Further, in [30] it was theoretically confirmed fnoa generalised detailed balance
argument that the cell absorbance is equal to mhissévity under a non-equilibrium bias
(Ax>0) operation [12, 28, 30]. This assumption holdsegithatAx is constant throughout the
device [30].

2.1.2 Process of charge separation and collection

Given the generation of an electron-hole pair, larscell achieves charge separation
with the aid of an intrinsically induced electrastdield caused by an asymmetric rectifying
junction. The junction can be realised by eithdedeely contacting a semiconducting
material with metal, effectively producing a Schgtbarrier, or doping a semiconductor into
n andp type regions [28]. The emergence of a potentiaidraat the junction provides a low
resistance path for electrons to thmecontact (blocking any positive charge flow), amd f

holes to thg contact (blocking any negative charge flow) [28].

A schematic representation of a typical silicorasa@kllpn junction is shown in Figure

2-2 [11]. It could be seen that tpa junction is shallow near the exposed surface, wisc
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covered in anti-reflection coating to minimis&E,) [11]. A set of ohmic contact stripes,
known as finger grid contacts, are deposited onofoitne n-doped silicon to minimise light
reflection off the top surface [19]. However, thtiee back surface of the™ type silicon is
covered by a rear ohmic contact in an attempt tximmae reflection and subsequent

absorption at the junction [11].

The carrier concentration gradient across pinejunction forms a depletion region
whereby a built-in potentiaM,) is established [31]. At equilibrium this prohibithe flow of
the majority carriers across the junction [28, 31].

= Antireflection coating

> = 5 f;. S5
e 22 2 22
* - - - *

top-contact

p-type

[ juc o

‘eal contact
Figure 2-2: Schematic ofgn junction silicon solar cell [32].

When the device is subjected to a light souice fon-equilibrium operation), the
absorbed photons converted into electron-hole aigssubsequently separated by the built-
in potential where free electrons and holes argswto then side ando side, respectively
[31].

If the contacts are located within a diffusion ldndthe average distance a carrier
moves from point of generation until recombinatiofthe point of generation and material
defects/impurities are low then the non-radiateeombination losses are minimised and the
excess carriers collect at the electrodes [31furn, these ‘collected excess carriers’ generate
a finite current, the photocurrer) in the external circuit [31]. Assuming that tblearge
separation, transportation and collection in thei@ecan all occur with a probability and
a(Ep)=¢(Ep) using the detailed balance result, the photoctroEmsity is obtained by
integratingJne: Over all photon energies:
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3y = Q| R E - RENRENRE) -aEp biBE, 28
0

or expressed in terms of the Quantum Efficier@(E,):

Jp = A QEE, )R (E,) ~R(E, UM, 29
0

The quantum efficiency is a good indicator of thember of electron-hole pairs
generated and delivered to the external circuitipeident photon. Usually, due to factors
such as incomplete photon absorption, reflecti@uiative relaxation, imperfect charge
separation, material-defect induced recombinatiod eollection losses, the resultirfgE
value is less than 1 [19]. Nevertheless, if theaidease ofQE =1 is considered for all
absorbed photon energie(#.(Ey)=1, R(E)=0, QE(E)=a(E)) then:

E

Ioman=9 [ (@(E,) - @(E, B)NE, 210
ht=Eg,

Equation 2.10 offers the maximum photocurrent dgrfer a given material band-gap
provided that multiple carrier generation —the potion of more than one electron by an
absorbed photon - does not take place [28]. FdasAx =0, this results in a photocurrent
density curve as shown in Figure 2-3.

Figure 2-3 demonstrates that as the band-gap BeEsedess photons are absorbed
generating a small photocurrendyax) [19]. An important point to note is that the
photocurrent density is predominantly a functiontld semiconductor band-gafg), the

guantum efficiency and the incident photon radmafit9, 28].
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Figure 2-3: Maximum photocurrent density generditech Eqg. 2.10 for an ideal solar cell with band-

gapE,.
2.1.3 Ideal equivalent circuit model and conversion écy

A solar cell can be considered similar to a phatddi detector, although the device
designs are fundamentally different. This is beeati®e photodiode has to only detect a
narrow wavelength range centred at the opticaladigravelength, whereas, solar cells must
possess a wide spectral response over a broadisolatength range [19].

Unlike photodiodes where the quantum efficiencypme of the key figures of merit,
solar cells are evaluated based on how well thewe the incident light powerP(,) to
power delivered to the loadR() [19]. This is denoted by the power conversioncedhcy ),
which will be derived using the ideal equivalentuait of the solar cell given in Figure 2-4.
Figure 2-4 shows the solar cell as a current somrparallel with an asymmetric, non-linear

resistive element.g. a diode) [28].
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Figure 2-4: One-diode ideal equivalent circuit mdde PV under illumination.

The constant current-source represents the shoticicurrent density J) due to
photo-absorption, which is equivalent to the photoent density J, denoted by Eq. 2.8)
without taking account of radiative-recombinatidrne current flowing through the diode
represents the reverse, or dark, current thatsawben a bias is applied to the solar cell in the
dark [28]. The generated photocurrent is dividetivben the variable resistance of the diode
and the loadR,) [28]. When the load resistance is higher thanojeerating point of the cell,
more of the photocurrent flows through the diodesutting in a high potential difference
across the PV cell and a small current throughldbd [28]. Hence, the diode regulates the

photovoltage of the cell [28].

From the equivalent circuit model, the steady-sideal J-V characteristics can be

derived as follows:

J(V) = I (€NV/™eT —1) -3, 2.11

where the diode current is given by the Shockleyaéqn pertaining an ideality factor
characterised by (normally 1 for an ideal diode and approaches th Wigher defects) and

Jsat represents the diode saturation current densrgngoy [11]:

~Eg4 /kgT

Jeat = Oh/KaT NN, 2.12

1 N 1 o

[0 [0
Np m, Ny M,
As can be seen the saturation current is very nuagbendent upon the device

properties such as the effective density-of-statdhe conduction and valence baig,and

Ny, respectively [11].Np and N are the donor and acceptor dopant concentrations,
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respectively.njjand m; are the effective masses of the electrons andshoéspectively.

From Eqg. 2.12 it can be reasoned that the mateaiati-gap along with the cell temperature
have an overriding influence on the saturationenitrresulting in lower values with higher
=

Effectively, Eq. 2.11 approximates the net currest the difference between the
absorbed and emitted flux densities as previoustiytdished in Eq. 2.8 withu =qV [19, 28].
That is, asV increases the emitted flux grows owing to greamontaneous emission and
consequently the net current decreases rapidly \28jen the net current is zerbe( the
absorption current and dark current are equivalang voltage point acknowledged as the

open-circuit voltage\yo), the absorbed and emitted flux are preciselyrizad [28].

For a device withls. = 50mA/cnf, Jso: = 0.5 nA/ci, n= 1 andT = 300K, thel-V curve

can be plotted as shown in Figure 2-5.

Since the curve is passing through the fourth qaraidthis means that power is being
delivered to the loadR. from the device [11]. It is therefore necessargt W never drops
below OV or exceedVoc = Eg/q as power will be consumed by the device actingaas
photodetector or a light emitting diode, respedyi\j8]. A central assumption to this ideal
model is thatls; is constant for a given incident light intensitydais independent of the
voltageV [33].

The maximum power density rectangle of Figure 28frasponds to the maximum
power output Py, = JVm) that occurs at voltag€, with a corresponding curre@d, [19].
Thus, the optimum load sheet resistance must beheditoV,/J, which is achieved using
an external load controller device recognised asMaximum Power Point Tracker (MPPT)

[28]. The output power density is denoted by:

P=VI=VA ™ -1)-va, 2.13
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Figure 2-5:3-V characteristic of a solar cell device under dafy &nd illuminated-) conditions.
To obtain the maximum power operating point one tnsa$ve fordP/dV = 0, which

gives:

v, = el In{ Lt S/ Jsa) }VOC - DT |n(1+—qvrn j 2.14
q  [1+(ava/nkeT) nkeT

where the open-circuit voltag&/dc) can be determined from Eq. 2.11 by settifyg) = 0

giving:

Voc =

nkgT In( Jsc +1j < NkT In( JSC] 2.15
q Jsat q Jsat
The open-circuit voltageVec) is characteristic of the built-in potential ofetlpn
junction and according to Eq. 2.15 is shown toease logarithmically with the ratiydJsat
[28]. As mentioned abové/oc can also be estimated by the semiconductor bapdsigae
the quantityEg/q represents the upper voltage limit for photovelteonversion [19]. This,
however, is not perfectly accurate because of thaveidable radiative recombination

conveyed byJss, Which effectively forces the upper voltage linibwnwards. Take for
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example silicon E4,=1.1eV), where it would be expected to have an ap@uit voltage of
1.1V, but in realitfVoc~0.7V.

The corresponding current densitywatis:

- qu Vi / NkgT 1
J. =J. | —2 [e''m =) J1-— 2.16
m Sa{ nksT J U7 qV,/nkgT

Therefore, the maximum power output dengityis:

P =3,V = Jog Vo — el In(1+ AV j— ks T 2.17
q nksT ) g

The power conversion efficiency of a solar cell,ichhis the ratio of the maximum
power output densityP,) to the incident power densiti?{) is given by Eq. 2.18 [11].

_ JuVin _ Viadsa(a/ nkgT Je™n T
R R

2.18

Pin can be obtained by integrating the photon irrackagpower per unit area per unit
photon energy) over the complete solar spectrunj. [Ahother method to ascertain this
would be by integrating the product of the incidphbton energy and flux density of Eq.2.3
as given in Eq. 2.19.

Py = [ Ex@(E,)dE, 219
0

Another common representation of the conversioigieffcy is with respect to the Fill Factor
(FF):

— I:F"]SCVOC
P

n

2.20

where FF is defined as:
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FF=om/m _q_ kT '”(“%j—ﬁ 2.21
JsVoc aVoc
The fill factor is a ratio of the maximum power déxp rectangle to the produdiVoc
[19]. This quality parameter is a measure of tlgpiéseness’ of -V curve and is always less
than 1 due to the roundness of the exponedtlakcurve [34]. The closer FF is to unity, the
more the PV will resemble a constant current soara the higher the delivered power. In

practice FF tends to be around 0.8 [19].

In order to optimise the conversion efficiency af. 2.20, the quantities: FBs. and
Voc have to be maximised [11]. Intuitively, to obtaitargeVoc, a large band-gap is required
[19]. On the other hand, it was shown in Figure t&&& the photocurrend{ or Js¢) decreases
with higher band-gap [19]. So there exists a commise between photocurrent and open-
circuit voltage, which are both strongly dictatgdtbe material band-gap [19].

Assuming that the fill factor of Eq. 2.20 is uniéypd the open-circuit voltage is only
related to the band-gapd. Voc = Eg/q), the ideal efficiency of a single band-gap saielt
operating under an AM =1.5 condition is calculadé@d shown in Figure 2-6 as a function of

the band-gap energy [19].
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Figure 2-6: Ideal solar-cell conversion efficienayder AM=1.5 solar radiation vs. band-gap energy

Es.
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From Figure 2-6 it can be deduced that the peakearsion efficiency achieved is 31%
(at Eg=1.4eV), which is in agreement with the well-knoBhockley-Queisser limit [6, 8].
Crucially, it can be observed that under an AM=ilitmination the ideal PV efficiency
curve is fairly broad, where a sizable range of isenductor band-gaps, 0.7-2.1eV, can
provide efficiencies above 20% [4, 19]. Figure Zaflditionally reinforces what was
mentioned earlier, that low band-gaps deméte and hence suppress performance whilst
high band-gaps lead to small magnitudes of photentirJs) also resulting in poor
operation. Hence, from this argument, one coul@ritihat optimising PV efficiency boils

down to choosing the appropriate material for a&giincident spectrum [28].

The curve of Figure 2-6 presumes no potential gnéygs to the carriers caused by
resistances anywhere in the circuit [28]. In p&gtithis is not the case because the current-
voltage characteristic is not perfectly rectangalad a voltage drop exists at the cell junction
and contacts, which shall be addressed in thewoilg section [6, 8].

2.1.4 Non-ideal PV equivalent circuit model

Apart from the unavoidable radiative-recombinatiadditional factors that degrade the
conversion efficiency of any PV converter can barahterised by resistive components as

shown in the non-ideal one-diode equivalent cirowidel of Figure 2-7.

Rs

l TJ( V)
e , T v ( = R V \ R:

Figure 2-7: One-diode non-ideal equivalent cirooitdel under illumination.

The parasitic series resistand®, arises mainly from the resistance of the metal
contacts as well as the resistance experiencedrpigcflow in then-type andp-type regions

due to impurity concentrations [11]. The seriesistagce is also augmented by thicker
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junction depths where charge is required to trdeeber distancesRs can be a major

impediment to solar cell performance particularlyan operating at high photocurrents [28].

The shunt resistancBs, is used to model leakage currents caused mainiyndoy
radiative recombination of electron-hole pairs [13his can usually arise acrosspa
junction owing to the presence of incomplete boatisites with extrinsic and intrinsic
defects. The incomplete dangling bonds effectivetyoduce energy states in the forbidden
gap (traps), which act as recombination centresgi@vide shunting paths for current flow
across the junction [31]. It is important to ndtattnon-radiative recombination occurs over a

shorter time-scale compared to its radiative capaie.

The J-V characteristic of the non-ideal equivalent cirenddel can be described by Eq.
2.22:

q(v-J(V)R,) V—J(V)

fAV)V)=IV)+I —Jel e ™7 -1 ——RS:O 2.22

Rsh

which can be rewritten as:
a(v-J(V)Ry)

1 \Y

IV)=—<|Jeude ™7 -1 ‘Jsc+i 2.23
Rsn

In the ideal case whefe= 0 andRs= «, Eq. 2.23 reduces to the ideal form given by
Eq. 2.11 in the previous section. Since Eq. 2.2fhigmplicit equation, it can be solved using
numerical methods. Here, the Newton-Raphson appraacemployed as detailed in

Appendix A given its good accuracy and quadratie od convergence [35].

2.1.5 Analysing the effects of series and shunt resistamcthe J-V characteristics

To obtain the open-circuit voltage due to the tessscomponents of the non-ideal

circuit J(V) is considered as zero in Eq. 2.23, yielding thiefong expression:
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V= KaT |n[JSC_V°°/ Ron +1J 2.24
q Jsat

Equation 2.24 confirms thaV¥,. still depends on the ratids/Jsar but is equally
influenced by an additional factor associated wtitl leakage througRs,. Examining the
equation further, it could be established thatdpen-circuit voltage falls considerably as the
shunt resistance is reduced, thereby underminiegltiactor of the PV cell. The effects of a
decreasingRsy on the J-V characteristic can be illustrated in Figure 2-8ewhall other
variables remain constant. With lower shunt resistg, the slope of th&V curve can be
seen to get significantly steeper tending towartisear ohmic profile that relates toRL,. It
is worth pointing out that the series resistance ha impact on the open-circuit voltage

because no net output current is flowing in theel circuit.
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Figure 2-8:J-V characteristic for example PV cell witF0Q andRs~=«,50,20,10,5,2.

Conversely, when no load is presdrg.(R_.=0 andV= 0), the output current is:

L 43 OR,)
IO =7~ Jsaf @ " -1|-Jg

2

Assuming thatRs;>>R;, this leads to a negligiblB/Rgh ratio and therefore it can be

2.25

deduced from Eq. 2.25 thRt has a dominant effect on the output current atRigure 2-9
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shows a considerable decrease in the net outpuentuwhen the series resistance is
increased, in turn diminishing the Fill Factor. Mover, for the highest series resistance a
‘linearization’ effect is once again observed ie fhV curve, exhibiting a gradient equal to
1/Rs. TheJ-V characteristics additionally confirm that the oéncuit voltage is unchanged

with a varying series resistance.
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Figure 2-9:3-V characteristic for example PV cell wily~=0Q andR=0,2,5,10,20,5Q.

2.2 Conventional photovoltaic design issues and opétioss

To-date, a rich variety of solar cell designs haweerged with the aim of improving
light absorption, charge separation, transporta@oilgction [28]. The following sub-sections

discuss PV design considerations and the most yigked solar cell architectures at present.
2.2.1 Single-junction solar cells

As previously mentioned, charge separation in R\vachieved at a junction, which can
either be between two different materials — a loggection — or between two layers of the
same semiconductor that are doped differently -eradjunction [28]. Homojunctions have
an advantage over heterojunctions as they do rifer Stom recombination losses that arise

at the defect tainted metallurgical interfaces [28]s0, preparing a homojunction from a
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single crystal semiconductor wafer alleviates tladriCation process compared to a
heterojunction. Thus, the majority of solar cetiddy are based onsingle pn homojunction

as shown in Figure 2-2.

Silicon is the most commonly used material for présdiay homojunction based PVs
given that it possesses a single band-gap (1.1e\ighwis reasonably optimised for the
AML1.5 solar spectrum (see Figure 2-6) [9, 28]. Tinsans that only photon energies above
1.1eV can be absorbed resulting in poor absorptitnin the infra-red (IR) region, which
approximately covers a 20% portion of the solacspen [4]. Moreover, generated electron-
hole pairs with energies in excess of 1.1eV mustnilalise to the fundamental band-gap and
in the process dissipate kinetic energy to theaililattice. In turn, this causes a temperature
rise that exacerbates the saturation current anddownVoc considerably [28].

The most notable disadvantage with using silicoth#& it has an indirect band-gap,
which demands the assistance of phonons — latiiizations — during the photon absorption
process in generating an electron-hole pair [28nsequently, this leads to weaker optical
absorption compared with a direct band-gap semiechod [9, 28]. For this reason, thicker
silicon is needed in order to surpass the long rptism depths (1Dcm™ for a 500nm

wavelength light-source) required, which ultimatedgults in more costly PV cells [9].

There have been solutions in minimising the cosilafon solar cells such as the use of
thin-film layers of polycrystalline and amorphoubcen. These semiconducting layers can
be readily deposited on an inexpensive foreigntsatas(e.g. glass, plastic, metal or ceramic)
by relatively low-cost methods such as ChemicaldaDeposition (CVD) [19]. Although
thin-film solar cells have delivered the lowest mitturing cost, they have a low efficiency
of only 5% primarily as a result of the poor mademuality. It is widely accepted that
utilising polycrystalline or amorphous materialses rise to the grain-boundary effect where
the carrier diffusion lengths are too short comgat@ the absorption depth. This entails

considerable collection inefficiencies [11, 28].

Hence, it is clear that silicon PVs are currentigkied in a cost vs. efficiency trade-off.
Another important compromise pertains to the dopevgl of thepn junction.

28



It was mentioned earlier thaloc is related to the built-in potentiaVij) of the pn

junction, which is defined as:

Vi = keT In[ NANo J 2.26

q ni2

wheren; is the intrinsic carrier density at thermal edwilim [11]. Therefore, in order to
achieve a highVpoc, or a highVy;, this implies that the acceptor and donor doping
concentrations must be intensified. Moreover, asotedl by Eq. 2.12, higher doping
concentrations lead to lower saturation currensd®s (Jsa). On the other hand, the width of
the depletion region across tpa junction (which facilitates carrier collection) marrowed
down with higher doping concentrations [28]. Thssconveyed by Eq. 2.27 whesgis the
semiconductor permittivity [11, 28].

E 2‘95( 4 )vbi 2,27
qd (Na Np

Consequently, the doping level must be controliedptovide the best compromise

between cell voltage and recombination losses filmenreduced depletion width [28]. This
necessitates accurate, high temperature thernfabih techniques that can be very energy

intensive.

Other design considerations that must be taken actmunt when fabricating pn

junction cell include:

1) The junction should be shallow, as shown in Figeh2, to ensure that it is
within a diffusion length from the top contact aadoid high-energy photons
from being susceptible to surface recombination.[28

2) The top semiconducting layer should be heavily dopampared to the bottom
layer in order to reduce the series resistance thétront contact and maximise
Vi, Which in turn increase¥oc [28]. This also thickens the depletion width
within the bottom layer facilitating better collemt (i.e. longer diffusion

lengths) at the back contact without limitikigc [28].
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3) Light reflectionR(E) should be minimised by treating the semiconduwtibin
an anti-reflective coating as depicted in Figur2 [28]. This is a material with a
refractive index between the semiconductor and th@t enables optical
impedance matching [28].

The development of compound-semiconductor hetectipm solar cells has witnessed
high growth in recent years. For example, IlI-V stalline materials such as GaAs and InP
have become commonplace in satellite and spaceleedolar cell applications due to their
strong optical absorption [11, 28]. Additionallyi-MI and I-11l-V semiconductors with
suitable band-gaps, such as CdTe and Cu)ritsee also become commercially available PV

devices although some of these materials are kriowe toxic and scarce [28].
2.2.2 Multi-junction solar cells

A solution which has received much interest inrdmearch community is the adoption
of a multiple-junction regime. Multi-band-gap phetdtaics, widely known as tandem cells,
have been proposed as very efficient systems bedhey are better matched to the sun’s
spectrum than a single gap system [12]. Fundamgntése work by employing “spectrum
splitting” techniques. That is, the sunlight isispito narrow wavelength bands and each
band is directed to a semiconducting material &itorresponding band-gap [11]. Since the
band-gap energy is tuned to the photon energy, sdlmo kinetic energy is lost through
carrier thermalisation and the electrochemical midé extracted is close to the photon

energy [28].

In a stacked multi-gap PV, N cells are ordered \hihlowest gap at the bottom of the
stack and the highest at the top as shown in Figut® [12]. The incoming sunlight is
exposed through the top surface and a perfect tedieictor is placed at the rear side [12].

Considering celh+1 for the moment, photons with energies lower tth@ncell’s gap

(i.e. Ep < E;™) will transmit with a forward flux¢f towards celln, where they can be
absorbed if the photon energy lies within the rangg <E, < Eg+1 [12]. Otherwise, the

photons are transmitted through to the lower gdipircéhe stackn-1, with a flux ¢f . Due
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to radiative recombination and reflection lossed| 8 may also emit photons that can be

collected by celh+1 orn-1. This effect is calledadiative couplingbetween the cells [12].

The maximum efficiency for a stacked device is aedd when the band-gaps for each
cell and operating voltages are optimised. In [it2yvas theoretically shown using the
detailed balance argument that an infinite numkfecedls provides the best possible PV
performance with a conversion efficiency of 68% tbe sun assumed as a blackbody at
6000K [6, 12]. This optimisation is currently insgéate where triple junction cells based on
GalnP/GaAs/Ge have been fabricated recording adwledding conversion efficiency of

40.7% under a 240 sun illumination [4].
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Figure 2-10: Schematic diagram of a stacked maltiebgap PV cell [12].

Ideally, the operation of each sub-cell within adeam device could be independently
optimised by including separate electrical cont§28. However, in practice, this is difficult
to realise [28]. Therefore, tandem cells tend teehtheir sub-cells electrically connected in
series or parallel as discussed in [36]. The seonesiguration, which is the most widely used
today, consists of connecting thaype material of one device with tetype material of the
adjacent device [36]. This results in the conductlmand of the former device being
connected to the valence band of the latter de{8&. On the other hand, parallel
configurations connect the conduction bands oftladl individual sub-cells together via a

common electrode [36].

Unfortunately, both these configurations exhibdoanpromise that requires some form
of electrical matching, which adds further compigxs well as further losses to the tandem

device performance [36]. For instance, in a sezt@®ected system, current matching is
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needed since the total current is constrained bstib-cell with the lowest producing photo-
current [28]. In contrast, voltage-matching is riegd for a parallel configuration since the
minimum band-gap material used in the tandem stradimits the open-circuit voltage of
the overall system [36].

The manufacturing cost of producing multi-junctiaells is relatively excessive
(>$7W?) compared to the mentioned single-junction tecbgiels [4]. Due to the stacking of
multiple layers, extra process steps are requineaddition to the already energy intensive

procedures needed for bulk material preparationcatidabrication.

While the multi-band-gap strategy has demonstraie@worthy success using bulk
materials, it is also apparent that the use of dowensional nano-sized structures may

ultimately play a key role in its realisation fatdire ultra-efficient low-cost solar cells [4, 6].
2.2.3 Nano-structured solar cells

It is believed that molecular assemblies sized betwl-100nm in any one dimension,
commonly defined as nano-structures, could presggmificant cost and performance
benefits over bulk technologies given their supematerial utilisation and advanced

optoelectronic properties [4].

Nano-structures are generally distinguished forspssing quantised energy-levels in
their electronic band-structure, which invoke pbgsphenomena’s that could be profoundly
exploited towards the actualisation of ultra-hidgficeency solar cells [4, 28, 37]. One such
phenomena is quantum confinement that boosts cdraesport causing less charge to be
lost through recombination [37]. Another effecttie generation of multiple electron-hole
pairs per incident photon, which opens a new pdggilof delivering power conversion

efficiencies in excess of the Shockley-Queissett [jg6, 37].

From a cost standpoint, the key attraction for eyiplg nano-structures is that, since
they are solution processable, they could poténtmErmit solar cells to be manufactured on
low-cost, flexible substrates using scalable roirdll processes with room-temperature

coating and continuous printing techniques [4, 38].
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The nano-materials that have been explored forguotthic applications to-date may
be classified into four categories depending onrthmber of dimensions the carriers are

allowed to travel [4]:

» 3-Dimensional (3D) nano-pores crystalline films
» 2-Dimensional (2D) quantum wells
* 1-Dimensional (1D) nanowires and nanotubes

* 0-Dimensional (OD) quantum dots

3D nano-crystalline films, normally around Lt thick, are already very much in use
within Dye-Sensitised (or Gratzel) Solar Cells (394, 39]. These PVs contain an
electrochemical junction that consists of a sendooting nano-pores surface, such as a
titania (TiGy) film, interfaced with a photosensitive organiced¢, 28]. When an incident
photon is absorbed in the dye this generates aitoax@®ound electron-hole pair), which is
subsequently split at the junction [28]. The electrs injected into the conduction band of
the nano-film and transported to an adjoining etetd where it is collected and supplied to
the external circuit [39]. Simultaneously, the esponding hole is extracted from the dye by

a surrounding liquid electrolyte typically compos#Edin iodine solution [4, 39].

In [39] it was demonstrated that the nano-crystalliitania layer along with a newly
developed dye contributed strongly to the improgetformance of the DSSC, resulting in a
conversion efficiency as high as 7.9% and a FF=0E/&n though DSSCs are cheaply
manufactured and the materials used are relativelypensive compared to silicon, they
suffer from degradation issues caused by thernshlnility of the electrolyte that prompts
their seal to rupture. This, in turn, inspired thevelopment of the liquid-free polymer based

solar cells that also incorporate a variety of natractured materials [4].

2D Quantum Wells (QWSs) have been exploited in Pyeimbedding them within the
intrinsic region of g-i-n heterojunction device like GaAs and related all(gg. AIGaAs
and InGaAs) [4, 28, 40, 41]. The fabrication of Iswc structure relies upon using precise,
atomic level control of the thickness between agljadayers in order to create multiple

potential barriers, or multiple QWs [4]. In essenitese introduce quantum-confined states
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near the band edges of the host material enabhtpps of lower energy to be efficiently
absorbed whilst the high energy photons still etervith the bulk band-gap [28, 40].

Over the past decade there has been an on-goingtedebgarding the expected
efficiency enhancement of QW solar cells, partidylavhether they could surpass that of the
optimum single-gap cell [4, 40]. That said, it iscepted that QW PVs yield marginally
higher short-circuit current densities, and thuswvession efficiencies, compared to
corresponding devices devoid of QWs as a resulthef extended photo-absorption and
guantum confinement [40, 41]. Notably, owing to itheelatively complex fabrication
process, it is anticipated that QW solar cells vii# principally limited to space and

concentrator applications [4].

1D nanowires and nanotubes are elongated solidstraictures that act as direct
pathways for the transport of charge, exhibitingiea mobilities as high as two orders of
magnitude compared to bulk materials [4]. Theseostractures may be composed of many
classes of functional materials including group N4V, and II-VI semiconductors as well as
metals and dielectrics [4]. They are synthesised bgriety of means, most commonly used

are CVD, laser ablation and low-cost solution-bagsemical synthesis [4].

Within the PV research arena, nanowires were ailbyinntroduced as an alternative
semiconductor to titaina films for DSSCs as welpak/mer-based solar cells [4, 42, 43]. The
first realisable device of such was a ZnO nanowairay based DSSC (see Figure 2-11) that

showed promising potential for the following reason

1. When measured, the electron diffusiviiy€ksgTu/q whereu is the electron
mobility) of a single dry ZnO nanowire was foundremge between 0.05-0.5
cm’s™ [43]. This is several hundred times higher thart titzserved for a 3D
nano-film ©.<10* cnfs'), which could ultimately lead to rapid carrier
collection [43].

2. The use of a highly-dense nanowire array meantttteatlye can be adsorped
over a significantly large surface area relativeatblm and therefore enhance
light harvesting [43].
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The nanowire-based DSSC was evaluated to deligdiogt-circuit current densitydd{
=5.85 mA/cnf) comparable to that of a similar sized titanianfialthough the conversion

efficiency ¢/=1.5%) was not as good due to a shunting resistaineeknown origin [43].
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Figure 2-11: A schematic of a nanowire-based D3&@dmented by [42].

Another major breakthrough for nanowires came akudén it was discovered that an
array of Si-based nanowires beared superior oppicgperties in comparison to a similar
thickness solid Si film, presenting a reflectafi®€l% across the entire solar spectrum [4,
44]. It was argued that this was mainly a resultthed strong scattering from individual
nanowires leading to light being trapped within tfamowire ensemble [4, 44]. Although the
corresponding recorded efficiencies were at a nieB86 owing to a high series contact
resistance, it was advocated that since a loweenmatconsumption is required using the
CVD grown nanowires (only gases are used for fabing the active material), this may
yield solar cells with an improved cost benefi@/compared to bulk PVs [4, 44]. However,

comparable efficiencies with bulk crystalline Silvstill be needed for this to materialise [4].

Nonetheless, Si nanowires still possess an indibactd-gap that is inefficient at
absorbing sub-band-gap photons (<1.1eV) as has theernetically simulated in [45]. This

has recently led to the proposed use of anotherdtin-structure — the carbon nanotube.

In addition to the stated merits of 1D nano-striegy semiconducting carbon
nanotubes exhibit a direct band-gap that can bedtuaccording to their geometrical

properties, which is an ideal feature for the ssdion of a nhano-structured multi-bandgap PV
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device [46]. Moreover, it was experimentally obsehthat individual CNTs exposed to light
could achieve carrier multiplication due to impagtitation [26]. This may have important
implications, particularly in overcoming a quantyralds of 100% [28]. The construction of
vertically aligned carbon nanotube arrays has pisbbeen reported, where the lowest-ever
optical reflectance measurement relative to anyrothaterial has been reported, winning
claim for being the darkest man-made material tie-§¥7]. For the above reasons, as well as
others that will be further discussed in the folilogvsection, we shall focus our studies on

this remarkable material for PV conversion.

0D Quantum Dots (QDs) are nanometre sized semiainducrystals that have been
employed in solar cells with the aim of addresging key loss mechanisms; sub-band-gap

photon energy losses and thermalisation losses [28]

By growing a regular array (super-lattice) of ideat QDs within another wider band-
gap semiconductor material, a cluster of discreergy levels (mini-band) arise within the
band-gap of the host semiconductor [28]. In cohtglthe size and spacing of the dots, the
energy and width of the mini-bands can be tunetbtm an Intermediate Band (IB) [28].
Hence, in theory, by engineering an IB in a PV absothis should enable the capture and
use of low energy photons. A practical demonstnatid a QD-IB solar cell confirmed a
slight broadening in the spectral response belosvidhnd-gap although the photocurrent
contribution was relatively negligible [48]. Furthehe conversion efficiency of the PV
weakened due to a degradation of the open-ciraliage (by ~20%) as a result of a higher

density of defect states [48].

It has been proposed that thermalisation lossedeaaddressed in QD by two ways
[48]. Firstly, by slowing down electron-phonon irgetions (the source of kinetic energy
dissipation) so that the photo-generated carri@nsbe collected while they are still ‘hot’ [28,
48]. The second approach is by allowing the hotglgenerated carriers to produce multiple
electron-hole pairs via a process known as impausation or Auger generation [28, 48].
Theoretically, the former and latter routes shoatthance the conversion efficiency by
increasing the photovoltage and photocurrent, sty [48]. Unfortunately, no group has
yet reported an enhanced photocurrent with quantetds greater than 100% in any QD-
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based PV device [48]. This has been attributed hallenges associated with charge

separation within QD layers as well as carriergpant to the contacts [4].

2.3 Carbon nanotube photovoltaic devices

The implementation and operation of carbon nanohdsed photovoltaics is different
from conventional bulk solar cells. Therefore sitniecessary to distinguish how these aspects
affect optical absorption, photo-generation of iess; charge separation and collection in
CNT devices. The following sub-sections start byiewing the basic fabrication and
functionality of a CNT device. Next, the photocontivity of CNTs is detailed as well as the
various CNT-based photovoltaics that have beeiseshin the latest literature.

2.3.1 Single-walled carbon nanotube device overview

The growth of SWCNTSs for devices is essentiallyi@obd by combining a source of
carbon with a catalytic nano-particle material kvated temperatures [16]. This has been
carried out using one of three synthesis technigées-discharge, Laser Ablation and
Chemical Vapour Deposition (CVD) [49]. Currentlynet CVD approach offers the highest
CNT yield with minimum defects and is regarded &the most promising method to scale

up [50]. Figure 2-12 illustrates the key componerithe CVD process.
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Figure 2-12: Diagram of flow reactor used in CheahMapour Deposition (CVD) process [51].

The CVD growth process involves heating a catadgsid such as iron or cobalt placed
on a wafer surface inside a furnace (@A000C) while flowing a hydrocarbon gas.§.
methane mixed with a hydrogen carrier gas) throtlnghreactor for a time scale typically

within minutes to hours [50, 52]. In turn, the hgdarbon gas decomposes on the catalyst
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metal and diffuses through the particle where carioms precipitate on the cooler trailing
end [49, 52]. This causes a tube-like structurgrtav as shown in Figure 2-13, raising the
catalyst particle upwards until it is ‘poisonedijfging the growth process of the CNT to an
end [49, 52].

CH-+C+H,

Catalysm
© Metal bl

TRy SRRy SRy
Substrate

Figure 2-13: Schematic of CNT tip-growth mechanjs8].

As previously mentioned, since the electronic prips of a SWCNT are very much
dictated by the geometrical structure, especiatlgther it is metallic or semiconducting, this
necessitates precise control of the CVD growth d¢mns$ [16]. Furthermore, as there is a
strong correlation between SWCNT diameter and ysttalano-particle size, this parameter
too is of paramount importance in controlling CNbperties [16, 54]. Unfortunately, so far
the controllability of the CVD process has beenitiah, threatening to deliver unreliable and
irreproducible CNT devices [16]. Once the SWCNTwehdeen grown, there is also the
added challenge of aligning and orienting the tubexctly as required in order to have them

integrated with electrodes and gates on the wafrg0].

At present, in order to fabricate a SWCNT deviast,fthe synthesised semiconducting
tubes have to be deposited relatively close toeadpfined alignment mark using the end tip
of an Atomic Force Microscope (AFM) [16]. Subsedqien Polymethylmethacrylate
(PMMA) resist is coated over the tubes so that meliectrodes could be patterned via
electron beam lithography [16]. This results inuamter of tubes bridging a pair of source
and drain leads as shown in Figure 2-14. After dd&k-gate has been attached under the
oxidised wafer (Sig) this completes the basic structure of a CNT-Fieftect Transistor
(CNT-FET) - the most studied CNT device to datd [16
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Figure 2-14: Electron microscope images (top (A) side (B) views) showing locally grown CNTs
bridging two electrodes [17].

On many occasions it has been confirmed that thelwstiance of the semiconducting
tube is increased by several orders of magnitudenvehnegative voltage is applied at the
gate [16, 55]. This is analogous in behaviour pechannel Metal-Oxide-Semiconductor FET
(MOSFET) with the nanotube replacing silicon asdhannel [16, 17]. The reason behind the
nanotube acting as a p-type semiconductor underieamlronditions is because the
interaction with chemical species in the surrougdair, particularly oxygen, adsorb to the
nanotube and behave as a weak p-type dopant [16,Cbnsequently, experiments have
followed in investigating the sensitivity of thebtis doping level and hence the shift in
threshold-voltage to the chemical environment ef 83WCNT [16]. Again, this vulnerability

can pose a significant challenge in gaining CNTick=/with reproducible behaviour [16].

However, that said, controlled chemical dopinguddes, both p- and n- type have been
reported [16, 56]. For example, n-type doping of @W's has been accomplished by adding
alkali metals that donate electrons to the nanofibg56]. Further, in [17] it was shown that
a CNT-FET could exhibit n-type characteristics mfi@nealing under vacuum conditions.
There has also been some work on the realisati@WSENT pn junctions ang-n-p devices

using modulated chemical doping [56].
Another source for variation arises from the contasistance between the nanotube

and metal electrodes, which can dominate electryaitsport in the CNT device [17, 55].

Contact resistances are profoundly dependent udpmtethniques used in coupling the CNT
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to the leads as well as the types of metals emgldy6é, 17, 55]. In fact, the interface

between the semiconducting SWCNT and the electresiablish Schottky Barriers (SB) due
to the different workfunctions between the two miate causing energy band bending in the
semiconductor side. Thus, for any CNT device torajge carriers must overcome the
interface SBs by tunnelling across, which is algily dependent on temperature in addition

to defects located at the CNT-metal junction [17].

Figure 2-15 depicts the operation of both a p- mntype ambipolar CNT-FET as the
gate voltage is varied to modulate the carrier qitglaand density in the CNT [17]. A
corresponding qualitative band-diagram is jointtggented. For a p-type CNT-FET it could
be seen that as the gate voltage is reduced balowh® metal Fermi level at the source-CNT
junction lines-up with the valence band edge ofrtherotube [17]. In turn, hole injection into
the tube is instigated, tunnelling across the SBerehthe drain current f) increases
considerably. Conversely, when the gate voltagadseased above 0V for an n-type CNT-
FET, the source Fermi level lines-up with the cartitin band of the CNT allowing electrons
to tunnel through the SB. Again, this comes witlohgervable increase ip [17].

Since the SB height is approximately linearly pmjomal to the SWCNT band-gap,
this parameter can be used to adjust the saturatecurrent of the CNT device, which
further reinforces the need for controllable growgbhniques as the CNT band-gap is very

much dependent on the geometrical properties aiuthe [57].
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Figure 2-15: Operation of both a p- and n- type igolar CNT-FET as the gate voltage is varied. A

corresponding qualitative band-diagram is included.

2.3.2 Photoconductivity of Carbon Nanotubes

The first experimental observation of carbon nabesuresponding electronically to
light was in [58]. The measurements indicated #melectric current flow was generated by
a filament of nanotube bundles upon light illumioat even though, it was difficult to
ascertain whether this was caused by the photovatahermoelectric effect [58, 59]. Later,
in [59], a CNT-FET device was exposed to a laggtisource and it was established that the
mechanism of photocurrent generation in the SWQON®Blved the resonant excitation of the
energy states belonging to the nanotube [59]. iBhimecause when the photocurrent spectra
was measured it was found to peak at photon ersergaching those of the band-to-band

transitions associated with the utilised nanotubsheown in Figure 2-16(left).

It was proposed that the incident light excited $beond transition state,6~1.35eV)

of the semiconducting SWCNT which generated e-Inspiiat diffused within the channel
[59]. Additionally, a moderate drain bias of -1V svapplied in order to establish an electric
field that would assist carrier separation andt@dross the channel (see inset energy band
diagram in Figure 2-16(left)) [23, 59]. Unlike tbperation of the CNT-FET discussed earlier
where the SB limited carrier injection from the tawts into the channel, in this case, the SBs
permitted the photo-generated carriers to leavecttamnel and collect at the electrodes [23,
59]. This could be considered beneficial for phatiied CNTs since the SBs reduce the
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interference between the inflow of injected cagi@nto the SWCNT and the outflow of

photocurrent [23].
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Figure 2-16: (left) Photocurrent spectra for a CREF with a drain bias of -1V, a gate voltage of
2.5V (off-state of p-type device) and an incidexsidr power of 0.5kW/ct(right) A representative

electron microscope image of the device [60].

Interestingly, in the same experiment it was disced that the measured photocurrent
varied considerably with the polarisation angldhef incident light, further reconfirming its
resonant origins [59]. Specifically, it was fourttht the photocurrent magnitude more than
doubled when the light was polarised in the digecttof the nanotube axis relative to
perpendicular polarisation [59]. A similar behawiowas identified with different CNT

samples [59].

Although the above mentioned findings provoked esitee attention towards this new
nano-scaled photo-detector, the device structueekier, was far from ideal for photovoltaic
applications. The main reason for this was dueh® ligh radiative and non-radiative
recombination caused by the very weak electrid fatlthe middle of the CNT channel where
the semiconductors’ energy bands were flat and ouatyed slightly near the contacts [59].
Moreover, a larger than expected dark current weiectied as a result of carrier leakage
tunnelling across the SBs into the CNT [59]. Thasvattributed to the thinning down of the
SBs with a large drain bias.
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2.3.3 Experimental solar cells based on SWCNT films

When SWCNTs were first introduced into photovoltaipplications they appeared
mainly in organic solar cells as embedded nanctras within polymers yielding CNT-
conjugate polymeric composites [21, 24, 61]. It Wasovered that by doping polymers with
SWCNTs the outcome led to substantial increasescarrier transport as well as

photoresponsivity, which in turn facilitated betparforming polymer based cells [21, 61].

CNT-polymer PV cells operate by absorbing mostha photons in the conjugated
polymer chains, which subsequently generate exxi{@i]. Once the excitons reach the
SWCNT-polymer interface they dissociate and créate holes that travel into the nanotube
(Acceptor) leaving behind free electrons in theypwr (Donor) [21]. Since an electric field
is sustained through the difference in electrodekwuonctions, the free carriers are swept

across to their respective contacts where thegcoll

Under AM1.5 solar illumination, a gradual rise inost-circuit current was observed
with higher concentrations of SWCNTs (up to 1 wti¥}the polymer due to the enhanced
effective hole mobility in the SWCNTs [21]. In fadhe measuretl. was found to be two
orders of magnitude higher at a 1 wt.% concentnatevel compared to 0 wt.%, which
suggests that the photoresponse was additionaliynanted through improved exciton
dissociations [21]. Above a 1 wt.% SWCNT conceirathe photocurrent decreased as a
result of a higher proportion of metallic SWCNTsthim the composite material. These
metallic SWCNTs behaved as traps and recombinatiemires in the band-gap of the
composite semiconductor medium ultimately reduthrggefficiency of the PV cell [21]. As a
result, the maximum conversion efficiency was di&hbd to occur at a critical 1 wt.%
SWCNT concentration [21].

In another similar work, the blending of differeBNTs in organic solar cells was
investigated where the conversion efficiency wassuead to increase by three orders of
magnitude at 5 wt.% concentration levels compaoedetices without any nanotubes [61]. It
was also revealed that the nanotube diameter llitohs as well as the
semiconducting/metallic ratios of the dopant plagesignificant role in the PV conversion
performance [61].
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Most recently, a hybrid PV cell based on a SWQNI/pe Si heterojunction was
explored [24]. It was demonstrated that the SWCNi& only contributed to the
photoconversion process as a charge separatoptra@sgcollector but also as an active light
absorbing material [24]. In [24] it was advocatédttsince semiconducting nanotubes are
strong light absorbers in the IR and visible rafgleoton energies less than 1.1eV), they
could bring additional performance advantages wimdagrated with Si (an absorber of

photon energies higher than 1.1eV) over other acgax materials.

Because semiconducting SWCNTSs are natugaliype as previously mentioned, when
interfaced with n-type Si they formpn heterojunctions, which typically exhibid-V
characteristics similar to that of a diode [24].c@photogenerated carriers are produced in
the semiconducting SWCNTSs they separate at thedpetetion followed by hole transport
and collection at the SWCNT contact [24]. In pafalpbhotoelectrons generated at the Si side
diffuse from the depletion region into the negaelectrode [24].

When the SWCNT/Si solar cell was fabricated by gpgaa SWCNT film on top of an
n-type Si surface with ohmic contacts deposited acheside, thel-V characteristics were
measured under an illumination intensity of 100mWc(M21.5 conditions) [24]. The
recorded Js;, Voc and FF were 14.6mAcii, 0.37V, and 0.3 respectively, yielding a
conversion efficiency of ~1.7%. The poor efficieneyas attributed to the high series
resistance (~130) established by the SWCNT film, the interface s&sice between the
SWCNT film and the Si substrate and the contadstasce between the SWCNT and the
electrode [24].

Comparisons between the photocurrent and absorgpenstra further reinforced the
contribution of the SWCNTSs towards light absorptgince the measured photocurrent peak
matched perfectly with the first inter-band traisis corresponding to the mean band-gap
(E11) of the semiconducting nanotubes [24].

2.3.4 Experimental photovoltaics based on nanotube photies
Amongst the already mentioned realisations formalividual SWCNTpn junction, the

most successful to date has been based on elatitakiping [25, 26, 34].

44



In [34] a suspended SWCNT bagadjunction diode was developed using electrostatic
doping as depicted in Figure 2-17. Electrostatiging was achieved by biasing a pair of split
gates- VG1 and VG2- with opposite polarities [28{z1 was set to a positive potential to
allow only electrons to flow into the CNT from tiseurce contact whilst VG2 was set to a
negative potential to allow holes to flow in frommetdrain electrode. The overlap regions
between the gate electrodes and the SWCNT esdgulidined the doped region [25].

With the source electrode connected to grounddéwice of Figure 2-17 was found to
resemble a rectifier at room temperature wheregh bhonducting state was observed under
forward bias (\Ws>0) and a low conductance under reverse biags<{®) [25]. In fact, the
energy band diagram of tipg SWCNT diode could be very much likened to a pldndk pn
diode [25].

Contacts

VG1 VG2
Split Gates

Figure 2-17: Schematic cross section of a suspe8W¢ANT pn junction diode. The split gates (VG1
=+10V, VG2=-10V) are spaced abouyt apart and are used to electrostatically dop&SWENT
[25].
When the SWCNT diode was brought under a continweaige laser source (0.8eV)
with a variable output power of up to 10 mW, thé characteristics were measured for a set
of different illumination intensities [34]. The ndts are plotted in Figure 2-18 where the

arrow indicates increasing illumination intensidg].
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Figure 2-181-V characteristic under increased illumination intgndemonstrating a progressive shift

into the fourth quadrant where the diode generateger. The inset depicts a linear increase in the

short-circuit currents (at Vps =0) with illuminated power [34].

Under no applied illumination power the SWCNT diod® characteristics were

compared to the universally recognised dark-cuméde equation:

| = |Sat(eq(VDS_|Rs)/nkBT ~1) 2.28

By curve fitting the data points to Eq. 2.28 it westablished that the diode exhibited
ideal rectification at T=300K with an ideality factn=1, a saturation currehi,=0.8pA and a
series contact resistané®=18MQ [34]. It was postulated that such a behaviour w&as
outcome of the defect-free suspended SWCNT aditntiaimal interaction with the surface
it lay upon and accordingly no undesirable deféates were introduced in the band-gap
[34].

As the illumination intensity was strengthened thé curve of the SWCNT diode
moved deeper into the PV region highlighted in Fég2-18 [34]. Further, the inset of Figure
2-18 reveals that a linear increase in photocurfgifisc) ensued with illumination power
density for a zero bias [34]. Crucially, it was aolwledged that the photocurrent
demonstrated no dependence on increased levelspoigl(VG1 and VG2), consistent with

the band-to-band generation of e-h pairs [34].
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At forward bias, the operation of the SWCNT PV diazhn be best explained by thre
junction energy-band diagram of Figure 2-19(a) [3%he doped regions have been
represented by the capacitive coupling of the gjdie where the source and drain Fermi
levels are aligned with the conduction and valdrareds of the SWCNT, respectively [34]. It
can also be seen that the photocurregd) (s created in the middle of the device where
photogenerated e-h pairs are separated by theiflbtential and accelerated along the
nanotube to the device contacts [26, 34]. The faivilas dark current that depends on the
SB characteristics is additionally shown flowinglre opposite direction tgd [34].

In order to determine the conversion efficiencylo$ PV device the peak power output
(Pm = ImVm) was calculated from Figure 2-19(b) by locating tias pointVn, I) at which a
maxima for the power generate® (= IpsVps) occurred [34]. Using this, the FF was
calculated to range between 0.33-0.52 [34]. Thec&ypresponsivity for the device was
measured to bé/Pin, = 30 mA/W, wherelsc was estimated over the illuminated area of the
SWCNT [34]. Hence, the maximum conversion efficier(g= (Jsd/Pin)XVocXFF) for the
SWCNT PV diode valued at 0.2% [34]. It was suggesitat this was a result of poor optical
absorption by the nanotube since the light souta® eircularly polarized and the geometrical

structure of the SWCNT was not optimised for PVasion [34].
A much later work used an identical device struet(see Figure 2-17) to re-examine

another electrostatically doped, suspended SWCNTiBYe with different tube geometries
[26].
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Figure 2-19: (a) The energy band-diagram of antedstatically doped SWCNT diode showing
currents from the photogenerated electron-holes@aid the forward-bias dark current. (b) The fourth

quadrant I-V curve (red) and corresponding powetd{fVps) curve (blue) [34].

The I-Vsp characteristics were measured under an ambiempet@ture of T=60K for a
SWCNT with a diameter of 1.4nm at various photoergies as shown in Figure 2-20(A).
Initially, it can be observed from the graph that &ll 1-Vsp curves the open-circuit voltage
(Voc=0.43V) remains constant at a prescribed valueatdidt by the SWCNT band-gap
(Eq~qVoc) [26]. When illuminated with low photon energieE,0.75eV, E,=0.85eV,
E,=0.95eV), the I-\¥p curves exhibit a standargn junction photoresponse with a
photocurrent of approximately 15pA at a bias vdtayg Vsp=0V [26]. At higher photo-
energies i(e. E;=1.24eV), a step-like increase in photocurrent whserved at ¥=0V,
which is consistent with optical absorption intae teecond interband transitidfp,=2E;1
whenE,> 2E, [26]. In reverse-bias, this step response is raarplified with greater applied

photon energies [26].
The photocurrent steps were partially attribute@xtremely efficient e-h pair creation

by ‘hot’ carriers in the second SWCNT subbands .[28hen these hot carriers undergo

impact excitation events, they could generate mleltie-h pairs per incident photon as
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previously mentioned that can potentially allow tHevice to overcome the Shockley-

Queisser limit [26].
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Figure 2-20: I-\4p photocurrent characteristics for a SWCpiTjunction diode (A) at various photon
energies with a fixed incident optical power dgnait 25W/cm, T=60K and tube diameter is 1.4nm
(B) at several optical power densities with a figdt 0.79eV, T=10K and tube diameter is 2.0nm.

(Inset) Photocurrent atay=0V versus optical power density [26].

In the same investigation a different nanotubg-0E3eV) was examined at T=10K with
respect to Optical Power Density (OPD) variationdapicted in Figure 2-20(B). Again, a

linear increase in photocurrent with OPD was coméid (see inset) [26].

Most recently, a microcell consisting of a netwark semiconducting SWCNT PV
diodes was experimentally studied in [62]. By wdtmically nhanowelding a monolayer of
SWCNTs across two asymmetric metal electrodes, i Ad, with high and low work
functions, respectively, this produced a Schottikydd at each metal/nanotube interface
creating a built-in electric field along the lengbh the tubes [62]. Figure 2-21 offers a

schematic (a) and image (b) representation of dvicd.

49



[ A e ok M .
R D e OV ot L o SO, o) p—)

Figure 2-21: (a) Schematic diagram of the multfp¢CNT PV microcell based on nanowelded

metal(Pd)/nanotube/metal(Al) junctions. (b) An élen microscope image of the SWCNT array PV
device [62].

Optical measurements of the microcell were caraetdunder a solar-simulated light
(AM1.5) source and the I-V characteristics cleatiypwed a rectification behaviour with PV
conversion at higher illumination intensities [6R]was claimed that this observation was a
consequence of the strongly established built-@ctat field that facilitated photogenerated
e-h pair separation and collection [62]. Yet, tlwmwersion efficiency of the device was
reported to be just beneath 0.8%, with a FF ranfymg 0.42-0.56 [62].

Despite the substantial gains in conversion efficyecompared with the previously
mentioned experimental devices, performance wasmmded because the full band-gap of
the semiconducting tubes was not sufficiently sgitl, resulting in poor device operation with
a low photovoltage and high saturation currégi=bpA) [34, 62]. Also, the introduction of
undesirable defect states from interactions witle Hubstrate surface produced high
recombination losses and non-ideal diode behayistk.9) [25, 34, 62]. Most importantly, it
was found that major improvements to efficiencyldansue with the selection of SWCNTs

having band-gaps appropriately matched with tharsgectrum [62].
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2.4 Proposed hypothetical multi-band-gap CNT based &V ¢

Many researchers have reported that because af théuced dimensionality and
unique electronic properties, SWCNTs could potdgtisecome a prospective material for
photovoltaics [34, 63]. The motives behind such expectation are summarised in the

following points:

1. All semiconducting SWCNTs exhibit direct band-gappgerties, which allow
optical transitions to proceed without any phonotenvention [23, 64, 65].
This enables strong photo-absorption charactesistic

2. Because of their low-dimensionality they are beddwvo have low defect
densities, reducing non-radiative transitions (4],

3. SWCNTSs can potentially offer idegh junction behaviour as reported in [34],
which is fundamental in achieving high-quality Poéhgersion.

4. As a result of their high aspect ratio they incladeelatively large surface area
to capture incoming light- a highly desirable featufor boosting
photoresponsivity.

5. By facilitating the reduced scattering of charget ltarrier transport is
sustained, where multiple e-h pairs can be gergnaée incident photon as
reported in [26].

6. Most importantly, due to the tunable nature of ®#&CNT band-gap (typically
varies between 0.4-2eV), they can cater for a braade of photon energies,
which is ideal for solar absorption [34, 46]. Inctfait is believed that by
combining multiple CNTs of different band-gaps,sitould be possible to

obtain a continuous response over a broad speatrgé [65].

In [34] and [62] it was advocated that much neetledrovements in SWCNT PV
performance may be brought about by employing wardt of tubes where electromagnetic
coupling and scattering amongst the nanotubes deald to higher responsivity. Indeed,
latest experimental results indicate that verticalligned SWCNTs possess unparalleled
photoabsorption properties within a wide spectaage [47, 66]. This is because, akin to a
tandem PV cell, when a photon is not absorbed giwen nanotube it is likely to either be
reflected or transmitted towards another nearby foissibly retaining an alternative band-

gap to the first. This ‘photon recycling’ procesaymproceed from one layer of tubes to
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another until the photon ultimately interawith a CNT having a corresponding b-gap
energy or lower. As an outcome, the reflectanca sdmple of vertically aligned SWCN
was measured to H@=0.07% over the visible range=457-633 nm[47]. However, it was
conveyed that thphotoresponsitivity and carrier collection werengigantly hampered witl
the entanglement of tub§87]. Therefore, it is necessary to ensure sufficiepasation an

adequate alignment amongst SWCNTs when buildinrgnatube array for PV purpost

Due to the complexities associated with the prefa@becation and accurate probing
such a device, computational simulations may bépeed to gain valuable insights on 1

number of nanotubes as well as the tube geomeiteieded for optimal operatic

In Figure 2-22 a hypothetical PV devi is proposeccomprising a large number
vertically aligned semiconducting SWCNTs with dmssar structural geometries bridging
common drain and source metal electrode. This sporeds to a limiting scenario structt
that may arise, where it is presumed the SWCNT pn junctions are ideally doped a
exhibit ultimate rectification behaviour. The ditien of the incoming solar radiation is fix
as depicted and is polarised parallel to the tukis @-field is along -axis) in order to
optimise absorption. AIBWCNTs are ordered, with that possessing the highes-gap
nearest to the light source and the lowest locatethe furthest end. Similarly, the tu
lengths L) are fixed andare assumed to be optimisto guarantee collection of all genera
electronhole pairs. The perioca) between the centres of each tube will be regatat,
again, is assumed to be optimised to maximise tigdi@oupling between the tubes ¢

ensure no reflection losses.

Z

VAR
X
Figure 2-22 Schematic diagram of proposed nm-bandgap SWCNT solar ce

In principle, when this device is subjected tormination the tubes will absorb photc

of various wavelengths according to the multi k-gap distribution. In turn, photogenera
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electron-hole pairs in each semiconducting tube el effectively separated by a built-in
potential produced at thpn junction. As a result the photocurrents generatgdthe

individual SWCNTSs will contribute towards the gldleall short-circuit current. Furthermore,
when the semiconducting tubes are generating ptvesrwill bias each other affecting the
saturation currents produced and this must be takenconsideration when modelling the

device characteristics as a whole.

This process of operation is typical of a paratl@hfigured tandem solar cell, which, as
previously mentioned, will reduce the overall photdtage to the lowest CNT band-gap
unless the voltages of each SWCNT sub-cell are hedtcin this case, voltage-matching
would be impractical to implement posing a limibation the proposed design. However, the
authors believe that this compromise outweighs dadded complexity associated with
developing a series configured CNT based tandear sell since the bonding of CNTs with

different structures would be much more difficaltghysically realise.

The processing of such a PV device may potentialyaccomplished by the CVD
growth of vertically-aligned SWCNTs where catalysino-particles of specific geometries
are regularly spaced apart on a substrate. Howthisrapproach lacks the precision needed
for our application. Thus, post-synthesis alignmamd chemical attachment of pre-selected
SWCNTs on a conductive surface may be a bettepmwpilihis has been achieved in [68]
where vertically-aligned SWCNTs have been createlaitached to an optically transparent
conductive electrode using a self-assembly prookls®. in [69], researchers were able to
vertically attach SWCNTSs to a substrate using eester linkage. These methodologies could
potentially be used for realising our proposed RWick, although, one would first need to
investigate the effects of the linkage upon the @Miiitact interface to ensure that the contact

resistance is minimised.

Although, currently there exists no reliable, ragi reproducible approach to creating
such a highly-specified array of nanotube devigess anticipated that a solution may
possibly emerge with the vigorous advancement tegmating carbon nanotubes within

microelectronic circuits [16].
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It is envisioned that if the proposed PV deviceldobe cascaded then a potential
application may possibly be to power ultra-low-egyemicrocontrollers that are envisaged to

operate in the nano-watt scale in the near future.

2.5 Summary

This chapter has focused on reviewing the operatiopresent-day solar cells and
where their main technology limitations lie as wa#l potential solutions. An up-to-date
account has also been offered of experimental SW®&3ed devices and photodiodes
highlighting their strengths and shortcomings. he final section a proposed hypothetical

CNT based solar cell architecture was revealed.

The following chapter will investigate the carboanotube in more detail and specify
the chosen computational technique employed inoteming the CNT band-structure. This
will represent the underlying method upon which arensimulation efficient analytical
model will be built for evaluating key nanotube graeters such as the band-gap, electronic

transport and optical absorption properties instilesequent chapters.
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Chapter 3 Carbon Nanotube Band

Structure Theory

This chapter details the method used in realisiheg dand-structure of single-walled
carbon nanotubes with various geometrical properiide first section briefly discusses the
structural features of carbon nanotubes. Next,atb@ociated electronic characteristics are
studied with the development of a semi-empiricahrast-neighbour Tight-Binding (TB)
model. This approximation is further improved bypaying the third-nearest neighbour TB
approach. The SWCNT band-structure is later geaeéray applying the Zone Folding (ZF)
technique to the established graphene band-steuchurs finally confirmed that the CNT

band-structure is appreciably altered with respeds geometrical structure.

3.1 Carbon nanotube structural characteristics

A carbon nanotube is a self-assembled hollow ceglintbnstructed from a rolled-up
sheet of graphene [70]. Graphene is essentialigghesatomic layer of Graphite- a naturally
occurring crystalline material purely made of carladoms. A carbon atom has 6 electrons
that occupy the &, 25° and ° orbitals [71]. The & orbital contains two strongly attached
core electrons that are not involved in any bondatglst the remaining four are weakly
bound to the nucleus and therefore play a maj@ irolcreating covalent bonds [71]. These
four valence electrons have the orbitass 2p, 2py and 2, in the crystalline phase. When
carbon atoms combine together to form a materieh s graphene, graphite or diamond,
these electron orbitals constructively interachvatach other to form new hybrid orbitals that

strengthen the binding energy between the atoms.
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The mixing of a single Lelectron with 1, 2 or 3®electrons is calledd' hybridization
wheren = 1, 2 or 3 [71]. For example in graphesg-hybridiztion is observed when the 2s
orbital is mixed with only 2 out of the 3 availal®?p orbitals yielding the following new
orbitals: sp?, sf, sp* and 9, [71]. The threesp’ orbitals are equal in strength and are
separated by a 12@ngle over the same molecular plane whereas tiggest, orbital is
perpendicular to the molecular plane and is asttiaith a weakr-bond as indicated in
Figure 3-1. In fact, the® orbital acts as a delocalized electron that i/ frdsponsible for
carrier transport in CNTs. Thus, it is additiondkymed as the conductiarelectron.

m bond

a bond

Figure 3-1: A single hexagonal bonding array ofapbene sheet. Carbon nuclei are shown as filled

blue circlesg -bonds connect the carbon nuclei in-plane (salig)) land out-of-plane (dotted lines)

—bonds contribute to attaching layers to each qi#tgr

When twosp’ orbitals from different carbon atoms overlap-ond is established.
This is effectively a covalent bond with a strorigding energy that generates high stiffness
and strength along the graphene plane [71]. Orother hand, since the weakly boumd
bonds contribute to the interlayer interaction @&hite, little strength is needed to detach the

graphene planes.

Graphene sheets are composed of carbon atomsréhatbanded to 3 neighbouring
carbon atoms over the 2-dimensional plane. Thisyres a bonding arrangement as shown
in Figure 3-2 where hexagonal arrays of carbon atare tessellated throughout the
molecular plane. Isolated sheets of graphene aléelito being energetically unstable due to
the abundance of dangling bonds emanating frometlge atoms [71]. The dangling bonds
correspond to high energy states, which are, byreatindesirable. As a consequence, the
formation of CNTs is a direct result of the tendefar the edge atoms of the graphene sheet
to self-cluster together eliminating any danglingnls. In turn, this reduces the surface
energy of a graphene sheet at a cost of straihm@pdnds between the carbon atoms.
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The curvature of a nanotube causes the 3 menti@behds to become slightly out of
plane, which introduces a small amount sif bonds. This is referred to as ther
rehybridization effect and can be directly relatedhe observation of higher electrical and

thermal conductivities for a tube due to the exéehdelocalization of the-electrons.

Defects of a CNT can include topological, substi#l or chemical defects. These
increase the likelihood of electron scattering tlegult in shorter carrier mean-free paths and
a consequential drop in conductivity. A defect-ff@dT exhibits a pure hexagonal bonding

structure with no foreign species incorporated,clwhwill be assumed throughout this thesis.

Figure 3-2: Graphene sheet (solid) showing tedsellaexagonal arrays of carbon atoms. Crystal
lattice is shown (dotted) with its primitive laticectorsy; anda, and unit cell containing 2 carbon
atoms (A & B). Three different chiral vectors (4,(®,2) and (1,4) are depicted to represent diffiere

nanotube chiralities.

The geometrical structure of a SWCNT is based annvain parameters: the diameter
(d) and chiral angled), which is associated with the tilt of the hexagjorings [73]. Before
formulating expressions for these parameters, firss essential to define the crystal lattice

of a graphene sheet and establish its coordin&® ax

3.1.1 Crystal lattice of a graphene sheet

In order to define the crystal lattice of graph@me must identify all positions within

the crystal that are identical to the origih,as indicated in Figure 3-2 [74]. In other words,
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an observer is situated at a particular positiorthensheet and the view in all directions is
found to be exactly equivalent to the view obserfrech the origin, then that position may be
deemed identical to the origin. Clearly, for trosoccur one should imagine that the graphene
sheet is infinitely large [74]. The set of identig@ints identified in this way outlines the
crystal lattice and is depicted in Figure 3-2 bg points joined by the dotted lines. Notice
that the crystal lattice does not have the sametsite as graphene. By joining the lattice
point at the origin to two of its neighbours, theptive lattice vectorsy anda, emerge as
the coordinate axes, which are different to thbagbnalx-y cartesian coordinates [74]. The
reason this choice of axes is made is to refleet Hbxagonal symmetry inherent in the
graphene structure. Moreover, the primitive vectaltsw us to define the unit cell of the
crystal, which is outlined by the dotted parallebg containing the two carbon atoms A and
B in Figure 3-2. The unit cell of graphene is adbnig block that can be repeated indefinitely

to generate the entire lattice space.

The crystal lattice can be completely defined by ldngths of; anda, and the angle
between them [74]. It can be clearly seen from Fad+2 that the angle betweananda, is
60°. Furthermore, if the C-C bond length is measuosiia.. (0.142 nm) then the magnitude
of the vectorsy anda;, in terms ofa.ccan be derived ag3a_, which is commonly referred to

as the lattice constan&)( of graphene [49]. The vectoes anda, can be described with

respect to the cartesiary coordinate space as:

= _gacc(i_\/gy) 3.2

In Figure 3-2, any lattice point in the crystaustiure can be defined from the origin by
translating these two primitive vectors by any gatevalue including positive, negative and
zero. Here, it will be assumed that vectarsanda, can be scaled by the integensandn,
respectively, to produce any translational or dhwector such as the examples given in
Figure 3-2.
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3.1.2 Expressions for the diameter and chiral angle &VACNT

By rolling a graphene sheet into a cylinder so that beginning and end of (en,n)
chiral vector join together, one obtains @n,n) nanotube [50]. Mathematically, the chiral
vector Cy) can be expressed in terms of the vecip@anda, as follows [49]:

C,=ma +na, 33

substituting Eq. 3.1 and 3.2 into Eq. 3.3 the ¢hiegtor becomes:

Ch =§acc[(m—n)>“<+x/§(m+ n)y] 3.4

The magnitude of the chiral vectoG;,, corresponds to the circumference of the

nanotube. This can be used to determine the diarftitef the tube as denoted by Eq. 3.5.

d :ﬁaccv m? + nm+ n? 3.5
T

The chiral angled) is defined as the angle betweénanda;, which can be obtained
by taking the scalar product of the two vectorsirg:

_ 2m+

f=Cos* mn 3.6
2vn? +m? +nm

The chiral angle 4 range is defined betweesf <|6<30° due to the hexagonal

symmetry. Another representation of the chiral angin be in terms of the arctangent as
denoted by Eq. 3.7.

2m+n

H:tan‘l( Y3n J 3.7

Three types of CNT structures exist with distifit,n) chiralities that are of critical
importance when dealing with nanotubes. These tireetures include the armchair, zigzag

and helical or chiral nanotube.

59



3.1.3 Armchair, Zigzag and Chiral nanotubes

In an armchair tube the carbon atoms around th®umiference trace an arm-chair
pattern as shown in Figure 3-3(a) [50]. This cqoesls to rolling-up the graphene sheet of
Figure 3-2 along the chiral vect(®,2) or in general any vectgm, n)wherem = n. Hence,

when the integems andn are equivalent, Eq. 3.7 reduces to:

6= tan‘{@} =30° 3.8

Similarly, if m = 2pandn = -p wherep is any integer, this will provide a chiral angle

of -3C°, which corresponds to having an angle df &Ge to hexagonal symmetry [49].

The zigzag tube has its carbon atoms arranged mg&ag fashion along the
circumference as illustrated in Figure 3-3(b) atid In this case, this corresponds to rolling-
up the graphene sheet of Figure 3-2 along the lchaetor (4,0) or in general any vector
(m,n) wheren = 0. Therefore, ifn is zero andm is any integerp then the chiral angle
according to Eq. 3.7 is0In addition, ifm =0 andn is any integep then this will also result
in a zigzag tube because from Eq. 86 and again owing to the hexagonal symmetry this

is equivalent to having a chiral angle 8f 0

All other nanotubes with a chiral angle in the m§ <|6|<30°are chiral. This may

correspond to rolling-up the graphene sheet ofriéi@d2 along the chiral vect¢t,4). Chiral
CNTs tend to have their rows of hexagons spiralit@ng the nanotube axis as shown in
Figure 3-3(d) [50].
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Figure 3-3: Top panel: Nanotube types. Bottom parted vertical blue lines illustrate the allowed

electron states of the nanotube and the red heshbankground depicts the first Brillouin zone in
the reciprocal space of graphene. (a) An armch&IENT. The blue lines intersect with the corners
of the hexagon, resulting in a metallic nanotubg A zigzag nanotube. The electronic states cituss t
hexagon corners, but a small band gap can devel®podthe curvature of the nanotube. (c) The
zigzag tube is semiconducting because the allovestiren states miss the corner points of the

hexagon. (d) A chiral semiconducting tube [50].

To ascertain the electronic band characteristicthefabove mentioned SWCNTSs, a

detailed study of the band-structure pertainingrapphene will be initially addressed.

3.2 Graphene band structure

The band structure of any crystal is always defiwgtlin the reciprocal lattice space.
Therefore, this section commences by defining dugprocal lattice and first Brillouin zone

of a graphene sheet.
3.2.1 Reciprocal lattice and first Brillouin zone of gragne

The reciprocal lattice is a lattice in Fourier spassociated with the crystal and is

commonly referred to as thespace [75]. It differs from the real-space lattigetaking the
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reciprocal of the dimensions defined for a giventoe Quantitatively, the reciprocal lattice

can be described as follows.

Given a 3-dimensional crystal where the axes afieeteby the three vectoes, a; and

as, any real-space lattice poimt,can be expressed from the origy,as:

r=r'+ma+na, +sa 3.9

wherer' is another given point in the lattice amgn ands are arbitrary integers. Since the
lattice is composed of a regular periodic arraypoints in space, this suggests that the
electron densityn(r), is a periodic function of with periodsa;, a; andas [75]. This also
implies that the vectof = ma; + na, + sag is a period of(r) as denoted by Eq. 3.10.

n(r+T) =n(r) 3.10

Such periodicity provides an ideal situation fouker analysis [75]. Considering only
one dimension of the electron density functiont than thex-direction, with a period, the

Fourier series expansion can be stated as follows:

n(x) = b, + z (bp cos(@,x) +c, sin(a)px)) 3.11
p=1
where
w, = 2n P 3.12
a

b, andc, are the Fourier coefficients. The discrete valuesgdefine the points along the
one-dimensional Fourier domain [75]. This periodiet of points corresponds to the
reciprocal lattice points of a linear crystal. Ddend this space to 3-dimensions the integers

must be replaced by a set of vect@rproducing an electron density function:

n(r) => hge!® 3.13
G
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where hg represents the complex Fourier coefficient. Thisren abstract procedure for
establishing the set of vectd&in Eqg. 3.13. Any vecto6G can be expressed in terms of the
three axis vectorb;, b, andbs of the reciprocal lattice as articulated by Eq4433.15 and
3.16 [75]:

a, X a,
b =2m——2— = _ 3.14
& [a, xa3)
a. xa
b, =2m—=— _ 3.15
a, lagxay)
a, xa
by = 2m———2 3.16
az [y xa,)

If a1, a, andag are the primitive vectors of the crystal lattitteen the axis vectots, b,
and bz are the primitive vectors of the reciprocal latiZ5]. The set of reciprocal lattice

vectorsG can be stated as:

G = hy + kb, +Ib, 3.17

whereh, k andl are any arbitrary integers frequently labelledhas Miller indiceshkl [75].
Any reciprocal lattice vector G constitutes themal to a set of parallel planes in the direct
lattice where the dot productT&= 22w (w is another integer).

The first Brillouin zone is fundamental in the arsa¢ of any crystal’'s electronic
energy-band structure. Usually expressed just asBitilouin zone, it is a Wigner-Seitz
primitive unit cell in the reciprocal lattice [75The Brillouin cell is the smallest volume
enclosed by planes that are perpendicular bisectiotee reciprocal lattice vectors drawn

from the origin [75].
For example, given the graphene sheet shown inr&igt2 with the primitive lattice

vectorsa; and ap, the corresponding reciprocal lattice vectbysand b, can be calculated

using Egs. 3.14 and 3.15 by substitutggvith the unit normal vectom() to the plane.
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a1x aZx 0
& =| &y 3, =| ayy aa=n=|0 3.18
0 0 1
a
b, = 27 —;y -7 (fw 1 9] 3.19
= by | = .
a1xa2y - a1ya2x 0 g \/éacc ‘/5
—a
b, = 21T ally _2m (‘f(*if’j 3.20
a1xa2y - a1ya2x OX ‘/gacc ‘/5

From Egs. 3.19 and 3.20 the magnitudeb;aindb, are calculated to b&r/3a.. It can
be clearly observed that the real lattice vectaranda, are perpendicular to the reciprocal

lattice vectors, andb; respectively.

In Figure 3-4 the 2D Brillouin zone of graphenea@éd region) is enclosed by the
perpendicular bisectors of the vectors pointinghi reciprocal lattice points. It can be seen
that these perpendicular bisectors are positiongtway between the originlj and the
reciprocal lattice points. Hence, a lengti2ef3a.. is covered between the oridginand point
M. The points K, K" and M are marked in Figure ®84represent sites of high symmetry. It
can be readily shown that the distance from thgirofl") to the K or K' points igz/3a where

ais the lattice constant mentioned earlier.

Reciprocal lattice

points
b,

b,

Brillouin zone

Figure 3-4: Brillouin zone (shaded) in the reci@dattice of graphene.
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3.2.2 Electron confinement in graphene

When electrons are confined within a small spaatithcomparable to a lattice spacing
along any given dimension, such as in graphenegaltsnone atom thickness, they can be
treated like travelling plane waves with a momenwinp=7k. Thek term is referred to as
the wavevector, which indicates the direction ofvevgropagation and has a magnitude
related to the wavelength by k = 2z/A [75]. Thus, an electron can be represented by a
wavefunctiony(r) as conveyed by Eq. 3.21. Eq. 3.21 simply dessribe wavefunction as a

plane wave in space with a wavevedtor

Wy (r) = ek 3.21

The above wavefunction is a solution to Schrodisgequation so long as it satisfies a
set of boundary conditions, which will be discussednore detail in the following sub-
section. A solution to Schrodinger's equation cgpands to an ‘orbital’, which is a term
given to specify an exact quantum state that cancbapied by at most one electron to obey
the Pauli exclusion principle [75]. Thus, any alemvpoint in thek-space can be used to
represent a state in which an electron can occupy.

The crystal’s band structure illustrates how thergn E) of an electron can vary for
different allowed pairs of stateg( k). This relationship (commonly referred to as the
dispersion relation) is periodic over the whé&lspace. Therefore, it is sufficient enough to
solve only for the lowest energy band, which liethim the first Brillouin zone -Qz/3acc < K«
<2nl3ac., —4nl3as ky <4z/3a) defined above [75]. In the case that more thasm anbital has
the same energy, this is referred to as degengragy

If an electron is injected into a crystal with anfinite linear lattice in thex direction,
the periodic potentiaV(x) of each ion core will set a perturbation to thetioro of the
electron wave. This perturbation will generate #eoted wave. When the incident and
reflected waves interact to form a standing wavhi¢v has a group velocity of zerce.
dw/dk = (1/7)(dE/dK) 0) the electron is captured at an ion core site.

Energy gaps can occur in the crystal band struottiven the electron waves are in
synchronism with the periodicity of the lattice @otial [74]. This gap denotes the amount of
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energy required by a valence electron capturetieatdn core site to penetrate the potential
perturbation and conduct into another neighbourorg core deeming it as a conduction
electron. The absence of an electron at an ion generates a hole. Now the band structure
of graphene will be calculated using the tight ioigdapproach.

3.2.3 Formation of graphene band structure

The Tight Binding (TB) approach is generally asateml with the LCAO (Linear
Combination of Atomic Orbitals) [75]. It is a staarxd method for solving the periodic ion
potential problem met in the theory of electroms@ort in solids [76]. When modelling a
material’s band structure the tight-binding tecluidies between the very accurate, very

computational intensivab initio methods and the fast but imprecise empirical mestiéd).

The unique electronic properties of graphene drm@ the quantum confinement of
the conductionn-electrons [49]. Thus, the TB method will be used determine the
interaction and non-finite overlap between thelectron wavefunctions over the entire

graphene lattice space. In doing so, the dispergiation can be attained.

The electrons associated with the in-planleonds are irrelevant to the calculation of
the graphene band structure because the corresigoedergy bands are too far away from
the Fermi-level to contribute to the electronicniport in the material. In contrast, the
valence and conduction bands cross the Fermi-enevgy as will be shown later. It will be

assumed that the graphene sheet is a pure cnystatlystal free from any defects.

In the case of graphene, the TB approximation gtan the assumption that the
electrons of the neighbouring atoms of the cryssal possess similar energetic properties to
that of the isolated carbon atomelectrons (i.e. the energy levels are equivaleh)s
assumption is based on the fact that the graphetemtml is strong enough to prolong the
time taken before a electron captured by one ion can leak/tunnel tattaar neighbouring
ion. Thus, the localized grapheneelectrons are uninfluenced by the neighbouringnato

which can be treated as a linear superpositiohefree atom wavefunctions.

In general, to find the dispersion relation of @nystal one needs to solve the following
Schrédinger equation:
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2
( - Dz+v<r)jwk(r)—Hwk(r)—E(k)wk(r) 3.22

H is the single electron Hamiltonian of the crys¥4l) is the periodic potential of the
lattice, E(K) represents the atomic energy eigenvalue indegeording tok, andy(r) is the

one-electron eigenfunction.

When Eg. 3.22 is pre-multiplied by the conjuga@nspose wavefunctiopy (r) and

then integrated over the space in whiglir) is defined, it is found that:

@ OHY(Ndr = [ (NERW (Ndr = R (N (Ndr - 323

Using bra-ket notation, Eq. 3.23 can be readilyrezmed to deliver the definition of

the dispersion relation for any given solid as deddy:

_ (e |H|w)
E(k) =~——" 3.24
() <l//k|¢k>
where
(Wi [Hw) = [ OH, (r)dr 3.25
(W) = [ (D (r)dr 3.26

To simplify any further calculations the one-eleatr eigenfunction can be

approximated by taking the product of a plane weXeand a modulation function(r) that
modulates the electron plane wave by the lattiderg@l periodVv(r). This is in accord with

the Bloch theorem, which states that any eigenfanatan be written as follows:

W, (r) =eu(r) 3.27

When analyzing more than one electron, the functign can be approximated by

¢,(r —R,), which represents thg2atomic orbital of the isolated atom at positiofR, from

the origin [78]. Here, the atom represents one of two carbon atoms founkarunit cell of
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graphenei(e. o = A or B). Therefore, the one-electron wavefunttia(r) can now be
replaced with the Bloch functio®,, (k,r), which linearly sums the effect of all thkeatoms
over the total number of unit cells N in the cr{$i®]:

@, (k,r) :%Ze“‘&%(r -R,) 3.28
Ry

To proceed with the TB calculation of the complejeaphene sheet a linear
combination of the two& orbital Bloch functions for all the A and B atomssconstructed to

produce thé™ eigenfunction [78]:

4{/i(k,r):CiA(k)CDA(k,r)+CiB(k)CI>B(k,r):iCij (K@;(kr) (i=1.N) 3.29
i=1

C, (k) is an unknown coefficient where thj& atomic orbital runs from 1 to (n is the

number of orbitals per unit cell participating ihet band-structure) [79]. Now that the
eigenfunction has been re-defined to include tlop@ries of the Bloch function, one can

continue to calculate the dispersion relation dyssituting Eqg. 3.29 into Eq. 3.24 giving:

(w|H|w) Il//i*Hl//_dr qui'qjjq’j'(k,f)Hfbj(k,r)dr

E (k)= = =105
wlw)  Jopdr qujqjjm (k1) (k,r)dr
j'=1j=1
ZZC'JQJ< j"H‘¢j> ZZQ;QJH”(kF)
L= = 2= 3.30
leql Ci1< j"¢j> zlijql JJ(k r)
= =
where
Hyj (k1) = (@} |H| D) 331
Sy (k1) =(®;|®)) 3.32

The terms Hj;(kr) and S;(kr) are called the transfer and overlap integrals,

respectively [14]. The::,’;,(k) coefficient needs to be solved such that the enErgy is a
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minimum for the eigenfunctiop;(k,r) [79]. That is, one needs to find the valu&@f(k) that
presents a local minima in the functiBfk). This can be done by differentiatig(k) with
respect toC, (k) and equating it to zero whilst setting the otheefticientC, (k) to a fixed

constant.

ZZQJ G “(k)ZZQJH”(k) ZZQ, Q,H,,(k)ZZQ, SH()
o5 (K) _ i=1j=1 j'=1=1 i’=1j=1 i'=1j=1
oG nn ?
(zij'Qj S (k)J

i=1j=1

ZZQJ Hj; (k) qu] GiHj; (k)ZZQ, Sy (k)

—1] =1 j'=1j=1 j'=1=1 -0

2
Z_:ljz_‘ic%] QJ “(k) (ZZqJ qj H(k)J

=1 j

3.33

By multiplying Eg. 3.33 byZZC .C.S. (k) throughout and substituting the

1T
=1 j=1

expression foE;(k) of Eq. 3.30 into the second term of Eq. 3.88, following ensues [14]:

Y3 CH (k) = E(k)ZZC,J S;; (k) 3.34

j'=1j=1 j'=1j=1

SpecifyingC; as a column vector that is of the ordenof 1, Eq. 3.34 can be expressed

as a set of N equations of the following form:

HC, = E; (k)SG 3.35

Here,H andS aren x nmatrices with the integraldl , and S, as entries [79]. In the

case of graphene these matrices are of the ord@r since there are tw@2orbitals per unit
cell participating in the band-structure. Moreov@rijs a 2x 1 column vector. Eg. 3.35 can be

rewritten as (H-E(k)S)C, =0 [79]. If the matrix (H - E (k)S) has the inverse

(H-E (k)S)™ then this can be pre-multiplied on both sidesesult inC; = 0 [79]. This
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outcome implies that no eigenfunction exists. Tfogee to obtain a non-trivial solution

where a wavefunction exists the matrix must havenerse i.e. the determinant is zero:

defH - E (k)S]=0 3.36

Eq. 3.36 is known as the Secular equation. Thisatgu will provide n different
eigenvalues forEj(k) resulting in a dispersion relation with bands [79]. Since the
eigenvalue<£;(k) are periodic functions in the reciprocal lattionly the first Brillouin zone
is adequate in analysing the band-structure ofctlgstal [14]. Further, since there are two
conductionn-electrons per unit-cell being analysed there willy be twor-bands in the
Brillouin zone called the bonding) and anti-bondingaf*) bands [14].

To solve the Secular equation for graphene the Haman (H) and Overlap $)
matrices can be resolved by evaluating each elemeéiidually. In order to accomplish this
one needs to specify which neighbouring atoms walhtribute towards the overlapping

wavefunctions.

3.2.3.1 Nearest-neighbour tight-binding model

Here, the nearest-neighbour TB approximation wallderived where it is assumed that
only nearest neighbour atoms have overlappitgdectron wavefunctions. Hence, given an
atomAy as illustrated in Figure 3-5 the nearest neightaams are denoted 844, B, and
B3 [80].
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Figure 3-5: The unit cell contains two carbon atérend B belonging to the two sub-lattices. An
atom Ay has three nearest neighbouis,Bix second-nearest neighbours Aand three third-nearest
neighbours B [80].

For nearest-neighbour interaction the diagonal ientiof the H matrix can be

determined using Eq. 3.31 to give:

Han= HBB:<¢A|H|¢A>

:% >3 RR [ g (r — Ry)Hea(r —~Rydr
Ry Ry

=% SJor -RoHa( -Ryer

RA :RA'

Pt T (R HaA( ~Rr

Ra#Ry

:% ZJ(PA(V —Ry)He(r —Ry)dr+(terms furtherthan R, =Ry)
Ra=Ry

=& 3.37

In Eq. 3.37 R and R are the positions of atoms A and A’, respectiy80}. Since it
was assumed that is strongly localized, the only contributions froowerlapping wave
functions that need to be considered are betweenaAé& BB [79]. The next order of
contribution to Ha comes from the next-nearest neighbobyis which will be neglected for
now [14].&,, is an approximation of the 2mrbital energy and is found from fitting
experimental data [80]. Note that this is not jingt atomic energy value of a free atom since

the Hamiltonian of Eq. 3.22 also includes the @alypbtential [14]. The off-diagonal terms
are given by:
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Hag = HSA :<¢A‘H‘¢B>

1 ; _
== % YekFauRI[g (r-Ry)H@(r - Rgy)dr

R=Ra R=Rgy

= % ejk(RBll_RA)I¢A(r —RA)H@ (r = Rgyp)dr

+ ejk(RBlz_RA)_[qﬂA(r ~RA)H @ (r — Rgpp)dr

+ ejk(RBl3_RA)I¢A(r - RA)H%(r - RBlS)dr]
=V (ejk(RBll_RA) + ejk(RBlz_RA) + ejk(RBlS_RA))
3.38
where:

Vo= <§”A(r - RA)‘H‘%(r —Rgy )> 3.39

The matrix element gh is obtained from Ik by applying the Hermitian conjugation
relation Hsa=H ag, where ” denotes the complex conjugate [14]. In B@8only the nearest
neighbours are considered and the more distantstema neglected [14]. Similarly, to
evaluate the overlap matriX§) firstly, one focuses on computing the diagonaiments.

Assuming that the atomic wavefunctions are norredlig.e.(®,(r -R,)|®,(r - R,))=1) it

can be deduced thahs& Ssg= 1 [80]. The off-diagonal terms are calculatedairsimilar

manner to the off-diagonal elements of the Hami#ton

SIS SSA = <CDA‘CDB>
1 - _
= Z Zejk(RBll RA)J'¢A(r ~ Rp) @ (r — Rgy )dr
R=Ra R=Rgy
1

— W ejk(Rsll_RA)Jqu(r — RA) @ (r —Rgyy)dr

" _
+ ek (Re, RA)I¢A(r —RpA)@s (r —Rgpp)dr
N ejk(Rsla_RA)I¢A(r ~Rp) @ (r - Rms)dr]
3.40
where:
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So = (@a(r = Ra)| & (" ~Rey)) 3.41

and a functiori(k)is defined as:

f (k) = (ejk(RBll_RA) + ejk(R812_RA) + ejk(RBl3_RA)) 3.42

Thus, having calculated all matrix elements onercan write theH andS matrices as

follows:

[ €p Wik (1 s f (K)
H‘(yof%k) Eij | S'(sofﬂ(k) 1} -

substituting these matrices into Eq. 3.36 gives:

3.44

det[H -E (k)S] - de‘i: &p — E (k) Vo~ E(K)sp) f (k)} _

(Yo~ Ei(K)s) 7 (K) £2p ~ Ei(K)

To find the dispersion relation is now a mattedoing a simple calculation to yield the

following formula [12]:

(£2p ~ B (P =6 ~E (s} £ (]
&5~ Ei (k) = () — E (K)sp)| f (K)|

E (K) = £2p 2 10| f (K) 3.45
1+ 5|  (K)|

Akin to &,,, the parametery, and s, are found by fitting experimental or first-

principle data [80]. This yields;,, = 0eV, y, =-3.033eVands, =0.129 eV[80]. Sinces,
is small it can be neglected (as approximated Wylaker and G. Koster [76]) producing a

simplified formula [80]:

E; (K) = £y| f (K)| 3.46
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By calculating the magnitude &fk), Eq. 3.46 can now be expanded into a commonly

used form that is written with respect to #3g components of thie-space:

E (k)= iyo‘ejk(RBll_RA) + ejk(R812_RA) + ejk(RBl3_RA)

= iyo ejk(a1+(R813_RA)) + ejk(a2+(RBl3_RA)) + ejk(RBl3_RA)

= e R R (1+ oka ejk%}

ik Y3y
=tyle 37 |1420 2 yco%%kx]

=+, 1+4co§( )+4co€ k]co{a—ﬁk]
2 2 2

Eq. 3.47 leads to the following two dispersion @sn thek-space:

1. E_(k) = | f (k)| Which is referred to as the bonding@nergy bandcf. valence band).
2. E,(k)=-y|f(k) which corresponds to the anti-bonding" energy band df.

conduction band).

When s,is not neglected in calculating Eq. 3.45 the enedgpersion relation of

graphene over the entire Brillouin zone can betgtbtas shown in Figure 3-6(a). It is
important to note that the conduction and valeramedb do actually touch each other at the
six corner points of the Brillouin zone [14]. Ths reinforced by taking a slice of Figure
3-6(a) atk,=0, giving Figure 3-6(b), where the positions of thigh symmetry points (K,

M and K") are highlighted.

In Figure 3-6(b) the level&.(k) and E.(k) are degenerate at the K and K' points
demonstrating equivalent energy values that coompo the Fermi energ(e= 0 [79].
Since there are twm-electrons per unit cell, each with a differentnsprientation, at T=0K

both electrons occupy the lower bondingnergy band leaving th& band empty [14].
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Figure 3-6: (a) The energy dispersion relationrafphpene over the complete Brillouin zone. (b) Slice
of (a) atk, =0 where high symmetry points (K, M and K') are marked. Both plots are generated
using MATLAB.
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Hence, graphene can exhibit both semiconductingnaetdllic characteristics since at
T = OK its valence band is completely full and tomduction band is completely empty, yet
no band-gap exists just as for a metal. Due to timgue feature, graphene is usually
described as a zero band-gap semiconductor orreetail-since the Density Of States (DOS)

at the Fermi level is zero.

3.2.3.2 Third-nearest-neighbour tight-binding model

The nearest-neighbour TB approximation only corrsidiee interaction between the
electron wavefunctions with three of its neighbogratoms. It was recently shown in [80]
that there was poor agreement between the firatipte ab initio and nearest-neighbour TB
band structures over the entire Brillouin zone. §lan enhancement was proposed to include
up to the third-nearest-neighbour interaction witemulating the energy dispersion relation.
This was achieved by considering the overlap betvieer electron wavefunctions within a
radius of |R| = 2.842 A [80].

To determine the third-nearest-neighbour TB digparsene proceeds as outlined above
where the elements of the Hamiltonian and Overlagrioes will be re-calculated [80]. From
Figure 3-5 it can be understood that the matrirelats will have to include a summation of
the effects from the first-nearest@® = 1, 2, 3), second-nearesy A = 1, 2 ...6) and third-

nearest neighboursgl = 1, 2, 3).

Again, using Eqg. 3.31, the diagonal entries of kthematrix can be recalculated to
include the third-nearest-neighbour:
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Haa = Hgg =(®Pa|H|P,)

= NZZG"‘(R“'_R’*)I%(F ~Ry)H@u(r —Ry)dr

Ra Ry

ZI%(r Ra)H@(r =Ry )dr

N
ZGJK(RAZ' _RA).[%(V ~RA)H@(r —Raz)dr
Ra=Raz
1 ; -

Ry #Ra

=6+, (e—ik<al—a2> +eka 4 gk 4 ok(@iap) 4 gmikar e_jkaz)

= £2p + ylu(k)
3.48
where:
Y1 =(@a(r =R [H[@a(r = Raz)) 3.49
and
u(k) = 2cos(ka) + 2coska,) + 2cosk(a — ay)) 3.50
The off-diagonal terms are given by:
Hag =Hga= <¢A\H\cb )
S Y e g, (r - R M@ (r ~Rey o
N I:z_RAR I:%1I
1 i _
+= 3 Y MR g (r ~Ry)Hg (1 ~Reg )dr
R=Rs R=Rgg
=1 (ejk(RBn—RA) + e (RetzRa) 4 oik(Rasa-Ra)
y, (ejk(Resl—RA) + oK RazzR) 4 gk(RessRy)
=)o F(K) +yom(k) 3.51
where:
Y2 = <¢A(r - RA)‘H‘%(r ~ Rgy )> 3.52
and
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m(k) = (eik(ngl—RA) + ek (Rag=Ra) 4 eik(nga—RA))

L2 L2 L2
k- (g +ay) jk—-(az—2ay) k- (ay—2ay)
e 3 +e 3 +e 3

'kg(a +a,)
_| e (1+e—jk2al+e—jk2a2)

f (2K)

3.53

The parameterg, andy, represent the interaction energies with the se@mttthird-
nearest neighbours, respectively [80].

Correspondingly, to evaluate the overlap mat&) the diagonal elements are first

computed. Assuming that the atomic wavefunctionse amnormalized i(e.

(@,(r =R,)[®,(r -R,)) =1) it can be deduced that:

Saa=Sge = <CDA‘CDA>

=iZZejk(R“"R’*)J¢A(r ~Ra)@n(r —Ry)dr
NR.Re
1
- Zj%(r ~Ry)@n(r —Ry)dr
N R =R,
+ L 5 ekRa R [ (1 ~RIGA(T ~ Rl
Ry =Ray)
Y XGNP
Ry %R,
=1+su(k) 3.54
where:
S = <¢A(r - RA)‘ On(r =Ry )> 3.55

The off-diagonal terms are calculated in a simite@nner to the off-diagonal elements

of the Hamiltonian matrix:
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Sag = SEDzA = <CDA‘ cD|3>

1 ; _
= X 2 g -R) (r - Rey)ar
R=R\ R=Ryy
+ 2y YRR [ (R (r —Reg )

N R=R, R°Rs
_ So(ejkmBM—RA) + ek (RauaRY | gk(RezRy)

+32(ejk<R331—RA> + e (RezzRa) 4 ok(RozsRy)

=5, (K)+5, (2K) 356

where:
S = <¢A(r - RA)‘ @ (r —Rgy )> 3.57

Having calculated all the elements of the requimeatrices,H andS can now be re-

written as follows:

ool o fe +yu(k) Vo (k) +y2f(2K)
Vof () +y2fH(2K) &5+ pu(k)

_ 1+ su(k) So f(K) +5s, f (2K)
sy fB(k) +s, F E(2K) 1+ su(k)

substituting these matrices into Eqg. 3.36 and using

E. (k) = ~b++b?-4ac 358
2a
where:
a=(L+su(k))? - 3| f (K)|” — 55, 9(K) — 2| f (2K))) 3.59
=245 f (K]~ Zesp + KL+ SK) (556 +95) 0K+ 2545/ () 3.60
¢ = ([t sutk)? - £ 1 (0] - 5,000 - 2] £ (2K 361
given that:
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g(k) = f (k) f(2k) + f (k) f (2k)

= 4coskay) + 4c0s(kay) + 4c0sK(ay — 3,)) + 2c08K(3y + 3y)) +
2cosk(a, —2ay)) + 2cosk (28, — a,))
The fitting parameters)'§, s's and&,,) used to solve Egs. 3.59, 3.60 and 3.61 are

found in [80] by fitting the energies generatedhatiteab initio energies for alk [80]. These
are listed below in Table 3-1.

3.62

&

Yo

S

71

St

P2

S

-0.28

-2.97

0.073

-0.073

0.018

-0.33

0.026

Table 3-1: Third-nearest-neighbour tight-bindirtgjrig parameters (eV) [80].

By solving Eq. 3.58, a dispersion relation simitarthat shown in Figure 3-6(a) is
generated. The difference between the third-nearegthbour and nearest neighbour TB

approaches are further assessed by calculatingh@majs band structure and plotting the

results as depicted in Figure 3-7.
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Figure 3-7: Comparison between the third-neareghbeur (=) and nearest neighbou={) TB
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As can be seen there is a pronounced disparitydaetwhe third-nearest neighbour and
nearest neighbour TB band characteristics espgcialr the high-symmetry lines M aid

For instance, at the M points, the anti-bondihgnergy bands differ by as much as 0.4eV.

According to [80] the agreement between the thigdrast TB electronic dispersion and
the ab initio calculations is better than 250 meV for lgll offering superior fitting results
than the nearest-neighbour TB approximation over ¢htire Brillouin zone. This is of
paramount importance when calculating the transi@inergies and optical absorption across
the complete band-structure of a nanotube withvargdiameter and chirality [80]. In fact, it
was established that the prediction made by thel-tiearest TB model for the second
transition energies of a nanotube identically madicivith ab initio calculations, whilst the
nearest-neighbour approximation offered a stroregestimation [80].

Another benefit of including more distant neighlsur the TB method will be further
detailed when determining the SWCNT fundamentaldegep for different geometrical
properties, which will be covered in the next cleapt

3.3 Zone-folding technique

Since a SWCNT has a single atom thickness and # swomaber of carbon atoms
around its circumference, these two physical cands lead to quantum confinement of the
wavefunctions in both the radial and circumferdrdieections, respectively. As a result the
electron wavelength is quantised around the cirevenice of the tube to satisfy the Born-von
Karman boundary condition. All other wavelengthssaghpear by interference. The
wavelength quantisation around the circumferensalt®in a discrete set of wavevectds,
which are allowed to fit around the tube as illattd by the parallel straight blue lines in the
bottom panels of Figure 3-3 [71]. However, along tfanotube axis there is no confinement
producing an infinite amount of allowed k stategsnfmuous blue lines in bottom panels of
Figure 3-3) in that direction, which offers a pa#tyfor the electron plane-waves to
propagate. As will be discussed later, the intdisedetween the quantised wavevectors and
specific points in the Brillouin zone (bottom pamef Figure 3-3) are of decisive significance

in determining whether a SWCNT is semiconductingnetallic [75].
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Now, if one takes the dispersion relation of gramgheand imposes the periodic
boundary conditions in the circumferential direntidhen the band characteristics of a
nanotube should emerge. This technique is calleme#olding’ and can be applied to
SWCNTSs with any diameter and chirality.

Since the dispersion relation of graphene has &rbaen calculated, now the allowed
k-points generated by the newly imposed boundanditions when the graphene sheet is
rolled into a nanotube need to be identified. Thézessitates the definition of the 2D

Brillouin zone for a given nanotube.
3.3.1 SWCNT Brillouin zone

In the previous sections only the 2D Brillouin zoak graphene was considered.
However, when analysing the band structure of a S\WW@e 2D and 1D Brillouin zones of

the nanotube unit cell should be taken into account

The nanotube unit cell presented in Figure 3-hésdhaded rectangle bounded by the
chiral vectorCy, and the translation vectdr. The 1D translation vectdr is perpendicular to
Ch and is parallel to the nanotube axis. In addittbe,magnitude of gives the length of the
nanotube cell, which is the smallest distance atbeghanotube axis before the pattern of the

carbon atoms repeats itself [79].

If the vectorT is defined as:
T =ta, +t,a, 3.63

and

Ll t)+ 2 el )

=t,(2m+n)+t,(2n+m)=0 364

C,[T=

then Eq. 3.64 has an infinite number of solutiomsthe integer pairt{,t;) [81]. Therefore,

one must choose the smallest pair to attain theifve translation vectof of the tube [81].
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Figure 3-8: Carbon Nanotube unit cell (shaded)ngefiby the chiraC, and translatiofl vectors.
The tube emerges from rolling up the piece of gemghsheet enclosed by the shaded region. This

portion can be repeated along the translation vdcto obtain the required length [79].

One can express the solutionstioandt, as follows:

t_2n+m ¢ __2m+n 365
where
dr =gcd(@2n+ m,2m+ n) 3.66

dr represents the greatest common devisor (gca@ipem and2m+n[79]. Thus, the primitive

translation vectof can be re-written as:

_2n+ma _2m+n

T 3.67
de + dg
where the area of the carbon nanotube primitiveagli could be define as:
a2\/§(m2 +mn+ n2)
A=C, xT = " 3.68
R

The number of primitive graphene unit cells in aatabe unit cell can be determined

from:
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A 2(m2 +mn+ nz)

N = =
 Xay dgr

3.69

Since a single graphene unit cell contains two@adioms, there are 2N carbon atoms

(or 2p, orbitals) in a nanotube unit cell [14].

The 2D Brillouin zone of a carbon nanotube is d&thbd by deriving the reciprocal
lattice vectors from the primitiveCg,T) pair. Using Eg. 3.14 and 3.15 and replacaga,

andagwith Cy,, T andthe unit normal vectofn), respectively, the following is obtained:

Ky =K, :%(mq—nbz) 371

In sub-section 3.2.1 it was verified that the ptiva lattice vectorsa; and a, are
perpendicular to the reciprocal lattice vectdrs and b, respectively. Using the same
argument, it can be deduced tl&atmust be perpendicular to the second reciprocatdatt
vector K,) of the nanotube. This implies that the secongrecal lattice vector is parallel to
the nanotube axis, which from now onwards will le®cted ask;. The direction ok is set

by the direction of the translation veciibiand the length is given by:

‘k”‘ =4 3.72

Similarly, K1 can be shown to be parallel@ which is perpendicular to the nanotube

axis. HenceK; can be denoted &s with a magnitude of:

k| == 3.73

Just like the real space unit cell of the nanotube, 2D Brillouin zone is also
rectangular with the side lengths defined by E@23along thek; direction and Eq. 3.73

along thek; direction.
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3.3.2 Defining the boundary conditions

The zone folding technique performs a reductioth@Brillouin zone dimensions from
2D to 1D when a SWCNT unit cell is folded into dingter. At the boundaries where the
edges of the CNT unit cell meet, the following Biasquation must be satisfied:

Wi (r +Cp) = ey, (r) 3.74

That is, the electron wavefunctions that differdogomplete lattice translation vector

Ch along the circumference of the tube must be etprivavhen scaled by the factef™
[75]. In addition, due to the folding, the Born-v&arman boundary condition must also be

fulfilled. This is generally expressed as:

Y (r+R) =g, (r) 3.75

The Born-von Karman boundary condition required tih@ electron wavefunctions
which differ by a lattice translation vect® to be identical. Thus, to match Eq. 3.75 with

3.74, the following fundamental condition must betm

k.C,, = 27m 3.76

whereq is an integer. To satisfy Eqg. 3.76, the allowedaevaectors around the circumference
have to be a multiple de|with a total of N states in that direction [79]. @ other hand,

along the tube axis there are no boundaries (assutiat the tube is infinitely long) for the
wave vectors and therefore all states are allowethat direction [79]. By expanding Eqg.

3.76, this results in:

Kk
(kx}(maﬁnaz):kx%(m—n% kya—f(m+ n)=2m 3.77
y

or

__ (m—n) K, 4

Y x/§(m+ n) * ax/§(m+ n) 3.78
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Eq. 3.77 denotes a set of parallel lines that ssprethe allowed electron state paks (
ky) in the 2D nanotube reciprocal space. When thetrele state pairskf, ky) of Eq. 3.77 are
substituted into the energy dispersion relation E§8) withq = 1,2...N, a set of N lines are
produced, which slice the 2D bandstructure of geaghgiving 1D energy bands. That is,
there are N subbands associated with epadbr a SWCNT [82]. If one of these slices
intersects with a high symmetry K point in the Bwiin zone of graphene (where conduction
and valence band touch at the Fermi-level as showRigure 3-6) the nanotube can be
deemed metallic [79]. Otherwise, the nanotube misenducting with a finite band-gap.
Since the allowed electron state paks K,) depend on the choice nfandm, each SWCNT

will have a different electronic structure as widw be illustrated.

3.4 SWCNT band structures

By imposing the allowed electron state paikg &) denoted in Eq. 3.77 on the
graphene band structure derived using the thirdeseaeighbour TB technique (represented
by Eg. 3.58) the energy dispersion is first plofi@dan armchair (10,10) SWCNT. The result

is demonstrated in Figure 3-9.
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Figure 3-9: Band structure of a (10,10) carbon have Band-gapH;,) is calculated to be 0 eV

confirming that it is metallic.

Firstly, it can be seen from Figure 3-9 that adequantised subbands appear for the
SWCNT band structure, which is typical of a 1D retnacture. Secondly, as expected, the
armchair tuberf = n) has a zero band-gafi( =Ey= 0eV) since the allowed state-vectors
cross the corners points of the first Brillouin ears was previously revealed in Figure 3-3(a)
[50]. This confirms that the (10,10) armchair tubenetallic. On the other hand, for ém,n)

nanotube with the following conditions:

m-n# 3¢ or
2m+n# 3¢ 3.79

whereg is any integer, the state-vectors miss the cquognts and the nanotube is considered
semiconducting [50]. Here, this is verified for tvdistinct nanotubes; the (19,0) zig-zag
SWCNT (see Figure 3-10(a)) and the (10,9) chiralf@dke Figure 3-10(b)).

Again, as can be clearly observed from Figure &jLa@ad (b) that a set of quantised

subbands emerge with a finite band-gap as a refulb state-vectors interacting with the
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graphene Brillouin zone corners. These cases wekegusly portrayed in Figure 3-3(c) and

(d), respectively.

Hence, from the conditions specified by Eq. 3.79cduld be reasoned that,
theoretically, only 1/ of SWCNTs should be metallic and ¥/8emiconducting [83]. If an
(m,n)nanotube satisfies the condition— n =3gandm # n then it would be considered as a
semi-metal because certain electronic states lanth@ corner points of the first Brillouin
zone, but not all [50]. In this thesis, one shaitane all semi-metallic tubes to be metallic.

Finally, it should be noted that in both Figure @d) and (b) the nearest subbands to
the Fermi leveli(e. the conduction and valence bands of the SWCNTYang much aligned
along the momentum axi&). This re-confirms that SWCNTSs are indeed diremndgap
semiconductors. Moreover, it can be seen thatctdmeluction subband minima’s and the
valence subband maxima’s are symmetric about threniFlevel, which has significant
implications in evaluating the electron and hole@ifve masses. We shall return to this point
in the following chapter.
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Figure 3-10: (a) Band structure of a (19,0) zig-zahbon nanotubde(;=0.452¢eV). (b) Band structure
of a (10,9) chiral carbon nanotulig {£0.534eV).
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3.5 Summary

This chapter offered a detailed overview of thesgmotechnique in realising the band-
structure of a single-walled carbon nanotube, whigh be profoundly utilised in the

subsequent chapters in order to identify the redlatectronic and optical properties.

The basic structural features of carbon nanotubastially discussed where the direct
and reciprocal lattice of a graphene sheet ar@dotted. Next, the associated electronic
characteristics of graphene are derived with theeldpment of a semi-empirical nearest-
neighbour Tight-Binding (TB) model. It is confirmekat this approximation can be further
improved by employing the third-nearest neighboBrapproach where a marked difference
is clearly illustrated compared to the nearestimmigir TB model over the entire first
Brillouin zone. This is of utmost significance pamarly when calculating higher order
optical transition energies for nanotubes. Subsettyydt is demonstrated that by applying
the Zone Folding (ZF) technique to the establispegphene band-structure using the third-
nearest neighbour TB method, this generates the $WMaand-structure. The chapter ends
with illustrative examples of SWCNT band-structurdsat depict either metallic or
semiconducting characteristics depending on theongetrical properties. It is also confirmed
that semiconducting SWCNTs do indeed possess atdmnd-gap where the conduction

band minima is shown to be symmetric with the vedelband maxima.

The next chapter constitutes the first key cootion of this thesis where the third-
nearest neighbour TB and ZF approach discusseceabithbe exploited in developing novel
analytical models that predict the SWCNT band-gagh @arrier effective mass directly from

its diameterd) and chiral angled with a runtime independent of tube size.
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Chapter 4 Differentiation and
Electronic Characterisation of

Carbon Nanotubes

In this chapter novel analytical models are presgthat predict the SWCNT band-gap
and carrier effective mass directly from its diaengtl) and chiral angled) with a runtime
independent of tube size. These models are basedpyessions that have been derived by
curve-fitting the outcome generated from the tmedwest neighbour Tight-Binding (TB)
method in conjunction with the Zone-Folding (ZFkhaique. Notably, in resolving the
SWCNT band-gap a rapid and accurate approachabliested in distinguishing metallic and

semiconducting nanotubes.

Herein, a brief discussion of the shortcomings @ssed with present-day band-gap
models is initially addressed. Next, the band-$tmgc of a distinct set of nanotubes with
known geometrical properties is simulated wherecthreesponding band-gap characteristics
are extracted. In doing so, a semi-empirical motet differentiates metallic and
semiconducting nanotubes is established, which ubsequently validated against
experimental data. Further, a SWCNT band-gap maleleveloped for semiconducting

tubes, which is also verified against experimeasalvell as alternative theoretical values.

The final part of this chapter studies the variBWCNT carrier effective mass models
in literature and proposes a new analytical apgrdesed on fitting the energy dispersions
produced using the chosen TB and ZF approach with parabolic effective mass

approximation.
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4.1 Modelling the band-gap of an isolated SWCNT

In Chapter 3 it was demonstrated that the bandachenistics of nanotubes with
dissimilar chiral vector indicesm,n) could appreciably differ leading to diverse elentc
properties. However, no quantifiable relationshgiween these parameters was conferred.
The following work shall address this by examinthg effects of two key SWCNT physical
variables (namely, the diametel) @nd chrial angled)), which could be directly measured

using spectroscopic characterisation techniqueth@nanotube band-gap.

The band-gap constitutes one of the most imponaaterial dependent electronic
properties and is defined as the algebraic diffezeim energy between the unoccupied
conduction band minima and the occupied valenceal maaxima [19]. Generally, this gap
represents the forbidden energy range where noecastates are allowed to exist and
therefore plays a dominant role in dictating theieatransport characteristics of a material
[19, 28]. For instance, as was shown in Chaptahi®, has significant implications on the
saturation current of gn junction photo-diode [19, 28]. Furthermore, thgaortance of the
material band-gap on the photocurrent and phottagel {/oc) of a PV converter was

demonstrated [28].

Apart from the physical geometries, there have l@g@erimental as well as theoretical
reports that noted an observable alteration offiheamental SWCNT band-gap with high
levels of doping [84, 85]. Here, it is assumed #lBSWCNTs under inspection are un-doped
and exhibit complete purity with no defects. Alsthere are references that have
acknowledged the modification of the SWCNT band-gader mechanical strain [86, 87].
Owing to the low magnitudes claimed for changeghi@a band-gap (<100 meV per 1%
variation in strain [78]) it has been decided thay band-structure effects with respect to

nanotube deformations could be neglected.
4.1.1 Review of current SWCNT band-gap prediction models

Earlier studies confirmed the dominant sensitiotyhe CNT’s band-gap to bothand
0, where several theoretical and analytical modelge Hzeen established to simulate their
electronic band-structure [14, 80, 83, 87-91]. Agginthe commonly used band models are
the nearest-neighbour Tight-Binding (TB) approadth\iZzone-Folding (ZF) [14, 80, 83, 88,
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91], the Extended Huckel Theoretical (EHT) techmi¢89], first-principleab-initio as well
as Density Functional Theory (DFT) calculations,[8@, 91].

The TB approach has been claimed to be typicaByd2ders of magnitude faster than
the atomisticab initio methods because of the single-particle approxanafr7]. Yet, in
terms of accuracy, it has demonstrated very goodeagent with first-principlese(g. <250
meV difference between the third-nearest neightdirand ab initio calculations for the
graphene electronic band-structure) [80]. It hasnb&urther acknowledged that the TB
method is useful in situations where the quanturohaeical effects of a system needs to be
retained but the system size is too large, makiggrausab initio calculations impractical
[77]. This is the main reason why the TB model sommmonly used technique in analysing
the electronic and optical properties of carbonohaibes [92].

However, although very accurate, the TB model ils @mputationally intensive and
possesses a time complexity that increases witkideeof the nanotube since that influences
the number of subbands$ which need to be calculated. For applications tleguire the
simultaneous simulation of millions of distinct CMNiEvices the TB approach would be

difficult to utilise in a timely manner.

Empirical models such as those mentioned in [93w&te formed by experimentally
probing a small number of semiconducting SWCNT®Ilider to measure their geometric
structure and corresponding electrical output attarstics. In turn, results were plotted and
curves extrapolated to acquire the CNT band-gajp [96t only were these results based on
undersized samples of CNTs but the measurements feand to be strongly dependent
upon the characterisation technique employed [95#@reover, it has been argued that the
statistical validity of measurements made usingd lsginsitive probes is uncertain due to the
lack of sensitivity in the characterisation of wmdual nanotubes present within a given
sample [95, 98].

Hence, in the following we shall propose an anefjftsemi-empirical model based on

the highly precise third-nearest neighbour TB aRdt@hnique with a time complexity that
is independent of the size of the nanotube andlgiognsists of a single expression which
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directly determines the band-gap of an isolated 8W.('o the knowledge of the author, this

has not been accomplished by any other work.

4.1.2 Simulating the SWCNT band-gap using the third-r&areighbour TB and ZF
technique

Previously, a discussion was imparted regardingtiteed benefits in terms of accuracy
of using the third-nearest-neighbour TB approacér dkie nearest-neighbour method when
calculating the graphene band-structure. It wastiaddlly shown that the band-structure of
an isolated SWCNT could be determined when applthegZF technique. Here, this method
(see MATLAB code in Appendix B) is employed to edéte the band-gafEf) for a set of
nanotubes characterised by all possible chira)itt80°, and diameters ranging between
0.45nm-2.55nm. These ranges offered a total of @B86sible SWCNT chiral vector
combinations ofrq,n) indices. Figure 4-1 illustrates the calculakgdor the various) andd.
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Figure 4-1: SWCNT band-gafd) for different geometrical propertiesandd. CNTs with different

chirality are illustrated by separate colour shgdin

Figure 4-1 clearly portrays, as expected, two wmitsive nanotube types- metallic
(Eg=0) and semiconductingEg>0), though, it is unclear how the SWCNT geometrica
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properties prescribe these attributes. So, to gaiore refined perspective of this distinction

a SWCNT structural parameter space is created @algised.

4.1.3 Distinguishing metallic and semiconducting SWCNTs

The geometric variabled),(l) that produced a zero band-gap and non-zero bapd-g
were separately plotted as data points, indicatedyionbols + and respectively, in the

structural parameter space shown below in Figuze 4-
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Figure 4-2: CNT structural parameter space indicatiata pointsé,d) for metallic and

SWCNT Diameter (nm)

semiconducting tubes.

From Figure 4-2 it can be firstly confirmed thak amchair tubesé=30") possess a
zero band-gap. Secondly, zig-zag tub@s0}) can be observed to alternate between a zero
and non-zero band-gap, which will be further disedklater. Thirdly, the zero band-gap
chiral tubes (B<6<30°) could be seen to follow a pattern that shall m@wncovered.

To establish an expression that will enable usréalipt the zero band-gap data points
for the chiral as well as zig-zag tubes, a relaop betweerd and@ is initially derived as
follows. By rearranging Eq. 3.7 of Chapter 3 andstiuting into Egq. 3.5 gives the

following:
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dzg%Qfﬂ— 4.1
27T sin@

Now, assuming that the sine function of Eq. 4.1 lsarapproximated by a first-degree
polynomial pA+c) over the interval < 6 < 3¢° then it can be deduced that the diametisr
inversely proportional td#+c. This assumption is based on the 0.6% Normalisedt-Ro
Mean-Square (NRMS) error achieved when approxirgatinsine function with a linear

polynomial over the required interval. Hence, iassumed that:

1
bf+c

4.2

~
-~

When examining the zero band-gap data points inrEig-2 it could be noticed that if
several distinct curves were to be fitted over pets then they would all share the same
asymptote af=30°. Thus,b can be expressed in termscadisb=—c/30Q, leaving us only with

one unknown variable.

Upon close inspection of the zig-zag tub@s0f) one could detect an arithmetic
sequence in the tube diameters that offer a zand-gap. These diameters include the third
multiple of the smallest possible diameter. In tiyethe smallest possible SWCNT diameter
can be determined from Eq. 3.5 given a tube indiok$1,0), providing dmin=Y3acd7.
Therefore, the value af can be expressed as a reciprocal mpd3, wherep is a positive
integer. Combining the above mentioned resultsaallas to form an expression for the zero
band-gap data points over the tube rarfged< 3¢

D(6, p) = {W’;‘CC (1—3%]]1 43

Eq. 4.3 represents the zero band-gap curves showigure 4-3 wherg selects the
curve of interest. However, Eq. 4.3 is unable &djmt armchair tube®£3®) as well as zero
diameter tubes. Thus, to cover all zero band-ga&p paints in Figure 4-2, a function can be

formulated that assumes a value of zero only wditner.

» the diameted lies on a curve approximated by Eqg. 4.3 for amgigeometry,
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« or, the SWCNT is an Armchaié£3®) tube,
* or, the SWCNT has a null diamete~0nm).

Quantitatively, this can be expressed as:

M
f(6.d)=d(30-)[(D(&. p) -d) 4.4
p=1
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Figure 4-3: CNT structural parameter space indicatiata points4,d) for metallic and
semiconducting tubes with curves<) representing Eq. 4.3 fp=1-10.

where M represents the total number of curves taken imtosideration.f(#,d) can be
rearranged giving:

M( a)pd
f(6,d)=di30-6)[ 1| 1— |[— 4.5
(00)=dlao-a 1-7 |
where:
a=—%_(30-¢) 4.6
90//3a,,
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To solve Eg. 4.5M iterations are required where each product ternevisluated
individually and then multiplied by the rest of thenction. This process is time consuming
for simulating a design with multiple CNT-deviceasdahence there is a need to reduce the
product term to a non-iterative form. Moreover, #eeuracy of Eq. 4.5 is limited by the
number of curves chosen when definMgsince the more curves considered the higher the
number of zero band-gap data points covered. Ong afaesolving these issues is to
consider a high number of curves and taking thet las M tends towards a finitely large
value. To accomplish this, Eq. 4.5 is firstly mpliied and divided by the conjugate of the

product term. Therf(0,d) is rearranged to:

f(6,d) :% ﬁ(l—a—gﬁ&('oi} 4.7

T pa\ P Jpa p+a)

As M tends towards a finitely large value, the firsbquct term of Eq. 4.7 could be
approximated by ainc@a) function and the second product term tends towardigh value.

Since only the roots d{#,d) are of interest one could approximate Eq. 4.7 as:

f(6,d)=|0(sin(m)) 48

whereQ is a function that rounds values to the neardsgar, givingf(d,d)=0 for metallic
SWCNTs andf(#,d)=1 for semiconducting tubes. Eq. 4.8 was evaludtgdourcing the
geometrical properties of all the 286 distinct ietaand semiconducting SWCNTs. The
results forf(#,d) are depicted in the structural parameter spaéegoire 4-4.
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Figure 4-4: SWCNT structural parameter space ititigalata pointsé,d) for metallic and

semiconducting tubes. + (0) represents metallimis@nducting) results obtained using the third-
nearest-neighbour TB approach with the zone-folteatpnique A (o) represents metallic
(semiconducting) tubes identified correctly by BE@®.— represent Eq. 4.3 f@=1-10.

From Figure 4-4 it was found that 266 out of altofe286 tubes are correctly assigned.
That is, the formulated expression, Eq. 4.8, camrecty distinguish metallic and
semiconducting tubes with 93% accuracy when conapereéhe third-nearest-neighbour TB
approach with the ZF technique. The author belighes since the incorrectly identified
tubes all lie close to the curves defined by E8, #.s very possible that the errors arise from
approximating the sine function with a first-orgelynomial. Nevertheless, this still offers

an 11% accuracy improvement over that obtaine@% [

To further verify Eq. 4.8, comparisons were madehwespect to two references that
experimentally analyzed metallic and semiconduc8WCNTs using different techniques.
In [100] Scanning Tunnelling Spectroscopy (STS) weed to examine the electronic
properties as a function dfand@d for a set of SWCNTs. These measurements are listed
Table 4-1 under the heading STS where the valuasdlO represent semiconducting and
metallic tubes, respectively. In [101] Scanning feiing Microscopy (STM)

characterisation of the SWCNTs was undertaken aerdbaind-gaps of 5 nanotubes were

99



extracted and recorded. Under the STM heading,eTédl details whether these SWCNTs

were found to be metallic or semiconducting.

In analysing Table 4-1 it could be initially obsedvthat 9/12 of the SWCNTSs surveyed
by [100] using STS characterisation have been ptedlicorrectly. One of the incorrectly
predicted nanotubes was equally mis-representetidoyhird-nearest neighbour TB and ZF
technique, whilst the other two could be attribuégghin to the approximation errors arising
from Eq. 4.3. This can be confirmed by considetimat those two SWCNTsl£1.4nm,0=5"
and d=1.3nm, 6=24°) are positioned very near to the curves outlinedtie structural
parameter space of Figure 4-3. Notably, 5/5 of ®&CNTs examined via STM
measurements in [101] are correctly predicted ki Iiee third-nearest neighbour TB + ZF

technique as well as our proposed model.

TNN Proposed

d(nm) 00 STS ST™M TB+ZF model (Eq.
48)
1.4 5 1 1 0
1.4 26 1 1 1
2.0 23 1 0 0
1.2 6 1 1 1
1.1 0 1 1 1
1.3 30 0 0 0
1.4 26 1 1 1
1.4 21 1 1 1
1.2 14 1 1 1
1.3 24 1 1 0
1.3 1 1 1 1
1.9 14 1 1 1
0.78 0 1 1 1
0.86 0 1 1 1
0.9 0 1 1 1
0.99 12 1 1 1
0.98 4 1 1 1

Table 4-1: Comparisons between experimentally nredsBWCNTs (STS [100]
and STM [101]) with various geometric structured #me Third-Nearest
Neighbour (TNN) TB +ZF technique as well as thepmsed model given by Eqg.

4.8. 1 (0) represents a semiconducting (metalkojotube.
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4.1.4 Calculating the band-gap of semiconducting SWCNTs

It is clear from Figure 4-1 that for all semiconting SWCNTSs, the dependenceBf
on diameter is inversely proportional. This reicks the I relationship derived in [14, 90,
91, 100-104]. However, all these sources diffeanradditional factor that is used during the
calculation of a semiconducting CNT band-gap; therlap energyy. yo is a constant that
has been debated to be in the range 2.45-2.90eYi@adreed value has ever emerged [103].
In [103] it was mentioned that the reason for thgutting discrepancy i is due to the fact
that chirality is neglected when interpreting tten#-gap for different diameters. Thus, here,
Ey has been plotted with respect tband 6 for the semiconducting nanotubes only.
Subsequently, a curve-fitting technique was usesbtablish a relationship betwegy d and

6. Figure 4-5 shows the resulting optimal curve) @iven by:

Eg :10.2& :@ 4.9
2 d

Eqg. 4.9 confirms thaEy is proportional tol/d and the constant of proportionality is
independent of). Moreover, a value of 2.44eV is calculated from E® for the overlap
energy constant, which is in close agreement witt derived using first-principlesy
=2.5eV) in [91]. This offers a consistency checkdar approach and has been highlighted in
Figure 4-5 by the nearby proximity to the firstsmmiples curve (---). On the other hand, the
curve generated for the nearest neighbour TB andngkhod (---) withy, = 2.7eV has
overestimated the band-gap by as much as 0.2e¥ciedly, for low diameter tubes [80].
This provides further evidence to support our denisn taking account of more distant

neighbours within our TB calculations.

When the semiconducting CNT band-gap values werergéed using Eq. 4.9 and
compared against the third-nearest-neighbour TBoggh with zone folding, this yielded a
NRMS error of 1.75% only.

Once more, the STS and STM measurements of [1@D[1#1], respectively, are used

in validating Eqg. 4.9. These are clearly markedFigure 4-5. Through inspecting the

experimental data points it could be verified ttint measured band-gap values lie very close
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to the curve proposed by Eqg, 4.9. Additionally, [b01], the overlap energy was
approximated as 2.45eV, which matches well withresult.

Band-gap Eg (eV)
o o = =
(=] [o2) - N H

o
'S

T

0.2
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0.5 25

SWCNT Diameter (nm) 2
Figure 4-5: Semiconducting band-gap vs. diametealf@. + represents results obtained using the
third-nearest-neighbour TB approach with the Zkmégue.— is the fitting curve given by Eq. 4.9. -
.- represents band-gap predictions made by fiistipte calculations in [91]. --- corresponds to
nearest-neighbour TB and ZF estimations [8Gndm depict experimental measurements made in
[100] and [101], respectively.

Eq. 4.10 represents a simplistic model that untleskey expressions established thus
far. Given any SWCNT diameter (hm) and chirality, €q. 4.10 computes the SWCNT
band-gap with a runtime independent of tube sizetha number of subbantls Moreover,
Eqg. 4.10 is more simulation efficient than the maquaeposed in [99], which possesses a time
complexity of the order adD(M).

Egz\l](sir(na)]%gz 410

102



4.2 Modelling the carrier effective mass for an isotaBAVCNT

The electron and hole effective masses represdmted, and m,, respectively, are
extensively used parameters for modelling eledtti@asport in semiconductor devices [19,
87, 105, 106]. For example, as denoted in Chaptan,2and m, constitute one of the
fundamental material-related properties that infeeethe saturation current ofpa junction
diode. Generally, the effective mass dictates atalg carrier mobility and can therefore be

utilised in characterising its electric conduct\ji87].

Typically, the effective mass tensor* is determined by taking the reciprocal of the
curvature corresponding to the band-structure ofeaniconducting material along the

different wave-vectork) directions [87]. Formally, this is expressed as:

2 -1
mF = #2 E 4.11
ok

wherem* is usually represented in terms of the electrah mass (mp= 9.109 x1G* kg)
87].

To-date, there has been insufficient work done daentifying the carrier effective
masses for SWCNTs. Moreover, although models deagrithis property have been derived
for achiral (zig-zag and armchair) CNTs from thanest-neighbour TB +ZF technique, there
has been no analytical model established usinghthenearest-neighbour TB +ZF approach
for both achiral and chiral SWCNTs. The author déeds that such a model could find
widespread use in determining basic transport irmT @Evices operating under equilibrium
conditions without the need to perform extensivaeticonsuming numerical calculations
[105]. Also, this may additionally enhance CNT cauopmodels in dealing with nanotubes

of various geometric structures.

In this section, our analysis is limited to semigocting SWCNTs where only the first
conduction/valence bands closest to the Fermi lavrel of interest since they are the
dominant sub-bands patrticipating in CNT carriensgzort [106]. Furthermore, given that
is direction dependent, we will only evaluate theugtities associated with carriers travelling

parallel to the nanotube axise( along thek, axis). Again, given that some studies have
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reported the deviation in carrier effective masthwigh levels of doping it will be assumed
that the SWCNTSs under observation are un-doped [85]

4.2.1 Review of current SWCNT carrier effective mass tsode

One of the first studies on realising the effectivass for SWCNTs was in [107] where
a selected set of 6 chiral and achiral semicondgchanotubes were assessed. It was
mentioned that the prediction of the effective méwss charge carriers required highly
accurate results for the corresponding energy ldispersions, henceb initio density-
functional calculations were performed [107]. Ryrsit was confirmed that the resulting
SWCNT m, andm identically matched due to the close symmetry betwthe conduction
sub-band minima and valence band maxima nearés¢ tbermi level [107]. Secondly, it was
found that the carrier effective masses generadlgrehsed with higher tube diameters,
though, the findings seemed relatively spread amdak fall on any given trend line [107].

Following this, another research group analysed @ndpared the carrier effective
mass of 3 zig-zag nanotubes using two differendisructure models including the EHT
and the nearest neighbour TB + ZF method as welhagarabolic effective mass model
(EFM) [106]. The EFM description involved usingecend order polynomial fie(g.E(k) =
AK+Bk+C) to approximate the bottom of the conduction bamdi @btain the curvature at the
minimum point. In turn, the simple relationship* = 44%/9ysa..d was formulated [1086]. In
comparing the parabolic EFM estimation with the E¢gherated first conduction band for a
(13,0) nanotube it was established that very ggwdeanent ensued up Eo~ 200 meV from
the minimum [106]. Above this range of validity thand non-parabolicity became notably
influential on the overall shape [106]. It was atexted that for SWCNT diameters lower than
1 nm the parabolic EFM approach lost its precisloa to the nanotube curvature effect [87,
106].

The latest report on the development of a SWCNTieraeffective mass model
considered derivingm* from the nearest-neighbour TB energy dispersion dohiral
nanotubes with diameters greater than 1 nm [106f dutcome included a simplified
expression -m*:4h2Eg/3yoa2(2yo+Eg) - which was demonstrated to agree well with the

aforementioned parabolic approximation [105, 106].
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Here, an analytical expression shall be deviseddas the parabolic EFM estimation
of the third-nearest neighbour TB and ZF band d&pe that will directly ascertain the
carrier effective mass of an isolated SWCNT witly ahirality and diameter1l nm. To the
knowledge of the author, this has not been accamgdi by any other work.

4.2.2 Simulating the SWCNT carrier effective mass usiregarabolic approximation of
the third-nearest neighbour TB and ZF band dispersi

Simulations are instigated by using the third-nsaneighbour TB +ZF technique to
calculate the band structure of a (13,0) nanotSlogce it is assumed that the hole effective
mass is equivalent to the electron effective magsfocus on estimating the bottom of the
first conduction sub-band using the quadratiEfik) = AK+Bk+C as shown in Figure 4-6.
This is automatically achieved by reducing the safraquared residual (actual - fitted) error
(commonly known as the Least Squares EstimatiorEjLi8chnique) for the fitted curve
whilst maximising the energy range (from the minimypoint) within which it could be
deemed valid. Subsequently, by substituting thelltieg parabolic fit into Eq. 4.11 the
curvature is obtained and henceforth the effechass.
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Figure 4-6: ) E-k dispersion of the first conduction sub-band f¢12,0) SWCNT using the third-
nearest neighbour TB +ZF technique. (---) ParaHiligithin a 52 meV validity energy range from

the band minimum.

An effective mass oim*/my =0.365 was attained based on the parabolic fEigfire
4-6. This value is moderately lower than the 0.478 0.542 predictions made by the models
proposed in [105] and [106], respectively. Thiscdepancy is attributed to two factors.
Firstly, because more distant neighbours are takém account in our TB dispersion
calculations, the band shape will be distinctlyfetént from that generated by the nearest
neighbour approach in [105] and [106]. Secondiy¢caithe optimal fit of Figure 4-6 is valid
over a smaller energy range compared to [106]s iexpected that the curvature will be

greater and therefore the effective mass to berlowe

By repeating the above computation for a group aifatubes having diameters and
chiral angles extending between 1-2.6 nm ah80, respectively, this offered a set of 133
dissimilar semiconducting SWCNTSs. The resultingiearffective masses have been plotted
out with respect to diameter in Figure 4-7 wherkirat (¢) and chiral (+) tubes have been

separately marked.
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Figure 4-7 shows that the effective mass has a dependency on chiral angle and
generally decreases with diameter, which is in egent with [87, 105-107]. In comparison
to ab initio calculations made in [107] for chiral CNTs it isafound that the data points do
not fall on a simple trend line, although, this slo®t seem to be the case for achiral CNTSs.
Additionally, it is confirmed that the effective s&of chiral tubes are, in general, higher than

achiral tubes with similar diameters [107].
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Figure 4-7: Simulated SWCNT effective mass of thaedst conduction sub-band for different

geometrical properties, andd. + represent chiral CNT# and « representr,0) zig-zag achiral

tubes withm=3p+1 andm=3p+2, respectively.
4.2.3 Deriving an analytical model for the carrier effae mass of achiral SWCNT

It is apparent from Figure 4-7 that the carriereefive mass for achiral SWCNTs
follows two trends of different slopes with respexrthe diameter. This feature was similarly
pointed out in [87]. The lower effective mass treath be associated witn0) zig-zag tubes
wherem=3p+1 (p is any integer) whilst the upper effective massdr covers zig-zag tubes
with m=3p+2. These attributes could allow us to set up domh in terms ofd andé that

will enable the distinction between the observedds.
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A function such as the one derived to distinguisttaitic and semiconducting tubes
(EQ. 4.4) can be formulated where it assumes awaifzero if the following two conditions
are satisfied:

1. Itis necessary thdtis always zero.
2. The diameter of the tube must be equivalend tp= V3a..(3p + 11)/m for the

upper trend od,,,, = V3a..(3p + 10)/x for the lower trend.

Accordingly, two expressions can be composed &svsl

Cup(€.d) =9+ﬁ(d—dup)=9+ﬁ(m 3 @p+19) 4.12
p=1 p=1
M M

Conl.) = 0+ [(d~Giy) =6+[ ] .30 +10) 413
p=1 p=1

whereM is an integer representing the number of zig-zdgg under observation for each
trend, which in our case is 7. Hence, if Eq. 4.02.43 is identically zero for a givehandé

then it can be deduced that the corresponding @pptes.

As for the slopes of the trends, one could firstyify that the upper slope agrees well
with that originated in [106] when the overlap aperconstant is replaced with 2.44eV
(instead of 2.7eV) to reflect the fact that morgtait neighbours have been considered in our
TB approach. That is:

. 4P
m = if Cup(H, d)=0 4.14
9.)od
EqQ. 4.14 has been plotted (---) in Figure 4-8 wizeNRMS error of 5.91% is achieved

when compared to the simulated carrier effectivessnaf the SWCNTs belonging to the

upper achiral trend.
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The slope for the lower achiral trend was derivgdbrve-fitting the carrier effective

mass data points of the SWCNTSs represented by.E8. #his generated:

|
m =
%.J4d

where a NRMS error of 1.78% was obtained, whiclersfizery good accuracy as depicted in
Figure 4-8. Eq. 4.15 differs from Eq. 4.14 on twonts. Firstly, the slope of the lower trend

+012 if G, (6,d)=0 4.15

is related to the square of the overlap energytaohsSecondly, the lower trend has been
translated by a factor oh*/my =0.12 that represents a horizontal asymptotehiereffective
mass. The implications of such a finding could pgagssignify that (n,0) zig-zag tubes with
m=3p+1 reach a carrier mobility limit at high diameters

Previously proposed effective mass models suclm §06] and [105] have also been
included in Figure 4-8 to validate our resultcduld be seen that these models lie somewhat
mid-way between the upper and lower trend linesvddrin our work. This is because their
methodologies fail to capture the effects of the thfferent zig-zag tube classes identified

here. Nevertheless, good agreement can be observind higher diameter nanotubes.
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4.2.4 Deriving an analytical model for the carrier effa@ mass of chiral and achiral

SWCNTs using a regression technique

Here, a statistical based regression techniquepd®sg Surface Modelling (RSM) — is
employed to predict the effective mass for all @hand achiral tubes within the diameter

ranged=1-2.6 nm. The RSM method renders a first-ordeati@hship relating the predictors

(6,log(d))to the response variable (log{)) where:

logn') = alog@) + 56+

4.16

Once the regression coefficients, 3, 1) are optimised under the LSE method, an

inverse-logarithmic transform is performed to yiglé following model:
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= 8myr” -07835,74x10°6 417
9Yhac

whereyo =2.44eV is the overlap energy calculated in SadfioEq. 4.17 (represented lay
in Figure 4-9) was found to predict the effectivas® data points of Figure 4-9 with a NRMS

error of 9.73%. This is a good approximation giwbat there is a nonlinear correlation

between the effective mass and chiral angle.
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Figure 4-9:¢ and + represent the simulated carrier effectiveswd achiral and chiral
semiconducting SWCNTSs, respectivelydenotes the predicted effective mass by Eq. 4.47 fo
different SWCNT geometrical propertiesandé.

4.3 Summary

In the first section of this chapter a novel anabftmodel is presented that predicts the
SWCNT band-gap directly from its diameted) (and chiral angle &) with a runtime
independent of tube size. This model was derivethfCNT band-structures created using
the third-nearest-neighbour TB method in conjumctwith the ZF technique. It was
demonstrated that the analytical band-gap modairataly distinguishes 93% of a set of

metallic and semiconducting nanotubes. Furthedatibn was performed by comparing the
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developed differentiation model against two segasatrces of experimental characterisation
(STS and STM) data where 14/17 tubes were corréddgtified. In addition, the NRMS
band-gap error recorded for semiconducting tubesomty 1.75% offering an overlap energy
constant ofy, =2.44eV. It was further demonstrated that thisugabetter matched first
principle as well as experimental results compat@dthe nearest-neighbour approach,
providing additional evidence to support our dexisin taking account of more distant

neighbours within our TB calculations.

The second section of the chapter details the algoiv of novel analytical expressions
based on the parabolic EFM estimation of the thedrest neighbour TB and ZF band
dispersion that directly resolve the carrier effectmass of an isolated SWCNT with any
chirality and diameter1 nm. Again, these models possess a runtime indepé of the tube
size. It was discovered that there exist two dist@ffective mass trend lines for achiral tubes,
where the corresponding slopes and geometricalctatel conditions are defined. In
comparison to the simulated data points, the preghagoper and lower trend models are
found to predict the effective mass with an NRM@®eof 5.91% and 1.78%, respectively. It
was additionally shown that other previously repdreffective mass models for achiral
SWCNTSs agree well with our expressions, especftaliyfarger diameters. Finally, the RSM
regression technique is exploited in formulatingeapression for the carrier effective mass
of achiral as well as chiral tubes where a low NR&®r of 9.73% is achieved. This is a

good approximation given the nonlinear relationnsen the effective mass and chiral angle.

The subsequent chapter constitutes the seconadwmyibution of this thesis where
the novel analytical models developed in this chiaptre further enhanced by adopting a
statistical approach in predicting the SWCNT baag-gnd carrier effective mass variation

for typical uncertainties associated with the tgbemetrical structure.
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Chapter 5 Modeling SWCNT
Band-gap and Carrier Effective

Mass Variation

Synthesising SWCNTs with accurate structural cdrites been widely acknowledged
as an exceedingly complex task culminating in tradisation of CNT devices with uncertain
electronic behaviour. In this chapter, a statistigpproach is applied in predicting the
SWCNT band-gap and effective mass variation foicgipuncertainties associated with the

geometrical structure.

In the first section a brief motivation of our syud presented. Following this, a section
defining realistic spreads in the geometric strrectaf CNTs grown using the Chemical
Vapour Deposition (CVD) technique is imparted. NextMonte Carlo method is adopted to
simulate the band-gap and carrier effective maspedsion for a selection of structural
parameter distributions. As a result, novel anefjtiexpressions are established that
separately specify the band-gap and effective masability (Eg,, nt*,) with respect to the
CNT mean diametedf() and standard deviatiod,j. These expressions offer insight from a
theoretical perspective on the optimisation of ditenrelated process parameters with the

aim of suppressing band-gap and effective masatiami
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5.1 Motivation for modelling SWCNT band-gap and carrfective mass

variability

At present, the fabrication of carbon nanotubed witcurate diameter and chirality
control is a serious challenge and as a resultge lband-gapHg) variability is typically
observed for a set of CNTs grown under identicatpss conditions [16, 95, 108]. Equally
susceptible to structural variation is the careffiective massn*), which has a crucial
influence upon the SWCNT carrier transport propsr{B7, 107]. Consequently, due to the
unpredictability associated with these parametdrs, implementation of nanotube based
devices with desired performance characteristissean problematic [16].

In an attempt to tackle this issue, researcherse pavposed the adoption of statistical
process optimisation techniques to optimise the @blwth process and generate narrowly
distributed geometrical characteristics around airdd mean value [54, 95, 108-113].
Progress, however, has been limited due to thanptete understanding associated with the
CNT growth mechanism [110, 114]. Further, the immdcCNT geometrical structure on the
performance characteristics of various CNT Fielte&fTransistors (FETs) has been
experimentally [16, 23, 109] and theoretically [5X06, 115-117] examined. Yet, no
statistical model defining the CNT band-gap ancafe mass distributions has evolved

from these studies, especially with respect to senducting SWCNTSs.

Here, a statistically supported model that predioesCNT band-gap and effective mass
distribution properties for a given structural aion is presented. The structural dispersions
considered reflect typical spreads identified inTCeometry after CVD synthesis. As an
outcome of the models produced, better insightfisred on ways in which CVD process
parameters such as the mean CNT diantitand standard deviatialy could be optimised
to achieve a required band-gap or effective magatian. Moreover, the proposed analytical
methodologies could be incorporated into compagicgemodels to accurately simulate a
substantial number of dissimilar CNT-devices overjudicious time period. To the
knowledge of the author this work has not beeniptesly reported in literature.
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5.2 SWCNT diameter and chiral angle distribution

The following section discusses the various SWCNameter and chiral angle
distributions evaluated by sources employing theDCS%ynthesis technique. A set of

probability functions that realistically replicateese spreads are subsequently defined.
5.2.1 SWCNT diameter distribution

The SWCNT structural distribution properties repdrto-date differ considerably due
to the utilisation of alternative synthesis techusis, growth conditions and characterisation
methods [54, 95, 108, 110-113, 118-121]. Henceesihe CVD synthesis process appears to
be most promising for bulk CNT production [108, 1112, 119], we have deliberately
restricted our survey of CNT structural data terehces employing the CVD technique.

The SWCNT diameter is strongly influenced by thecten conditions set by the CVD
process parameters [122]. Recently, there have beearal research groups working on
identifying the relationship and sensitivity betwegifferent CVD synthesis variables such as
catalyst particle size [54, 110, 121], reactiongenature [113, 120], reaction pressure [108,
111, 113], hydrocarbon feeding rate [112] and theusng SWCNT mean diametet, ) and
diameter distributiond;). Due to the imprecision and instability in cotlirgy the growth
conditions most of the early observations showadtl tthe SWCNT diameter randomly spread
over a wide range following no regular pattern [9Hpwever, recently, in [112] it was
proposed that at any given CVD process conditiopsg as the carbon feeding rate is fixed,
there is an optimal diameter of nanoparticles thatleate nanotubes. Any nanoparticle with
too small a diameter cannot nucleate as it is fedkrwith carbon feedstock and any
nanocatalyst with too large a diameter is deemdsktimactive since it is ‘underfed’[112].

Thus, assuming that the process of defining thalysitparticle size can be optimised
to give a narrow distribution around a specifig one could expect that as the yield of
SWCNTs increases for a given batch, the spreadiameter will converge towards a
Gaussian distribution. This claim can be furthepmrted by the following experimental

evidence.
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In [119], High Resolution Transmission Electron kiscopy (HRTEM) images were
taken of 74 randomly isolated nanotube structures/g using a CVD method. This allowed
direct observation and quantitative characterisattd the SWCNT diameters with an
accuracy of £0.1 nm [119]. Figure 5-1 illustrategasurements of the SWCNT diameter
distribution. As shown, more than 75% of the SWCNa&se diameters ranging between 1.2-
2 nm where the best fit distribution function geated a Gaussian mean diamelgrl.69 nm
and a standard deviatiah=0.34 nm [119]. Raman scattering measurements efsdme
SWCNT sample set offered an average diametef=.61 nm which is in close agreement
with the HRTEM fitted result, although slightly l@wvdue to the interaction effects between
different nanotubes [119].

20 T T T T T
Gaussian fit
Mean diameter: 1.69 nm
15[ SD: 0.34 nm

Number of SWNTs
o

a

Diameter of SWNTs (nm)
Figure 5-1: Diameter distribution of the 74 isoth@®WVCNTs grown using a CVD technique where

the data was obtained from HRTEM images. The Gandgishown offersl,=1.69 nm and
d,=0.34nm [119].

Another later experiment used Atomic Force Micrggc@AFM) in combination with
Scanning Electron Microscopy (SEM) imaging to cletease the diameter distribution of
SWCNTs produced via the CVD approach at differerawgh conditions [112]. The
corresponding diameter histograms are presentédigiure 5-2 where the best fit functions
for the distributions are depicted by the overlagpGaussian curves [112]. As shown in

Figure 5-2 the mean of the diameter distributiorsemecorded as 0.93, 1.07 and 1.78 nm
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with standard deviations of 0.18, 1.12 and 1.02 raspectively [112]. Raman spectroscopy
was also used to confirm these results [112].
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Figure 5-2: Diameter distributions of SWCNTSs groatrdifferent carbon feeding rate concentrations

(a) 140 ppm; (b) 1600 ppm; (c) 14400 ppr:)(represent Gaussian curve fits [112].

Other experimental observations that reported as§an profile for their CVD grown
SWCNT diameter distributions included [54, 108, 1101, 121]. From these results it can be
assumed that mean diameters between 1.0-1.7 nndvibeuh suitable range to model the

corresponding SWCNT electronic properties for dudg.
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It could be argued, however, that the diameteridigions of Figure 5-2 are not fully
Gaussian, and in fact, may be truncated Gaussi&isexplains the minimum and maximum
cut-off observed at 0.5 and 3 nm, respectivelyoAtfven that in theory, catalysts with too
small or too large a diameter cannot nucleate @g dne overfed and underfed, respectively,

this can further support the argument of havingiadated Gaussian at both ends.

One could additionally argue that a gamma distidoutmay provide an improved
estimation of the diameter variation because #wgays positive and has a wider asymmetry
compared to a Normal dispersion. Nevertheless,ngthe small range of mean diameters
considered in our study it is acknowledged théeldifference will be observed compared to

a Gaussian diameter distribution as has been evaa[123].

In all the surveyed experimental reports there Ib@sn no recognised relationship
between the SWCNT mean diameter and standard aevi&ior instance, no correlation can
be drawn from Figure 5-2 involvind, andd, as established by [112]. Whilst in [54] it was
revealed that the SWCNT standard deviations braatlemth higher mean diameters by
roughly the same scale. Therefore, it has beerddédo introduce 3 case scenarios for our
simulations that appropriately scale the diamegeration with different mean values. These

can be described as follows:

1. The first scenario will assume that the diametandard deviation isndependenbf
the mean diameter.

2. The second case scenario will presume that theedeanvariationscales-upby an
equivalent proportion to the percentage increasheomean diameter.

3. The third case scenario will suppose that the diameariationscales-dowrby a

value corresponding to the percentage increadgeahean diameter.

5.2.2 SWCNT chiral angle distribution

Unlike the CNT diameter, controlling the chiral &gan be more intricate [57].
Regulating the CNT chiral angle entails the marapah of the molecular assembly of the
SWCNT [114]. This level of manipulation is unattaliihe using conventional CVD processes

and consequently a homogeneous spread in chiraitgommonly observed within a
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collection of synthesised nanotubes [73, 124]. lderior our purposes it is reasonable to

assume a uniform random distribution in the SWCNifFat angle.

5.3 Modelling SWCNT band-gap variation

In this section the above mentioned structuralrihistion properties are varied and a
set of Monte Carlo simulations are run to genetia¢ecorresponding band-gap dispersions,
which are subsequently compared and statisticalglysed. As an outcome, simplistic yet
accurate models are proposed providing a relatiprisgtween the semiconducting SWCNT

diameter distribution properties and the resultiagpd-gap variation characteristi€sg, and

Eg..

5.3.1 Simulating and modelling the SWCNT band-gap digtidm for the first case

scenario

Here, the variation in CNT band-gap is determing@xkecuting Eqg. 4.10 derived in the
previous chapter over a large number of samples @@ randomly generated from the
selected structural distributions outlined abowveotder to identify an appropriate nanotube
sample size for the chosen distributions the Ganssdispersed diameter parameters are
affixed tod,=1.01 nm anal,=0.2 nm and different sized nanotube sample setsiaulated
within the range: 192x10°. The mean and variability of the corresponding dagap
dispersions g, andEg,) were calculated from the sample mean and stardirtion of
Eq. 5.1 and 5.2, respectively. This is becauseat wonsidered that they represent unbiased

estimators of the distribution properties.

1 N
Eg, =N;Eg 5.1
1 N 2
i=1

Eg, andEg, are plotted in Figure 5-3(a) and (b), respectividy each nanotube sample

sizeN.
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From Figure 5-3 it can be observed that the dispensariablesEg, andEg, converge
within 0.1% and 0.3% of their ultimate true valuesspectively, over the sample range 1-
2x10° nanotubes. Hence, to gain sufficient accuracy aeetchosem=1.5x1G for all our
simulated measurements.
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Figure 5-3: Simulated band-gap mean (a) and vdéitiafh) as a function of distribution sample size
(N) for d,=1.01nm anal,=0.2nm.

For each run of our Monte Carlo simulation the dtéen distribution propertied, and
d, were varied between the ranges 1.01-1.71 nm &@w@®2 nm, respectively. Figure 5-4
shows a density estimation of a subskt{.01 nm anal,=0.04-0.2 nm) of semiconducting
SWCNT band-gap results.

It is found that the highest and lowest diametesorded in our Monte Carlo

simulations are 3.14 nm and 0.12 nm, respectivEhe maximum diameter obtained was
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from a diameter distribution witt,=1.71 nm andl,=0.2 nm, which is almost equivalent to
the highest diameter measured in [119] (~3.0-3.2 @8 Figure 5-1). On the other hand, the
minimum diameter is too low, which was obtainedra diameter distribution wit,=1.01

nm andd,=0.2 nm. This reinforces the need to consider acated Gaussian or a more
positively skewed function for the nanotube diamelistribution. Nevertheless, given that
the lowest possible SWCNT diameter is about 0.6 (dmameter of @) then it could be
assumed that a non-truncated Gaussian would besaeamithin a & variation, in the worse-
case, for the smalled} (1.01 nm) and largest; (0.2 nm) considered in our study.
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Figure 5-4: Density estimation of semiconductingatabe band-gap values obtained from Monte
Carlo simulations for a Gaussian distributed di@netithd,=1.01nm andal,=0.04-0.2nm and a

randomly uniform spread in chiral angle.

When Eg, was plotted against, for different diameter variationd,, as depicted by
Figure 5-5, it was found that the mean band-gafieshupwards with highed, and even

more so for smalled,.

The Response Surface Methodology (RSM) is used hergain a quantitative
relationship between the predictor variablds ¢,) and the response variableg(). Given
that the predictors are known, this relationship ba used to predict future values of the

response. Moreover, a better understanding carctpgirad on which predictors have the
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greatest effect upon the response variable. Hewe relationships will be provided for each
response variable; a second-order model that ieslsquared terms, interaction terms linear
terms and constants and the second relationshipeva first-order model that only includes

linear terms and constants.

The optimal curves illustrated in Figure 5-5 wereated using the second-order model

of the RSM regression technique that is given by38,

LOqu,u) = :80 + IB_LLoqd,u) +:82da t...
Bd,Lodd,) +...
BulLogd,)f + B2 5.3

The regression coefficients of Eq. 5.3 Ase -0.3727,41= -0.9939,4,= 0.0852 ,5,,= -
0.3456,411= 0.0229 ang’,= 0.7070. Although Eq. 5.3 is highly accurate (NREI®or of
0.19% and a coefficient of determinatiof=R) within the mean diameter range specified in
our simulation, Eq. 5.4, which represents a firsteo model, can also provide a reasonable

approximation of the response especially for langan diameters.
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Figure 5-5: SWCNT band-gap distribution me&g,j vs. mean diametedy). Data sets with different
diameter standard-deviatiorgs have been marked by a distinct symbelrepresents the fitted

curve given by Eq. 5.3.
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- 5.4

For 1.01 nm< d, < 1.71 nm the NRMS error of Eq. 5.4 in predicting @ictual mean
band-gap is 2.7% and has ahvlue of 0.992.

Next, the data points of the band-gap standardatieni Eg,) were plotted against the

diameter standard-deviatiod,) for different sets ofl, as shown in Figure 5-6. Again, the

curves of best fit were generated by employing seeond-order RSM model giving the

following expression:
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Figure 5-6: Band-gap standard-deviati&ug,j vs. diameter standard deviatial))( Data sets with

different mean diameterd,j have been marked by a distinct symbelrepresents the fitted curve

given by Eq. 5.5 for eaa).

where the regression coefficients age 0.2883,y;= 1.4036y,= -2.5146,y1,= -0.1460,y1,=
0.0624 andy,>= 0.1515. The NRMS error of Eq. 5.5 in predictirge tdata points was
evaluated as 0.66% {Rvalue of 0.999). Additionally, the first-order apgimation was
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generated, given by Eq. 5.6, which possesses a N&KS of 4% and an Rvalue of 0.981

within the ranges specified fdy, andd,.

08
E% :Eda 5.6
d,u

Equation 5.6 acknowledges a linear relationshipweenh Eg, and d,. More
interestingly, it indicates that the band-gap waracan be significantly reduced by defining
catalyst particle sizes with a higher mean diaméetably, it seems apparent that Eq. 5.6 is
almost identical to the derivative of Eqg. 5.4. Thigothesis is tested by an illustrative plot
(see Figure 5-7) comparing the actual simulatedlte®f Eg, with the predicted values
generated by the absolute of the derivative of3=4}. Data points calculated using Eq. 5.6 are

also included for comparison.

Figure 5-7 portrays the derivative of Eq. 5.4 dgreg away from the simulated results
with higher band-gap variations.q. low mean diameters and high diameter variability)
rendering a NRMS error of 7.1% and af Wlue of 0.961 over the considered diameter
range. On the other hand, it can be seen that Bgbditer predicts the band-gap standard
deviation for larger variations given its nearbyimity to the simulated data, which is

represented here by the one-to-one correspondiereee line ¢--).
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Figure 5-7: Comparison plot between the simulatatbibgap standard-deviation and the

corresponding predictions calculated from Eq. $)aafid the derivative of Eq. 5.4)(
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5.3.2 Simulating and modelling the SWCNT band-gap distiim for the second case

scenario

The band-gap distribution propertieBg(, Eg,.) were again computed in a similar
manner to that outlined above but with the diameteration scaled-up with an increase in

mean diameter as denoted by Eqg. 5.7:

du
da_up:ﬁda 57
whered, =1.01 nm is the lowest mean diameter consideredumanalysis. It is firstly
confirmed thatEg, may still be accurately described by Eq. 5.4, Whi@s indeed the case.
Subsequently, the band-gap standard-deviatieg,) (was plotted against the scaled-up

diameter standard-deviatiod,(,p) for different sets ofl, as shown in Figure 5-8.

It was found that the band-gap variation could dsoexpressed by Eq. 5.5 with
regression coefficients= 0.6238,y;= 1.69,y,= -2.693,y1,= -0.23286,y1:= 0.12057 angl=
0.14838. This model has a small NRMS error of 0.3 =0.999). A first-order appr-
oximation of the variability is given by Eq. 5.8 aie the NRMS error is 4.1% {R 0.972).
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Figure 5-8: Band-gap standard-deviati&g,j vs. scaled-up diameter standard deviattn,f). —

represents the fitted curve given by Eq. 5.5 fah&l with new regression coefficients.
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Q75
E%_up:?da_up 5.8

/%
The close resemblance between Eq. 5.8 and Eqg.ugg@ests that variation in CNT
band-gap may not significantly depend on the sgadinthe underlying diameter distribution
with the mean diameter over the ranges consideredii simulation. Eq. 5.8 also reinforces
the inverse-square relationship between the meamader and band-gap variability that was

hypothesised in the pervious sub-section to ortgifram the derivative of Eq. 5.4.

5.3.3 Simulating and modelling the SWCNT band-gap distiam for the third case

scenario

Again, here, the band-gap distributions are re-kted with the diameter variation

scaled-down with increases in mean diameter asteley:

d =1 d,~101 d 5.9
o_down— 101 o .

After once more confirming th&ig, can be accurately described by Eq. 5.4, the band-
gap standard-deviatiorig,) is plotted against the scaled-down diameter statideviation
(ds_down for different sets ofl, as depicted in Figure 5-9. An important point taenhere is
that from Figure 5-9 it can be clearly observed tiie band-gap variability is intensely

inhibited for high mean diameters.
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— represents the fitted curve given by Eq. 5.5 &mhel, with new regression coefficients.

It was discovered that the band-gap variation coasdwell, be articulated by Eq. 5.5
with regression coefficientg= 0.034,y,= 1.2027 .= -2.3641,y,,= -0.0764 ;= 0.0249 and
y25= 0.1931. This model offered an NRMS error of 0.5386l an Rvalue of 0.998. A first-
order approximation was defined for the variabildiwven by the RSM method, which

generates the following:

Q74
Egj_down:? da_dowr 5.10

where the NRMS error is only 2.76% an8i#R0.990. The close similarity between Eq. 5.10,
5.8 and 5.6 further strengthens the argument bieab&and-gap variability is not significantly
reliant on the scaling of the underlying diametestribution with mean diameter. Hence,
according to our results, CNT synthesis processgs kb be optimised in minimisirdy as
well as increasingl, in order to suppress band-gap variation. Thisdependent of how the

diameter dispersion scales with the mean diameter.
Coincidently, the proposition of increasimnly in order to reduce band-gap variation
leads to the reduction &g, which in turn yields CNT devices with improvedrfoemance

characteristics such as lower contact resistaric® [L25, 126].
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5.4 Modelling SWCNT carrier effective mass variation

In this section the formerly defined structuraltdizitions are employed in determining
the SWCNT carrier effective mass dispersions bynirngn another Monte Carlo simulation.
As in the previous section, the same rangesif@ndd, are adopted as well as the different
scaling scenarios for the diameter variation. Tihalfoutcome consists of a set of proposed
models that attempt to relate the semiconductingC8MV diameter distribution properties

with the resulting effective mass variation chagastics;m*, andm*,,.

5.4.1 Simulating and modelling the SWCNT carrier effectivass distribution for the first

case scenario

The variation in CNT carrier effective mass wasdeined by executing Eq. 4.17 over
a sample size oN=1.5x16 nanotubes. This is because it was found that theersion
variables,m*, and m*,, converge again within the sample range 1-2xidnotubes when
setting the Gaussian dispersed diameter paraméter=1.01nm andd,=0.2nm and
simulating sample sets of progressively largerssize

For each run of our Monte Carlo simulation the dden distribution propertied, and
d, were varied between the ranges 1.01-1.71nm ard@2Znhm, respectively. Figure 5-10(a)
represents a subset of the CNT effective masstsesbbwing a more positively skewed
distribution with higher diameter variations. ThHeetive mass sample meam?,) was
evaluated for eacld, andd, as depicted in Figure 5-10 (b). Akin to the meamdgap
results, it is observed that*, is somewhat shifted upwards with respect to tranéter

variation, especially at lower mean diameters. dimges shown are given by:

Logm,/my) = &+ BLogd,)+ B4, +...
BA,Logd,)+...
BiLodd,)f + B0 5.11

where the regression coefficients Aige -0.5823 1= -0.7804 8,= 0.0538 81,= -0.2359 11=
0.0176 angBx,= 0.5039. This model offers an NRMS error of 0.266l an B value of 1. A
first-order expression is also proposed for themarier effective mass, given by the RSM
generated Eq. 5.12, which provides a slightly higti@MS error of 3.0% and an’Ralue of
0.979. Eq. 5.12 indicates that the mean carriezctffe mass is approximately inversely
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proportional to the mean diameter, which closelgeag with the underlying expression (Eq.

4.17) formulated in the prior chapter.
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Figure 5-10: (a) Density estimation of effectivesm@btained from Monte Carlo simulations for a
Normally dispersed diameter with=1.01 nm andl,=0.04-0.2 nm. (b) SWCNT effective mass
distribution meanrg*,/mg) vs. mean diameted,). Data sets with differemt, have been marked by a

distinct symbol— represents the fitted curve given by Eq. 5.11.
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Next, a plot was created as shown in Figure 5-14st®rtain the variation in effective
mass n*,) with respect to the diameter standard-deviatimnéachd,. The fitted curves
illustrated are expressed by the second-order EkR with regression coefficientg= -
3.4453,y1= 5.6367 .= -0.8807 y1o= -5.276,y1,= 2.8868 ang,= 0.2781. The first-order Eq.
5.13 was estimated to predict the effective masstan data points with an NRMS error of
0.48% only and an Rvalue of 0.999.

Log(m, /mp) = yp + 4id,, + ysLogd,,) +...
yidsLogd,) +...
s+ sz('—oqdy))z 5.13

e
—

Effective Mass Standard-deviation (m* 6/mo)

%04 0.06 0.08 0.1 0.12 0.‘14 ) 0.16 0.18 0.2
SWCNT diameter Standard-deviation dc (nm)

Figure 5-11: Effective mass standard-deviatior,{my) vs. diameter standard deviatiah)( Data
sets with different mean diameteds)(have been marked by a distinct symbelrepresents the fitted

curve given by Eq. 5.13 with new regression cogffits.

Once again, Eq. 5.14 is proposed as more conaiseofder model of the effective
mass variability to that of Eg. 5.13. This comeghvan extended NRMS error of 3.22% and
an R value of 0.974.
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m, = d13£no g8 5.14

Unlike the band-gap variability, Eq. 5.14 indicateat the effective mass variation
increases exponentially with diameter fluctuatidohis has significant implications as it hints
that the carrier effective mass is critically sémei to any diameter variability. It is also
observed that there is a reductiommr, with higher mean diameters, although not as much

as with the band-gap variation.

5.4.2 Simulating and modelling the SWCNT carrier effectimass distribution for the

second case scenario

For the second case scenario the scaled-up diarettedard deviation is varied
according to Eqg. 5.7 whilst simulating the effeetimass dispersions. The carrier effective
mass standard-deviatioom{,/my) was plotted against the scaled-up diameter stdnda
deviation (I, ) for different sets ofl, as shown in Figure 5-12.
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Figure 5-12: Effective mass standard-deviation, vs. scaled-up diameter standard deviation

(d, up). — represents the fitted curve given by Eq. 5.13#mhd, with new regression coefficients.

The second-order RSM generated fitted curves west éxpressed by Eq. 5.13 with
the following regression coefficientg= -3.4648,,= 6.1740,y,= -0.9780,y1,= -4.8975y11=

131



0.3743 and,,= 0.3650. A small NRMS error of 0.52%%R1) was evaluated for this model.
Additionally, a the first-order expression of theriability can be given by Eq. 5.15 where the
NRMS error amounts to 4.4% and ahvRlue of 0.966.

. _00386My sed,

d
U

Again, close agreement is identified between E45%and Eq. 5.14, although the
reduction inm*, , with higher mean diameters seems to be more prmsol That said, the
carrier effective mass variation does not appedretgignificantly dependent on the scaling
of the underlying diameter distribution with the anediameter over the considered ranges in
our simulation. Eq. 5.15 further reinforces the axgntial relationship between the diameter

standard-deviation and effective mass variability.

5.4.3 Simulating and modelling the SWCNT carrier effectivass distribution for the third

case scenario

Finally, in the third case scenario the effectivasms dispersions are simulated for
scaled-down diameter variations specified by E§. bigure 5-13 is a plot representing the
effective mass standard-deviatiom*(/my) against the scaled-down diameter variability
(ds_down for different sets odl,.
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Figure 5-13: Effective mass standard-deviatior,{ vs. scaled-down diameter standard deviation

(d;_down). — represents the fitted curve given by Eq. 5.13skwhd, with new regression coefficients.

Once more, the best fit curves shown in Figure ©413 be conveyed by the second-
order Eqg. 5.13 with the following regression caméints; yo= -3.4511,y,= 5.4529,y,= -
0.6515,y1,= -6.6908,11= 4.4829 andg,,= 0.0362. This provided an NRMS error of 0.6% and
an R of 0.999. Moreover, a first-order expression isgubfor the effective mass variability
(denoted by Eq. 5.16) where the NRMS error is Gi81% and R= 0.965.

x _ 0.0343m, 50
ma down — 7 doun 5.16

d/,

Eq. 5.16 signifies that the carrier effective maasation is directly inversely related to
the mean diameter, which is of lower intensity cangg to the other case scenarios. This
implies that the effective mass variability may giby/ depend on the scaling of the
underlying diameter distribution. Apart from thidpse agreement between all three first-
order expressions is visible including the exporamelationship between the diameter

standard-deviation and effective mass variability.
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5.5 Summary

Due to the lack of accurate control over SWCNTtlsgais a statistical approach is
applied in predicting the SWCNT band-gap and caeiéective mass variation for typical

uncertainties associated with their structural proes.

By defining realistic spreads for the geometriaature of CNTs grown using the CVD
method and in exploiting the band-gap and effeatiaesss models developed in the previous
chapter, a set of extensive Monte Carlo simulatiams run in order to realise the
corresponding distributions. In turn, the RSM regren technique is employed to established
novel simulation-efficient and accurate models thidict the variation in CNT band-gap
and effective mass for different structural dispmrs. Furthermore, the generated models are

compared and analysed for 3 distinct case scenachsling:

* The diameter variation isdependenbf the mean diameter
* The diameter variatioscales-upwith the mean diameter

* The diameter variatioacales-downwvith the mean diameter

The implications of our work advocate that CNT #$wasis processes have to be
optimised in minimising the diameter variabilitg, as well as increase the mean diameter
(d,) to suppress band-gap and carrier effective mamsations. Specifically, it is
demonstrated that under all three case scenamobahd-gap variability is always directly
proportional to the diameter variation and is almosersely related to the square of the
mean diameter. However, an observable change enadss for the carrier effective mass
variation amongst the three scaling scenariosquaatily in the inverse relationship with the
mean diameter. Also, given that the effective maamsation increases exponentially with

diameter variability we stress on this critical Siéxity.
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Chapter 6 Modeling SWCNT
Optical Absorption Properties

The essential function of a solar cell is the gatien of mobile excess carriers by
absorption of optical light [28]. The core focustbfs chapter is to address the process of
photo-current generation in a SWCNT and model tbeesponding optical absorption

properties under laser illumination.

The first section offers a background on existitgdes related to the analysis of
SWCNT photo-absorption. Next, the third-nearesginieour tight-binding and zone-folding
approximation of the SWCNT band-structure is emetbyn deriving the optical Transition
Rate (TR) from first order perturbation theory. TSubsequent section describes how the TR
is utilised in formulating the photo-generated eatr and quantum efficiency spectral
responses for an intrinsic nanotube exposed tovenglaser illumination. Additionally, a
comparison is made against experiential and thiealetata where a discussion is presented
on the accuracy of the adopted novel approach.

6.1 SWCNT photo-absorption background

Since optical absorption is a fundamental propestyany bulk semiconducting
material, it can be well described by the semicataolg’ electronic band-structure. Normally
when a photon is absorbed in a direct-gap semiadodielectron transitions occur vertically
in the band-structure, between an occupied eneagyl land an un-occupied band with a
similar wave vectok to ensure conservation of energy and momentum].[Q¥hsequently,

this generates free electron-hole (e-h) pairsabatribute to the photo-generated current.
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In Chapter 2, experimental evidence was presenf@ciag that the photo-current
produced by SWCNTs was consistent with the resdnamd-to-band excitation model of e-h
pairs. However, there have been well-justified argots to indicate otherwise,
demonstrating that this may not provide a compjedeturate picture of the photo-absorption
process within a CNT [60].

It has been accepted that electron-hole interastioh low-dimensional structures
promote the formation of excitons -strongly bourildcgon-hole states - which better
correspond to the observed optical excitations 28, [60, 128]. Indeed, in [60] it was
experimentally confirmed that upon close inspectérthe SWCNT photo-current spectral
features, the optical transitions were well matctvith excitonic transitions rather than their
inter-band counterpart. In fact, when the photaentr spectrum was compared to the
calculated inter-band absorption continuum an gnshgt was detected by a quantity known
as the exciton binding energy [128]. The bindingrgy represents energy required for an
exciton to disassociate into an e-h pair and has Ioeeasured to vary depending on factors
such as the tube diameter, light polarisation ai a& the dielectric properties of the
surrounding environment [23, 128]. On the other dhama more recent controversial
experiment reported evidence of photo-current geiger from e-h pair excitation across the
nanotube sub-bands, particularly the second sub;bfamther reinforcing the inter-band

transition theory [26].

Unfortunately, modelling the excitonic absorptigrestra of a SWCNT would entail
the consideration of many-body interactions amorgst confined carriers, which still
remains unclear and has proven to be a difficutteniaking [92]. Thus, several studies have
resorted to using a single-particle approximatioat,talthough inaccurate, has offered good
insight when comparing the optical absorption of QWW's with different chiralities [92, 127,
129, 130]. This is because in general, the exctgiabsorption follows a similar oscillatory
strength with that found for uncorrelated e-h p§2]. Hence, the authors acknowledge that
using the band-to-band transition model for ourdgtuvould provide a good first
approximation of the CNTs excitonic absorption mnds. This is in line with the

approximation made in [92].
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From a theoretical perspective, the most accuwleseription of the CNT band-to-band
optical absorption spectra can be realised thraigimitio methods where the imaginary part
of the dielectric response function is calculatedraa range of photon energies. However, as
this is a computationally intensive approaah,initio techniques are infeasible in assessing a
large number of nanotubes with varying sizes armidéent illumination conditions [131].
Hence, most analytical studies have chosen to el¢hie optical absorption spectra by means
of the tight-binding approximation, which has demsibated good agreement with
experimental observations for a selection of namesJ92, 130].

Here, by employing the third-nearest neighbour TRl &F approximation of the
SWCNT band-structure (derived in Chapter 3) thecapflTransition Rate (TR) is calculated
over all wave vectork within the Brillouin zone. Importantly, this assesthat the incident
light is always polarised parallel to the nanotalzes and that the dielectric function can be
well described by vacuum conditions. Additionaliy,is assumed that no photon-assisted
tunnelling occurs in our model, implying that thesteould be no response below the CNT
band-gap [64].

Whilst the same methodology has been carried o[fdhusing the nearest-neighbour
TB band-structure, we consider more distant neighd our generated band-structure due
to the enhanced accuracy in evaluating higher oogeical transitions as discussed in
Chapter 3 [80]. The SWCNT photo-current and Quanttiiiciency (QE) spectra’s are
subsequently deduced for various nanotubes wheperiexental as well as theoretical
validation is conducted. To the knowledge of ththauthis methodology in calculating the
SWCNT photo-current and QE spectra has not surfexcpdor literature.

6.2 Theory of calculating SWCNT optical transition peofes

In this section, the photon-electron interaction &SWCNT will be described. The
optically allowed transitions between the bondiny &énd anti-bondingaf*) bands will be
derived from Fermi’s Golden Rule. The conceptsagieitg to the optical matrix element as
well as the dipole selection rules will be introddchere and used in formulating the
electronic transition rate spectra for a nanotub®orling to its diameter and chiral angle

parameters.
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6.2.1 Electronic Transition Rate

In order to calculate the optical absorption prépsrof any crystal, the transition rate
(probability of transition per unit time from al&t energy state with wavefunctigr(k) and
energy E,(k) to an empty energy band representedByk) and wavefunctiony(k)) is

required [28]. This may be approximated by Ferrgoten rule, which is expressed as:

TR(E, k) = %’TKz/jc(an |0 ()] 8(Ec () - E, (k) - E,) 6.1

where TR(E,, k) denotes the transition rate as a function of thetgn energyK,) and the
wave vectork [28]. The term within the bra-ket is a matrix thadscribes the interaction
between the two wavefunctiong,(k)andy.(k), under an assumed perturbation conveyed by
the Hamiltonian H'. In this case, the perturbatitrdescribes the effect of an incident light
field on the transition of an electron from theerade to the conduction band of the exposed
semiconductor [28]. The delta function in Eq. 6slimcluded to ensure conservation of

energy [28].

Considering a steady-state incident electromagnégetd with intensity I and
polarisation unit vectoP, the perturbation H' can be estimated by the dipgproximation

as:

2
H =3 ‘/I—PD]] 6.2
myE, Vec

whereis called the momentum operateris ascribed as the vacuum dielectric permittivity

andc is the speed of light. Therefore, the TR can beitien as:

_2m%nd 2
TR(Ep,k)—WgESW(kﬂ J(Ec(k)—EV(k)—Ep) 6.3
with
M (k) = PID(k) 6.4
and
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D(K) = (@ (K)[O], (k) 6.5

where M(Kk) is referred to as the optical matrix element tihescribes the strength of the
optical transition and(k) is the transition dipole vector [92]. We shall npnoceed with

deriving the dipole vector.
6.2.2 Transition dipole vector for Graphene

To calculateD(k) the TB approximation is used as in [92]. As preriy shown in
Chapter 3, the eigenfunction can be expressediasa combination of the twop2 orbital
Bloch functions for the A and B atoms in the graphenit cell. That is:

mwn-zq®¢wo-zqmw_zﬁ®@0Rp 6.6

where {=c,v) and {=A,B). The unknown coefficient§;(k) are found by solving the equation
HCi=Ei(k)SG previously defined in Chapter 3 where the Hamidonand Overlap matrices
were deduced for the nearest-neighbour approximdf8@]. This offers two simultaneous

equations:

Cia(e2p —Ej(k)) +Cig f (K)(yo —Ei(K)sp) =0 6.7

Cia F (K)o ~ Ei (K)sp) +Cig (&2, —Ei(k)) =0 6.8

Substituting the energy eigenvalu&s(k) = yolf(k)|, Ec(k) = -yo|f(k)|) established earlier
into Eq. 6.7 and Eq. 6.8 as well as assumingethatO ands, = 0, the following solutions for

C;; are obtained:

—c. f(K) _~ UK __~ fK) __~ fiK 6.9
VA vB | f (k)| ' vB VA | f (k)| ’ cA cB | f (k)| ' cB cA | f (k)| .
f(k) was derived in Chapter 3, which can be re-defased
3
f(k)=> ekd 6.10
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In Eq. 6.10,b represents the vectors from carbon atom A to lineet nearest-neighbour B
atoms [92].

Before inserting the Bloch wavefunction of Eq. &6 Eq. 6.5, first, one needs to
define which optical transitions are allowed in tirgstal according to the dipole selection

rules. Primarily, the dipole selection rule prolskany optical transitions to occur at the same
carbon atom, that is, within g2orbital and itselfi(e. <¢j'(r - R,w)‘D‘(Oj(r - Rj)> =0) [127].

However, transitions are permitted betwegn @bital’'s of adjacent carbon atoms, which

includes carbon atoms A and it's 3 nearest-neighhBy, B;, and B3 only. Therefore:

D(K) =CaCu(® o (k,1)|O|®g (K, 1))+ CmrCon(Pg (k,1)|[O| P o(k,1))  6.11

Expanding further:

CnC 3
D(k) :%ZZ@W [ @n (r =Ry )05 (r = Reyy )dlr

Ru!™t 6.12
CegCia v o - ki '
+= B2 e [ (1~ Ray O @a(r —Ra)dr

R, =1

Applying the definition stated in [127] for the «dant dipole matrix element between the
two nearest-neighbour carbon atoms separatdyt by

M.h
b

whereM, can be obtained by approximating thg @rbital, which, according to a number of
sources has been estimated as umity=() [73, 92, 127]. By substituting Eq. 6.13 into.Eq
6.12,D(k) can be shortened to:

<¢B'(r - RBl')|D|(ﬂA(r - RA)> = _<¢A'(r - RA’)|D|(”B(r - RBI)> = 6.13

3 . 3 .
D(K) = ';’lc {CcA,CvBZ e Ph -CxCun> e‘lkm'q} 6.14
c =1 1=1

D(k) can be further simplified using the results yielder theC; coefficients above as well
as the fact that the addition @tp(jk.p) and its complex conjugate is always real:
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_ 243M, v kB
D(k) = 0 Re[f (k)lzzle q} 6.15

Eq. 6.15 represents the transition dipole vectogfaphene, which can be inserted into
Eq. 6.3 to determine the transition rate for a giydoton energy and wave vector after

performing the dot product with the incident figldlarization vector.
6.2.3 Optical Transition Rate for an isolated SWCNT

In this work, it is assumed that light is polarizedrallel to the nanotube axis at all
times (.e. P = (0,0,1)) and therefore, only the component of the optical matrix element,
M(k), is of interest [92]. The motive behind this asption stems from the experimental as
well as theoretical results confirming that phobsarption is maximised when the electric
field of the incident light is polarized paralle the nanotube axis [46, 59, 67]. Moreover,

this assumption would greatly simplify our calcidas [92].

By supposing that the graphene wavefunctions rernaeltered when rolling up a
nanotube, Eqg. 6.15 can be used to determine theNsMIfansition dipole vector with thig
vectors replaced by distances that are expressaduasction of the tube chirain,n vector
[92]. This was derived in [92] for the component of the optical matrix elemevit(k)

yielding the following:

M, (k) = %[(m— n) cos(k [a, - a,)) - (2m+n) cosk (y)

+(m+ 2n) cos(k @2)] 6.16

whereU= n*+mn+n? anda; anda, are the two graphene basis vectors introducechap@r

3 [92]. Once again, by imposing the periodic bougdezonditions in the circumferential
direction, the allowed wave vectors that can beiassl in Eq. 6.16 are constrained [92].
Thereafter, Eq. 6.16 is inserted into Eq. 6.3 wiar@ossible contributions of the allow&d
vectors in the Brillouin zone are taken into corsation by summing numerically ovief92,
127]. Consequently, for a given vertically poladzacident photon energy, the total optical

transition rate within the primitive unit cell aré8) of an isolatedrf,n) SWCNT is:
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BN S Im,025(E, () - E, (k) -E, ) 6.17

TR(E,) =
P AxngEZ %

whereE¢(k) andE,(k) are determined by resolving the SWCNT band-streditom the third-
nearest neighbour TB and ZF approach (see Chaptéu8her, Eq. 6.17 has been modified
to take account of the 4 degenerate pairs of elediole excitations associated with the
doubly degenerate valence and conduction bandse($inere are two equivalent dispersions
at the K and K' points in the Brillouin zone) indgiibn to the spin degeneracy [60, 127].

6.3 Simulating the SWCNT photo-current and quantuncefficy spectra

The SWCNT optical TR spectra was simulated (sedddatode in Appendix C) by
computing Eq. 6.17 over a nanotube diameter rarfgf.&2.6 nm with chiral angles
distributed between °@B0. These ranges offered 154 distinct chiral vecmmiginations
(m,n of semiconducting nanotubes. This simulation wegeated for 2 different laser
illumination intensities; 15 W/cfrand 20 W/crheach with photon energies ranging between
0-4eV.

6.3.1 Evaluating SWCNT photo-current spectra

By considering every SWCNT to be illuminated overlaum length [), the
corresponding total photo-current spectgawas calculated using Eqg. 6.18, where T
represents the translation vector along the naeoéixis (see derivation in Chapter 3). Eq.
6.18 enables us to impose a linear scaling of tieent with length, since, as the illumination
region is increased, a longer section of the ndets available for band-to-band transitions
[64].

L
I (Ep) =quR(Ep) 6.18

Figure 6-1 illustrates a selected subset of phateeat spectra generated for10/0),
(24,0, (17,0 and a19,18 SWCNT, which are all exposed to an illuminatiatensity of 15
W/cn?.
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It is clear from Figure 6-1 that a series of distinarrow photo-current peaks within
tens of Pico-amps arise for each nanotube. Thesespmnd to the vertical band-to-band
transitions from the valence to conduction sub-Banih the same index number [92]. This
can be verified by considering the onset of thekpeahich take place at approximately
multiple values of the SWCNT direct band-ga&pg(E1; = 0.54eV andez, = 0.975eV for the
(17,0 CNT). The presence of these resonances in ouopsponsegualitativelyagree with
previous experimental [59, 60, 128] and theoretj6dl 67, 92, 132, 133] findings. Figure
6-1 also reveals that higher bands have lower pbwteent peaks as a consequence of the
inverse square relation with the photon eneEg'ﬁ, further reinforcing the photo-current
decays obtained in [92, 132, 133].
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Figure 6-1: Photo-current for auin long (0,0, (14,0, (17,0 and (9,18 SWCNT under an incident

illumination intensity of 15W/cf

Unlike some reported photo-current spectra, we db detect a side-band feature
immediately following the photo-current peaks, whitave been reasoned to emanate from
exciton-phonon coupling clearly observed in expental measurements [60]. Various
experimental results have additionally demonstratet the peaks feature a Lorentzian

resonance as opposed to the narrow, sharp peaks ¢teve [60, 84]. In [84] it was argued
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that this discrepancy occurs because of the excitomture of optical absorption in
SWCNTSs.

Crucially, Figure 6-1 indicates that the opticasaiption strongly depends on nanotube
chirality, which corroborates with experiments @drout in [134, 135] as well as theoretical
calculations performed in [132, 133, 136]. Speaifig for the plotted nanotubes, it is found
that the magnitude of the photo-current peak i€nlably higher with smaller tube diameters
[132, 133].

To compare the positions of the absorption peakiSigmire 6-1 with those produced
using the Nearest Neighbour (NN) TB model in [134ble 6-1 is created. Table 6-1 shows
the energy values of the absorption peaks calaulaseng both models for 4,0, (14,0
and (7,0 nanotube. It is immediately recognized from thble that the absorption peak
energies of the proposed model are, in generaledothan those generated in [132],
especially for the higher order inter-band transisi. This is to be expected since the
inclusion of more distant neighbours in the TB addtion has been previously shown in [80]

to be overestimated by the nearest-neighbour appetion (see Chapter 3, Figure 3-7).

(10,0) (14,0) (17,0
NN TB Proposed NN TB Proposed NN TB Proposed
model [132] model model [132] model model [132] model
Eq(eV) 0.886 0.842 0.693 0.661 0.556 0.541
Ex (eV) 1.909 1.965 1.240 1.165 1.034 0.975
Eaz(eV) 3.091 2.735 2.750 2.515 2.250 2.169

Table 6-1: Comparison between absorption peak gneiges calculated in [132] using the NN TB
approach and the proposed model, which employthttdeNN TB technique.

In order to ascertain the accuracy of the photoerurmagnitude generated by our
model a comparison was carried out against expetahelata published in [34]. A ~1 nm
diameter SWCNT was exposed to a laser illuminasoarce over a km length with a
variable output power and a fixed photon energ.8feV [34]. The recorded photo-current
results at a zero bias voltagepg#0) are depicted in Figure 6-2, where, as expectdithear
dependence with optical power density ensues. §porelingly, our model generated photo-
current is plotted under the same conditions fav #Ag-zag nanotubesl13,0 and (4,0,
both having roughly a similar diameter of 1 nm. ¢en be inferred from Figure 6-2, the
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modelled results offer a very close match to thpeexnental data affirming the linear
dependency with optical power [26, 34, 59]. It Isoasuspected that the reason our model is
consistently yielding slightly higher photo-currently possibly be due to the fact that in [34]
the utilised laser source was circularly polarisedich, as stated, contributes to lower photo-

absorption.
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Figure 6-2: Comparison between experimental [34]@alculated photo-current dependence on
incident optical power for a (13,0) and (14,8)1 nm) SWCNT aE, = 0.8eV.

6.3.2 Evaluating SWCNT quantum efficiency spectra

The Quantum Efficiency (QE) of a SWCNT is an ess¢marameter to address as it
provides an introspective on the number of e-hspaieated and delivered to the external
circuit per incoming photon [28]. Before calculafithis quantity the following assumptions

are made:

* No reflection lossesR(E)=0) are experienced by the analysed SWCNTs

* All generated e-h pairs are perfectly separatedi@amsported to the contacts

» The SWCNTs are ideally interfaced with the contaamabling no collection
losses
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In employing the photo-current results acquiredhie previous section, the SWCNT
QE is derived from the well established expres§i®n 132]:

QE(Ep) = (1, (Ep)/a)/(Fop / Ep) 6.19

wherePy, is the optical power of the incident light deligdrto the SWCNT [132]. Figure 6-3
depicts a subset of 154 simulated SWCNT QE spertsgdonses. This subset consists of a
(20,0, (14,0 and (7,0 zig-zag nanotube, which are compared to prewousported

theoretical and experimentally derived data va[68s 132].
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Figure 6-3: Quantum efficiency spectra forl@,0), (14,0 and (7,0 nanotubem represent
corresponding theoretical QE values obtained i2]18ing the nearest neighbour TB approximation.

¢ is associated with an experimental result acquied [59].

Initially it can be identified from Figure 6-3 thahe QE spectra also consists of
multiple sharp peaks corresponding to the resobantl-to-band transitions associated with
each nanotube. In contrast to the photo-currerdtspehe relative heights of these peaks are
significantly different, following no pre-definecharacteristic. For instance, with the4(0
and (7,0 tubes it is clearly distinguishable that the Q&algs due to the second interband
transitions E,,) are observably higher than their first peak. Hesve one would expect the

heights of the QE peaks to decrease with photorggrggven theE,[,'l relation in Eq. 6.19. In
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[64] it was reasoned that this photo-response iesault of different sub-bands having
different carrier effective masses. Indeed, it i@amd that the effective masses of e
bands to be much higher (lower curvature) than Ehebands for the 14,0 and (7,0

nanotubes.

This implies that the QE is very much sensitivetie CNT carrier effective mass,
which as discussed in Chapter 4 is strongly depgrate CNT diameter and chirality. In fact,
if the QE values of the first interband transiticar® compared for zig-zag nanotubes, it is
observed that a general decline in QE with diametsues, as expected, since the effective
mass forE;; also decreases with diameter (see Chapter 4).ré&hidgt has not been identified

in previous literature.

That said, there lies an inconsistency in thisifigdhat encourages us to believe that
the carrier effective mass it the only factodictating the quantum efficiency peak values.
The inconsistency arises from the first interbaraahgition QE results (also seen in Figure
6-3) demonstrating that(0) zig-zag tubes whenme=3p+1 (p is any integer) have higher
peaks compared to zig-zag tubes with3p+2. Previously it was shown tha=3p+1 zig-zag
tubes in fact have lower carrier effective masssapared tan=3p+2 zig-zag CNTs, which

does not fit with our conviction that higher efi@etmasses lead to higher QE values.

Nevertheless, the implications of the above QE ltessuggest that photons with
energies corresponding to the second interbandgbreh transitions may possibly have a
higher probability in being absorbed and convettedn e-h pair compared with photons
matchingE;;. This aligns well with the experimentally suppdrtéheory related to highly
efficient optical absorption into the CNT’s secosldctronic subband, although, it does not

rule outE;; in providing a sizable photo-current response §53,60].

Figure 6-3 portrays the QE magnitude to vary uf.i® for the first subband transition
of the (0,0 SWCNT, which is in agreement with the 0.18 vakhiatained using the
theoretical self-consistent non-equilibrium Greehiaction in [132]. On the other hand, a
notable mismatch is recognized for tHet,Q and (7,0 CNTs, where the simulated QE
magnitudes aE;; are 0.07 and 0.05, respectively. These are almdkird of the values

reported in [132]. Additionally, for thel7,0 nanotube, a comparison of our model generated
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maximum QE (0.07 d,, = 1eV) is made against an experimentally calcdIQ& (0.1 aE,»

= 1.3eV) for a SWCNT with a similar diameter ~118 f59]. Despite the 0.3 eV difference

between the second interband transition energibghwagain is attributed to the excitonic

nature of optical absorption in CNTSs, it can bekkshed that the quantum efficiency values

are relatively close.

Most importantly, it is found that the overall marxim quantum efficiency is strongly
dependent upon the SWCNT chirality and diameteexgected. This is further illustrated in
Figure 6-4.

According to our simulated results it is clear fréingure 6-4 that the highest quantum
efficiencies occur chiefly for zig-zag SWCNTSs (etity = 0°) with low diameters due to the
higher carrier effective mass. The maximum valueaird is exhibited by thelQ,0 tube,
which was previously discussed. Other nanotube®rexpe very little photo-absorption
with quantum efficiencies in the order of 0.02 oweér. These findings have not been
revealed in prior literature and offer an insighttbhe optimal SWCNT structural properties

needed for photo-detection and photovoltaic purpose
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Figure 6-4: Calculated maximum quantum efficieriogicated by the contour colour bar) as a
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6.4 Summary

By employing the third-nearest neighbour TB and affproximation of the intrinsic
SWCNT band-structure (derived in Chapter 3) theicaptTransition Rate (TR) was
calculated for 154 distinct nanotubes under 2 bffe laser illumination intensities with
photon energies ranging between 0-4eV. Notablys iassumed that the incident light is
always polarised parallel to the nanotube axis #rad the dielectric properties can be

described by vacuum conditions.

The SWCNT optical TR is initially utilised in fornhating the photo-current spectral
response where a series of distinct narrow peakisinviens of pico-amps ensue. This is
shown to be due to the resonant band-to-band tiamsiassociated with the SWCNT sub-
bands, whiclgualitativelyagree with previous experimental [59, 60, 128] téebretical [64,
67, 92, 132, 133] findings. Additionally, it is realed that the optical absorption strongly
depends on nanotube chirality with higher photaenir peaks arising for smaller diameter

tubes [132, 133]. The modelled photo-current iso at®nfirmed to possess a linear
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dependence on the incident optical power, closaching experimental results obtained in
[34].

The Quantum Efficiency (QE) spectra is later detiftom the SWCNT photo-current
where it is discovered that the peak values arklfigensitive to the carrier effective masses
of the corresponding band transitions. In fact, vbemparing the QE height values of the
first interband transitions for the zig-zag nan@siba general decline in QE is observed with
respect to diameter since the effective massesEfpralso decrease with diameter (see
Chapter 4). However, the observation thaf0] zig-zag tubes witln=3p+1 (low effective
mass) having higher QE peaks compared to zig-Aaestwithm=3p+2 (high effective mass)
encourages us to believe that the carrier effectiass isnot the only factodictating the
guantum efficiency peak values. Next, a comparigbthe generated QE spectra of three
nanotubes is made against theoretical and expetanetata, the outcome of which

demonstrated some agreement although not entirely.

Crucially, it is found that the overall maximum qwam efficiencies (~0.05-0.18) occur
chiefly for zig-zag SWCNTSs (chirality ="pwith low diameters. Other nanotubes are found
to experience very little photo-absorption, offgriguantum efficiencies in the order of 0.02
or lower. These findings have not been revealgdior literature and offer an insight on the
optimal SWCNT structural properties required foofahdetection and photovoltaic purposes.

The following chapter embodies the final key cdmition of this thesis where the
novel approach established in this chapter to siteuthe nanotube QE will be adopted in
evaluating the performance metrics of isolated CBJ svell as multi-CNT PV devices under
solar radiation. This will enable us to uncover dipémised CNT geometric structures for PV

conversion.
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Chapter 7 Performance Evaluation
of SWCNT based Photovoltaic

Devices

This chapter aims to evaluate the ideal performaf@&NCNT based solar cells under
solar light radiation. Specifically, we shall endear to employ the quantum efficiency
model created in the former chapter to analysePtmatovoltaic (PV) conversion efficiency

for a set of distinct semiconducting nanotube deic

In the first section a framework of assumptions! wi¢ defined for calculating the
ultimate conversion efficiency of an isolated SWCRV represented by the ideal equivalent
circuit model introduced in Chapter 2. The subsatggection will discuss the resulting short-
circuit current, open-circuit voltage, saturatiamrent, fill factor and conversion efficiency
when exposed to both the AMO and AM1.5 solar spettriNext, an equivelent circuit-level
model is developed for a multi-bandgap SWCNT PV idevbased on the proposed
hypothetical solar cell defined at the end of Chagt Simulations are carried out to identify
the optimal geometrical structures needed and sporeding conversion efficiencies for each
multi-CNT PV device. In the final section our fimgjs are summarised where a discussion on

the implications of our results is reported.
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7.1 Background in modelling SWCNT based photovoltaieicies

In prior literature there have been two main thecaé approaches that have been
employed in modelling CNT based PV devices in otdeascertain their performance [67,
132].

The first is a technique recently published by [6Vfich involved the development of
an electromagnetic (EM) scattering model for a RAWick based on a periodic array of
SWCNTs [67]. Each nanotube, excited by a classiell light wave, was effectively
modelled as a lossy dielectric cylinder with a treqcy-dependent complex permittivity [67].
Although this method offered good insight on theiatson of absorbed optical power by the
CNTs due to different nanotube geometrical propsrtis well as various scattering effects

from the device structure, the related characteristics could not be evaluated.

The second technique was originally devised by [632], where the electronic
transport characteristics of an illuminated singi@notubepn junction under bias was
calculated using a self-consistent Non-Equilibri@neen’s Function (NEGF) formalism
[132]. This method assumed a fixed incident ligktdf on the SWCNT and neglected all
scattering effects from the surrounding structérg.|

Generally, the NEGF simulation computes the Poissqunation i¢e. the potential
profile) of a device and the transport equatioe. the electron density) iteratively until they
converged to a self-consistent value [132]. Thisspgses a large time complexity that is
further augmented by the fact that the device nibgstresolved into principle real-space
layers, which in the case of a nanotube comprisesset of atomic CNT rings [132]. More
importantly, the results of the NEGF simulation j@32] discovered that thd-V
characteristics of various CNT PV devices can bdl approximated by the following

expression:

_ V/KeT
| (V) =1 (""" =) =1, 7.1
where:

I _ _Eg / kBT 7.2
sat
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This identically matches with the formula statedCimapter 2 for describing the steady-
stateJ-V characteristics of the ideal PV equivalent circuddel. Notably, the work of [132]
was followed by a report confirming the accuracytltd NEGF method in modelling the
electron-photon coupling effect as well as the Cjlilantum transport mechanism whilst
analysing the photoconductivity of a Schottky-BartCNT FET [136]. Moreover, during an
experimental investigation of a CNT diode PV device [25], the measured-V
characteristics were found to fit well with Eq. 2and 7.2 for a range of illumination

intensities. In turn, this was used to evaluatectirerersion efficiency [25].

To obtain an accurate theoretical description &Nl based PV device, ideally, both
the EM and quantum mechanical NEGF approaches ¢hmmukoupled together and solved
self-consistently [67]. However, this entails sigrant added simulation complexity. Thus, it
has been decided to make a number of assumptichadapt the ideal PV equivalent circuit
model (.e. Eq. 2.7 and 7.2) as the foundation of our CNT taB¥ device analysis.

Henceforth, the following sub-section is dedicatedutlining these core assumptions.

7.1.1 SWCNT PV device assumptions

Since this study will take advantage of previowd#yived photo-absorption models for

a given SWCNT, we briefly reiterate some of thauagstions made earlier, including:

* The incident light will always be polarised parhtie the nanotube-axis and no
light reflection is allowed to occun.¢. R=0). Additionally, the surrounding
medium in which light travels will possess a di¢lecconstant described by
vacuum conditions.

e Scattering effects from nearby structuresg( source/drain electrodes) are
ignored.

» All optical absorption in the SWCNT is associatedthwband-to-band
transitions, which directly result in e-h pair fation. Thus, any excitonic
effects are neglected as it is beyond the scoghi®fstudy (see Chapter 6 for
related argument). Moreover, the effects of phassisted tunnelling are
discarded.

* The steady-state short-circuit curretdy)(will only be determined from the

incident illumination intensity and Quantum Effioey (QE) spectra of the
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nanotube [136]. It is also assumed thais independent of the doping density
in agreement with experimental results in [34].

» It will be assumed that the QE peak energies arsmtied due to the presence
of an internal electric field caused by the Stafkeat [23]. As of yet,
experiments investigating this effect particulafty well-defined single CNT

samples have not been conducted [23].

As it has already been declared, the ideal equiv@¥ circuit model will be exploited
towards modelling the-V characteristics of our CNT PV devices, which imaplithat the

following assumptions apply:

* All photo-generated e-h pairs are perfectly sepdratind transported
ballistically to the corresponding nanotube eledbt That is, generated
electrons and holes are swept to thigpe andp-type terminals, respectively,
by the built-in potential [64].

» Although it has been claimed that the mean-fred p&CNT charge carriers is
1 um according to [23], it will be assumed that all plrgenerated carriers are
collected within this length [16]. Therefore allbti lengths I{) will be
considered m.

* The absence of non-radiative recombinatiog, €R») is supposed given we are
only interested in predicting the upper limit ofettSWCNT conversion
efficiency.

* We assume that the SWCNT experiences no contastaiese (R=0).

» The open-circuit voltage will be taken to equal BWCNT band-gap (M=Ey).
This has been experimentally confirmed in [26] unale ambient temperature
of T=60K [26]. Therefore, we assume that the SWONT device is operating
at T=60K.

* We presuppose that the forward-bias dark curremdspendent of the doping
level as well as the SB characteristics. In reatiys is not the case, but since

this study is only a first estimate we shall ovekdhis effect.
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7.2 lIsolated SWCNT PV device simulation and re«

In this section the performance of a single SWCNiEdapn junction solar ce is
evaluated. Figure 7-depicts the PV device where the nanotube diand and chiralityd are
allowed to vary over the ranges -2.7nm and 0-3) respectively. As can be seen fr
Figure 7-1 the nanotube edges are terminated by a drairs@mate contact, across whicl
biasV is applied. It is important to note that the incitle-polarised light, represented by 1

AMO/1.5 spetrum, is only exposed over the window aiLxd.

z 1)

X

Figure 7-1 Isolated SWCNT basepn junction PV device.

The I(V) characteristic of the device is modelled using 7.1, which consists of tw
components; the shocircuit current Isg) and the forwardias dark curren[132]. We shall

now proceed by first solvinig. under the various mentioned conditions and assomg
7.2.1 Simulating the isolated SWCNT PV device «circuit current

The shorteircuit current of Eq.7.1 can be calculated from the nanotube quar

efficiency QE(E;) and incident soleflux spectrumg(E,) by integrating the product over

photon energieg, [28]:

|5 = 9A QE(E,)@(E,)dE, 73
0

where A is the nanotube surface area. Here, the QE modgledein Chapter €is
employed in computing EJ.3 for 154 distinct semiconducting nanotubes oversimecified
geometrical structureange. This was carried out us the AMO as well as AM1.5 specm
data taken from [27]. A subet of the simulated results is showrFigure 7-2 wherelg is

depictedacross the photon energy ran-4.4 eV.
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Above the CNT band-gap, Figure 7-2 demonstrate®mnwn feature amongst all
nanotubes that can be described as short-circugmusteps. The onset of these steps clearly
take place at photon energies matching the resobantl-to-band transitions of the
corresponding nanotube. A comparable experimeiuts¢rwation was also recently reported
whilst measuring the I-V characteristics of a SWCONTjunction photodiode in [26]. It was
similarly advocated that the current steps occuakedhtervals approximately equal to the
nanotube band-gap [26]. It could be additionalfgired that sincés is dependent on the QE
magnitude, then the carrier effective mass of eadbrband transition must play a
contributing factor in defining the height of eastiep. This finding has not been detected in
prior literature.

4.5

Short-circuit current (fA)

4.5

45

Photon Energy (eV)

Figure 7-2: Short-circuit currenksf) vs. photon energy for a (10,0), (14,0), (17,0) 619,18)
SWCNT. --- () represent simulated results under AMO (AM1.5)ditons taken from [27].

Notably, as can be seen for all CNTs in Figure #2,total short-circuit current over
the entire AM1.5 photon spectrum is roughly 50-76fthe respective AMO value. This is
reasonable given that the AM1.5 spectrum has & potaer density (897.8 W/t which is
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two-thirds of the corresponding AMO estimate figt@60.2 W/m) over the same photon

energy range.

Next, a plot of the short-circuit current under #kI1.5 spectrum is produced as a
function of semiconducting nanotube diameter andality. Figure 7-3 visibly illustrates zig-
zag SWCNTs having an appreciably highgrcompared to chiral nanotubes, which is as
much as 11 times greater. This is understandabtevikig that the highest quantum
efficiencies only occur for zig-zag CNTs. We carertfore acknowledge that chiral

nanotubes are unsuitable for PV conversion and sbal only focus on investigating zig-zag

nanotubes.
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Figure 7-3: Simulated short-circuit current vaoatiunder an AM1.5 spectrum) over the SWCNT

structural parameter space. The contour colourdmesents the magnitudelgf
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Figure 7-4: Simulated short-circuit current vs.-zagg SWCNT diameter.

Figure 7-4 is formed to gain a better insight oe teelationship betweeh, and
diameter for semiconducting zig-zag nanotubes.oltrpays a slight decay in short-circuit
current with respect to the zig-zag nanotube diamdthis decline is more pronounced for
the AMO spectrum (of about ~8 fA) compared to th185 spectrum wheré; seems to
fluctuate about a decreasing value. The implicatioihsuch an outcome could imply that the
diameter of the CNT is not as vital as the tubeatity in maximising photo-absorption.
However, this cannot be confirmed until the othguadly significant performance parameters

of our PV device are analysed.
7.2.2 Simulating the isolated SWCNT PV device open-dikaliage

As previously established, one should primarilyu®on studying zig-zag nanotubes.
Thus, the associated open-circuit voltages shall he calculated taking into account the
assumptions made in sub-section 7.1.1. Sincepgtasumed that the open-circuit voltage is
equivalent to the CNT band-gay,(=Ey) under a temperature condition of T=60K [26], then
all that needs to be done is to examine the bapdagahe zig-zag nanotubes of interest.
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Using the third-nearest neighbour tight-binding moet in conjunction with the zone-
folding technique as reported in [80], the SWCNTdygap is evaluated and plotted with

respect to the zig-zag tube diameter as revealEdyure 7-5.
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Figure 7-5: Simulated open-circuit voltag&£Eg) vs. zig-zag CNT diameter.

The dependence of,c on d is consistent with our previously derived relasibip
Vo=E4=0.6928. Moreover, this relation aligns well with the exipegentally measured result
Voc~0.664 in [26]. Evidently, smaller diameter tubes will beeded in order to maximise the

open-circuit voltage for a SWCNT PV device.
7.2.3 Simulating the isolated SWCNT PV device saturatiorent and fill factor

According to Eq. 7.2, the saturation-currehd,) decreases exponentially with the
SWCNT band-gap [132]. In our scenario, it could fbaher reasoned thdt, decreases
exponentially with the open-circuit voltage singg=Ey. By rearranging the open-circuit
voltage formula defined in Chapterl2,y; can be expressed as follows:

I sat— I sc(quOC/kBT _:D_l 7.4
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In this case, the saturation-current is a functadnboth the SWCNT open-circuit
voltage (band-gap) and the short-circuit curigntUnder a T=60K condition, Eq. 7.4 can be
instantly solved using th¥,. andls. results previously derived for the zig-zag SWCNTSs.

Figure 7-6 illustrates a logarithmic plot of thewsation-current with respect to the zig-zag
SWCNT diameter.
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Figure 7-6: Logarithmic plot of saturation-curremt zig-zag SWCNT diameter under both the AMO

0.8 1 1

and AML1.5 solar spectrum.

It is evident from Figure 7-6 that the saturatiamrent rises exponentially with the zig-
zag SWCNT diameter, which is a direct consequefidbed/,c (Ey) reduction. As expected,
a negligible difference is identified between treusation-currents under the AMO and
AML1.5 solar spectrum suggesting that the shortadircurrent affectdsy to a much lesser
extent compared t¥, (Eg). From the results of Figure 7-6 it could be affed that smaller

diameter tubes are better suited to minimisingsteration-current for a SWCNT based PV
device.

By substituting the deriveld. andls,: parameters into Eq. 7.1, th¥ characteristics are
generated for the different diameter zig-zag SW@ENTdevices as shown in Figure 7-7. The
I-V curves demonstrate ideal characteristics for atiotubes wherd/,. is considerably

reduced with diameter (see arrow) drgds weakly diminished. Notably, tHeV curves are
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seen to arise in pairs, which represen0j nanotubes with successivendices that possess

almost identicaV, values.
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Figure 7-7:1-V characteristics of different diameter zig-zag SWbdsed PV devices under the

0 0.1 0.2 0.3

AML1.5 solar spectrum.

The corresponding Fill Factor (FF) of the above GNCAn be evaluated using the
expression:

FF= Fin 7.5

IchOC

whereP,, is the maximum operating power point obtained dlying dP/dV= 0 inside the %

guadrant. The variation in fill factor is portrayadFigure 7-8 with respect to the SWCNT
diameter where it is observed that the FF rangédam®.963-0.9, which is excessively high
as a result of the ideal assumptions made. Neveshehis is comparable with the predicted
value of FF>0.8 claimed in [34] that was also cltad using the ideal equivalent PV circuit

model.
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Figure 7-8: Simulated Fill Factor vs. zig-zag SWCHlameter.

The plot additionally exhibits an approximate Odiline in fill factor for every 1 nm
increase in CNT diameter. This again indicates thatller diameter tubes are more

appropriate for PV conversion due to the supertar F
7.2.4 Simulating the isolated SWCNT PV device convesificiency

The PV power conversion efficiency of the examinad-zag SWCNTs can be
identified using the familiar equation:

n:FFM 7.6
In
where Py, is the incident solar power exposed over the §ipdcwindow area. Figure 7-9
displays the corresponding conversion efficiencyaaginction of the nanotube diameter
under both the AMO and AML1.5 spectrum. As can lEnsarespective of the incident solar
spectrum, the efficiency drops dramatically from592 for a sub-1 nm CNT to <0.5% for
nanotubes greater than 1.8 nm. This is in goodeageat with recommendations made in
[34] where it was argued that SWCNTs having diamseround 0.8 nm would offer
significant improvements in PV conversion efficigndue to the larger band-gap [46].
Moreover, it was estimated that ideal efficiencies be as high as 5% based on actual

absorbed power, which is relatively comparable uo ssimulated results [34]. Similarly, our
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conversion efficiencies are found to be appreci&ldgjy considering that the modelled QE’s
are as low as 0.18. Again, this can be attributethé idealistic assumptions made in our
study, which have caused the reporting of a 7x ecgraent in our performance valuedatl

nm compared to the experimentally measured ras{i®4] (see Figure 7-9).

3@ \ \ \ \
* -©-AMO Solar Spectrum
Q —+AM1.5 Solar Spectrum

ot
[4))
T

N
T

-_
I

SWCNT PV conversion efficiency (%)
o -
[4) [4)

0.8 1 12 14 16 18 2 22
Zig-Zag SWCNT diameter (nm)

Figure 7-9: Simulated PV conversion efficiencyzig-zag SWCNT diameter for the AMO and

AML1.5 solar spectruma represents the conversion efficiency value expantaily measured by [34].

7.3 Proposed multi-SWCNT PV device simulation and rssul

In Chapter 2 it was advocated that much neededowepnents in SWCNT PV
performance may be achieved by employing a netwbrllissimilar nanotubes where the
diversity in band-gap characteristics could leadhigher responsivity. In this section an
attempt is made to validate this proposition by uating and analysing the hypothetical
multi-CNT PV device formerly proposed. However, dref doing so, first an equivalent
circuit model needs to be developed.
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7.3.1 Multi-SWCNT PV equivalent circuit model

Earlier it was shown that the hypothetical multi-CIR®V device comprised a large
number of vertically aligned semiconducting SWCNAish distinct structural geometries
bridging a common drain and source metal electrtideas presumed that all SWCNIn
junctions are ideally doped and exhibit ultimatetifeeation behaviour. Hence, the device
could be considered as a concatenation of isolS¥LCNTs each acting as an ideal PV

source. A representative equivalent circuit camioeelled as shown below:

A

s ! ———— ke ! Vocum

Figure 7-10: Ideal equivalent circuit model of ppepd multi-SWCNT PV device.

Figure 7-10 presents a tandem seiNoideal equivalent SWCNT PV circuit models
connected in parallel feeding a common output teamiln principle, when this device is
subjected to illumination the tubes will absorb @ms of various wavelengths according to
the multi band-gap distribution. In turn, photogetted electron-hole pairs in each
semiconducting tube will be effectively separatgdabbuilt-in potential produced at their
respectivepn junctions. As a consequence, the generated simouitc current of the
individual SWCNTSs ks will contribute towards the global cell shortatiit currentlscgiobal

in accord with Eq. 7.7.

N
ISCgloba| = Z':LI SG 7.7
n=

Furthermore, when the semiconducting tubes arergeng power they will bias each
other affecting their respective saturation-cugeiihis biasing can be taken into account by
considering that the minimum open-circuit voltageath the SWCNTs appears across the
unloaded output terminals of the global céliona) as articulated by Eq. 7.8. This is
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because, in general, when a string of power souacesonnected in parallel, the potential
across the combination is dictated by the smaléss [36]. Since the SWCNT PVs are
ordered, with that possessing the highest bandfgap nearest to the light source and the
lowest located at the furthest end, then the fBMICNT PV will impose its open-circuit

voltage Vocn) Upon the global open-circuit voltage.

VOQ_;IobaI =Min (VO%) :VOCN 7.8

On top of the assumptions made in sub-section ,7dng final critical conjecture
relating to the incident light experienced by e&®&WCNT within the device is included.
Given that most of the power absorbed by a CNT daktace at photon energies
corresponding to the band-to-band transitionsptild be assumed that the solar spectrum
interacting with a given SWCNT is equivalent tottixatnessed by the preceding nanotube

less any power absorbed precisely at the inter-b@mdition energies of the latter tube. That

is, if the incident solar spectrum of nanotubean be represented 1#(E,) , then:

%(Ep) = (41—1( Ep) _%—1(Ep)za;‘l—l(Eii ) 7.9

where d,.1(E;}) denotes a delta function (with a 0.1 eV width) iposed at the inter-band
transition energiek; of the preceding tube-1. This simplification assumes, firstly, that once
it has interacted with a nanotube, the solar spectpower is fully absorbed at the
correspondingE; energies. Secondly, it is presumed that the gpmctpower at photon

energies outside the tubes’ inter-band transitrargies remains unaltered.
7.3.2 Simulating the multi-SWCNT PV device conversianieficy

The circuit model of Figure 7-10 was first simuthteith only two zig-zag SWCNTs
(N=2). Eq. 7.7 and 7.8 were used in calculating & conversion efficiency of the solar cell

device for each combination ah(0) nanotubes.

Table 7-1 reveals the conversion efficiency resuftder an (a) AMO (b) AM1.5 solar
spectrum with respect to the zig-zag CNT indicesThe row basedh index represents the
zig-zag SWCNT located nearest to the light sourgk the column based index denotes the

nanotube at the rear of the first.
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(@)

m 10 11 13 14 16 17 19 20
10 45078 | 5.3457 | 4.1947| 4.2281 3.3000 3.4429 27781  2.5039
11 - 41167 | 3.6192| 3.725§ 2.9818 3.0459 25305  2.4607
13 - - 25695 | 3.0306| 24487 24744 20910 2.1075
14 - . . 2.3508 | 2.1444| 22635 1.8538  1.9469
16 - . . - 15911 | 1.9352| 1.593§ 15548
17 - - - - - 15503 | 1.5064| 1.5399
19 - - - - . - 1.1668 | 1.3839
20 - - - - . - - 1.1415

(b)
m 10 11 13 14 16 17 19 20
10 40175 | 4.9904 | 3.7129| 3.9014 3.0479 3.1964 24712 2.1881
11 - 41305 | 3.4257| 36964 2987 3.0494 24508  2.3504
13 - - 23651 | 2.8980| 2.3655 23955 1.9524  1.86b1
14 - - - 22698 | 2.1287| 22684 1.804p  1.7952
16 - B B - 15741 | 1.9253| 15603 1.4298
17 - - . - - 15047 | 1.4572| 1.4162
19 - - - - . - 1.0796 | 1.2311
20 - - - - . - - 1.0028

Table 7-1: Conversion efficiency (%) for a PV devmmontaining twor(,0) zig-zag SWCNTs under
an (a) AMO and (b) AM1.5 solar spectrum illuminatio

In Table 7-1 (a) and (b) it is observed that theximam conversion efficiencies
(highlighted) occur with a (10,0) nanotube followgan (11,0) SWCNT. This is a sensible
result given that these particular CNTs offer #gést open-circuit voltages (see Figure 7-5)
whilst the combined short-circuit current is relaty high compared to that produced by a
(10,0) followed by another (10,0) nanotube duehi lack of photo-absorption experienced
by the shadowed tube. Hence, the prescribed intenacaused by the CNT upon the
transmitted solar radiation has evidently takereatff Most importantly, we note a near
doubling of conversion efficiency compared to thelated SWCNT case, which provides a
very good indication that multiple CNTs within a Pdevice significantly enhance
performance. However, this is only true if the tsbsre chosen to precisely match the
optimised geometrical structures stated above,uUsecaas can be seen in Table 7-1, the

efficiency noticeably deteriorates for other geamest

166



The above simulation is repeated f§£3-7 considering all possible zig-zag CNT
combinations. Figure 7-11 depicts the maximum tasplconversion efficiency and the
corresponding CNT indices. It could firstly be sdbat the multi-SWCNT PV efficiency
increases linearly at a rate of 1.5% per N nanctwénin the PV cell under both the AMO
and AM1.5 solar spectrum. Despite the fact thWafona IS maintained at a high 0.84V
throughout, the increase in power efficiency carathgbuted to the linear rise lgcgiobal With
the number of CNTSs.
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Figure 7-11: Simulated maximum conversion efficiefar each tandem SWCNT PV cell where
N=1-7. Corresponding zig-zag tube indices are adjaio the efficiency value. Also included is the

efficiency curve for an all (10,0) nanotube tand=sth under an AMO solar illumination.

Figure 7-11 demonstrates that the (10,0) and (Et@)he most favoured nanotubes for
solar absorption mainly because they exhibit by tfe largest band-gap and hence the
optimal Vocgiobar Additionally, these specific geometries reapp®aitiple times within the
same PV cell because they still generate a sizalddo-current, even if preceded by the
exact same nanotube, due to the absorption of phatith energies that lie just outside the
corresponding inter-band transitions. This is aitAtion caused by our model since it
assumes that power is only absorbed at the babdstd-transition energies and not at nearby
energies as well. Interestingly, the (11,0) nanetappears more frequently for the AM1.5
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spectrum over the (10,0) CNT since the (11,0) nam®generates a marginally higher short-
circuit current compared to the (10,0) CNT underAal.5 illumination (refer to Figure
7-4). This does not occur at the expense of a |dy&gfona Since both the (10,0) and (11,0)

nanotubes almost have the same open-circuit voltage

The efficiency curve for an all (10,0) nanotubedam PV cell under AMO illumination
is also incorporated in Figure 7-11 for comparidoms observed that the all (10,0) nanotube
trend line increases at rate matching the optimatecproduced by the combination of (10,0)
and (11,0) nanotubes exposed to AMO illuminatiohe Dnly difference is a minor constant
downshift in conversion efficiency which is in tleder of 1%. The implications of this
finding suggests that having multiple band-gap CNisa PV cell does not provide a
substantial benefit over CNTs that exhibit the séayed-gap which is maximised.

Thus, according to our study the inclusion of meesniconducting SWCNTs with
specific geometrical structuredoes act favourably upon the ideal performanca @NT
based PV device. However, our model demonstratgsittis not essential to adopt a multi-
band-gap CNT regime in order to optimise convergffitiency so long as the band-gap of

the nanotubes is maximised (diameter is minimised).

7.4 Summary

In this chapter the ideal performance of various QW based solar cells was
evaluated under solar light radiation. A numbeasgumptions are initially defined where the
ideal PV equivalent circuit model is selected asfttundation of our CNT based PV device
analysis.

The quantum efficiency model created in the previchiapter is employed to calculate
the generated short-circuit curremd)( of 154 distinct semiconducting SWCNT solar cells
under the AMO/1.5 solar spectrum. The outcome of temonstrated that current steps
occurred at intervals matching the resonant barzhtwl transitions energies of the
corresponding nanotube, which is in agreement wiperimental measurements made in
[26]. Additionally, it was deduced that since thmi-circuit current is dependent on the QE
magnitude, then the carrier effective mass of eadhrband transition must play a

contributing factor in defining the height of eactirrent step. This finding has not been
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detected in prior literature. Having further analyghe short-circuit current with respect to
the nanotube diameter and chirality it was illustdathat zig-zag SWCNTs have an
appreciably higheks. compared to chiral nanotubes, implying that ch@ITs are unsuitable
for PV conversion. It was also discovered thaexperiences a slight decline with respect to
the zig-zag nanotube diameter, although, not apgysc

By focusing the remainder of our study on zig-zalges, the associated open-circuit
voltage, saturation-current and fill factor werenmsiated. Assuming thaV,=Ey the
dependence oV, on d is shown to be consistent with our previously kst relationship
Vo=E4=0.6924. Further, the saturation-current is revealedse gxponentially with the zig-
zag SWCNT diameter, which is a direct consequeftieed/, (Eg) decline. Conversely, the
FF is observed to reduce with diameter, possesahges in the range: 0.963-0.9, which is
excessively high as a result of the ideal assumgtinade. Nevertheless, this is comparable

with the predicted value of FF>0.8 claimed in [34].

Irrespective of the incident solar spectrum, thevgroconversion efficiency of the
analysed zig-zag SWCNT PV devices is found to dh@matically from ~2.5% for a sub-1
nm CNT to <0.5% for nanotubes greater than 1.8 Whis is in good agreement with
recommendations made in [34] where it was arguad S'WCNTs having diameters around
0.8 nm would offer significant improvements in P¥ngersion efficiency due to the larger
band-gap [46]. That said, our conversion efficieramg found to be appreciably high
considering that the modelled QE’s are as low &8.0This can be attributed to the idealistic
assumptions made in our study that have causedefiwgting of a 7x enhancement in our
performance atl=1 nm compared to the experimentally measuredtres(iB4] (see Figure
7-9).

In the final section of the chapter an equivalentuit model is established for the
hypothetical multi-bandgap SWCNT PV device defim@dhe end of Chapter 2 (shown in
Figure 2-22). This is exploited towards analysihg fpower conversion efficiency with
respect to different combinations @h,0) nanotubes within the solar cell. It is demaaust
that the multi-SWCNT PV efficiency increases lirlgavith the number of nanotubeN)(per
PV cell.
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Thus, according to our study the inclusion of meesniconducting SWCNTs with
specific geometrical structuredoes act favourably upon the ideal performanca &NT
based PV device. However, our models demonstrateittis not essential to adopt a multi-
band-gap CNT regime in order to optimise conversffitiency so long as the band-gap of
the nanotubes is maximised (diameter is minimised).
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Chapter 8 Conclusion and Future
Work

The overall aim of this thesis was to numericalhalgse the effects of CNT diameter
and chirality variation upon the resulting band-gagarrier effective mass and optical
absorption properties. In addition, these pararsetare to be exploited towards identifying
the conversion efficiency of an isolated and cohe&fy originated multi-band-gap SWCNT
PV device. To meet this aim, a quantum mechanipptaach was adopted whereby the
SWCNT band-gap, carrier effective mass, photo-ciirand quantum efficiency spectral
responses were extracted. During this process,|aimorefficient and accurate models were
created for the band-gap and carrier effective mBagthermore, attempts were made in
statistically modelling their variation with respeo typical uncertainties in the geometric
distributions. A novel technique was subsequentyetbped in calculating the optical
absorption properties of CNTs, which were utilisedcombination with an equivalent PV
circuit model to evaluate the performance metricssolated CNT based PV devices under
solar radiation. A proposed set of mulit-band-g&T@V devices were also analysed where

the optimal CNT structures for PV conversion aemtiified.
This chapter presents a summary of the work acashed in this thesis and offers

recommendations for future work. Specifically, tluisapter is divided into two sections;

Conclusions and key contributions and Future work.

8.1 Conclusions and key contributions

In Chapter 1 the main objective of this thesis wlasrly stated as follows:
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“The primary aim of this thesis is to develop nogemputational methodologies that
characterise the electronic and optical propertie6 SWCNTs with respect to their
geometrical structure variability. Further, the rhetlologies created will be utilised in
identifying the theoretical limiting performancehaeved by an isolated and tandem SWCNT
based solar cell. The chief outcome of this analygil be to define the optimal nanotube
geometrical properties that deliver the highestyasion efficiencies within the confines of
the assumptions made. Ultimately, this study sheufgplement experimental efforts in the

evaluation of nano-structured solar cells.”

In Chapter 2 a comprehensive discussion was iyitiatroduced pertaining to the
operation of present-day bulk solar cells. The @ssed technology limitations as well as
potential solutions were additionally covered. Sthgently, an up-to-date literature review of
Carbon Nanotube (CNT) based devices and photodia@assimparted, highlighting their
strengths and shortcomings. The chapter was fedhligith the proposal of a conceptual
multi-band-gap SWCNT Photovoltaic (PV) device upahich we further examine in
Chapter 7. In order to achieve the thesis objective author firstly examined the effects of
the CNT diameter and chirality variation upon theresponding band-gap, electronic
transport and optical absorption properties, wiaichall extracted directly from the nanotube
band-structure.

Chapter 3 presents a detailed account of the chtesénique employed in realising the
SWCNT band-structure for various geometrical strret. It was decided that the tube band-
structure would be best reproduced by utilising skeni-empirical third nearest-neighbour
Tight-Binding (TB) model in conjunction with the de Folding (ZF) method established in
[80]. This is because, according to [80], the agremt between the third-nearest TB
electronic dispersion ar@b initio calculations is better than 250 meV for all wavaoes k
within the first Brillouin zone. This is of paramauimportance when evaluating the
transition energies and optical absorption acrossentire nanotube band-structure [80]. It is
further confirmed from the simulation of arbitraB¥®WCNT band-structures that a nanotube
can indeed exhibit either metallic or semicondugticharacteristics depending on its
geometrical properties. At the end of the chaptes verified that semiconducting SWCNTs
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do indeed possess a direct band-gap where the ciionldbband minima is depicted to be

symmetric with the valence band maxima.

In Chapter 4, a novel analytical model is presetied predicts the SWCNT band-gap
directly from its diameterd) and chiral angled) with a runtime independent of tube size [99,
123]. This model was derived from the simulateddssinuctures of 286 distinct nanotubes. It
is demonstrated that the proposed analytical bapdrgodel accurately distinguishes 93% of
a set of metallic and semiconducting CNTs. Adduiowvalidation was performed by
comparing the developed differentiation model agfaiwo separate sources of experimental
characterisation data (STS and STM) where 14 odf7afubes were correctly identified. In
addition, the NRMS band-gap error recorded for semducting tubes was only 1.75%
offering an overlap energy constant @f =2.44eV. It is revealed that this value better
matched first principle as well as experimentaulsscompared to the nearest-neighbour
approach, providing further evidence to support dacision in taking account of more

distant neighbours within our TB calculations.

The second part of the chapter covered the devivaif novel analytical expressions
based on the parabolic EFM estimation of the sitedldand dispersions. This proposed
model directly resolved the carrier effective magsan isolated SWCNT with any chirality
and diameter>1 nm and possesses a runtime independent of the gize [123]. It is
discovered that there exist two distinct effectimass trend lines for achiral semiconducting
tubes, where the geometrical structure conditionissdopes are defined. In comparison to the
simulated data points, the proposed trend model$oaind to predict the effective mass with
an NRMS error of 5.91% and 1.78%, respectively. iAdidally, it was shown that other
previously reported effective mass models for athBWCNTs agree well with our
expressions, especially for larger diameters. Binghe RSM regression technique is
employed to formulate an expression for the cagfiactive mass of achiral as well as chiral
tubes where a low NRMS error of 9.73% is achievidds is a good approximation given the

nonlinear relationship between the effective maskchiral angle.
Since synthesising SWCNTs with accurate structwahtrol has been widely

acknowledged as an exceedingly complex task cubmgpan the realisation of CNT devices

with uncertain electronic behaviour, in Chapter &b,statistical approach is applied in
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predicting the SWCNT band-gap and effective massatian for typical uncertainties

associated with the tube structure [123].

By defining realistic spreads for the geometriaature of CNTs grown using the CVD
method and in exploiting the band-gap and effeatiaess models developed in Chapter 4, a
set of extensive Monte Carlo simulations are exatun order to realise the associated
distributions. In turn, the RSM regression techmiqgis utilised in establishing novel
simulation-efficient and accurate models that pedne variation in CNT band-gap and
effective mass for different structural dispersioRsrthermore, the generated models are

compared and analysed for 3 distinct case scenachsling:

* The diameter variation isdependenbf the mean diameter
* The diameter variatioscales-upwith the mean diameter

* The diameter variatioscales-dowmwith the mean diameter

The implications of our Monte Carlo results advecttat CNT synthesis processes
have to be optimised in minimising the diameteialality (d,) as well as increase the mean
diameter ¢,) to suppress band-gap and carrier effective masstions. Specifically, it is
demonstrated that under all three case scenamobahd-gap variability is always directly
proportional to the diameter variation and is almaosersely related to the square of the
mean diameter. However, for the carrier effectivassvariation an observable change
amongst the three scaling scenarios is observeabeinnverse relationship with the mean
diameter. Also, given that the effective mass \emmincreases exponentially with diameter

variability we stress on this critical sensitivity.

In our aim towards building a SWCNT PV device modelChapter 6, we first address
the process of photo-current generation in a SW@NJ adopt a novel approach in realising
the related optical absorption properties undegrldiimination. This approach is based on
calculating the optical Transition Rate (TR) usthg third-nearest neighbour TB and ZF
approximation of the CNT band-structure. Notabtyisiassumed that the incident light is
always polarised parallel to the nanotube axis #rad the dielectric properties can be

described by vacuum conditions.
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The SWCNT optical TR is initially employed in formating the photo-current spectral
response where a series of distinct narrow pealtsnaiens of pico-amps ensue. It is shown
that this is due to the resonant band-to-band itrans associated with the SWCNT sub-
bands, whiclgualitativelyagree with previous experimental [59, 60, 128] téebretical [64,
67, 92, 132, 133] findings. Additionally, it is realed that the optical absorption strongly
depends on nanotube chirality with higher photaenir peaks arising for smaller diameter
tubes [132, 133]. The modelled photo-current iso atdnfirmed to possess a linear
dependence on the incident optical power, closelyching experimental results obtained in
[34]. Next, the Quantum Efficiency (QE) spectradesived from the SWCNT photo-current
where it is discovered that the peak values arklfigensitive to the carrier effective masses
of the corresponding band transitions. In fact, whemparing the QE height values of the
first interband transitions for the zig-zag nanesibit is observed that the QE generally
declines with diameter since the effective massesf; also decrease with diameter (see
Chapter 4). However, the observation thaf0] zig-zag tubes witln=3p+1 (low effective
mass) having higher QE peaks compared to zig-Aagstwithm=3p+2 (high effective mass)
encourages us to believe that the carrier effectiass isnot the only factodictating the
guantum efficiency peak values. Later, the gendr&@& spectra of three nanotubes are
compared against theoretical and experimental dh&a,outcome of which demonstrated
some agreement although not entirely. Cruciallyisitfound that the overall maximum
quantum efficiencies (~0.05-0.18) occur chiefly fig-zag SWCNTs (chirality =% with
low diameters. Other nanotubes are found to expegieery little photo-absorption, offering
guantum efficiencies in the order of 0.02 or lowHnese findings have not been discovered
in prior literature and offer an insight on the iopl SWCNT structural properties required
for photo-detection and photovoltaic purposes.

The objective of this thesis is ultimately tackiadChapter 7 where the PV conversion
efficiency is analysed for a set of distinct semiacting nanotube devices under solar light
radiation.

Initially, a framework of assumptions is outlinedhere the ideal PV equivalent circuit
model is selected as the foundation of our CNT dasdar cell analysis. The quantum
efficiency model created in the previous chaptéaken advantage of in generating the short-

circuit current (s of 154 distinct semiconducting SWCNT solar cellsen exposed to the
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AMO and AM1.5 solar spectrum. The outcome of themdnstrated that current steps
occurred at intervals matching the resonant barzhtwl transitions energies of the
associated nanotube, which is in agreement witlergxgntal measurements made in [26].
Additionally, it is deduced that since the shortuit current is dependent on the QE
magnitude, then the carrier effective mass of eadbrband transition must play a

contributing factor in defining the height of eactirrent step. This finding has not been
detected in prior literature. Having further analyghe short-circuit current with respect to
the nanotube diameter and chirality it was illugtidathat zig-zag SWCNTs have an
appreciably higheks; compared to chiral nanotubes, implying that ch@HITs are unsuitable

for PV conversion. It was also discovered thaexperiences a slight decline with respect to

the zig-zag nanotube diameter, although, not apgdrlsc

By focusing the remainder of our study on zig-zabes, the related open-circuit
voltage, saturation-current and fill factor are glated. Assuming thatVo=E4 the
dependence 0¥, ond is shown to be consistent with our previously kst relationship
Vo=E4=0.6924 (see Chapter 4). Further, the saturation-curreslidsvn to rise exponentially
with the zig-zag SWCNT diameter, which is a direohsequence of th¥,. (Eg;) decline.
Conversely, the FF is observed to reduce with diamgossessing values in the range:
0.963-0.9, which is excessively high as a resuthefideal assumptions made. Nevertheless,
this is comparable with the predicted value of FB>aimed in [34].

Irrespective of the incident solar spectrum, thevgroconversion efficiency of the
analysed zig-zag SWCNT PV devices is found to dh@matically from ~2.5% for a sub-1
nm CNT to <0.5% for nanotubes greater than 1.8 Whis is in good agreement with
recommendations made in [34] where it was arguatt SR'WCNTs having diameters around
0.8 nm would offer significant improvements in P¥ngersion efficiency due to the larger
band-gap [46]. That said, it is found that our cension efficiencies are appreciably high
considering that the modelled QE’s are as low &8.0r'his can be attributed to the idealistic
assumptions made in our study that have causedefiueting of a 7x enhancement in our

performance at=1 nm compared to the experimentally measuredtrgs[84].

In the final section of the chapter an equivalentuit model is established for the
hypothetical multi-bandgap SWCNT PV device defirmdthe end of Chapter 2. This is
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exploited towards analysing the power conversioficiehcy with respect to different
combinations of r,0) nanotubes within the solar cell. It is demcets that the multi-

SWCNT PV efficiency increases linearly with the raenof nanotubes\) per PV cell.

Thus, according to our study the inclusion of meesniconducting SWCNTs with
specific geometrical structuredoes act favourably upon the ideal performanca &NT
based PV device. However, our models demonstrateittis not essential to adopt a multi-
band-gap CNT regime in order to optimise conversffitiency so long as the band-gap of

the nanotubes is maximised (diameter is minimised).

In conclusion, considering the assumptions madéigstudy it can be reasoned that
low-diameter zig-zaWCNTs may yield competitive PV conversion efficg compared to
other nanotechnology based solar cells. Howeverengithat the quantum efficiencies
calculated are in the order of <0.2, we maintaim peservations on whether it could
outperform bulk PV materials. Notably, the challeraj synthesising SWCNTs with precise
geometries would be beyond the reach of presentatayjcation technology, thus, deeming
the proposed device unattainable. Neverthelessmitdels presented in this thesis should

provide a good starting point for further investigg the feasibility of a SWCNT PV device.

The key contributions of this work have resultedha publications listed in Appendix

D and could be articulated in the following points:

* A simulation-efficient and accurate analytical miodes been created to
distinguish metallic and semiconducting nanotubes @redict the band-gap of
semiconducting CNTs. Moreover, a separate analyticalel that approximates
the semiconducting CNT'’s carrier effective masdageloped [99] [123].

 The variation in CNT band-gap and carrier effectiveass is statistically
modelled for typical uncertainties in the geomeitristructure. This offered a
valuable insight on the optimisation of diametelated process parameters

towards suppressing electronic variability [123].
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* A novel approach is adopted in calculating the pfgenerated current and
guantum efficiency spectral responses of CNT wahous tube geometries. It
is found that the overall maximum quantum efficiescoccur chiefly for zig-
zag SWCNTs with low diameters.

» The established quantum efficiency model is combiwéh an equivalent PV
circuit model to evaluate the performance metricgsolated CNTs as well as
multi-CNT PV devices under solar radiation. Thisealed the optimal CNT

structures for PV conversion.

The analytical models developed in this work mayilitate the experimental research
of CNTs in a number of ways. First, the band-gapati@n models proposed in Chapter 5
could potentially be utilised in defining the mediameter and standard-deviation of the
catalyst nano-particles needed in order to syrdh€BiTs with a required band-gap variation.
Secondly, the photo-current and quantum efficiemogels proposed in Chapter 6 could be
employed in characterising the diameter and ckyrali CNTs by comparing them with the
measured photo-absorption spectra. Thirdly, rebeasc looking to realise a CNT
photovoltaic device may consider adopting strudtgemmetries matching those advocated in

Chapter 7 in order to achieve optimal conversidiciehcies.

8.2 Future work

Suggestions for future work mainly rest upon refghithe CNT models developed

whilst carrying out substantial experimental vatiida.
8.2.1 SWCNT model refinements

From a CNT modelling perspective, several refineisién the existing methodologies
can be made. For instance, given that the CNT lgapdand carrier effective mass models
produced here are dependent upon the realisatidheohanotube band-structure using the
third nearest-neighbour TB approximation, it wolle interesting to include more distant
neighbours for future work. This may provide betémcuracy especially in handling the
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curvature effect of low diameter CNTs where ther rehybridization becomes more

prominent.

An ab initio approach could also be adopted in modelling thd ©ptical absorption
spectra where excitonic effects are considereds $hould offer an enhanced representation
of the SWCNT photo-current spectra with respectlifterent geometrical structures, light
polarisation angles as well as various dielectrmpprties of the surrounding environment.
Moreover, with the atomistiab initio technique the effects resulting from topological o

substitutional defects can be included. Althoufis tomes at a high computational cost.

The equivalent PV circuit model used in this thesis be further refined to incorporate
e-h pair recombinations, collection losses due tpimy imperfections and contact
resistances. In addition, it would be beneficiatake account of the wave scattering effects
and radiative coupling between the SWCNTs in theppsed tandem PV device. This may
entail a quantum mechanical treatment of individOAITs which is coupled with classical
electromagnetic scattering models in order to a#isesdesign and optimisation of SWCNT

based solar cells.

8.2.2 Experimental validation

Unfortunately, in this thesis, no experimental waras carried out, which meant that
the author could only rely on the little data poasly published by other groups to provide
some form of credibility to the CNT models develdpEor example, it would be valuable to
use different characterisation technigueg(resonant Raman spectroscopy, STS or STM) to
identify the SWCNT diameter and chirality distritants of a CVD processed batch and
ascertain the corresponding band-gap dispersiors Whuld provide crucial evidence in

supporting the established band-gap variation nsodel

So far, studies on the photo-current responses WICISTs have been limited.
Therefore, it would be very helpful to perform ph@bsorption measurements on various
SWCNT samples and compare them with the spectsabreses simulated by our approach.
This would further clarify whether a band-to-ban@nsition model may be used to
reasonably approximate the optical excitations. drtgntly, these experimental
measurements can further provide an improved ihsayh the corresponding quantum
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efficiencies and the optimal CNT structural promstneeded for photo-detection and

photovoltaic purposes.

The most ideal, but most challenging experimengdiblation, would be to fabricate an
isolated zig-zag CNT based PV device with elecatistdoping (as in [34]) in the first
instance and then a multi-SWCNT device that coaldnserted inside a solar simulator. The
short-circuit current, open-circuit voltage, fiildtor and conversion efficiency measurements

may then be directly compared with the resultsioatgd in this study.
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Appendix A: Solving Non-ideal PV
Equivalent Circuit Model using the
Newton-Raphson Approximation

The Newton-Raphson technique is a root-findingireuthat consists of extending the
tangent line of a functiof(x) at the current point; until it crosses zero and then setting the
next guessi.1 to the abscissa of that zero-crossing [35]. Algatally, the method is derived

from the Taylor series expansion and is specifiethk following formula [35]:

_ f)

£'(x) Al

Xiv1 = X
wheref'(x;) is the first derivative of(x) [35]. Eq. A.1 is calculated iteratively until the

absolute difference between two successive valliagiven iteration converges to zero.

In the case of solving for the non-ideal PV circonbdel of Chapter 2, the implicit
function 2.22 {(Ji(V),V)=0) is considered and the root of interest is aefims the output
current densitydi+1 (V) for a given voltage. Therefore, the Newton-Raphwsmula can be

re-stated as follows:

oy V)Y
3a) =3~ 5 G V) s

0J

This algorithm was evaluated using the PV cell gxengiven in Chapter 2J{ =
50mA/cnt, Jsa = 0.5 nA/cnd, n = 1 andT =300K) whereRs=0 andRs=. The output current
density was generated over the voltage range -8@28V by setting the initial guess value
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to Jo(V)=Jsc and executing Eqg. A.2 until the conditidd.1(V)-J(V)|<10™ was satisfied.
When the outcome was compared to the ideal cirooielJ-V characteristic, the resulting
Normalised Root-Mean-Square (NRMS) error was catedal to be 0.00052%, which is
sufficiently accurate for our purpose.
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Appendix B: Matlab Codefor
Solving SWCNT Band Structure

function min_band _gap = si mnanotube_bandstructure(d, theta_degrees)
format | ong

a 0 = 0.142*sqgrt (3); % working in nm
theta = theta_degree*pi/180; %onvert degrees into rad
nunber _of sanpl es = 2000;

p = -0.28; %ef i ne 3rd nearest-nei ghbour TB coefficients
-2.97;
0. 073;
-0.073;
0. 018;
- 0. 33;
0. 026;

urrnormnro

_2
0
_0
1
1
2
2

terml =((sqrt(3)/tan(theta))-1);

%onvert geonetrical structure into tube indices
if isinf(terml)

m=0;
n= round((pi*d)/a_0);
el se
n = round((pi*d)/(a_O*sqrt(1+0.25*(terml”~2)+ 0.5*ternl)));
m = round((n/2)*terml);

end

% setup translation vector T

d_R = gcd((2*mtn), (2*n+m) ) ;

N=2*((m2)+ nmrn + (n"2))/d_R %\unber of primtive graphene unit cells
per CNT unit cell

t_1 (2*n+m/d_R

t_2 -(2*mtn) / d_R;

if isinf(N)]isnan(N)
return;

end

%initialize variables
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band_gaps = zeros(1,N)

k_x = zeros(nunber _of sanpl es, N)

k_y = zeros(nunber_of sampl es, N)

E k _pos = zeros(nunber_of _sanples, N)
E k neg = zeros(nunber_of sanples, N)

%3rd nearest-nei ghbour TB + ZF technique for cal culating CNT band-structure
for sanple = 1:nunber_of sanpl es

%conput e bands al ong kx-axis
k x(sanmple,1) = ((4*pi)/(3*a_0))*(sanpl e/ nunmber _of sanpl es); %
al  owabl e el ectron states al ong kx

for g=1: N

%onmput e bands al ong ky-axis
k_y(sanple,q) = -((mn)/((mn)*sqrt(3)))*k_x(sanple, 1)+
(4*pi*q)/ (a_O*sqrt(3)*(mtn)); % al | owabl e el ectron states al ong ky

f_k =
(2*cos((a_0*k:y(sanple,q))/(2*sqrt(3)))*cos((a_0*k_x(sanple,q))/2)+cos((a_0
*k_y(sample,q))/sqrt(3))) + ..

i*(2*sin((a_0*k_y(sanmple,q))/(2*sqrt(3)))*cos((a_0*k_x(sanple,q))/2)-
sin((a_0*k _y(sample,q))/sqrt(3)));

u_k =
4*cos((a_0*k_x(sanple,q))/2)*cos((a_0*sqrt(3)*k_y(sample,q))/2)+2*cos(a_0*k
_X(sanple, q));

f 2k = cos((2*a_0O*k_y(sanple,q))/sqrt(3)) +
2*cos(a_0*k_x(sanple,qg))*cos((a_0O*k_y(sanple,q))/sqrt(3)) + ..

i *(sin((2*a_0*k_y(sanple,q))/sqrt(3))-
2*sin((a_0*k_y(sanple,q))/sqrt(3))*cos(a_0*k_x(sanple,q)));

g_k = 2*u_k + 2*cos(sqgrt(3)*a_0O*k_y(sanple,q)) +
4*cos((3*a_0*k_x(sanple,q))/2)*cos((a_0*sqgrt(3)*k_y(sample,q))/2);

a=((1+s_1*u_k)n2) - (s_072)*(abs(f_k)"2) - s_0*s_2*g_k -
(s_272)*(abs(f_2k)"2);

b = 2*L_0*s_0O*(abs(f_k)"2) - 2*(e_2p+L_1*u k)*(1 + s_1*u_k) +
s_2*L_0*g_k + s_0*L_2*g k + 2*s_2*L_2*(abs(f_2k)"2);

c = ((e_2p+ L_1*u_k)~2) - (L_0"2)*(abs(f_k)"2) - L_0*L_2*g k -
(L_272)*(abs(f_2k)"2);

(-b+sgrt((b”2)-(4*a*c)))/(2*a);
(-b-sgrt((b”2)-(4*a*c)))/(2*a);

E k_pos(sanpl e, q)
E k_neg(sanpl e, q)

end
end
%band-gap cal cul ation
band_gaps = m n(E_k_pos)-max(E_k_neg);
m n_band_gap = m n(band_gaps)

if mn_band_gap <= 0.01

m n_band_gap = 0
end
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Appendix C: Matlab Code for
Solving SWCNT Photo-current and
Quantum Efficiency Spectral

Response

function [photocurrent 1, quantum efficiency] =
cal c_nanot ube_phot ocurrent QE spectra(theta_degree,d, tube_| ength,
fiel d_strength, photon_ener gi es)

%Wnitialize constants

pl anks_constant = 6.582e- 16;

el ectron_charge = 1.60217646e- 19;

rest_nass_el ectron = 9. 109e-31

speed_of _|ight= 299792458;

dielectric_constant = 1; % dielectric constant of CNT = 1
permttivity free_space = 8.8542e-12;

refractive_index =1

k_B=8.6172343e-5;

% lInitialize variables

nunber _of photon_sanpl es = | engt h(phot on_energi es) ;
nunber _of _sanpl es = 2000;

photocurrent _1 = zeros(number_of photon_sanples, 1);
photocurrent 2 = zeros(nunmber _of photon_sanples, 1);
Power generated = zeros(nunber_of photon_sanples, 1);
quantum ef fici ency = zeros(nunber_of photon_sanpl es, 1);
max_conversi on_effici ency = zeros(nunber_of photon_sanpl es, 1);
max_phot ocurrent = 0;

i nci dent _power _t ot al =0;

generation_rate = 0;

V_oc=0;

saturation_current = 0;

band_gaps = zeros(1,N)

k_x = zeros(nunber_of sanples, 1);

k_y = zeros(nunber_of sampl es, N)

E k pos = zeros(nunber_of sanples, N)

E k neg = zeros(nunber_of sanples, N)

optical _matrix_element = zeros(nunber_of sanples, N)

185



%nitialize CNT constants
a 0 = 0.142*sqrt(3); % working in nm

theta = theta_degree*pi/ 180; %onvert degrees into rad

%3rd nearest - nei ghbour Ti ght-Binding coefficients

e 2p = -0.28;

L O =-297,

s_0 = 0.073

L 1=-0.073;

s 1 = 0.018;

L 2 =-0.33;

s_2 = 0.026;

Mc = 1; % constant dipole matrix el enent

del ta_accuracy = 0.5e-12;
terml =((sqrt(3)/tan(theta))-1);

%convert geonetrical structure into tube indices
if isinf(terml)

n=0;
n= round((pi*d)/a_0);
el se
n = round((pi*d)/(a_0O*sqrt(1+0.25*(term"2)+ 0.5*terntl)));
m = round((n/2)*terml);

end

% setup translation vector T

d R = gcd((2*n+m), (2*m#n) ) ;
N=2*((m2)+ nmtn + (n"2))/d_R

A CNT = sqgrt(3)*(pi"2)*((d*1le-9)"2)/d_R;
T mag = sqrt(3)*pi *(d*1le-9)/d_R

if isinf(N)|isnan(N)

return;
end
%3rd nearest -nei ghbour Ti ght-Binding technique for cal culating CNT band-
structure

for sanple = 1:nunber_of sanpl es

%conput e bands al ong kx-axis
k x(sanmple,1) = ((4*pi)/(3*a_0))*(sanpl e/ nunmber _of sanpl es);

for g=1: N
%conput e bands al ong ky-axis

k_ y(sample,q) = -((mn)/((mn)*sqgrt(3)))*k_x(sanple, 1)+
(4*pi*q)/ (a_0*sqgrt(3)*(mtn)); %l | owabl e el ectron states al ong ky

f_k =
(2*cos((a_0*k:y(sanple,q))/(2*sqrt(3)))*005((a_0*k_x(sanple,l))/2)+cos((a_0
*k_y(sanple, q))/sqrt(3))) +
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i*(2*sin((a_0*k_y(sanple,q))/(2*sqrt(3)))*cos((a_0*k_x(sanple, 1))/2)-
sin((a_0*k_y(sample,q))/sqrt(3)));

uk =
4*cos((a_0*k_x(sanple, 1))/ 2)*cos((a_0*sqrt(3)*k_y(sample,q))/2)+2*cos(a_0*k
_X(sanple, 1));

f 2k = cos((2*a_0O*k_y(sanple,q))/sqrt(3)) +
2*cos(a_0*k _x(sanple,1))*cos((a_0*k_y(sanmple,q))/sqrt(3)) +
i *(sin((2*a_0*k_y(sanple,q))/sqrt(3))-
2*sin((a_0*k_y(sanple,q))/sqrt(3))*cos(a_0*k_x(sanple, 1)));

g k = 2*u_k + 2*cos(sqrt(3)*a_0*k_y(sanple,q)) +
4*cos((3*a_0*k_x(sanple, 1))/ 2)*cos((a_0*sqgrt(3)*k_y(sample,q))/2);

a=((1+ s _1*u k)*2) - (s_072)*(abs(f_k)"*2) - s 0*s 2*g k -
(s_272)*(abs(f_2k)"2);

b = 2*L_0*s_0O*(abs(f_k)"2) - 2*(e_2p+L_1*u k)*(1 + s_1*u_k) +
s _2*L_0*g_k + s_0*L_2*g k + 2*s_2*L_2*(abs(f_2k)"2);

c = ((e_2p+ L_1*u_k)~2) - (L_0"2)*(abs(f_k)"2) - L_0*L_2*g k -
(L_272)*(abs(f_2k)"2);

(-b+sgrt((b”2)-(4*a*c)))/(2*a);
(-b-sgrt((b”2)-(4*a*c)))/(2*a);

E k_pos(sanpl e, q)
E k_neg(sanpl e, q)

%al cul ate Dipol e vector
Di pol e_vector_kz = Mc*((mn)*cos(a_0*k_x(sanple, 1))-
(2*mtn) *cos((sqrt(3)*a_0*k_y(sanple, q)/2)+(a_0*k_x(sanple,1)/2))+(m2*n)*co
s((sqrt(3)*a_0*k_y(sample,q)/?2)-
(a_0*k_x(sample,1)/2)))/(2*abs(f_k)*sqrt(m'2 +n"2 + ntn));
optical _matrix_el ement (sanpl e, q) = abs(Di pol e_vector_kz)"2;

end
end

%band- gap cal cul ation
band_gaps = m n(E_k_pos)-max(E_k_neg);
[ M n_band_gaps, m n_band_gaps_i ndex] = sort(band_gaps);

if mn_band gaps(1,1) <= 0.01

m ni mum band_gap = 0;
return;

el se
m ni mum band _gap = m n_band gaps(1,1);
V_oc = m ni nrum band_gap;

end

%Cal cul ate TR & photo-current and QE spectral response
for counter = 1:nunber_of photon_sanpl es

sum optical _strength = 0;
for sanple = 1:nunber_of _sanpl es
for g= 1: N
% i nd conduction and val ance band energi es and subtract photon-

ener gy
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delta_var = abs(E_k_pos(sampl e, q)-E k _neg(sanple,q)-
phot on_energi es(counter, 1));

if (delta_var<=0.1)

%onpute delta function
delta_function =
2*(pl anks_constant)*(sin(delta_var*delta_accuracy/ (2*pl anks_constant))”2)/(
(delta_accuracy)*(pi)*((delta_var)”2));
el se

delta function = 0;
end
% sum optical strength for all k in CNT band-structure
sum optical _strength = sumoptical _strength +
(optical _matrix_el ement (sanpl e, q)*delta_function);

end
end

%Cal cul ate Transition Rate for given photon-energy

TR =
(8*pi *(el ectron_charge™2)*(field_strength(counter, 1)) *(pl anks_constant"3) *(
sum optical _strength))/((A _CNT)*(rest_mass_el ectron”2)*(photon_energi es(cou
nter,1))*(speed_of light)*(dielectric_constant)*(pernittivity free_space)*(
refractive_index));

%Cal cul ate photo-current for given photon-energy

phot ocurrent _1(counter, 1) =TR*el ectron_charge*((tube_I| engt h*le-
9)/ T_mag);

%Cal cul ate quantumefficiency for given photon-energy

quantum ef fici ency(counter, 1) =(photocurrent _1(counter, 1)/el ectron_charge)/(
(field_strength(counter, 1)*d*tube_ | ength*1le-18)/el ectron_charge);

end
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Appendix D: Publications

The following lists papers published during the rsewof this research as well as papers

in preparation for submission:

1. K. El Shabrawy, K. Maharatna, D. M Bagnall, B. M-Aashimi, “A new
analytical model for predicing SWCNT band-gap fromeometrical
properties”, ICICDT 2008, IEEE International Cor#ece on, Grenoble,
France, pp. 211-214, June 208@st Student Paper Award (Silver).

2. K. El Shabrawy, K. Maharatna, D. M Bagnall, B. M-Aashimi, “Modeling
SWCNT Band-gap and Effective Mass Variation usingMante Carlo
Approach”, IEEE Transactions on Nanotechnology, 9olssue 2, July 2009.

3. K. El Shabrawy, K. Maharatna, B. M Al-Hashimi, “Hepging SWCNT
structural variability towards the development gbpleotovoltaic device”, ISIC
2009, Singapore, pp. 248-251, December 2009.

4. K. Maharatna, K. El Shabrawy, B. M Al-Hashimi, “Gitar 8: Energy
Harvesting for Bio-Sensing Using Carbon Nanotub@&&ino-Bio-Sensing

edited by Sandr Carrara, Springer Science + Busikieslia, 2011.

5. K. El Shabrawy, K. Maharatna, D. M Bagnall, B. M-Aashimi, “Modeling
SWCNT based Photovoltaics: A First Approximatiolm’ preparation for IEEE

Transactions on Nanotechnology.
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