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CHAPTER 1

CA

Introdtlction

Carbon was discoveredinprehistory and has beenknownsinc.eancient time･ But it

was recognized asanelement only in the 18th century･ It
is one of the versatile element

andthe most abundant element inthe umiverse. It
is a material of highly stable, cheap

and non-toxic, which can
be obtained from precursors sufficiently available in nature.

Carbon is a remarkable element existingina varietyof stable forms ranging from

insulator/semiconducting diamond to metallic/semi metallic graphite to conducting/semi

cohducting nano/micro tubes tofullerenes of highest order of symmetry, which show

many interesting optoelectronic properties. It has the ability to bond with itself and a

wide variety of other elements. In addition, it is a very special element as it plays
a

dominant roleinthe chemistry of life. There are fourknownallotropes of carbon. They

are graphite, diamQnd,fu1lereneand carbon nanotubes (CNTs)･

1.1Allotropes of carbon

1.1.1 Graphite

Graphite is one oftheallotropes of carbon. It canconduct electricitybecause of the

large number of electron delocalization withinthe carbon layers. These electrons are

丘ee to move, so are able to conduct electdcity. The crystal structure of graphite consists

of layersinwhich the carbon atoms are arrangedinanopen honeycomb network as

shown in Fig 1.
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Figure 1. The crystal stmcture of graphite.
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Each carbon atom is covalently bonded to three other surrounding carbon atoms.

The nat sheets of carbon atoms are bonded into hexagonal structures. They exit in

layers, which are not covalently connected to the neighboring layers. The unit cell

dimensions are a-b-2.456A. The C-C bond length in the bulk form is 1.418 A, and the

interlayer spacing is c/2-3.347A [1].

1.1.2 Dia山ond

Diamond is another crystalline form of cart)on, generally know
as a gemstone･

It is transparellt Crystal of pure carbon consisting of tetrahedral bonded carbon atoms.

The ideal diamond structure has two distinct carbon sites and has the characteristic

property that every ca.rbon atom is surrounded by fわur other carbon atoms and made a

strong covalent sp3 bond. The length of nearest carbon-carbon (C-C) is I.54A nearly

1()% larger than in graphite. The crystal structure of diamond is shown in Fig. 2

Figure 2. The crystal structure of diamond

Diamond has many outstanding properties such as extremely hardness (-90Gpa),

highdensity(3.52 g/cm2)1 good electrical irlSulator (room temperature resistively -1016

n･cm.)･ It is used for cutting, drilling, lapping, grinding, polishing etc.
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I.I.3 Fullerenes

EijiOsawa of Toyohashi Universityof Teclmology predicted the existehce of C60

(fullerenes)in the year of 1970. He made some hypothesis about ball shape carbon

stmcture･ He published that report in Japanese magazine and did not reach to the people

of other country [2].Real breakthrough came when Robert Curl, Harold Kroto and

Richard Smalleyfirst reported the existence offu1lerene in the year of 1985 [3]･They

consist of a spherical, ellipsoid or cylindrical arrangement of many carbon atoms, which

were later named as "fullerences" are sometimes called "buckyballs". The smallest

buckyball consists of 20 carbon atoms and largest one has about 540 carbon atoms･ The

most common size has 60 or 70 carbon atoms. The stmc山re ofC60 is shown in Fig. 3,

which resembles a round soccer ball of the type made of hexagons and pentagons with

carbon atom at the comers of each hexagons and a bond along each edge.

Figure 3. The crystal structure offullerenes

I.1.4 Carbon nanotubes

Bulk graphite can be thought of as the parent material of graphene (2 dimentional).

Fullerences is considered as zero dimentional carbon matedal. So, one can imaglne the

existence of one dimentional carbon material. Scientists need to wait until 1991 to

4
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examine the experimental existence of lD rolled up graphene sheet.
Sumio ljima's work

highlightedthe noble properties of needle like wrapped graphene sheets (so called

carbon nanotubes) [4].The prefix 'nano'is used because the diameter is on the

manometer scale (I nm
- 10I9 m).

1l can be ranked as one of the most exciting scientiflC

discovery. The name of the CNTs is derived from their size, since their aspect ratio is

very high.It is a quasill D nanomaterial that exhibit extraordinary electronic properties

such a主high current carrying capability and reduced scattering rates･

CNTs is mainly classified into two basic forms, SWCNTs and MWCNTsI SWCNTs

consist of a single tube of graphene (Fig. 4 (a)),whereas MWCNTsare composed of

several concentric tubes of graphene fitted one inside the other [Fig 4(b)]･The diameter

of CNTs varies
from a few nanometres in the case of SWCNTs to several tens of

nanometres in the case of MWCNTs. There is also a special class of MWCNTs called

double-wailed nanotubes (DWCNTs), which have different properties to SWCNTs and

MWCNTs 【Fig4 (c)】.Despite such a small diameter, the length of SWCNT is many

orders of magnitude

Figure 4. Different type of carbon nanotubes [Source 5],

Sidewall and end cap of CNTs possess different physicaland chemical properties･

It is believed that end cap lS more reactive than the sidewall. The end cap structure
is

similar to smaller fullerene structure such as C60. CNTs have begun to bewidely used in

5
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many applications due to theirun1que electrical, mechanical, optical and thermal

properties. The application of
CNTs is usually given by the CNTs structure (number■of

&alls,diameter, length, chiral angle, etc･),which gives them the specific properties･
The

possible applications of CNTs include conductive films, solarcells, fuel cells,

supercapacitors, transistors, memories, displays, separation membranes,.filters,

puri五cation systems, sensors, clothes, etc･

1.2 Synthesis of carbon nanotubes

There are different methods for the synthesis of carbon nanotubes･ Some of the main

methods
are summarized here.

1.2.I Arc discharge

ln 1991, Sumio Iijimafirstprepared CNTs [4]by arc discharge method and the

m礼croscopic production of CNTs was血ade
in 1992 [6】･This method is very well

known to prepare SWCNTs, DWCNTsand MWCNTs･ In arc discharge method, direct

current (DC) arc discharge experiments were carried out in a stainless steel chamber

that was丘11ed with hydrogen瓜elium, or their mixture at certain pressure･ The anode is a

graphite rod
in which a hole had been drilled and filled with some metal catalyst･ The

anode and cathode was
kept at certain distance. When current was passed through the

electrodes, plasma will be generated･ This plasma will evaporate the carbon on the

anode and the material will be deposited on the cathode surface･ Using this method

Iijima et al. [7]and Bethune et al. [8] synthesized SWCNTs･ DWCNTs is also

synthesi乞ed by this method [9,10].

6;
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1.2.2.Laser ablation technique

ln this method, the optimum background gas and catalyst mixture is same as in the

arc discharge method. In the year of 1995, Smalley's group prepared CNTs by laser

ablation method. There are two kinds of laser to.Ⅴ叩Odze the grapbtic target. These are

continuous laser and pulsed laser. The light intensity ofpulsed laser is much higher than

the continuous laser. The chamber is fllled with inert gas (helium or argon)
in order to

keep thle pressure at 500 Torr･ Continuous or pulsed laser was used to vaporize a target

consisting of a mixture of graphite and metal catalyst (cobalt or nickel).
As the

vaporized species cooled down, sm'all carbon molecule quickly condense to formlarge

】

clusters. The catalyst also started to condense and adheres to carbon clusters to prevent

their closing into cage structures. The SWCNTs formed in this case are bundle together

by Van der
･Wa11s

force. In the case of pure graphite electrodes, MWCNTs would form

but SWCNTs can be synthesized uslng mixture of gr叩bite with transition metals as a

catalyst..

I.2.3 chemical vapor deposition (CVD).

CVD method is cost effectiveand viable teclmiques for large-scale production of

CNTs. Recently this method has created a lot of attention because of high yield, low

impurity and bulk production of CNTs at moderate temperature. This method is capabl占

to control diameter, length and alignment of the CNTs by chooslng Suitable parameters.

It mainly involves the decomposition of hydrocarbon (etbylene,acetylene, methane etc)

over the transition metal catalyst at desired temperature. CVD inethod is essentially a

two-step process consisting of a catalyst preparation followed by the synthesis of CNTs.

Different kinds of CVD teclmiques are developed to synthesize CNTs (SWCNTs,

DWCNTs, MWCNTs). Some are plasma e血anced CVD [12-14],tbeⅡnal CVD [15】,

alcohol catalytic CVD [16,17],aero gel supported CVD [18].In some applications, the

7
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deposition of CNTs on substrate is highly desirable･
In this regard CVD method

is

superior compared to laser ablation and arc
discharge method･ The CNTs･

deposited on

the substrate are
highly aligned due to Vander

Walls interaction between the

neighboring CNTs･
Various groups reported the

highly aligned CNTs on different

substrates by this simple method [19123]･

1･2･4 Spray pyrolysis method

lt is very simple, effectiveand
inexpensive method for the synthesis of CNTs･

with this method, A丘e et al･ synthesized well-aligned
MWCNTs丘om natural precursor

[24].Spray pyrolysis method is promising method
for the growth of different kind of

CNTs.

I.2.5 Ultrasonic spray pyrolysis

ultrasonic spray pyrolysis is
new and simple method to synthesis carbon

nanomaterials (SWCNTs, MWCNTs, CNFs, CNWs)･ It mainly consists･ of] three

sections viz atomization unit,
a transportation system andanelectrical

furnance with a

large quartz tube [25]. It is very simple method for the synthesis of･ carbon

nanomaterials. During my study,
I synthesized CNTs by ultrasonic spray pyrolysis and

use it with semiconductlng Organic material for the
fabrication of hybrid solar cell･

1.3 Solar Energy and its application

solar energy is the source of life on the earth via photosynthesis;
man eats

vegetables and trees grown uslng solar
light･
･
Human have manlpulated solar energy

since the 7th century B･C, when magnifying glasses were used to concentrate the sun's

rays to make丘re and to bum papers･
Development of solar cells started丘om the

pioneering work of French physicist
Alexander Becquerel in 1 839[26],who discovered

the photovoltaic effect･ In 1873,
Willoughby･ Smith discovered the photoconductivity of

selenium. In 1876, William Adams and his. -student Richard
Day [27] discovered that

8
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selenium produces electricity when exposed to light. However, those selenium solar

cells failed to convert enough sunlight into electrlClty. In 1 883, Charles Fritts developed

the firstsolar cells by coating a semiconductor, selenium, with a nearly transparent layer

of gold. These cells were very inefficient, that produces less electrical energy.

The better understanding of the physical prlnCiple involving solar cell's photoelectric

effect is provided by Albert Einstein 1905 in his paper. In 1914, Robert Millikan

provided experimental proof of the photoelectric effect. The effect was then put on hold

until the discovery of transistors and the explanation of the physics of the p-n Junction

by Shockley [28], Bardeen and Brattain [29] in 1949. Then, in 1954, pbotovoltaic

technology was bom in the US when Daryl Cbapin, Calvin Fuller and Gerald Pearson

[30]developed the silicon photovoltaic cell at Bell Laboratory. The first solar cell was

based on crystalline silicon (c-Si)and had an efficiency of 6%. Since then, a variety of

commercial and govemment entities have worked to develop practical applications of

photovoltaic cells and ef{1Ciency was increased up to around 10 % in
a couple of years.

Today PV solar energy lS One Of the most promlSlng and reliable sources of

alternative energy. The direct conversion of solar radiation into electricitythrough the

process of photovoltaics has a number of adv.叩tageS tO SOIve power deITland. The term

photovoltaic comes from the Greek "phos" which means light and "volt", from the

scientist Alessandro Volta. In other. words, photovoltaic literally means

"light-electricity". PV cell is a device that produces usable electrical energy when light
J

falls on it.PV conversion systems tap an inexhaustible resource, which is free of charge

and available anywhere in the world. The energy supply fbm the sun is truly enormous;

on average, the Earth,s su血ce receives about l･2Ⅹ1017 w of solar power･ This means

that in less than one hour, enough energy lS Supplied to the Earth, which is sufficient for

energy demand of the human population over the whole year [31].

9
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I.4 World power demand and energy sources

Fig･ 5 shows global energy consumptlO□
over the next several decades･ It is likely

that only the
use of traditional fossilfuelswill decline, whereas use of other energy

souces (likesolar, wind, geothermal, nuclear power)will grow providing an increasing

energy demand or modem society･
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Figure 6 shows the pnnciple energy sources currently being used by mankind･

which shows the
heavy dependence on fossilfue]･ Tn order to meet the power demand

scientist researches on safe, reasonable and environment friendly energy sources･

Renewable energy teclmologies (e.g solar, wind and others)
have emerged as

altematives to worldwide energy problems, as they are nonpollutlng, inexhaustible･

unlike traditional fossil fuels, which contribute to a lot ofenvironmentalproblems, such

as air pollution, water and soil contamination whereas renewable energy contributes

very little
or no such problems･Among the renewable energy technologleS,

PV solar

10
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energy conversion is the most popularand reliable source of renewable energy for the

future. According to lntemational EnergyAssociation (lEA, 2007), solar energy covers

0.039% of the world energy demand.

SotJrCe: Internationa) Ener'gy Agency (1EA 2007)

Figure 6. Energy source consumptlOn tO theglobal energy need･

1.5 Materials for･ solar cell

Solar cells are made from various semiconductor materials. A semicorlductor is a

material that becomes electrically conductive when supplied with light or heat, but it

behaves as an insulator at low temperatures. A solar cell converts sunlight
into

electricity,either directly through the PV effect, orindirectly by first converting the

solar energy to heat or chemical energy. ln semiconducting material electrons live in

range of def-1ne energy level called band. The conduction band is partially filled with

electrons, creating negative charge. The valance band has areas where electrons are

missing-known as hole (positive charge).
lnthe absence of light, the positiveand

negative charges balance each other in the case of intrinsic semiconductors. When light

energy strikes o∫l Semiconductor pn Junction, the electrons are dislodged causlng
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electrons to move downan exte血al circuit in the formof
light-generating electricity.

This phenomenon is called PV effect. Detail theoretical descriptioりis given in ref [32]･

If light with photon energy lS greater than optical
ban,d gap, free electrons and free holes

are formed by optical excitation in the semiconductor･ Different materials used for solar

cells are: silicon (Si),copper indium gallium selenide [Cu(In,Ga)Se2],Cadmium su岨de

(CdS), cadmium telluride (CdTe), titanium dioxide (TiO2) etc･ Silicon and compound

semiconductor-based
devices are dominating solar tecbnology･ However, the cost of

these solar cells is high･ So, low costand high efficiency solar cells
are yet to be

realized for the commercialization･ Organic solar cell is one of the promlSlng
low cost

solar materials for future energy.

1.6 Basic of organic solar cell

Since the photovoltaic effect
in organic solid was first observed in 1959 in

anthracene crystals [33],tb工ee main solid-state device concepts have been emerged･

1･6･1 Organic solar cells based on vacuum deposited small molecules

Tbe device concept is based on the the皿al ev叩Oration or at least two n- and

pICOnducting materials･ Excitons are geperated
due to the absorptlOn Of light in the

respective organic materials･ These excitions have to travel to an
inte血ce between the

n-and p-conducting layers･ Due to the energetical conditions, they splitted
into free

electronsand holes･ Finally the respective charge camiersare transported towards their

electrodes. As shownin Fig. 7 (a)and Fig. 7(b), p-n junctions can be realized as

heterojuncitons or as well as interpeneatrating networks (bulk heterojunctions)

respectively.

For the fabrication of the flrSt Small molecule organic solar cells, chlorophyll
like

low molecular weight dyes based on on phtbalocyanines and porpbyrins were used [34]･
12
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Since Tang [35] presented a l% efrlCient bilayer heterojuntionsolar cell based on

copper phthalocyanine (CuPc) and a perylene tetracarboxylic derivative (PTCBI) in

1986, enomous progress was made in research.

The fabrication under high vacuum is the main advantage of this type of solar cell.

The well-defined fabrication environment ensures a very high reproducibility of the

devices. Unfortunately, highvacuum teclmology lS Very expensive and complex to

handle.

I.6.2 Polymer based organic solar cells

The device architectures of polymer solar cells are similar to those used fわr small

molecule cells. However the fabrication differs slgniflCantly. Since polymers have a

very high molecular weight, they can､t be thermally evaporated. HeteroJunCtion add

bulk heterojunctionpolymer cells are therefore solution processed. SemicondJcting

polymers such as P3HT (poly (3-hexylthiophene))in combination with the fullerence

(C60) gain higher power conversion efrlCiencies. Deposition of organics by

screen-printing, doctor blading, inkjetprinting, and spray deposition is possible

because these materials can be made soluble. Additionally, these deposition techniques

are done at low temperature, which allows devices to be fabricated on plastic substrates

for flexible devices. No expensive vacuum teclmology lS needed which is another

advantage of this solar cell towards commercialization.

13
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Figure 7. Device setup or
a heterqjunctionsolar cell･ (a) p-conducting material fわrms a

heterojunCtion with an n-conducting material in such a way, that excition dissociation

into free charge carriers
is energetically favorable (b) Device setup of a bulk

heteroJuntion solar cell･ Herethe simple heteroJuntion is enhanced at the
interface area

by an interpenetratlng network of n- and p-conducting materials･

1.6.3 Dye-sensitized solar cell

Another cell concept is the dye sensitized solar cell shown
in Fig 8･ This

concept has attractedwide attention since
its invention in 1991 by M･ Gratzel [36].tt is

based on a mesoporous nanocrystalline TiO2 film that is attached to a transparent FTO

electrode･ The particles in the TiO2 film are covered by
a
monolayer of

dye. The counter

electrode is contacted through a liquid electrode or an organic p-conductor, which

penetrates into the pores of the TiO2 network. When
a dye molecule is excited by light,

it Injects electron into the TiO2, Creatlng
a positively charged dye molecule･ This

phenomenon produces the charge separatic.n required
for photovoltaic cells･ The

electrons are donated from the counter electrode via the electrolyte to the positively

charged dye on the TiO2 Su血ce, rehlmlng the dye molecules to their orlglnal state･

14
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Figure 6. Schematic stmcture material of a dye-sensitized solar cell. In this cell concept,

a mesoporous nanocrystalline TiO2 filmis attached to a transparent electrode･ The

particles in the TiO2 film are covered by a monolayer of dye. The counter electrode is

corltaCted through a liquid electrolyte or a p-conductor, which penetrates the pores of

the TiO2 network.

On the other hand, organic p-type semiconducting hole transport materialsare

galnlng Substantialinterest to fabricate solid-state dye sensitized solar cell. After spln

coating Semiconduting material on the surface of the dye sensitized TiO2 layer, metal

electrodes are thermally deposited to complete the solar cell fabrication process. This

thermally deposited metal electrode/ may create large parasitic resistance and damage

the polymeric layer. Thus the device perfわrmance may reduce. To overcome these

problems, we introduce lamination process for the fabrication of solid-state dye

sensitized solar cell, which is described in chapter 4.
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l･7 Purpose and organi2:ation of dissertatioh

The purpose of this study is to improve pbotovoltaic properties of solar cells by

incorporating CNTs. Here, I describe the synthesis of CNTs by ultrasonic spray

pyrolysis method and use it with organic materials to fabricate hybrid solar cell. CNTs

are synthesized on silicon and zeolite supporting haterial･ As-grown CNTs are purified

by different techniques. Purified CNTs arefunctionalized by acid treatment to fabricate

)

solarcell.
The overall story has been summarized into following chapters.

In chapter 1, a short description on different forms of carbon is glVen･ The

l

differentsynthesis processes of CNTs are included. it also includes a short note on

o噌anic and
dye sensitized solar cells.

In chapter 2, a brief description on the synthesis of CNTs by ultrasonic spray

pyrolysis is glVen. In optimized parameter, SWCNTs are synthesized on silicon and

zedlite s叫PPOrting material･ The growth m.echanism of CNTs on zeolite particles is

Analyzed. In another experimen,t, SWCNTs are deposited on desire substrate at low

temperature by placing substrate at downstream of the tube.

In all of these experiments, alcoholand.nitrogen are used as carbon and carrier

gas respectively･ As-synthesized materials与are. r Characterized by SEM, TEM,

UV-vis-NIR and Raman spectroscopy.

In chapter 3, application of carbon nanotubes towards organic solar cell is

given･ The sepiconducting poly印er Poly.(310Ctylthiophene)[(P30T)] was mixedwith

SWCNTs and functionalized MWC,NTs
′,(f-･MWCNTs)

to fabricate heterojunctionsolar

cell･ The performance of the device was improved by manyfold by the incorporation of

both SWCNTsand f-MWC,NTs･ The
open circqit voltage (Voc),short circuit current

density (Jsc),i;)I.factor (FF) and p?wer Conversion efflCieny (Tl)were 0.44V, 6.16

mA/cm2, 36%, and O･98%, respectiv冒1y･ W弓PXPeCt
･that
SWCNTs help ln eXCitQn
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dissociation and provide percolating paths
for electron transfer, whereas ･

f-MWCNTs

provide efficient hole transportation･ CNTs
incorporations yields better carrier mobility,

easy exciton splitting,and suppression of charge
】,recombination,

therby lmPrOVlng

photovoltaic action･

chapter 4 examines也e characterization of laminated dye sensitized solar cell

(s-DSSC). Solid-state DSSCs using organic materials as hole transport material by hot

plate lamination process
is fabricated･ At present, efrlCiency (Tl)of the device is low, but

it is a promlSlng method
for future energy

source as they are cheaper, light weight,

flexibleand can be made into large areas by roll-to-roll processlng, Which are showlng

growlng lmPOrtanCe･

In Chapter 5, the overall･summary of the thesis and the suggested
future work is

presented･ I am very interested to
fabricate multilayer hybrid solar cell

from hot plate

lamination technique.
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CHAI†TER 2

syNTHESIS OF CARBON NANOTUBES虫y

uLTRASONIc SPRAY PYROLYSIs

21



CHAPTER 2

SYNTHESIS OF CARBON NANOTUBES BY ULTRASONIC SPRAY PYROLYSIS

2.1 IntrodⅦction

Carbon nqnomaterials are available
in different forms such as carbon nanotubes

(CNTs), carbon nanofibers (CNFs), carbon nanowalls (CNWs), graphite, graphene etc･

Interestingly, all these nanomaterials have unlque physical, chemical, electrical and

mechanical properties, which attract a lot of attentions of researchers･ These

carbonaceous nanomaterialsare applicable to various electronic devices such as fuel

cells, electron field emitters, solar cell etc.
Suitable parameters during their synthesis

processes can Control the morphological structure and growth rate･ There are sevetal

methods to synthesis carbon nanomaterials.
Arc discharge [1,2, 3],laser ablation [4,5,

6], chemical vapor deposition [7,8,.･9],alcohol chemical vapor deposition [10, 11] are

well-established methods･ Expensive devices equlPPed with different gases and carbon

sources are being used fわr the synthesis of these carbon nanomaterials, which may not

be available everywhere. Hence, simple and inexpensive methods are still required･

Recently we introduced ultrasonic spray pyrolysis method for the synthesis of various

carbon nanomaterials including single wall carbon nanotubes [12】,multi wall carbon

nanotubes [13,14],carbon nanofibers [15,16],carbon nanowalls [17]and pure SWCNTs

and CNWs at low substrate temperture [17,18].

Since the.system is new and interesting, we tried to investigate it from every angle

by placing substrates at different positions inside the quartz tube with and without uslng

catalyst particles. The advantages of this single-step process are: (1) it doesn't require

reducing agentand vacuum pump
for the synthesis of SWCNTs [12,18](2)synthesis of

'

both lDJ[12118]'and 2D [17] carbon nanomaterials are possible (3) it is a simple and

low cost system that is suitable f♭r mass production [14] (4) More importantly, the

system passes insoluble nanomaterials with the etbanol mist [15-1 7】･
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2.2 tJltrasonic spray pyrolysis

Figure 1(a)shows the scbema土ic diagram of ultrasonic spray pyrolysis metbod･ This

method mainly consists of three sections called an atomization unit, a transportation

system, and an electrical furnance with quartz tube.

･

Atomization unit has electric vibrators (UltrasonicHumidifier with Oscillator Unit,

1.65 MHz, Atom Medical Corp., Model 303), which was applied indirectly via

transmission medium liquid (water only) and
0.06 mm cup shaped plastic sheet

(Mpdication Cup) where liquid precursor is kept. Medication cup separates transmissioh

medium liquid (water)and liquid precursor (ethanol).Fig 1(b) shows the structure of

atomic chamber (or intemal structure of ultrasonic nebulizer).

Trdnsportation system is a plastic pipes used to pass pure nitrogen gas (99.9O/b)and

precursor mist inside quartz tube.

Electricalfumance is an electrical instrument, which generates high temperature

for the synthesis of carbon nanomaterials. Quartz tube is put inside.
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Figure 1. (a) Schematic diagram of ultrasonic spray pyrolysis set-up
fわr

synthesis of'carb9n nanOmaterials･ (b) Intemal structure of ultrasonic nebulizer or

atomization chamber

2.2.1 Characterizations

Tbe morphology of as-grown materials was characterized
by scannlng electronic

microscope (SEM), transmission electron microscopy (TEM) and Raman spectroscopy･

SEM was pe血Ⅱned on Hitacbi S-3000H by placing as-grown samples on conductive

carbon tape･ For TEM studies, the samples were prepared
by sonication of as-grown

products in ethanoland
ra
few drops of resultant suspension was put onto holey carbon

grid and dded･ TEM was pe血Ⅲ1ed by JEOL, JEM- 4000, EXII, electron microscope･

Raman spectra of as-grown samples were perfb-ed by JASCO NRS-1500W, green
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laser withexcitation wavelength532 nm. Ultraviolet/visible/near in丘ared (帆/vis/

NIR) was performed by JASCO V-570.

2.3 Synthesis or SWCNTs on silicon substrates

2.3.1. Experlmental details
●

The bimetallic catalysts molybdenum and cobalt was prepared as discussed in Ref

[19].(C2H302)2Co (cobalt acetate 0.0438 wt.%) and [(C2H302)2Mo]2 (molybdenum

acetate diner 0.02527 wt.%) were
dissolved in etbanol and ultra-sonicated fわr2 h.

Cleaned substrates were dipped into it and the solution was evaporated at 80 oC. These

substrates were put vertically, horizontally on a substrates holder in a quart boat and

inserted into the middle of the large quartz tube. In each experiment,these substrates

were heated to 400 oC for 5 min to change metallic acetate into metallic oxide. Then,

both the ends of quartz tube were closed by quartz jointswith nebulizer at one side and

andther side was connected to water bubbler. Nitrogen gas was kept in a constant flow

of 2.0 I/min before reaching to the set temperature. When the reaction furnace reached

to set temperature, N2 gaS flow increased to 2.5 1/min and waited for more 5 min. Mist

of precursor flow was maintained by nebulizer. The morphology of as-grownmaterials

was characterized by SEM, TEM and Raman spectroscopy.

2.3.2. Result and discussion

Figure 2 shows the typical Raman spectra of as-grownSWCNTs from dip coating.

The G-band peak around 1590 cm~1 corresponds to tangential stretching mode (E2g)of

highly oriented pyrolytic graphit占and suggests the materials are composed of

crystalline graphitic carbon and the D-band peak near 1350 cm-1 originates from

disorder in the sp2 hybridized graphene sheets, tube ends etc･ The radial breathing mode

(RBM) between 180 cm~l and 280 cm~1 are unique to SWCNTs [20].G peak is

comparatively higher than D peak. It suggests that that the system is suitable for
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growlng pure SWCNTs･ Diameter of SWCNTs was calculated within O･8 nm-1
･2
nm･

Raman spectra of SWCNTs were obtained throughout the polished surface of silicon

substrates which indicate the reproducibilityofthe SWCNTs process･

Figur9 2･ Ramanspectra of as-grownSWCNTs
from dip coating

Inanother study, we varied the dipplng tlme Of silicon substrates inside the solution

at 80oC from 10 minutes to 5 hours･ Fig･ 3 is the SEM images of carbon nanotubes

obtained in this case. Dipplng fわr a longer period le氏1arge amount of catalyst particles

on the substrates. Fig. 3(a)shows the emergence of CNTsfrom cracked part of catalyst

a洗er colnplete drying of the sol山ion. Fig. 3(b),(c),(d)are the SEM images of CNTs

obtained a洗er dipplng time of 2 也, 1 也 and 20 min respectively･ It suggests that density

of catalyst particlesand
diameter of nanotubes reduce in shorter dipplng time･

Ev叩Oration rate ofethanol is fわund to be l･7% in every 30 min at 80 oC･
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Figure 3･ SEM images of CNTs synthesized at different interval of dipping time (a)

complete drying of the solution (b)2 h (c) 1 hand (d) 20 min.

Larger diameter of the nanotubesinlonger dipping time werealso observed from

TEM images. Agglomeration of the catalyst particles is higher in longer dipping time,

this may be the reason for the large diameter of CNTs. Fig. 4(a) is a TEM image of as

grown CNTs alter dipplng time of 5 h. Nanotubes of smaller diameter were obtained in

shorter dipping time. Fig. 4(b), (c) are the TEM images ofCNTs a洗er 2 h and 20 min

dipping time･ Tnterestlngly in 20 min dipping time, Raman spectra of SWCNTs were

also observed･ Fig. 3(d) shows surface morphology of CNTs obtained in silicon

substrate･ TEM image of this sample indicates the presence of SWCNTs (shown by

arrow)
in Fig1 4(c)･ Growthof SWCNTs might have been happened because a suitable

concentration of catalyst for its formation has been mounted on substrates. Furthermore,

in 10min dipping, Raman spectra of SWCNTs were found easily. Fig. 4(d) clearly
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shows the presence of
SWCNTs･ We triedwith different v^･% of catalysts･工n every

experiments, Raman spectra of SWCNTs were obtained easily･

Figure 4. TEM images of as synthesized CNTs at different dip coating time (a) 5 h (b)

2 h(c)20min(d) 10皿in.

2.3.3. SllmlⅥary

ln this work, we presented a method of synthesizing
SWCNTs by ultrasonic spray

pyrolysIS method in nitrogen environment without uslng Vacuum Pump and reducing

agent in a simple set up. It is believed that comparative study of drying of substrates

inside catalyst solutions at different time show the role of formation of SWCNTs and

MWCNTs･ Large agglomerates of metal catalysts are the result of longer dipping t皿e,

which produces MWCNTs of larger diameter･ Similarly, shorter dipping time mount

smaller metal catalysts onthe substrates that produces SWCNTs of smaller diameter･
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2･4 Synthesis of CNTs on zeolite supporting material

The system is also analyzed with zeolite supporting material for the synthesis of CNTs

in large quantity [14].The important roles played by catalyst concentration,flow rate of

gas and nanopores of zeolite particles were analyzed f♭rthe fわrmation of both SWCNT§

and MWCNTs.

2.4.1. Experimental details

Zeolite powder containing metal catalysts was prepared similar to Mamyama et al.

[21]･First of all, catalyst particles were sonicated in ethanol for an hour. Y-type zeolite

powder [HSZ-390HUA] was mixed in the well-dispersed metal catalysts and stirred fわr

2-3 h. The solution was dried in an oven at 80 oC for24 h. The dried powderwas then

grinded and heated at 350 oC for 30140 min in air as it was found that this initial

heating Increases the yield of SWCNTs. Catalyst concentration was changed and

examined to see the effect in the formation of CNTs･ For the synthesis of CNTs, the

powder was placed in the middle of the quartz tube and both the ends were closed by

quartz jo仙s with the nebulizer on one side and a water bubbler on the other side.

Nitrogen gas now was kept constant at 2.0 I/min until the set temperature was reached.

When the reaction furnace reached the set temperature, N2 gas血ow was incteased to

2.5 1/min and letflowlng for 5 more minutes. Carbon mist was produced inside

atomization chamber and carrier gas passed this mist into thefumace.

2.4.2 Results and discussion

Fig･ 5 shows Raman spectra of CNTs synthesized at different weights % of Fe and

Co acetate at 850 oC in nitrogen flow rate of2･5 I/min･ It is characterized by G and D

peaks･ †九eG-peak appears ata工Ound 1598 cm~1 and is ascribed to tangential modes ofa

graphene sheet･ The D-peak at around 1328 cm-1 is related to the defects in a graphene

sheet and presence of amorphous carbon･ We tried different alloy of transition metal
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particles on zeolite but alloy of Fe/Co particles showed better results. It is cleared from

Ramanspectrathat crystallimityand qualityof CNTs (Ignd ratio)decreases with

increaslng Fe concentration. As-grownCNTs materials were purified by annealing,

alkaliand acid treatmentsthat removedamorphous carbon, zeoliteand metal particles

respectively [22].
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Figure 5. Ramanspectra of as-grown CNTs synthesized at different weights % of

Fe-Co in zeolite supporting material.

Figure 6 shows TEM image of SWCNTs obtained at 0.2 wt.% of iron acetate and 0.3

wt.% of cobalt acetate in 50 ml ofethanol solution. In TEM observation, a fewamounts

of MWCNTs were also･ examined but the dominating yield was SWCNTs. As it is

conform from TEM images that SWCNTs yield were about 68+(-)5%. In other

concentration, SWCNTs were not obtained easilyand only iron cataly白t did not produce
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SWCNTs･ Previous works performed on diqerent system also showed similar results

[23,24]･ Generally, metal oxide particles change into metal particles by reducing agent

[25] or reducing carbon sources [26,27] for the formation of SWCNTs. However, our

system does not haveany reducing agent or reducing carbon sources. So, the sizes of

metalparticles interactionwith nanopores of zeolite are key factors to determine the

formation
of SWCNTs.

Figure 6･ TEM image of SWCNTsand marked spot shows MWCNTs.

2･4･3 Nanotubes growth mechanism on 2:eOlite

Zeolite [14,22,29] and zeolite like supporting materials (MCM41) [24,30,31i are

extensively used for synthesis of SWCNTs･ h equal wt･% of Co and Fe catalyst, we

obtained both SWCNTs and MWCNTs in same amount･ It is expected that a smal一
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amou山of other eleme山present in zeolite (likealuminium (Al)) can alter the chemical

properties of SiO2丘amework･ For example, Palanisamy et al･ used Al-MCM41 and

zeolite to study the effect of Al during nanotube gr9Wth [24]･They obtained identical

result with both of the materials, which yield MWCNTs. In acetylene CVD, it was

confbrmed丘om X-ray pbotoelectron spectroscopy (ⅩPS)that Al alters the chemical

state ofFe [26 and tberein].At present, we are not fbcusing on the chemical status of也e

catalyst and we are not uslngany hydrocarbon, reducing agent to grow CNTs･ However,

we believe that concentrationand interaction of catalyst particles to zeolite are the key

factors to formCNTs. It is suggested that zeolite contains well-ordered, nanometer-sized

void spaces (ca. 3-15A) in stmctures [32]. Tb examine such behaviors and nanopores,

we took different TEM images of zeolite particles. TEM image
in Fig. 7(a) shows the

welトordered nanopores (rightband side) and
defわrmed spots (1e氏band side) of the

same zeolite particle･ We don'tknow the clear reason for such deformed spots･ It should

be either crea土ed丘om electron beam
irradiation during TEM obseⅣation while trying

to

bring the camera into fわcus or some chemical interaction of catalyst to zeolite･ S血ilarly,

Fig. 7(b) shows large metal particles on the zeolite substrate. In some TEM images, we

obtained SWCNTs of large diameter･ Such SWCNTs might have been grown
from

agglomerated metal particles but not丘om metal catalyst enc叩Sulated in nanopores of

zeolite. Likewise, when nucleation of carbon trlggered
in larger metal

particles,MWCNTs would form. Fig. 7(c) shows TEM image of MWCNTs emerged

丘om the zeolite particle.
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Figure 7 (a) Well10rdered nanopores (right hand side) and
deformed spots (le氏

handside) of the same zeolite particle. (b) TEM image of metal encapsulated zeolite

particles･ (c)MWCNTs observed onthe surface ofzeolite particle.
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So, it can be said that smau metal particles encapsulated in zeolite or metal particles
on

the nanopores surface of zeolite produce SWCNTs whereas agglomerated
large metal

particles produce MWCNTs. Furthermore, Fig･ 8(a)
_叩d
(b) show the highly-magnified

images of MWCN｢■rs fbmed ol- large metal catalyst･ 1t is said that when nucleatlng lS

trlggered, the carbon-saturated catalyst particle precIPitates
its carbon on metal catalyst

and the number of-nucleation caps
formed will depend on the catalyst volume to surface

area ratio [33]. It means larger metal cluster precipitates much carbon, Fig･ 8(a) and

magnified selection For(ion of Fig. 6 in Fig･ 8(b) show "ice-cream cone" terminated

MWCNTs, Pentagons and heptagons carbon rlngS Play
a key role in the tube-tip shapes

[29).These CNT seem to be accelerated fh)m tip end of metalcatalyst･ Hence, it
can be

assumed that in shaped metalcatalyst nucleation of
a CNTs cap occurs dominantly to

the fわrward direction.

Figure 8. MWCNTs elongated from the sharp side of metal catalyst. (b) Tip of

MWCNTs terminated with defects. Scale bar is 10nm in each figure
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Hence, the growth processes of CNTs on zeolite are summarized as fbllows･

(a) swcNTs originate from metal particles located on the
lsurface

of nanopores of

zeolite. We obseⅣed metal particle a土the tip and root of the CNTs [(Fig.9(a)and

(b)],which suggest that both tip and root growth mechanism coexist. Marked with

(Ⅰ)inFig. 10.

(b) SWCNTs of larger diameter do not originate from metal particles located on the

surface of nanopores of zeolite but they originate from agglomerated small metal

catalyst. Likewise, MWCNTs originate丘om large metal catalyst [Fig･7(b)and (c)]･

Marked with (ⅠⅠ)in Fig. 10.

(c) Metal particles were often observed inside the MWCNTs, indicating the weak

metal-support interaction in zeolite [Fig.9(c)].Marked with (ⅠⅠⅠ)in Fig･ 1 0･

(d)In sohe cases, metal catalyst precipitates carbon and forms carbon layers all around

the metal particles. But at sharp metal particles, nucledting of a nahotubes cap

occurs to the forward direction (Fig.8).Marked with (IV)in Fig. 10.
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(a)

(ち)

20nm

10nm

(c)

20nm

klv.11･:チ

Figure 9 (a).Tip and (b)
base growthof CNTs on zeolite particles. (c) Metal particles

trapped inside the MWCNT･
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2･4･4 SummaJY

SWCNTs were synthesized from Fe/Co catalyst using ethanol byultrasonic spray

pyrolysIS method in zeolite･ This system is very simple and ease of scali喝IntO aⅢ

industrial scale process. The grow也mechanism of CNTs on zeolite was studied. We

found that agglomerations of metalcatalyst occur in zeolite either by higher

concentration of metal catalyst or other elements presents on it･ MWCNTs generate

from these large catalyst particles whereas SWCNTs &om smaller catalyst particles.

The present method shows tbaⅠ in the absence or reducing agent and reducing carbon

source, nanopores of supporting materialand catalyst concentration play crucial roles

for the formation of SWCNTs･ Although,the yield of SWCNTs contain a few amount

of MWCNTs, but this system can be improved by uslng Other supporting material for

large-scale production.

Figure･ 10 Growth of carbon nanotubes on zeolite. (I)shows base and tip growth of

SWCNTs･ (II)shows SWCNTs generated from encapsulated metal particles. (III)

shows weak interaction of metalcatalyst with supporting materials. (TV) shows

directional
growth of MWCNTs in metal catalyst･
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2.5 Simultaneous formation of both SWCNTs and MWCNTs

ln this work, we collected SWCNTs at low temperature on desire substrate by

placing the substrates downstream of the tube･

2.5.1 Experimental details

ln our previous studies we used a
large quartz tube (100 cm long and 75mm

diameter)with the substrate placed at the center [12]･Here, a small quartz tube (55 cm

longand 25mm diameter)was used with substrates at different positions, as shownin

Fig. ll(a).Here, ferrocene and cobalt acetate were mixed with ethanol and placed in a

medication cup ln an a.tOmization unit. Parameters such as the reactor temperature, gas

flow, and relative concentration of catalyst were investigatedand adjusted･We obtained

good results with a 2･O I/minflow of nitrogen at a
furnace temperature of lOOOOc and

0.032 wt% for each catalyst concentration. Substrates were cleaned in acetoneand

methanol by ultra sonication
followed by washing in deionized water, and flnally dried

using a nitrogen blower･ Cleaned substrates were
inserted inside the tube･ The

temperatures around: the substrates were determined by inserting thermocouple (AS

ONE TM1300 thermometer). Each deposition was performed for 15 minutes･ After

deposition, as-grown materials were characterized by SEM, TEM, Raman

spectroscopyand UV/vis/ NIR岳pectrophotometry･

2.5.2 Result; and discussion

Fig ll (b) represents the typical Ramanspectra of CNTs formed on silicon

substrates placed at three
different positions･ Raman spectra at positions 2 and 3 appear

with the radial
breathing mode (RBM) at a low wave number. The RBM peak of

swcNT at position 2 appears at 150, 222, and 263 cm-I, which correspond to the

SWCNTs diameters of 1.65, 1.117,and 0.94 nm, respectively. The RBM peak of

substrates at position 3 shows SWCNT diameters of l･35, 1･08, and O･93
nm,
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rest)ectively.The diameter of the nanotube is expected to reflect the size of the catalytic

particle at the time of tube nucleation. Thus, it canbe predicted that the size of catalyst

particles responsible for forming SWCNTs on position 2 are slightly
larger thancatalyst

particles on position 3. This may be because some catalyst particles remainunder a

floated condition, which causes the decomposed carbon source to dissolve and form

SWCNTs at hightemperature in floated condition. Thus, lighterSWCNTs traveled

longer distancesand accumulated downstreamof the tube, whereas metal catalysts at

the center of the tube accumulate to form1arge metal catalystthat make MWCNTs.

Khavrus et al. also proposed a similargrow血ふechanism
forthe simultaneous growth

of nitrogen doped SWCNTsand hiwcNTs [34].
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Figure 11 (a) Schematic diagram of the reactor and the position of substrates inside the

quartz tube. (b) Typical Raman spectra of as-grown CNTs c･n silicon substrates on

different position (i)center of the tube (ii)7cm, and (iii)14cm,fromthe midpoint c･fthe

furnace.

Here, ethano1/catalyst particle mist passes through
a high-temperature (1000oC),

creating enoughopportunities
for small catalyst particles to nucleate under the noating

condition. In the next step,the silicon substrate at position 3 was replaced by FTO

substrates. Thermocouple measurement shows the temperature around position 3
to be

below 300oC. Figures 12(a) and 2(b) show the SEM images ofMWCNTs and SWCNTs

formed on silicon and FTO substrates at positions I and 3, respectively. ln clear

observation, one can noticethe surface of FTO at the back
in Fig. 12(b),which confirm

that there are no cracks and the temperature is
low. The insets show respective TEM
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images of也e samples. Dense bamboo-stmctured MWCNTs were fbmed on the silicon

substrates, whereas pure SWCNTs were observed on FTO substrates. As we carefully

scanned the TEM for several hours, we rarely observed MWCNTs. A small bundle df

SWCNTs of about 1 nm diameter wi也clean tube walls were obseⅣed. Increaslng the

ferrocene concentration enhances the yield of SWCNTs at position 3, alongwith a large

number of non-nucleated metalparticles･ Hotvever, only cobalt acetate produc?s
fewef

SWCNTs,and ferrocene only produces large carbonlmpurities. Ramanspectroscopy

was used to analyze也e pudty ofmatedals so fbrmed. Figures 12(c)and 12(d)sbow也e

Raman spectra of MWCNTs obtained on silicon and
FTO substrates, respectively. At

position 1, G- and D-band intensities become almost也e same. The reason fわr this may

be the disordered graphene sheets ofMWCNTs, as obseⅣed in也e inset ofFig. 12(a).

Ih co血parison,the well-knownRBM, the D-and G-bands were observed on FTO

sdbstrates. As a reference,the bottom spectruminFig. 12(d) was measured丘om FTO

substrates only. The FTO substrate shows some peaks at a lower wave number. In

RamanspectrainFig. 12(d),we cansee some additionalpeaks of SWCNTs. At position

3 several s山bstfates,includingITO, FTO, metallic, s血iconductor,insulator,and plastic

were placedand tested. SWCNlls were formedinallcas占s.
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Figure 12. SEM image of (a) MWCNTs and (b) SWCNTs formed at center and

downstream of the tube. Insets show the corresponding TEM images. Raman spectra

or(c)
MWCNTs and (d) SWCNTs obtained on silicon and FTO substrates･
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Light transmission of the FTO substrate reduced aRer SWCNT formation. But we

performed liquid nitrogen and ozone treatment to
improve transparency. At first,a clean

FTO substrate was modified by boiling in･ liquid nitrogen for. 5 min (LNFTO) to

enhance optical transmission. A免er this treatment, it transmits more than95% of visible

light[red line in Fig. 13(a)]around 800 nm. Transparency of the FTO ･substrate
is an

imbortantparameter in the performance of solar c占1ls.Recently,
Afre et al. [35]

performed a similar treatment to enhance the performarice of organic solarcells. The

light transmission of LNFTO decreased after SWCNT
formation and reached around

60% [blueline in Fig. 13(a)]at 800 nm. Then, the substrate was treated for about 1 hour

in a Uv/vis爪lIR spectrophotometer for ozone oxidation [gre9n linein Fig. 13(a)].This

treatment brings its transparency back to its original state df FTO substrate. It has been

suggested､ that short exposure (<20 min)) to ozone intfqduces defects that ･incr占ase
the

catalytic activity of the nanotubes without signi丘c血tly cbanglng either the light
●

transmission or sheet resistance. Longer exposure begins to degrade tubes, increases the

transmittance, sheet resistance, and charge transfer resistance [?6]･Figure 13(b)and

13(c) show SEi4 images of the SW(加T film on LNFTO before and after ozone

treatment. Note the network of SWCNTs on the surface, it disappeared upon ozone

oxidation of 1 也. The remalnlng SWCNTs might have been oxidized into ethers or

epoxides and carbonyls [37],which may be important fわr strong interaction with other

semiconducting materials such as titanium dioxide or organic polymer in optoelectronic

application.
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Figure 13 (a) Opticaltransmission spectra of SWCNTs on FTO substrate, (b) SEM

image of SWCNTs on LNFTO substrate, (c) SEM image of SWCNTs on LNl:ilo

after 1 h of ozone treatment.

2.5.3 Summary

We passed.a mist of ethanoI/catalyst particles through a hightemperature of the

furnace with the substrate placed downstream of the tube at low temperatul'e. Raman,

SEM and TEM measurements show the simultaneous formation of MWCNTs and

SWCNTs. We believe that catalyst particlesinthe hot regton agglomerate to form a

large metal catalyst,and MWCNTs were formed. At the same time, floating catalyst

particles dissolve the carbon source and become nucleated under the floated condition to

form SWCNTs that passes through carrier gas to downstream of the tube. Finally, we
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measuredthe transparency of SWCNTs grownon FTO substrateswith the aim of using

them in various optoelectronic devices. The transparency of the SWCNT-FTO substfate

decreases a氏er SWCNT formation but retums to its initial stage after ozone treatment.

2.6 Conclusion

ln this chapter, we demonstrated the synthesi占ofboth
SWCNTs and MwcNTs on

different substratesand zeolite supporting material
by ultrasonic spray pyrolysis method.

This systehl is vety simple and easy to handle, which ddesn't require any reducing agent

and vacuum pump for the synthesis of carbon nanomaterials.
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The semiconducting polymer thin fllm has gained substantial interest in the research

co甲munity
because of the possibility to produce polymer based photovoltaic devices by

roll to rolltype manufacture, which is impossible by conventional teclmologies. Hole

transferring semiconducting polymer and electron acceptingfullerene (C60) derivative

are of special interest because of their stability and high power conversion efficiencies.

With the discovery of new carbon "carbon nanotubes" (CNTs), researchers have started

blending them with polymer for improving the solar cell eWICiency. CNT incorporated

sdlar cell shows better power conversion efficiency thanpristine solar cell without

CNTs. This is because of the wonderful properties of CNTs. CNTs have outstanding

Properties like ballistic conductive, high aspect ratio, high surface area,flexible, strong,

rigid, environmental stable, capability of charge dissociation, transportationand so on,

vvhich are
believed to be an ideal material for fabricating high performance solar cell.
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3.1 Introduction

A solar cell converts sunlight into electricity directly through the pbotovoltaic (PV)

effect. In semi-conducting material electrons live in range of define energy level called

band. The conduction band is partially fllled with electrons, creating negative charge.

The valance band has areas where electrons are missingknownas hole (posititecharge).

In the absence or light, the positive and negative charges balance each other in the case

of intrinsic semiconductors. When light energy strikes on semiconductor p-n JtlnCtion,

the electrons are dislodged causlng electrons to move down an extemal circuit in the

formof light-generating electricity. This phenomenon
is
called PV effect. Detail

theoretical description is given in ref [1]. If light with photon energy is greater than

optical band g叩,丘ee electrons and丘ee boles are fbmed by optical excitation in -the

semiconductor. Different materials used for solar cells are: Silicon (Si),Copper indium

gallium selenide [Cu(In,Ga)Se2],Cadmium Sulfide (cdS), Cadmium Telluride (CdTe),

Titanium dioxide (TiO2) etc. Silicon and compound semiconductor based devices are

dominating solar tec血ology. However, the cost of these solar cells is much high to

reach for daily life..So, low costand high efrlCiency solarcells are yet to be realized for

their commercialization. In the search for altemative material, carbon is highly

attractive
because it is expected to have similar properties to silicon and it is highly

stable. Carbon is a remarkable element that exist in a variety of fわrms ranging丘om

insulato〟semiconducting diamond (or diamond-like amorpbous 五1m [2]) to

metallic/semi-metallic graphite (or宰raPhene[3]),conducting/semiconductingfullerenes

(e.g.C60 [4]) and carbon nanotubes (CNTs) [5]. On the other hand, the organic

polymer-based materials are promlSlng too because of their high manufacture uslng roll

to roll or spray deposition. Attractive additional features are the possibilities to fabricate

flexible devices, which can be integrated into curved surfaces, existing building
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stmcture. F叫hermore, the polymeトCN¶; composite materials､ have potential

macroscopic
device application, such as light-emitting

diodes (LED), field-effect

transitions (FET)and PV devices [6-9]･

3･2 Organic semi-conducting materials and cArbon nanotubes

organic semi-conductlng materials exist either
in small size of small molecules

with molecular weight of
less than a few thousand atomic mass units (amu), or polymer

with molecular greater than 10,000 (amu). Semi-conducting donor like organic polymer

such as poly (3-hexylthiophene) (P3HT), poly [21methoxy-5-

(20-ethyl-hexyloxy)-1,4-phenylene vinylene] (MEti-PPV), poly(3-octylthiophene)

(p3bT) are dedvative of pbenylene vinylene, tbiophene cbain･ They can be doped

cbe血cally, photocbemically or electrocbemically methods･ The merits of organic

se血i-conductor materials are

l･ They show high absorption coefrlCients exceeding
105 cm

-I
[10]

2. Electronic band gap can be engineered
by cbe血ical synthesis [11]

3. Block polymer composition can be designed in such a way that one
block of polymer

can interacts with third compounds (like quantumdots, quantumwi;es) while the

other block(i)improve solubility [12]

4. Charge carrier mobilities of organic polymers (about 10 cm2N s) are competitive to

amorphous silicon [13]

The demerits of organic semiconducting niaterials are

1. Band gap of the organic materials is large･ Majorityof semi-conducting polymer have

band gap higher than 2 eV (620 nm).
So, only a small portion oftbe

incident solar

light is absorbted [14]･
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2･ h organic materials photoexcitation produces coulombically bound electron-hole

palrS, Called excitons･ It is estimated that only lO% of the photoexcitations lead to

free charge carriers in conjugatedpolymer [.15].

3. Exciton di凪ISion length is very small about 10 nm.

4･ Carrier mobilities of organic materials are low compare to slngle crystal Si･

CNTs are promlSlng materials that act as exciton dissociating centers and

ballistically conductive agent with high carrier mobility. In addition they are strong,

rigid, chemically inert and environmentally resistant･ CNTs are the cylindrical roll二up

grapbene sheet whose length is in the micro scale and diameter in nano scale.. Thus, it

signifies large aspect ratios (>103)･ cNTs are classirled by the number of roll.ed up

graphene sheets･ SWCNTs have only one rolled up graphene sheet in cylindrical

sthlCture･ Nanotubes with many rolled up gr叩bene layers are called multiwalled carbon

nanotubes (MWCNTs). There is also a special class of MWCNTs called double wailed

carbon nanotubes (DWCNTs) which have two graphene layers rolled up with concentric

center, that have different properties to SWCNTs and MWCNTs･ Band gap of SWCNTs

is inversely proportional to the tube diameter･ By combining CNTs of different

diameters and chiralities, correspondingly, different band gaps, it is possible to obtain a

continuous response over a spectral range [16].

In 1999, a thin film offunctionalized MWCNTs (f-MWCNTslwas used to make PV

device using poly (p-pbenylenevinylene)(PPV) 【17].Under illⅥ.mination, the device

(Al/PPV-MWCNTs/ITO) produced an open circuit voltage (V.c),short circuit current

(Jsc),fill factor (FF)and efrlCiency (り)were 0.9 V, 0.56 mA/cm2, o.23 and 0.081%

respectively･ The external quantum efrlCiency (EQE) of the device was twice than that

of the ITO/PPV/Al devices. From obseⅣed E(〕E, it was estimated that holes are
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accepted by f-MWCNTs at the PPV-functionalized MWCNTs interface･ Later in 2002,

it was also reported that SWCNTs transfer electron in the active layer of

p30T-SWCNTs composite [18].In this device, arc, generated SWCNTs were mixed

with P30T polymer. Diodes (Al/polymer-SWCNTs/ITO) show increase in the short

circuit current by two order of magnitude compare to pristine polymer diode

(Al/P30T/ITO). It was proposed that the main reason f♭r this increment is the

photoinduced electron transfer at polymer/nanotube
interface･ ARer these major

bmikthroughs, most of the devices that are reported either claim
in the increase of

efficiency
by incorporation of MWCNTs (enhancing hole conductivity)or

SWCNTs

(enhancing electron conductivity)･

3.3 Ⅰ'olymer solar cell

Polymer solar cells are a type offlexible solar cell･
It produces electricity from

sunlight using polymers (ororganic materials).This
is because organic mqterials

having

delocalized T【 electron system can absorb sunlight, create photogenera土ed charge

c∬riers and transport these charge carriers towards the electrodes･

3.3.I I)evice Fabrication

The general device design for organic-CNTs solarcell
is sandwich structure (Fig･1)

consisting transparent conducting electrodes (TCE) basically indium tin oxide (ITO)

(marked with `a'in Fig. 1),or且uorine tin oxide (FTO) coated on glass or polyethylene

terephthalate (PET) substrate, poly (3
,4-ethylenedioxythiophene) poly(styrenesulfonate)

(PEDOT:PSS) (marked with 'b'in Fig. 1),active layer (CNTsIPOlymer) (marked with

`c'in Fig. 1)and a therムallyevaporated metal electrode on the top of the composite

layer typically aluminium `Al'(marked with Al
-`d'in
Fig･ 1)
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Al

≡(c)千Active暮ayer

(b) p巨DOT

(a) lTO-coated g一ass

Figure 1 Common device structure for organicICNTs so一ar ce11･

Somewhere, `Al'is also usedwith an ultrathin lithium nuoride (LiF) underlayer.

Layer ofPEDOT:PSSand Lip are generally called buffer layer. Ultrasonication method

is used to disperse CNTs in the conjugated polymer, followed by centrifugatiorl tO

remove large aggregates. The conlpOSite solution is then deposited on the transparent

electrode either by drop casting Or SPln COatmg.

3.3.2 Charge Separation

In organic materials, photon absorptlOn generates bound electron-hole pairs, SO

called "excitons''.-These excitons have to dissociate into丘･ee charges in order to get

photovoltaic response. Figure 2 shows schematic energy-band diagra皿Of a simple

device consIStlng Of a single organic layer between two electrodes of diHerent work

functions, i.e. Au and lTO. The differenceinthe work function of these electrodes

generates electric field, which is sumcient to break up the photogenerated exciton･

Since, exciton diffusion lengthis sport,(about
1-10 nm)

in single layerand the mobility

is low, thereare a lot of chances of recombination or break up to supply separate

charges. Thus, quantum efrlCiency (QE) ofthistype ofsolar cell is less than l%.
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Figure 2 Schematic energy-band diagram ofa simple device consistlng Ofsingle

organic
layer between two metal contacts. An electric field results liomthe difference in

work
functions of the contacts. Absorbed photons generate excitons that di飢1Se towards

one or other contact (here it is diffusing towards rTO contact) where they may

dissociate to yield charge pairs.

LTn bulk heterojunction,materials of higherelectron afrlnity (likeC60, PCBM, CNTs)

can dissociate excitons_ This allows the preferential transfer of the electrons into

electron acceptor molecule (like C60, PCBM, SWCNTs), while leaving holes to be

transported through the polymer. This process of charge separatic･n is known as

photoinduced charge transfer. But in heterojunction (suppose P3HT-C6O), electrostatic

forces resultfromthe differences in electron affinity and ionization potential. 1f both

electron affinityand ionization potential are greater in one material (the electron

acceptor, say C60) thanthe other (the electron donor, say P3HT) then the interfacial

electric field drives charge separation [19]. The local electric field is strong and may

break up photogenerated excitons. However, the better understanding of the charge

separation in polymer-CNTs interface is stillin progress. The large band gap of organic

materials to small band gap semi-conducting CNTs may getlerate `build in voltage'. The
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highelectric field (or build in voltage)
in these junctionscansplit up the excitons･ The

photoinduced charge transfer between P30T and SWCNTs is shown in Fig･ 3･

Figure 3 Dissociation process or pbotogenerated exciton on polymer-SWCNTs
blend･

Electron is transferred to SWCNTs

Layer assembly lS a Way Of using CNTs films at different layers of device.

Chaudhary et al. [20] studied the effect of thin layer of SWCNTs by placing it at

different )ayers in the device. They noted that SWCNTs on the hole collectlng Side of

the active layer leads to an increase in the power conversion efrlCiency (PCE) of the PV

devices from 4 to 4.9%. The success of the device performance depends on approprlate

purification processes [21-24], chemicalfunctionalization [24-28], individualization

[29, 30], length shortening [30]and crystallinity [31, 32]. CNTs films are generally

produced after functionalizalion. This is because I--CNTs get dissolved in polarand
non

polar solvent.

3.3.3 Functionali2:ation or CNTs

Non-functionalized CNTs are insolubility. A number of methods have been reported to

functionalize CNTs [23-27]. Edge sites of CNTs are much more reactive than the atoms

in the interior of the graphene cylinder and chemisorbed forelgn elements. Surface

oxides are produced by liquid oxidants e.g. aqueous solutions of H202, NaOCl,

(NIも)2S208, AgNO3, H2PtC16 etC. The surface oxides decompose to CO2 0r CO on
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heating. After cooling to room temperature, they may again react with
･oXygen
(air)or

water vapor. It
is shownthat SWCNTs whose lengths have been reduced by sonication

(in rangel of 100-300 nm) can
be
soITble

in common organic solvents by covalent

functionalization [29].Functionalization of CNTs starts from simple ultrasonication [33,

34] to corhplex chemical treatment. Titration, infrared spectroscopy (IR), X-ray

pbotoelectron spectroscopy, themal desorption spectroscopy, electrokinetic

measurement are the most frequently used methods for the characterization of surface

oxides [35].
0Ⅹidation with HNO3 is considered as mild oxidatidn method and o鮎n

used
because its oxidizing properties can be controlled by concentration and

te血perature. It is suggested that HNO3 introduces carboxylic acid groups (COOH) only

at those initial defects that already exist (likeedges of CNTs). In contrast, sonication of

cNts in mixture of H2SO4and HNO3 increases the incidence of carboxylic acid groups

not only at initial defect sites but also created new defect sites along the walls of CNTs.

The oxidation processes begin at initial defects at flrSt arid followed throughout the

CNTs length. Strong oxidation like cutting of CNTs [29]begins from newly developed

defect sites in CNTs, can be divided into two steps: (1)the defect-generating stepand

(2) the defect consuming step･ During defect generating step, the oxidants attack the

graphene structure by electrophilic reactionsand generate active sites like OH, C-0.

During defect consuming step, the graphene structure of the tube was destroyed [24].

For chemistry of CNTs see reference [36-43]. Once oxidized, the nanotub;s

spontaneously dispersed in waterand remain stable for many months tvithonly a very

small amount of aggregation materials precipitation over time. Precipitation could be

accelerated by ionic additions, particularly acidic ones. The oxidation of nanotubes

induces a negatively charged surface, particularly through the
ionization

of. acidic

surface groups [37,38].The resultiqg electrostatic repulsion leads to a dramatic in'crease
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in the stability of the colloidal dispersion.
Zhang et al. [38] suggest that KMnO4 and

dilute HNO3 are all inefficient in the defect-consumlng Step Whereas the acid mixture

(H2SO4/IiNO3) is strong enough to cut the graphite structure and generated carboxylic

group with increaslng treatment time･ Carboxylic group helps to dissolve CNTs in

solvent that makes possible of preparing CNTs fllms by spin coating or drop casting. T.

V. Sreekumar et al. 【43]6bserv占d conductivity in the plain offunctionalize CNTsfilm is

lxlO5 s/m･ This film reduces conductivity afterannealing･ However, in microwave

functionalized SWCNTs film,
conductivitywas regain a洗er annealing in inert

atmosphe;e [44].

3･3･4 chemical treatmept on energy level of CNT films

H･ Ago et al･ [45]studied the change in the DOS of acid treated MWCNTs. They

showed that oxidized MWCNTs affect work functions. The calculated w.rkfuncti.n.f

MWCNTs using ultraviolet phdtoelectron spectroscopy (UPS) are listed in Table 1.

Table l･Work Fuhction of MWcNTsand Graphite determined from UPS [Source

S血Plb16

puhfied MWcNTs

air-oxidized MWCNTs

plasma-oxidized MWCNTs

acid-oxidized MWCNTs

Highlv oriented I)VrOIvtic gral)hite (HOPG

Work functio血(也

4.3

4.4

4.8

5.1

4.4
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UPS is a powerful teclmique for the investigation of both the valence band DOS

and the work function. Authors have proposed the followlng reasons for changlng the

work functions

(i) The lower work function of MWCNTs to HOPG is due to destabilization of

the 7t- electron due to the curvature of the graphene sheets.

(ii) The higher work function offunctionalized MwCNTs is due to the reduction

of the T⊂ conjugation of the MWCNTs, which reduces the p7t derived DOS.

Sucb reduction is due to the transfbmatioh of the grapbene layers to

amorphous carbon phase with sp3 networksand due to the enhancement of

surface dipoles because of oxygen-containing functional groups.

3.4.5lmprovement of polymer solar cell by CNTs incorporation

The advantages of CNT incorporation in polymer sわlar cell are summarized as follows:

1. 1h SWCNTs-epoxy composites, the electrical conductivityhas
been claimed torise

by nearly 1105s/cm between O･1and O･2% weight loading of SWCNTs. [30]･ Hence,

CNTs improve low carrier mobilities of organic material.

2. CNTs provide high surface area (-1,600 m2/g), which offers a tremendous

opportunityfor exciton
dissociation.

3. Since SWCNTs have diameters in nanoscale and lengths on the order of microns, so

at low doping of SWCNTs, percoration pathway are established providing the means

for a high carrier mobilityand efficient charge transfer.
However,

suih pathways are

not established in polymer solar cell. Recently, there are some reports of fabrication

of polymer nanoflbers for creating pathway ln enhance hole mobility. Thus, CNTs

provide large interfacial area for low exciton di凪1Sion length of polymer.
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4. CNTs have low energy gap compared to large energy gap of organic polymer. The

lower band gap of CNTs and higher band gap of polymer materials may generate a

large build in voltage. Charges may separate at this built in丘eld.

5. CNTs make percolation pathway for charge transformation. However, in polymer-C60

I
composition, electrons transfer by hopplng.

Other beneflCial properties of SWCNTs relevant to polymeric photovoltaic

development include composite reinforcementand thermal management. Tensile

strengths of SWCNTs have been estimated to equal -20 GPa, while the Youhg's

modulus measured by atomic fわrce microscopy lS -1 Tpa. This high Ybung's modulus

and strength to weight ratio could provide much needed mechanical stability to large

area tbin丘1m a汀ayS [46].

3･4 Fabrication and properties of organic/CNTs-Si heterjunction solar

cell

Since the discovery of photoinduced charge transfer between organic conjugated

polymer and nanotubes, both MWCNTsand SWCNTs have been used to fabricate

photovoltaic devices. Functionalized MWCNTs [47],functionalizedSWCNTs [48],

C60-decorated SWCNTs [49], C60-decorated MWCNT [50] have shownbetter power

conversion efrlCiency than pristine samples without CNTs. In such solar cells, it is

suggested that MWCNTs enhance hole transport, whereas SWCNTs enhance electron

transport･ On the other hand,functional groups of CNTs make homogeneous blend of

CNTs-polymer composite･ This may be because CNTs are soluble in organic solution

a氏erfunctionalization･ Furthermore, CNTs fllms have been extensively used for making

photovoltaic devices. CNTs fllms canbe fabricated at low cost by drop casting, spln

coating, Langmui卜Blodgett deposition, etc. Ago et al. [45] obtained pbotovoltaic
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response of conjugated polymer in thin fllm of f-MWCNTs undet the visible light･

Recently, high transparency, tunable work function metal wire grid electrodes have been

reported
for the application in organic solar cell. The fabricationof organic photovoltaic

devices on flexible ITO coated plastic
･[polyethylene

terephthalate (PET)] substrate,

transfer-printing method,and role-to-role-type manufacturing makes them to be

integrated into existing building structures, which is impossible by conventional

teclmologies. Detail description is given in ref [51].

3.4.1 Experimental details

A large
quantityof

CNTs was synthesized on supporting血aterialsand
･then

purified･ Purified MWCNTs were suspended in 50 ml of a 3:1 mixture of concentrated

H2SO4/mO3 and sonicated in a water bath for a few hours. The resultant suspension

was then diluted with de-ionized water and MWCNT§ were collected on pore membrane

filter. SWCNTs (0.1 mg) and
f-MWCNTs (0.1 mg) were

dispersed together in 1 ml of

chloroformsolvent. A kdownquantityof P30T (6 mg/mol) was dispersed separately
in

another chloroformsolvent. Prepared solutions of CNTs were spln coated at 600 rpm

over n-Si substrates. Microscopically porous CNTfilm
is then inflltrated with P30T

polymer solution･ Care
is taken to make a tbin丘1m of P30T over CNT networks･

Fabricated films were annealed at･120oC for 15 min. In doing so, mesoscopIC Order and

crystallinity of organic polymer materials
increase･ From the viewpoint of the

relationship between structure and perfわrmance, a nanocrystalline stmcture with high

crystallinityis pursued so that a relatively high transportation speed for holes
is

obtained via interchain transport of charge carriers. Finally, semitransparent gold

electrodes (20-30 nm) were deposited by sputtedng.
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3.4.2 Characterization

The in丘ared absorbance was recorded uslng a Perkin Elmer Fourier transfわrm

infrared (FTIR) spectrometer. An atomic force microscopy (AFM) image was obtained

by Spa 300 SII Seiko Instrument. Gold electrodes were deposited by sputtering of gold

target in E11030 ion sputter. Current-voltage (I-V) characteristics were measured at

room temperature uslng JASCO SS-200 W solar simulator in the dark and under AM

1.5 simulated solar radiation.

3.4.3 Result and discussion

Figure 1 shows a FTIR spectrum of the f-MWCNTs. A洗er acid treatment, the

tubes are not only cut into short pipes but also puri丘ed because of intercalation and

exfoliation of graphite. This method is more effective than gas-phase oxidation method

because CNTs are believ?d to befunctionalized throughout the tube length. Peak at

around 1730cm-1 is assigned to the C
- O strength vibration in the COOH group. It has

been realized that acid-oxidized MWCNTs are dispersed in polar and nonpolar solvent,

which in tum canbe very useful for further processlng. X-ray photoelectron

spectroscopy measurement of acid-oxidized MWCNTs shows formation of carboxylic

group【45].
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Figure 4. FTIR spectrum of MWCNTs obtained after acid treatment
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Figure 5a shows the schematic of the P30T/n-Si (organic-inorganicheterojunction)

solar cell incorporating CNTs (f-MWCNTs and SWCNT). Figure 5b shows the I-V

characteristics in dark and under AM 1.5
,_,simulated

solar radiation
for

n-Si/f-MWCNTs+SWCNTs-P30T heteroJunCtion solarcell with partially transparent

gold upper electrode (20-30 nm).
Direct contact was made to the silicon by conducting

stainless steel stage, and the cell was
illuminated丘om gold electrode side･ Under

illumination, short circuit current
density (Jsc)and open circuit voltage (Voc) are about

6.16mAJcm2and 0.44 V, respectively.The
flll factor (FF)and white light conversion

efflCiehcy (Tl)are about 0.36and 0.98% respectively. Table 2.lists photovoltaic

properties of solarcells fabricated by similarconditions using various kinds of

composites. It is obvious that f-MWCNTs+SWCNTs-P30T composite showed better

power conversion eFICiehcyamong these samples [50,53-57] A twin reference cell

fabricated in the same mammer with only P30Tfilm (without CNTs) with identical

device parameters shows no good photovoltaic effect. This may be due to the
fact that

exciton dissociation would
occur only at P30T/n-Si inte血ce and hole transport across

P30T layer is restricted due to the low mobility, whereas ln

n-Si/f-MWCNTs+SWCNTsIP30T device, CNTs make a network throughout the

composite layer and provide direct pathway to enhance carrier transfer.
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Figure 5 (a)Schematic of the P30T/n-Si heterojunctionsolar cell incorporating

f-MWCNTs and SWCNTs in the polymeric layer (b) Current voltage(I-V)

characteristics of the n-Si/f-MWCNTs+SWCNTs+P30T/Au heteroJunCtion
solar cell in

the dark andunder AM 1.5 simulated solar radiation. Cell is illuminated fromthe

semitransparent Au electrode side.

Withthe introduction of f-MWCNTs and SWCNTs in the photoactive layer, there is

large improvement in power conversion efficiency. 1t is believed that such enhancement

in power conversion is due to the efrlCient electron transportation throughSWCNTsand

efficient hole transportation throughf-MWCNTs. The work function of SWCNTs

ranges from 3･4 to 4 eV, while for MWCNTs the range is
from 4.6 to 5.1 eV. Acid

oxidation introduces carboxylic acid groups on the surface of MWCNTs and prc･duced

higher work function (5. 1eV). In our f-MWCNTs, the carboxylic acid group was
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examined. It suggests that･workfunctions of SWCNTs and f-MWCNTs are closer to the

conduction bandand valance band of P30T, which signifleS possible electron and hole

transportation, respectively. Increased work function
,of
f-MWCNTs brings MWCNTs in

same level of Au (5.1eV), which eI血ances hole transportation toward anode.

Energetically favorable charge transportationand band diagram is shownin Fig. 6.

Table 2. Photovoltaic characteristics of solar cells under AM 1.5 simulated solar

radiation obtained from different composition [51].

No. ComDOSites Jsc(mA/cm21 Vo c(VI FF Re f.

[50]

[53]

【54]

[55]

[56]

[57]

i C60-0-MWCNTs/P30T 1.68 0.245 0.27 0.1 1

iiDWCNTs仲3HT 0.3398 0.446 0. 17 0.026

iii MWCNTsn30T 2.915 0.22 0.27 0.175

iv C60 nanOrOd/P30T 0.0098 0.155 0.1485
･
0.0002

v Pt-MWCNTs/P30T 5.88 0.3396 0.3876 0.775

vi Cut-MWCNTs/P30T 7.65 0.23

2.85eV e~

のン

0.31 0.54

SWCNTs Ee･内-

i-h･] WCNrrs

5.25eV

P30T

5. levy/Al一
El亡亡Inltll!

Figure 6 Energy band diagramofthe fabricated device showing band alignment for

f-MWCNTs and SWCNTs.
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In the photovoltaic device with SWCNTs and f-MWCNTs, P30T acts as the

photoexcited electron donors and SWCNTs act as electron acceptor and provide

percolation paths. The mobilityof MWCNTs is several orders higher in magnitude

compared to that in the polymer, which may result in the enhanceme山ofbole transport.

In addition,CNTs may serve as "conducting
bridges" commecting the polymer chains.

3.5 Conclusion

In summary, organic-inorganic heteroJunCtion solar cells were fabricated by

incorporating both SWcNTs and f-MWCNTs. FTIR measurement conformed oxygen

containing functional group ln MWCNTs. SWCNTs and f-MWCNTs were mixed
14

together add dispersed in chloroformsolvent. For solar cell fabrication, P30T was

inflltrated in microscopically porous CNTs fllm. By introducing f-MWCNTs and

SWCNTs together, anlmprovement
in the photovoltaic response was observed. The

reason for such incremeht might have come from tunable work function of CNTs. It is

believe that the workfuhction of
SWCNTs and f_MWCNTs are closer to the conduction

band and valance band of P30T, which signifleS possible electron and hole

transportation, respectively.
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Organic pbotovoltaic (OPV), provides promise of a low cost solar pbotovoltaic

solution and attracts slgnificant acaderriic and industry research. Organic

semiconducting materials having delocalized pi (7[)electron system can absorb sunlight,

create exciton and transport photogenerated charge carriers. They have higher

absorption coefflCients, therefore active layer of a few hundreds of nanometer range are

enough･ Electronic band gap of the materials canbe controlled
by chemical synthesis･

Polymer-fullerene bulk heteroJunCtion PV fabricated丘om blends have been extensively

studied showing several breakthroughs in efficiency [1, 2, 3].Every year new record on

power conversion efrlCien?y (PCE) of organic solar cell is beihg set. Mitsubishi

Chemical reportedly set
a new efflCiency record, producing organic solar cells with

9.2% conversion efflCiency. Meanwhile, Konarka Teclmologies, Solarmer Energy Inc･,

and Heli?tek-are now reporting cells with efficiencies greater than8% [4]･ These

results pave towards commercialization of the teclmiques. It is predicted that OPVs

devices achieve lO% efficiency from slngle layer device and around 15% in tandem

structure [5].However, the conventional device architecture wbicb consists of a

poly(3,4-ethylenedioxythiophene) :poly(styrenesulfonate) (PEDOT :PSS) as

hole'-collecting layerand a bulk-heterojunctionlayer (polymer-fullerenes),sandwiched

between ITO or FTOand a low work function metal electrode are consider not efficient

for higher power conversion efflCiency and long stability.
The low work function metal

electrodeinthis device geometry can be easily oxidized in air leading to deterioration in

performance. To address this problem, a new device architecture uslng a titanium oxide

(TiOx) or zinc oxide (ZnO) buffer layer between the organic active layerand ITO

substrate has been introduced as a hole blockingand oxygen barrier layer to improve the

device stability.
Therefore, the concept of inverted device architecture was introduced

[6-9].The name 'inverted'describ9S the reversed change in polarityof solar ce11･
For
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example, in ITO/PEDOT: P§s/P3HT: PCBM/Al device stmcture, ITO and Al

electrodes collect bole and electron respectively･ But in inverted device stmcture, proper

n or p-type interfacial layers or both (n-typeand p-type)
inter facia1 layers are introduced

either on ITO or metal electrode or both, which change the poladty of the solar cell.

Therefわre, the name `inverted'is. glVen tO these type of solar cell. In inverted

architecture,the polarity of charge collection is opposite to the converltional architecture

allowing the use of higher work functions metals (Au, Ag, Cu) as top electrodes. These

electrodes are air-stable and make good contact with organic layers･ The use of higher

work function metals offer betterambient interface device stabilityand the possibility of

uslng nOn-Vacuum coating teclmiques to deposit the top electrode helping to reduce

fabrication complexity and costs [10113].High-energy band gap materials such as zinc

oxide (ZnO) [14,15], titanium oxide (TiOx) [16-18],.cesium carbonates (Cs2CO3)

[19,20], calcium (Ca) [21] are coated on ITO substrates for eHICient electron

transportation whereas, bole collecting layers like molybdenum trioxide (ⅤⅠ)(MnO3)

[22-26],vanadium oxide (V205) [27128],tungsten oxide (WO3) [30,31]and solution

processed conducting polymer poly(3 ,4-etbylenedioxythiophene) poly(styrenesulfbnate)

(PEDOT:PSS) [32-34],sulfonated poly(diphenylamine) (SPDPA) [35] at the top of

active organic layer before deposition of higher work function metal electrodes. Such

interfacia1 layers play important roles (a) to suppress contact resistance between the

organic･ and charge collecting electrodes [14135] (b) change non-0lmic contact to

Olmic contact [19](c)efficient charge transportation [14-36].

Furthermore, based on
Jthe
light source illuminating, the inverted architecture is

differentiated into top illuminated or bottom illuminated inverted solar cell･ The top

illuminated architecture utilizes a reflective buried bottom electrode and a

semi-transparent.top electrode whereas the bottom illuminated invertedarchitecture
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configuration utilizes a higher work function reflective electrode as the top hole

collecting contact and semi-transparent condticting electrode (likeITO, FTO) at the

bo仕om to collect electrons. 也 top illuminated inverted solar cell, it is important to

note that the bottom electrode is metal fわilinstead of a glass substrate. Ag, ITO, Cs2CO3,

Al is generally deposited in the metal foil for the reflection of visible light.The detailed

review on inverted polymer solar has been?iven elsewhere [37]･

4.1 Laminated polymer solar cell

lnverted polymer solar cell architecture isanefficient way to improve the

efficiency,of OPVs. It canbefurther simplifled by stamplng Or la血inating top metal

electrodes for roll-to-roll fabrication [38-41]. Direct vacuum evaporation of the metal

electrodes on the active polymeric layer could damage the surface morphology of the

device.reducing device perfbⅡnance [42-47]. To overcome these problems, stacking

[38-41]or stamping [48- 52] the two active layers of the device in BHJ solar cell was

introduced. Stacking or stamplng aS a method of device fabrication has several

advantages over conventional bottom up device fabrication process.
-
(a) The power

conversion efficiency (PCE) of the stacking (orlaminated)device is almost similar or

higher to the devices fabricated from the evaporated top metal electrode [38141].(b)

Laminated interface produces olmic contact toanother layer showlng high flll factor

and low series resistance [40].(c)The processing step of thermal evaporation of a metal

onto the active layer is eliminated which reduces the high parasitic resistance that may

create from conventional metal.evaporation [38,39].(d)It enables the in-air fabrication

of devices [38-41]. (e) It produces a self-encapsulated device that is mechanically

protected on bothsides [40].(i)The methodology allows one to prepare, optimize and

characterize two parts of the device indeわend6ntlybefore bringlng them to contact

[38-41]･(g) All solution processipg
fabrication of device is possible･ (h) It is cost
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effective and simple method･ (i)It allows the fabrication of multilayer photovoltaic

devices [38].

One way to fabricate multijunctionsolar cell is by comecting two polymer blend

layers with introduction of a (semi)transparent metal or semiconducting layer between

the blend layers, which is generally flamed as tandem solar cell. In tandem structure, the

intermediate layer works as charge recombination center; th占reforethe device has an

open circuit voltage (Ⅴ｡｡)that is the sum of the values of two devices, whereas ･sbort

circuit (Is｡)of the device is restricted to the smaller value of the two. On the other band,

a "multilayer device" in which the two active layers are stacked directly (i.ewithout any

inte血cial layer)has an Js｡ value that is the sum oftbe values f♭rthe two cells. Recently,

Sun et all [53] demonstrated the fabrication of multilayer structure solar cellfrom

sdlution-processlng method･ This unlque temperature dependent solubility of

poly(2,5-bis(3-alkylthiopben-2-yl)thieno[3,2-b]thiophene)(PBTTT) enabled them to

spin-coat a solution of PBTTT at 70 oC and another overlaid polymer (MDMO-PPV)

from the same solvent at room temperature without dissolving the underlying PBTTT

layer･ As a result, the fabrication of multilayer BIIJ solar cells from all-solution process

was achieved･ Postannealed bilayer bulk-heteroJunCtion devices yielded a Voc of 0.59V,

Jsc values of lO･1110･7mA/cm2, FF of O･55,and PCE of 3･0-3･2%, showlng an increased

Jscand PCE by a factor of 2with respect to their slngle layer counterparts･ Preparation

of multilayer device from solution processlng lS a difflCult task because the underlying

polymer layer may dissolve丘o皿･･ the solution processlng Of the second polymeric

solution･ The follow-up work by Nakamura et al. demonstrates the fabrication of

multilayer structure BHJ ･

solar cell丘om lamination
,process [38,54]. Multilayer

structures consisting. of two blend layers
. of poly(3-hexylthiophene)

(P3HT):(6,6)-phenyl C61 butyric acid methyl ester (PCBM) . and
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poly (N-[1I(2'-ethylhexyl)-31ethylheptanyl]-dithieno[3,2-b :2',3
I-d]pyrrole12,61diyl-alt-4,

7-di(2-thienyl)-2,1
,3-benzo也iadiazole-5′,5

′′-diyl)(PDTPDTBT):PCBM were prepared

by a simple thermal 1amination teclmique under heat.,and pressure. The device structure

is Glass/Au/PEDOT:P§s/ P3HT:PCBM // PDTPDTBT:PCBM / TiO2 / ITO/Glass,

whereas // represent interfaciallayer. Now, throughout the chapter // represents an

interfacial layer. They demonstrated improvement in PCE of inverted-structure

laminated pbotovoltaic devices丘om 1.6% to 2.6% based on slngle stmctural BHJ solar

cell [38]. The i血sertion of a PEDOT: P§s layer, between the metal electrode and

polymer layer further improved the PCE to 3･3 %･ A compact layer o'fTiO2 is necessary

on the cleaned ITO substrate.to make hole blocking layer･ However, lamination of two

parts of the device to finish･ the fina1 0PV structure was showna decade ago for

polymer-polymer bilayers [55].

Heatand pressure are important parameters to laminate two different electrodes.

Nakamura et. al. suggested that adhesive materials was not necessary when heatand

pressure were叩plied simultaneously[38,54.].But B.
A. Bailey et al. noticed that 25%

of devices without adhesive material delaminated when plates of the press were pull

apart, while none of the devices delaminated with adhesive material when plates of the

pressure were pull apart [40].In their work, they mixed. conducting polymer (d-sorbitol)

with PEDOT:PSS to improve adhesive property･. D:sorbitol is a transparent glue,

exhibiting a conductivity of 1O2scm-I that could effectively laminate various substrates

electricallyand mechanically [41].The､ conductivity of a PEDOT: PSS film could be

enhanced by addinganorgamic compound with multiple polargroups or treating the

PEDOT: PSS aqueous solution/fllm withanorganic compound having multiple polar

groups. The PEDOT:PSS (d-sorbitol)filmJlis｢able lo laminate two subslrales well and

free of solvent･ D-sorbitol melts penetrates into the polymer at temperature above
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98-100oC [41].B.A. Bailey et al. select占dflexibleconducting substrate (PET) as anode

to fabricate laminated solar cell with IiET/Ag/PEDOT:PSS ･ (d-sorbitbl)//

P3HT:PCBM/ZnO/ITO/glass conflguration. The PET substrates improve device

reproductively because of itsflexible nature. Non-flexible glass substrate may break

with pressure during lamination. The best-laminated device shows PCE of 3.19%,

which is higher thanthe control devices produced with the best evaporated top metal

electrode･ Suchlmprovement Lcomes from the increased work function of Ag metal

electrode with air oxidation [40].Similarly, Y. Yuanet al.[39]
increases the work

function of Ag film by ultraviolet/ozone treatment for improved photovoltaic response.

This treatment increases the coverage of the adhesive material (d-sorbitol)from 70% to

1OO%･ The device architecture was PET/Ag/d-sorbitol〟P3HT:PCBM/Cs2Co3/ITO/glass.

由btplate lamination also promotes the crystallization of PCBM material [39]. This

method has been suggested for the roll-to-roll mass production of OPVs. Under the one

sun simulated irradiation,. the device with laminated PET/Ag/d-sorbitolanode shows the

highest PCE compared to devices with ･
laminated PET/ITO/d-sorbitol or

PET/Al/d-sorbitol anode. The reduction of device performance in PET/ITo/d-sorbitol

architecture is believed due to (a) the increase in血eet resistance of ITO substrates

during multiple bendi血g弧d (b) penetration of ITO丘agments into the so氏polymer

layers during the lamination process that may formcurrent leakage paths. Similarly,

improvements in device performance with PEN/Ag/d-sorbitol anode has been explained

as (a) better light harvest from the light reflection from top Ag anode fllm (b)

Efficiently charge collection and (c)Oxid_ation of Ag surface increases the anode work

function and surface energy.

78



CHAPTER 4

LAMINATED SOLID STATE DYE SENSITIZED SOLAR CELL

4･2 Solid state dye sensitized solar cell uslng COnjugated polymers?s
●

hole transport materials.

Materials and technique that are required to
fabricate invertedand laminated OPVs

are almost same and similartothe materialsand teclmique required to fabricate solid

state dye sensitized solarcell (s-DSSCs) that use conjugated polymers as HTMs･ In

inverted organic solar cell, ZnO, れox layer are in manometer thickness whereas in

sIDSSCs with polymer
HTMs, these layers (ZnOand TiOx) are in micrometer with dye

sensitized. The working pnnciples of these devices are different from each other. in

s-DSSC, excited dye injectelectrons into TiO2 nanOParticles whereas in inverted

organic solarcell, acceptors.materials like (C60 0r PCBM) are employed to dissociate

excitionand transfer of electrons. Orgamic material
like splrO10MeTAD possesses

higher PCE in solid-state DSSCs
family, where positive charges are transportled by

hopping processes [56].But spiro-OMeTAD has low hole mobility and high fabrication

cost compared to the conjugated organic polymer materials. P-type conjugated polymer

materials are one of the promising materials for hole transportation [57159]･

Wben TiO2 layer is sensitized wi也dye in solid state DSSC, extemal quantum

eWICiency (EQE) shows the large contribution of photocurrent generation from the

sensitized layer 【60-86】.In this architecture, short circuit condition requires the electron

injectionfrom the excited dye molecule into conduction band of TiO2and transfer of the

hole through polymer
layer to the back contact electrode･ In order to realize this, 'several

requirements have to befulfllled. The general requirements are [60]

(a) The p-type polymedc material must be highly transparent in the spectral range,

where the dye absorbs light.

(b) p-type polymeric material must
be
atailable･

for depositing without dissolving or

degrading the dye monolayer on TiO2 nanOCryStallities.
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(c)The excited state energy level ordye should be located above the conduction band of

TiO2 and the ground state must be below the叩per edge of the valence band of the

p-type polymeric material･ This is essential for electron transfer from lthe excited dye

molecule to the conduction band of TiO2 and hole transfer to the valence band of the

p-type polymeric material.

vario-us triarylamine based polymers [61-64],poly(31alkylthiophene)s[65177],

polypyrrole [78-81],polyaniline [82-86]∬e studies as HTMs in solid state DSSCs. The

polymers cast from solutions must penetrate into the pores between the nanoparticles,

and should forma good contact with the absorbed dye･ Interestingly, C･ S･ Karthikeyan

et al･ [87] demonstrated the self organized interacted molecular between the dye and

polymer layers for the efrlCient transfer of hole from dye to polymer material･ Actually,

they developedruthenium complexes carrylng different triphenylamine-based donor

groups, which combination with a triarylamine material of splrO-MeOTAD･ The result

indicated that the dye/spiro-MeOTAD interfaces are
s･elf-organized by oleophilic

interaction resulting ln improved photocurrent and eFICiency･ Similarly, K･J･ Jiang et

al･[75]reported the dyes with oleophilic thienyl groups, which show power conversion

eFICiency of up to 2･7%･ The authors suggested that the excellent performance is due to

the self-organized interface between dye molecules and polymer material

4･3 Laminated solid-state dye sensitized solar cell

ln the above section, itwas noticed that lamination as a method of OPV devices

has several advantages over OPV fabricated &om lCOnVentional metal evaporation

metbod･ Direct metal deposition on the su血ce of polymedc layer creates high parasitic

resistance that reduces the device peめ-ance [42-47].Tberefbre, it is important to

fabricate solid state DSSCfrom hot plate lamination teclmique･ To ourknowledge,
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there isn'tany report on the fabrication of solid state DSSCsfromthe hot plate

lamination process. Furthermore, we incorporate functionalized MWCNTs

(f-MWCNTs) in P3HT solution to improve hole mobilityof the device. P3HT was spin

co?ted on the surface of
Ru-sensitized titanium dioxide (TiO2) nanOParticles･

Glass/FTO/TiO2 (Ru dye sensitized)仲3HT//PEDOT:PSS(d-sorbitol)/ITO/PET

photovoltaic cells were fabricated. The open circuit voltage (V.c) improved with Au

deposited electrode. A small amount of d-sorbitol was added to PEDOT:P§s to improve

adhesive properties [41].

4.3.1 Experiment details

FTO substrates were cleaned wi也acetone, methanol fわllowed by drying ln nitrogen

gas, it is then ozone treated for 10 mins to remove remalnlng Organic materials from the

substrates. A compact layer of TiOx paste (PASOL HPW-1 8NR) was spin coated on the

cleaned FTO substrate at 2200 rpm for 40 sees. This compact layer removes the

possibility of short in the device. In this FTO- TiOx compact layer, nanoporous TiO2

slurry was spln coated to make TiO2 layer of about 2トLm thickness. TiO2 Slurry lS

prepared in the followlng Way. At first,4 mg of P25 TiO2 nanOParticles was mixed with

0.4ml
acety1acetone (2,4-Pentanedione)and grind for a few minutes till it

'changes to

light golden color. In th占second step, de-ionized water (0.5ml) was poured on it and

grind for 5 minutes: At every 5 minutes, the same amount of de-ionized (0.5ml) was

addedand grinded. This process was repeated for 7 times then 2ml of TritonX (30vol%)

was mixed on the solution. Finally, fine PEG (0.4mg) was added to the TiO2 Slurry and

grind for a few minutes (10 minutes). The prepared TiO2 Paste Was spin coated on the

surface ofFTO-TIOx layer at 500 rpm for 40 see.
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Figure 1 A Optical transmission spectra of FTO (red line)and TiOx coated FTO substrate

(black line)･Commercially available TiOx solution (PASOL HPW118NR) was spin

coated.

4.3.2 Result and discussion

Figure I shows the improvement in transparency of FTO substrates from 400 nm

to 750 nm wavelength a洗er spin coating of TiOx. The reason for this transmission

improvement is unknownat present condition because of the lack of chemical

composition of the commercial product (PASOL HPW- 1 8NR).
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Figure 2. AFM images ofFTO before (a) and a氏er (b)TiOx coating.

Figure 2(a)and (b) show the AFM images of FTO glass substrate before and a氏er

spln COatlng Of TiOx solution, respectively. It depicts that the RMS rougb皿eSS Or FTO

substrates reduced from 31060E+01nm to 8.317 nm and the peak-to-valley (P-V)

distance wasalso reduced from 2.233E+02nm to 7.776E+Ol nm. This measurement

indicates thatthe roughness and P-V distance improves a氏er TiOx coatlng.
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Figure 3‥ SEM images
show (a) cracks on TiO2 film (b) crack free TiO2 film a鮎r

mixing commercialTiOx paste (c)closer view of TiO2 fllm showing microscopic holes
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Figure 3 (a) shows the SEM image of the TiO2 film (not TiOx) on FTO substrate･

A氏er sintering, cracks were obseⅣed in the丘1m. With liquid electrolyte, DSSC works

well even though the conducting FTO ;ubstrateis.in direct contact withthe electrolyte

at the FTO/electrolyte interface. But for solid state DSSC, this becomes the problem･

We thought to improve the paste to make crack free titanium layer a氏er sintering. For

this, the same amount of commercial available titanium paste (Pasol-HPW-.18NR) was

mixed with ours prepared paste with1 :1 ratio. Thin
film produced from the mixed TiO2

paste lacks cracks a洗er sintering as shown
in丘g 3 (b).The magni丘cent image of this

fllm in flg 3 (c)shows some microscopic holes like structure on the TiO2 Surface.

TiO2 coated substfates
were sintered at 4500c for 30 min and sensitized with

良u-dye (N719) for 18 hours in ethanol solution. P3HT (17mg/ml) solution in 1,

2-dichlorobenzene was spln coated on the surface of dye-sensitized TiO2 layer at 2000

rpm for 40 sec･ In another set of experiments, f-MWCNTs-P3HT solution was also

spln-coated in the similar manner without cbanglng any parameterS･ This completes the

fabrication of one (bottom electrode)part of the laminated solid state DSSC. Another

part (topelectrode)was prepared
inflexible ITO pla'stic substrate (orAu deposited ITO

substrate or Pt deposited substrate)
by spin coating PEDOT: PSS (with 10 wt% of

D-sorbitol)at 2000 rpm for 40 see. Finally, the two parts of the device were placed one

above?nother at hot platesand laminated under heat (120oC) and pressure (1.2Mpa) in

air. Before lamination, the edges of the FTO substrates were covered with plastic tape so

that the cracked or bare spaces at the edges don't touch the upper electrode.

Figure 4 (a)shows the device conflguration of solid stat占DSSC fabricated from hot

press lamination･ The melting point of
d-sorbitol is about 90-100oC･ A鮎r reaching to

its melting point, it
laminates two electrodes elettricallyand mechanically.

It is solvent

丘ee electric glue exhibits a conductivity of lO2s/cm [41]. Figure 4(b) shows the
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photograph of the laminated

PET/1TO/PEDOT:PSS(d-sorbitol)//P3HT/N719-TiO2/FTO/glass substrate (the //

represent the laminated interfaces)photovoltaic device. The device fabricated without

d-sorbitol does not show adhesive properly.

(a) 12.｡c + 1.2MPa
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Figure 4･(a) Schematic or PET/ITO/PEDOT:P§s :D-sorbitol//P3HT/Ru-TiO2/FTO/glass

heteroJunCtion solar cellincorporating f-MWCNTs inthe polymeric layer, where //

represents laminated interface ･ (b) Photograph of laminated heterojunctionsolar cell

fabricated by hot plate lamination.
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Figure 5 s血ows the ∫-V characteristics of the photovoltaic devices measured under

AM 1.5 simulated solar radiations. The cells were prepared with and without

incorporation of f-MWCNT in P3HT
solutionand.illuminated

from glass.side. The

mask of area 1 cm2 was used during J-V measurement･ Under illumination, the device

fabricated with P3HT and f-MWCNTs shows Jscand V.c about 1.05mA/cm2and 0.04 V,

respectively. The flllfactor (FF)and white light conversion efficiency (Tl)is about 0.24

and 0.012%, respectively. A twin reference cell fabricated in the similar marmer with

only P3=T丘1m shows Js｡, Ⅴ｡c, FF and ∩ of 0.12m〟cm2, o.o6V 0.25 and 0.0019%

respectively. We believe that such improvement uslng f-MWCNTs might have come

from efficient transfer of hole throughP3HTand f-MWCNT. The photovoltaic

properties that are stated here lS justa report on the successful fabrication of solid-state

DSSCsfrom hot plate lamination method. There are a lot of scopes to optimize the

device parameters丘)r the improved photovoltaic properties. Sensitizing TiO2 particles

with dye of high molar extinction coeFICient, optimization of parameters are some

simple ways to improve the device perfbⅡnance.

87



CHAPTER 4

LAMINATED SOLID STATE DYE SENSITIZED SOLAR CELL

Figure 5･ Current voltage (∫-Ⅴ)characteristic of the laminated beterqjunctionsolar cell

under AM l･5 simulated solarradiation with (black line) and without (blue line)

f-MWCNTs in polymeric layer.

The imitial work shows photovoltaic response of the laminated solid state DSSCs.

Improvlng CryStallinity and use of metal electrode is another approach to improve the

device performance･ One way to improve the crystallinity of the polymer material is by

annealing･ Therefore, the bottom electrode a洗er P3HT spln coating was annealed at

120oC fわr 15 min･ In doing so, mesocopic order and crystallinity of organic polymer

materials increases･ From the vleWpOint of the relationship between structure and

performance, a nanocrystlline structure with high crystallinity is pursued so that a

relatively high transportation speed of holes is obtained via interchain transport of

charge caⅢ●iers･A洗er a-ealing, a very small drop ofPEDOT:P§s (with lO% d-sorbitol)

solution was drop casted on the surface of P3HT layer･ From above, Au deposited ITO

PET substrates placed over it･ The device is then laminated under heat and pressure･
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Under illumination in non-optimized solar cell, Jsc, V.c, FF and Tl are about 0.03

mjVcm2, o･1V, 0･27 and O･001 % respectively･･ Such improvement in Voc may be due to

the crystallinity improvement of P3HT layer or top Au electrode･ The light reflection

丘om Au may lmprOVe light haⅣest in the device. Figure 6 shows the ∫-V characteristics

under AM l･5 simulated solar radiation for laminated solid state DSSC uslng Au

deposited ITO PET substrate in P3HT layer.

Figure 6･ JIV characterization of non-optimized laminated solid state dye sensitized

solar cell using metal deposited (Au) electrode on flexible ITO substrates.

Generally, p-type semiconducting polymers that accept holes from the dye cation are

important･ In FTO/ N7 19-TiO2/P3HT/仲EDOT:PSS(d-sorbitol)/ITO/PET configuration,

we believe that photoexcited dye molecules Inject electrons into the conduction band of

TiO2 (Ecb-4eV) and hole towards P3HT. The favorable charge transportation is suitable

because the excited state energy level of･.N719 (LUMO-3.7eV) is located above the

conduction band of TiO2 and the ground state (HOMO-5.5eV) level is below the upper
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edge of the valance band of the P3HT (E,b -5.1eV).
This is essential f♭r electron

transfer from the excited dye molecule to the conduction band of TiO2 and hole transfer

to the valance band of P3HT･ P3=T possesses high bole mobility of up to O･1cm2v-1s-1･

Similarly, the mobility of MWCNTs is several orders higher in magnitude compared to

that of the polymer, which may result in the enhancement of hole transport. In addition,

MWCNTs may serve as 'conducting bridges'connecting the polymer chains･ The

increased work function of f-MWCNTs (5.1eV) eFICiently transfer the hole towards

PEDOT:PSS･ Energetically favorable charge transportationand band diagram is shown

inFig.7.

FTO

==コ

5.OeV

PED OT:

PSS

4.7eV

TiOl
.Jb

Figure 7･ Energy band diagram･of the fabricated device showlng band alignment･
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4.4 Conclusion

lnverted solar cell architecture allows depositing various layers of organic material,

metal electrodes onto flexible substrates from sJOlution processlng tO industrial

roll-to-roll manufacture. This device architecture can be further modified by depositing,

optimizingand characterizing two parts of the organic layers independently in

laminated organic solarce11･ The power conversion efficiency of
inverted and laminated

solar cells is almost same or higher to the power conversion efficiency of devices

fabricated from conventional process･ The
device architecture of these solar cells is

●■

similar to the device architecture of solid-state
DSSCs that use conjugated polymer as

HTMs, which make possible
for the fabrication of laminated solid-state DSSCs･ The

present
flndings offer novel directions for achievlng high-efflCiency solid-state DSSC

by optimizing and characterizing two different parts of the device independently before

bring them to contact･ P3HT solutions witb弧d without mixture of MWCNTs were spln

coated on the surface･ of dye sensitized TiO2fi1ms. Incorporation of MWCNTs
in the

polymer solution improves the pbotovoltaic response of the
device･ Here, it is expected

that excited dye molecular injectelectron to the conduction band of the TiO2 layer,

whereas MWCNTsand polymer efficiently transfer hole･
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CHAPTER 5

SUMMARY AND FUTURE WORK-

S.1 Summary

This thesis mainly deals with the synthesis of
CNTsand its application

to solar cell･

cNTs were synthesized by ultrasonic spray pyrolysis･
It is a very simple and promlSlng

method to grow CNTs at low cost･ CNTs were purifled,functionalizedand mixed with

organic materials for the
fabrication of hybrid solar cell･ Incorporation of CNTs in

active layer of hybrid solar cell
improves the pbotovoltaic properties of the

device･

chapter 1 described a short note about carbon materials･ It is the most abundant

element in theuniverse･
Graphite, diamond,fullerene, carbon nanotubes are all the

different allotropes of carbon･ It was mentioned thatarc
dischar'ge, laser ablation,

chemical vapor
deposition (CVD) are the most corr-only used methods for synthesis of

cNTs. Moreover, short introduction on polymerand
dye sensitized solarcell was also

included.

chapter 2 described the synthesis of carbon nanotubes
by ultrasonic spray

pyrolysis method･ The
importance of the system was the availability

to produce mist･ In

our work, we used ethanol as carbon sourceand nitrogen
as carrier gas to transfer the

mist into the reaction tube.
MWCNTs, SWCNTs, CNFsand CNWs were synthesized

successfu11y･ Dip coating of catalyst on silicon substrates was found suitable
for the

growth of SWCNTs･ A fewamounts of SWCNTs and MWCNTs were synthesized on

zeolite supporting materials･ The role of metal catalyst
for the formation of SWCNTs

was analyzed.

chapter 3 described the use of CNTs to organic solar cell･ CNTs
incorporated solar

cell showed better power conversion e氏ciency than pristine cell without
CNTs･ This

was because of the special property of charge dissociation and transport capacity of

cNTs. It was mentioned thatthere are a lot'of methods to incorporate CNTs for the

fabrication organic solar ce11･

100



CHAPTER 5

SUMMARY AND FUTURE WORK

Chapter 4 described the fabrication of solid-state dye sensitized solar cell from hot

plate lamination. Hot plate lamination as a method to device fabricate have many

advantages. The problem of direct metal deposition over the active
layer of the organic

layer was eliminated. Direct deposition of metal over the active layer may damage the

surface of polymer layer and creates high parasitice resistance. In this chapter, we

applied the la血ination teclmology to fabricate solid-state DSSC. The materialsand

teclmiques used to fabricate laminated DSSC with polymeric HTMs were similar to the

techiques used to fabricate inverted organic solar cell.

5.2 Future directions:

Our future step is to fabricate multilayer organic-inorganic
heteroJunCtion solarcell.

5.2.I Fabrication process:

Figure 1 shows the schematic diagram of burfuture multilayer structure solar cell.

Here,. polymer layer (with and without acceptor molecular) will be
introduced in

electrode II. A multilayer device (when two active layers are stacked without interfacial

layer) shows Jsc that is the sum of two cells [1].In our work we shall like to fabricate

multilayer device by stacking two heterojunctionlayers of electrode I and II with hot

plate lamination teclmique.
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5･2･2 0ptimi2:ation of the device parameters.

At first, the photc･voltaic properties of each single
layer devicewill be characterized

and optimized. Thenthe both layers will be slacked to fabricate solar cell. Il has been

suggested that use of adhesive materials is not necessary when heatand pressure are

applied simultaneously [2]. Analysis of absorption spectra, J-V curves and external

quantumefficiency (EQE) provide information on the contribution of each layers in

multilayer device configuration. To reduce intemal resistance at laminated interfaces

between polymeric layers･ the device will be investigated by modifying the surface

properties of polymer so that itgenerates surface-segregated monolayer (SSM) at top as

showninright hand side of figure 1. The best condition will be characterized.

Compoundswith low surface energy segregate on the film surface as a monolayer

during spin coating of themixture solution [3].The contribution of SSM in device

perfbmance will be analyzed thoroughly･ We believe that血e SSM inte血cial layer

improves adhesive properties of polymer layers or may eliminate or reducethe necessity

of beat and pressure du血苦 lamiT-ation･
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5･2･3 Harvestillg large portion of visible range of solar )igllt.

To absorb large fraction of sunlight, low and highband gap polymer materials will be

used in electrode land electrode ll, respectively. Hot plate lamination technique

provides opportunity to fabricate multilayer structures solar cellinsimple and easy

processes regardless of solvents･ Both the layers contribute tothe photocurrent

generation simultaneously. Optimization of HOMO and LUMO energy level difference

is one of the most promislng Strategies
to develop high e缶cient solar cell. The solar cell

will be tested t)y illuminating the visible lightfromglass side, therefore light reflection

from top metalfilmfurther increases the light harvest in the cell.

ln short, the above mentioned research plan canbe summarized as

□ Fabrication ofmultilayer organic-inorganic solar cell

□ Optimization of the parametersand understandingthe contribution of each layers

D Introduction of modified donor or acceptor materials to improve adhesive property

a皿d remove intemal resistance at laminated interfaces

口 Harvesting large fraction of sunlight using SenSitizer and low band gap polymer at

first electrode and large band gap polymers at second electrode. Light renection

from the metal electrode also improves lightharvest.

5.2.4 Expected results aJld impacts

lt is expected that the presented research proposal will provide new ideasand platform

to the scientist communlty tO fabricate high efficient organic-inorganic solar cellwith

improved lifetime.Another important factor of this research is to reduce fabrication cost

of solar cell for commercialization･ Our target is to achieve more than 7 % efficiency m

multilayer organic-inorganic heterojunCtion solar cell. This studywill bring new

thoughts to scientific communities･ The hot plate lamination technique isalso applicable

to a wider range of optoelectronic.
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