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ABSTRACT

Negli ultimi anni le applicazioni dei nanotubi di carbonio nel settore
microelettronico sono notevolmente aumentate date le proprieta’ uniche. In particolare
la conducibilita’ dei nanotubi fa si che essi trovino interessanti utilizzi nel settore
fotovoltaico. Questo lavoro si concentra sulla progettazione di una cella solare ibrida a
base di nanotubi di carbonio e dye di Rutenio.

Nella prima parte sono stati studiati diversi metodi di realizzazione dello starto
omogeneo di nanotubi come starto conduttivo della cella. E’ stata proposta la molecola
1-Pyrenemethanol che contiene 1 gruppi pirenico e ossidrilico, per creare il contatto tra i
nanotubi ed il dye.

Nella seconda parte del lavoro lo starto di nanotubi e’ stato formato mediante
elettroforesi per single-walled nanotubes (SWNTs) e metal-organic chemical vapor
deposition (CVD) per multi-walled nanotubes (MWNTs). Entrambi 1 metodi hanno dato
la possibilita’ di creare campioni con ampia area superficiale, dai quali sono state
fabbricate le celle solari. Sono state studiate determinate le dipendenze tra 1 fattori dei

metodi e le proprieta’ delle celle prodotte.



CHAPTER 1

INTRODUCTION

Every year the energy consumption continues to rise because of the development
of industry and the population upsurge. Given that main energy resources are limited, it
will be a significant challenge in the future. Therefore it the last decade, the science has
worked to increase the use of renewable sources of energy such sunlight, wind, rain,
tides, and geothermal heat. Renewable energy is an alternative to fossil fuels and was
commonly called alternative energy in the 1970s and 1980s. In 2009, about 16% of
global final energy consumption came from renewable energy. At the end of 2011,
cumulative global photovoltaic (PV) installations surpassed 69 GW, an increase of
almost 70% [1], and PV power stations are commonplace in Germany, Italy, and Spain.
Climate change concerns, coupled with high oil prices, peak oil, and increasing
government support, are driving increasing renewable energy legislation, incentives and
commercialization.[2] It also has the advantage that it lasts for as long as we are on the
planet, vs. less than a century for most of the non-renewable resources. Conventional
production of oil peaked in 2006, and the more we use it the faster it will be depleted.

The total solar energy absorbed by Earth's atmosphere, oceans and landmasses is
approximately 3,850,000 exajoules (EJ) per year. Solar photovoltaics is now, after
hydro and wind power, the third most important renewable energy source in terms of
globally installed capacity. Photovoltaics can generate electricity for a wide range of
applications, scales, and climates; it is a cost-effective way to provide power to remote
areas and for space applications [3]. Table 1.1 lists some of the technical, economical
and infrastructural features of photovoltaics, showing that photovoltaics help us avoid
most of the threats associated with our present techniques of electricity production and

also has many other benefits [4].



Table 1.1 Advantages and disadvantages of photovoltaics.

Advantages Disadvantages

Fuel source is vast and essentially infinite | Fuel source is diffuse (sunlight is a
No emissions, no combustion or | relatively low density energy)

radioactive fuel for disposal (does not
contribute perceptibly to global climate
change or pollution)

Low operating cots (no fuel) High installation costs
No moving parts (no wear)

Ambient temperature operation (no high
temperature corrosion or safety issues)
High reliability in modules (>20 years) Poorer reliability of auxiliary (balance of
Modular (small or large increments) system) elements including storage

Quick installation

Can be integrated into new or existing
building structures

Can be installed at nearly any point-of-use | Lack of widespread commercially

Daily output peak may match local | available system  integration  and

demand installation so far
High public acceptance Lack of economical efficient energy
Excellent safety record storage.

The enormous gap between the potential of solar energy and our currently slight
use of it is due to the modest energy density of the radiation, low conversion
efficiencies of photovoltaics, and cost of materials currently required. The cost effective
raising of conversion efficiency is primarily a scientific challenge: breakthroughs in
fundamental understanding enable the development of materials and methods leading to
the photovoltaic market progress [3]. The modern era of photovoltaic device technology
moves in a direction of easy fabrication and cheap compounds as organic materials.
Now science increases methods of development of dye-sensitized solar cells (DSSC) [5,
6], organic cells [7, 8], organic tandem cells [9], hybrid cells [10].

This work contains studies of methods of fabrication of the new hybrid solar cell

based on carbon nanotubes (CNTs) and metal-organic dye with Ruthenium. There are




considered methods of the forming of NT layer to obtain the positive results from final
produced photovoltaic cell, and to determine the dependence between parameters of

fabrication and properties of the cell.
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CHAPTER 11

SOLAR CELL

The aim of this chapter is to show a general concept of fabrication and operation
of Solar Cells (SC). The operation of SC always based on the photovoltaic effect (PVE).
The photovoltaic effect is the creation of voltage or electric current in a material upon
exposure to light ([1]), it is the conversion of sunlight into electricity. Sunlight is
composed of photons - particles of solar energy, they have no mass, but carry sizeable
amount of energy. The amount of energy of every photon corresponds to the different
wavelengths of the solar spectrum. When photons strike a SC, they may be reflected or
absorbed, or they may pass right through. The absorbed photons generate electricity.
The energy of a photon is transferred to an electron in an atom of the photovoltaic
device. With its newfound energy, the electron is able to escape from its normal
position associated with a single atom in the semiconductor to become part of the
current in an electrical circuit (fig.2.1). Special electrical properties of the SC a built-in

electric field provide the voltage needed to drive the current through an external load

[2].
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Figure 2.1 The illustration of the photovoltaic effect in semiconductor.

2.1. Steps of the development of the solar power engineering and of photovoltaic

devices.

The first in practice photovoltaic effect was discovered in 1839 by Alexandre

Edmond Becquerel [3], a young experimental physicist in France at age of 19, while



assisting his father, experimenting with electrolytic cells made up of two metal
electrodes [4]. In theory this effect was described only in 1904, when Albert Einstein
publishes his pioneering theoretical work on the photoelectric effect, and he receives the
Nobel Prize in physics in 1921 for this work [4]. After these two great steps started age
of Photovoltaic Cells (PVC). In 1931 A.F. loffe guides a project at the Physico-
Technical institute in St.Petersburg on thallium sulphide photocells, which reach a
record efficiency at that time of more than 1%. In 1953 G.Pearson at Bell Labs (New
Jersey, USA) begins research of Li-doped Si solar cells. In 1954, the first modern solar
cell was invented at Bell Laboratories with an efficiency 6%. In 1960, Hoffmann
Electronics makes a jump to 14% efficient PV cells, mainly used for satellite
technology and space applications. In 1970, first highly effective GaAs heterostructure
solar cells are created by Zhores Alferov and his team in the USSR. In 1976, David
Carlson and Christopher Wronski of RCA Laboratories create first amorphous silicon
thin-film solar cell, which have an efficiency of 1.1%. In 1980, the Institute of Energy
Conversion at University of Delaware develops the first thin-film solar cell exceeding
10% efticiency using Cu,S/CdS technology. 1985 — 20% efficient silicon cell are
created by the Centre for Photovoltaic Engineering at the University of New South
Wales. Later the Cathedral of Magdeburg installs solar cells on the roof, marking the
first installation on a church in East Germany at 1990. At the moment efficient
photoelectrochemical cells are developed, the dye-sensitized solar cell is invented
(1991). 1994 — NREL develops a GalnP/GaAs two-terminal concentrator cell (180
suns) which becomes the first solar cell to exceed 30% conversion efficiency. 1996 —
The National Center for Photovoltaics is established. Gratzel, Ecole Polytechnique
Fédérale de Lausanne, Lausanne, Switzerland achieves 11% efficient energy conversion
with dye-sensitized cells that use a photoelectrochemical effect. 2007 - New World
Record Achieved in Solar Cell Technology — 42.8% efficiency achieved by University
of Delaware [5].

The National Renewable Energy Laboratory (NREL) presents the statistic
diagram of the progress with time of the solar energetics “Best Research — Cell
Efficiencies” every year (fig.2.1.1). The statistic diagram contains five general groups
of solar cell kinds: multijunction cells; single-junction GaAs cells; crystalline Si cells;

thin-film cells; emerging photovoltaic cell.
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Figure 2.1.1 Presents the statistic diagram of the progress with time of the solar
energetics (NREL) [6].

Multijunction cells. The highest-efficiency solar cells use multiple materials
with bandgaps that span the solar spectrum [7]. Multi-junction solar cells consist of
some single-junction solar cells stacked upon each other, so that each layer going from
the top to the bottom has a smaller bandgap than the previous, and so it absorbs and
converts the photons that have energies greater than the bandgap of that layer and less
than the bandgap of the higher layer (fig.2.1.2.) [8]. Multi-junction solar cells
experience a fundamental limitation relating to the availability of materials with optimal
band gaps that simultaneously allow high efficiency through low defect densities.
Alloys of groups III and V of the periodic table are good candidates for fabricating such
multijunction cells: their bandgaps span a wide spectral range, and most of the bandgaps
have direct electronic structure, implying a high absorption coefficient, and their
complex structures can be grown with extremely high crystalline and optoelectronic

quality by high-volume growth techniques [9, 10].

Figure 2.1.2 Multi-junction energy diagram. Semiconductors with different bandgaps
convert different portions of the solar spectrum to reduce thermalization losses. The



quasi-Fermi levels defining the open-circuit voltage are indicated by the horizontal blue
dashed lines. The yellow dots represent the electrons [11].

Multi-junction solar cells have been studied since 1960 [12]. The first multi-
junction device was demonstrated in early 1980s, and it converted 16% of the solar
energy into electricity [13]. In 1994, US National Renewable Energy Laboratory
(NREL) broke the 30% barrier. A present-day record 40.7% efficiency was achieved
with a triple-junction version of the cell [14]. However, this efficiency is gained at the
cost of increased complexity and manufacturing price. To date, their higher price and
lower price-to-performance ratio have limited their use to special roles, notably in
aerospace where their high power-to-weight ratio is desirable. In terrestrial applications
these solar cells are used in concentrated photovoltaics (CPV) with operating plants all
over the world. The maximum theoretical limit efficiency of multi-junction solar cells is
86.8% [15].

Thin-film cells. In principle, a thin-film solar cell (TFSC) is a junction device
obtained by placing two electronically dissimilar materials together with a thin
electronic barrier in between to separate charge [16]. However, efficient devices must
ensure high conversion efficiency of solar photons and high collection efficiency of
excited charge carriers. A variety of junctions such as Schottky barrier, homojunction
and heterojunction have been studied. Junctions can be abrupt, graded, buried,
heteroface, etc., involving materials of different conductivity/ type of conductivity [17].
Typical examples of the cross-section of various junctions, Cu(InGa)Se2, CdTe/CdS,

triple junction p-i-n a-Si:H are shown in Figure 2.1.3.

Light
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i-Al metal contact

a b c

Figure 2.1.3 Typical TFSC structures for single-junction: a - substrate Cu(InGa)Se;; b -
superstrate CdTe; ¢ - tandem a-Si triple-junction devices.
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Different junction devices with appropriately graded band-gap can be placed in
tandem, or can be integrated to form a multijunction device [18]. Theoretically, if all
solar photons can be converted to electricity, one may approach thermodynamic Carnot
cycle efficiencies [19]. Theoretical analysis shows that 53% efficiency can be achieved
with four junction devices and as the number of junctions goes to infinity [20], the
efficiency can reach as high as 68%. In view of the difficulty and complexity of
fabricating such optoelectronically matched junctions, commercial devices with up to
only three junctions have been in production for a-Si:H [21] and GaAs—based [22]
devices. This is made possible by the fact that in these cases band-gap tailoring with
additives/dopants is conveniently achieved. By using multijuction device structure in
a:Si-H tandem solar cells, relatively more stable and higher-efficiency devices with a
minimized Staebler—Wronsky degradation effect [23] are fabricated [24].

Innovative device structures that employ mesoporous TiO, films change the
concept of two distinctive p and n layers conventionally used to form p—n junction
devices. Extremely thin absorber (ETA) solar cells use TiO, mesoporous films
embedded with organic and inorganic absorber materials. These device structures are
designed to improve the effective charge carrier separation within the absorber materials
and to enhance the light absorption due to its scattering abilities [25]. Plastic/organic
solar cell devices employ blend cell structure in addition to the conventional layered
structure. In a blend cell, the molecule mixing occurs on a scale that allows good
contact between molecules. This increases the interface area of charge percolation and
allows most excitons to reach the donor/acceptor interface. Typical structures of an
ETA and blended plastic solar cells are shown in Figure 2.1.4. Several blend structures
have been proposed that include polymer-blend [26],TiO,-blend [27],C60-blend [28]
and nanorod-blend [29]. However, an ideal device structure suitable for high-efficiency

devices is yet to be identified.
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Figure 2.1.4 Innovative TFSC structures: @ — mesoporous device structures for ETA
solar cells (adopted from Reference 25), b — organic blend cells. MDMO-PPV (poly)|2-
methyl, 5-(3*, 7** dimethyl-octyloxy)]-p-phenylene vinylene); PCBM ([6,6]-phenyl
C61 butyric acid methyl ester).

Emerging photovoltaic cell. Emerging Photovoltaic Technology embraces dye-
sensitized solar cells (DSSC), various types of organic cells, organic tandem cells,

inorganic cells, hybrid cells. Our project concentrated on DSSC and hybrid cell, then

these types of solar cell will be discussed in detail in the following paragraph.
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2.2. Prototypes of our system: Gratzel Cell and Amaratunga Cell.

Below we consider two types of solar cell: Gratzel Cell [30] and Amaratunga
Cell [31]. These are two systems which we took as prototypes of our cell.

A dye-sensitized solar cell (DSSC) [32] is a low-cost solar cell belonging to the
group of thin film solar cells. It is based on a semiconductor formed between a photo-
sensitized anode and an electrolyte, a photoelectrochemical system. The modern version
of a dye solar cell, also known as the Gratzel cell, was originally co-invented in 1988 by
Brian O'Regan and Michael Gratzel at the University of Berkley and this work was later
developed by the aforementioned scientists at the Ecole Polytechnique Fédérale de
Lausanne until the publication of the first high efficiency DSSC in 1991 [33]. M.
Gratzel has been awarded the 2010 Millennium Technology Prize for this invention.

A dye-sensitized solar cell can be considered as a hybrid version of
photogalvanic cells and solar cells based on semiconductor electrodes. The cell consists
of'a dye-coated semiconductor electrode and a counter electrode arranged in a sandwich
configuration and the inter-electrode space is filled with an electrolyte containing a
redox mediator (A/A"). The Gratzel cell has a polypyridine complex of Ru as the dye,
TiO, as the semiconductor and (I*/I3) as the redox mediator. The key reactions taking
place in a dye-sensitized photoelectrochemical solar cell are shown schematically in
Fig. 2.2.1b. Optical excitation of the dye with visible light leads to excitation of the dye
to an electronically excited state that undergoes electron-transfer quenching, injecting

electrons into the conduction band of the semiconductor:

S >S"+ey (1)

The oxidized dye is subsequently reduced back to the ground state (S) by the

electron donor (A’) present in the electrolyte filling the pores:

S"+A">S+A ()

The electrons in the conduction band collect at the back collector electrode and
subsequently pass through the external circuit to arrive at the counter electrode where

they effect the reverse reaction of the redox mediator:

A + ¢ -> A (at the counter electrode) 3)

13



The net effect of visible light irradiation is regeneration of the dye, the redox
mediator and the driving of electron through the external circuit. The process thus leads
to direct conversion of sunlight to electricity. If above cited reactions alone take place,
the solar cell will be stable, delivering photocurrents indefinitely. The maximum
photovoltage obtainable will be the difference between the Fermi level (conduction
band) of the semiconductor under illumination and the redox potential of the mediating
redox couple. The photocurrent obtainable is a complex entity depending on the
spectral, redox properties of the dye, efficiency of charge injection and structural
properties of the semiconductor electrode to collect and channel the electrons through

the external circuit [30].
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Figure 2.2.1 A schematic presentation of architecture (a) and of key reactions (b) taking
place in a dye-sensitized solar cell.
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The Gratzel Cell is studied during 20 years. There were tested different dyes,
electrolytes, auxiliary molecules. Now the power conversion efficiency (PCE) of
Gratzel Cell is more of 13%. Gratzel Cell is the best system for start point of the
departure to fabricate the our hybrid cell.

The other type of solar cell which we consider is Amaratunga Cell [31].
Amaratunga and coworkers have been studying new kinds of solar cells constituted of
carbon nanotubes (the semiconductor), a dye (which absorbs the light) and a polymer
(which transfers electrons to the dye). The efficiency of this type of cells is still rather
low, but the materials employed and the procedures used for the construction of the cell
are readily available and not expensive. There were poly(3-octylthiophene) (P30T) as
the photoexcited electron donor which is blended with pure single-walled nanotubes
(SWNTs) as well as with N-(1-pyrenyl)maleimide (PM) functionalized SWNTs to
fabricate photovoltaic cell ITO/P3OTSWNTS+PM/AI (fig 2.2.2). The choice of dye
was based on the possibility of its attachment to the SWNT surface (fig 2.2.3) and its
photoabsorption spectrum which is well matched to the peak power region in the solar

spectrum.

Figure 2.2.2 A schematic illustration of device architecture of Amaratunga Cell
(Indium Tin Oxides - ITO)

'CH(CH,)sCH;
P30T
Dye ( )n

Molecule
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Figure 2.2.3 Chemical structure of poly(3-octylythiophene) (P30T), single-walled
nanotube (SWNT), N-(1-pyrenyl)maleimide, detailed scheme of the dye molecule (PM)
attachment to the SWNT surface via n-stacking.
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The efficiency of this type of cells is still rather low, but the materials employed
and the procedures used for the construction of the cell are readily available and not
expensive. Therefore, Amaratunga cell is the next prototype for the developing of new
generation cells.

The new hybrid solar cell must contain positive best points of both models,
SWNTs as conductive material and Ru-dye for photogeneration of carriers of charge.

For it we are going to look components of both cells at greater length.

2.3. Materials for the fabrication of the solar cell.

The hybrid solar cell must contain three basic parts: the dye for absorption of
light and photogeneration of carriers; conductor or semiconductor for the charge
transfer; p-type organic material or redox system for the reduction of charges.

Gratzel cell contain the ruthenium dyes like N3 (Aldrich Prod. No. 703206) or
N719 (Aldrich Prod. No. 703214) (fig.2.3.1a,b). Amaratunga cell has the N-(1-
pyrenyl)maleimide (PM) as dye molecule (fig.2.3.1c).

COOH coo-TBA*

coo-TtBAt
COOH

a b c

Figure 2.3.1 Chemical structure of dyes: a — N3; b — N719 [34]; ¢ — PM.

The Ru-dye has larger absorption spectrum them PM (fig.2.3.2), it is preferable
dye for our cell. But for the charge transfer we think to take SWTNs is better, because
SWNTs have Brunauer-Emmett-Teller (BET) surface area up to 1600 m*/g [35]. It is 8
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times more them for TiO, or ZnO particles (200 m*/g). So this fact gives the advantage

for our cell.

2
1.0+ ’ 1.0
N3 yo PM
" ,'|
= 0.8+ no L0.8
E N
s .
2 0.6+ b L0.6
g 0 K
£ L
2 0.4 i ' 0.4
< ' \
024 0.2
i 3
.' .
. ' . ' 0.0t ' = 0.0
400 500 600 700 350 400 450 500 550
Wavelength (nm)
a b

Figure 2.3.2 Absorptions of dyes: a - N3 [36]; b — PM [37].

The reduction of charges can be realized by group of conductive polymers [38,
39] or by group of liquid electrolytes [40]. For Gratzel cell the electrolyte contains a
redox mediator (I,/I'3). lodine is very active and destructive element, so the structure of
cell can be break down. The other negative point of iodine electrolyte is that it is easily
vaporable liquid then evaporation can lead to destruction of the cell. Therefore, it is
better to use the conductive polymer like P3OT or Poly(3,4-ethylenedioxythiophene)-
poly(styrenesulfonate) (PEDOT:PSS) (fig.2.3.3) [41].

S
CHE(CHE}ECH 3 ?o; SO,H SO,H SO,H s:o; SO,H

/ A / \ : / \

({ “‘. ; o] o] o] [¢] E o] o]
s N s N s N
S w /8 N ST N s
S A A_f PEDOT
N
a b

Figure 2.3.3 Chemical structure of conductive polymers: a — P30T; b — PEDOT:PSS.
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The ideal structure of our hybrid solar cell must be the film of aligned SWNTs
covered by Ru-dye and conductive polymer (fig.2.3.4a).

2" electrode - glass with TCO or
metal

Layer of conductive polymer or
liquid redox system

| Layer of CNT

| Dye layer (red line) |
|

1™ electrode - glass with
transparent conductive oxide

a
-2.85eV LUMO
-35eV T ] =
Al P30T
4.3 eV (conductive o
Ly ¢
POWID  Ep=16ev A3V swT ITO
v — Ru-dye T a7ev
N3
h+
5.5

HOMO

b

Figure 2.3.4 The schematic illustration of ideal architecture of our hybrid solar cell (a).
The energy diagram of the structure of our solar cell (b).
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CHAPTER 1III

EXPERIMENTAL PART AND DATA DISCUSSION
STUDIES OF DIFFERENT METHODS OF THE FABRICATION OF
THE FUNCTIONAL LAYER OF THE SOLAR CELL

3.1. Reproduction of Amaratunga cell. Current-Voltage Characteristics.

For the first step we had tried to create photo-electric system on the basis of
single walled nanotube (SWNT), dye N-(1-pyrenyl)maleimide (PM) (fig.3.1.1a) and
conductive polymer poly(3- octylythiophene) (P30OT) (fig.3.1.15) — Amaratunga system
[1]. Glass with Indium Tin Oxides (ITO) layer is a substrate and an electrode, on it the
SWNTs were deposited and covered with polymer P3OT, the layer of aluminum is the

second electrode. The structure and architecture of cell showed on figure 3.2.

o CHz(CH2)6CH;

[\
(I s
I :

a b
Figure 3.1.1 a - N-(1-pyrenyl)maleimide; b - poly(3- octylythiophene).

CH(CH;)sCH;
—*p30T -
Dye ( )n ,1

Molecule

Al ] i
P3OT-SWNT+Dve Composites l [\
&l\: O,Qh OJ\,—(LO QJ.Q\: [ 1m0
e e c8: E
‘_‘- _ — a_: ----- Glass
o'o’o'o' 3
----- - - __ _._.
; b

Figure 3.2.1 a - chemical structures of components; b — schematic illustration of
architecture of the photovoltaic cell (sandwich configuration).
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The functional layer was deposited on the glass from the mixture. Preparation of
mixture was: the PM solution in chloroform (2 mg/ml) had been added to the
chloroform suspension of the nanotubes (0,22mg/ml) and sonicated for a long time,
more than 8 hours, following it was blended with P3OT chloroform solution (10mg/ml).
The final mixture was sonicated for about 10 hours. Four samples were fabricated by
different principles (table 3.1). All samples were dried at 50 °C for 1 hour and were
coated with a layer of Al by plasma spraying (Power = 130 W, pressure = 3.4x10” mB,
time = 5 min). We checked for the presence of photovoltaic effect in the created
samples by Source Meter System 2601 (Keithley). Curent-voltage characteristics (CVC)

and description of peculiarities of samples are in the table 1.

Table 3.1 Peculiarities of forming of samples and their CVCs.

Sample A

Mixture was put on the glass
with ITO by spin coater at
1000 r.p.m. for 20 sec.

011, MkA

Sample B

Mixture was put on the glass
with ITO by independent
evaporation of chloroform.

Sample C 1, wA

Mixture was put on the glass ot 75 100 125
with ITO by spin coater at 1.0]
1000 r.p.m. for 20 sec. Then 1,51
the first layer was covered 2,01
with a second layer of
P30T, which was made by
independent evaporation of 40]

chloroform.
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Sample D | kA

0,54

Mixture was put on the glass 058 3 6 9 12 15 18 21
with ITO by independent 41,01 AV
evaporation of chloroform. 151
Then the sample was closed 2:
with a layer of P3OT too. 3,01

'315‘

4,0

Table 3.2 Result of measurements of CVCs of samples A, B, C, D.

A B C D
Area, cn’ 12,92 | 10,15 | 12,21 | 133
I, pA/cm’ - 0.07 0.29 0,15

Voo, mV - 7 153 20

Some of the samples have typical CVC for solar elements. But the values of a
short-circuit current (Ii) and of open-circuit voltage (V. are very low. Many
parameters can influence on the PV effect, such as the thickness of the basic film, or
aluminum film, and mostly by the layer of ITO that should be uniformly closed by
SWNT-dye layer. The main point of this experiment is that we can observe that the

system works and we can try to improve this effect.

3.2. Spray deposition of functional layer. Variations of the PO3T concentration.

CVC.

Spin coater covers the substrate with a very thin layer. Therefore we have
changed the method of deposition of a film. Also we have tested lower (4.5 mg/ml) and
higher (18 mg/ml) concentrations of P30T. Three mixtures were prepared with same
method. The concentration of components is in table 3.3. Samples were fabricated for
every mixture by independent evaporation of chloroform on the ITO glass. Cells have

Al layer as second electrode. CVC of samples showed on figure 3.2.1.
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Table 3.3 The concentration of components of mixtures Nel, No2, No3.

Number of mixture 1 2 3

C (NT), mg/ml 0.22 0.22 0.22

C (PM), mg/ml 2 2 2

C (P30T), mg/ml 4.5 10 18

Area of sample, cm” 5.5 6.4 6.6
1, pA L, pA
R RE S ey e Ay kI A AP AP A aPar ar ary T O
0.2 V. mv

V., mv 0.2+

04
-04
08 06 2
1 e = Al
A0l I = 0,14 pA/ cm? \';c 0.2pAlcm
-0, =11 mV
-1.0 VCIC= 9 mV o o
a b
L uA
R S S S S S R
03 V. mV
08
09
121 )
151 lsc= 0,48 pA/cm
1,8— VOC= 27 ITIV
c

Figure 3.2.1 CVCs of samples with different concentration of P30T - Cpsor, mg/ml: a —
4.5;b-10; c—18.

V, mv Isc, pAlem’
0,54
30 J
0,4
20 0,34
0,24
10 4 1
0,14
0 T T T T T T T 0’0 T T T T T T T
4 6 8 10 12 14 16 18 4 6 8 10 12 14 16 18
Cp3ot, mg/ml Cpsot, mg/ml
a b

Figure 3.2.2 The dependence of the open-voltage (a) and the dependence of the shot-
current () of the cell on the concentration of the P30T.
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From the results of the experiment it was determined that with growth of
concentration of P3OT it increase of open-voltage and shot-current of solar cell. To
improve properties of SC we tried to create the auxiliary layer of P3OT, the second
layer of pure P3OT from solution 18 mg/ml in chloroform, which was placed on the top

of the basic film (fig.3.2.3).

Al
Al
- | ITO glass | ITO glass
la 2b
I, pA I,n’.tgf
o AR 0e N s
110123454678 11 12 "8 25 o0 75 100 125 175
V.mv 051 V. mv
0.2 4 -1,0
15
04 20
ol lc=0,2 pA/cm? _z: 2
VSC _’ j’j: lsc= 0,29 pA/cm
0.8 oc=11 mV a0 VOC= 153 mV

Ic 2d
Figure 3.2.3 a, b — architecture of cell. ¢, d — CVC of cells. / — the cell without second
layer of P3OT. 2 — the cell with second layer of P3OT.

The second layer of P3OT positively influences the open-voltage of cell, it

increases by 14 times. The auxiliary layer of P3OT will be placed in next samples.

3.3.ITO and FTO electrodes.

We have decided to try to change substrate glass for glass with a more
chemically stabilized layer of fluorine-doped tin oxide (FTO). Therewith the electrical
conductivity of FTO is higher than electrical conductivity of ITO.

Samples FTO2 and ITO3: mixture Nel (Tab.3.3) was put on the glass by sprayer

a few times. First the functional layer was covered with auxiliary layer of P3OT (18
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mg/ml), which was made by sprayer too. CVC curves of these samples are on the figure

3.3.1.

| kA ITO3  BA FTO2
CIC L} T L} T L} T “7]
" 50 100 150 200 250 300 ’ . . . . . . .
-0.54 V, mV 100 200 300 400 500 600 700
’ 021 V, mV
] 044
-1 :O -
] 0,6+
-1,51 08
1 1,0+
-2,0 1,24
251 4
: 4 -1,6
-3,0- 1,84
a b

Figure 3.3.1 CVCs of cells with an electrode from glass with layer: a — ITO; b — FTO.

Table 3.3 Result of measurements of CVCs of samples ITO3 and FTO?2.

ITO3 | FTO2
Area, cm’ 2.7 1.5

I, pA/cm’ 1.03- 1.06
Voo, mV 306 642

As a result these samples have high voltage and higher current than those before.
As we predicted, the voltage of the cell with electrode from FTO is higher than the cell
with ITO. It is more expedient to use FTO in the future.

3.4. Changing of dye. Molecule-bridge — PyreneMethanol.

We try to change dye PM for another dye N3 (fig.3.4.1a). This dye N3 has a
much wider spectrum of absorption than dye N-(1-pyrenyl)maleimide (fig.3.4.2). In this
case we have some problems because NT is inert and it is not possible to connect it with
ruthenium dye. We can use molecules with pyrenil group for stacking to NT and OH
group for interaction with dye — the molecule-bridge which is PyreneMethanol (PMt)
(fig.3.4.1b). The iodine liquid electrolyte was used as redox system for this type of cells.
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HOOC

Figure 3.4.1 Chemical structure of dyes: a — N3 [2]; b — PyreneMethanol.
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Figure 3.4.2 Absorption spectra of dyes: a - N3 [3]; b — PM [4].

Three solutions were prepared for fabrication of cells:

1. Suspension of SWNTs in ethanol solution of Pyrenemethanol (1mg/1mL)

2. Solution of dye N3 in ethanol (1.35x107*M)

3. Liquid electrolyte I,/I5" in polar solvent propylene carbonate (0.5M Lil,
0.005M L).

Then we are used different methods of the deposition of the functional layer of

NTs to form the experimental cell. It is described in the next paragraph.
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3.4.1. Comparison of methods of the deposition and of variations of the

composition in suspension.

For the first step two lines of samples were prepared: 1 — deposition by spin
coating; 2- deposition by evaporation of solvent. Every line has three types of samples
with different architecture (fig.3.4.3). Type [ - every layer of components are
sequentially placed on the substrate from its solutions: SWNT with attached PM
molecule, dye N3, then the iodine electrolyte and ITO electrode (samples 1.3.1. and
1.4.1.). Type 2 — the first layer on the substrate is from a solution including SWNT-PM
and dye N3 together, then the iodine electrolyte and ITO electrode (samples 1.2.1. and
[.2.2.). Type 3 — it has only one layer from solution including all components (sample

L1.1.).

ITO glass
ITO glass ITO glass ITO glass
a b c

Figure 3.4.3 a — architecture of cell of type 1; b — architecture of cell of type 2; ¢ —

architecture of cell of type 3.

Below the result of CVC measurements is showed as the diagram (fig. 3.4.4).

Method of putting @ positive result
O null resalt
1.4.1. 1.2.2.
1WA 0,4 vA
evaporation 32mv 20mv
T [ J [ J O
1.1.1.
0,3 A
spin coating 3,5mv
T O O [ J
: : :
composition
NT NT+dye NT+dye+ of suspension for
eleCtrOlyte first laeyr of cell

Fifure 3.4.4 Diagram of result of the combinations of method of deposition of every
layer and type of architecture of cell.
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The sample 1.3.1. is the same as [.4.1., the only difference is the temperature of
evaporation, but the CVCs are completely different. 1.3.1. sample don’t has nothing
photovoltaic effect (fig.3.4.5).

V, mV

0,2
0,4
0,6

-0,8

Figure 3.4.5 CVCs of cells I.3.1 (a) and L1.4.1 (b).

While the evaporation for 1.3.1 thermal mass movement was observed of the
solvent generating the chaotic motion of NTs in the drop and their subsequent collision
and conglomeration. Thereby, film is not formed on the glass surface, but is an array of
large conglomerates, easily visible by eye. Working surface of the sample has large
areas of bare electrode, and the cell doesn’t have any photoelectric effect. Temperature
of heating was not controlled in a special way, and the heater has an error of not less
than 15 °C. Thus, the temperature of evaporation of the solvent could be close to the
boiling point of ethanol (78 °C), it can activate diffusive motion of NT. To reduce the
observed effects of conglomeration, we lowered the evaporation temperature (<50 °C)
and the concentration of NT (about 0.3 mg / mL) - sample 1.4.1. This sample has a
short-circuit current about 1 pA and open-circuit voltage 32 mV. Accordingly, the

spatial separation of functional layers for the sample was done.
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Figure 3.4.6 CVCs of cells 1.2.1 (a) and 1.2.2 (b).

[.2.1 sample was second type the architecture of the cell, it was created by spin
coating. The results of CVC measurement confirms that the spin coating did not create
the necessary functional film on the ITO glass (fig.3.4.6a). In the case of 1.2.1 sample
dye N3 is in the basic suspension, and was not added again by evaporation in the
refrigerator. As a result, the photoelectric effect isn’t even. For 1.2.2 sample, we can see
a photoeffect (short-circuit current 0.4 pA/cm’, open-circuit voltage 20 mV)
(fig.3.4.6b). Current and voltage for this sample is lower than for the sample with a
separate layer of NT and layer of dye N3 (I.4.1). This can be explained by the fact that
the sample 1.4.1 has its first layer of clear metal NT and it formed an upper layer of dye,
which generates charge carriers. Then carriers are separated by "heterostrucrure" NT-
dye-electrolyte. The dye layer is very thin, almost monomolecular in this case. Free dye
molecules were removed by washing them in the solvent. In the case 1.2.1, dye
molecules were already in suspension, and after evaporation, they formed a layer
between the nanotubes. These layers hinder transfer and charge separation, carriers
can’t pass through a lot molecules of dye.

I.1.1 sample has the photoelectric effect (fig.3.4.7). The viscosity of the liquid
electrolyte has helped create a more uniform film. However, the CVC has jumps and
dips, the voltage are very low. All of this is caused due to the geometrical and electrical
disorder of the system. Carriers, after absorption of light, recombine in the near
electrolyte, and a complete charge separation does not occur. We were unable to make

[.1.2 sample.
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Figure 3.4.7 CVCs of cells I.1.1.

3.4.2 Comparison of different electrodes.

We have considered different kinds of electrodes, that is substrate for deposition
of the functional layer: glass with indium tin oxide (ITO), glass with fluorine tin oxide
(FTO); the electrode of ITO glass with a layer of aluminium on the top; FTO glass with
a thin layer of colloidal graphite. The results of photovoltaic measurements are in table

3.4.

Table 3.4 Data of samples.

Name of sample Electrode | HA/CIHZ Voo, V
Dark7 Glass FTO 18 0,131
Dark4 Glass ITO - -
ITOAI Glass ITO + Al 1 0,600
Graphl Glass FTO + graphite 1,5 0,356

In our system, solar cells contain liquid electrolyte iodine; iodine is a corrosive
medium for other parts of cells. The liquid electrolyte can penetrate between the
nanotubes up to the opposite contact. The sample Graphl was covered with a layer of
colloidal graphite for obstruction of electrode with the nanotubes from electrolyte. In
this case the thickness of the sample increased and therefore open-voltage increased too,

but impurities of the graphite in network of nanotubes prevents the electron current.
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Aluminium layer was coated upon the ITO glass in the ITOAI sample. In this
metal-metal contact a contact electric field may be generated from differences in the
work functions of metals. This field may exceed the spatial border of metals. It may
affect the NT and pull the current charge from NT. As a result, the short-circuit current
of this sample is as low as before, and the system is not justified.

For a Dark4 sample with electrodes from glass ITO failed to get a successful
CVC. Perhaps the film of NT had a lot of cracks and there was a short circuit made by
liquid electrolyte.

The Dark7 sample demonstrates the better result; it has electrodes from glass
with FTO. Open-voltage of this sample is not as high, but then we chose current as a
more important parameter. Current is higher by 18 times, and the voltage is lower by
4.5 times, and fluorine is more resistant to the corrosive medium of iodine in
comparison with indium. Finally, we chose an electrode with a glass of FTO for future

research.

3.4.3. The dimension of the sample.

A diffuse movement of NT in a drop and their conglomeration accompanies the
evaporation of the solvent, when we have clusters of NT and the voids between them on
the electrode. Also the drop of suspension on the substrate has heterogeneity of the
thickness because there is surface tension of the solvent, finally we have gradient film
thickness. Probably a decrease in the sample area will help improve the uniformity of
the film.

Comparison of the current-voltage characteristics of samples with different area
was realized. Samples (type 1) were prepared on the glass with FTO: a layer of SWNT-
OH + dye N3 - 2 times by evaporation at 50 ° C, a layer of N3 - 1 times by evaporation
at 50 ° C, the liquid electrolyte I,/I;. The second electrode was glass with FTO. The

results of photovoltaic measurements are on table 3.5.
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Table 3.5 Data of samples.

2

Name of sample S, cm Lge, pA/cm’ Ve, V
Dark5 0.5 5 0,247
Dark1 0.09 33 0,242
Dark2 0.04 33 0.177

From the data on table 3.5 we see, that the samples with low areas 0.09 and 0.04
cm’ characterized by a high short-current circuit. Also, the CVC curve of the sample
with an area of 0.5 cm® has many dips (fig.3.4.8b). Increasing the sample size led to an
increase in the number of hollow space and pinholes into the film, because of which a
point short-circuit, occur in the sample, this causes jumps and peaks in the CVC
(fig.3.4.8). Instability of CVC of previous samples were induced by the penetration of
liquid electrolyte into the pores of the film.

[, nA [, uA

T T T T T T T T T 1 T T T T 1
-20 20 40 60 80 100 120 140 160 180 200 i 50 100 150 200

.0,2 -
044 1,0 V, mV

-0,6

-0,8

a b
Figure 3.4.8 CVC of Dark2 sample (a). CVC of Dark5 sample ().

3.4.4. Amount of the functional layer on the electrode.
To study the influence of the thickness of functional layer to the CVC, samples
were prepared with different numbers of layer on the substrate. All samples have an

area of 0.09 cm’ and deposited from suspension SWNT-OH + dye N3. The results of

photovoltaic measurements of these samples are in table 3.6 and on the figure 3.4.9.
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Table 3.6 Data of samples.

Name of sample Number of layers I, pA/cm’ V,V
Darkl 2 33 0.242
N3 4 24 0.320
N5 6 14 0.475
N4 8 3 0.606
Isc, tA Voc, Volt
354 0,65+
0,60 4
304
0,554
%7 0,50+
204 0,454
154 0,40 4
0,354
104 -
0,304
59 0,25
0 — 0,20 A——r t +—it 4 4
1 2 3 4 5 6 7 8 9 2 3 4 5 6 7 8
N Number of layers
a b

Figure 3.4.9 a - the short-circuit current on the number of layers (film thickness), b -
the open circuit voltage on the number of layers.

These characteristics of graphics were expected. With increasing thickness of
film open-voltage, respectively also increases, U~d. Current falls, as the increased
number of centres of relaxation, in which the excited carriers relax before arriving to the
electrodes of the cell. The film thickness inversely affects the current charges. In thicker
films there are more different kinds of defects, in which the charge carriers recombine.
Photons are absorbed by the upper layers and do not reach the others, the diffusion
length of carriers is less than the thickness of the film, and some carriers lose their
energy before reaching the opposite electrode and others reach it with very low stored
energy.

There are reflectance and scattering spectrums of films: anatase TiO,, dye N3
and SWNT-OH to determine the role of the nanotubes in the absorption of light
(fig.3.4.10).
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Figure 3.4.10 a - reflectance spectrum, b - scattering spectrum.

From the above spectra, we can estimate that the SWNT-OH in the wavelength
before 550 nm mainly absorbs light. Colour film SWNT-OH is black, so the share of
transmission is very small and most part of the light is absorbed. The absorption is
comparable with the absorption of the dye N3, and the photocurrent of SWNT is very
low (fig.3.4.11a square).
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Light Intensity (miicm®)

Figure 3.4.11 The current of the devise vs time with different optical intensities (Vsp =
3 V and I from 50 to 200 mW/cm™) (a). The band line up of currents vs time with
various optical intensities (b). [SWNTs (m); V-SWNTs (e); and Ru-3/V-SWNT (A)].
[5].
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The low value of current in our cells could be explained by the fact that most of
the photons of radiation absorbed by the nanotubes, so photons pass in small number to

excite photocarriers in the dye layer.
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CHAPTER 1V

EXPERIMENTAL PART AND DATA DISCUSSION
ELECTROPHORESIS

The next step of our work main aim was to work out easy and economic method
of the formation of uniform NT layer on the large-area. For it we chose the
electrophoresis. There are different scientific works about of electrophoresis of SWMTs
[1]. Kim and coworkers described vertical alignment of SWCNT film formed by

electrophoresis [2], the series of samples was prepared respectively this method.

4.1. Preparation of SWNTs for electrophoresis.

Before SWNTs have to prepare for electrophoresis by special steps. Firstly, we
have to cut SWNTs to shorter pieces. SWNTs were shortened by processing using
oxidizing acid, sonication (60 kHz) in a mixture of concentrated sulfuric and nitric acids
(3:1, 97% and 70%, respectively) at 40°C for 24 hours. The goal here with the SWNT
ropes was not just to damage the tubes but to cut them cleanly at the points of damage
and separate the cut pieces from the other tubes in the ropes. The advantage of
sonicating in the presence of an oxidizing acid is that subsequent attack at the point of
damage soon cuts the tube completely. The 3:1 concentrated H,SO4:HNO3; mixture was
chosen for the oxidizing acid in this cutting operation because it is also known to
intercalate and exfoliate graphite. From literature we found that in 3:1 concentrated
sulfuric and nitric acid at 70°C the average cut nanotube shortened at a rate of roughly
130 nm hour™". next we had to wash SWNTs. Washing was ten times in distilled water
with centrifugation at 5 C at 4500 rpm for 2 hours for every time, then it was
evaporation of liquids at 90 C for 24 hours. After it was washing again at 5 C at16000
rpm for 40 min. Next was total evaporation of liquids at 50 °C for 10 days. The residual
of SWNTs was 0,04 g.

The collected SWNTs after were immersed into SOCl, for 24 h to convert the
carboxylic acid groups into the corresponding acyl chloride. After completion of the

reaction, the black SWNTs-COCI suspension was centrifuged at 4500 rpm for a few
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hours to eliminate remaining byproducts, and then diluted with dimethylformamide
(DMF, 0.001% water). After repeating the process a few times, we obtained the
SWNTs-COCI/DMEF solution with a small amount of byproducts.

4.2. Process of electrophoresis. The fabrication of the cell.

For electrophoresis it were used constant-current source ISA JOBIN YVON
ALIMENTATION P.M. 2000 and two electrodes from glass with ITO layer (1x5 cm) in
plastic cubic cell (1x1x4 cm). The spacer between electrodes was teflon 8mm. The

electrophoresis was applied by 150 V for 10 min (fig.1).

Figure 4.2.1 Process of electrophoresis. The time of process, min: a — 0; b — 1;¢c—5; d
—10.

The electrode with SWNTs was used for fabrication of cell. The layer of NT was
covered with dye N3 by evaporation fron the solution ethanol (1.35x10™*M). Then it was
closed with second electrode and fulled of liquid iodine electrolyte. The schematic

architecture is showed on the figure 422.

Glass ITO /

I/ 1y

SWCNT deposited
| Glass ITO | by electrophoresis

Figure 4.2.2 Schematic architecture of the cell.
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4.3. Current-Voltage Characteristics. SEM measurements.
A series of samples were prepared with different concentration of SWNTs in
suspension for electrophoresis. Concentration were, mg/mL: 0.02; 0.006; 0.003; 0.002.

SEM measurements of face and of profile were realized for every sample (fig.4.3.1).

EHT=15.88 kV WD= 3 nn Mag= 26.34 K X
390NN j—_ Photo No.=3246 Detector= SE1

EHT=15.00 KU = 7Tmm Mag= 18.63 K X
300nn  |j—y Photo No.-=3267 Detector= SE1

Figure 4.3.1 SEM images of the sample with concentration 0,002 mg/mL. a — plan
view; b — profile.

The dependence of the thickness of SWNT film and the dependence of the
diameter of Nt bundles on the concentration of NT in suspension for electrophoresis
were determined by SEM data. Diameter of bundles and thickness of film increase with

the concentration as expected (fig.4.3.2)
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Figure 4.3.2 The dependence of the thickness of SWNT film (a) and the dependence of
the diameter of NT bundles (b) on the concentration of NT in suspension for
electrophoresis.

NT bundles had diameter of tens of nanometers, it means that bundles was
formed from tens of SWNT. The bundle was a net of NTs. And if a bundle has vertical
alignment when NTs of bundle can be disorientate. We think that after preparation of
SWNTs for electrophoresis SWNTSs was cut too much. It is possible that NTs was cut to
a very short length, so bundle was formed from not aligned NT pieces.

The photovoltaic cell was fabricated samples of electroforesis in compliance
with the architecture of cell showed on the figure 4.2.2. Cells of electrophoresis don’t
show improvement of values of the short-current and of the open-voltage but these cells

have improvement for fill factor of the cell (fig.4.3.3).
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oo
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144
044
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1,84
_0’5_
a b

Figure 4.3.3. a — CVC of the cell based on the sample of electrophoresis; b — CVC of
the cell formed by evaporation of solvent.
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The fill factor is defined as the ratio of the actual maximum obtainable power to

the product of the open-voltage and short-circuit current:

P, _IMP'VMP
4
PT ]SC'VOC *

The fill factor of solar cell of formerly was about 0.4 — 0.5, for cells of
electrophoresis it was about 0.7 — 0.75, that is the fill factor for typical commercial solar
cells.

The method of formation of SWNT layer give the possibility to create the large-

area samples with uniform film of NT and improve the cell’s properties.
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CHAPTER V

EXPERIMENTAL PART AND DATA DISCUSSION
METAL-ORGANIC CHEMICAL VAPOR DEPOSITION

5.1. Formation of nanostructured composition materials based on Multi-walled

Carbon Nanotubes by Metal-Organic Chemical Vapor Deposition. Synthesis.

MOCVD plant (metal-organic chemical vapor deposition) was used for
fabrication of the macrocylinder with constant thickness of the wall created from
radially oriented multi-walled carbon nanotubes (MWNT), the scheme of the plant is
showed on the figure 5.1.1 There is a tubular quartz reactor of the turning type (length -

600 mm, diameter - 25 mm, and the double-step system of the heating furnaces [1].

Figure 5.1.1. Scheme of MOCVD plant for fabrication of the macrocylinders with
constant thickness of the wall created from radially oriented MWNT. / — flowmeter
AALBORGGFC17; 2 — argon; 3 — stopcock; 4 — toluene; 5 — bypass; 6 — thermometer
HANNA HI93530; 7 — furnace of the evaporation; 8 — ferrocene Fe(CsHs),; 9 —
autotransformer; /0 — furnace of the reaction; // — substrate; /2 — waterlock.

The synthesis of macrocylinders with constant thickness of wall was in the
argon flow at atmospheric pressure. Velocity of the argon flow was regulated by the
high-precision flowmeter AALBORG GFS17. The argon was passed to the bubbler

filled toluene. Toluene vapor moved by argon flow was passed to quartz reactor with

double-step system of the heating furnaces. Figure 5.1.2 shows the curve of distribution
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of the temperature depending on point of the reaction furnace. The central part of
furnace has the distance about 5 cm of constant temperature (Fig5.1.2). Macrocylinders
of MWNT were deposited to cylindrical quartz substrate with length of 5 ¢cm and

diameter of 17 mm at temperature of 850 °C at the central point of the furnace.

T,°C
800 ” >,
L ~N
700 / \

o/ \
wl \

300
/

200

0 5 10 15 20
Length of furnace, cm

Figure 5.1.2. Distribution of the temperature depending on point of the reaction
furnace.

Ferrocene in the furnace of evaporation at temperature 100 - 105 °C was
evaporated and was moved with toluene vapor by the argon flow to the hot part of the
second furnace. Therefore the pyrolysis of ferrocene and of toluene occurred gererating
the growth of MWTNs. The thermal decomposition of ferrocene vapor produces iron
nanoparticles on the cylindrical quartz substrate and there is future growth of MWNTS.
On figure 5.1.3 there is photo of microcylinder formed by 7 hours.

1cm

Figure 5.1.3. Photo of macrocylinder with constant thickness of the wall from radially
oriented multi-walled carbon nanotubes.

A study of morphology of cylinders was exercised by scanning electron
microscope Supra 50 VP (Zeiss) and by transmission electron microscope JEM-2010:
an accelerating voltage was 200 kilovolt, resolution was 0.14 nm. SEM images of

cylinder are on the figure 5.1.4a, b, c. From SEM images we can observe, that walls of
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macrocylinder have radially oriented multi-walled carbon nanotubes and bulk of them.
Also we can notice, that a space is between bulks, whith can be filled within. Observed
NTs were as the thick (diameter about 100 nm) as the thin (diameter about 20 nm)
MWNT, most part them were closed [2]. Four different structural parts of the cross-
section of cylinders were indicated by SEM study 5.1.4d.

c d

Figure 5.1.4. a, b, c — SEM images of cylindrical section. d — Schema of the structure
of the cross-section of the macrocylinder. / — part of the contact between mass of
MWNT and quartz substrate, part of chaotic growing; 2 — wavy part; 3 — main part of

the growing of radially oriented MWNTs; 4 — interior part of the macrocylinder
formed bulks of MWNTs.

Samples for fabrication solar cell based on the mass of aligned CNT were
created by this MOCVD method. We used two type of quartz substrate: cylindrical and

flat. The principle of flat growing is same cylindrical growing.
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5.2. Flat MOCVD samples with MWNTs. Thickness. Absorption.

Flat samples grew by MOCVD method were the flat quartz substrate with film
of perpendicularly oriented aligned multi-walled carbon nanotubes, which can be used
for fabrication of solar cell. A study of the thickness of the film of NTs, depending on

the weight of the film of NTs, consequently on growth parameters.

Table 5.2.1. Data of MOCVD flat samples.

N of sample Layer of | Weight of MWCNT, Thickness of
nickel mg MWCNT layer, um

E-11-122 - 1.50 -
E-11-123 - 1.25 -
E-11-124 + 3.65 200 £ 20
E-11-125 + 1.25 50+ 10
E-11-126 + 0.1 10+4
E-11-127 + 0.3 30+4
E-11-128 - 1.5 80 + 20
E-11-129 - 0.1 10+4
E-11-132 + <0.1

Samples of the flat layer of MWNTSs on the quartz substrate 1x2 cm? some
samples have the nickel layer between quartz and MWNT (“+” in Tabl.5.2.1 means the
presence of nickel layer). The nickel layer was deposited on the quartz substrate by
plasma spraying before of synthesis of MWNTs. The resistivity of the nickel layer is
57712 ohm-cm and the spectrum of transmission is on the figure 5.2.1. where the nickel
layer was used as the starting layer to grow of MWNTs and as the electrode - for future
cell. The transmission of quartz substrate with a nickel is decreased, but it has sufficient

value for using it in order to create the cell.
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Figure 5.2.1. Transmission spectrum of nickel layer on the quartz substrate. Thickness
of nickel layer, nm: 7/ — 15; 2 — 30.

The difference of the quantity of MWNTs can be seen by the nakel eye
(fig.5.2.2). The thickness of MWNT layer depend on the weight of NTs as we show on
figure 5.2.3a, the dependence of the absorption spectrum on the weight is shown on

figure 5.2.3b.

a b c d

Figure 5.2.2. Photo of flat MWNT samples grew by MOCVD. Weight of the MWNT
film on the quartz substrate, mg: a — 0.1; b —0.3; ¢ — 1.25; d — 3.65.
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Figure 5.2.3 a — dependence of the thickness of MWNT layer on the weight of
MWNTs; b — absorption spectrums of MWNT film by weight of the film, mg: 7 —0.1; 2
—-0.3;3-1.25;4-3.65.
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The layer with a thickness of about 200 um is a very thick and black, it absorbs
the full-spectrum light. In spectrums peaks of 350 nm, 380 nm, 420 nm, 450, 680 nm
are peaks of the quartz substrate. In figure 3.2.36 on lines 3 and 4, it was taken into
account, but was not taken into account for lines 1 and 2.

SEM images of the most lightweight samples E-11-132 is showed below
(fig.5.2.4).

¢
S
300nn  |j—

Figure 5.2.4. SEM images of E-11-132 samples.

On SEM images we can observe that the MWNT layer on the flat quartz
substrate is formed from the buffer layer of carbon nanoparticles and a growing straight
up bulk of MWNTs on the top. It isn’t an aligned layer of NTs as in case of cylindrical

substrate, but there are the uniform, homogeneous, continuous layer of MWNTs.
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5.2.1. Fabrication of the cell. Current-Voltage Characteristics.

Samples were prepared for fabrication of the cell. MWNT films were put in
Pyrenemethanol solution and dye N3 solution in turn. Absorption spectrums were
measured for every step. Sample E-11-122 was put to Pyrenemethanol solution in
ethanol for 2.5 hours, then was washed in ethanol 3 times, for every washing the
absorption spectrum was measured (fig. 5.2.5). From spectrums we can estimate that the

washing has to be about 30 minutes to remove excess of pyrenemethanol.

Absorbance

) v ) v ) v ) v )
300 450 600 750 900
Wavelength, nm

Figure 5.2.5. Absorption spectrums of MWNT layer with weight 1.5 mg (E-11-122) by
washing time, min: / —5; 2 —25;3-110; 4 - 0.

After the covering with Pyrenilmethanol and dye N3 cells of each sample were
fabricated. The contact wire was attached to MWNT film directly for samples without
the nickel layer, and it was attached to nickel layer for other samples. The polymeric
glue was deposited on the top of the perimeter of the sample for isolation between NT
film and FTO layer of the other electrodes. Liquid iodine electrolyte was put on the
MWNT layer and the cell was finished with transparent FTO electrode (fig.5.2.6). Then
Current-Voltage Characteristic (CVC) of every sample was measured (fig.5.2.7).

FTO
I'/T
Quartz

Figure 5.2.6. Architecture of the cell based on the film of perpendicularly oriented
aligned MWNTs.
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Figure 5.2.7. CVC of samples without nickel layer. Weight of the MWNT film, mg:a —
0.1;b—1.25;¢c—1.5;d—-1.5.

These samples have low as the short-current as the open-voltage. Sample E-11-
123 shows interesting results, CVC values were the highest and current saves when the
light was off. After one hour in darkness the CVC curve was same. The CVC curve
number 2 on the fig.5.2.7 was registered after being in darkness for one day, which
means that this cell has accumulated charge, so it works as the energy storage.

Two types of the cell were fabricated for samples with nickel layer on the quartz
substrate. The architecture of cells was the same, the contact point was the only
difference. The first type was the cell with contact wire attached to MWNT film
directly, the second — to nickel layer (fig.5.2.8). CVCs of every type of samples were

measured successively (fig.5.2.9).
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Figure 5.2.8. Architectures of cells based on the film of perpendicularly oriented
aligned MWNTs and nickel layer on the quartz substrate.
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Figure 5.2.9 CVCs of cells from samples with nickel layer. / — the contact wire is to
MWNT film directly; 2 — contact wire to nickel layer. Weight of MWNT layer, mg: a —
365;6-1.25;¢-03;d-0.1.

Values of the shot-current Isc and the open-voltage Voc of every sample were

determined by CVCs and were presented in the table 5.2.2. Dependences of the Is- and
the Voc on the weight of the MWNT film were estimate from CVCs of cells (fig.5.2.10).

Table 5.2.2 Values of shot-currents and open-voltages of CVCs of cells with nickel
layer.

N of sample Mass of NT, Isc, pA Isc, pA Voc, mV | Voc, mV
P mg (MWNT) (Ni) (MWNT) |  (Ni)
E-11-124 0.00365 0,002 0,02 40 77
E-11-125 0,00125 0,04 0,42 190 172
E-11-126 0,0001 0,06 1,2 397 460
Isc, pAlem® V, mV

500 —
1,24 450
104 400

1 350
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Figure 5.2.10 a - dependence of the open-voltage on the weight (thickness) of MWNT
film; b - dependence of the short-current on the weight (thickness) of MWNT film. / is
samples with contact wire to MWNT layer directly; 2 is samples with contact wire to
nickel layer.

52



The attachment of the contact wire doesn’t have the big influence on open-
voltage (fig.5.2.10b), but it influences essentially to the value of short-current. The
short-current is 10 times higher for the samples with contact wire to nickel than for the
samples with contact wire to MWNT film, because, in this case, photoelectrons have a
direction to flow. There 1s the Fermi level of nickel, which indicates current direction
for all photoelectrons in MWNT film. Electron has to pass from single NT directly to
electrodes, it is easier to them than to flow external circuit. In the other case, electrons
in MWNT film don’t have the potential well for the fall, and electron has to cross the
MWNT mass, which means that more part of electrons was lost on the defect.

In accordance with results of the study the flat film of MOCVD MWNTs can be
used for fabrication of the solar cell also if the film doesn’t has the highly
perpendicularly oriented aligned layer of MWNTs special if the sample has the

auxiliary conductive layer on the substrate.

5.3. Cell with PEDOT:PSS as oxidation-reduction part of the cell.

Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) i1s n-
conjugated polymer (fi.5.3.1). PEDOT is a relatively new member in the conducting-
polymer family. It shows interesting properties, including good electrochemical,
ambient, and thermal stability of its electrical properties as compared with that of other
polythiophenes [3]. PEDOT is built from ethylenedioxythiophene (EDOT) monomers.
It is insoluble in many common solvents and unstable in its neutral state, as it oxidizes
rapidly in air. To improve its processability, a polyelectrolyte solution (PSS) can be
added, and this results in an aqueous dispersion of PEDOT:PSS, where PEDOT is its
oxidized state. Each phenyl ring of the PSS monomer has one acidic SO3;H (sulfonate)
group (fig.5.3.1). The role of PSS, which has a much higher molecular weight, is to act
as the counter ion and to keep the PEDOT chain segments dispersed in the aqueous
medium. In general PEDOT:PSS gel particles are formed that possess excellent

processing characteristics to make thin, transparent, conducting films [4].
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Figure 5.3.1 Chemical structure of the species present in the film of PEDOT:PSS

9_° PEDOT

particles, surrounded by a thin PSS-rich surface layer[5].

carbonate (C4H¢O3), which dissolves components of iodine electrolyte.

tried to form the next cell, cell with aluminum layer as a second electrode was

The cell of the sample E-11-123 was disassembled and washed in propylene
Then
PEDOT:PPS solution was deposited on the MWNT film and was dried in the oven at 50
°C for 10h. The cell was concluded by FTO electrode (fig.5.3.2a), and CVC was
measured (fig.5.3.3a). The film of NT and PEDOT:PSS layer has a solid state, so we

deposited by spattering (fig.5.3.2b).
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PEDOT PSS é
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Figure 5.3.2. Architectures of cells based on the film of MWNTs. Second electrode is:

a

a — FTO layer; b — aluminum layer.
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Figure 5.3.3 CVCs of cells. Second electrode is: a — FTO layer; b — aluminum layer.
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The cell with aluminum electrode don’t has the CVC because, it is possible, that
during of the spattering of Al layer aluminum was penetrated to net of NTs. Also the
layer of PEDOT was very thin, and like result we have a short-current. The problem in
this case was that MWNTs have the role of electrode, and charge separation was very
difficult. To check the functionality of PEDOT:PSS as redox part of system, we tried to
form the cell based on the layer of SWTN deposited by electrophoresis. The cell has
two electrodes: ITO glass and aluminum layer. SWNT layer was coated by PEDOT:PSS
solution and dried in oven at 50 °C for 10 h (sample PEDOT1) (fig.5.3.4a). The contact
wires were attached ITO and Al layers directly. CVC is showed on figure 5.3.45b.
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Figure 5.3.4 a — architecture of the cell, a — CVC of the cell.

For samples PEDOT]1 the charge separation was occurred, the open-voltage has
a good value of about 0.4 V, and shot-current is higher than for the E-11-123. It means
that we can use the PEDOT:PSS as redox part of our system based on NTs. Also we
noted this cell has the charge accumulation, because the dark line of CVC is near the

light line and keeps in darkness for long time.
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5.4. Cylinders. Cutting.

Paragraph 5.1. described the synthesis of cylinders of MWNTs. We tried to
apply films of it for the fabrication of the cell. Every cylinder has three general parts:
part of chaotic growing, wavy part, main part of the growing of radially oriented aligned
MWNTs (Fig.5.4.1). For our system is interesting only third part, thr part of aligned
NTs.

Figure 5.4.1 a - schema of microcylinder; b — optical photo of microcylinder; c — SEM
image of 3™ part of microcysinder. / - section of random growth of MWNTs; 2 —
section of wavy growth of MWNTs; 3 — section of aligned growth of MWNTs.

Microcylinder number O-10/10 was synthesized by MOCVC, paremetrs of with
were: temperature of deposition of microcylinder (furnace of the reaction) was 850 °C;
temperature of the furnace for the evaporation was 105°C; speed of argon flow at 550
cM’/min; speed of deposition at MWCNT 12.7*107g/cm? in hour. The microsylinder of
MWNTs has a weight of 1.8845 g and the density of 0.461 g/cm’.

Firstly, the microcylinder was broken into many little pieces. The piece of the
mocrocylinder was glue filled with Epikote 1004 (Hexion Specialty Chemicals B.V.).
EPIKOTE Resin 1004 is a solid epoxy resin produced from Bisphenol A and
Epichlorohydrin. The first sample was filled with 40 mass% acetone solution of Epikote
1004, and then dried in the oven. The ULTRA CUT (Leica Microsystems GmbH
Wetzlar, Germany) with a DIATOME knife was used for cutting. Films of MWNT from
section 3 were studied on the TEM and SEM (fig5.4.2).
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Figure 5.4.2 a, b — TEM images of film of radially oriented aligned MWNTs; ¢ - SEM
images of film of aligned MWNTs. Thickness of the film is, nm: a - about 80; b —
about 100; ¢ — about 2.

TEM image fig.5.4.2a shows that some of NTs are regularly cut then we see
black-out rings — red squares. Most part of NTs was inclined to the same side - direction
of cutting (blue arrow). The small part had holes after NTs, NTs were jumped out. TEM
image fig.5.4.2b was thicker and NTs were remained inside the film, but most part was
inclined to the same direction. SEM image demonstrates that the film has a lot of empty
space, without glue. It means that the piece of cylinder was not glue filled well.

Therefore for the next sample we changed the filling method. We used a cup
with filter bottom and pumping. Pieces of the cylinder was placed inside of the cup and
moistened with: pure acetone (1); 10% solution of Epikote in acetone a few times (2);
20% solution of Epikote in acetone a few times (3), then pieces were placed inside of
20% solution of Epikote in acetone for 2 hours (4), so inside of 40% solution of Epikote

in acetone for 2 hours (5), and inside of 60% a solution of Epikote in acetone for 24
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hours (6). Finally it was dried for 67 hours in an oven at 45 °C. The result of cutting can

be seen on the figure 5.4.3.

Figure 5.4.3 SEM images of film of aligned MWNTs. a — with Epikote 1004 qlue; b —
after washing, without qlue.

From this piece of cylinder created 3 samples were creaded with film thickness
of about 2 pm. Sample 1 was ITO glass with NT films on the top (fig.5.4.3a). The film
of NT was full of glue and most part of NTs was regularly cut, because NTs are well
fixed. Next, was the problem of removing the glue from the NT net. It can be realized
with acetone, but during the washing process all films of NTs were left ITO glass,
because they lost contact without the glue. The other sample was the ITO glass with
thin film of metallic glue, which attaching MWNT films. Then during of the washing
process NTs were remained on the glass (fig5.4.3h). SEM images demonstrate that

MWNTs maintain alignment also without glue and can be use for fabrication of cell.
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5.4.1. Fabrication of the cell. Current-Voltage Characteristics.

Samples were prepared for fabrication of the cell. ITO glass substrate with
MWNT films (thickness of about 2um) were put into Pyrenemethanol solution then into
dye N3 solution. Thereafter a thin polymer film for isolation between electrodes and
iodine electrolyte covered the area of the subdtrate without MWNT films. Liquid iodine
electrolyte 1/I; was put on the MWNT layer and the cell was finished with a second
transparent ITO electrode (fig.5.4.4a). Then Current-Voltage Characteristic (CVC) of

every sample were measured (fig.5.4.4b).
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Figure 5.4.4 a — architecture of the cell, b — CVC of the cell.

The cell based on the pieces of thin MWNT films had different effects: the space
between pieces; the difficulty to uniformly to cover a large-area; the difficulty to attach
pieces and Nts and substrate. In spite of it the cell had a photovoltaic effect and showed
the short-current 32 pA and open-voltage 0.65 Volts. For future work we can use
microcylinder of radially oriented aligned MWNTs for the fabrication of a solar cell. It

is possible to grow a denser cylinder to improve the morphology of the off cut film.

59



REFERENCES

1. AWM. Kupwinos, A.M. O6wvenkoB u np. Hanomexnuka. 2011, 1, ctp. 72-78.
2. AM. O6wenxos, b.C. KaBepun u ap. Ilucema o mamepuanax. 2012, 2, ctp. 152-156.

3. T.A. Skotheim, J. Reynolds. Handbook of Conducting Polymers. CRC Press: Boca
Raton, 2007.

4. A. Mantovani Nardes. On the conductivity of PEDOT:PSS thin Films. Eindhoven.
2007.

5. M. M. de Kok, M. Buechell and et al. Physica Status Solidi (A). 2004, 201, p. 1342.

60



CONCLUSION

The study was done for the creation of a hybrid solar cell based on the two
models: DSSC Gratzel cell and Amaratunga cell described in Chapter 11. We fabricated
the Amaratunga solar cell based on the SWNTs, dye N-(1-pyrenyl)maleimide (PM) and
conductive polymer poly(3- octylythiophene) (P30OT). It was determined that the best
method of deposition of the functional layer of the cell is by evaporation to solution.
The variations of P30T concentration in chloroform showed that photovoltaic
properties of the cell are better for the cell, which has an auxiliary layer of P3OT on the
top of the functional layer, contained the P30T of concentration higher than 10 mg/ml.
The glass with a layer of the fluorine-doped tin oxide (FTO) is the best electorode of the
cell, because it is a more chemically stabilized layer.

We offer the model of construction of a new hybrid solar cell based on the
carbon single-walled nanotubes and ruthenium dye with molecule-bridge -
PyreneMethanol. The most effective way of fabricating this cell is to create successive
layers of NTs, upper dye layer and then the electrolyte. In this case, there are favourable
conditions for separation and charge transport. The best way for the creation of the film
of nanotubes is the evaporation of the solvent from the suspension (0.2 mg / mL) at 50
°C, followed by adding the dye from the solution. For this method of evaporation of the
solvent the most homogeneous structure of the film is formed on an area of about 0.1
cnr’. Cells have very good performance in comparison with similar devices.

In the following step of work, the layer of SWNTs was created from
electrophoresis of the water suspension. Were the dependence between concentration of
SWNTs and thickness of the formed layer was determined, in the dimension of NT-
bundles. This method allows generating a uniform layer on the samples of large-area,
and to grow layer of CNTs on the flexible substrates. The fill factor of CV curves of
cells from deposition by electrophoresis is higher than from deposition by evaporation
of solvent.

The last step was growing CNTs by MOCVD. This method of growth creates a
very uniform layer of perpendicularly oriented aligned multi-walled carbon nanotubes
on the large-area of flat substrate, and macrocylinders with constant thickness of the

wall from radially oriented multi-walled carbon nanotubes. Samples were created on the
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quartz substrate. The dependence between parameters of MOCVD growth (weight of
layer of MWCNTs) and current—voltage characteristic of finished cell based on the flat
substrate was determined.

We tried to use the MOCVD microcylinders of radially oriented MWNT for
fabrication of the solar cell. Thin films of NTs were cut off by diamond knife. The layer
of NT on the electrode was created from pieces of the thickness about 2 um. The cell
has shot-current of 32 pA and open-voltage of 0,65 V.

We proved to create the cell with solid P30T and PEDOT: PSS polymer layers
at the place of redox liquid electrolyte. This cell has good CVC parameters and we have
the solid cell.

The studies allowed determining that samples of MOCVD WMNT can be
applied to the creation of solar cell. MOCVC method has the possibility to grow denser
cylindrical samples and to try to grow cylindrical samples of single walled NTs by

higher temperature; it can give the improvement of the solar cell properties.
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