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Abstract

Carbon nanotubes (CNT) solubilisation represents a major challenge for their use
on a large scale in electronic devices, as CNT's tendency to aggregate prevents an
easy and uniform deposition of CNT films. This thesis demonstrate a novel way to
solubilise CNTs using the non-conjugated polymer ethylene-vinyl acetate (EVA). The
characterisation of the optical and electrical properties of the resulting EVA-CNT nano-
hybrids is analysed, and their performance as a holes extraction layer in photovoltaic
devices discussed.

First, it is shown that EVA can solubilise single- and multi-walled carbon nanotubes,
and by photoluminescence excitation mapping is demonstrated that the polymer creates
a strong binding with the CNT inducing a mechanical stress. Raman spectroscopy
studies show a non-selective wrapping process, with a tendency to wrap more metallic
CNTs. By atomic force microscopy it is confirmed that the nanotubes are individually
wrapped. This causes the screening of the aggregation forces in solution and enables
the production of uniform and aggregate-free dispersions.

These dispersions allow the fabrication of uniform thin films by spray-coating,
conducting and semi-transparent, with conductivities of up to 34 S/cm, two higher of
magnitudes ever reached for this combination of materials. The films have been the
subject of percolation studies, showing that the films with increasing density show an
increase in conductivity which can be well fitted by the expected behaviour for a 2D
percolation model.

Finally, to test the electronic properties of such produced CNT films in devices,
they have been used as hole transporting layers in perovskite solar cells. It is shown
that despite the insulating polymer wrapping the nanotubes, it is possible to use them
in conjunction with undoped 2,2",7,7'-Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9'-
spirobifluorene (spiro-OMeTAD) to efficiently extract charges from the perovskite layer,
obtaining solar cells with a power conversion efficiency of 16.8% with EVA-SWCNTs.
and 17.3% with EVA-MWCNTs. With further optimisation it is expected that they can
replace CNT wrapped with conjugated polymers, offering favourable optical properties
at lower cost.
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CHAPTER 1

Introduction

1.1 Nanotechnology and carbon nanotubes

On the 29th December 1959, Richard Feynman gave a talk at the American Physical
Society meeting at the California Institute of Technology titled "There's Plenty of
Room at the Bottom",! which is symbolically regarded by many as the start of the
field of nanotechnology. Starting from the 80s the field moved from ideas and concepts
from a lecture to the actual ability to study and manipulate matter on the atomic
scale.

Nanotechnology played an important role in the last decades, bringing advances in
many fields including medicine, telecommunications, electronics, drastically accelerate
the development of the society. The field of nanotechnology is highly interdisciplinary,
linking the competences of chemists, physicists, biologists, material scientists and
medics.

Carbon nanotubes, long carbon based tubes with a diameter in the order of few

nanometers and length of several micrometers, belong to this class of technologies.

1



Chapter 1. Introduction

Studied from the 90s with the seminal work of Sumio lijima at NEC,? carbon nanotubes
have attracted a big interest for their unique mechanical and electronic properties, with
numerous potential technological applications including transistors, thermal conductors,
fibres and fabrics, structural reinforcements, drug delivery, energy production and
storage, and several Nobel prizes have been awarded for research in this field.

Despite many prototypes have been produced, their commercialisation has been
hindered by technological challenges, including the challenges in processing CNTs on
large scale due to the difficult handling in their dry form and their poor solubility in
common solvents, which would be needed for deposition.

As it will be described in more detail in Chapter 2, many approaches to solubilise
CNTs have been developed, but these are often too expensive or introduce detrimental
effects for the electronic properties of CNTs. In this context, this thesis investigates
the use of a common, inexpensive polymer, EVA to solubilise carbon nanotubes in
organic solvents to enable a facile large-scale deposition from solution for device

applications.

1.2 Structure of this thesis

This thesis will describe the result of investigations on the use of a non-conjugated
polymer, ethylene-vinyl acetate (EVA), to solubilise CNTs and produce thin films for
electronic devices, with a specific application in solar energy cell technologies.
Chapter 2 and 3 will give an introduction to the relevant scientific knowledge,
strating with describing CNTs in Chapter 2 from a theoretical point of view. Starting
point is the graphene lattice, and it will be shown how CNTs optoelectronic properties
are strictly related to their geometry. A brief overview of the optical characterisation
will be presented, and a discussion on their electrical properties illustrated. Finally,
the problem of the carbon nanotubes solubilisation for large-scale deposition will be
discussed, with an overview of the main methodologies to achieve uniform dispersions

to date.




1.2. Structure of this thesis

Chapter 3 will briefly summarise the physics of semiconductors and their use
in photovoltaic devices. A particular focus will be put on perovskite devices, and
specifically on the use of carbon nanotubes in these devices.

Chapter 4 will describe the further materials used in this work, the fabrication
procedures of film and devices and the characterisation techniques.

The experimental work is starting from Chapter 5, which will focus on the studies on
the solubilisation of CNTs with the non-conjugated EVA polymer, and the fabrication
of EVA-CNT nano-hybrids, with a characterisation with photoluminescence excitation
(PLE) spectroscopy, Raman spectroscopy and atomic force microscopy.

Studies on the electrical properties of this films produced with EVA-CNT nano-
hybrids will be shown in 6, where percolation studies on film with different densities
are illustrated, and optical and electrical measurements are used to characterise the
films.

Chapter 7 will demonstrate how the use of the EVA-CNT nano-hybrids in photo-
voltaic devices and how well they perform. For this, perovskite solar cells employing
them as hole transporting layer are fabricated and characterised.

Finally, Chapter 8 will summarise the key findings, and present the scope for future

work.
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CHAPTER 2

Carbon nanotubes

This section gives a brief introduction to the characteristics of CNTs, with a specific
focus on the properties most relevant to the experimental work of this thesis. It
is largely based on the books of Saito, R, Dresselhaus, G, and Dresselhaus, MS,
Physical Properties of Carbon Nanotubes, 1998, Imperial College Press! and of Jorio,
A, Dresselhaus, MS, and Dresselhaus, G, Carbon Nanotubes: Advanced Topics in the
Synthesis, Structure, Properties and Applications, 2008, Springer? which can be used

as a reference for a more comprehensive description.

2.1 Single-Walled Carbon Nanotubes

2.1.1 Crystal structure

CNTs are cylindrical allotropes of carbon. They are categorized as SWCNTs when
made of a single cylinder, and MWCNTs when made of several concentric cylinders.

The simplest way of describing the structure of SWCNTs is by starting with the

7



Chapter 2. Carbon nanotubes

description of graphene. Graphene is a covalent solid made of carbon atoms arranged
in a honeycomb structure, forming a triangular lattice having two carbon atoms per
unit cell, which is the two-dimensional rhombus having the unit vectors as sides, as

represented in Figure 2.1. The unit vectors are defined in Cartesian coordinates as
V31 V3 o1
a; = ap (7, 2 ;a2 = do R (2.1)

where ag = V3ac_c = 0.249 nm is the lattice constant and ac_c = 0.144 nm is
the C' — C bond length (This is ac_¢ = 0.142 nm in graphite,® but slightly larger in
CNTs depending on the curvature, typically ac_c = 0.144 nm?). These two vectors

have a length of |a;| = |az| = ag = 0.249 nm and open at an angle of 60°.

ese st esesececesace
U 8se-coasecacace
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s
®
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Figure 2.1: Costruction of a (10,5) SWCNT on a graphene sheet. a; and a3 are the unit vectors of
the crystal. The chiral vector C can be written with the unit vectors as C = 10a; + 5as, and the
perpendicular translational vector T is given by T = —4a; + 5a,. The tube is constructed cutting
the graphene sheet along the T vector and the blue dashed line, and rolling up the sheet to have
the C vector as the diametre of the tube. The angle 6 between the a; and the C defines the chiral
angle. The chiral vectors of the special cases of a zig-zag tube (10,0) and an armchair tube ((5,5)
are also represented.

CNTs can be constructed by defining a vector C joining two equivalent points on




2.1. Single-Walled Carbon Nanotubes

the graphene lattice and rolling up the sheet such that its end points are superimposed.

The C vector can be written as

C= nai + mas (22)

where n. > m are the chiral indices, which uniquely define a carbon nanotube and
its properties.

The magnitude of the C vector is

|C| = apV/n? 4+ nm +m?2 (2.3)

and the diameter of the tube is

2 2
d, — apyV/n? +nm+m (2.4)

™

The chiral angle @ is defined as the angle between the C and a, vectors, and
denotes the tilt of the hexagonal helix with respect to the axis of the tube. It is defined
as

C-a 2n +m

cosf = = 2.5
Cllas] ~ 2viZ T 1o (25)

Due to the hexagonal symmetry of the honeycomb lattice all the unique tubes are
described in the range 0° < |0] < 30°, (i.e. n > m > 0). All the nanotubes with
0° < |#] < 30° exhibit a spiral symmetry. Their mirror image cannot be superposed
to the original one, and they are called chiral nanotubes. The special case of achiral
tubes are referred to "zig-zag" when § = 0° (m = 0) and "armchair" when 6 = 30°
(n = m), and they take the name from the shape drawn by the carbon bonds as
illustrated in Figure 2.2. An example of both is also represented on the graphene

lattice of Figure 2.1.
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(10,0)
zig-zag

(5.5)
armchair

d =0.79 nm d =1.05 nm d = 0.68 nm

Figure 2.2: 3D representation of a zig-zag tube (10,0), a chiral tube (10,5) and an armchair tube
(5,5). The blue marks highlight the geometry of the bonds that gives the name to the structure.
The rolled up sheet of graphene is also a crystal lattice. Its unit vectors are the

above defined C vector and the translational vector
T = t1a1 + t2a2. (26)

This is perpendicular to the C vector, (i.e. parallel to the tube axis) and its length
is defined by the smallest translational period along the tube axis. It is possible to
calculate the coefficients ¢; and ¢5 using the condition C- T = 0 giving

_2m—|—n 2n +m

t1 = to = — 2.7
1 NR s U2 NR ( )

where Ny is the greatest common divisor of 2m + n and 2n + m, and the modulus

of the vector is then

IT| = V3|C|/Ng (2.8)
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2.1. Single-Walled Carbon Nanotubes

The unit cell of the lattice is the cylinder of diameter d; and height | T|. Dividing
the area of the unit cell by the area of the hexagon, it is possible to obtain the number

of hexagons per unit cell

(2.9)

and having 2 carbon atoms per hexagon, there are 2N}, carbon atoms per unit
cell (i.e. 2p, orbitals).

An example is shown in Figure 2.1, where the construction of a (10,5) tube is shown.
The C = 10a; + 5a, vector is shown in red, and the corresponding T = —4a; + 5a,
in blue. The chiral angle is drawn between the (0,5) vector, parallel to a; and the C
vector.

Having defined the graphene sheet and the carbon nanotube in the real space, it is
now possible to calculate the first Brillouin zone in the reciprocal space. Starting with
the graphene sheet, the reciprocal lattice of a hexagonal lattice is again hexagonal,
and the reciprocal primitive vectors k; and ky can be calculated from the relation

a; - k]’ = 271'(51‘_7', |eading to

47 (1 V3 Aar (1 V3
T

Similarly, for the nanotube the reciprocal lattice vectors k; and k can be defined

using the relations

C-k” :271', T-kH :O, (211)

C k. =0, T -k, =2r. (2.12)

getting

11



Chapter 2. Carbon nanotubes

Figure 2.3: Brilloin zone of a (10,5) carbon nanotube. The vectors k; and k| are the reciprocal
vectors of C and T. The allowed wavevectors are the Ny, = 70 segments along the k, vector,
having a length of 27/T and spanning a distance of 2Ny, /d;. The Brilluoine zone of graphene is
also shown in the blue hexagon with the two reciprocal vectors ki and ko, and the high symmetry
points I', M, K and K'.

1 2n +m 2m +n
I Niow ( Nn 1+ N 2) K1

The reciprocal of the translational vector kj is continuous as the carbon nanotube
is regarded as infinitely long and its length is |k;| = 27 /ao. The k is quantized due
to the Born—von Karman boundary conditions, as the wave functions of particles in

nanotubes around the circumference with a phase shift different from 27 vanish due

12



2.1. Single-Walled Carbon Nanotubes

to destructive interference, which correspond to imposing the condition

: 2r 2w . 2
2')\:!C\:W'dt<:>|kﬂ:7:E'Z:d—'Z- (2.14)
t

where i takes values {—Nper/2 + 1, —Nper /2 +2,...,—1,0,1, ..., Nper /2}. The
only allowed wavevectors along the k, direction are then discrete lines spaced at a
distance of 2/d; apart. The resulting Brillouin zone is then made of N, parallel
segments with a length of 27 /T covering a total distance of 2Ny, /d;.

This is shown in Figure 2.3 for a (10,5) tube. The allowed momenta are represented
by the N, = 70 segments along the k, direction, whose relative direction in respect

of the graphene reciprocal lattice is given by Equation 2.13.

2.1.2 Electronic structure

Energy dispersion relations

The energy dispersion relations of CNT can be derived using again graphene as a
starting point. In graphene three sp? hybridised carbon orbitals per atom form very
strong localised o bonds. These are responsible for the mechanical properties of
graphene and do not contribute to the conduction.

The remaining p. orbitals are perpendicular to the graphene plane and can be
treated independently for symmetry reasons. The overlap of each p. orbital with their
neighbours forms de-localised 7 (bonding) and 7* (anti-bonding) orbitals responsible
for the electronic properties of the material.

Due to the weak coupling of the p, orbitals, the electrons are tightly bound to
their respective atoms, allowing the derivation of the band structure by a tight binding
approximation for the m-electrons as originally shown by Wallace3.

With this approximation the dispersion relation can be written as*

4+ :€2p:|:70 f(k)
2P 1 F 504/ f(k)

(2.15)

13



Chapter 2. Carbon nanotubes

where €;p is the site energy of the 2p, orbitals, vy is the transfer integral (i.e. the
carbon-carbon interaction energy) and and sq is the overlap integral between a carbon

atom and one of its neighbours.

10.04

5.0 7
2.5 7

0.0

Energy (eV)

=25

-5.0

-7.57

—10.0

Figure 2.4: 3D plot of the EziD bands (Eq. 2.15) for graphene calculated with the tight-binding
approximation. The bonding and anti-bonding bands (7 and 7x) cross over at the K points, resulting
in a metallic character.

f(k) =3+2cos (k-ay) +2cos (k- asg) + 2cos [k(a; — az)] (2.16)

which can be rewritten in terms of k, and k, coordinates as

14



2.1. Single-Walled Carbon Nanotubes

k k k
fke,ky) = 4| 1+ 4cos <\/§2an> cos ( yzao) + 4 cos? (yTaO> (2.17)

The band structure of graphene can now be used to describe the structure of
single-walled CNTs using the zone-folding approximation. This is done by overlaying
the discrete k| vectors of the SWCNT described in the previous section onto the
Brillouin zone of graphene. The bands of SWCNTs are then described as the cross

sections along these allowed momenta, and are given by:

. , k
E?WCNT(% k) = Egip (ij_ + k||ﬁ) ; (2.18)

where i takes values {—Npe./2 + 1, —Nper /2 + 2,...,—1,0,1, ..., Nper /2} and
ELEY

It is important to note that the orientation and number of the discrete k lines
change depending on the nanotube geometry. As it can be seen from Figure 2.4, if
these cross the K point of the graphene Brilloin zone, the valence and conduction
bands will cross at this point and the tube will be metallic. In all the other cases there
will be a band gap, and the tube will be semiconducting. This is illustrated in Figure
2.5 for (5,5) metallic and (10,0) semiconducting nanotubes.

Analytically we will have an allowed wave vector passing through the K point when

K-C=27-p, peN (2.19)

and substituting the position of the K point K = (k; — ky) we get

1
g(kl — k2) . (ma1 + nag) = 27'(']9 (220)
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Figure 2.5: Band structure (left) and density of states (right) for a (10,0) semiconducting tube
and a (5,5) metallic tube. The band structure is calculated with the tight-binding approximation of
Eq. 2.18. The bands of the (10,0) tube cross at 0 €V, and this corresponds to a non-zero density of
states around this energy. On the contrary, the (5,5) tube shows a bandgap, and consequently a
region with no available states in the bandgap.
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2.1. Single-Walled Carbon Nanotubes

and since a; - k; = 2md;; we obtain

m—n=3p (2.21)

which means that a tube will be metallic if the difference of its chiral indeces is a

multiple of three. This can be generalised to give

0, metallic.
m-n=3p+gq, q= (2.22)

+1, semiconducting.

From this follows that one third of all the nanotubes are metallic and the remaining

q = =1 correspond to two families of semiconducting nanotubes.

Density of states

The density of states (DOS) is the number of available sites for electron to occupy at
a given energy. A general expression for the DOS of CNT was derived by Mintmire et

al.5 and is given by

2 OE* (k. /-c)“1
n(k) = —— /dk:(;k—k' —_— 2.23
where k; si given by E — E*(k,, k) =0 and
3r2d
Qlky| = (2.24)

\/§0l02

To calculate the DOS for values of k near the Fermi level it is possible to expand

the dispersion relation of graphene (Equation 2.15)

3
B~ igao%\k _K|. (2.25)

Any distance between k to the nearest K point can be written as

17



Chapter 2. Carbon nanotubes

k — K| = \/Ak, 2+ Ak (2.26)

As described in section 2.1.1, Akj can have continuous values while Ak, is

quantised and is given by the projection of (k — K) onto kj :

ki
k]

2

Ak ‘(k K) - =34 3i —q, (2.27)

where ¢ is defined in Equation 2.22 and i takes integer values.

The derivative term can be written as

-1
_ / 2 2

‘aEi(khk”) 1 = Edo’)/oa —— Ak” = < 2 ) |Ei|
k) 2 k) V3agyw/ /(E*)? — E*
(2.28)

where
V3 .

Ei = “ayolk. = [3i - |\;_7; (2.29)

These expression can now be inserted in 2.23 and integrating over k&, obtaining

day & T B> B
ne) = S > 9(BE), g(E)= : (2.30)
= 0, |E| < |Eyl.

It can be seen that for F = FE; the density of states diverges. These singularities

are called van Hove singularities, and are given by E; = Zf}—”; with i = 0, 3,6, .

for metallic and i = 1,2,4,5,7, ... for semiconducting nanotubes. The bandgap for

semiconducting tubes is then

apo

E11 = 2E1 = 2\/§d

(2.31)
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2.2. Optical properties

An example of the DOS of a metallic and a semiconducting tube is represented in
Figure 2.5, where the band structure and the density of states are represented for a
(5,5) and a (10,0) tubes. While the metallic tube has a non-zero number of states for
every value of the energy, the semiconducting tube has a gap with no available states

of width Ell .

2.2 Optical properties

Absorption

Having described the density of states, it is now possible to study the optical transitions
in CNT. The main allowed transitions occurs vertically (due to conservation of angular
momentum) between bands with same index. They are labelled with E;; and are
allowed for light polarised parallel to the tube axis. Transitions for perpendicular
polarization are allowed for bands that differ by one (i.e. E;;_; or E;_;;), but these

are strongly suppressed due to the large geometrical anisotropy (Antenna effect®).

2y
a) z D), 2
- = individual tubes z l “
2 5 (HIPCO/micelle) | 2 e
= i i g 0.8 1.0 1.2 14
3 colloidal graphite 5 Diameter (A)
Q >
S -
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- <
Fy 3
@ ®
5 2
© ]
8 SWNT (PLV) ropes (HIPCO)
5
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Figure 2.6: UV-VIS-NIR absorption of different SWCNT samples. (a) shows the comparison between
colloidal graphite and rope materials of SWCNT (produced via Pulsed Laser Deposition). A, B, and
C features can be attributed to symmetric transitions between the lowest subbands in semiconducting
(A, B) and metallic (C) tubes. (b) Comparison of background-corrected spectra from SWCNT
(produced with the HIPCO method) rope material with that of individual tubes in micelles. The
inset shows the diameter distribution in the sample. Adapted with permission from reference [7].
Copyright 2003 American Chemical Society.
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Chapter 2. Carbon nanotubes

Despite the very sharp DOS, the peaks found experimentally in the absorption
spectra of CNTs are generally very broad. This is due to the large heterogeneity of
the sample, as it can normally consist of many different species (m,n) adding up to
produce a broad peak. This is shown in Figure 2.6a, where the spectrum of CNTs is
very similar to the one of graphite, with exception of the peaks below 2 eV, attributed
to the lowest subbands in semiconducting (A, B) and metallic (C) tubes. In the case
of samples with a few nanotubes species (as shown in the lowest curve of Figure 2.6b)
peaks result quite broad due to bundling. An appropriate sample preparation (further
details discussed in section 2.4) allows the separation of individual tubes and results

in sharper peaks, as shown in Figure 2.6.

Photoluminescence

If the absorbed photons involve an excitation to states higher than Ef, an exciton is
created and a rapid non-radiative relaxation of tue electron-hole pair occurs to the Ef
energies.® In semiconducting SWCNT, the carriers then recombine radiately causing
the emission of photon of energy F1;. This process is called photoluminescence.
Similarly to absorption, CNTs need to be prepared for photoluminescence measure-
ments, as in case of bundled tubes any photoexcited carriers can decay non radiatively
through the surrounding tubes. Due to the large number of available states at the
singularities, the photoluminescence fetures are very sharp. These, combined with the
absorptions features, can be use to construct a PLE map. As each specific nanotube
will absorb photons of energy Fy, and re-emit photons of energy E,; depending on
its the chirality, each set of (E};, Fa2) energies will uniequly corresponds to a (m,n)

nanotube.

Raman scattering

Raman scattering? is the inelastic scattering of photons by molecules. In an inelastic

Raman process the incident photon produces an excitation to a virtual energy state in
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2.2. Optical properties

the molecule. If the material absorbs the energy by exciting a molecular or electronic
vibration, the re-emitted photon will have a lower energy, and the process is called
Stokes scattering. If the material loses energy, the emitted photon will have a higher
energy the the incident one, and the process is called anti-Stokes scattering. The
difference in energy between the incident photons and the scattered ones corresponds
to the energy of the vibrational mode.

The process can happen at any energy of the incident photon, but if this matches
any allowed optical transition the intensity of the signal is enhanced, and the process
is called resonant Raman scattering (RSS).

RSS spectroscopy is a very powerful tool to characterise CNTs as it strongly
depends on their chirality. The main features observed in the CNT are the radial
breathing mode (RBM), the G-band, the D-band and the G'-band.

The RBM is a symmetric mode originated by the radial vibrations of atoms in
respect of the nanotube axis, and its frequency is linked to the nanotube diameter by
the formula

A

WRBM — d_ + B (2.32)
t

where d; is the tube diameter, and A and B are parameters determined experi-
mentally depending on the sample environment (e.g. A = 248, B = 0 for nanotubes
on a SiO, substrate; A = 239, B = 0 for bundled nanotubes; A = 218, B = 16
for nanotubes dispersed in aqueous solution; A = 204, B = 27 for free-standing
nanotubes).

The graphite-like band (G-band) is originated by the in-plane stretching of the
bond between the two carbon atoms in the unit cell. Differently from graphite, where

1 in CNT it is composed of several

the band has a Lorentzian shape at wg ~ 1582 cm™
peaks originating from the quantisation of the k; wave vector. Typically two peaks
are observed, the so called G™, associated with the vibrations along the circumferential

direction, and the G™, associated with the longitudinal vibrations. The position of the
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Chapter 2. Carbon nanotubes

peaks, around wg- ~ 1570 cm~! and we+ ~ 1590 cm™!, changes depending on the
diameter and the metallic or semiconducting character of the nanotubes.

The D-band is the disorder induced band, observed in the range wp ~ 1300 +
1400 cm~!. It is common to all the sp*-hybridized carbon materials, and it is active in
the presence of defects, finite size effects and molecules linked to the nanotubes wall.
It depends on the incident light energy £}, following the relation wp = 1210 + 53FE;,
for nanotubes bundles, and being tube-specific for isolated SWCNT, decreasing with
the tube diameter.10:11:12.13

The G'-band appears at wg: = 2wp, but while the D-band originates from a
double resonance process involving a phonon and a defect, the G'-band involves two

phonons. Carbon nanotubes sometimes show two G'-bands, due two resonance with

two different van Hove singularities.

2.3 Electrical transport

Electrical transport properties are among the most significant properties of CNT. Due
to their size, they can be considered as quantum wires, where transport properties
are not ruled by classical laws any more. In a macroscopic conductor, the electrical
properties solely depend on the properties of material, specifically on its resistivity
p, which is generally size and voltage independent, and the electrical resistance of a

square conductor with length L and section W x W is given by

L

and its inverse, conductance (G), is defined as:

2
G= UWT. (2.34)

where o = p~! is the conductivity.
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2.3. Electrical transport

The classical description is not valid any more when the dimensionality of the system
becomes comparable with the typical characteristic lengths of electrical transport,
specifically with the mean free path (L,,), defined as the average length that an
electron travels before being scattered by a scattering centre (defects, impurities...)
and the phase relaxation length L, defined as the length over which an electron
retains its coherence as a wave. Specifically, when L < L,,, L, we observe a ballistic
regime.

In this situation, the current between two contacts with potentials ¢; and ¢,
(¢1 > ¢2) is given by the electrons with wave vector & > 0 and energy ¢; < E < ¢.
As there are several sub-bands (cfr. 2.1.2) for every k value, the current I is given by
the sum of all the currents for all the k£ > 0 of all the sub-bands E;(k) with energy
¢1 < E;(k) < ¢a. These sub-bands are called channels M (E). Thus every electron
in an unoccupied state with energy ¢; < E < ¢- brings a contribution to the current
given by I = £, where ¢, is the carrier transit time ¢, = L/v and v = h~Y(OE/Ok) is

the velocity of the electron. The total current will be

. / LOBR) yp gy = f(Ey - ool (235)

L 27 o h Ok
where f(E; — ¢;) is the Fermi distribution. Considering the spin degeneracy of 2
and that each k level occupies Ak = 27/ L, it is possible to write M (E) = 2 fk>0 /T

so changing the integration variable and converting the sum on k to the integral, the

current can be written as:

1= [14(B, - é) - F(E; — o) M(E)E

h
(¢1 ¢2)
h e

(2.36)

where M (FE) is considered constant over ¢ < E < ¢s.

Since the voltage between the electrodes is V' = (¢ — ¢2) /e, the resistance is
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I h 1 Ry
R=y=cseu~wu (237)
where
Ro — - — 12.0064k0 (2.38)
is the resistance quantum, whose inverse
2¢? 6
Gy = o= 77.4809 - 107°S (2.39)
is the conductance quantum, and the conductivity is then
G=ME (2.40)

This conduction regime only happens in case of perfect ohmic contacts between
the CNT and the probes. In this scenario, the conductivity is easily calculated from
band structure calculations. For example, metallic nanotubes have two quantum
channels at the Fermi energy Er (cfr. Figure 2.5), resulting in G(Er) = 2Gy.*

This value is the maximum theoretically measurable, although in practical situations
the reflection-less transmission between contacts and CNT is not achievable, limiting
this value. This is taken in account introducing the transmission probability 7", which
is the probability for one electron to go from the contact 1 to the contact 2, redefining
the conductance as

2 2 M
G = Q%MT _ 2% >l (2.41)
ij

where T is written as the sum of transmission probability from the ith to the jth
channel. This equation is known as the Landauer formula.

15,16,17,18

This has experimentally observed on both metallic and semiconducting®®

CNTs, with L,, of over 700 nm at room temperature, and 1 um at 1.5 K. 20
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2.3. Electrical transport

Ballistic transport has also been observed in MWCNTs, and it has been shown
that the current only flows in the outermost layers.?122:23

If individual CNTs offer interesting electrical properties, for applications networks
of CNTs are the most practical solution. The conductivity in this case is influenced by
the morphology of the network and its composition.

The tube length is an important factor for the network conductivity. With longer

tubes, charges need to cross less tube junctions travelling through the network, and it

has been shown that the conductivity scales with the length of nanotubes.?*
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Figure 2.7: Sheet conductance of the CNT network vs volume of CNT in chloroform solution used
to fabricate the film. The volume of CNT solution is directly proportional to the network density.
The onset of conduction when the first percolative path across the sample is formed is obtained for
Ve=6ml in the lower right inset. This inset shows the power fit in the percolation region, where the
critical exponent is a=1.5. Outside of the percolation region the fit shows a linear regime. The inset
in the upper left is the measured network resistance versus the contacts distance, for networks of
the same density, to verify that the resistance with the contact probes is negligible for this study.
Reproduced with permission from reference [25]. Copyright 2004, American Chemical Society

Another important factor is the density of tubes per unit area, as according to the

standard percolation theory?® the conductivity scales with the network density as
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ox (N — Ng)* (2.42)
where N is the network density (conductive sticks/um?), N¢ is the critical density

above which percolation is achieved and « is a parameter which has been experimentally

found to be 1.5 for a network of CNTs? (see Figure 2.7).
Regardless of general considerations on the morphology, in case of carbon nan-

otubes networks the resistivity is dominated by the junction resistances between

A 100, MM g ¢ M [ M
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Figure 2.8: (A) |-V characteristics of several SWCNT junctions. Open squares, four-terminal
measurement of an metallic-metallic (MM) junction at 200 K; open circles, two-terminal measurement
of an semiconducting-semiconducting (SS) junction at 200 K; crosses and plus signs, two-terminal
measurements of metallic-semiconducting (MS) junctions at 50 K and Vg= -25V. (B through D)
The expected band structures near the junctions. There exists a finite density of states on either side
of the junction for (B) the metallic-metallic and (C) the SS junctions. (D) In the MS junction, a
Schottky barrier of height Eparier forms in the semiconducting SWCNT because of charge transfer
from the metallic SWCNT. (The conduction and valence bands of the semiconducting SWCNTS are
denoted by C and V and the Fermi level by Er). Reproduced with permission from reference [30].

Copyright 2000, The American Association for the Advancement of Science

On this aspect, an important morphological parameter influencing the conductivity

26



2.4. Carbon nanotube solubilisation

1.8 were able to show through conductive

is the size of bundles. Nirmalraj at a
AFM (c-AFM) measurements the key role of de-bundling CNTs in order to increase
conductivity of films, measuring an average junction resistance of 230 k{2 between
single tubes and small diameter bundles (1.2 - 1.8 nm), 294 k2 between medium size
bundles (4.5 - 6.8 nm) and 2.7 MXQ for junctions between larger bundles (7 - 14 nm).

The type of junction also affects heavily the conductivity. Specifically, Stadermann

1.3% studied the resistance of metallic-metallic, semiconducting-semiconducting

et a
and metallic-semiconducting tube junctions by fabricating junctions of two individual
crossed single-walled CNT with electrical contacts at each end of each nanotube. The
first two cases delivered a resistance of ~200 k(2 and ~2 M) respectively, and the
latter showed a Schottky barrier junction, with a resistance over the linear response of
~200M( (see Figure 2.8).

For these reasons, the composition of the network influences the conductivity of
the network. This was studied in detail by Yanagi et al.3!. Remarkably, they were
able to observe quantum transport in pure metallic SWCNTSs networks, while with

the presence of semiconducting SWCNT hopping barriers appear, and no quantum

transport occurred.

2.4 Carbon nanotube solubilisation

Carbon nanotubes have a limited solubility and processability in water or organic
solvents due to their aspect ratio and strong Van Der Waals interactions, causing their
aggregation in bundles.

An effective de-bundling and dispersion in solution of CNTs is essential for spec-
troscopic studies (see section 2.2) but also for their use in networks, as described in
section 2.3.

Some organic solvents (such as N,N-dimethylformamide (DMF), N-

methylpyrrolidinone (NMP), o-dichlorobenzene (O-DCB)) are able to disperse CNTs
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to some extent, but maximum concentration achievable and the degree of isolation
and stability are not sufficient for many applications. 32:33:34:35

A common strategy to improve the solubilisation is covalent modification of the
CNTs surface, with the most used consisting in the oxidation of the CNT wall to intro-
duce carboxylic groups or other functional groups36:3"38 to improve the dispersability
and prevent aggregation. This techniques offers a very high dispersion stability, but
the disruption of the graphene lattice heavily affects the intrinsic properties of CNTs,
changing their conductivity and mechanical properties.

Alternately, non-covalent functionalisation offers an effective strategy to dissolve
CNTs in aqueous or organic solvents relying on the interaction between a surfactant
and the CNT walls.

One of the most common non-covalent solubilisation in aqueos solvents uses sodium
dodecyl sulfate (SDS)* or sodium dodecylbenzenesulfonate (SDBS)*° as surfactant,
which are molecules consisting of an hydrophilic head-group and a hydrophobic tail-
group. The technique consists in sonicating the nanotubes in a solution containing
the surfactants to break the CNTs bundles and allow the surfactant tail to interact
with the tubes via an hydrophobic interaction. This created a dynamic equilibrium in
which SDS or SDBS create micelles around the tube preventing re-aggregation and
effectively stabilising the CNTs in the aqueous solvent.

Another effective technique makes use of single-strand DNA (ssDNA) or double-
strand DNA (dsDNA). In these cases the aromatic nucleic-acids have a strong
interaction with the CNT walls due to the m — 7 stacking, causing the deoxyribonucleic
acid (DNA) to wrap helically around the tube leaving the phosphate backbones exposed
to water, making the CNT soluble.*}*2 This has been shown to be highly sequence
dependant, allowing a selection of chiralities.*3

The use of water-soluble surfactants or DNA have the major disadvantage of not
being compatible with organic solvents, making them unsuitable to many electronic

processes which are not water compatible.
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2.4. Carbon nanotube solubilisation

Among solubilisation processes compatible with organic solvents, wrapping CNTs
with m-conjugated polymers has been one of the most explored routes, as a strong
7 — interaction is expected. The first studies made use of poly(p-pheny-lenevinylene)s
(PPVs) derivatives such as PmPV#*, which showed the ability to produce stable CNTs
dispersions, suggesting the ability of the polymer to wrap the CNT, with the property
of preferentially solubilising nanotubes of specific diameters or a range of diameters.*®

Similarly, 7m-conjugated polymers also showed the ability to selectively extract
semiconducting SWCNTs. Nish et al.*® demonstrated that through the use of poly(9,9-
dioctyl-fluorenyl-2,7-diyl) (PFO) or poly[(9,9-dioctylfluorenyl-2,7- diyl)-alt-co-(1,4-
benzo-2,1,3-thiadiazole) (F8BT) it is possible to produce solutions containing only
semiconducting polymers, removing all the metallic tubes. Figure 2.9 shows the
Raman and PLE spectra of PFO-wrapped SWCNTs in toluene. It is clear from the
PLE map that only (7,5) tubes can be found in the emission, while the Raman shows
the absence of metallic tubes, which are clearly visible in the red curve from the peak

around 200 cm™! when dispersed with SDBS.
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Figure 2.9: PL and Raman spectra of SWCNT solubilised with the PFO polymer. (a) The PLE
map shows the strength of the PL emission as a false colour plot, with the different species labelled
by their (n,m) indices. The emission is dominated by a very prominent (7,5) peak. (b) A comparison
between the Raman spectra, taken using a 647 nm light source, of surfactant-wrapped SWNTs (red
line) and PFO wrapped SWNTs (black line), normalized with respect to the semiconducting (7,5)
nanotube. This figure also emphasizes the removal of both the metallic and other semiconducting
species by the PFO/toluene solution. Adapted with permission from reference [46]. Copyright 2007,
Springer Nature
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poly(3-alkylthiophene)s (P3ATs), such as poly(3-hexylthiophene) (P3HT) are also
widely used to solubilise CNTs, where also the sulphur atom in the backbone might
contribute to the adhesion to the CNT wall.#" Interestingly P3HT, which normally
shows a rapid degradation when dissolved in organic solvents containing oxygen and
exposed to UV, does not degrade when wrapped to CNTs.“® It has been proposed that
the electron transfer from the P3HT to CNT changes the redox potential of P3HT
to oxygen enhancing the oxidative stability of P3HT, but also the 7 — 7 interaction
between the P3HT and the CNT might improve the stability of the m-conjugation
offering less opportunities for the singlet oxygen to react with P3HT.

Poly(3-alkylthiophenes) generally do not show any selectivity when dissolved in
chlorinated solvents, while it has been found that with less polar solvents like toluene,
P3ATs are able to selectively solubilise semiconducting SWCNTs. 49

Another strategy to solubilise CNTs relies on the CH-7 interaction between poly-
mers and CNT. Baskaran et al.5° demonstrated that non-conjugated polymers rich
in -CH groups such as poly-butadiene (PBD), polyisoprene (Pl), polystyrene (PS),
poly(methyl methacrylate) (PMMA) and poly(ethylene oxide) (PEO) are able to
produce stable dispersions of MWCNT, and studying the shift of the -CH vibration in
the Fourier-transform infrared spectroscopy (FTIR) spectra of the composites they
attributed the binding to the interaction of the -CH groups with the 7 orbitals on the
CNT wall.

Other non-conjugated polymer which have been reported to successfully wrap
CNTs include Poly(vinyl alcohol) (PVA)>! and poly(vinylpyrrolidone) (PVP),*? or

biopolymer such as gelatin®® or carboxymethyl cellulose sodium salt (CMC).5*

2.5 Summary

This chapter gave a brief introduction to carbon nanotubes, describing their structure
and fundamental properties. Starting from the graphene lattice, the crystal structure

of carbon nanotubes is described, and it is shown how their structure implies a
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2.5. Summary

quantisation of the circumferential k| vector. It is shown how this quantisation causes
the CNTs to have a metallic or semi-conducting character, depending on whether the
allowed k vectors cross the Dirac point of the graphene band structure. The density
of states for CNTs is then shown, describing the characteristic van Hove singularities.
Most importantly, the electronic properties strictly depend on the geometry.

A brief description of the optical properties of carbon nanotubes is then presented,
describing the absorption and photoluminescence properties, and their characteristic
Raman features. These offer powerful tools to characterise CNT, as the PL and
Raman emission strictly depend on the chirality of the CNT.

The next section describes the electrical properties of carbon nanotubes, with a
short introduction to quantum transport which is characteristic of CNTs. It is then
shown how the transport properties change in networks of CNTs, where the resistance
is dominated by the inter-tube connections.

Finally, a quick overview of the solubilisation techniques is presented, which are
fundamental for the use of CNTs in many device applications. Among the most
successful ones, solubilisation and individualisation of CNTs via polymer wrapping is
one of the most studied, and will be the subject of studies in the experimental section

of this thesis.
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CHAPTER 3

Solar Cells

This chapter gives a short overview of the basic principles of photovoltaic devices.
The first section introduces the most important properties of semiconductors, the
charge generation, recombination and transport processes, and it is largely based on
Peter Wiirfel, Physics of Solar Cells: From Basic Principles to Advanced Concepts,
2nd ed, 2009, Wiley:! and Jenny Nelson, The Physics of Solar Cells, 2003, Imperial
College Press.? The following section will then illustrate the most predominant solar
cells technologies, with a focus on perovskite solar cells, and specifically the use of

carbon nanotubes in this kind of devices.

3.1 Solar cells

A solar cell is a device that converts light directly into electric energy. Energy is
absorbed by a semiconductor and excites electrons to a higher energy state. These
electrons need to live in their excited states for long enough to extract them into an

external circuit. This can happen in semiconducting materials, where the ground and
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the excited states are separated by a gap of forbidden energies. The extraction of
electrons is then achieved by building an asymmetric device, such that the extraction
of carriers is facilitated.

The following sections describe the concepts here briefly summarised in greater
detail, with the aim of providing a general understanding of the operating principles

of a solar cell.

3.1.1 Classic semiconductors: Bands and Fermi level

Classic semiconductors have continuous ranges of allowed energies known as bands.
This is caused by the Pauli exclusion principle, which allows only one electron per state,
so bringing atoms together causes the energy levels to split, forming a continuous set
of allowed states. The bands fully occupied by electrons at absolute zero temperature
are called valence bands, while the bands with vacant states at absolute zero are
known as conduction bands. The gap between the lowest unoccupied band and the
highest occupied band is called energy bandgap (Es). This gap is typically in the
range 1 - 4 eV in semiconductors.

Above 0 K, electrons occupy available states in the conduction band following the

Fermi-Dirac distribution:

f(E) = !

— 3.1
o (BEE) 11 S

where L, is the energy of the electron, k is the Boltzmann costant, T is the
absolute temperature and E'r is the energy of the Fermi level. It can be seen that for
E. < EF, the probability of a state to be occupied is f. ~ 1, for £, > EF, f. ~ 0,
while f.(Er) = 3.

The density of free electrons in the conduction is given by

M) (32)

n= /D(E)fe(E)dE = N¢ exp (— T
Ec
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where D(E) « (E. — E¢)'/? is the density of states and

2rmiET 5/2
is the effective density of states of the conduction band, with m} being the effective
mass of electrons in the conduction band.

Similarly, the few unoccupied states in the valence band, known as holes, have a

density given by

(o)

p= [ DB~ FBIE = Ny exo (—%) | (3.
Ny =2 (@#)3/2 (3.5)

As in a pure, intrinsic semiconductor the holes are generated by vacancies left by
electrons in the conduction band, the densities are equal n = p = n;. It is worth

noting that

E
np = N¢ Ny exp (_k’B_%) =n? (3.6)

so the product of electron and hole densities does not depend on the position of
the Fermi level.

The Fermi level can be moved by doping. Doping of classic semiconductors can
be obtained for example by introducing impurity atoms having a different number of
valence electrons compared to the semiconductor material to be doped. The impurity
can be a donor, having more valence electrons than necessary for chemical bonding
with the host material, or acceptor, having fewer electrons.

The introduction of a donor effectively increases the free electrons concentration
in the material conduction band. The Fermi distribution then shifts upwards to take

in account of the increased concentration, and this translates into having the Fermi
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level closer to the conduction band compared to the intrinsic case. Similarly, the hole
concentrations p in the valence band increases when acceptors are introduced, and
the Fermi level shifts towards the valence band.

Semiconductors doped with electron donors are referred to as n-type, while they

are called p-type when doped with electron acceptors.

3.1.2 Electron-hole generation

An electron-hole pair is generated by any process able to supply at least the energy
Eg. In solar cells, the most important among these processes is light absorption. The
probability of a photon to be absorbed is given by the absorption coefficient a(wh),

and the number of photons absorbed can be written as

j'y,abs - Oéjy,m; (37)

where j, ;,, is the incident photon current density. Each absorbed photon generate

an electron-hole pair at a rate

Ge = Gh = Oéj%abs. (38)

The energy distribution of generated electrons and holes initially reflects the
spectrum of the absorbed photons, but they quickly thermalise within the band. This
happens very rapidly (=~ 107" s), after which the carriers exist for a short lifetime
(~ 10712 s). This is however long compared to their lifetime before they thermalise to
the ground state and recombine (&~ 107% s). Since under illumination the electron and
hole densities are greater than in the dark, the population described by the Fermi-Dirac
of Eq. 3.1 is no longer valid, as the distribution of electrons is closer to the conduction
band, and the one for holes is closer to the valence band. It is then necessary to

describe the populations with two different Fermi-Dirac distributions:
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E-—F

n = Noexp (_%) (3.9)
Ery —F

p = Ny exp (-%) (3.10)

where Ep ¢ is called quasi-Fermi level for electrons and Efy is the quasi-Fermi
level for holes. The product is no longer n? but is now increased by

2 Epc— Eryv 9 AEp

np = n; exp T = N eXp ——, (3.11)

where AFEr is the splitting of the quasi-Fermi levels.

3.1.3 Recombination

Radiative recombination

The reverse process of generation is the recombination, consisting in the annihilation
of electrons and holes. The main recombination process is radiative recombination, in
which the thermalised e-h pair recombines re-emitting its energy by luminescence, and
it is an unavoidable process. This has to be equal to the generation rate, and it is

equal to

Ry = Bnopo = 5”? =G (3-12)

where the index 0 has been added to denote the situation of the semiconductor in
equilibrium in the dark, and 3 is the bimolecular recombination coefficient.
When the semiconductor is illuminated, the carrier density is given by Eq. 3.11, so

we have

G G AFE
R:Bnpzmgozn—g—Goexp( kTF> (3.13)
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Non-radiative recombination

Additionally to radiative recombination, other recombination processes can have a
significant contribution in semiconductors. These are primarily bimolecular recombi-
nation, Auger recombination, Shockley-Read-Hall (SRH) recombination and surface

recombination, all depicted in Figure 3.1.

E A

hv

® ® ®

Figure 3.1: Recombinations mechanisms in semiconductors. The diagram on the left represents
radiative recombination, where the energy from the recombination is emitted with a photon. This
process can also happen non-radiatively. In the middle a diagram representing Auger recombination,
where the energy of an excited electron is transferred to another electron, which gets excited and
thermalises. On the right, trap-assisted recombination, where a carrier gets trapped into a state
generated by an impurity, and subsequentially recombine with a hole.

Bimolecular recombination is a process analogous to radiative recombination, but
the energy lost is transferred non-radiatively to the material.

Auger recombination occurs when the energy of a recombining electron is first
transferred to another free electron, and is then lost to the lattice through collisions.

It is then a three particle recombination, and its rate is given by

Rauy = Con*p + Cynp® = np(Cen + Chp), (3.14)

where C, and C}, are the Auger recombination rates for electrons and holes.
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SRH happens via defects or impurities in the semiconductor, which can offer avail-
able energy states for electrons and holes in the bandgap. Recombination occurs when
a free electron occupies one of these states and becomes immobile, and subsequentially
recombination with a hole occurs.

The rate at which this occurs is

R np — n?
SRH = 4 No exp(—(Ec —Eimp) /KT) | P+Nv exp(—(Bimp=Bv)/kT)
Nimpa'pvp NimpUn'Un

(3.15)

where N, is the trap density, ,,, is the cross-section of the trap with the
electron or hole, and v, , is the thermal velocity of the electron or hole.

Surface recombination happens due to the high density of states in the forbidden
gap on the surface of the semiconductor, due to the absence of neighbouring atoms

or to the absorption of impurities. The rate is given by

Rgr = s,(n —ny), (3.16)

where the recombination velocity s, is given by s,, = Nyf0,v,, and Ny is the

two-dimensional density of traps.

3.1.4 Transport

The previous sections described the generation and recombination processes in terms of
probabilistic events. In order to build a solar cell, excited carriers need to be extracted,
so it is necessary to analyse their movement, starting with the driving forces causing
it.

In semiconductors, the most relevant potentials are the chemical and electric
potential. It can be shown that the electrochemical potential 7 is identical to the

Fermi level, and it can be written for holes and electrons as
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Figure 3.2: Energy diagrams for electrons and holes in a semiconductor. The diagram represents
the electric potential ¢, the chemical potentials i1 and the electrochemical potential n. It is worth
noting that the chemical potential in the dark is equal to the bottom of the conduction band, while
under illumination it is equal to the quasi-Fermi level for electrons Ep . p. and py, depend on the
charge density. Adapted with permission from reference [1]. Copyright 2009. John Wiley and Sons.

Nn(7) = —ed(r) + pin(v) = Epn(v) (3.17)

Mp(2) = ed() + pp(r) = Epp(r) (3.18)

At equilibrium, Er(z) is constant across the whole semiconductor. A gradient in
Er(x) causes carriers to flow towards the lowest energy until equilibrium is reached
and Fr(z) is constant again.

A change in the electric or chemical potential along the semiconductor will cause
a gradient in the Fermi levels, thus a current. This is represented in Figure 3.3.

If the electric potential is not constant, i.e. an electric field £ = —V ¢ is applied,

a drift current will occur according to Ohm's law

jdrift =ockb = _UV¢ = e(nbnE +ppr)7 (319)
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where o = e(nb, E + pb,E) is the conductivity of the semiconductor and b,,,, are

the electron and hole mobility (mobility is commonly denoted with the Greek letter p,

but the letter b is being used to avoid confusion with the chemical potential).

If the concentration of carriers is not constant across the semiconductor, according

to Fick's law a diffusion current will occur

Jairr = enDVn — epDVp,
where D is the diffusion constant. By using
Vn .
n— =nV(Inn/N; — In No/Ni) =nV(n/N¢g) = n—
n kT
and the Einstein relation for D:
D/b=kT]/e
the current can be written in terms of the chemical potential:

Jaifs = nbnV pn — pbpV

The total current is then the sum of the two:

Jn = —nb,eNV o +nb, Vi, = nb,VEp,

Jp = —pbyeVeé — pb,Vu, = pb,V Ep,

3.1.5 Solar cells characterization

(3.20)

(3.21)

(3.22)

(3.23)

The previous section described the photogeneration mechanism. If photogenerated

carriers travel to the edges of the semiconductor, it is possible to extract electron and
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Figure 3.3: Spacial energy diagrams for a semiconductor with electric (left) and concentration
(right) gradients. The presence of gradients causes a shift of the Fermi levels, causing a current in
the semiconductor. Adapted with permission from reference [1]. Copyright 2009. John Wiley and
Sons.

holes using selective contacts, i.e. contacts permeable to electrons only on one side,
and holes only on the other, at different energies.

Solar cells are characterized by measuring their output current and voltage when
connected to a load. When the load is zero (i.e. contacts are connected with an
ideal wire with no resistance), the two terminals of the solar cells will have the same
potential, so the potential difference across the device is zero. This is defined as short-
circuit condition, and the current produced in this situation is defined as short-circuit
current (Jsc).

The opposite situation is given by an infinitely big load, which is given by not having
any contact between the terminals, so no current can flow. This is the open-circuit
condition, and the voltage across the device in this situation is known as open circuit
voltage (Voo ).

The photocurrent generated under illumination depends on the incident light and
on the external quantum efficiency (EQE), which is the probability of a photon with
energy E to be absorbed and deliver an electron to the external circuit. The current

at short circuit will then be
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Jso = e / Jrin(E)EQE(E)dE (3.24)

where e is the elementary charge and j, ;,, is the incoming photon flux.
Most solar cells behave like a diode in the dark, and the JV curve in the ideal case

is given by the Shockley equation:

Jaark = —Jo (6% - 1> (3.25)

where Jy o exp —E,/kT is the saturation current. The sign convention is opposite
to what normally used for electronic devices, such that the photogenerated current is
positive for positive bias.

The JV curve of a solar cell under illumination will then be

T = Jso — Jo (e% - 1) (3.26)

At open circuit, current cannot flow but charges generated cause the Fermi
distribution to split. The photovoltage across the contacts can be calculated by

putting J = 0 in Eq. 3.26, resulting in

kT
Voc = —1n (—JSC + 1) (3.27)
€ J()

The solar device produces power between the 0 V and open circuit voltage. The
optimum is reached when the product of current and voltage (the power) is maximum,

and it defines the maximum power point (MPP). The ratio between this point, and

the product of Js¢ and Voo defines the fill factor (FF)

JuprpVupp
FF = ———— 3.28
JscVoc (328)
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and is a measure of the "squareness” of the J-V curve, giving a measure of the
ratio compared to an ideal current generator with no losses operating between Jso
and Voc.

The power conversion efficiency (PCE) is then defined as the ratio of the power

output and the incident light power density Pg

PCE — JuppViprp (3.29)
Pg

The ideal behaviour of Eq. 3.26 is rarely seen in real applications. Non-idealities
are taken into account by adding a factor m in the Shockley equation, which takes

into account the weaker dependence on the voltage often seen in real devices:

J = Jso— Jy (en% - 1) (3.30)

where m, caled the ideality factor, normally varies between 1 and 2.

Additionally, real devices have parasitic resistances dissipating power. This can
be modelled by two resistances in series (Rs) and in parallel (Rg,) as shown in the
equivalent circuit of Figure 3.4. The series resistance takes into account of the
electrical resistance of the material to the flow of charges, and it should ideally be
equal to zero, while the parallel or shunt resistance is the result of leakage currents
through the cells, and it should ideally be infinite. The Shockley equation can be
modified to include these:

e(V+JARg) _ 1) _ V + JARg

J = Jsc — Jo <e T i (3.31)

where A is the area of the device.
Additional non-ideality factors exists and can be modelled depending on the
relevance of their effect, e.g. voltage dependence of the photogenerated current or

two diodes model due to additional recombination happening at the p-n junction.
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Figure 3.4: Equivalent circuit of a solar cell (a) and effects of series (b) and shunt resistance (c).
An increasing shunt resistance modifies the behaviour of the cell at the open circuit voltage, while

the shunt resistance changes the slope at the short-circuit point. In both cases the fill factor is
reduced by parasitic resistances.
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3.2 Structure of solar cells

This section will introduce the most common architectures of solar cells. The shared
principle behind them is to create an asymmetry to separate holes and electrons after
generation. The most common architecture is the p-n junction, normally realised
with silicon, where doping is used to change the energetics in different regions of the
device. Directly derived from the microelectronics industry, it is the most extensively
studied for historical reasons and the common type of solar cell available commercially,
covering more than 90% of the market.

Alternative concepts are based on p-i-n or n-i-p structures (where i means intrinsic).
They are often junctions of different materials, with the intrinsic region being responsible
for absorption of light and generation of carriers. The n and p layers to select and
transport electrons and holes respectively. In this section are illustrated the technology

which will be used in this thesis, which are solar cells on hybrid perovskites.

3.2.1 The p-n junction

The p-n junction is the most common realisation of solar cell. It consists of a junction
between a p-doped semiconductor and an n-doped semiconductor. As described in
Section 3.1.1, the Fermi level in the n-doped semiconductor is closer to the conduction
band, while it is closer to the valence band in a p-doped semiconductor.

As the two semiconductors are brought together, the Fermi levels in both materials
align to the same value, as a gradient of the Fermi level once the equilibrium is reached
would generate an un-physical constant current of carriers, and the band bending
shown in Figure 3.5 is reached.

Upon contact, the different concentrations of carriers in the n and p doped regions
cause a current across the p-n interface until equilibrium is reached, building up a

space-charge region (called depletion region, as there are no mobile carriers), creating
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a built-in field. The potential difference between the two regions is called built-in

potential V}; which can be approximated with

kT = NuN
%i:_ln AgDa

e n;

(3.32)

where N4 and Np are the dopant concentrations in the p and n region respectively.

The depletion region depends on the doping levels, and is given by

Seoe, Na T N
w:\/ O Nat Apy, (3.33)

e NaNp

When a bias voltage is applied at the opposite side of the device, the p-n junction
shows a rectifying behaviour. The reverse bias, i.e. positive voltage at the n-side and
negative at the p-side, causes carriers in the neutral zone to flow towards the electrode,
expanding the depletion region. This translates to an increase of the potential barrier
at the junction, allowing only a small current to flow through the device, which is
related to Jy. Under forward bias, carriers are flooded into the depletion region,
causing the barrier to decrease and allowing a significant current to flow above a

certain voltage, as shown in the diagrams of Figure 3.5.

Forward bias (V. <0) V. =0 Reverse bias (V

bias

>0)

bias

bias

Figure 3.5: p-n junction in forward bias, unbiased, and reverse bias. The Fermi level in a un-biased
p-n junction is constant across the device, and the different levels of the conduction and valence
band generate a bending of the bands and a built-in voltage. When a forward bias is applied, the
energy barrier between the n and p region is reduced, and more electrons can diffuse from the n to
the p region, allowing a significant current to flow. In reverse bias, the potential barrier is higher, so
fewer electrons can diffuse and the current is small.

When the junction is under illumination, photogenerated electrons (holes) coming

from the p (n) region will move as minority carriers towards the depletion region. If
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Figure 3.6: ABX3 unit cell characteristic of the perovskite crystal structure. The A site is
normally occupied by cation such as Cs*, methylammonium (MA, CH3NHY) and formamidinium
(FA, CH(NH,)J). The metal cation at The B site is occupied by metal cations such as Pb or Sn.
Halide anions occupied the site X.

free electrons (holes) in the p (n) region are generated within a recombination length
from the junction, they can reach the depletion region and drift towards the n(p)-side
where they will be majority carriers.

In the short-circuit condition, the extra photo-generated carriers exit the device,
and there is no charge accumulation. Under open-circuit condition, photo-generated
carriers can't exit the device and cause an accumulation of electrons in the n-type
side of the p-n junction and an accumulation of holes in the p-type side of the p-n
junction, creating a voltage opposite to the built-in voltage, therefore reducing the

net field and increasing the diffusion current.

The equations governing the device are the same as described in Section 3.1.5.

3.2.2 Perovskite solar cells

Perovskite solar cells are devices based on materials having the same crystal structure
as Calcium Titanate (CaTiO3), known as Perovskite structure.® This has a ABX;
structure, where A is a monovalent cation, B a divalent metal cation and X a halogen

anion.
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The perovskite structure can only exist for some values of the Goldsmith tolerance
factor t, defined as
Rx 4+ Ry

t= VE(Rx + Ry (3.34)

where R; is the radius of the 7 ion.

A perfect cubic perovskite is obtained t = 1, however, a cubic perovskite can
also be formed for values of 0.9 < ¢ < 1. With 0.7 < t < 0.9 other structures like
tetragonal, rhombohedral, hexagonal or orthorhombic are formed.

The archetypical perovskite material for solar cells employs methylammonium (MA,
CH3NH3) on the A site, Lead (Pb) on the B site and lodine (I) on the X side.

The polycrystalline film used in solar devices has a very high extinction coefficient?,
with a bandgap of Eg ~ 1.55eV. It has a very wide absorption across the visible
spectrum, with a sharp edge around 780 nm, extending up to low wavelengths. It
has a low trap density and a diffusion length exceeding 1 jum.5° The high dielectric
constant makes excitonic effects negligible, with an exciton binding energy of few
meV’ that causes the generation of immediatelt free carriers.

The most common device architecture is the n-i-p shown in Figure 3.7. Light is ab-
sorbed in the perovskite layer and charges are generated. This active layer is sandwiched
between to carrier-selective layers to facilitate charge separation and reduce recombina-
tion. Electrons are collected by an n-type layer, typically TiO, or SnO,. Electrodes are
then collected by a transparent electrode, typically glass coated with fluorine-doped tin
oxide (FTO). On the other side, the most common layer is 2,2',7,7'-Tetrakis[N,N-di(4-
methoxyphenyl)amino]-9,9'-spirobifluorene (spiro-OMeTAD), a small-molecule working
as a hole transporting material.® To increase the performances, spiro-OMeTAD is often
treated with additives like 4-tert butylpyridine (tBP) to improve the holes extraction
from the active layer® and lithium bis(trifl uoromethanesulfonyl)imide (Li-TFSI) salts

to increase the mobility of the hole conducting layer.?
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cathode

OO =

anode

Figure 3.7: Structure of a perovskite solar cell and its energy bands diagram. (a) The schematic
picture shows the layers of a typical solar cell. The light coming from the glass side is absorbed in the
perovskite layer. Charges diffuse to the interface, with the hole being injected in the spiro-OMeTAD
layer and the electrons in the SnO,. The charges are the collected by the external circuit through
the FTO and layer (anode) and the silver layer (cathode). (b) Qualitative alignment of the energy
level diagram in perovskite solar cells. Electron generated in the perovskite layer have a favourable
energetic landscape when travelling towards the FTO layer, while holes are blocked by the SnO,
layer, but their transport can happen through the spiro-OMeTAD towards the silver electrode.
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It is also possible to invert the architecture and build an n-i-p device, with
the most common devices employing poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate (PEDOT:PSS) as a hole transporting layer and phenyl-C61-butyric acid
methyl ester (PC40BM) as an electron transporting layer.!!

One of the major advantages of perovskites is the possibility to tune the optoelec-
tronic properties, as any combination of materials satisfying the condition of Eq. 3.34
allows the formation of a perovskite.

By increasing the size of the cation of the A site with Cesium (Cs) or formamidinium
(FA, CH(NH3)3), and replacing the lodine on the B site with Bromide it has been
possible to change the bandgap of the absorber, and by changing the ratio of the
elements it is possible to tune the bandgap, making the material extremely appealing
for tandem applications. 1?13

A second important advantage is the ease of process. The most common technique
on a lab-scale consists in spin-coating a solution containing the precursors of the
perovskite and enabling the crystal formation by annealing the film, washing with
an anti-solvent or a combination of the two.'* This can be done in one step or in
a sequential deposition of different precursors. Other successful deposition methods
involve printing, spraying, vacuum deposition.

One of the main problems of perovskite solar cells regards their stability, both on
a structural and chemical aspect.

Structural stability regards the phase change of perovskite depending on the oper-
ation temperature. Studies on MAPbX perovskites demonstrate the crystallographic
stability of the material across a wide range of temperature. However, methylammo-
nium halides have a very low melting point, causing perovskites of this class to rapidly
degrade at 150°C.

The main problem lies in the chemical stability. Perovskites are highly sensitive
to moisture or polar solvents, due to the hygroscopicity of the organic compound.
/15

The mechanism of the degradation process was described in detail by Leguy et a

Moisture can penetrate the film through the grain boundaries at relative humidity as
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low as 10%, inducing a chemical change of the perovskite, as water can form stronger
bonds with the MA, which is normally bound to the perovskite structure via weak
hydrogen bonds. The hydration has been shown to be reversible by re-heating the
film, but an excess of moisture or an extended exposure leads to phase segregation,
preventing the re-formation of the perovskite.

The hydration is a two-step process. First, for low exposure time, a single
molecule of water entering in the perovskite unit cell forms the mono-hydrate phase
CH3NH3Pbls - H,O. Then, additional exposure causes the formation of the di-hydrated
phase, resulting in the separation of the lead iodide. This can be summarised with the
following:

4 (CH3NH3)Pbls+4 H,O = 4[CH3NH3Pbl; - Ho0] == (CH3NH3)4Pbls - 2 H,0 +
3Pbl, +2H,0

With excessive exposure, the reaction is eventually pushed to the right, causing
the dissolution of CH3NH3™* and turning into an irreversible process via

(CH3NH3)4Pbls - 2 H20(s) 222 4 CH3NH;1(aq) + Pbla(s) + 2 H.0(/).

Strategies to increase the stability mainly consist in modifying the perovskite or
introducing barriers to encapsulate the material from moisture.

The first strategy showed good results by replacing the methylammonium (MA)
with formamidinium (FA), which shows a slower degradation when heated.!?. Despite
the better stability, FABI3 goes through a phase transition at room temperature, and
the cubic phase co-exist with the hexagonal phase.'® This is improved by using a
mixed composition with a double cation FA/MA (with MA below 20%),*" or with a
triple cation with FA, MA and Cs.® Stability is further improved by mixing iodine and
bromide on the B site.!” The composition with Cs and FA alone has also demonstrated
excellent lifetime, and it is today the one with the best stability performance.!3:19:20

The second strategy consists in encapsulating the material, i.e. the use of barriers
to keep the moisture out. One of the main problems lies in the Li-TFSI additive used to
dope the hole transporting layer, as its hygroscopicity facilitate the moisture penetration

into the device, so a focus has been put in synthesising new hole transporting
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materials that do not require dopants and simultaneously able to encapsulate the
perovskite. 21?2 Other approaches consist in adding a very thin barrier between the hole
transporting layer and the perovskite, such as a layer of AlO, deposed via atomic layer
deposition (ALD).? Finally, a very successful strategy developed by Habisreutinger
et al.?* has been the use of carbon nanotubes infiltrated with inert, hydrophobic

polymers, which will be described more in detail in the following section 3.2.3.

3.2.3 Use of carbon nanotubes in perovskite solar cells

Due to their electronic properties, carbon nanotubes have generated a lot of interest
for their use in solar cells, including perovskite solar cells. A comprehensive review has
been written by Habisreutinger et al.?®, and the most notable works will be summarised
here.

A first attempt to employ carbon nanotubes was made by Chen et al.?°, by
embedding MWCNTs in a layer P3HT (2 wt%) in a solar cell with structure mp-
TiO2/MAPbI3/P3HT-MWCNT /Au. They observed that the MWCNTSs improved the
crystallinity of the P3HT enhancing its conductivity. This resulted in a better fill factor
(57% compared to 45%) and an improvement in the efficiency from 4.12% to 6.45%.

Li et al.?” used a free-standing film of single- and double-walled CNTs laminated
directly on the perovskite layer, acting simultaneously as a cathode and hole-extracting
layer. The devices showed an efficiency of 6.02% with a fill factor 0.49 and a Vo
of 0.83 V. This was justified with a lack of carrier selectivity and the high resistivity
of the CNTs film, and the performances were improved by spin-coating an additional
layer of spiro-OMeTAD on top of the CNT, resulting in an efficiency of 9.9%, a Voo
of 1.0 V and a FF of 55%.

Similarly, Lee et al.?® embedded MWCNTSs in spiro-OMeTAD to increase its
conductivity. While the FF of the device improved with the increase of the MWCNTSs
loading (form 0 wt% to 2wt%), the Vo decreased as well as the efficiency, and this

was attributed to a back-electron transfer when the MWCNT contacted the perovskite
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directly. This was improved by adding a thin layer of pristine spiro-OMeTAD between
the perovskite and the spiro-OMeTAD-MWCNT composite, resulting in an increase
of the efficiency from 12.8% to 15.1%.

A different approach was used by Jeon et al.?° They used inverted p-i-n devices
using SWCNT as a transparent electrode, then removing the need for transparent
conductive oxides such as indium-doped tin oxide (ITO) or FTO. They built flexible
solar cells on PET covered with nitric acid (HNO3) doped SWCNT. The acid treatment
allowed them to deposit PEDOT:PSS on top of them as a hole transporting layer,
while this is normally not possible due to the hydrophilic nature of PEDOT:PSS and
the hydrophobicity of SWCNT. They then used PC4BM as an electron transporting
layer, obtaining an efficiency of 5.38%.

Habisreutinger et al.3° worked on the use of carbon nanotubes as a stable hole-
extracting layer, with the aim of removing the need for the reactive and hygroscopic
Li-TFSI dopants. In his work, he used P3HT wrapped SWCNT, with the hypothesis
that the p-type P3HT wrapping the carbon nanotubes could improve the charge
selectivity. The polymer-wrapped SWCNT were deposited on the perovskite and
covered with a layer of undoped spiro-OMeTAD. This architecture reached an efficiency
of 15.4%, and photoinduced absorption measurements demonstrated that charge
extraction was improved by one order of magnitude compared to the use of neat
spiro-OMeTAD.

Based on this result, in a follow-up work?* the thin spiro-OMeTAD layer was
replaced by an inert matrix of PMMA or polycarbonate (PC), (device structure in
Figure 3.8) with the assumption that SWCNT were responsible on their own for the
majority of charge extraction and transport.

The devices delivered a PCE of 15.3%, and despite being electrically inert, the
polymer matrix resulted to be fundamental, as devices employing SWCNT only showed
a very poor fill factor caused by a low shunt-resistance and a lower open-circuit voltage.

It was then speculated that the polymer prevents direct contact between the metal
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Figure 3.8: Schematic illustration of the solar cell with a carbon nanotube/polymer composite
as hole-transporting structure. The schematic architecture of the investigated device consisting
of sequential layers of FTO as a transparent electrode, a TiO2 compact layer, a mesostructured
layer of AI203 coated with CH3NH3Pbl;_,Cl, and the hole transporting structure composed of a
P3HT/SWNT layer in-filled with a PMMA matrix. Reproduced with permission from reference [24].
Copyright 2014 American Chemical Society.
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electrode and the active layer by filling any gap in the SWCNT network, which would
cause recombination and shunt pathways.

Additionally, the inert polymer matrix has the additional role of offering a protective
barrier to encapsulate the perovskite film. Thermal stress experiments at 80°C showed
that devices maintained ~70% of their initial efficiency when using PC and ~60%
with PMMA, while standard devices with doped spiro-OMeTAD had a decrease to
20% of their original efficiency.

More impressively, the authors were able to expose the unencapsulated solar cell
for 1 min under running water causing only negligible effects on the performance.

In a following study,3' the authors showed that the devices with SWCNT can
outperform the standard architecture using spiro-OMeTAD delivering a steady-state
power output (SPO) of 18.8%. In that work, they used a perovskite with both mixed
organic A-site cations and mixed halides FAq g3MAq 17Pb(lp.g3Bro.17)3. The electron
transporting layer was a film of SnO, and the hole-transporting layer again a film of

P3HT-wrapped SWCNT infiltrated with undoped spiro-OMeTAD.

3.3 Summary

This chapter briefly discussed the fundamental concepts of photovoltaics. Starting
with the description of semiconductors, it was described how these materials can be
treated as 2 levels absorbers, and the processes of light absorption, carrier generation,
recombination and transport were discussed.

It was then shown that with asymmetric transport this materials can be used as
devices to transform light into electrical power, and the fundamental parameters to
characterise such a device were introduced.

The second section of the chapter described the most common realisation of
solar cells, starting with the very common p-n junction, which is currently the most

commercially successful technology.
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3.3. Summary

The last section described perovskite solar cells, which has been the fastest growing
technology in the last decade. A description of the materials used and the device
structure was given, with a particular focus on the instability issue, specifically in
presence of water. This has been one of the main concerns in the scientific community,
especially because the most used hole transporting material, spiro-OMeTAD relies on
the uses of very hygroscopic Li-TFSI dopants. Finally, a review on the use of carbon
nanotubes in these devices was presented, with a focus on their application as charge
extraction layers. This has been a successful technology responding to the need of
better electrodes, as it allows to remove the hygroscopic dopants and encapsulate the

perovskite layer.
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CHAPTER 4

Materials and methods

This chapter provide a brief description of the material, methods and techniques used
in this thesis. Information about the materials are reported as provided from the

suppliers.

4.1 Materials

4.1.1 Single-walled carbon nanotubes

Carbon nanotubes used in this thesis are commercially available. They come in a
dry powder, they differ from their production method and their characteristics are

summarised in the following paragraphs.

HiPCO single walled carbon nanotubes

Carbon nanotubes produced with the high-pressure carbon monoxide disproportionation

(HiPCO) method?! by were purchased from Nanointegris in the "purified" grade and
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Chapter 4. Materials and methods

used as received. The diamater range is 0.8 nm - 1.2 nm, and the length 100 nm -

1000 nm.

CG200 single walled carbon nanotubes

CG200 SWCNTs produced with the Cobalt-Molybdenum catalysts (CoMoCAT)
method? were bought from Sigma-Aldrich and used as received. The diameter

range is 0.7-1.4 nm.

Nanocyl MWCNT

Multiwalled carbon nanotubes produced via the Catalytic Chemical Vapor Deposition
(CCVD)? method were provided by Nanocyl, and used as received. Typical lenght

observed with AFM measurements is 1000 nm.

4.1.2 Polymers

Ethylene-vinyl acetate (EVA)

ethylene-vinyl acetate (EVA) was provided by DuPont free of charge in a 1 kg bag. The

formulation is the "Elvax© 150", having a 32% by weight vinyl acetate comonomer

content.

H H H H
| |
cC——~C c—~C —
| |
H H H O

L n l

H30/ \O
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Figure 4.1: Chemical structure of ethylene-vinyl acetate

EVA is a widely used polymer when good mechanical properties and hydrophobicity

are required. The composition used in this thesis is the same used to encapsulate
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silicon solar modules. Such EVA films are know for their high transparent and has a
low water vapour transmission rate (WVTR).*
P3HT

Regio-regular poly(3-hexylthiophene) (P3HT) was bought fro Rieke Metals Inc. and
used as received. The average molecular weight is M,, = 50 000 g mol~!, and the

regioregularity is 95%.

CH;

/ \

n s n

Figure 4.2: Chemical structure of poly(3-hexylthiophene) (P3HT)

4.2 Fabrication methods

4.2.1 Substrate preparation

Glass substrates used in this thesis are produced by Corning (Eagle XG glass) and
supplied by Thin Film Devices Inc, (USA). FTO substrates (TEC7) for devices
fabrication are provided by NGS, UK.

Substrates were cleaned by bath-sonication at 50°C sequentially in a 2% solution
of Hellmanex in de-ionised water, pure de-ionised water, acetone, 2-propanol and dried
with compressed dry air.

Before the deposition of films, substrates where additionally treated with a UV-

Ozone cleaner for 10 minutes.
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4.2.2 Spray-coating

CNT films in this thesis were fabricated using a custom-made spray coater built by Dr
Grey Christoforo (Department of Physics, University of Oxford).®

The system was equipped with a heated stage where substrates are placed. The
stage and as a result temperature was set to 100°C for all the experiments in this
thesis. The solution was delivered to a pneumatic nozzle with a syringe pump, which
atomises the solution with the aid of a high pressure stream of compressed air (~ 6
bars). The height of the nozzle is adjustable, and for all the experiments in this thesis
has been set to 100 mm above the substrate. The deposition happens by rastering
the substrates with multiple passes until the set amount of solution has been delivered.
For the experiments in this thesis, a fixed amount of 40 mL was sprayed for every run,
and the film thickness was controlled by changing the concentration of the solution.

In the case of poorly soluble materials like CNT, spray-coating offers the ability
to uniformly deposit thicker layers with multiple depositions. This is achievable as
the high flow of the carrier gas causes the evaporation of most of the solvent before
the material reaches the substrate. On the contrary, with the majority of other
solution-based techniques the evaporation of the solvent happens once the solution
has been already deposited on the substrate, therefore a sequential deposition will risk

washing any previously deposited layer, causing a non uniformity of the film.

4.2.3 Polymer wrapping of CNT

The polymer wrapping of CNT with EVA is novel in this thesis and is described in
detail in Chapter 5. This section describes the procedure to prepare P3HT-wrapped
CNT used in the control solar cellsof Chapter 7.

2.5 mg of CG200 SWCNT were dispersed in 5.0 mL of a solution of 0.6 mg/mL

of P3HT in chlorobenzene by sonicating with a horn sonicator for 10 min. 5 mL of
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chlorobenzene were added after the sonication, and the dispersion is centrifuged for
8 min at 10,000 g to remove non-wrapped carbon nanotubes. The precipitate was
recovered and 10 mL of toluene were added and the solution heated to 80 °C for 1h to
induce the aggregation of the functionalised tubes, while mantaining the excess P3HT
dissolved. The mixture was then centrifuged at 16,000 g and the precipiate, consisting

of P3HT-wrapped tubes, was recovered and dispersed in 6 mL of chloroform.

4.2.4 Solar cell fabrication

Perovskite solar cells were fabricated using a cleaned FTO-coated glass substrate.

Two different kind of pervoskite solar cells were prepared, FAq g3sMAg.17Pb(lo.83Bro.17)3
and FAg g3Csg.17Pb(lo.oBro.1)3 (where FA is formamidinium, CH(NH;), and MA is metil-
ammonium, CH3NH3). The fabrication procedure is the same, with the exception of
the perovskite precursor solution.

A thin SnO, film was deposited according to the method described by Anaraki et
al.® A solution of 0.05 M tin(IV) chloride pentahydrate (SnCl, - 5 H,0O, Sigma-Aldrich)
dissolved in anhydrous isopropanol by stirring for 30 min at room temperature was
deposited on FTO-coated glass substrates by spin-coating at 3000 rpm spin rate for
30 s. Substrates were then annealed in two steps: 100 °C for 10 min and 180 °C for 1
h.

The films were then treated with a chemical bath for 3 h at 70 °C. The bath solution
prepared by dissolving 500 mg urea (Sigma-Aldrich) in 40 ml deionized water, then
adding 10 ml of 3-mercaptopropionic acid (Sigma-Aldrich) and 0.5 mL of hydrochloric
acid (37 wt%) and finally dissolving tin(ll) chloride dihydrate (SnCl; -2 H,OSigma-
Aldrich) at a 0.002 M concentration by stirring for 2 min. The treated substrates were
then rinsed in a sonication bath of deionized water for 2 min, dried with nitrogen and
annealed at 180 °C for 1 h.

The FAo.g3MAg 17Pb(lo.83Bro.17)3 precursor solution was obtained as described

by Jeon et al.” by dissolving 1.25 M formamidinium iodide (FAI, Dyesol), 0.25

7



Chapter 4. Materials and methods

M methylammonium bromide (MAI, Dyesol), 0.25 M lead bromide (PbBr,, Alfa
Aesar), and 1.375 M lead iodide (Pbl, TCl) in a 4:1 mixture by volume of N,N-
dimethyformamide (DMF) and N,N-dimethyl sulfoxide (DMSO) and stirring it for 15
min at 65 °C.

The FAo.83Cs0.17Pb(lo.9Bro.1)s perovskite precursor solution was prepared as de-
scribed by McMeekin et al.® by dissolving 1.25 M formamidinium iodide (FAI, Dyesol),
0.25 M cesium iodide (Csl; Alfa Aesar), 0.25 M lead bromide (PbBr,, TCl) and 1.375
M lead iodide (Pbly, TCl) in a 4:1 mixture by volume of N,N-dimethyformamide (DMF)
and N,N-dimethyl sulfoxide (DMSOQ) and stirred overnight in a nitrogen glovebox at
room temperature.

The perovskite precursor solutions were spin-coated using a two step program (10
s at 1000 rpm and 35 s at 6000 rpm) with dripping of anisole (Sigma-Aldrich) as
anti-solvent 10 s before the end of the second step. The films were then annealed at
100 °C for 60 min. All films were spin-coated in a drybox with relative humidity below
20%.

Depending on the experiment, a film of EVA-CNTs or PBHT-CNT was deposited.
Films of EVA-CNTs were deposited by spray-coating, while films of P3HT-CNT where
deposited by drop-by-drop spin-coating from 200 uL of solution.

A film of spiro-OMeTAD was then deposited to infiltrate the CNT. The solution was
prepared by dissolving 85 mg of spiro-OMeTAD in 1 mL of chlorobenzene and stirring
on a hotplate at 90 °C for 10 min. Once cooled down, 33 pL of tert-butylpyridine
(tBP) were added, and the solution was deposited by spin-coating at 2,000 rpm for
45 s.

In devices without a polymer-CNT film, the spiro-OMeTAD solution was doped
by adding 20 uL/mL of a solution of 500 mg/mL lithium bis(trifl uoromethanesul-
fonyl)imide (Li-TFSI) (Sigma-Aldrich) dissolved in 1-butanol (Sigma-Aldrich).

Finally, 100 nm thick gold or silver electrodes were deposited by thermal evaporation
through a mask in a vacuum chamber with base pressure <7x107% mbar. The device

area is defined by the overlap of the gold film and the FTO.
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4.3 Characterisation

4.3.1 Absorption spectroscopy

Absorption spectroscopy measurements were carried out with a Perkin-Elmer Lambda

1050 UV-vis-NIR Spectrophotometer using 1 nm steps.

4.3.2 Photoluminescence excitation spectroscopy

photoluminescence excitation (PLE) excitation spectroscopy was carried out with a
custom made setup, schematically represented in Figure 4.3. Light is generated by a
75W Xenon lamp (Photon Technology International Inc.) and it is filtered by a 30 cm
monochromator in 5 nm steps. A short pass filter stops unwanted IR radiation, and
in order to correct the spectral output of the Xenon lamp and the monochromator
spectral response, a quartz beam splitter (BS) diverts a fraction of the light onto
a silicon photodiode to measure the intensity, which is used to normalise the PLE
signal. Light from the main beam then excites the sample, and the photoluminescence
emission is filtered by a long pass filter to remove any radiation from the excitation
lamp and resolved by a spectrometer, to get finally collected by a liquid nitrogen cooled
InGaS photodiode array (OMA V, Princeton Instruments). The system is calibrated

with a Neon lamp before each measurement.

4.3.3 Raman spectroscopy

Raman spectroscpy was carried out with a Jobin Yvon T64000 triple spectrometer,
which is calibrated with a Silicon sample before each measurement. Samples were
excited with a Melles griot He:Ne laser (A = 633nm) or a Ventus solo Nd:YAG laser
(A = 532nm). The triple spectrometer uses the first two gratings to subtract the light

at the excitation frequency, and the third stage resolves the Raman signal coming
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Sample

Spectrometer 0

Long pass filter | 0,7

Beam splitter

x___7 White light
Monocromator

Photodiode
(signal normalization)

Figure 4.3: Schematic diagram illustrating the photoluminescence excitation setup. The white light
is filtered through a monocromator and additionally filtered to remove any unwanted radiation. Part
of the beam is reflected on a photodiode by a beam splitter to normalise the intensity, and the main
beam exite the sample, which consist in a solution of carbon nanotubes. The PL is then collected by
a filtered to remove any unwanted scattered radiation coming from the excitation light, resolved by
a spectrometer and collected by an InGaS photodiode array (PDA).
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from the sample, which is collected by a Andor DU420A-OE CCD. The power output

of the laser is controlled to have an incident radiation on the sample P<1mW.

4.3.4 Sheet resistance measurements

Sheet resistance has been measured with a 4 point tungsten carbide probes from Jandel
Engineering (0.635 mm spacing) and a Keithley 2450 source meter. A maximum
current I,,,, is chosen depending on the sample to have a maximum voltage drop of
100 mV/cm, and a sweep scan (20 points, auto sweep delay, NPLC=1) from —1,,,, to
I,,,4. was applied across the outer probes, while the voltage was measured across the
inner probes. The sheet resistance was calculated from the slope of the current-voltage
curves corrected with 7 /In(2) correction factor for the in-line probe configuration.
Conductivity of carbon nanotubes films have occasionally also been measured in
the Van Der Pauw geometry, and values resulted consistent with the four-in-line probes

measurements.

\Y

d

Figure 4.4: Schematic diagram of the four point probe measurement configuration. Probes are
0.635 mm apart. A current | is pushed through the outer probes, and the voltage V is measured
across the inner probes.

4.3.5 Atomic Force microscopy

The topography of carbon nanotubes has been measured using an Asylum MFP-3D
atomic force microscope. Images have been collected in non-contact mode, using a

Bruker NCHV-A n-doped silicon probe with a scan rate of 0.6 Hz and 1024 sample/lines.
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4.3.6 Solar cells characterisation

JV characteristics of solar cells were measured under a simulated AM1.5 light with
1000 W/m? intensity by a class AAB ABET Technologies Sun 2000 simulator with a
Keithley 2400 sourcemeter. The lamp is calibrated monthly with an NREL-certified
KG5 filtered silicon reference diode with a mismatch factor of 1.01 to a solar device
having the same perovskite absorber of the devices under test. Solar cells have an
active area defined by the overlap between the metal and the FTO electrode of
about 12mm? and they are masked to have an illuminated area of 9.19 mm? during
measurement. JV curves are obtained by applying a sweep voltage to the device
between 0 V and 1.4 V at a rate of 0.38 V/s, and measuring the current passing
through the device. As perovskite devices exhibit a hysteretic behaviour, resulting
in a different JV characteristic depending on the direction of the sweep voltage, an
additional parameter commonly reported is the steady-state power output (SPO).
This is determined by holding the device at the voltage of maximum power output
(Varpp) for extended time and measuring the corresponding current until it the value
measured is constat. In the experiment of this thesis, the SPO has been determined
by holding the device at the Vj;pp for 30s. Shunt resistance (Rgy,) values have been
calculated with a linear fit of the JV characteristic between 0 V and 0.2 V, and series
resistance (Rg) values have been calculated with a liner fit of the JV characteristic in

the region of + 0.1 V around the open-circuit voltage.
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CHAPTER 5

Solubilisation of carbon nanotubes with a

non-conjugated polymer

5.1 Introduction

Chapter 2 introduced the remarkable optical and electronic properties of carbon
nanotubes. They have been frequently proposed as an excellent material to be used
for transparent conductive coatings, electronic sensors, energy conversion and storage
applications.

Commercially available CNTs come in a black powder, very difficult to handle due
to the extreme volatility of the compound and the tendency to accumulate electrostatic
charge, which cause them to easily fly when moved from their container, with an
associated health hazard. The fabrication of films, or more generally the CNTs use in
devices is then impeded by these processing difficulties.

An obvious solution to this problem is their solubilisation in suitable solvents, which

enables their use exploiting the large variety of deposition from solution techniques
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already used in many industries.

The solubility of carbon nanotubes in common organic solvents is very poor, ranging
from less than 1 mg/L for ethanol and toluene to 95 mg/L for O-DCB.! Even in
"good" solvents, carbon nanotubes tend to form aggregates, preventing the isolation
of single nanotubes, their efficient use in devices or the study of their properties.

As introduced in section 2.4, the solubilisation of CNTs has been the focus of many
works and enabled fundamental spectroscopic studies. The major breakthrough was
obtained in 2002 by O’Connell et al.,?> when the use of SDS as a surfactant allowed
them to disperse individual SWCNT and measure their fluorescence. The process
involved the ultrasonication of the SWCNTs in a solution containing the surfactant
and the subsequent centrifugation of the solution to remove of the carbon nanotubes
clusters. The formation of micelles around the tube keeps them isolated, preventing
them from re-aggregating.

A similar process is commonly used with conjugated polymers. The solubilisation
relies on the strong interaction of the 7 orbitals that causes a non-covalent bond
between the polymer and the carbon nanotubes,® making them soluble. Being thought
to be the main wrapping mechanism, research focused on the use of conjugated
polymers, especially for the ability of some of them to select specific chiralities,* and
only a few reports in literature make use of non-conjugated polymers.

This chapter will show how the use of a non-conjugated polymer, EVA, is able to
solubilise carbon nanotubes to produce uniform and stable dispersions, and through
solvent engineering it is possible to purify them from the excess, non-bound polymer.
These nanohybrids have been studied in this thesis making use of spectroscopic
and microscopy techniques, to understand their properties and asses the effective

solubilisation of individual CNTs.
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5.2 Solubilisation of SWCNTs with EVA

This section describes the preparation of EVA-SWCNT nanohybrids, where SWCNT
are dispersed in a solvent through the polymer-wrapping mechanism. The solubilisation
resembles the process shown by Nish et al.;# in this thesis, however, the non-conjugated
EVA polymer has been used instead of PFO.

EVA was dissolved in chlorobenzene at a concentration varying between 0.5 mg/mL
to 10 mg/mL, depending on the experiment.

5 mg of HiPCO single-walled carbon nanotubes were added to the solution and
treated with an ultrasonic probe at a frequency of 23 kHz (25 pum amplitude) for
10 minutes.

During the ultrasonication, tubes bundles are split and the polymer can wrap
individual tubes. The resulting solution appears black and uniform, while big tube
agglomerates are normally visible by eye when no surfactant is used.

The dispersion was then centrifuged at 10,000 g for 8 minutes. The clustered and
insoluble tubes precipitate, while the wrapped tubes stay in the supernatant, which is
collected.

As a control, a solution of HiIPCO tubes dispersed with SDBS in deuterium
oxide (D20) was prepared. SDBS solubilises nanotubes in a non-selective way and
has been the most common surfactant in a large number of spectroscopic studies
in literature, so it offers an excellent reference. D50 is used instead of water as its
absorption in the infrared region is shifted and the overlap with the region of interest
is reduced.

The control solution has been prepared by mixing 4 mg of HiPCO tubes in 10 mL
of a 10 mg/mL solution of SDBS in D;O with an ultrasonic probe. The solution is
then centrifuged at 16,000 g for 45 minutes to remove any bundled tubes, and the

upper 30% of the supernatant is collected.
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Chapter 5. Solubilisation of CNTs with a non-conjugated polymer

Figure 5.1 shows the UV-VIS-NIR absorption of the resulting solutions. As a
reference, the spectrum of neat EVA dissolved in chlorobenzene and neat SDBS in

D50 are shown.
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Figure 5.1: Comparison of the absorption spectra of a HIPCO-EVA dispersion in chlorobenzene (solid
black line) and a HiPCO-SDBS dispersion in D3O (red solid line). As a reference, the absorption
spectra of the neat EVA in chlorobenzene (solid blue line) and SDBS in D3O are shown. The
HiPCO-EVA and HiPCO-SDBS spectra show numerous Van Hove absorption peaks, with no evident
difference in the number or sharpness of peaks. The arrows mark the absorption associated with the
E;; transitions, and the superscript identifies metallic or semiconducting CNTs.

Each absorption spectrum shows numerous peaks, assignable to the single Van
Hove transitions of individual SWCNTSs. The peaks around 273 nm and 1140 nm in
the HIPCO-EVA sample are to be attributed to the EVA-CB, as well as the shoulder
at 1430 nm in all the spectra. Similarly the broad peaks at 1325 nm and 1600 nm in
the HIPCO-SDBS derive from the solvent. Both dispersions show a broad background,

which is common in nanotubes dispersions and can be attributed to particulates
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5.2. Solubilisation of SWCNTs with EVA

generated during the sonication, carbonaceous impurities, and the presence of metallic
SWCNT.?

The peaks in the higher energies are to be attributed to the FEj; transitions
of metallic tubes, followed by the E3, of semiconducting tubes and E;; again of
semiconducting tubes, as marked by the arrows on the graph. The sharpness of the
peaks deteriorates in the NIR-IR region, as many carbon nanotubes have very similar
E,, transitions.®

Figure 5.2 shows the UV-VIS-NIR spectra of the solutions where the amount of
SWCNT dispersed was kept constant at 0.5 mg/mL, and the amount of polymer

concentration was varied.
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Figure 5.2: Comparison of the absorption spectra of HIPCO-EVA dispersion in chlorobenzene with
different EVA concentrations, with the HiPCO initial concentration kept constant at 0.5 mg/mL.
As a reference, the absorption of neat EVA in chlorobenzene (purple solid line) is also shown. The
comparison shows an increased absorption for higher polyemer concentrations. The arrow marks the
direction of increasing EVA concentration.

It can be seen that the increase of the dissolved polymer corresponds to a higher
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Chapter 5. Solubilisation of CNTs with a non-conjugated polymer

absorbance of the dispersion, indicating a larger amount of nanotubes solubilised. This
is also confirmed by the observed amount of precipitate after the centrifugation, which
was higher in case of lower polymer concentrations, indicating that a smaller amount
of carbon nanotubes were retained in the supernatant.

There is no observable change in the number of peaks or relative intensities,
so the polymer concentration can be attributed to a more effective solubilization
uniformly distributed across all the nanotubes, likely due to a better chance of the
polymer to wrap carbon nanotubes every time a cluster is broken during the sonication
process. The spectral congestion makes difficult to assign peaks to individual SWCNT

chiralities.

5.3 Excess polymer removal

The solutions prepared according to the EVA-CNT nanohybrids went through an excess
polymer removal process resembling the method developed by Schuettfort et al.’

Removing the excess polymer is an essential step for many device applications, as
it allows the fabrication of films with good electronic qualities, as it will be shown in
the following chapters.

The procedure is illustrated in the diagram in Figure 5.3. The first two steps
are described in the previous section, with the carbon nanotubes being mixed in the
polymer solution with an ultrasonic probe and centrifuged to collect only the solubilised
tubes.

20 mL of toluene are then added to the supernatant, and the solution is put on
a hotplate at 80°C for 1h. The solubility of carbon nanotubes in toluene is low,* so
they aggregate while the polymer stays in solution, as it can be seen in Figure 5.4.
This process is commonly performed with semiconducting polymers, and this is the
first successful experiment where the purification is obtained with a non-conjugated

polymer.
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Figure 5.3: Diagram illustrating the preparation process of the HiPCO-EVA nanohybrids. a) The
CNTs are sonicated in a solution of EVA dissolved in chlorobenzene. b) the solution is centrifuged
to remove unsolubilised CNT. d) Toluene is added and the solution is put on a hotplate to induce
the aggregation of the nanohybrids. d) The solution is centrifuged, and the precipitate collected. )
The pellets, containing the nanohybrids, are dispersed in chloroform.

91



Chapter 5. Solubilisation of CNTs with a non-conjugated polymer

Figure 5.4: Excess polymer removal process of EVA-CNT nanohybrids. Vials in the left picture
show solutions immediately after the first centrifugation, and in the right picture after toluene has
been added. The first bigger vial in each photo contains neat EVA dissolved in chlorobenzene. The
smaller vials in each picture contain the HiPCO tubes solubilised in (from left to right) 2.0 mg/mL,
1.0 mg/mL, 0.5 mg/mL, 0.2 mg/mL. 0.1 mg/mL, 0.01 mg/mL EVA in chlorobenzene.

The aggregation is a first indication of the presence of a very thin layer of
polymer wrapping the carbon nanotube, as it is enough to screen the Wan Der Waals
forces causing aggregation® in good solvents like chlorobenzene,® but it still causes
aggregation when a solvent such as Toluene for which CNT have lower solubility is
used.® Further investigations on this will be presented in the following sections.

The polymer excess removal step was not successful in samples with 5.0 mg/mL
and 10.0 mg/mL of EVA, as no aggregation is observed. A possible explanation is
given by the high the polymer:solvent ratio, which might be high enough to screen
the aggregation of the nanotubes even when toluene is added. Figure 5.4 shows the
solutions before and after the addition of toluene for EVA concentrations of 2.0, 1.0,
0.5, 0.2, 0.1 and 0.01 mg/mL. In both figures, there is a larger vial with EVA in
chlorobenzene with no carbon nanotubes to compare the colour of the solutions.

After the aggregation, the solution is centrifuged again at 16,000 g for 4 min, and
the supernatant, containing the excess polymer, is discarded. Vials with 0.1 mg/mL
and 0.01 mg/mL produced a very low amount of precipitate, which did not allow
further measurements.

The precipitate consists of ~50 mg to ~250 mg of aggregated polymer-wrapped
CNTs depending on the starting ratio of CNT:polymer:solvent. As this amount varies

by changing the starting amount of CNTs, solvent and polymer, but it consistently
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5.4. Solubilisation of MWCNTs with EVA

constant as long as the starting concentrations are the same, in the following sections
the total amount of precipitate from a single batch will be referred to as "pellet".

After the centrifugation, the pellet is dissolved in chloroform, in a volume varying
from 5 to 50 mL depending on the experiment.

Chloroform is chosen for its very low boiling point (61°C*?), which will enable an
easier deposition for the experiments of the following chapters.

The pellets solubilise immediately upon agitation of the solution, and to remove
any residual aggregate the solution is sonicated at about 10% of the power used in the
first step (~ 40W). The resulting solution is homogeneous by eye, and no aggregation

is observable even after months from the preparation.

5.4 Solubilisation of MWCNTSs with EVA

The majority of the literature regarding the individual solubilisation of carbon nanotubes
focuses on SWCNT. This is mainly due to the extreme interest in using SWCNT for
electronic devices such as transistors, where a selection of semiconducting-only tubes is
necessary and achievable by wrapping with conjugated polymers. There are no reported
works of conjugated polymers normally used with SWCNTs successfully solubilising
MWCNTSs. One possible explanation is the stiffness of the polymer backbone, that in
conjunction with the alkyl chains limits the coverage of the nanotube surface, which
is larger in the case of MWCNTSs.

The reports in the literature involving wrapping of MWCNTs do not normally
discuss purification processes to remove the unbound polymers.!!

Remarkably, the solubilisation and purification process using EVA described in the
previous sections has been successful with MWCNTs.

Samples have been prepared according to sections 5.2 and 5.3, using an EVA
polymer concentration of 0.5 mg/mL and 1 mg of Nanocyl MWCNT instead of 5 mg
HiPCO tubes. Figure 5.5 shows the UV-VIS-NIR absorption spectra of EVA-MWCNT

nanotubes in chloroform and the spectrum of neat EVA in chloroform for reference.
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Figure 5.5: Absorption spectrum of a MWCNT-EVA dispersion in chloroform (solid black line). As
a reference, neat EVA in chloroform is shown (solid red line). The spectrum shows a continuous
absorption (with the exception of the peaks caused by the solvent), without any Van Hove singularity.
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Differently from the SWCNT, there is no evidence of sharp peaks which is not
attributable to the solvent, and the MWCNT show a continuous absorption without
Van Hove peaks increasing as the radiation energy increases. This is due to the
multiple shells composing each tube, offering a continuum of available states.

Due to this characteristic, no further optical investigations have been carried out
on EVA-MWCNT. AFM measurements of individual tubes and the electrical properties

of films will be shown in the following sections.

5.5 Photoluminescence excitation spectroscopy

PLE spectroscopy is a powerful tool to study the semiconducting population of
nanotubes. Due to the very sharp DOS of carbon nanotubes, each absorption-emission
duple uniquely identifies a single chirality SWCNT.

It only allows to detect semiconducting nanotubes, as excitations in metallic
nanotubes decay non-radiatively due to the absence of a band gap.?> Moreover,
the presence of a photoluminescence signal indicates the individualisation of carbon
nanotubes, since in a cluster of semiconducting and metallic tubes, the charge is
transferred to the metallic tubes and decays again non-radiatively.

The maps of Figure 5.6 show the PLE map of HiPCO tubes dispersed in Chloroform-
EVA (with excess polymer removed) and, for comparison, in DoO-SDBS. The maps
were taken with the help of Markus Dollmann (Department of Physics, University of
Oxford).

The species were assigned using the Weisman and Bachilo empirical table,® based
on a dispersion of HiPCO in water using SDS as a surfactant.

The species result homogeneously distributed in the SDBS-dispersed sample, with
a slight predominance of (7,6), (9,4), (8,6).

The EVA-HIPCO in chloroform show well resolved peaks, a sign of a good separation
of individual tubes due to the polymer. The sample is moderately more emissive than

the SDBS, suggesting a lower presence of metallic tubes, or low presence of bundles
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Figure 5.6: Photoluminescence excitation maps of SDBS-HiPCO (top) and EVA-HiPCO with excess
polymer removed (bottom). Black crosses mark the expected emission for each chirality as reported
by Weisman and Bachilo®. Maps show well resolved peaks, with a differences in peaks predominance
between the two samples. Adapted with permission from reference [13]. Copyright 2019 American

Chemical Society.
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with metallic tubes, as they would quench the photoemission. The distribution of
species shows changes compared to the control sample of SDBS-HiPCO, being now
dominated by (9,5) and (8,6) tubes, followed by (7,6) and (9,4), and finally (10,3),
(10,5), (9,7), (8,4) and (7,5). Despite some emission is visible where the (11,3) peak
is expected, the peak profile is extremely broad and it is not possible to assign a
position.

Peaks are slightly red-shifted compared to the expected emission. In the SDBS-
HiPCO sample the shift is ~10 meV, due to the slightly different dielectric screening
of SDBS compared to SDS, which was used by Weisman and Bachilo to build the
table.® The EVA-HiPCO sample has a more pronounced shift. This is in part to be
attributed again to a different dielectric screening of the wrapping molecule and the
different solvents, but also to the mechanical stress induced by the wrapping molecule,
as it will be discussed in the next section.

In summary, the photo-luminescence excitation map suggests that the EVA is
wrapping and solubilising individual tubes. The change in the relative intensity of
the peaks shows a slight preference in wrapping specific chiralities, although the
solubilisation is not completely selective. This suggests that EVA is unable to isolate
single chiralities, but has the advantage of solubilising much higher concentrations of

SWCNTSs compared to selective polymers such as PFO and also solubilise MWCNTs.

5.6 Bond-induced stress

The shift observed in the absorption and emission for each tube in Figure 5.6 appears
less consistent in samples solubilised with EVA.

This is because in addition to the different dielectric environment, a shift in energy
can also be caused by a mechanical deformation of the nanotubes.

A shift caused by a mechanical strain would be an additional proof of the strong

binding between the polymer and the carbon nanotubes. This is evaluated here by
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analysing the peak displacements using a similar method to the one showed by Stranks
et al.1*

As described in chapter 2, all the optoelectronic properties of SWCNTs are strictly
related to their geometry. It appears then natural that a mechanical stress inducing a
geometrical deformation will affect the absorption and emission properties. The effect
of strain on the electronic properties of SWCNT was first derived by Yang et al.1®

This is represented in Figure 5.7. As shown in chapter 2, in an unmodified graphene
lattice the Brillouin zone will be a hexagon and the Fermi point kx will sit on the
hexagon vertices. A strain will modify the hexagonal lattice, and as a consequence

the position of the Fermi point Aky, reaching the new position k..

K?

Figure 5.7: Brillouin zone of graphene and effect of the mechanical stress on the position of the
Fermi point. The two circles show the different effect of a mechanical strain in different tubes. When
q=-+1, the mechanical strain shifts the fermi point to the new position k- further away from one of
the allowed momenta. When q=-1, the new position k' is closer.

Depending on the classification parameter q of the carbon nanotube (see Eq. 2.22),
the new position k. will be closer to one of the allowed momenta for g=+1, and
further away for q=-1. It is then possible to recalculate the DOS using the same
approximation shown in chapter 2 (see Eq. 2.26), and the new values for energy are

given by
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V3 ;e
By = gk, AK = (3 —q) — Ak | (5-1)

with the quantised component being?!®

Ak, p= g (14 v)ejcos 36 + e, sin 36] (5.2)
0

where v is the is the Young's modulus of the nanotube, @ is the chiral angle, ag the
lattice constant and €, and ¢ are the strains along the tube axis and circumference
respectively.

The variation of the bandgap then becomes

4"}/0 aoi

-

AE; = (ex —vep) +3(=1) T (=1)"yo[(1+v)ej cos 30 + €, sin36] (5.3)

It is clear from the second term that the change in the bandgap changes depends
on the g value. Specifically, the F1; transition increases in tubes having q=+1 and de-
creases when q=-1, while the Fs, transition decreases when q=+1 and increases when
g=-1. Differently from the screening caused by the different dielectric environment
then, the mechanical strain will produce different shifts for different tubes.

The observed shift in the PLE maps is then given by

AE’L’L = AE’environment + AE’strain (54)

The first term of the sum will have the same magnitude and sign for both absorption
and emission, while the second term will be described by Eq. 5.3 and depends on the
q value.

Since A Fenvironment Nas the same value for the absorption and the emission, it can

be taken as the mean value
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AFE AFE.
A-E‘environment = % (55)
so the AEg.in Will be
AFE;; — AFE
AEﬁstlrain = L E—— 9 2 (56)

so considering Eq. 5.3 it becomes
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Figure 5.8: PL and absorption profiles for the (8,6) peak in a EVA-HiPCO sample. The two plots on
the right show the profiles of the (8,6) peak, obtained slicing the graph on the vertical (absorption)
and horizontal (PL) white dashed line on the PLE map. The peak has been fitted with a gaussian
function to determine the position, and the procedure repeated for all the peaks. Adapted with
permission from reference [13]. Copyright 2019 American Chemical Society.

Figure 5.8 highlights with black arrows the energy shift of the photoluminescence
peaks from the Weisman and Bachilo empirical model,® where it can be clearly seen a
different shift for different tubes.

The graphs on the right show the sections marked with the white dashed lines,
and represent the emission and absorption peak for the (8,6) tube. These have been
fitted with Gaussian functions to determine the peak position, and the error on the

localisation has been taken as 1/10th of the FWHM.
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Chirality Emission FWHM | Absorption| FWHM
peak emission peak absorption

(meV) (meV) (meV) (meV)
(7.5) 1195 54 1901 76
(7.6) 1079 47 1906 71
(8,4) 1086 96 2079 109
(8,6) 1055 49 1701 53
(8,7) 0963 57 1694 84
(9,4) 1106 54 1704 48
(9,5) 0987 34 1824 75
(9,7) 0938 52 1541 45
(10,3) 0980 46 1929 56
(10,5) 0972 49 1565 60

Table 5.1: Photoluminescence peaks position of a EVA-HIPCO dispersion. Values have been
obtained by fitting a Gaussian function on the PLE maxima.

The same has been repeated for all the peaks and the values of AE;; and AFEs,

calculated.
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Figure 5.9: Energy shift caused by mechanical strain on the tube as a function of the chiral angle
0. Values have been multiplied by the parameter q to better show the trend given by the model
of equation 5.7. The solid line shows the expected energy shift for tubes with longitudinal strain
€ = —0.23% and perpendicular strain ¢; = —0.14%. Adapted with permission from reference [13].
Copyright 2019 American Chemical Society.
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Figure 5.9 shows the resulting values plotted against the chiral angle. The first
term of the sum of Eq. 5.7 is negligible, so the function has an inverse slope for
opposite q values. For ease of visualization, the energy shifts in Figure 5.9 have been
multiplied by their q value to have the same slope.

The black line represents Eq. 5.7 with ) = —0.2340.06% and €, = —0.1440.04%,
which are the optimum values found with a Levenberg-Marquardt algorithm, using
7 =3.0 eV, ac_c = 0.144 A, and 1 = 0.20.

Despite the relatively large errors, the energy shifts clearly show a trend predicted
well by the model. It is then not possible to quantify exactly the strain induced on the
tubes, but data allow to clearly state that the polymer is inducing a deformation on

the tube, suggesting then a strong interaction between the polymer and the CNTs.

5.7 Raman spectroscopy

Raman spectroscopy is a powerful tool to study the chirality distribution of SWCNTs
as each tube has a different radial breathing mode (see section 2.2). Differently from
PLE, which only enables to study the semiconducting tubes, > Raman signal in CNTs
is still present regardless of the metallic/semiconducting distribution in the sample.

Assigning peaks to different SWCNTs is less trivial than PLE.® While PLE offers
a 2D map of the peaks position, with Raman spectroscopy there is a much higher
spectral congestion, as different tubes can have a very similar diameter, thus a similar
radial breathing mode.

In order to assign peaks, considerations have to be made on the excitation radiation.
As illustrated in section 2.2, the Raman signal is much enhanced when the excitation
is close to an Ej; transition. A useful tool for this task is the Kataura plot,” shown in
Figure 5.10. This displays the expected transitions for every SWCNT against the tube
diameter. In Figure 5.10 it has been redrawn against the expected radial breathing
mode wavenumber (which is proportional to 1/d), according to the data calculated by

Maultzsche et al.1®
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Figure 5.10: Empirical Kataura plot, data from reference [16]. The black dots show the resonance
transitions of metallic nanotubes, the blue and red dots of semiconducting nanotubes, having q=+1
and q=-1 respectively. The energy of the excitations lasers used in the experiments is marked with
the green and red horizontal lines, respectively for the Nd:YAG laser (532 nm) and the He:Ne laser
(633 nm). SWCNT tubes having transitions close to the laser lines, will show a much enhanced
Raman signal when excited with that laser.
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In the graph the excitation energy used for these experiments has been highlighted
with two horizontal lines; a solid red line for the 633 nm laser (1.96 €V) and a solid
green light for the 532 nm laser (2.33 eV). SWCNTs having transitions close to these
lines will show a large Raman signal when excited with the corresponding laser.

As it can be seen from the Kataura plot of Figure 5.10, the green laser allows the
detection of metallic SWCNTs with wrgy <270 cm~! and semiconducting tubes with
wrpy >270 cm~!, while the red laser is close to the resonance of many semiconducting

tubes with 250 cm™! < wry <360 cm~! and of metallic tubes with wrpy <250
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Figure 5.11: Raman spectrum of HiPCO-SDBS (solid orange line) and HiPCO-EVA (solid blue
line) obtained with a 532 nm excitation laser. The region analysed corresponds to the RBM of
SWCNTs. The spectra suggest a large number of metallic SWCNT, and the relative peaks height
change when SDBS or EVA is used to solubilise the tubes. Adapted with permission from reference
[13]. Copyright 2019 American Chemical Society.

Being dependent on the distance between the excitation and the energy of the

transition, these Raman measurements cannot be used to asses quantitatively the
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presence of each chirality. However, it is a powerful tool to asses relative changes in
the composition with respect to a reference sample, which in this case has been again
made of SDBS-solubilised HIPCO nanotubes.

Samples for this study were prepared by drop-casting the solutions prepared
according to section 5.2 on a Silicon/Silicon dioxide substrate and let them dry in
ambient conditions.

Figure 5.11 shows the comparison of EVA-HIPCO and SDBS-HiPCO when a 532
nm laser is used to excite the sample. It can be seen immediately that numerous
metallic tubes are detected [(9,6),(10,4),(12,0),(8,5),(9,3)], and the (10,0) chirality
is the only semiconducting species detected. The relative peaks height suggest a
change in the composition between the EVA-HiPCO and SDBS-HiPCO, with a more
predominant presence of (9,6), (10,4) and (12,0) tubes compared to (9,3) tubes. This
suggests a preference for the polymer to solubilise specific metallic chiralities.

Figure 5.12 compares the Raman emission of the same samples studied in Figure
5.11 when excited with a 633 nm laser radiation. There are 6 semiconducting species
detected [(11,4), (10,3), (11,1), (7,6), (7,5), (8,3)] and a single metallic chirality
(13,1). It is again possible to observe a difference in the relative height of the peaks.
Interestingly, the peaks corresponding to (10,3),(11,1),(7,6) chiralities merge into a
single peak in the SDBS-HiPCO sample, suggesting a better physical separation of
tubes when solubilised with EVA.

In summary, Raman measurements confirm the conclusions outlined by the PLE
experiments. Peaks from the EVA-HIPCO samples are again well resolved, sometimes
better resolved than SDBS-HiPCO tubes, suggesting again an individual wrapping of
the tubes. The presence of numerous metallic tubes confirms the non-selectivity of the

polymer, which appears to wrap indistinctly metallic and semiconducting polymers.
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Figure 5.12: Raman spectrum of HiPCO-SDBS (solid orange line) and HiPCO-EVA (solid blue
line) obtained with a 633 nm excitation laser. The region analysed corresponds to the RBM of
SWCNTSs. The spectra show a different relative heights between peaks, and the (10,3),(11,1),(7,6)
peaks merge into a single peak in the HIPCO-SDBS sample. Adapted with permission from reference
[13]. Copyright 2019 American Chemical Society.
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5.8 Atomic force microscopy

To study the morphology of the nanohybrids, AFM images of individual tubes were
taken. Samples were prepared by spin-coating a very diluted solution of CNT-EVA at
high-speed. The solutions were prepared as described in sections 5.2 and 5.3, but the
final pellets have been dispersed in 50 mL of chloroform. This solution was further
diluted to a 1:5 v/v ratio and deposited on glass substrate by spin-coating at 5000

rpm, and AFM maps of the samples obtained.
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Figure 5.13: AFM maps of EVA-HiPCO nanohybrids on glass prepared with different initial polymer
concentrations: 0.2 mg/mL, 0.5 mg/mL, 1.0 mg/mL, and 2.0 mg/mL. The maps show individual
tubes, with little difference in the morphology when different concentrations are used. Adapted with
permission from reference [13]. Copyright 2019 American Chemical Society.

Figure 5.13 compares the film of EVA-HIPCO tubes prepared using 4 different
initial concentrations of EVA: 0.2 mg/mL, 0.5 mg/mL, 1.0 mg/mL, and 2.0 mg/mL.
All the images show a very similar morphology, suggesting that a very thin layer of

polymer binds to the CNT and the remaining polymer is removed by the purification
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process. Nevertheless, the sample made with 0.2 mg/mL appears to have thinner
CNTs, than the remaining samples, likely indication of a non-self-limiting process,

whit thicker coatings in case of an abundance of the polymer.
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Figure 5.14: AFM map of EVA-HiPCO nanohybrids on glass (left) and height profiles of single
tubes (right). The paths of the profiles in the right plot are marked by the white segment on the
AFM map. The red, dashed profile is plotted on a different scale, shown on the right axis. Adapted
with permission from reference [13]. Copyright 2019 American Chemical Society.

To better understand the morphology of the single SWCNTSs, Figure 5.14 shows
the AFM map of a sample prepared with a 0.5 mg/mL EVA starting concentration
on a closer scale. The white lines mark the paths of the profiles reported in the plot
on the right. The profile lines show numerous regions on the SWCNT with a height
of 1 to 2 nm, suggesting a thin polymer coating of one or two layers around a single
nanotube. Other regions show a thicker profile of up to 10-11 nm (Profile 2), probably
due to some bundled tubes or a thicker polymer coating, the latter suggesting again
that the polymer-wrapping is a non-self-limiting process.

The MWCNT sample (Figure 5.15) show again a very thin height profile (5-7 nm
in the thinnest regions, up to 25 nm in the thickest), also suggesting single or small
bundle solubilisation. It is worth noting that despite the AFM studies showing the
possibility of nanotube bundles in the films, the very well-defined peaks in the PLE
maps suggest a very limited bundling of tubes in the SWCNT dispersion, since bigger
bundles of tubes would broaden and completely quench the PL emission, especially

considering the presence of metallic tubes revealed by the Raman measurements.
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Figure 5.15: AFM map of EVA-MWCNT nanohybrids on glass (left) and height profiles of single
tubes (right). The paths of the profiles in the right plot are marked by the white segment on the
AFM map. The red, dashed profile is plotted on a different scale, shown on the right axis. Adapted
with permission from reference [13]. Copyright 2019 American Chemical Society.

In conclusion, AFM maps show individual or small bundles of CNT, confirming the
effective individual solubilisation of the nanotubes. There is no obvious difference in
the morphology when different starting polymer concentrations are used, although the

use lower concentration shows a larger number of thinner nanohybrids. The profiles

suggest a very thin polymer coating, with some regions with a larger accumulation.

5.9 Conclusions

This chapter showed how EVA, a common non-conjugated polymer, is able to individ-
ually solubilise SWCNT and MWCNT, making it possible to easily process them.

Using solvent engineering, it is possible to purify the solutions from the excess,
non-bound polymer, to obtain a dispersion containing only carbon nanotubes covered
with polymer.

The photoluminescence measurements showed the presence of well-resolved peaks,
excluding the presence of big bundles, as photoluminescence would be quenched by
metallic SWCNT in this scenario.

Raman spectroscopy revealed the presence of numerous metallic SWCNTSs, showing

the non-selectivity of this solubilisation process, however the results still suggests a
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preference for the polymer to wrap metallic chiralities. The presence of well-defined
peaks re-confirms the conclusions drawn from the PLE measurements.

AFM maps allowed to study the morphology of the nano-hybrids revealing the
presence of individual or small clusters of tubes. The starting polymer concentration
does not appear to have a significant effect on the morphology. The profiles analysis
on individual SWCNTs and MWCNTSs suggests again a very thin polymer coating on
each tube, indicating that only the polymer that is strongly bound to the CNT does
not get removed by the purification process.

The absence of 7 orbitals in the EVA polymer excludes the wrapping mechanism
claimed by conjugate-polymers commonly used in organic electronics. The presence of
numerous CH-groups, however, could explain the strong binding inferred from the PL
shift, as CH-7 interactions have been shown to be the driving mechanism for binding
between non-conjugated polymers and nanotubes.'® Despite being much weaker than
the 7-7 interaction, the high number of -CH groups in the EVA polymer could provide
sufficient binding force. Furthermore, the low glass transition of the polymer (Ts=
-43°C) ' is indicative of a low rigidity of the polymer backbone, allowing it to easily
wrap along the side wall of the nanotubes permitting numerous interactions with the
-CH groups.?

The use of a polymer like EVA, already used in many industrial application and
mass-produced, can offer a very inexpensive solution to solubilise carbon nanotubes,
and with the purification process described here has a big potential for a large-scale
deposition of carbon nanotubes. The polymer coating of CNT shown by the AFM
measurements might be thin enough to allow charges to percolate through a network
of these nano-hybrids allowing their use in electronic devices. The electronic properties

and the use of these networks will be the subject of the next chapters.
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CHAPTER 6

Electrical properties of EVA-CNT films

6.1 Introduction

Chapter 2 described the potential applications of CNTs networks in devices, mainly
given by the interesting electronic properties of this class of materials. The difficulties
in fabricating uniform films with scalable methods have been the main factor hindering
the widespread use of CNT networks.

It was shown in the previous chapter that EVA offers an excellent solution to
individually solubilise carbon nanotubes, producing uniform and stable dispersions.
The very low-cost of EVA compared to conjugated polymers makes it a very interesting
option for large-area applications. Moreover, the very low optical absorption of the
EVA polymer reduces any parasitic absorption normally introduced by conjugated

polymers and makes this material promising in applications where transparency is
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required.

This chapter will present a study on the electrical properties of films made with
EVA-CNT nanohybrids, comparing the performances of the EVA-SWCNT and the
EVA-MWCNT materials, showing that despite the insulating nature of the polymer

wrapping the nanotubes it is possible to obtain conducting films.

6.2 Films fabrication by spray coating

The films studied in this chapter have been deposited by spray coating, which, as
explained in chapter 4, offers the ability to control the thickness of the film well and

obtain high uniformity over large areas.
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Figure 6.1: Transmittance spectrum of the sprayed EVA-SWCNT tubes and EVA-MWCNT on
glass. The inset shows an image of the semi-transparent films, having a 47% transmittance at 550
nm for MWCNT and 56% for SWCNT tubes, where the losses due to the glass substrate have not
been removed. The films have both a thickness of (80 &+ 5) nm and an electrical conductivity of
(10.5 £+ 0.1) kQ2/sq and (3.7 & 0.1) k/sq respectively, corresponding to a conductivity of (11.9 +
0.1) S/cm and (33.8 £ 0.3) S/cm. Adapted with permission from reference [1]. Copyright 2019
American Chemical Society.
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Figure 6.1 shows the transmittance spectra and the images of an EVA-SWCNT
film and an EVA-MWCNT film deposited on a glass substrate. Both films have
been fabricated to have the same thickness (80 & 5 nm) in order to compare their
optical and electrical properties. In both spectra, the reflection losses due to the glass
substrate, (~5.5%), have not been removed.

The black solid line shows the absorbance of the EVA-SWCNT film on glass. This
film has a transparency between 55% and 75% in the near infrared region, dropping
to values of 40-55% in the visible region due to the Ey and My; transitions of
the nanotubes, which are visible as individual absorption features from the different
nanotube species present in the starting material. The sprayed film has a sheet
resistance of (10.5 + 0.1) k€2/sq, corresponding to a conductivity of (11.9 £+ 0.1)
S/cm.

The red solid line shows the transmittance spectrum of a MWCNT-EVA film which
shows a continuous absorption of the MWCNT, which, due to the presence of multiple
shells of several diameters in each tube, does not show Van Hove singularity peaks.
The 80 nm thick film has a sheet resistance of (3.7 & 0.1) k{2/sq, corresponding to a
conductivity of (33.8 + 0.3) S/cm, slightly larger than EVA-SWCNT.

The images in the inset of Figure 6.1 show the uniformity of the films obtained by
spray-coating, which do not show any inhomogeneity.

These measurements show that despite the presence of an insulating polymer
wrapping each tube, it is still possible to achieve good contact between the tubes and
obtain conductive films. Higher values of conductivities can be reached with CNT,
mainly through doping, chemical modification and the use of the use of ultra-long
tubes,? however this process here offers an easy, versatile and inexpensive way to
produce coatings with intermediate conductivities and transparency.

Remarkably, this is the highest values ever obtained for the combination of EVA
and CNT.3 This is achieved thanks to the purification process, in which any excess

polymer is removed. This step leads to a much enhanced inter-tube contact and
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better connected percolation paths, which in turn results in a conductivity increase by

several orders of magnitudes compared to values found in literature.

6.3 Percolation studies in EVA-CNT films

This section is a study of the conductivity of the film as the density of the network
changes from a sparse network to a thick film. Percolation theory predicts that the
change of conductivity of the films depends on the density of carbon nanotubes. It
predicts that in a random network of "conductive sticks", the density dependence of

the conductivity is described by*

0, D < D,
o= (6.1)

oo(D — Dy)t, D > Dy,

where o is the conductivity of the material, o is a proportionality constant, D is
the critical density upon which percolation is reached, D is the density of conductive
sticks and t is the critical exponent solely depending on the dimensionality of the
system. For a 2D system, ¢ = 3° while for a 3D system ¢ = 1.9 — 2.0.%7

In these experiments, the density of nanotubes in the film is changed by increasing
the concentration of EVA-CNT in the sprayed solution.

Defining the concentration in common units (e.g. g/L, %wt, etc.) is not possible
in this case, as the process for the preparation of the solution (see Section 5.2) does
not allow to determine exactly the weight of carbon nanotubes in the sprayed solution.
This is due to the fact that after the first sonication it is not possible to discern the
amount of polymer and carbon nanotubes discarded after each step. However, it is
possible to have a relative measure of the concentration based on the starting material.
The last centrifugation step in the purification process (step d in Figure 5.3) produces
a pellet by centrifuging the solution containing the aggregated CNT, which is always

the same as long as the starting quantities of materials are the same.
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This pellet has been used as the unit for the amount of CNT in solution. Therefore,
concentrations for this experiments are defined in number of pellets / 50 mL, as 50 mL
is the typical volume used during the spray coating process.
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Figure 6.2: Height profiles of EVA-SWCNT films deposited from a solution of 0.1 pellets/50 mL
(left) and 2 pellets/50 mL (right). In each graph the blue numbers represent the mean value of the
height in the section marked with the blue line, while the red numbers indicate the height 1 standard
deviation away from the mean value. While the film deposited from 2 pellets/ 50 mL clearly allows
to determine the thickness of the film, when fabricated with 0.1 pellets/50 mL the numerous artefact
do not allow to clearly determine the thickness. In the left graph, an additional value is indicated in
green, and it represents the mean value of the area in the green circle.

An additional problem in this percolation studies is given by the difficulties in
determining the thickness of the films. This can be easily done when the thickness
of the film is above 20 nm, but it becomes less trivial when fabricated from very
diluted solutions. Figure 6.2 compares the profile measured with a profilometer for a
film sprayed from a solution containing 0.1 pellets/50 mL and 2 pellets/50 mL. In
both films, the thickness has been measured by scratching the film with a syringe
needle and measuring the height difference between the region where material has
been removed and the surrounding area. While in a film of about 26 nm thickness
it is possible to clearly measure the thickness with a relatively low error, thin films
such as those made with 0.1 pellets/50 mL are more difficult to assess. The very
low concentration likely delivers a non-complete coverage of the substrate, causing
the measuring tip to get blocked and bounce while scanning the sample, resulting in

the numerous artefacts shown in the profile. Despite the mean value is 43.5 nm, the
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standard deviation is 72.4 nm. A more realistic value of the thickness is the shown in
the green circle, where the mean value is 2.6 nm, but this measurement shows that is
not possible to have a clear value for the thickness.

The problem of measuring the thickness, necessary to determine the conductivity
can be circumvented by studying the 2D problem, as already shown by Hu et al.® for
films of CNT, where the sheet conductance is used instead of the bulk conductivity.
The carbon nanotubes density was there defined by the concentration of the solution

used to produce the film. The sheet conductance is then expected to be

0, C < Cy
Q- (6.2)
GQ(C — Co)a, C > Co,

The graphs of Figure 6.3 are built by measuring the transmittance and sheet
conductance of several films with different densities, for EVA-SWCNT and EVA-
MWCNT. The blue curves represent the fit of Eq. 6.2 obtained with a Levenberg-
Marquardt algorithm. The parameters and their standard error of the best fit are

summarised in Table 6.1.

GO A Go Co A Co « Aa
EVA-SWCNT 2.12E-5 1.08E-5 0.1 0.34 1.44 0.34
EVA-MWCNT 1.63E-4 44E5 01 02 138 0.26

Table 6.1: Best fit parameters for the percolation curves of Figure 6.3

Experimental data are in agreement with the model. The critical exponents are
found to be 1.44 for EVA-SWCNT and 1.38 for EVA-MWCNT. These are both very
close (within the standard error) to the theoretical value of 1.33 expected for a 2D
percolation, with the value for EVA-SWCNT being slightly higher than EVA-MWCNT.
This can be due to the fact that the theoretical percolation model considers paths of
conductive sticks having the same characteristics. As shown in the previous chapter

the EVA-SWCNTs films are composed of both metallic and semiconducting species,
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Figure 6.3: Sheet conductance against concentration of the solution used to fabricate the film for
EVA-SWCNTs and EVA-MWCNTs film. The squares and circles represent the measured values,
while the blue line represent the fit of equation 6.2.
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resulting in higher resistance when the junction is between semiconducting-metallic
tubes (see section 2.3). On the other side in the EVA-MWCNT samples, the multiple
cylinders composing each MWCNT reduces the probability of having large differences
in the characteristics of each conductive stick, resulting in a fit closer to the expected
values.

The critical concentration has a value of 0.1 pellets/50 mL for both types of films,
although the standard error is 340% for SWCNT and 200% for MWCNT. A film with
0.1 pellets/50mL has been fabricated for both. The EVA-SWCNT did not show any
conductivity, while a current was measured in the EVA-MWCNT, however values are
not reported here as the measurement did not allow to extrapolate a significant value
for the sheet resistance due to the large noise, likely due to the impedance of the film

being comparable to the input impedance of the instrument (~10 T().

6.4 DC to optical conductivity ratio

The conductivity measurements also allow to evaluate the properties of the material

as a transparent conductor. The relation between the transmittance and the sheet

resistance of a thin conductive film can be modelled by?°
ZO Oac -
T=1+— 6.3
( + 2RS Udc) ’ ( )

where Z, is the impedance of free space, oy, is the direct current conductivity, o,
is the optical conductivity and Ry is the sheet resistance. The relation is valid when
the film thickness is small compared to the wavelength.

The graphs of Figure 6.4 are build measuring the transmittance at 550 nm (where
the losses due to the substrate have been removed in this case, as Eq 6.3 only refers
to the transmittance of EVA-CNT films).

The fitting allows to obtain the DC to optical conductivity ratio, which is a com-
monly used figure of merit to compare transparent conductors. The DC conductivity

is related to the transport in response to an applied constant field, while the optical
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Figure 6.4: Transmittance against sheet resistance of EVA-SWCNTs and EVA-MWCNTs films. The
squares and circles represent the measured values, while the blue line represent the fit of equation
6.3, reported in the inset.
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conductivity is related to the response of the film to an electromagnetic wave. This
figure of merit allows to evaluate different transparent conductors, as it relates the
two equally important parameters (sheet resistance and transparency), while it would
be otherwise difficult comparing low T - low Rg conductors with high T - high Rg. A
good transparent conductor has the highest possible 04./0,. ratio. To give a reference,
commercially available ITO film, have a typical 04./04. of 500.1!

The fits of figure 6.4 shows a very low value of 0.06 for EVA-SWCNT, and a value
of 0.13 for EVA-MWCNT, more than two times higher.

It is worth noting that the model fails for low values of conductivity. This can be
due to the fact that the network is likely very sparse for high levels of transparency,
while the model assumes a uniform film.

The data confirm the better performance of EVA-MWCNT compared to EVA-
SWCNT. This could appear counter-intuitive as the absorbance of MWCNT is higher
due to the numerous shells composing each tube. However, a large diameter might
offer a better contact between tubes, thus enhancing the conductivity, which is mainly
limited by the inter-tubes connections. The better 04./0,. ratio can then to be
justified by the superior electrical performances, which compensate for the optical

disadvantage.

6.5 Maximum current

Conductivity measurements of carbon nanotubes were taken with a four-point probes
setup, as shown in chapter 4. Currents are chosen to avoid voltages above 100 mV/cm,
as thermal effects might affect the measurement.?

However, exceeding this recommendation can reveal important information on the
maximum allowed current in the film. Figure 6.5 shows the |-V curves for films made
with different EVA-CNT concentrations.

It can be seen that all the curves show a similar behaviour, having a lower resistance

for low values of current and higher resistance for higher currents. The change in
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Figure 6.5: |-V curves of the EVA-CNT films. The graphs on the left column represent the |-V
curve of 5 films fabricated from EVA-SWCNT solutions, while the right column represent analogous
films fabricated from from EVA-MWCNT. From top to botton, each row corresponds to a different
concentration used: (0.1, 0.2, 0.4, 1.0, 2.0) pellets /50mL.
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resistance does not appear to follow any trend, with the resistance becoming 1-9 times

higher for high currents values (values reported in table 6.2).

SWCNT MWCNT

Conc. (pellets/50mL) R/Ro R/Ro
0.1 8.13 7.55
0.2 4.7 7.44
0.4 8.83 7.62
1 5.94 4.98
2 8.13 6.41

Table 6.2: Ratio between film resistance in the high current regime (R) and resistance in the low
current regime (Rg)

Reasons for this change in resistivity are unclear. The high symmetry of the curve
around 0 A excludes the formation of Shockley barriers, which would result in a
diode-like response.

An obvious justification could be found in thermal effect. However, this has to be
discarded as an increase of the temperature in carbon nanotubes networks generally
corresponds to an increase in conductivity, '3 and the same behaviour is observed in
polymer-CNT composites. '

It is worth noting that current densities corresponding to the change of slope are
extremely high. A quick estimation of the current density can be done considering a
probe on a thin film of thickness d, as shown in Figure 6.6. The current density in the
cylindrical shell of equipotential is given by J = I /27rd.

/]

J

Figure 6.6: Picture representing the equipotential cylindrical shell in a thin film where current is
injected by a probe. This model has been used to estimate the current density in the film.

If we consider as an example the film deposited from a EVA-SWCNT solution of 2

pellets/50 ml having a thickness of about 27 nm (height profile in Figure 6.2) and a
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6.5. Maximum current

change in the |-V slope at 0.7 mA, the resulting current density at 0.65 mm from the
injection (i.e. the distance between the probes) is ~1.5-10° A/cm?.

A damage induced by the extremely high current is then possible. However,
the change in resistance seems reversible, as |-V sweeps started from the maximum
negative, crossed 0 and continued towards the maximum positive current, and reverse
scans perfectly overlaps the direct scans. A possible explanation could be a temporary
degradation of the interface between the sensing probe (which are in between the
probes injecting current) and the film, due to local heating.

Despite the forward and reverse measurement overlap, inspection with the optical
microscope clearly shows some degradation on the film when high currents are injected.
Figure 6.7 shows the comparison between a typical mark left by a probe on a EVA-
MWCNT film when low currents are injected and a similar film where high currents
have been injected, where is clearly visible a de-colouration of the area around the

contact point.

Figure 6.7: Mark left by the testing probe on a film when low (left) and high (right) currents are
used. A decoloration around the contact area can be observed in the case of high currents.

To compare the two types of films, the points where the V-I slope change happens
have been plotted again the EVA-CNT concentration used to fabricate the correspond-
ing film, shown in Figure 6.8. The points have been found by fitting a linear function
in the two different regions of the |-V and calculating the intercept. A power function
has been fitted in both graphs to compare the growth of the maximum current before

a change in resistance happens.
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Chapter 6. Electrical properties of EVA-CNT films

In both cases the best fit is superlinear, with a faster growth in the case of EVA-
SWCNT, (I~C"?) and slower for EVA-MWCNT (I~C!3). These measurements are
not sufficient to offer a model explaining the reason for this differences. However,
since the percolation studies show a slightly faster increase of the conductivity in the
case of EVA-SWCNT, this could translate in a better tolerance of high currents in

these films as the network density increases.
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Figure 6.8: Point of change of slope against concentration for EVA-SWCNT and EVA-MWCNT
films. The y axes shows the values of current at which a change in the slope in the V-I curve in the
positive quadrant is observed. The solid squares show the measured data, while the blue curve is the
fit of a power function.

6.6 Conclusions

This chapter showed how it is possible to obtain highly uniform semitransparent
conductive film from the EVA-CNT solutions prepared in the previous chapter.

EVA-MWCNT allows to produce films with higher conductivities than EVA-SWCNT
(33.8 S/cm compared to 11.9 S/cm), however, their optical absorption is higher when
the thickness is the same, having EVA-MWCNT exhibiting a transmittance at 550 nm
of 46.8% and EVA-MWCNT a transmittannce of 55.7%.

Percolation studies on films showed a good agreement with the theoretical model,
with EVA-MWCNT resulting in a critical exponent closer to the expected value of
1.33 (1.38 for EVA-SWCNT and 1.44 for EVA-MWCNT). This can be interpreted

as a higher uniformity of the electrical properties between different tubes, while in
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EVA-SWCNT the different chiralities might bring a more heterogeneous landscape,
and a more refined percolation model might be needed.

The study of the DC to optical conductivity ratio confirmed the better performances
of EVA-MWCNT, exhibiting a 04./04. value of 0.13 compared to a value of 0.06 for
EVA-SWCNT, which despite having a larger optical absorption, they have a better
conductivity which compensates for that.

Studies with high currents showed that the film appears to have two different
resistances depending on the current regime. The current densities where the change
happens are extremely high and in the order of 10° A/cm?, so very far from typical
electronic devices applications where currents are in the order of 1072 A/cm?, but it
provides useful information on the limits of the system. The maximum current allowed
before the behaviour changes appear to increase faster than the thickness of the film.
A model explaining this change in behaviour has not be found. Further temperature-
dependent measurements could give a better understanding of the phenomenon,
however. These investigations are left for future works, as this effect does not affect

the operational regimes of the applications that will be shown in the next chapter.
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CHAPTER 7

EVA-CNT films in solar cells as charge

extraction layer

7.1 Introduction

As introduced in Chapter 2, one of the most interesting applications of carbon
nanotubes is their use in electronic devices. Among these, CNTs in solar cell devices
have been widely investigated.

[.,}2 where they

A very successful application was developed by Habisreutinger et a
managed to use CNTs as an additive in spiro-OMeTAD to replace the lithium salts
dopant (Li-TFSI).

The use of spiro-OMeTAD as a hole transporting layer in perovskite solar cells
normally relies on the use of Li-TFSI dopants to increase its conductivity, which
would otherwise not be enough for an efficient carrier extraction. Habisreutinger et

al. developed a new system where a film of P3HT-wrapped SWCNTs is deposited on

the perovskite layer, and subsequentially infiltrated with undoped spiro-OMeTAD. In
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Chapter 7. EVA-CNT films in solar cells as charge extraction layer

their work they demonstrated that a significant injection of holes photogenerated in
the perovskite absorber happens in the P3BHT-SWCNT, which were then responsible
for the transport to the metal electrode. The two steps deposition turned out to
be the best procedure for the solar cell fabrication, with the first step involved the
deposition of P3HT-SWCNT, which allows the creation of a dense network directly
contacting the perovskite, and the second step involving the filling of all the pores by
spiro-OMeTAD, which avoids a direct contact between the perovskite and the metal
electrode, which is evaporated on top.

This system has been used here as a benchmark to test the electronic properties
of the new EVA-CNTs to understand whether the EVA wrapping individual tubes
affects negatively the possibility of using this new nano-hybrid as electronic material.
This chapter will illustrate the performances of solar cell using EVA-CNTs as hole
transporting layer, with the main scope of understanding whether the substitution of

the P3HT impedes the charge transfer from the perovskite to the CNT.

7.2 Device structure

The device structure used in the experiments is shown in Figure 7.1. Light is primarily
absorbed in the perovskite layer, which generates excited and free carriers. Depend-
ing on the experiment the perovskite was either a mixed cation-mixed anion with
FAO.83MA0.17Pb(|0.83Br0.17)33 ora FAO.83C50.17Pb(|0.9Br0.1)3-4

Photogenerated electrons are injected in a layer of SnO,, which allows their
transport to the anode while also blocking holes. The anode is a transparent conductor
made of FTO deposited on a glass substrate.

Holes are injected in the EVA-CNT layer, which is deposited by spray coating
on the perovskite film. Spiro-OMeTAD is deposited on top of the EVA-CNT layer,
infiltrating the holes and avoiding a direct contact between the perovskite and the

cathode, which is a film of silver or gold.
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Figure 7.1: Schematic drawing of the perovskite solar cell stack under test. The spiro-OMeTAD is
infiltrated in the EVA-CNT film.

7.3 EVA-SWCNTs in FA0_33MA0_17Pb(|0_33Bro_17)3 perovskite

devices

The first experiment reproduced exactly the structure studied by Habisreutinger et
al.,?, employing a perovskite with both mixed organic A-site cations and mixed
halides, FAgg3MAg 17Pb(lo.83Bro.17)3, and having the structure represented in Figure
7.1, where the cathode was silver. The experiment compared devices with the new
nano-hybrid EVA-SWCNT against the P3HT-SWCNT. The P3HT-SWCNT were
prepared used CoMoCat CG200 SWCNT instead of the HiPCO used in the EVA-
SWCNT nano-hybrids, in order to exactly reproduce the already optimised structure
by Habisreutinger.

Two different thicknesses of EVA-SWCNT were compared, a film deposited from a

solution of 3 pellets/50 mL (thick) and a film from a solution of 1 pellet/ 50 mL (thin).
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Figure 7.2: JV curves of the FA33MAg17Pb(los3Bro.17)3 perovskite devices under test. The black
solid line shows the characteristic of a solar cell employing a thick layer of EVA-SWCNT, the red
solid line a thin layer of EVA-SWCNT and the blue solid line is the characteristic of the control
device, employing a layer of P3HT-SWCNT.

The film of P3HT-SWCNT was fabricated dynamically by drop-by-drop spin-coating
of 200 uL of solution prepared according to section 4.2.4. The devices were fabricated
with the help of Dr Severin Habisreutinger (Department of Physics, University of
Oxford), who also fabricated the control devices.

Figure 7.2 shows the JV curves of the best performing devices for each EVA-CNT
thickness and the control device. The EVA-SWCNT devices exhibit similar efficiency,
with a value of 16.6% in the case of the thin CNTs layer and 16.8% in case of the thick
one. The main difference is the slightly higher photocurrent in case of the thin device.
A possible justification is given by the smaller optical density of the thin EVA-SWCNT
layer, which reduces the parasitic absorption of the back-reflected light which can be

absorbed by the perovskite layer once reflected from the cathode. The open circuit

voltages are comparable, being 1.10 V for the "thick" device and 1.11 V for the "thin"
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7.3. EVA-SWCNTs in FA0_83MA0_17Pb(|0_83Br0_17)3 perovskite devices

device. A big difference is observed in the FF, being 73.4% in the "thick" device
and 69.9% in the "thin" device. This is mainly caused by the slightly higher series
resistance in the "thin" device (5.6 Q2 cm? compared to 6.5 2 cm?, calculated with a
linear fit around the open circuit point), and can the result of a better coverage in
case of a thicker EVA-SWCNT layer.

Both devices were outperformed by the control device employing P3HT-SWCNT in
the hole-collecting layer. The most important difference is found the the short-circuit
current, being 23.6 mA/cm? in the control device, and a higher V¢ of 1.14 V, with
a PCE of 19.1%.
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Figure 7.3: SPO of FAps3MAg17Pb(lo.g3Bro.17)3 perovskite devices under test. The black solid
line shows the characteristic of a solar cell employing a thick layer of EVA-SWCNT, the red solid
line a thin layer of EVA-SWCNT and the blue solid line is the characteristic of the control device,
employing a layer of P3HT-SWCNT.

Figure 7.3 shows the SPO of the devices. In perovskite devices, the current-voltage
characteristics exhibit a typical hysteretic behavior, with big discrepancies between

the forward and the reverse scan.® This depends on the testing conditions, mainly
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on the sweep scan speed and on the device history such as light soaking and pre-
biasing resulting in a difficult comparison between measurements, as the measurement
parameters affecting the hysteresis are not regulated by the international measurement
standards. A common parameter used to compare solar cells by taking this effect
into account is the SPO, obtained by holding the solar cell at the maximum power
point voltage (Vyspp) for extended time. The SPO for the cell with the thick carbon
nanotubes layer and the cell with the thick layer are 15.8% and 16.0% respectively,
resulting in SPO/PCE,, ax of 95.2% for both type of devices, while the control device
delivered a SPO of 18.4%, resulting in SPO/PCE=96.3%.

Figure 7.4 shows the statistics of the performance parameters and reflects the
observations from the best devices, with the main differences observed in the Jg¢.
The FF is comparable and reaches record values in devices with a thicker layer of
carbon nanotubes, which can be due to a better coverage of the perovskite film,
allowing for an easier collection of charges thus reducing the series resistance. It is
also noticeable that the thinner layer samples showed less device to device variation in
the performance parameters.

The most interesting parameters for this study is the V¢, as it is the main
indicator of charge recombination in general, but given the comparable stack here it
depends on the the perovskite/EVA-SWCNT interface, implying an efficient charge
injection. The mean values for the EVA-SWCNT samples differ of about 10mV, and
the difference between thin EVA-SWCNT and the control sample is ~ 40 mV. The
slightly lower Voo in thick devices could be explained with the lower number of
inter-tubes transfers, thus reducing the chance of recombination in thinner devices.
The larger difference to the control samples could be explained by the presence of
P3HT, which has been observed to shift the Fermi level and p-dope SWCNT.® This
could lead to an improved band alignment reducing the chance of recombination.

The slightly better SPO/PCE value of the control devices would also confirm this

hypothesis, as it is indicative of a decreased charge extraction efficacy.”®
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Figure 7.4: Statistics of the performance parameters of FAgg3MAg 17Pb(lo.s3Bro.17)3 perovskite
devices under test. The green box plots shows the statistics of devices employing a thick layer of
EVA-SWCNT, the blue box plot corresponds to devices with a thin layer of EVA-SWCNT and the
blue box plots are the control devices, employing a layer of P3BHT-SWCNT.
However, the losses are minimal, as a heavy interference of the EVA coating on
the charge transport is expected to bring much higher drops in the value of the Voc.
Moreover, these devices here containing EVA-SWCNT are a proof of concept and

not yet optimised, and a tuning of the fabrication parameters might improve the values

observed.

7.4 EVA-CNTs in FA( g3Csg.17Pb(lg.oBrg.1)3 perovskite devices

To test the versatility of the system, the EVA-CNT nanohybrids have also been
tested in devices employing a different absorber, the mixed-cation mixed-halide
FA0.83Cs0.17Pb(lo.9Bro.1)3, which does not contain the MA and which has been widely

studied for its better stability.#3° The device structure is again the same reported in
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Chapter 7. EVA-CNT films in solar cells as charge extraction layer

Figure 7.1, where the cathode is thin gold film. The control device in these experi-
ments uses doped spiro-OMeTAD as hole transporting layer as it is the most optimised

material for this absorber, and carbon nanotubes have never been used with it.
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Figure 7.5: JV curves of the FAqg3Csg.17Pb(lg.9Bro.1)s perovskite devices under test. The red solid
line shows the characteristic of a solar cell employing a thick layer of EVA-SWCNT, the blue solid

line a thin layer of EVA-SWCNT and the black solid line is the characteristic ofthe control devices,
employing a layer of doped spiro-OMeTAD.

In this set of experiments EVA-MWCNTs have also been tested, which have never
been used before in this type of architecture. Again two different thicknesses for each
EVA-CNT nanohybrids were compared. In the case of EVA-SWCNT the film labelled
as "thick" was deposited from a solution of 3 pellets/50 mL, while the "thin" film from
a solution of 1 pellet/ 50 mL. In the case of EVA-MWCNT the "thick" film is fabricated
from a solution of 2 pellets/50 mL, and the "thin" again from 1 pellet/50 mL. The
different choice for the thick layer was derived from the conductivity values reported

in the previous chapter, which in the case of EVA-MWCNT are higher. Devices from
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this section were fabricated with the help of Dr Zhiping Wang (Department of Physics,
University of Oxford), who also fabricated the control devices.

Figure 7.5 shows the JV curves of the best performing devices using EVA-
SWCNT as hole transporting layer and the JV curve of the control device with
doped spiro-OMeTAD. The performance appears to be much reduced compared to
the previous experiment. A thick layer of EVA-SWCNT introduces a large series
resistance, which heavily affects the FF, while a thin layer delivers a very low shunt
resistance, equally affecting the fill factor and reducing the V. Despite the lower

performances, the V¢ is above 1V in all the devices.
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Figure 7.6: JV curves of the FA(g3Csg.17Pb(lo.9Bro.1)s perovskite devices under test. The red solid
line shows the characteristics of a solar cell employing a thick layer of EVA-MWCNT, the blue solid

line a thin layer of EVA-MWCNT and the black solid line is the characteristic of the control devices,
employing a layer of doped spiro-OMeTAD only.

Figure 7.6 shows the JV curves of the best devices using EVA-MWCNT, with the

same control device shown in Figure 7.5. Performances are significantly better than
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Figure 7.7: Stedy-state power output of FAgg3Csg17Pb(lo.9Bro.1)s perovskite devices under test.

devices using EVA-SWCNT, mainly due to the better FF. This is a consequence of
the lower series-resistance, very close or better than the control device. The "thick"
and "thin" devices show very similar performances, with the main difference observed

in the Vo and in the FF.

SPO (%) PCE (%) SPO/PCE

EVA-MWCNT thick 135 17.3 0.78
EVA-MWCNT thin 15.8 17.1 0.92
EVA-SWCNT thick 13.6 13.6 1.00
EVA-SWCNT thin 12.3 13.9 0.88
control 17.1 18.1 0.94

Table 7.1: Steady-state power output, power conversion efficiencies and SPO/PCE ratio of the
FA0.83Cs0.17Pb(lo.9Bro.1)3 perovskite devices.

The SPO of the devices is shown in Figure 7.7, and the SPO/PCE ratio from the
JV curves summarised in Table 7.1. It can be seen that despite having the lowest

efficiency, devices with a thin layer of the EVA-SWCNT do not show any difference in
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the PCE calculated from the J-V curve and the SPO. All the other EVA-CNT devices
show a lower SPO/PCE ratio, with the worst ratio given by the thick EVA-MWCNT
device.

The statistics of the performance parameters of all the devices described in this
section are compared in Figure 7.8. The control device is still the best performing,
but the range of efficiency values overlaps with devices containing a thick layer of
EVA-MWCNT. The worst performing structure is the one containing a thick layer
of EVA-SWCNT, which also shows a very high variability in the values of PCE, Js¢
and FF. Interestingly, despite this very large variation, the values for Vo are very
consistent and above 1V, and outperform the devices with a thick layer of EVA-
SWCNT.It can be seen that the main parameter affecting the performances is the FF,
being significantly lower than other devices.

The large difference in the performance of devices containing EVA-SWCNT com-
pared to the previous experiments is unclear. The V¢ values, lower but comparable
to the control device, exclude a significantly higher recombination at the interface
between the perovskite and the EVA-SWCNTs. The low fill factor and high shunt
resistance suggest a problem of conductivity in the film. An hypothesis justifying this
is a possible different surface energy of the FAqg3Cso.17Pb(lo.oBro.1)3 perovskite used
in this section compared to the FAgg3sMAg 17Pb(lo.s3Bro.17)3 used in the previous one,
which might affect the morphology of the CNT film. The use of carbon nanotubes in
this structure relies on the presence of a percolation path within the CNTs network
from the perovskite to the metal electrode.'® A different surface energy of the per-
osvkite could lead to a different morphology, resulting in a less rough CNTs film, and
the subsequent deposition of spiro-OMeTAD could lead to a less efficient penetration
or the creation of a capping layer. A stratification without an efficient penetration of
the spiro-OMeTAD in the carbon nanotubes layer would bring to a stack of a highly
conductive mesh of CNTs covered by a poorly-conductive undoped spiro-OMeTAD,
which would heavily affect the series resistance and the fill factor, resulting in a

behaviour as shown in Figure 7.5. This would also explain why a thicker film has

145



Chapter 7. EVA-CNT films in solar cells as charge extraction layer

24
20- . P2
23
s @
17.6 N J M
- @ z ﬁ 216 219
—— . 16.2
159 [ To - | — 209
e * < 1 L =]
> WL 136 - 5 204 X300
o xe V124 . <é
[}
g =
10 ] k4
94 184
x
16.7
54 x
47 16 4
L] L] L] L] T T T T L} L}
ack o ack a0 e an ack an
(p (¢ cp A cr 2o [ A (p ¢ we g o ©
ey [&}) Vel PRVl o ey ey NN NN Cont
1.2
80
76.4 76.7
- hd 72.3 Er— =
11 o e =
1.06 n 105 67.0 o
% 1.05 0
f) L~ _ -] 1.04 =y 9
> 1.02 N 100 1.02 § * 573
g 1.0 R t x
>
404 }
0.9+
x
26.1
0.8 T T T T T 20 T T T T T
™ " L o e i jek e
{ A cr et SR o ¢ O (¢ 1 (¢ o 0 o\
ey WY S\NCN‘ QNN ot ey e QNN GaCY con

Figure 7.8: Statistics of the performance parameters of FAq g3Csg.17Pb(lp.9Bro.1)3 perovskite devices
under test. The green box plots shows the statistics of devices employing a thick layer of EVA-
MWCNT, the blue box plot corresponds to devices with a thin layer of EVA-MWCNT. The light
blue box plots of devices with a thick layer of EVA-SWCNT, the purple box plot corresponds to
devices with a thin layer of EVA-SWCNT, and the light blue box and the blue box plots are the

control devices, employing a layer of doped spiro-OMeTAD.
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slightly better performance, as it could offer a bigger volume for the spiro-OMeTAD to
penetrate. However, more measurements are necessary to confirm this speculation, and
characterisation such as AFM microscopy could reveal a different morphology of the
CNT film when deposited FAq g3Cs0.17Pb(l0.9Bro.1)3) or FAgg3sMAg 17Pb(lo.83Bro.17)3-

This problem does not seem to affect devices with a EVA-MWCNT film, which have
performances very similar to the control device. The most important consideration
regarding the use of the material is the possibly low charge selectivity. MWCNT have
numerous sub-shells in each tube, offering a larger number of available states which
could induce a transfer of electrons from the perovskite and induce recombination.
However this characteristic does not seem to heavily reduce the selectivity of the
contact, as suggested by the V¢ values which are only slightly lower than the control
device. The low SPO/PCE ratio in EVA-MWCNT devices would suggest a lower
efficiency in the charge extraction, however the better results of the "thin" device
would challenge this hypothesis. Further investigations such as time-correlated single
photon counting (TCSPC) measurements could answer this question, but within the
scope of this experiment it is already possible to affirm that despite the insulating
nature of the polymer wrapping the CNT, the new EVA-CNT nanohybrid offer a valid

charge extraction layer for perovskite solar cells.

7.5 Conclusions

This chapter investigated the use of the new EVA-CNT nanohybrids in perovskite cells
as charge extraction layer.

A first experiment compared the efficiency of FAgg3MAg 17Pb(lo.g3Bro.17)3 based
devices using EVA-SWCNT or P3HT-SWCNT as hole extraction layer, the latter
already known to efficiently work in this structure, with the aim of investigating
weather the insulating polymer impedes the charge transfer to carbon nanotubes.

The resulting devices delivered a lower efficiency (16.8% compared to 19.1% when

P3HT-SWCNT were used), however the lower but very similar values of Voe (1.11 V
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for EVA-SWCNT vs 1.14 V for P3BHT-SWCNT) suggest a low recombination at the
interface.

The comparison of EVA-SWCNT devices with different layer thickness showed that
devices with thinner layers delivered a higher currents (22.4 mA/cm? compared to
21.1 mA/cm?), possibly due to the reduced parasitic absorption of the back-reflected
light, however the fill factor is lower (69.9% vs 73.4 %), likely due to a better coverage
of the perovskite film.

EVA-CNT nanohybrids were also tested on FAg g3MAg 17Pb(lo.83Bro.17)3 perovskite
devices. This experiments also included EVA-MWCNTs.

EVA-SWCNTs did not perform as well as demonstrated with
FA0.83MAg 17Pb(lo.83Bro.17)3, with a best PCE of 13.9% compared to the 18.1% of
the control device. However, the Voo maintained very high values (with the higest
value being of 1.08 V, compared to 1.11 V of the control device), indicating a good
charge extraction. The lower efficiency is mainly attribuited to the lower fill factor
(65.5% compared to 75.8%), which appears to be caused by a higher series resistance
(7.2 Q-cm? vs 4.5 Q-cm?), which could possibly derive from a different morphology of
the film. A study of the film morphology with AFM and an optimisation of the device
is left for future works to verify this hypothesis.

Devices with EVA-MWCNTs delivered an efficiency very close to the control device
(17.3% vs 18.1% ) and very similar Vo values (1.08 V vs 1.11 V), again indicating a
low recombination at the interface.

In conclusion, it has been shown that despite the insulating nature of the EVA
polymer wrapping each CNT, this new nanohybrids can be used as an efficient charge
exctraction layer in perovskite solar cells. Devices described here are only a proof of
concept, and an optimisation of the device has the potential to deliver performances
similar to the already established architecture, with the advantace of replacing high-cost

semiconducting materials like P3HT with the inexpensive EVA polymer.
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CHAPTER 8

Conclusions and outlook

8.1 Conclusions

This thesis investigated the use of an insulating polymer, EVA, to solubilise carbon
nanotubes and produce semitransparent conductive thin films for device applications.

The first chapter studied the solubilisation of carbon nanotubes, both single- and
multi-walled, through the use of the EVA polymer. Most of the work in the literature
focuses on the individual wrapping of carbon nanotubes with conjugated polymers,
while non-conjugated polymers are mainly used as a host matrix for CNT-filled polymers.
It has been shown in this work for the first time that this non-conjugated polymer can
individually solubilise carbon nanotubes, and through solvent engineering, it is possible
to purify the material removing the unbound polymer, resulting in a dispersion of
polymer-wrapped CNT. The analysis of the shift of the CNTs PL peaks showed that
the polymer is inducing a mechanical stress on the nanotubes, suggesting then a tight
bond, confirming the polymer wrapping. The wrapping mechanism does not appear

to be selective for a specific chirality, as shown by photoluminescence excitation (PLE)
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and Raman measurements, the latter also indicating a slight preference for the polymer
to solubilise metallic nanotubes.

The second chapter investigated the electrical properties of such CNT films. The
dispersion obtained by solubilising the CNTs with the EVA polymer enables the
production of very uniform films by spray-coating. The films are semi-transparent and,
despite the insulating polymer, delivered conductivities of 11.9 S/cm for EVA-SWCNT
films and 33.8 S/cm for EVA-MWCNT films, which is two orders of magnitude higher
than ever reached with this combination of materials. This values allow to produce
semitransparent conductive films, which could be use for conductive coatings. The
spray-coating allows a very fine control of the film, and this was used to produce
films with different CNTs densities and thicknesses. Percolation studies on this
film showed a good agreement with a 2D percolation model, with a better fit in
the case of EVA-MWCNT films. The studies of the sheet resistance in relation to
the transmittance measurements revealed the better qualities of EVA-MWCNT as a
transparent conductor, with a DC to optical conductivity ratio of 0.13, compared to
0.06 of EVA-SWCNT, due to the higher conductivity shown by the EVA-MWCNT.
Moreover, it was shown that the film can tolerate very high current densities (in the
order of 10° A/cm?) before a change in the electrical properties happens. This allows
to use the materials in electronic devices, where current densities are 8 orders of
magnitude lower, and opens the potential to applications where higher currents are
needed, such antistatic coatings.

The last part of the thesis studied the use of this new EVA-CNT nano-hybrid in
electronic devices. Specifically, it was investigated whether the use of an insulating
polymer wrapping individual tubes prevents the use of the nanotubes as a hole trans-
porting material in perovskite solar cells. A FAgg3sMAq17Pb(lo.g3Bro.17)s perovskite
device using P3HT-SWCNTs as a hole extraction layer was chosen as a benchmark
test architecture, and it was studied whether the new EVA-SWCNTSs can replace
P3HT-SWCNTs. Although devices with EVA-SWCNTs result in lower efficiencies, the

good values of the Voo (above 1 V) showed that the insulating polymer does not
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impede the holes extraction, demonstrating the good quality of this new nano-hybrid.
From this result, additional tests were conducted on a different perovskite absorber,
FA0.83Cs0.17Pb(lg.9Bro.1)3, to show the versatility of the technology. This second test
also included EVA-MWCNTsSs, which have never been used in similar structures before.
The experiment confirmed the ability of the EVA-CNTs to extract and transport
holes, however device efficiency and reproducibility when EVA-SWCNTs was lower
than the previous experiment. Despite the lower efficiency (PCE=13.9% compared
to PCE=16.8% for the previous experiment), Voo was again consistently above 1
V, indicating a good charge selectivity of the EVA-SWCNT layer, and the poor per-
formance was speculated to be caused by a non optimised structure, however this
hypothesis needs to be confirmed by additional studies. By contrast, EVA-MWCNTs
outperformed the EVA-SWCNTs and delivered efficiencies very close to the control
devices (above 17%), showing for the first time that EVA-MWCNT can be used in

this architecture.

8.2 Outlook

The work of this thesis showed that a simple insulating polymer like EVA can replace
a conjugated polymer in polymer-wrapped CNTs, with no significant degradation of
the electronic properties of the film, re-evaluating the required properties of wrapping
polymers for carbon nanotubes in electronic devices. The majority of the work in the
literature focuses on w-conjugated polymers, as the m — 7 interaction is thought to be
one of the main mechanisms driving the wrapping process. It was hypothesized in this
work that the binding between EVA and CNT could be induced by the interaction of
the m-orbitals of the CNT and the numerous -CH groups on the polymer. However,
this hypothesis needs to be verified by additional studies. Tests with polymers rich
in -CH groups and different chain stiffnesses could clarify the process. Additional
measurements using FTIR or Raman spectroscopy, with a specific focus on the

frequencies associated with the -CH vibrations could provide useful information about
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this hypothesis, as the vibrations are expected to change if a strong interaction with
the CNT happens.

The studies on the electrical properties of these new nano-hybrids showed some
potential for it being used in thin films as a semitransparent conductor, as the high
transparency of the wrapping polymer offers an optical advantage compared to the
majority of conjugated polymers, which tend to absorb light in the visible region.
However, transparency and sheet resistance values are at this point not enough to
replace conventional transparent electrodes such as ITO or FTO. Studying the effect
of the length of the CNT, for example replacing the HiPCO tubes with ultra-long
CVD-grown tubes could clarify whether this system can reach the transparency and
conductivity values required to replace transparent conductive oxides. Additionally, the
use of dopants such as MoOx or NH3, which have been shown to decrease the resistivity
of these films by several orders of magnitudes,® could improve the performances.

The use of the EVA-CNTs offers a route to drastically decrease the cost of the
hole transporting layer, as replacing a conjugated polymer like P3HT with a widely
produced insulating polymer like EVA could potentially reduce the cost of different
order of magnitude (e.g. from ~800 £/m? for P3HT-SWCNT to ~70 £/m? for
MWCNT /EVA with the lab-scale process described in this thesis, with the realistic
potential of a further ten-fold reduction on a large scale production). The devices
shown in this thesis were a proof of concept, and an optimisation of the fabrication
parameters will be necessary to understand the real potential of this material. The
very large hydrophobicity of the EVA polymer might be of additional benefit, as it
adds protection to the active layers, and the use of the same EVA polymer to fill the
gaps within the CNT mesh, resembling the structure developed by Habisreutinger et
al.? might offer a new inexpensive protective electrode.

Additionally, the easy and inexpensive process shown in this theses has a lot
of future potential beyond electronic applications , as the solubilisation of carbon

nanotubes in organic solvents can be used from research to commercial applications
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where an easy deposition of a well dispersed network of carbon nanotubes can improve

the mechanical and electrical properties of materials.
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