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Introduction

1. Introduction

The growing world population with its urbanization are increasing energy
consumption [1,2], which is projected to double by 2050 and triple by 2100 [3].
Currently, most of the energy is still supplied by fossil fuels, which has led to
severe environmental problems [3], notably climate change. Renewable energy
technologies offer solutions to this problem and are expected to be the fastest-
growing energy technologies in the coming years, with an expected average
growth of 2.3% per year till 2040 [4]. Among renewable energy technologies,
photovoltaics (PV) has seen a sharp growth in the last decade with a current
generational capacity of 510 GW,, [5]. This is a result of achieving ‘grid-parity’
in most countries and decreased solar cell costs of over 85% between end of
2009 and first half of 2018 with a total investment of more than $142 billion [6].
The establishment of grid-parity will further accelerate PV installations allowing
it to become a leading contributor to world electricity production by 2040 [7].
Among PV devices, crystalline silicon (c-Si) solar cells have dominated
the market with power conversion efficiencies (PCEs) exceeding 26% thanks to
their heterojunction with intrinsic layer technology based on thin hydrogenated
amorphous silicon (a-Si:H) passivating layers and on interdigitated back
contacts on n-type silicon wafers [8,9]. However, as recent technologies are
evolving into flexible, versatile and portable electronics, there is also demand
for manufacturing solar cells in roll-to-roll processes. Such solar cells would be
thin, flexible and could be directly incorporated into buildings, e.g. as roofing
shingles. Thin film solar cells, including those made of a-Si:H are suitable
materials for roll-to-roll production with the advantages of reduced fabrication
costs, increased light absorptivity, and reduced solar cell thickness, thereby
reducing material consumption and device weight [10]. Additionally, a-Si:H can
be deposited on any foreign substrate by plasma enhanced chemical vapor
deposition (PECVD) at close to room temperature [10]. However, as the carrier
mobility of a-Si:H is low, an expensive transparent conducting layer as the top
contact is needed, such as indium tin oxide (ITO) [11]. Therefore, ITO-free solar

cells have become an important focus of research for next generation PV devices
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Introduction

[12,13,22,23,14—21]. Several studies have been reported combining inorganic Si,
a-Si:H with organic conductive polymers (OCPs) [12,13,16,19,22,24]. Moreover,
carbon-based materials such as carbon nanotubes (CNTs), in particular single-
walled CNTs (SWCNTs), have made major contributions to solar cell
development in recent years [25—-29] and are termed as ‘hybrid solar cells
(HSCs)'. Although, several attempts have been made to develop HSCs as a-
Si/CNTs, a-Si/OCPs, and CNTs/OCPs, their PCEs have been too low for
practical applications [16,30—32].

CNTs are promising materials for thin-film solar cells owing to a wide
range of properties from conductors to semiconductors with variable bandgaps
based on their atomic structure [33]. While CNTs can have multiple number of
walls, SWCNTs exhibit excellent opto-electrical advantages over double and
multi-walled CNTs [34]. For this reason, SWCNTs have been used extensively
as electrodes in many solar cell devices, replacing brittle ITO, fluorine-doped tin
oxide and expensive metal electrodes, especially in c-Si, polymer and more
recently in perovskite-based solar cells [25,26]. Although SWCNTs have
superior opto-electro-mechanical properties, solar cells based on SWCNTs have
not yet matured for practical applications. Moreover, our understanding of the
limitations of SWCNTs and solutions to optimize these for PV applications is
limited.

This doctoral thesis therefore aims to investigate the underlying
fundamental limitations of SWCNTSs and provide necessary innovative solutions
to allow their optimal usage in PV and other opto-electronic applications. The
mechanisms affecting SWCNTs/a-Si:H heterostructures like physical contact or
adhesion of SWCNTs with a-Si:H, the opto-electrical properties and inter-tube
resistance of SWCNTs, and carrier transport and collection at the interface of a-
Si:H and SWCNTs are studied. An energy efficient, environmentally friendly
and low cost process technology is developed for fabrication of hybrid thin film
solar cells combining a-Si:H and SWCNT films by eliminating boron-doped a-
Si:H, transparent conductive layers like ITO, and other traditional metal layers
like Au, Ag, Al, and Cu. SWCNTs are proposed as a window layer p-type
transparent conductive film (TCF), a potential replacement for all the
aforementioned layers and processes, thereby resulting in a less energy-
consuming process technology, minimizing material consumption and reducing
the net cost.

Despite the relatively short time for development of HSCs based on a-
Si:H and SWCNT films the results achieved in this project were motivating.

However, their relevant working principles have scarcely been investigated or
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are limited to SWCNTs as an electrode. The excellent conductivity and
transparency make the SWCNTSs material an excellent choice for this task. It has
high conductivity with semi-metallic characteristics and is doped to its p-type
state. The main highlights of this thesis are the first quantitative evaluation of
the adhesion of SWCNT films to some common substrates, development of a
rational design for a state-of-the-art p-type TCF using multifunctional
component layers to form a single composite layer based on SWCNTs and the
establishment of a-Si:H/SWCNTs HSC design with a state-of-the-art PCE of
8.8%.

This thesis is based on the five original publications listed in the List of
Publications and divided into five chapters. It is organized as follows:
Chapter 1 gives an overview as well as the outline of the thesis. Chapter 2
comprises the brief background of HSCs as well as materials used in this thesis
as thin films of a-Si:H, SWCNTs, PEDOT:PSS, molybdenum oxide, and CNT
fibers. A short review of a-Si:H and SWCNT HSCs is given. Chapter 3 presents
details of the experimental methods for optical and electrical measurements,
chemical composition, surface morphology, and solar cell characterization.
Chapter 4 presents the main results on the influence of adhesion of SWCNT
films to common substrates, introduction of PEDOT:PSS into SWCNT films and
its opto-electrical properties, HSC fabrication and characterization, a rational
design of a TCF using a combination of SWCNT film, transition metal oxide,
PEDOT:PSS and SWCNT fibers carefully matched to form a state-of-the-art p-
type TCF, opto-electro-mechanical properties of p-type TCF, fabrication of
HSCs based on a-Si:H and TCF, and characterization of HSCs. Chapter 5

summarizes this thesis.
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Hybrid solar cells and their components

2. Hybrid solar cells and their compo-
nents

“Hybrid” solar cells combine inorganic and organic materials that are matched
for desired physical and opto-electrical properties, functionalization of surfaces
or organic/inorganic heterostructures [35]. Device performance is heavily
influenced by their electronic structure [35]. The approach in this work is to
combine a-Si:H and SWCNT with PEDOT:PSS thin films as a highly efficient
hybrid heterostructure solar cell. As SWCNT films are predominantly p-type,
they are combined with hole transport PEDOT:PSS as a composite to form p-
type TCFs. The current is mainly generated in the a-Si:H absorber layer.
Furthermore, these hybrid solar cells are manufactured using a simple

fabrication process that is detailed in this thesis.

2.1 Previous work and development

During the last decade, the development of HSCs utilizing thin-film a-
Si:H, SWCNTs and OCPs like PEDOT:PSS, P3HT, PCBM, MEH-PPV, PCPDTBT
and polypyrole has gained increasing interest thanks to their low fabrication
cost, large area and the ability to produce mechanically flexible photovoltaic de-
vices at a low processing temperature [12,13,16,17,19,36]. A large body of work
has reported a-Si:H/OCPs with PCEs up to 3%. Further, carbon nanomaterials
and especially SWCNTs have also been employed owing to their exceptional
properties forming heterostructure solar cells with OCPs and a-Si:H, respec-
tively [30—32,37—39]. SWCNTs have also made a major contribution to hetero-
structure solar cell development with C-Si and more recently with perovskites
[26,29].

However, significant progress and the breakthroughs required for the
use of CNTs/OCPs and CNTs/a-Si:Hs in real applications have not been
achieved. Some reasons for this include the poor opto-electronic properties of
SWCNTs, highly unstable OCPs, non-conformity and poor physical contact,
large interface resistance, a high Schottky barrier causing band-offsets, and the
high tube-tube resistance of SWCNTs. These issues have led to very modest

device performance with low currents and high junction recombination [26,40].
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There is hence significant potential for the improvement of these materials to
allow them to be contenders for flexible and wearable electronic applications. In
this work, each of the problems is systematically studied to provide solutions to
overcome the limitation of HSC efficiency. The material combines abundance
and high transparency with good electrical properties and non-destructive

techniques are used for its fabrication.

2.2. Amorphous Thin-Film Silicon

Thin-film a-Si is a well-studied material that has long range disorder and
can be deposited by silane as a precursor gas in a CVD process. In this form,
however a-Si has a high defect density (109 cm-3) of dangling bonds. They act as
primary recombinations centers that reduce the carrier lifetime, diffusion and
drift lengths, and pin the Fermi energy such that the material cannot be
effectively n- or p-type doped, and hence is not electronically useful. However,
it was shown that incorporation of about 10% hydrogen during the deposition
process greatly reduces the density of these defects to about 105 cm3, and that
this hydrogenated material can be either n- or p-type doped [41]. The a-Si:H has
a larger mobility gap and optical absorption coefficient than c-Si. Unlike c-Si,
the edges of the valence and conduction bands are not well defined, and exhibit
a continuous distribution of density of states. The energy states in which the
charge carriers can be considered as free carriers are described by wave
functions that extend over the whole atomic structure. These states are
nonlocalized and are called extended states. The disorder in a-Si:H causes the
wave functions of the tail and defect states to become localized within the atomic
network. These states are called localized states. Consequently, mobility that
characterizes the transport of carriers through the localized states is strongly
reduced. This feature of a sharp drop in the mobility of carriers in the localized
states in comparison to the extended states is used to define the bandgap in a-
Si:H. This bandgap is denoted by the term mobility gap, Emob, because the
presence of a considerable density of states in the mobility gap is in conflict with
the classical concept of a bandgap without any allowed energy states. The energy
levels that separate the extended states from the localized states in a-Si:H are
called the valence band, Ev, and the conduction band, Ec, mobility edges. This
is shown in Figure 2-1 [11,42]. The mobility gap of a-Si:H is larger than the
bandgap of single crystal silicon and has a typical value between 1.7 €V and 1.8
eV [11]. Therefore, just 1 um thickness of a-Si:H is sufficient to absorb virtually

all of the incident light that is >mobility gap [11].
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Hence, a-Si:H has played a crucial role in solar cells as intrinsic absorber
layers with doped layers for building PIN and NIP junctions, and an increasingly
important role in combination with c-Si in HIT solar cells [11,41,43]. The
advancement of thin-film electronics and in particular solar cells has been
credited largely to a-Si:H. It has the distinct advantage of cost-effective
deposition from the gas phase by PECVD at relatively low temperatures (<100
°C), thereby enabling its deposition onto temperature-sensitive and low cost
substrates such as polymers [44]. Besides a variety of designs of the plasma
reactor (diode, triode configurations), a range of frequencies from radio
frequencies to ultrahigh frequencies is applied. Modifications like remote
plasma reactors, where dissociation is spatially separated from deposition, or
dissociation by an electron cyclotron resonance reactor or a hot wire CVD, have

an influence on film quality. More detailed information on the material and its

processes can be found in the literature [11,41,44].
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Figure 2-1. Electronic structure in amorphous silicon described by the density

of states as function of energy N(E) [11,42].

In general, three types of states can be identified: (1) extended band-like
states (shaded grey area in Figure 2-1), similar to the conduction and valence
band in c-Si, resulting from overlapping electronic wavefunctions of non- or
only slightly distorted bonds in the network. Charge carriers can move freely in
these states [45]. (2) Localized band-like states or tail states, resulting from
more strongly distorted and thus weak bonds, where no overlap of
wavefunctions occurs. At room temperature, charge carriers in these states are
frequently excited to the conduction band and recaptured, resulting in a reduced
mobility. Consequently, mobility edges are defined at the transition from

localized to extended states, as indicated in Figure 2-1. In between the mobility
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edges, the mobility gap serves as an equivalent to the band gap in crystalline
silicon. As the edge from extended to localized states is not abrupt, the value for
the mobility gap depends on its definition or evaluation, impeding a direct
comparison of absolute values. (3) Localized defect states resulting from highly
distorted or mostly non-saturated bonds, so-called dangling bonds. These build
up a distribution of defect states inside the band gap, which act as
recombination centres for charge carriers and thus reduce the lifetime of excess
carriers [41,45].

The a-Si:H stability was examined by Staebler and Wronski in 1977, who
deduced that the conductivity of a-Si:H films is reduced upon illumination [46].
This so-called Staebler-Wronski effect (SWE) is due to an increased defect
density resulting from broken Si-H bonds under sample illumination [47]. This
in turn results in a deterioration of solar cell performance, which stabilizes after
a certain illumination time. The effect is metastable and initial efficiencies of
solar cells can nearly be retrieved upon annealing at temperatures below the
deposition temperature, typically at 160 °C for deposition temperatures of 180-

200 °C [11].

2.3 SWCNT films

SWCNTs have rapidly been incorporated into the development of new
types of solar cells comprising SWCNT films, graphene or a polymer and silicon
or more recently perovskites [25,26,28,29]. They have the advantages of a sim-
ple structure and fabrication, low-cost and promising performance.

SWCNTs are hollow cylinders that can be visualized as having been
formed by rolling-up a graphene sheet which is an extended planar hexagonal
lattice of purely sp2-bonded carbons [48]. This unique structure has high flexi-
bility, surface area, carrier mobility, chemical stability and optoelectronic prop-
erties. Owing to its direct sub-band gaps, tunable photoabsorption from the NIR
to the UV range and high conductivity, thin SWCNT films can be used not only
as perfect p-type window layers to collect holes in solar cells, but also as trans-
parent conductive electrodes [26,40]. Among SWCNT production techniques,
thin films produced by aerosol CVD have been the most successful in hetero-
junction solar cells [25]. In this section, SWCNT films produced by the aerosol
CVD technique are briefly discussed. More information on the material and its
processes can be found in the literature [25,33,48].

Aerosol CVD synthesis. Among the various synthesis approaches,

the aerosol CVD (floating catalyst) method has proven to be a reliable technique
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to produce high-quality SWCNT films with tunable parameters. The main ad-
vantages of this method are the high purity and uniformity of the product, a
high-yield process completely free from liquid phase or surfactant cleaning, re-
duced bundle formation and flexibility in terms of substrate selection. All the
SWCNTs film used in this thesis were synthesized by the aerosol (floating cata-
lyst) method and consist of 1/3 metallic and 2/3 semiconducting nanotubes;
therefore they have a certain bandgap and chirality, that influences its electrical
and optical properties [49]. The statistical fractioning of randomly oriented
SWCNTs in films limits the conductivity by the introduction of Schottky barriers
between the nanotube contacts, which leads to contact resistance that cannot be
overcome without further modification process [49].

Briefly, the synthesis is based on catalyst thermal decomposition and a
CO disproportionation reaction on a catalyst particle surface. During this pro-
cess, catalyst particle formation and subsequent SWCNT growth take place di-
rectly in the reactor flow (Figure 2-2a). The reactor consists of a quartz tube
placed in a furnace (hot zone), a precursor cartridge (filled with ferrocene/sili-
con dioxide mixture) and a gas supply system (Figure 2-2a). Catalyst precursor
(ferrocene) vapor is delivered into the reactor hot zone by passing a gas stream
(CO) through the pre-heated cartridge at 60 °C. Additionally, the flow of CO and
CO, mixture passes through the reactor. Here, CO, increases the catalyst life-
time as it preserves the catalyst from deactivation [50,51]. The addition of CO,
helps to control the output parameters of produced SWCNTs (for instance,
longer nanotubes can be yielded at long catalyst lifetimes) as well as other syn-
thesis conditions. The typical synthesis temperature range is from 750 to 1100
°C. Therefore, after partial ferrocene decomposition and catalyst particle for-
mation in the hot zone, catalytic CO disproportionation takes place along with
the decomposition of hydrocarbon and ferrocene, which eventually lead to the
dissolution of carbon into nanoparticles. This results in nanoparticles saturation
by carbon and carbon layer formation on the catalyst particle surface (SWCNTs
are formed in cases when catalyst particle size is less than or equal to 5 nm). The
SWCNTs film is then collected on a nitrocellulose filter. The surface morphology

of randomly oriented SWCNTs is shown in Figure 2-2b and c.

26



Hybrid solar cells and their components

CATALYST PARTICLE AND.
FERROCENE DEPOSITION Fermocens vapour

=
JSm o

300 cm' /min

o
SURFAGE AND BULK DFFFUSION

)
i SURFACE FERROCENE DECOMPOSITION

Catalyst patcie and carbon stoms

) Catalyst particls with graphite Layer
‘cleaning of the partile surface by CO,

LARGE CATALYST SMALL CATALYST
PARTICLE SZE PARTICLE STE

2 X
Figure 2-2. (a) Typical SWCNT aerosol-synthesis reactor (left) and SWCNT

formation scheme during the synthesis process (right) [49,51,52]; (b) SWCNT
films collected on nitrocellulose filters with different thicknesses [53]; (¢) Sur-

face morphology of randomly oriented SWCNTs.

Doping: SWCNT films reveal various outstanding optical and electronic
properties but still have an issue with the reduction of Schottky barrier between
semiconducting and metallic nanotubes. This has led to several processing
methods to increase their optoelectronic characteristics. The techniques are
based on the shift of the Fermi level (Er for metallic (M) or semiconducting (S)
nanotubes) position. In pristine nanotubes the Er is usually located in the mid-
dle of density of states (DOS). Therefore, if the electrons or holes are added to
SWCNTs, the Er is shifted upward (n-type doping) or downward (p-type dop-
ing), compared to the initial position (Figure 2-3a and b), and conductivity in-
creases. Normally, due to the presence of oxygen in the atmosphere, nanotubes
become p-type doped, which is again related to the shift of Er under ambient
conditions.

Among several key strategies to modify the charge carrier type (substi-
tutional doping, doping in an electrostatic field, work function change (A®)
when connected to the metal, ambipolarity, etc.), the adsorption doping has nu-
merous advantages [54,55]. The feasibility reason for this method is the expo-
sure of all carbon atoms of SWCNTs to the environment. In this way, any
atom/molecule put on a SWCNT causes charge transfer between the atom/mol-

ecule and a nanotube [56,57]. Thus, the selection of an appropriate chemical
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dopant that will be put on the SWCNTs is highly important to achieve the de-
sired conductivity. Chloroauric acid (HAuCl,) and gold chloride (AuCls) are the
chemical dopants used in this study as reported [54,56].

Semiconducting Metallic
SWCNTs SWCNTs
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Figure 2-3. Density of states (DOS) of pristine and doped (a) semiconducting;
and (b) metallic SWCNTs, respectively.

2.4. PEDOT:PSS

PEDOT:PSS (Figure 2-4), one of the most classic OCPs, is the most
widely used material for fabricating existing PVs as hole transport layers, dis-
plays and transistors and various sensing electronics including strain, pressure-
, temperature-, humid-, and biosensors, because of its optical transparency in
the visible range, tunable electrical conductivity and Wy, high flexibility, stretch-
ability, etc. [58]. PEDOT:PSS is a polymer electrolyte incorporating conducting
conjugated PEDOT with positive charges and insulating PSS with negative
charges. Oxidized PEDOT is highly conductive, but is insoluble in water;
whereas insulating PSS facilitates the dispersion of PEDOT in water and enables
a stabilized PEDOT configuration by Columbic attractions. As-cast PEDOT:PSS
films have an inherent direct current electrical conductivity (o) of no more than
1.0 S cm; whereas the modified films are able to show a substantial improve-
ment in conductivity to 2—3 orders of magnitude (the best values reach 4000 S
cm) through the modification of polar solvents, strong acids, and ionic liquids
[59]. Additionally, the films have a typical Ws: 4.8—5.4 €V that is favored for
charge transfer and injection with fast kinetics, and the films are preferably used
in opto-electronic devices as a p-type contact layer [58]. In this study, PE-
DOT:PSS was used from the pre-mix of commercially available 5 ml PE-
DOT:PSS (1.3 wt.%; Sigma-Aldrich) aqueous suspension with 120 pl of glycerin,
250ul of N-methylpyrrolidone, and 6.25 ml of isopropyl alcohol (IPA).
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Figure 2-4. Chemical structures and features of PEDOT:PSS [59].

2.5 Molybdenum oxide

The use of metal oxide layers such as MoO; in solar cells has recently
been in focus [29,60—62]. In the past few years, the high work-function of MoO4
(6.5 to 6.8 eV) commonly deposited by thermal evaporation, sputtering, and
atomic layer deposition has been successfully used as a hole-injection and —ex-
traction material in solar cells which creates a large built-in voltage[18,61—64].
Park et al. replaced the conventional p-type a-Si:H and hydrogenated amor-
phous silicon carbide with MoO;[60]. In a recent report, a c-Si solar cell with a
MoO; layer between a SWCNT film and Au anode was fabricated [29]. The PCE
increased to 14.2% with the MoOj; layer compared to 11.5% for the pristine
SWCNTs/Si solar cell with a reduced reflection, indicating AR properties of
MoO; [29]. Recently MoO; nanoparticles have been incorporated into PE-
DOT:PSS solution to form a composite which is an efficient hole transport layer

in perovskite solar cells [65].

2.6 CNT fibers

In traditional p-n or p-i-n junction solar cell structures, either fine metal
grids with Au, Ag, Al, Cu, or Ag NWs are deposited, or sputtered ITO as a
transparent conductive oxide film is used [66]. However, when using a SWCNT
film, which is a randomly oriented porous network of interconnected
nanotubes, it is possible that metals will penetrate through the porous network
and get into contact with the active layers underneath to form undesired metal-
semiconductor junctions during deposition. Jeong et al. deposited gold grids on
PEDOT:PSS/Si solar cells which resulted in a reduced current density (Js.) from
35.6 to 31.0 mA/cm2 [67]. To overcome this problem, Li et al. used a high
density and low porous network of SWCNT films in their SWCNT/C-Si solar cell
with spin-coating of Ag NWs [66]. In a recent report, CNT strips have been used
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on top of transparent CNT films to fabricate a heterojunction CNT/Si solar cell.
The authors showed that the CNT strips not only decrease the series resistance
of the CNT thin film, but they also helped to form a better junction with the
underlying Si resulting in an improved PCE [28].

30



Methods

3. Methods

This section details the basics of all the experimental measurement techniques
used in this work: the optical properties of SWCNT films, PEDOT:PSS,
SWCNTs-PEDOT:PSS composite, and SWCNT fibers were measured using UV-
Vis-NIR spectroscopy; the chemical composition of the SWCNT film, MoO3 and
depth profile of HSC were measured using XPS; the electrical properties of
SWCNT films, PEDOT:PSS, SWCNTs-PEDOT:PSS composite, and SWCNT
fibers were measured using the linear 4-probe method; the structural analysis
and surface morphology of the SWCNT films and the SWCNT-PEDOT:PSS
composite were measured using TEM and SEM, and the cross-section of HSC
was also measured using SEM; the surface morphology, RMS roughness and
surface potential for work-function of the SWCNT films and the SWCNT-
PEDOT:PSS were measured using AFM and KPFM; and all the fabricated HSCs

were measured for their performance using J-V and EQE measurements.

3.1 UV-Vis-NIR spectroscopy

UV-Vis-NIR spectroscopy is a common and robust technique to study
the optical properties of SWCNTs when used as TCFs that depend on the
transmittance value at 550 nm (T5s50). In addition to that, the film thickness can
be easily estimated when the absorbance is known as following: Thickness (nm)
= 417 x Absorbancesso nm [68]. The typical set-up consists of a white light source,
diffraction mirrors enabling wavelength selection and detectors, covering the
studied wavelength range. In Publication 1, the absorbance was recorded by a
Perkin-Elmer Lambda 1050 spectrometer with a wavelength ranging from 175
to 3200 nm, the aerosol synthesized SWCNT thin film is dry-transferred [53]
onto optically transparent quartz (20x25x1 mm). In Publication 3, optical
transmittance was recorded by a Perkin-Elmer Lambda 1050 spectrometer with
a wavelength ranging from 175 to 3200 nm, total reflectance was measured
using a Bentham PVE 300 (300-800 nm). Both the equipment were first
calibrated without samples and reference. After calibration the measurements

were conducted by placing the sample in the beamline center and using a bare
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quartz substrate as a reference. In Publication 4, total transmittance was

recorded using a Bentham PVE 300 (300-800 nm).

3.2 XPS measurements

XPS is a surface analysis technique which provides both elemental and
chemical state information virtually without restriction on the type of material
analyzed. The sample is illuminated with X-rays - monochromatic or unfiltered
Al Ka or Mg Ka - and photoelectrons are emitted from the surface. The kinetic
energy of these emitted electrons is characteristic of the element from which the
photoelectron originated. The position and intensity of the peaks in an energy
spectrum provide the desired chemical state and quantitative information [69].
The chemical state of an atom alters the BE of a photoelectron which results in
a change in the measured KE. The BE is related to the measured photoelectron
KE by the simple equation; BE=hv-KE, where hv is the photon (x-ray) energy.
The chemical or bonding information of the element is derived from these
chemical shifts [69].

In Publications 1, 3 and 4, a Kratos Analytical Axis Ultra DLD
spectrometer equipped with a monochromatic Al Ka X-ray source and an
achromatic Mg Ka / Al Ka dual anode X-ray source was used to measure the
elemental composition of ZrO2 and a-Si:H cantilever tips, SWCNT film, and
MoO3, respectively. The monochromatic Al Ka anode (1486.6 eV) was operated
at 150 W and 15 kV. The 180° hemispherical energy analyzer with an average
radius of 165 mm was operated using a hybrid lens mode at a pass energy of 160
eV for survey spectra and 20 eV for regions spectra. Additionally, in
Publication 4, 40 eV pass energy was used for depth profile of the TCF3 hybrid
solar cell. XPS spectra were recorded at a takeoff angle of 90° from the surface
of the sample holder using an aperture slot of 300 x 700 um2. Samples were
mounted on a stainless-steel sample bar (130 x 15 mm2). The binding energy
values were calculated on the basis of the C 1s peak at 284.6 €V. The relative
atomic concentrations of the elements were determined from the appropriate
integrated peak areas at the core level and the sensitivity factors provided by the
original analysis Kratos Vision 2.2.10 software. The Shirley background
subtraction was used to calculate relative atomic concentrations. For surface
cleaning and the bulk composition information, Minibeam I ion (Ar+) source (2

keV, 10 mA, 30 s per cycle) was used.
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3.3 Four-point probe measurement
The most common method for measuring the sheet resistance of any
semiconductor material is the 4-point probe. It is well-known that for a regular

three-dimensional conductor, the resistance R follows [70]
L L p L L

R=rg=rtwa~cw=Rw
where p is the resistivity, L is the length, A is the cross-section, W is the width
and t is the thickness of thin film.

For the 4-point probe, the linear method is used throughout this thesis
(Jandel RM3000), the sheet resistance, R and corresponding conductivity, o is

evaluated in the following way:

7 Vyrob 1
Rg=2=T_.2P% pn/nando == S/cm.
t In2  Iprobe P

The idea of the linear 4-point probe is to use four electrodes, which are
linearly placed close to each other and far from the sample edges as shown in
Figure 3-1. Two electrodes are used to apply current (outer electrodes), while
the other two register the voltage (inner electrodes). The separation of current
and voltage electrodes eliminates the lead and contact resistance from the meas-
urement. Since the measured resistance of the film depends on its thickness,
usually two more characteristics are calculated, which can be used to compare
different materials — the FoM and equivalent sheet resistance (Rq,) for a film

with R and light absorbance at 550 nm (A4ss,) [53]:

1 Rs- A
FoM = Ro — 28 41550

Rg - Asso; % " log(10/9)

Figure 3-1. Schematic of 4-point probe measurement [70].
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3.4 SEM and TEM

Electron microscopy techniques are powerful tools for the
characterization of individual SWCNTs as well as the film morphology. In this
work, we used SEM to observe the surface morphology and cross-section of the
SWCNT film and hybrid solar cells; and TEM to analyze the nanoscale structure
of SWCNT film.

In Publication 1, the SEM measurements were performed using a
JEOL JIB-4700F Multi Beam system for the surface morphology and cross-
section of the SWCNT film. Prior to ion milling, a 1 um thick Pt layer was
deposited to avoid gallium ion beam damage to the nanotube film. For coarse
and fine milling, the probe currents were set to 3 nA and 300 pA at 30 kV,
respectively. The final polishing was performed by a 30 pA probe current and 5
kV accelerating voltage. In Publication 2, a Carl Zeiss NEON 40 EsB field
emission SEM combining a GEMINI lens design with an advanced Canion FIB
column (equipped with Gallium liquid metal ion source) was used (installed at
DLR Institute of Networked Energy Systems, Oldenburg, Germany) for
measuring the cross-section of the hybrid solar cell. Prior to investigation, the
sample was coated with a thin metal contrast layer. The cross-section was
formed with focused ion beam at 2 mA emission current, 30 kV acceleration
voltage and 10 nA milling current. Multi-step polishing was performed at
milling currents from 200 to 20 pA. The SEM image was obtained at 20 kV
acceleration voltage using in-lens secondary electron detectors. In Publication
3, a FEI Helios Nanolab 660 SEM was used with a maximum accelerating
voltage of 30 kV to investigate the morphology of SWCNT film and SWCNT/a-
Si solar cell cross-section. In Publication 4, surface morphology and film
thickness were measured with a high-resolution HR-SEM Zeiss Merlin
(installed at Tallinn University of Technology) equipped with an In-Lens SE
detector for topographic imaging. Measurements were made at an operating
voltage of 2 kV.

TEM measurements were performed on SWCNT films in Publication
3 and 4 by simply transferring the films onto a Lacey carbon-coated TEM-grid.
A double aberration-corrected high-resolution TEM FEI Tecnai G2 F20 (HR-
TEM) was used to investigate the structure and geometry of the nanotubes. The
microscope was operated at an accelerating voltage of 80 kV (Publication 3)
and 200 kV (Publication 4) and with the minimal electron illumination time

possible.
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3.5 AFM and KPFM

AFM is a well-known technique that can be used to visualize and
measure surface structure with unprecedented resolution and accuracy [71]. It
is also used to measure force-distance curves, which provide valuable
information on local material properties such as elasticity, hardness, Hamaker
constant, adhesion and surface charge densities [72]. It can be operated in
contact- and non-contact-mode. KPFM is an AFM based tool to measure the
local contact potential difference between a conducting AFM tip and the sample,
thereby mapping the work function or surface potential of the sample at a high
spatial resolution. KPFM has been used extensively to characterize the nano-
scale electronic/electrical properties of metal/semiconductor surfaces and
semiconductor devices [73].

In Publication 1, adhesion force experiments were performed in air
using a Bruker MultiMode V8 AFM operating in peak force quantitative
nanomechanical mapping mode. Experiments in the inert argon (Ar)
environment were performed with Cypher ES AFM (Asylum Research). Prior to
each measurements, the probes were calibrated to determine the exact spring
constant and displacement in nm. The force-distance curves were collected
using each probe on the SWCNT substrate over a grid of 256x256 points? in air
and 32x32 points2 in Ar on a 10x10 pm? area with the maximum applied force
ranging from 5 to 200 nN. From these maps, average adhesion force and
deformation were extracted. In Publications 2 and 3, KPFM from Asylum
Research—Cypher ES was used to test the work function of the SWCNTs,
PEDOT:PSS and SWCNTs-PEDOT:PSS composite film. We used Budget
Sensors ElectriMulti75-G tips with a spring constant of 1.43 N m~* and the first
resonance frequency of 62.081 kHz. The measurements were conducted in an
Ar atmosphere glovebox in two pass amplitude modulated-KPFM with the
second pass lift height at 35 nm. Highly oriented pyrolytic graphite ZYA was

used for calibration prior to the actual measurements.

3.6 Current density-Voltage (J-V) measurements

The performance of a solar cell device is evaluated by its current density-
voltage (J-V) curve under illumination [11]. In Figure 3-2, a typical J-V curve of
a solar cell is shown. The short-circuit current density Jsc is the maximum
current density and is obtained in short-circuit condition at V = 0. In the ideal
case, it should equal the photo-generated current density J,n, assuming that the
dark current at short-circuit conditions can be neglected (close to zero in

absence of light). The open-circuit voltage Voc is the maximum voltage
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generated by the solar cell and is obtained at J = 0, when no net current is
flowing. At any point on the J-V curve, the power density that is delivered by the
solar cell is defined by P =V xJ. The point where the power reaches its
maximum Pra is called the maximum power point (MPP) with its
corresponding current density, J,, and voltage V:.. The fill factor FF is defined
as the ratio of the maximum output power (density) of the solar cell to the

product of the short-circuit current (density) Js times the open-circuit voltage

Voe [11]: FF = Lmax XV hich corresponds to the ratio of the shaded
JscXVoc JscXVoc

rectangle to the rectangle with the dashed border in Figure 3-2. The fill factor

FFislinked to the series and shunt resistance Rs and R, of the solar cell that are

calculated from the slope dV/ dj at V=V,. and V = 0, respectively. The R;

represents ohmic resistance in the connection wires up to the solar cell and
other ohmic resistances within the solar cell between the external connection
point and the actual active device; R identifies the actual ohmic shunts, and
also symbolizes the recombination losses within the solar cell [11]. In principle,
for any solar cell the R; and R, resistances arise from losses that occur in
different regions of the solar cell, and R; should be as low as possible and R is
high as possible. FF is a very sensitive experimental indication of the quality of
a solar cell and it should be used as a complimentary quantity, in addition to the
open-circuit voltage V. to characterize solar cell quality [11]. Finally, the power
conversion efficiency (PCE)  is defined as the ratio of maximum power, Pax,

provided by the solar cell to the power of the incident light Py, and can be

P, XVocXFF . . .
calculated from, n = % = ]“Pi“. Solar cells in this work are characterized
ill ill

by four parameters: Js, Vo, FF, and 1.

sc

Current Density (J_, mA/cm’)

0 Voltage (V) Vi Vee

Figure 3-2. Current density-voltage, J-V curve of a solar cell and the
parameters that can be evaluated: short-circuit current density Jsc, open-circuit

voltage Voc, current density and voltage at the MPP Jy and Vu, respectively.
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The nature of a J-V curve depends on the environmental conditions under which
it has been measured. Therefore, standard measurement and reporting
conditions have been agreed by the IEC for determining the PCE of the solar
cell: an illumination spectrum called Air Mass 1.5G (AM1.5G) with an input
power Py of 1,000 Wm= and temperature of 25 °C as in IEC 60904-1 and IEC-
60904-3 [74,75]. These are referred as 1Sun conditions. The AM1.5G spectrum
cannot be completely achieved, hence it is approximated by using a solar
simulator in the laboratory [11]. Throughout this thesis, the solar cells are
measured using Oriel Sol3A Class AAA, Newport Corporation coupled with a

source-meter unit Keithley 2400.

3.7 EQE measurements

A J-V curve measurement yields information on the absolute value of
the Js produced in a solar cell. However, this simple measurement does not
yield information on the loss mechanisms that are responsible for the fact that
not every photon in the solar spectrum contributes to Js. In the ideal case, every
photon with a suitable energy E > E,, where E, is the band gap of the absorber
material, would lead to one electron-hole pair being collected at the terminals
of the solar cell. However, in reality this is not the case due to the following
reasons: parasitic absorption of the photon themselves, through part of the
photons not being absorbed at all within the solar cell, or finally through the
recombination of electron-hole pairs. Therefore, we are interested in exploring
the reasons for these losses. The EQE method sheds light on this problem
through spectral measurement of the Jsczor. The EQE is defined as the number

of electrons collected per photon incident on the solar cell according to [11]
]SECQEA
ax$(d)
incident light for a certain wavelength and q is the elementary charge. The

EQE =

where ¢(}) is the incident photon flux per time and unit area of the

measurement is performed by illuminating a solar cell with monochromatic
light and measuring the photo-generated current for a given wavelength. The
measurements are performed in short-circuit conditions. In order to improve
the signal-to-noise ratio, the probe light was chopped and changes in
photocurrent were detected using a lock-in amplifier.

The EQE of the solar cells in this thesis was measured using a Bentham
PVE300 spectral response measurement system. This system used two sources
of 75W xenon (300—-700 nm) and 100W quartz halogen (700-1800 nm)
coupled with a monochromator with a 1.85 x 1.85 mmz2 slit at the output, which
provides an approximately 2 x 2 mm?2 monochromatic probe beam on the

working plane of a calibrated solar cell. To correct the signal from the lamp
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spectrum, calibration was performed on a monocrystalline-Si sample. By
integrating the EQE curve over the investigated wavelength range (300 — 800

nm) between A, and X, the current density JE%**of the solar cell can be

calculated, with the assumption that the J fCQ“ without light bias will be equal to
the J. from J-V curve [76]: JE%* = —¢4 f;; EQE (M)dp'3°dA where q is the
elementary charge and ¢7;/3> the photon flux density of the AM1.5G solar

spectrum.
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4. Results and discussion

Each of the following sections describes the main results obtained in Publica-
tions 1-4.

In this section, the results obtained in the development of a conductive
p-type SWCNT transparent conductor and its application in hybrid heterostruc-
ture solar cell based on amorphous silicon are discussed. At the beginning, the
results obtained for quantitative measurements of the adhesion of SWCNT films
with substrate materials in air and inert Ar atmosphere using atomic force mi-
croscopy is presented. It is found that adhesion of SWCNT films depends on the
atmospheric conditions under which it is stored and deposited on a substrate
material. Following this, a simple fabrication method of hybrid heterostructure
solar cells is proposed in which the SWCNT-PEDOT:PSS composite p-type film
forms a coupled continuous hybrid heterojunction with a-Si:H absorber. The
opto-electrical properties of this composite is extensively characterized and fur-
ther optimized by introducing multifunctional components like ultrathin MoO4
and SWCNT fibers. Finally, a rationally designed p-type transparent conductor
is proposed with a state-of-the-art sheet resistance of 17 /sq at 90% transmit-
tance. Integrating the developed p-type transparent conductor as a window
layer and top electrode on a-Si:H in a nip configuration resulted in a dramatic

16% increase in its power conversion efficiency reaching up to 8.8%.

4.1 Adhesion of SWCNT films (Publication 1)

This section focuses on the systematic investigation of the adhesion
properties of SWCNT films with various substrate materials, including SiO.,
ITO, c-Si, a-Si:H, ZrO,, Pt, PDMS, and SWCNTs for self-adhesion, using atomic
force microscopy in air and an inert atmosphere. The results outlined here ena-
ble a fundamental understanding of the parameters governing SWCNT film ad-
hesion, and provide a mechanism to improve the adhesion for its efficient usage
in opto-electronic devices.

In this work, aerosol synthesized SWCNTs [77,78] are dry-transferred

from a nitrocellulose filter [79] to a Si wafer. The film was investigated in an
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atomic force microscope by collecting force-distance (F-D) curves between the
SWCNT thin film sample and cantilevers coated by a given material, as shown

in Figure 4-1.

10 pm

Figure 4-1. Cantilever tips covered with different materials: Si, ZrO., a-Si:H,
ITO, PDMS, SiO., SWCNT, and Pt. Reprinted and adapted with permission from
(J.PHYS. CHEM. LETT. 2020, 11, 2, 504-509) under a CC-BY license. Copyright

(2020) American Chemical Society.

Collected maps of F-D curves (averaged over 65, 536 measurements in
air and 1024 measurements in inert Ar atmosphere) were analyzed by the
microscope software. The sample deformation, adhesion force, and peak force
values were extracted from F-D curves [80] as shown in Figure 4-2a and 2b.
Peak force, or maximum force load, is a predefined set point parameter that is
controlled by a microscope feedback loop system.

In order to determine and compare the intrinsic adhesion parameters
between SWCNTs and a given material, the measured adhesion force was nor-
malized by the tip-CNT contact area, which is governed by aforementioned force
load and tip radius. The Hertz model [81] was used to estimate the tip-surface
contact area at the extremum applied force as § = w X R¢;;, X h, where Ryp is the
tip apex radius and h is the deformation. Within this model it is assumed that
the tip apex is a rigid sphere of a certain radius Ry, which was measured on the
dimpled aluminum substrate [82], the CNT surface is elastic half space, and the
strain is in the elastic limit. The surface roughness is neglected. Despite the fact
that in the Hertz model the contact is nonadhesive, it can be accurately applied
to adhesive contacts when the adhesive force is small relative to the applied

force. The maximum applied force is limited due to the fact that the probe may
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drop through a meshy SWCNT surface under a high force loading. As a result,
the tip-sample contact area sharply increased due to side contacts of the tip with
surrounding CNTs, leading an augmented adhesion force (e.g. Figure 4-2c
shows the change in the slope of adhesion force with deformation for ZrO. at a
peak force of 50 nN as in the inset). With this assumption the moment of the tip
drop is inferred from the slope break in the plots shown in Figure 4-2¢c. With
increasing applied force, the adhesion force demonstrates a gradual linear
growth. Applying a force of 50 nN resulted in a steep gain in the adhesion force
and in some cases cutback of the deformation as shown in Figure 4-2c and cor-
responding F-D curves in Figure 4-2b. The measured AF as described above
[72,80,83] and the calculated SAFD, which is the adhesion force normalized to

the contact area, are represented in Figure 4-2d.
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Figure 4-2. (a) Schematic F-D curve; (b) Force-distance curves of SWCNT
and ZrO: at a peak force of 50 nN and 200 nN captured in an inert Ar atmos-
phere; (¢) Adhesion force versus deformation measured in air and inert Ar at-
mospheres between a SWCNT film and ZrO-; and (d) Adhesion force (AF) (right
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axis, solid bars) and surface adhesion force density (SAFD) (left axis, dashed
bars) of SWCNT thin films with various materials. Reprinted and adapted with
permission from (J. PHYS. CHEM. LETT. 2020, 11, 2, 504-509) under a CC-BY
license. Copyright (2020) American Chemical Society.

For all the studied materials, the normalized adhesion force (adhesion
force density) in the inert Ar atmosphere was higher than in ambient air, which
can be explained by the difference in the ambient humidity and its influence on
SWCNTs as shown by Shandakov et al. [84]. RH can affect adhesive properties,
especially at the nanoscale, due to the formation of a capillary bridge when RH
exceeds a threshold value of roughly 25% [85—87]. The capillary force strongly
depends on the sample’s local curvature, which affects capillary bridge geometry
resulting in a higher adhesion force for a concave surface and a lower adhesion
force for a convex surface [85,88]. On hydrophilic surfaces, increasing humidity
results an increased pull-off force, whereas on hydrophobic surfaces humidity
has a negligible effect [89,90]. Since SWCNTs are hydrophobic [91] and possess
a convex surface geometry, the capillary bridge effect is likely to be negligible.
Instead, the smaller adhesion force in air is better explained by the reduction of
the VAW forces in a polar water medium between the tip and the SWCNT thin
film [92,93].

The experimentally measured adhesion force shown in Figure 4-2d can
explain the following observations: SWCNT thin films are easily dry-transferred
onto a-Si:H, Si, SiO,, and PDMS in air, while under the same conditions their
transfer onto ITO and Pt is complicated and completely failed on ZrO..
However, the same SWCNT thin films are easily dry-transferred onto all the
materials in an inert atmosphere.

To verify that the adhesion force is strongly dependent on the humidity,
the a-Si:H, C-Si, ZrO,, ITO, and Pt coated tips were fluorinated (HF-treated).
The process of fluorination (HF-treatment) is well-known to alter the surface
properties of materials without changing the bulk characteristics of the pristine
material [94,95]. The altered properties may include wettability, adhesion,
chemical stability, permeation, electrical conductivity, bio-compatibility,
grafting, mechanical behavior, and several others [94]. Dry process fluorination
was used, which proceeds spontaneously at room temperature by exposing the
samples to HF vapor for 60 seconds. Each tip was calibrated again immediately
after HF treatment and the adhesion force measurements were conducted on
the same SWCNT thin films in air at a peak force of 50 nN. The measured

adhesion forces were recorded for the HF treated tips as illustrated in Figure 4-
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2d showing that the adhesion force increased for all HF treated tips. This trend
is similar to the adhesion force measurements conducted in the inert
atmosphere. Moreover, after the fluorination process SWCNT films can be
easily dry-transferred even onto problematic materials, such as ITO, Pt, and
Zr0O,.

To summarize, through experimental observations it can be stated that
the adhesion is greatly influenced by the environmental conditions and surface
functionalization. It is observed that the SWCNT films have a better adhesion in
an inert Ar atmosphere. However, the adhesion affected by storing the samples
under ambient conditions can be greatly improved by a simple HF-treatment.
This provides new insight into the physical mechanisms of SWCNT thin film
adhesion that will be useful for its successful implementation in carbon

nanotube based devices.

4.2 SWCNT-PEDOT:PSS (Publication 2)

The goal of this section is to utilize the knowledge of SWCNT film adhe-
sion and introduce the synergistic effect of SWCNT film and conductive polymer
PEDOT:PSS as effective p-type window layer and electrode in hybrid thin film
solar cells using a-Si:H. The results outlined here enable a fundamental under-
standing of the opto-electrical properties of SWCNT films and composite
(SWCNT-PEDOT:PSS) films, and the fabrication of SWCNT/a-Si:H, PE-
DOT:PSS/a-Si:H, and SWCNT-PEDOT:PSS/a-Si:H hybrid thin film solar cells
(HSCs), and introduce PMMA as an effective AR layer.

4.2.1 Optical and electrical properties

Aerosol synthesized SWCNT films [77,79,96] of various transmittance
values were characterized for their thickness and sheet resistance. The
calculated thickness for a film with a transmittance of T'= 90% was about 18 nm
(as described in section 3.1) and the measured thickness from AFM was about
19+1 nm. They were dry-transferred [77] onto cleaned micro glass slide (1 x 1
cm?) and Si wafer (1 x 1 cm2) to measure their sheet resistance and thickness,
respectively. The SWCNTs film transferred on Si wafer was densified using iso-
propanol and allowed to dry till the solvent evaporation. A scratch was made on
the SWCNTs film surface to measure the thickness using AFM. The thickness
was averaged over 50 measured points. Figure 4-4 shows the dependence of
thickness and sheet resistance on the transmittance at 550 nm. As
transmittance increased from 44.4% to 93.5% the sheet resistance increased

from 45+2 to 360+2 Q/o respectively. In addition, a simple drop-cast of
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PEDOT:PSS (2 ul) on the SWCNT films led to a decrease in the sheet resistance
by nearly half to 23.4+3.0 and 187.2+4.0 Q/o for the SWCNT films with
transmittances of T = 44.4% and T = 93.5%, respectively.
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Figure 4-4. Dependence of SWCNT film thickness and sheet resistance on
transmittance at 550 nm. Reprinted and adapted with permission from
(NANOTECHNOLOGY 29 (2018) 105404 (10PP)) under a CC-BY license.
Copyright (2018) IOP Publishing Ltd.

KPFM was used to better understand the decrease in the sheet resistance
of SWCNTs with PEDOT:PSS. Three SWCNT film samples with different
thicknesses (CNT10, CNT20, and CNT100) were measured with and without
PEDOT:PSS. For comparison, a single PEDOT:PSS film was also measured
separately. The values of the work function were calculated from KPFM surface
potential measurements for the pristine SWCNTs (4.50+0.05 €V), composite
film (4.95+0.05 €V), and PEDOT:PSS (5.30+0.05 €V). Fan et al. reported
similar values of work functions measured by ultraviolet photoemission
spectrscopy [97].

The decrease in the sheet resistance of the SWCNT-PEDOT:PSS
(composite) film and the increase in its work function compared to the pristine
SWCNT film can account for the fact that every single carbon atom are on the
surface exposed to the environment. Therefore, any atom/molecule put on a
SWCNT cause changes in their electronic structure and charge transfer between
the atom/molecule and a nanotube. Therefore, when PEDOT:PSS is injected it
filled micropores in the SWCNT film and, that the holes in the PEDOT:PSS
patches can transfer to the interconnected SWCNT network consequently,
doping the SWCNTs [56,57,97]. As can be seen from Figure 4-5a and 5b, the
surface of the composite film is flat and the SWCNT bundled network cannot be
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observed clearly from the top of the composite film. This is confirmed by the
AFM surface roughness measurements, wherein the pristine SWCNT films
showed a RMS roughness of 20 nm, while the composite film RMS roughness
was 7 nm. The effect of SWCNT doping can be clearly seen as the work function
of the composite film is higher than that of the pristine SWCNTs. Although
PEDOT:PSS is less conductive and has a low carrier mobility, the continuous
SWCNT network serves as a carrier transport bridge due to its high carrier
mobility. Moreover, the net effect of conductivity enhancement is observed to
be more pronounced for thinner SWCNT films with PEDOT:PSS. This is
probably due to more even distribution of the conducting polymer in the
network of SWCNT bundles [97]. This results in a homogeneous coating
throughout the thickness of thinner SWCNT films.

»

- Eea) )
Figure 4-5. Surface morphological SEM image of (a) the randomly oriented
pristine SWCNT films; (b) uniformly coated composite film (PEDOT:PSS -
SWCNT film). Reprinted and adapted with permission from
(NANOTECHNOLOGY 29 (2018) 105404 (10PP)) under a CC-BY license.
Copyright (2018) IOP Publishing Ltd.

4.2.2 Hybrid solar cell fabrication

Figure 4-6a schematically illustrates the HSCs fabrication procedure.
The initial layers were fabricated on Corning Eagle XG glass. First, Al:ZnO lay-
ers were deposited by DC-sputtering as a transparent back contact for bifacial
solar cells. Then, n-doped (30 nm) and intrinsic (i) a-Si:H (300 nm) layers were
grown using PECVD using silane, hydrogen and phosphine on top of the Al:ZnO
[08]. The i-a-Si:H surface was treated with HF vapor for 140 seconds to remove
the native oxide from the surface. Initially, three types of solar cells were fabri-
cated under the same conditions: SWCNT/a-Si:H, PEDOT:PSS/a-Si:H and PE-
DOT:PSS-SWCNT/a-Si:H.
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The SWCNT film was dry-transferred onto an HF-treated i-a-Si:H sur-
face and densified by drop-cast of IPA to ensure a better contact and adhesion
to form an SWCNT/a-Si:H HSC. The samples were further heated to 75 °C in air
for 5 minutes to remove the residual solvent.

An electrically conductive PEDOT:PSS polymer, was chosen for
application in PEDOT:PSS/i-a-Si:H HSC due to its high hole mobility and
environmental stability. PEDOT:PSS was drop-cast or spin coated on top of the
i-a-Si:H structures for 9o seconds at 3000 rpm with an acceleration speed of
800 rpm/second from the mixture of aqueous suspension of 5 ml PEDOT:PSS
(1.3 wt % Sigma-Aldrich) with glycerine, N-methylpyrrolidone and IPA in a
ratio of 1:2:19 respectively. Lastly, to evaporate residues from the solvent and to
activate the acceptor states of the polymer [99] the devices were annealed on a
hot plate at a temperature of 160° C for 10 minutes.

Subsequent to annealing rectangular shaped front contacts were made
at the edges using silver paste on SWCNT/a-Si:H and PEDOT:PSS/a-Si:H HSC
structures, respectively. To harden the front contacts the devices were annealed
at 160° C for 5 minutes on the hot plate. The active area of the SWCNT/a-Si:H
and PEDOT:PSS/a-Si:H HSCs was around 0.5 cm2,

Further, a series of pristine SWCNT films with varying thicknesses (10
nm, 20 nm, 40 nm, 60 nm, 80 nm, and 100 nm) was dry-transferred onto an
HF treated i-a-Si:H surface under ambient conditions [77]. A thin PEDOT:PSS
layer with a thickness of 50+5 nm was deposited by a simple drop-cast tech-
nique to form PEDOT:PSS-SWCNT/a-Si:H HSCs. It was heated on a hot plate
in air at 160 °C for 10 minutes. A thin strip of silver paste was marked at the
edges on four sides forming an active HSC area of 0.3 cmz2.

The back contact Al:ZnO was reached locally by wet chemical etching of
both silicon layers (330 nm) using 6 M KOH solution. Prior to the etching, the
samples were heated to 160 °C in air on a hot plate for 20 minutes. A small
volume of 1 ul KOH solution was drop-cast at the edge of the heated samples of
the a-Si:H structure. The chemical reaction occurred immediately and the
samples were removed from the hot plate after 5 seconds and then rinsed with
deionized water. The samples were flushed with nitrogen gas and then heated
to 70 °C in air for 5 minutes to ensure water evaporation. The Al:ZnO resistivity
was measured to be 16 Qcm. The completed architecture of the SWCNT/a-Si:H

solar cell device is shown in Figure 4-6b.
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Figure 4-6. (a) Fabrication steps of the HSC process flow: (i) Obtained struc-
ture with a-Si:H absorber; (ii) Chemical local etching of a-Si:H to reach Al:ZnO
back contact with KOH; (iii) HF vapor treatment of a-Si:H surface for 140 sec-
onds to etch the native oxide; (iv) Dry transfer of SWCNTs onto a HF-treated a-
Si:H surface at ambient conditions; (v) Drop-cast of PEDOT:PSS at ambient
conditions; (vi) Bordering active area of HSC with silver (silver paste) and final
device structure of HSC; and (b) Fabricated SWCNT/a-Si:H HSC device. Re-
printed and adapted with permission from (NANOTECHNOLOGY 29 (2018)
105404 (10PP)) under a CC-BY license. Copyright (2018) IOP Publishing Ltd.

4.2.3 Solar cell characterization

Synergistic effect of SWCNT-PEDOT:PSS. The J-V characteristics
of the three types of hybrid solar cells: PEDOT:PSS-SWCNT/a-Si:H,
PEDOT:PSS/a-Si:H and SWCNT/a-Si:H were measured in the dark (Figure 4-
7a) and under illumination (Figure 4-7b). The J-V characteristics of the best
performing HSCs measured in the dark clearly reveal the diode properties of all
the three types. Analyzing the dark J-V curve for all three types of solar cells
showed the, PEDOT:PSS-SWCNT/a-Si:H solar cell to exhibit a higher reverse
saturation current density (J,) than the other two solar cells, while their Rsp, R
and n were nearly the same. The calculated values for the PEDOT:PSS-
SWCNT/a-Si:H solar cell were J, = 3.40+0.01x104 mA/cm?, R, = 75.0+0.5
MQ/cmz, Rs = 30.0+0.5 kQ/cm? and n = 1.05+0.05.

J-V curve shifts under illumination showed a typical photovoltaic

behavior for all the three hybrid solar cells. However, solar cells with
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PEDOT:PSS-SWCNTs and a-Si:H showed more desirable J-V characteristics
than those with only PEDOT:PSS or SWCNT film. The PEDOT:PSS-SWCNT/a-
Si:H solar cell exhibited a better performance: a short-circuit current-density of
Jse = 3.56£0.10 mA/cmz2, an open-circuit voltage of Vo = 0.803+0.003 V, a fill
factor of FF = 54+3% and a efficiency of n = 1.57+0.03%. Whereas, for the
PEDOT:PSS/a-Si:H and SWCNTSs/a-Si:H solar cells the equivalent values were
Jse = 3.034£0.10 and 2.80+0.10 mA/cm2, Vi, = 0.710£0.003 and 0.700+0.003
V, FF = 40.4+3.0% and 45.2+3.0%, and n = 1.03+0.03% and 1.10+0.03%,
respectively (Table 4-1). It is worth noting that the fill factor and open circuit
voltage of the PEDOT:PSS-SWCNT/a-Si:H hybrid solar cell exceeded that of
amorphous silicon hybrid solar cells using either SWCNTs or conductive
polymer [16,17,19,30,31,100]. This can be explained by the introduction of
PEDOT:PSS which fills the micropores of the SWCNT film and forms a
continuous contact with i-a-Si:H. This leads to the formation of coupled
heterojunctions between SWCNT/i-a-Si:H and PEDOT:PSS/i-a-Si:H rather
than the usual single-heterojunction between SWCNT/i-a-Si:H, as has been
previously reported. Thus, in the PEDOT-SWCNT/i-a-Si:H solar cell, beyond
the heterojunctions formed by PEDOT:PSS and SWCNT individually, their
combined effect is more important.

EQE measurements of all the three types of hybrid solar cells are shown
in Figure 4-7c. The EQE spectrum for PEDOT:PSS-SWCNT/a-Si:H shows a
higher EQE saturation value of 24% than for the other two solar cells.
Additionally, the SWCNT/a-Si:H solar cell shows a strong blue-shift which may
arise from the strong absorbance of SWCNTSs near 250 nm [54], phase shift of
incident wavelength caused by stack of different refractive index materials in
the solar cell. Moreover, in Figure 4.7¢ for SWCNTs/a-Si:H HSC, the SWCNTs
film have a non-uniform contact with underneath a-Si:H creating voids, which
are filled with the insertion of PEDOT:PSS in the SWCNTSs network (as shown
in surface morphological SEM Figure 4-5). This results in a continuous junction
with improved interface and reduced recombination. This is clearly noted in
Table 4-1, with higher V. values for PEDOT:PSS-SWCNT/a-Si:H HSC when
compared to SWCNTs/a-Si:H or PEDOT:PSS/a-Si:H. However, all three EQE
spectra of the hybrid solar cells resemble those of standard a-Si:H solar cell at
wavelengths of 300-800 nm. The current densities from the EQE and J-V curves
match closely for all three solar cells. The sharp decrease in the EQE beyond 700
nm can be attributed to the a-Si:H mobility gap (1.7 eV).

Combining the J-V parameters and EQE, the PEDOT:PSS-SWCNT/a-

Si:H fabricated solar cell was found to exhibit a state-of-the-art fill factor and
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open circuit voltage; while its current density was lower due to an increased ab-
sorption of incident photons at the PEDOT:PSS-SWCNT layer (p-layer). Hence,
the p-layer needs to be optimized in order to increase absorption and photo-
generation of charge carriers in the i-a-Si:H. This will potentially lead to a higher

photo-generated current density and efficiency.
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Figure 4-7. (a) dark; and (b) photo J-V characteristics of PEDOT:PSS-
SWCNT/a-Si:H, PEDOT:PSS/a-Si:H and SWCNT/a-Si:H hybrid solar cells; and
(c) EQE spectrum. Reprinted and adapted with permission from (PHYS.
STATUS SOLIDI B 2018, 255, 1700557) under a CC-BY license. Copyright
(2017) WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Table 4-1. J-V parameters of the fabricated solar cells: Vo, Js, FF, and PCE (1).

Sample Name Vo Jse FF 1

V) (mA/em?) (%) (%)

PEDOT:PSS-SWCNT/a-Si:H 0.803 3.56 54.0 1.57
PEDOT:PSS/a-Si:H 0.710 3.03 40.4 1.03
SWCNT/a-Si:H 0.700 2.80 45.2 1.10

Optimization of SWCNT-PEDOT:PSS. The J-V characteristics of
HSCs fabricated with pristine SWCNTs of different thicknesses (10 nm, 20 nm,

40 nm, 60 nm, 80 nm, and 100 nm samples named CNT10, CNT20, CNT4o0,
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CNT60, CNT80, and CNT100, respectively) are shown in Figure 4-8a and tabu-
lated in Table 4-2. A PCE of 1 = 2.7+0.3% with a FF of 41.5+3% was achieved
for CNT20. As shown in Figure 4-8a, a pristine SWCNT thickness of 19+1 nm
was found to be the best in combination with PEDOT:PSS (5045 nm). A J of
7.9+0.1 mA/cm2 and Vi of 0.82+0.04 V was measured. Analysis of the dark
state curve shown in Figure 4-8a, resulted in J, = 6.05+0.01x104 mA/cm?, the
R, = 106.0+0.5 MQ/cm2, the R; = 30+2 kQ/cm?, and the n = 1.10+0.05. The
high shunt resistance value together with a very low value of reverse saturation
current density and series resistance led to a high PCE of the SWCNT/a-Si:H
HSCs. For these measurements, the light was illuminated from the SWCNT side.
Moreover, from the J-V parameters in Table 4-2, the current density was found
to increase from 3.90+0.02 mA/cm?2 for CNT10 to 7.9+0.1 mA/cm2for CNT20;
then to decrease for all the subsequent HSC devices with SWCNT films above 19
nm in thickness. The low current density for CNT10 can be explained by the high
resistance of the SWCNTs and PEDOT:PSS. A further increase in the thickness
of the SWCNT film beyond 19 nm with PEDOT:PSS yielded a lower current den-
sity induced by the decrease in transmittance of SWCNT films. It must be taken
into account that the back reflection and the carrier collection on backside were
provided with only an Al:ZnO layer and not with a back metal contact. This sig-
nificantly deteriorated the cell efficiency.

Figure 4-8b shows the experimental EQE spectra corresponding to var-
ious SWCNT thicknesses in HSCs. It can be observed that the EQE value de-
creases with increase in the SWCNT films thickness, with a maximum EQE
value of 42% at 514 nm obtained for CNT20. This is caused by lower absorption
in the composite film (p-layer) and reduced recombination at the a-
Si:H/SWCNT interface in CNT20 compared with any other sample. The current
density was calculated from EQE (as described in section 3.7) for all the fabri-
cated solar cells. The current density values of all the solar cells from the J-V
curve and EQE match closely. For CNT10, CNT40, CNT60, and CNT80 the EQE
dramatically decreases for wavelengths shorter than 350 nm indicating a strong
surface recombination at the i:a-Si:H/SWCNT interface. A sharp fall in the EQE
for all SWCNT film thickness beyond 700 nm can be attributed to the a-Si:H
energy gap (1.7 eV). This spectral behavior resembles that of a-Si:H nip solar
cells, indicating that the photo generation process goes on mainly within the i:a-
Si:H.
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Figure 4-8. Characteristics of HSCs fabricated with SWCNT films of different
thicknesses: (a) J-V curves of the photo and dark current response for CNT20;
(b) EQE spectra. Reprinted and adapted with permission from
(NANOTECHNOLOGY 29 (2018) 105404 (10PP)) under a CC-BY license.
Copyright (2018) IOP Publishing Ltd.

Table 4-2. Comparison of J-V parameters: Vo, Js, FF, and n of HSCs fabricated
with SWCNT films of different thicknesses.

Sample Name Voe Jse FF 1

W) (mA/cm?) (%) (%)
CNT10 0.828 3.90 46.9 1.5
CNT20 0.820 7.90 41.5 2.7
CNT40 0.904 6.80 44.1 2.7
CNT60 0.896 5.90 52.3 2.8
CNT80 0.860 5.70 45.4 2.6
CNT100 0.872 3.04 48.0 1.3

The high current density of CNT20 can also account for the inherent
Schottky behavior of SWCNTs due to metallic and semiconducting tubes within
its network. Semiconducting SWCNTs have a work function of 4.5 eV with a
band gap of 0.5 eV [53] and metallic SWCNTs with a zero bandgap [101] have a
work function of nearly 5.0 V. On forming a composite film with PEDOT:PSS,
the SWCNTs network is doped thereby increasing the work function of
semiconducting SWCNTs [97]. This is confirmed by the KPFM measurements
of the composite film with a work function of 4.95 €V, which is close to the work
function of metallic SWCNTs. When this composite film is in contact with i:a-
Si:H (Fermi level position of 4.70 eV) [102], the Schottky barrier is reduced
across the a-Si:H/SWCNT interface. Moreover, once the thickness of the

SWCNT film increases beyond 19 nm, the transmittance decreases, which leads
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to a lower absorption and reduced photo generated carriers in the i:a-Si:H. In
addition, as the SWCNT film thickness increases, PEDOT:PSS is not evenly
distributed along the thickness of the SWCNTs. This possibly results in two
recombination centers at the SWCNTs/PEDOT:PSS and SWCNTs/a-Si:H
interfaces. Thus, the concentration of the generated hole carriers is lower for
CNT40, CNT60, CNT80, and CNT100. It is worth mentioning that in our
approach, the optimized composite film of PEDOT:PSS and SWCNT not only
increases the effective contact area of a-Si by forming a continuous
heterojunction, but also stimulates the holes in PEDOT:PSS to be transferred to
the interconnected SWCNT network due to the higher charge carrier mobility
and low sheet resistance of SWCNTs along with their one-dimensional axis
[103,104]. Thus, PEDOT:PSS and SWCNT together facilitate hole transport
from a-Si as shown above in a synergistic effect of SWCNT-PEDOT:PSS.
Compared to all the previously reported work [30—32], the combined effect of
SWCNTs and PEDOT:PSS was utilized to attain a better and higher J-V
characteristics of HSC. This also explains the state-of-the-art performance of
the HSCs fabricated in our work.

PMMA as an AR layer. PMMA was used to protect the device from
any surface modification under ambient conditions. PMMA has a transmittance
close to 100% over a wide wavelength, where a-Si:H generates photo-induced
carriers. The fabrication process shown in Figure 6 was modified and the last
step of PMMA was added by drop-cast (Figure 4-6a — step vi). 2 ul of PMMA
solution was drop-cast onto the fabricated CNT20 device, so that the active area
of the cell was uniformly coated. The device was placed on a hot plate at 9o °C
for 20 minutes to ensure solvent evaporation.

Comparison of the J-V characteristics of a CNT20 HSC device with
PMMA and without PMMA is shown in Figure 4-9a and tabulated in Table 4-3.
Compared to the values reported in Table 4-2, the sample CNT20 with PMMA
resulted in n = 3.36+0.30%, FF=41.8+3%, Jsc = 8.99+0.10 mA/cm?, and V. =
0.896+0.040 V. 10% increase in PCE, Js, and V,. were observed with PMMA.
The dark state curve shown in Figure 9a gives the J, = 8.04+£0.01x104 mA/cm2,
the R, = 350+1 MQ/cm2, the Rs = 21+2 kQ/cm?2, and n = 1.06+0.03, i.e close to
the ideal diode factor, hinting at a reduced carrier recombination. The EQE
curves of CNT20 with and without PMMA are shown in Figure 4-9b. The EQE
value saturates at 47.1% demonstrating an increase of almost 10%, compared to
the device without PMMA. The EQE response is significantly enhanced for a

wavelength range from 320 to 640 nm. A sharp increase in the EQE value with

52



Results and discussion

PMMA from 24% at 318 nm to 47% at 500 nm indicates an enhanced light ab-
sorption and photo generation in the i-a-Si:H.

Furthermore, the use of PMMA as an AR coating and encapsulant has
been a topic of interest and several works have focused on the use of a PMMA
layer acting as a broad band ARC over Si-CNT solar cells [105—107]. Hence, dif-
fuse reflectance measurements were carried out to test the effect of PMMA as
an ARC in our solar cell. The reflectance spectra of plain a-Si:H, a-Si:H with
SWCNTSs, a-Si:H with PEDOT: PSS, HSC without PMMA, and HSC with PMMA
are shown in Figure 4-9c. The a-Si:H surface with textures exhibits about 20%
minimum reflectance ranging from 500—800 nm. The reflection minima of the
HSC without PMMA are slightly lower than those of plain a-Si:H, at about 16%
in the visible region. The minimum reflectance of a-Si:H with PEDOT:PSS and
a-Si:H with SWCNTs is lower than that of plain a-Si:H and is similar to the re-
flectance of HSC without PMMA. Further, HSC with PMMA shows a reduction
to about 4.5% reflectance in the visible region. Consequently, PMMA as an ef-
fective ARC increases the light trapping efficiency, producing more photogener-

ated carriers and thus increasing the current density and HSC efficiency.
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Figure 4-9. Characteristics of HSCs fabricated with CNT20 sample: (a) J-V
curve comparison without and with PMMA for photo and dark current
response; (b) EQE spectra comparison without and with PMMA; and (c)
Reflectance spectra of plain a-Si:H, HSC without PMMA, HSC with PMMA, a-
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Si:H with PEDOT:PSS, and a-Si:H with SWCNT film. Reprinted and adapted
with permission from (NANOTECHNOLOGY 29 (2018) 105404 (10PP)) under
a CC-BY license. Copyright (2018) IOP Publishing Ltd.

Table 4-3. Comparison of J-V parameters of HSC fabricated with CNT20
sample without and with PMMA.
Conditions Voc JIse FF n

(V)  (mA/em?) (%) (%)

without PMMA 0.820 7.90 41.5 2.70+0.01
with PMMA  0.896 8.99 41.8 3.40+0.01

4.3 Rational design of p-type transparent conductor (Publication 4)

The goal of this section is to utilize the findings of Section 4.2 on the
SWCNT-PEDOT:PSS composite and design a novel p-type TCF using MoOs,
doping of the SWCNT film and to introduce SWCNT fibers as potential
replacement for traditional metal contacts. This results in a state-of-the-art TCF
in a systematic comparison of the optical, electrical, and mechanical properties
of different TCF configurations. Finally, HSCs are fabricated introducing a
buffer layer between i-a-Si:H/SWCNT-PEDOT:PSS composite and using
different TCF configurations: TCF1, TCF2, TCF3, and TCF4.

4.3.1 TCF and solar cell fabrication

Aerosol synthesized SWCNT films were utilized for this work. The
doping of SWCNT films was performed using spin-casting of a 15 mM HAuCl,
solution in ethanol [54]. Thin MoO; interlayers of about 4 nm were deposited
using a thermal evaporation technique in a vacuum at room temperature.
Furthermore, a SWCNTs-PEDOT:PSS composite was formed by spin-casting of
an electrically conductive PEDOT:PSS on SWCNT films as detailed in Section
4.2. PMMA solution (4 wt.%) in anisole was spin-casted on SWCNT fibers to
form the AR layer as detailed in Section 4.2.3.

SWCNT fibers. To utilize the exceptional electrical properties of
SWCNTs, the original films were transformed to form self-similar top fiber
electrodes. SWCNT films were dry-transferred onto a cleaned glass surface. A
drop of IPA was drop-cast on the SWCNT films. The wet film was carefully lifted
to make long and narrow SWCNT fibers. Solvent evaporation shrinks the film
into a dense fiber (fabrication process is shown in Figures 4-10a-d with a width
of 60 to 100 um after being placed on top of SWCNTs-MoO;-PEDOT:PSS

composite film in a wet-state as shown in Figure 4-10e-f. SWCNTs utilized for

54



Results and discussion

fibers and films were synthesized under the same conditions. Then the wet fiber
was placed onto the composite surface and dried to make a conformal contact
to the underlying SWCNTs-MoO3;-PEDOT:PSS composite film as seen from
Figure 4-10e-f. This flattened shape builds a strong van der Waals interaction
between the SWCNT fibers and the composite film, induced by their self-similar
structure, thereby completing the TCF.

Solar cell fabrication. For solar cell fabrication, 10x10 cm?
commercial glass substrates coated with 700 nm textured Al:ZnO as the back
contact were used. Both an n-doped a-Si:H layer and intrinsic i-a-Si:H absorber
were subsequently grown over the Al:ZnO layer in a multichamber PECVD
system von Ardenne CS-400PS at 13.56 MHz as detailed in Section 4.2 [98,108].
After that the substrate was cut into 2.5x2.5 cm? individual samples for device
fabrication. SWCNT films and fiber top electrodes on a-Si:H (i) define the
working area (1 cm?) of the individual cells. The reference sample was fabricated
with a conventional 10 nm p-a-Si window layer and a 90 nm ITO front electrode.
The SWCNT/a-Si:H hybrid solar cells were fabricated as described in detail in
Section 4.2.2. In brief, partially fabricated a-Si:H thin film solar cells till
intrinsic layer were utilized. Ultra-thin MoOj; (4 nm) was thermally evaporated
on a-Si:H (i). Different configurations of developed TCFs (TCF1, TCF2. TCF3
and TCF4) were deposited onto MoO; under ambient conditions as a p-type
window layer and front electrode to complete the device architecture shown in

Figure 4-10e.

55



Results and discussion

PEDOT:PSS-MoQy-
SWCNT film

Figure 4-10. SWCNT fiber fabrication process using wet-pulling technique:
(a) Dry transferred SWCNT film on glass surface; (b) Drop-cast of isopropyl
alcohol (IPA); (¢) Self-shrinking of SWCNT film; (d) SWCNT fiber formation
under the IPA evaporation; (e) Solar cell architecture with newly developed
transparent electrode TCF4 (from bottom to top): Glass/Al:ZnO/a-Si:H (n)/a-
Si:H (i)/Mo0O3;/SWCNT doped-MoO;-PEDOT:PSS/SWCNT fibers doped/
PMMA; (f) SEM images of SWCNT fibers showing a cross point of two fibers on
a cell surface, the PEDOT:PSS-MoQO;-doped SWCNTs composite film and good
contact between the composite film and fiber crossed on the cell surface
uniformly; (g) Fabricated solar cells (with and without PMMA) exposed to sun
showing the anti-reflective effect with PMMA coating; and (h) Photograph of
the fabricated solar cell on a-Si using developed TCF showing its transparency.
Reprinted and adapted with permission from (NANO ENERGY 67 (2020)
104183) under a CC-BY license. Copyright (2019) ELSEVIER Ltd.

4.3.2 Optical, electrical, and mechanical properties

All the ingredients utilized to build the p-type multilayer TCFs are listed
in Table 4-4. SWCNT films were created using a dry-transfer technique [53], the
SWCNT fibers were wet pulled from the film as described above. For doping of
the SWCNT films and fibers, HAuCl, ethanol solution was used. PEDOT:PSS
layer was deposited onto SWCNT by a spin-casting technique. MoO; was
deposited by a thermal evaporation method. The PMMA layer was spin casted
onto the surface of the SWCNT fibers.
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The surface morphologies of the pristine SWCNT, MoO;-SWCNT,
SWCNTs-MoO3;-PEDOT:PSS and SWCNTs doped -MoQO;-PEDOT:PSS films are
shown in Figures 4-11a-d. When deposited onto porous SWCNTs, PEDOT:PSS
impregnates the film, which leads to the formation of a homogeneous composite
material with a smooth surface. Each successive component added to the
composite affected both its optical and electrical properties as shown in Table
4-4. The original SWCNT films had a transmittance of 87% at 550 nm (Figure
4-11¢e), whereas that of the fiber shrunk from the same SWCNT film was much
lower (~2.0%). The reason for the difference is that during the process of being
picked up and layed down, the film condensed into a narrow dense fiber with
overlapping nanotube bundles depleting most of the incident light (Figure 4-11).
Also, for comparison, the optical transmission of PMMA, doped SWCNT film
and fiber, SWCNT-MoO; and different TCFs (TCF1, TCF2, TCF3 and TCF4 as in
Table 4-4) are shown in Figure 4-11. The conductivities (o in S cm™) of the
SWCNT film and SWCNT fiber were 0.15+0.02 S cm™ and 62.00+7.20 S cm!
respectively, demonstrating the excellent conductivity of the SWCNT fiber. The
doped SWCNT films and SWCNT fibers showed a substantial increase in
conductivity to 0.51+£0.06 S cm™* and 100.00+11.60 S cm, respectively. The
equivalent sheet resistance (at a transmittance of 90%) [109] of pristine SWCNT
film was 364 Q/sq. Doping of the SWCNT film by HAuCl, reduced the
transmittance value by 2.6%, but also decreased the equivalent sheet resistance
to 104 Q/sq. Similarly, spin casting of PEDOT:PSS on top of the SWCNTs led to
a decrease in both the transmittance and sheet resistance of the resulted film. A
composite structure containing doped SWCNTs, MoO; and PEDOT:PSS
revealed a transmittance of 81.2% with an equivalent sheet resistance of 65
Q/sq. Enhanced optoelectrical properties were observed after SWCNT fibers
were added on top of the composite (in a 3 bus bar (3BB) configuration with a
distance between parallel fibers of 3 mm as shown in Figures 4-10 and 4-11f),
lowering the equivalent sheet resistance to 28 Q/sq for the non-doped stack
SWCNTs-PEDOT:PSS/SWCNT fibers (TCF1). This highlights the fact that
SWCNT fibers can also be substituted for traditional metal contacts owing to
their high conductivity and simple deposition process as demonstrated here.
The deposition of MoO; onto the SWCNT surface (TCF2) before adding
PEDOT:PSS dropped the value to 22 Q/sq. A similar observation was reported
in several studies indicating that MoOjs is a stable dopant to SWCNTs [110—112].
A record equivalent sheet resistance of 17 Q/sq was achieved for a complete
structure consisting of HAuCl, doped SWCNTs with MoO; and PEDOT:PSS
covered by doped SWCNT fibers (TCF3). To the best of our knowledge, this is
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the state-of-the-art equivalent sheet resistance for a transparent electrode based
on randomly oriented SWCNT films and for any transparent p-type conductors
[113].

Mechanical properties of TCF. The developed transparent p-type
conductor showed a high degree of mechanical flexibility in an in-house
developed bending setup. The TCF3 on a PI substrate was subjected to 50 000
bending cycles (at bending angles of 20°, 45°, 9o° and 180°, which corresponded
to radii of curvature of 10, 6.5, 4.5 and 1.6 mm-?). The resistance of the electrodes
increased to 0.65 — 5.15%, respectively, and became stable after 23 000 — 40

000 cycles as shown in Figure 4-11g.
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Figure 4-11. Surface morphology of various types of electrodes: (a) Pristine
SWCNTs; (b) MoO;-SWCNTs; (¢) PEDOT:PSS-MoO5;-SWCNTs composite;
and (d) PEDOT:PSS-MoO;- doped SWCNTs composite. (e) Optical
transmittance of individual components for the TCFs: pristine and doped
SWCNT films, SWCNT+MoO;, PMMA, and different types of TFCs: TCFi,
TCF2, TCF3 and TCF4. For comparison the transmittance spectra of SWCNT
fiber and SWCNT fiber doped are also presented; (f) A photograph of TCF3 on
a polyimide substrate; and (g) TCF4 resistance change during 50 000 bending
cycles at angles of 20°, 45°, 90° and 180° with the radii of curvature from 10 to
1.6 in mm. Reprinted and adapted with permission from (NANO ENERGY 67
(2020) 104183) under a CC-BY license. Copyright (2019) ELSEVIER Ltd.
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4.3.3 Solar cell characterization

To demonstrate the applicability of the developed TCFs, the material was
tested as a p-type window layer and a front electrode in hybrid solar cells based
on amorphous silicon (the fabricated device picture and the schematics are
shown in Figures 4-10). Furthermore, for better extraction of charge carriers
and alignment of bands in the solar cell layers, a supplemental ultra-thin MoO,
layer was added on the a-Si:H(i) surface as both a passivation buffer layer and
high work function hole selective contact. The J-V characteristics of four
different cell types under AM 1.5 and dark conditions are shown in Figures 4-
12a and tabulated in Table 4-5. Typical photovoltaic behavior was observed for
all types with good correlations between experiments and numerical
simulations carried out using AFORS-HET (automat for simulation of
heterostructures) software. The TCF1 solar cell J-V curve exhibited S-shape
behavior with improved short-circuit current density of Js. = 11.93 mA cm=2
compared to a solar cell without MoO; (Figure 4-12b), open-circuit voltage of
Voe = 0.795 V, and fill factor of FF = 41.3%, resulting in PCE = 3.9%.

Subsequently, the TCF2 configuration with MoO; on the SWCNT film
exhibited Js. = 12.63 mA cm2, V,. = 0.800 V, and FF = 51.1% (PCE = 5.1%) with
no S-shape and elevated photo and dark currents (Figure 4-12a) indicating
lower junction and TCF2 resistance (Table 4-4 and Table 4-6).

TCF3 cell showed an ideal J-V curve with Js. = 12.83 mA cm2, improved
Voe = 0.870 V and significantly increased FF = 67.4%, resulting in PCE = 7.5%.
In the TCF3, doping of the SWCNT films and fibers increases the conductivity
of the electrode owing to the reduced Schottky barrier between semiconducting
and metallic SWCNTs [56] and increase in the hole concentration, which yields
a significant improvement in the short-circuit current and a drop in series
resistance (Table 4-5 and 4-6).

Finally, TCF4 devices demonstrated improved characteristics of Js. =
14.11 mA cm2, Vo = 0.907 V, and FF = 68.0%, leading to a record PCE = 8.3%
with a diode ideality factor n = 1.02 (Table 4-6). The increase in the short-circuit
current is mainly due to the AR effect of PMMA leading to higher photo-
generation current in the a-Si:H layer. Introducing a plain aluminum coated
reflective mirror on the back side of the TCF4 solar cell further increased the
current density to Js. = 15.03 mA cm2 (Figure 4-12¢) and exceeded the state-of-
the-art PCE = 8.8%, proving that internal reflection from the back reflector to
the cell core further contributes into the increase in absorption by the a-Si:H
layer. For comparison, the J-V curves of the latter device and the standard

reference solar cell (with boron-doped a-Si:H p-type layer and metal contacts)
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are shown in Figure 4-12d. A 16% (a net 1.4%) efficiency improvement was seen
after integrating the newly developed transparent electrode into the nip-
configured a-Si:H solar cell instead of the conventional p-a-Si / TCO front
window layer stack. It is to be noted that the reference cells are produced at
substrate temperatures less than 200 °C, without any back reflector, texturing

and other special processes as carried out for record a-Si:H solar cells.

(@)20 2 (b)1s
s Photo = Dark J-V curves EmlEn YO
g - 5 g 10
Qo= 2
< ﬁ 39
£ 54 = 4z TC;FI E Experiment
s z ) . Zo without MoO3
z ) ) Z —TCF3 2 with MoOy
S )] Experiment  Simulation 2 3]k TCF4 D 54 3
8 TCFl  --TCFI a S 271
20— ircr2 5. 10 Simulstion
5 1CF3 --TOF3 g 2771 -~ - without MoO3
£ 154 TCF4 TCF4 3 12 ,3,15. = = = = with MO
O Y 14 . . .
0.0 02 04 06 08 10 0.0 0 04 06 08 10 X 0.4 06 08 10
Voltage (V) Voltage (V) Voltage (V)
© ] “with mirror (d) 154
"g 104 Tl 0 T
[3)
< s I s
13 Experiment £ ——TCF4 solar cell
2 Y without mirror T - - -Reference a-Si:H
a — with mirror =
5. N h 2 5
3 Simulation %
= .10] without mirror 80
L - - with mirror 3
S 154 B
3 ﬂé 15
20
0.0 02 1o O

Viaastn © " oo
Figure 4-12. Comparison of experimental data and simulations of (a) photo
and dark J-V curves; (b) photo J-V curves with and without MoOs; (¢) photo J-
V curves with and without Mirror; and (d) J-V curves of TCF4 solar cell and
standard reference a-Si:H solar cell. Reprinted and adapted with permission
from (NANO ENERGY 67 (2020) 104183) under a CC-BY license. Copyright

(2019) ELSEVIER Litd.

Table 4-5. Comparison of experimental J-V parameters of the fabricated solar
cells with different TFCs, the standard reference a-Si:H solar cell and the solar

cell without MoOjs: Vi, Js, FF, and n of the fabricated solar cells.

Sample Voe JIse FF
~) (mA/cm?) (%) (%)

TCF1 0.795 £0.024 11.93 +0.36 41.3 £1.2  3.90 +£0.2
TCF2 0.800 £0.024  12.63 +£0.38 51.1+1.5 5.10 £0.2
TCF3 0.870 £0.026  12.83 £0.39 67.4 £+2.0 7.50 £0.2
TCF4 0.907 +£0.027 14.11 £0.42 68.0 £2.0 8.30 +0.3
TCF4 with mir- 0.909 £0.027 15.03 +0.45 68.2+2.0 8.80 +0.3
ror

Reference a- 0.874 £0.020  12.90 +0.32 66.5 +1.5  7.50 £0.1
Si:H

Without MoO; 0.820 +0.023 7.90 +£0.33 41.5+0.9  2.70 0.1
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Table 4-6. Calculated n, device Ry and Rg, of the fabricated solar cells.

Sample N R (Q cm?2) Rah (Q cm?2)
TCF1 1.10 10.0 #£1.5 175 £30
TCF2 1.04 6.0+1.0 500 £85
TCF3 1.03 3.0+0.5 1000 +171
TCF4 1.02 3.0+0.5 1120 £192
TCF4 with 1.02 3.0 £0.5 1120 +192
mirror

The EQE of all solar cell types was measured. Figure 4-13a shows that
the EQE value saturated at 75% for the TCF1 and nearly 80% for the TCF2 and
TCF3 solar cells in the range from 300 to 800 nm, corresponding to the a-Si:H
light absorption wavelength range. This results in an increase in the absolute
EQE value by 30% compared to a solar cell without a MoOs layer (Figure 4-13b).
Increased EQE indicates a reflection drop in the window layer [29], leading to
enhanced photocurrent generation (Table 4-7). Moreover, MoO; work function
(6.5 €V) is higher than that of SWCNTs (4.45 €V), which might lead to additional
p-type doping [114]. A drop in the series resistance from 10 Q cm? (TCF1) to 6
and 3 Q cm2 (for TCF2 and TCF3, respectively) proves the rise of the hole
concentration in the SWCNTs coated by MoQO; (Table 4-6 and Table 4-4). In
contrast, the TCF4 solar cell with PMMA exhibited an increase in the EQE value
saturated at around 90%, indicating a reduced reflection. Introducing a
reflective rear mirror on the back side of a TCF4 solar cell results in broader
EQE spectra for wavelengths over 500 nm as shown in Figure 4-13c, clearly
demonstrating increased absorption and better optical control in the a-Si:H
layer. Also, for comparison the EQE spectra of a standard a-Si:H reference and
TCF4 solar cells with reflective mirror is shown in Figure 4-13d. The J
calculated from EQE spectra and J-V parameters for all the solar cell types are
in very good agreement with the experiment as shown in Table 4-7, thus
validating the performance of all solar cells with the developed transparent

conductors.
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Figure 4-13. Comparison of experimental data and simulations of (a) EQE
spectra of respective TCF solar cells; (b) EQE spectra of without and with MoOs;
(c) EQE spectra of without and with mirror; and (d) EQE spectra of TCF4 solar
cell and standard reference a-Si:H solar cell. Reprinted and adapted with
permission from (NANO ENERGY 67 (2020) 104183) under CC-BY license.
Copyright (2019) ELSEVIER Ltd.

Table 4-7. Comparison of J, from J-V and EQE curves of the fabricated TCF

solar cells and the standard reference a-Si:H solar cell.

Sample Jsc (mA/cm?) Jse (mA/cm?) from EQE
from
J-V curves
TCF1 11.93 £0.36 11.80 £0.36
TCF2 12.63 £0.38 12.55 £0.38
TCF3 12.83 +0.39 12.77 £0.39
TCF4 14.11 £0.42 14.09 £0.42
TCF4 with mirror 15.03 £0.45 14.97 £0.45
Reference a-Si:H 12.90 +£0.32 11.90 +£0.32
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5. Conclusion and future work

This thesis focusses on the fabrication of hybrid solar cells using
SWCNTs film and a-Si:H. The work commenced by investigating the major
factors that influence SWCNT film adhesion to various substrate materials. A
quantitative evaluation of the SWCNT film adhesion force in air and inert Ar
atmospheres with various materials including SiO., ITO, Si, a-Si:H, ZrO., Pt,
PDMS, and SWCNTs for self-adhesion deposited directly on the AFM tips was
measured. Quantitative values were derived for the adhesion force from the
force-distance curves by estimating the tip-surface contact area according to the
Hertz model. Adhesion was found to be greatly influenced by environmental
conditions and by surface functionalization. SWCNT thin films have better
adhesion in an inert atmosphere. A simple fluorination process greatly improves
adhesion, which is affected by sample storage and deposition in ambient air.

This improved understanding of SWCNT film adhesion prompted us to
combine it with PEDOT:PSS thus forming a SWCNTs-PEDOT:PSS composite.
The, PEDOT:PSS not only filled the micropores but also improved the surface
roughness of the SWCNTs. This resulted in a low cost and environmentally
friendly fabrication method for hybrid solar cells using SWCNT films and a-
Si:H. The window layer and top electrode of this solar cell resulted from the
synergistic effect of SWCNTs and PEDOT:PSS forming a composite p-type by
simple dry-transfer and spin-casting techniques. The SWCNT-PEDOT:PSS
composite p-type with enhanced conductivity provided a continuous hybrid
heterojunction with a-Si:H. HSC efficiency increased slightly from 1.6% to 2.7%.
A further increase upto 3.4% was recorded by introducing PMMA as an anti-
reflective layer. Although significant progress was made in terms of SWCNTs/a-
Si:H hybrid solar cell performance, their diode characteristics were still not
ideal due to the low conductivity of the SWCNTs-PEDOT:PSS composite and
poor p/i interface. This prompted further optimization of the SWCNTs-
PEDOT:PSS composite film as a p-type transparent conductor.

Finally, a rational design was proposed for a novel highly efficient
flexible transparent p-type conductor, combining the superior properties of
doped SWCNTs with PEDOT:PSS, MoO; and SWCNT fiber grids into a single
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composite material. The use of thin multicomponent layers and the introduction
of high-conductive SWCNT fibers resulted in a dramatic improvement of nearly
58% in seet resistance compared to the previous state-of-the-art in p-type TCF
development. As demonstrated here, SWCNT fibers can be used to replace
traditional metal contacts due to their high conductivity and simple deposition
process. A configuration of SWCNTs-MoOs;-PEDOT:PSS/SWCNT fibers
resulted in a record equivalent sheet resistance of Ry of 17 Q/sq with a
transmittance of 90%, and superior bendability. As a demonstration, the TCFs
were used as a combined window layer and front electrode to form hybrid thin
film solar cells with an amorphous silicon absorber. An outstanding current of
Jse=15.03 mA/cm2 and a record PCE = 8.8% for such thin film solar cells led to
an effective 18% improvement over a conventional nip-configured a-Si:H solar
cells.

These results are among the best thin film HSCs achieved for SWCNT
film and a-Si:H, providing strong evidence that SWCNT-MoO;-PEDOT:PSS
composite p-type films with SWCNT fibers are potential as hole transport
window layers and transparent electrodes. It is envisaged that the outcomes of
this work will secure the future development of novel p-type TCFs in
combination with the use of pure high quality semiconducting or metallic
SWCNTs that are aligned with better passivation, improved doping stability of
SWCNTs, light trapping schemes and nanostructuring that can potentially
improve future photovoltaic devices. Nevertheless, the applications of the novel
p-type composite material are not limited to solar cells. Rational design and
room-temperature processing broaden the horizon for transparent and flexible
electrode implementation in diverse applications in other fields of science and

technology.
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ABSTRACT: Single-walled carbon nanotubes (SWCNTs) possess extraordinary physical and
chemical properties. Thin films of randomly oriented SWCNT's have great potential in many
opto-electro-mechanical applications. However, good adhesion of SWCNT films with a
substrate material is pivotal for their practical use. Here, for the first time, we systematically
investigate the adhesion properties of SWCNT thin films with commonly used substrates such
as glass (SiO,), indium tin oxide (ITO), crystalline silicon (C—Si), amorphous silicon (a-
Si:H), zirconium oxide (ZrO,), platinum (Pt), polydimethylsiloxane (PDMS), and SWCNTs
for self-adhesion using atomic force microscopy. By comparing the results obtained in air and
inert Ar atmospheres, we observed that the surface state of the materials greatly contributes to
their adhesion properties. We found that the SWCNT thin films have stronger adhesion in an
inert atmosphere. The adhesion in the air can be greatly improved by a fluorination process.
Experimental and theoretical analyses suggest that adhesion depends on the atmospheric

10

PDI

tip materia/ ;

Adhesion of SWCNT film with
different materials

conditions and surface functionalization.

he unique properties of single-walled carbon nanotubes
(SWCNTs) are attracting extensive interest from the
scientific community for different applications."~” The usage of
SWCNT networks as efficient transparent conductors is a
particular challenge in terms of obtaining conformal films with
smooth surfaces as well as creating a firm contact between the
film and other materials.® The substrate material considerably
influences the adhesion of the SWCNT films. The perform-
ance of many SWCNT applications is governed by van der
Waals (VdW) interactions with the substrate,”"" in particular
when nanotubes are used as transparent electrodes in
optoelectronic devices.® The contact between the nanotube
film and substrate material impacts the interface properties that
affect the device efficiency.'”"* In a SWCNT network, many
nanotubes overlap and are suspended over each other without
making contact with the substrate material, for example, in
SWCNT/Si solar cell devices, lowering their performance.'*'
To overcome this, novel approaches have been proposed such
as densification of SWCNTs,">™"7 acid doping,m*18 and
impregnating SWCNTSs with conductive polymers.'”*® Thus,
a better understanding of the adhesion of nanotube films and
the associated mechanisms is important for the long-term
reliability of devices employing the SWCNT films.>*>
The si%niﬁcance of SWCNT adhesion has been dis-
cussed'”>* 7> through lateral atomic force microscopy
(AFM),?%2326:27 tapping mode AFM,** dynamic force
AFM,” and theoretical works using continuum analysis and
atomistic simulations'***’ probing the adhesive properties of
SWCNTs with other materials and between nanotubes
themselves.'">?>?272973! Reported methods have been

© 2020 American Chemical Society
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deduced using either a hypothesis for the interaction of
SWCNTs with its environment'"*” or experimental quantifi-
cation of multiwalled carbon nanotubes or individual nanotube
loop adhesion energy.”>®>” However, the evidence from
SWCNT thin film applications clearly indicates that the
interaction of SWCNT films with the substrate is still an open
question.

Here, we quantitatively evaluate the interaction of SWCNT
thin films with various commonly used substrate materials
(henceforth called materials) using AFM in air and inert Ar
atmospheres. The materials chosen include glass (SiO,),
indium tin oxide (ITO), crystalline silicon (C—Si), amorphous
silicon (a-Si:H), zirconium oxide (ZrO,), platinum (Pt),
polydimethylsiloxane (PDMS), and SWCNTs for self-adhesion
measurements. We show that the adhesion of randomly
oriented SWCNT thin films is strongly influenced by the
atmospheric conditions and surface functionalization of the
material. The measurements demonstrate stronger adhesion in
an inert atmosphere, but adhesion in air can be greatly
improved by a simple fluorination process.

We utilized aerosol-synthesized SWCNTs,*>** which are
dry-transferred from a nitrocellulose filter®* to a desired
substrate, which is a Si wafer in this case. Figure Sla shows the
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cross-sectional scanning electron microscopy (SEM) image of
the SWCNT thin film on the Si wafer and the surface of
randomly oriented closely connected individual and bundled
nanotubes. The thickness of the film was ~44 nm as
determined by SEM as shown in Figure Sla and verified
from the absorbance spectrum (Figure S1b) as described by
Mikheev et al.> This film was investigated in an atomic force
microscope by collecting force—distance (F—D) curves
between the SWCNT thin film sample and cantilevers coated
by a given material as shown in Figure 1.

10 pm

10 pm

Figure 1. Cantilever tips covered with different materials: Si, ZrO,, a-
Si:H, ITO, PDMS, SiO,, SWCNT, and Pt.

A flexible lever of the atomic force microscope cantilever is
clamped from one side on a Si chip installed in a cantilever
holder. The other free-standing side with a sharp tip is placed
several tens of nanometers above the sample surface. Upon the
approach, the distance between the tip and the sample is
reduced, and the tip touches the sample and sets a compressive
force on it, the value of which is determined from the lever
upward bending using Hooke’s law, F = kAd, where k is the
cantilever spring constant and Ad is the distance from the

onset of the compressive force to the set point. After reaching a
predefined set point force, the tip is retracted from the sample
and detached from it at an attractive force (downward lever
bending), which is a measure of the adhesion force.>*® This
force depends on the experimental conditions such as the
maximum force load and the cantilever tip radius. Collected
maps of F—D curves (averaged over 65536 measurements in
air and 1024 measurements in an inert Ar atmosphere, as
detailed in section S1) were analyzed by the microscope
software. The sample deformation, adhesion force, and peak
force values are extracted from F—D curves®® as shown in
Figure S2. The peak force, or maximum force load, is a
predefined set point parameter that is controlled by a
microscope feedback loop system.

To determine and compare intrinsic adhesion parameters
between SWCNTs and a given material, the measured
adhesion force must be normalized by the tip—CNT contact
area, which is governed by the aforementioned force load and
tip radius. We used the Hertz model® to estimate the tip—
surface contact area at the extremum applied force as S =
aRh, where Ry, is the tip apex radius and h is the
deformation. Within this model, we assumed that the tip
apex is a rigid sphere of a certain radius Ry, which was
measured on the dimpled aluminum substrate*® (Table S1),
the CNT surface is elastic half-space, and the strain is in the
elastic limit. We also neglected surface roughness. Despite the
fact that in the Hertz model the contact is nonadhesive, it can
be accurately applied to adhesive contacts when the adhesive
force is small compared to the applied force. The maximum
applied force is limited due to the fact that the probe is likely
to drop through a meshy SWCNT surface upon high force
loading. As a result, the tip—sample contact area sharply
increased due to side contacts of the tip with surrounding
CNTs, leading to the increase in the adhesion force (e.g,
panels a and b of Figure 2 show the change in the slope of
adhesion force with deformation for ZrO, at a peak force of 50
nN as in the inset). With this assumption, we attribute the
moment of the tip drop with the slope break in the plots
shown in panels a and b of Figure 2, respectively. With an
increasing applied force, the adhesion force demonstrates a
gradual linear growth. Applying a force of S0 nN resulted in a
large increase in the adhesion force and in some cases a
decrease in the deformation as shown in Figure 2b and the
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corresponding F—D curves in Figure S2. The plots for other
materials are available in Figure S3. For all of the materials, the
slope break happened after the application of S0 nN of force,
so we used this value for the Hertz model. The measured
adhesion force (AF) as described above®®™* and the
calculated surface adhesion force density (SAFD), which is
the adhesion force normalized to the contact area, are
represented in Figure 3 and Figure S4.

10 10
SAFD Ar B AF Ar
SSJSAFD Air_HF W AF Air_HF
S e SAFD Air AF Air w
on 15 — — -
= -
< g >
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g 10 L10° o
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Figure 3. Adhesion force (AF) (right axis, solid bars) and surface
adhesion force density (SAFD) (left axis, dashed bars) of SWCNT
thin films with various materials.

For all studied materials, the normalized adhesion force
(adhesion force density) in the inert Ar atmosphere is higher
than in ambient air, which can be explained by the difference in
the ambient humidity and its influence on the SWCNTs as
shown by Shandakov et al.*' The relative humidity (RH) can
affect adhesive properties, especially in nanoscale, due to
formation of a capillary bridge when RH exceeds roughly a
threshold value of 25%.””* The capillary force strongly
depends on the sample local curvature, which affects the
capillary bridge geometry, resulting in a higher adhesion force
for the concave surface and a smaller adhesion force for the
convex surface.””* On hydrophilic surfaces, increasing
humidity increases the pull-off force, whereas on hydrophobic
surfaces, humidity has a negligible effect.*®"” Because
SWCNTs are hydrophobic*® and possess a convex surface
geometry, the capillary bridge effect is likely to be negligible.
Instead, the smaller adhesion force in air is better explained by
the reduction of the VAW forces in a polar water medium
between the tip and the SWCNT thin film***’ (section $3.1).

The experimentally measured adhesion force shown in
Figure 3 can explain the following observations. SWCNT thin
films are easily dry-transferred onto a-Si:H, Si, SiO,, and
PDMS in air, while under the same conditions, the transfer
onto ITO and Pt is complicated and completely failed on
ZrO,. However, the same SWCNT thin films are easily dry-
transferred on all of the materials in an inert atmosphere.

To verify that the adhesion force is strongly dependent on
the humidity, we fluorinated the a-Si:H-, C—=Si-, ZrO,-, ITO-,
and Pt-coated tips. The process of fluorination is well-known
to alter the surface properties of materials without changing the
bulk characteristics of the pristine material.’*>*' The altered
properties may concern wettability, adhesion, chemical
stability, permeation, electrical conductivity, biocompatibility,
grafting, mechanical behavior, and several others.’® We used
the dry process fluorination, which proceeds spontaneously at
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room temperature via exposure of the samples to hydrofluoric
(HF) vapor for 60 s. Each tip was calibrated once again
immediately after the HF treatment, and the adhesion force
measurements were conducted on the same SWCNT thin film
in air at a peak force of 50 nN. The measured adhesion forces
were recorded for the HF-treated tips and are shown in Figure
3, revealing that the adhesion force increased for all HF-treated
tips. This trend is similar to the adhesion force measurements
conducted in the inert atmosphere. Moreover, after the
fluorination process, SWCNT films can be easily dry-
transferred even on problematic materials, such as ITO, Pt,
and ZrO,.

To understand the role of fluorination in improving the
adhesion of SWCNT thin films and their chemical
composition, X-ray photoelectron spectroscopy (XPS) was
carried out on ZrO, and a-Si:H tips (section S4). XPS infers
that fluorinating the surface of the material in air modifies the
chemical composition by partially eliminating the presence of
humidity and creating fluorine-terminated Zr and C bonds
(Figure SSd—h), which aids in improving adhesion and
explains the easy dry-transfer of SWCNTs on ZrO, after HF
treatment under ambient conditions.

The experimental measurements were realized under three
different conditions using AFM: ambient air, HF treatment in
air, and inert Ar atmosphere. Ambient air leads to material
surface contamination, and the use of HF treatment in air helps
to partially clean it by elimination of the native oxides and
water vapor, which has been demonstrated in a number of
experimental and theoretical works.>*™>*

To explain the dependence of SWCNT thin film adhesion
on the different materials and environmental conditions, we
carried out density functional theory (DFT) (described in
section SS). In compliance with our experimental conditions,
three different cases with Si, Pt, ITO, and SiO, materials were
studied, however replacing SWCNTs with a graphene
monolayer. Inert atmosphere conditions were realized as the
graphene monolayer on the clean material surface, and HF
treatment in air was simulated as the graphene monolayer on
the hydrogenated material surface. In the calculations, HF
treatment in air was considered as hydrogenated surfaces and
not specifically with fluorine atoms as the intention was to
analyze the effects of different environmental conditions only.
Also, data on fluorinated bonds were too limited for detailed
DFT analysis in our case. Finally, ambient air conditions are
represented as the graphene monolayer on the material surface
passivated by OH or CO groups.*>>*

Calculation of the adhesion energy attributed to the VAW
interaction was made directly by the following equation:

eV 1
Ein (?) = X[Etotal = (Ec + Ew)] )
where A is the contact area between the graphene and the
substrate in the unit cell, E, is the total energy of the
graphene/substrate system, and E¢ and E, are the energies of
the separate graphene and substrate, respectively.

A comparison of the calculated adhesion energy (E,4,) and
experimental adhesion force density (SAFD) for Si, Pt, ITO,
and SiO, under different conditions is shown in Figure 4. Here,
theoretical and experimental values are shown by solid bars
(left axis) and dashed bars (right axis, logarithmic scale),
respectively. With blue (Ar), orange (HF), and gray (Air)
colors, we depict the inert atmosphere, HF treatment in air,
and ambient air conditions, respectively. Atomic models of

https://dx.doi.org/10.1021/acs jpclett.9b03552
J. Phys. Chem. Lett. 2020, 11, 504—509



The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

= 10
404 XXX Experiment, L
N HEE | Theory
=354 <
N
< -304 N . 10 2
o,
25+ N 5]
% 25 § S \ N ©
g 21 N \ 5
~— s N Z
515 s 10' 50
= 104 E ] ~
- N N
N \
5 N N
N R
N
0 Lis 10"
Ar HF Air  Ar HF Air Ar HF Air  Ar Air
ITO  SiO,
e ssneln4e !
SARY:

®0

@Pt In ®C @H

Figure 4. Comparison of the calculated adhesion energy (left axis,
solid bars) and experimental adhesion force density (right axis, dashed
bars) for Si, Pt, ITO, and SiO, under different environmental
conditions, where Ar corresponds to the inert atmosphere, HF stands
for HF treatment in air, and Air is the air condition. Atomic models of
pristine interfaces (as in the inert atmosphere) and Si surface
functionalized by H or OH groups are shown as examples below the
corresponding graphs. The other atomic models are shown in Figure
S6.

pristine interfaces (as in the inert atmosphere) after DFT
optimization are shown below the corresponding material
names in Figure 4. For the Si case, optimized atomic models of
the interface passivated by H (HF treatment in air) and OH
(ambient air) are shown in the dashed box (bottom left). The
other atomic models are represented in Figure S6.

From Figure 4, we see a good correspondence between the
experimental measurements and DFT simulations yielding the
main effect of adhesion change under different conditions.
Indeed, for every case of the graphene/material model, the
pristine surface (blue solid bars) has adhesion energies higher
than those of the hydrogenated surfaces (orange solid bars).
Also, the hydrogenated surfaces have stronger interaction with
graphene than in the case of their passivation by OH or CO
groups (gray solid bars). The same monotonous trends are
observed for the experimentally measured SAFD values shown
in the logarithmic scale for a better representation (dashed
bars).

From the DFT simulations, we can conclude that the
contaminated material surface in ambient air worsens the
adhesion with graphene (carbon nanotubes). However,
through preliminary HF treatment of the material surface,
native oxides and water vapors are possibly partially eliminated,
which results in improved adhesion for graphene (carbon
nanotubes). At the same time, the inert atmosphere conditions
additionally allow the elimination of any intermediate
functional groups on the surface of the material and approach
to almost direct interaction of the partially clean SWCNT and
AFM tip as demonstrated in the real experiment.

In summary, for the first time, we carried out adhesion force
measurements of randomly oriented SWCNT thin films in air
and inert atmospheres with various materials deposited directly
on the AFM tips. Quantitative values were derived for the
adhesion force from the force—distance curves by estimating
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the tip—surface contact area according to the Hertz model.
Through experimental observations and theoretical simula-
tions, we conclude that the adhesion is greatly influenced by
the environmental conditions and surface functionalization.
We observe that the SWCNT thin films have better adhesion
in an inert atmosphere. The adhesion affected by storing the
samples under ambient air conditions can be greatly improved
by a simple fluorination process. This work provides new
insight into the physical mechanisms of SWCNT thin film
adhesion that will succeed in its efficient usage with its
exceptional properties for future roll-to-roll applications.
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Abstract

We report a simple approach to fabricate hybrid solar cells (HSCs) based on a single-walled
carbon nanotube (SWCNT) film and thin film hydrogenated amorphous silicon (a-Si:H).
Randomly oriented high-quality SWCNTs with conductivity enhanced by means of poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate are used as a window layer and a front electrode.
A series of HSCs are fabricated in ambient conditions with varying SWCNT film thicknesses.
The polymethylmethacrylate layer drop-casted on fabricated HSCs reduces the reflection
fourfold and enhances the short-circuit J,., open-circuit V,,., and efficiency by nearly 10%. A
state-of-the-art J-V performance is shown for SWCNT/a-Si HSC with an open-circuit voltage of
900 mV and an efficiency of 3.4% under simulated one-sun AM 1.5 G direct illumination.

Keywords: carbon nanotube, amorphous silicon, PEDOT, PSS, solar cells, heterojunction

(Some figures may appear in colour only in the online journal)

1. Introduction

The use of non-crystalline and heterogeneous materials for
solar cells has grown significantly over the past three decades
and is currently one of the most active areas in photovoltaics
(PVs) research. The studies in this field have three main
objectives: (1) to improve the power conversion efficiency of
devices; (2) to reduce production costs, and (3) to ensure that

¢ Authors to whom any correspondence should be addressed.

0957-4484/18/105404+10$33.00

module performance is maintained for several decades in
outdoor conditions, thereby providing more energy than is
used in production [1].

In recent years, hybrid solar cells (HSCs) with thin film
amorphous silicon (a-Si:H) absorbers and spin-casted organic
conductive polymer layers have attracted considerable interest
due to the comparatively low cost of manufacturing large-area
and mechanically flexible PV devices at a low processing
temperature. Several studies have reported on a-Si:H and other
organic conductive polymers such as PEDOT:PSS, P3HT,

© 2018 IOP Publishing Ltd  Printed in the UK
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PCBM, MEH-PPV, PCPDTBT HSCs, and more recently,
polypyrole/a-Si HSC [2-8] with photo-conversion efficiencies
not exceeding 3%. On the other hand, carbon-based nanoma-
terials, for example, carbon nanotubes (CNTs), have made a
valuable contribution to recent advances in the field of solar
cell development in C-Si [9-11], CNT-polymer [12], and more
recently in perovskite-based [13] solar cells. Furthermore, there
are several reports showing improvements in HSC efficiency
by the use of CNTs and conductive polymers such as PEDOT:
PSS [14, 15]. The family of carbon nanomaterials, and espe-
cially single-walled CNTs (SWCNTSs), has advantages in terms
of higher flexibility, surface area, carrier mobility, chemical
stability, and optoelectronic properties. A thin SWCNT film
can be used not only as a perfect window layer in solar cells,
but also as a transparent conductive electrode due to its direct
sub-band gaps, tunable photoabsorption from the near infrared
(NIR) range to the ultraviolet (UV) range, and high con-
ductivity [13, 16-19]. However, to date not much research
effort has been made into studying thin film HSCs based on
SWCNTs and a-Si:H. Several studies investigated the PV
behavior for HSCs based on carbon nanostructures and a-Si:H;
however, the devices were reported to exhibit very poor power
conversion efficiencies (PCE) of 0.02% [20], 0.08% [21],
0.5%, and 1.5% [22, 23], which is far from acceptable for real
PV applications. We believe the main reasons for such low
PCEs were low-quality pristine CNTs as well as a poor contact
between a-Si:H and CNTs.

Here, we have developed solar cells that are based on the
intrinsic a-Si:H thin film layer as the primary light absorber
and optimized pristine SWCNT thickness with an enhanced
conductivity by PEDOT:PSS as a window layer (instead of a
p-doped a-Si:H layer) and conducting front contact. They are
used as an alternative to transparent conductive oxides,
usually indium tin oxide or aluminum-doped zinc oxide
(AZO). These prototype cells also partially exclude the
expensive vacuum technique in producing the window layer
and the front contact by means of a dry transfer technique
[24]. This reduces the exposure to toxic gases such as silane
(SiH,) and diborane (B,Hg), as well as further high-energy,
time-consuming and expensive vacuum sputtering processes.
We fabricated state-of-the-art hybrid (a-Si:H) solar cells based
on SWCNTs and a polymer composite thin film.

2. Experimental

2.1. Material synthesis and characterization

We used SWCNTs synthesized by the aerosol CVD technique
described in detail elsewhere [24, 25]. These SWCNTs with
an average diameter of 2.1 nm [26] are a randomly oriented
network consisting of a mixture of metallic and semi-
conducting tubes with p-type conductivity under ambient
conditions [27]. Their thickness can easily be controlled by
the collection time on a nitrocellulose membrane filter at the
outlet of the reactor [25].

An electrically conductive PEDOT:PSS polymer layer was
drop-casted from the pre-mix of commercially available 5 ml

PEDOT:PSS (1.3 wt.%; Sigma-Aldrich) aqueous suspension
with 120 pl of glycerin, 250 pul of N-methylpyrrolidone, and
6.25 ml of isopropyl alcohol (IPA).

Polymethylmethacrylate (PMMA) was deposited from
the solution by drop-casting. The solution was prepared by
dissolving solid PMMA (molecular weight of 950 000;
Sigma-Aldrich) in anisole (99.7%; Sigma-Aldrich) at a con-
centration of 4 wt.%.

X-ray photoelectron spectroscopy (XPS) was carried out
to study the chemical composition of the SWCNT films using
a Kratos Axis Ultra DLD. The transmission energy was 160
(survey) and 40 eV (high resolution spectra) with the AlKa
source without a neutralizer.

Kelvin probe force microscopy (KPFM) from Asylum
Research—Cypher ES tested the work function of the sam-
ples. We used BudgetSensors ElectriMulti75-G tips with a
spring constant of 1.43Nm™' and the first resonance fre-
quency of 62.081 kHz. The measurements were conducted in
an argon atmosphere glovebox in two pass amplitude
modulated-KPFM with the second pass lift height of 35 nm.
Highly oriented pyrolytic graphite ZYA was used for cali-
bration prior to the actual measurements.

We used sheet resistance (R;) and optical transmittance
(T) for optoelectrical characterization of pristine SWCNT
films. The sheet resistance was measured using a Jandel
RM3000 four-probe unit. The optical transmittance was
measured using a Perkin Elmer Lambda 1050 UV-vis-NIR
spectrophotometer in a wide range from 150 to 3200 nm and
hereafter usually referred to as 550nm. The substrate
contribution was subtracted as a background. Since absor-
bance (A) is a linear function of the SWCNT film thickness,
the latter can be calculated using 7, (nm) = 417 X Asso [28].
The thickness (7},) and root mean square (RMS) roughness
were confirmed using atomic force microscopy (AFM)
(Cypher ES—Asylum Research).

The performance of the HSCs was measured under AM
1.5 G illumination with an intensity of 100 mW cm ™2 at 25 °C
using a solar simulator (Newport Corporation, Oriel Sol3A
Class AAA). The current density—voltage (J-V) character-
istics were obtained with a source-measure unit (Keithley
2400). The external quantum efficiency (EQE) characteristics
of the HSCs were measured using a spectral response mea-
surement system (Bentham PVE300). This system used two
sources of 75W xenon (300-700 nm) and 100 W quartz
halogen (700-1800 nm) coupled with a monochromator with
a 1.85 x 1.85 mm® slit at the output, which provides
approximately a 2 x 2 mm? monochromatic probe beam on
the working plane of a calibrated solar cell. To correct the
signal from the lamp spectrum, calibration was performed on
a monocrystalline-Si sample. The stability of the HSCs was
recorded, keeping it under the direct sun illumination for
1000 h.

Scanning electron microscopy (SEM) with a FEI Helios
Nanolab 660 was used with a maximum accelerating voltage
of 30kV to investigate the morphology of SWCNTs and
SWCNT/a-Si HSC cross-section. Transmission electron
microscopy (TEM) with a FEI Tecnai G2 F20 was used with
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Figure 1. (a) Fabrication steps of a hybrid solar cell (HSC) process flow: (i) obtained structure with a-Si:H absorber; (ii) chemical local
etching of a-Si:H to reach aluminum-doped zinc oxide back contact with KOH; (iii) hydrofluoric acid (HF) vapor treatment of a-Si:H surface
for 140 s to etch the native oxide; (iv) dry transfer technique of single-walled carbon nanotubes (SWCNTSs) on HF-treated a-Si:H surface at
ambient conditions; (v) drop-casting of PEDOT:PSS at ambient conditions; (vi) bordering active area of the HSC with silver (silver paste)
and final device structure of the HSC. (b) Fabricated SWCNT/a-Si:H HSC device.

an acceleration voltage of 80kV and minimum possible

illumination time for structural investigation of the SWCNTs.
The diffuse reflectance measurements were carried out on

a Bentham PVE300 in the visible range from 300-900 nm.

2.2. Device fabrication

Figure 1(a) schematically shows the fabrication procedure of
the HSCs. The initial layers were fabricated on Corning Eagle
XG glass. First, AZO layers were deposited by DC-sputtering
as a transparent back contact for bifacial solar cells. Then,
n-doped (30 nm) and intrinsic (i) a-Si:H (300 nm) layers were
grown using a plasma-enhanced chemical vapor deposition
method described elsewhere [29]. The i:a-Si:H surface was
treated with hydrofluoric acid (HF) vapor for 140 s to remove
the native oxide from the surface. A series of pristine
SWCNTs with varying thicknesses was dry-transferred onto
this HF-treated i:a-Si:H surface under ambient conditions
[24]. The transferred SWCNT film was densified by IPA
drop-casting to ensure better contact and adhesion with the i:
a-Si:H surface. The samples were further heated to 75 °C in
air for 5 min to remove the residual solvent. A thin PEDOT:
PSS layer with a thickness of 50 £+ 5 nm was deposited by a
simple drop-casting technique onto the SWCNT/a-Si:H. It
was heated on a hot plate in air at 160 °C for 10 min. A thin

strip of silver paste was marked at the edges on four sides,
forming an active HSC area of 0.3 cm?.

The back contact AZO was reached locally by wet che-
mical etching of both silicon layers (330 nm), using a 6 M
KOH solution. Prior to the etching, the samples were heated to
160 °C in air on a hot plate for 20 min. A small volume of 1 yl
KOH solution was drop-casted at the edge of the heated
samples of the a-Si:H structure. The chemical reaction occurred
immediately and the samples were removed from the hot plate
after 5s and then rinsed with deionized water. The samples
were flushed with nitrogen gas and then heated to 70 °C in air
for 5min to ensure water evaporation. AZO resistivity was
measured to be 16 Qcm. The completed architecture of the
SWCNT/a-Si:H solar cell device is shown in figure 1(b).

3. Results and discussion

3.1. Structural and chemical composition of SWCNT films

The pristine SWCNTs were dry-transferred from the nitro-
cellulose filter on a carbon-coated copper TEM grid and a
crystalline silicon wafer for structural characterization and
chemical composition analysis of the SWCNT films. The
morphology and crystallinity of the tubes can be clearly seen
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Figure 2. (a) TEM image of the SWCNT film; (b) XPS spectrum of the SWCNT film on a crystalline silicon wafer; (¢) deconvoluted Cls

XPS spectrum of the SWCNTs.

in a TEM image (figure 2(a)). Figure 2(b) shows the XPS
spectrum of the investigated SWCNT film deposited on the
silicon wafer. The spectrum mainly contains silicon, carbon,
oxygen and iron lines. The observed carbon spectrum
(figure 2(c)) is typical for sp2-carbon, as indicated by the
asymmetry of the main peak and the presence of the 7 — 7"
satellite in the binding energy region of about 290.5 eV. The
shape and position of the Fe2p XPS spectrum (figure 2(c)) are
typical for metallic iron.

The XPS spectra of the high resolution of the investi-
gated sample (figure 2(b)) were decomposed into compo-
nents. The concentration of the elements on the surface of the
sample and the corresponding types of coupling are given in
table 1.

Table 1. Elemental composition of the SWCNTs on a crystalline
silicon wafer.

Element content

Element (at%) Chemical bond

(e} 39

C 93.7 C—C (sp*), C—CF, C-0, 0=C
—0, C=0, C—C (sp?)

Si 2.1 Si-Si, SiO,

Fe 0.3 Fe®

3.2. Optoelectrical properties of SWCNT films

The pristine SWCNTSs appear as a homogenous porous ran-
dom network of bundles interconnected with each other, as
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Figure 3. Morphological SEM image of: (a) the randomly oriented pristine SWCNT films; (b) uniformly-coated composite film (PEDOT:

PSS—SWCNT film).

shown in figure 3(a). The SEM morphological image of
PEDOT:PSS-SWCNT (composite film) in figure 3(b) enables
the SWCNT network to retain its unique electrical and
mechanical properties. Pristine SWCNTs of various trans-
mittance values were characterized for thickness and sheet
resistance. Therefore, the calculated thickness for a film with
a transmittance of 7' = 90% was about 18 nm and the mea-
sured thickness from AFM was about 19 + 1 nm. They were
dry-transferred [24] on a cleaned micro glass slide
(1 x 1cm?) to measure the sheet resistance and thickness.
Figure 4 shows the dependence of the thickness and sheet
resistance on the transmittance at 550 nm. Since the trans-
mittance increased from 44.4% to 93.5%, the sheet resistance
increased from 45 + 2 to 360 + 2 /0 respectively. In
addition, a simple drop-cast of PEDOT:PSS (2 ul) on the
SWCNT film led to a decrease in the sheet resistance of
nearly one-half, to 23.4 & 3.0 and 187.2 & 4.0 Q/O for the
SWCNT films, with transmittances of 7 = 44.4% and
T = 93.5%, respectively. The values of the thickness, sheet
resistance, and transmittance for SWCNT films without and
with PEDOT:PSS are shown in table 2.

We used KPFM to better understand the decrease in the
sheet resistance of SWCNTs with PEDOT:PSS. Three sam-
ples of SWCNT films with different thicknesses (CNT10,
CNT20, and CNT100) were measured with and without
PEDOT:PSS. We also measured a single PEDOT:PSS film in
a separate measurement. The values of the work function
were calculated from KPFM surface potential measurements
for the pristine SWCNTs (4.50 £ 0.05eV), composite film
(4.95 + 0.05eV), and PEDOT:PSS (5.30 £ 0.05eV).

The decrease in the sheet resistance of the composite film
and the increase in its work function compared to the pristine
SWCNT film can account for the fact that the PEDOT:PSS
filled micropores in the film and, consequently, doped the
SWCNTs. As can be seen from figure 3(b), the surface of the
composite film is flat and the SWCNT bundled network
cannot be observed clearly from the top of the composite film.
This is confirmed by the AFM surface roughness measure-
ments, wherein the pristine SWCNT films showed an RMS
roughness of 20 nm, while the composite film RMS rough-
ness was 7 nm. The effect of SWCNT doping can be clearly

120 400
-~ SWCNT Thickness

] - -~ - SWONT Sheet resistance > 50
Emo_ N -3~ - SWCNT+PEDOT:PSS Sheet resistance +~ g
£ ’ ;. L300 &
2 80 x =
e - - 250 &
= —— =
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= T K s
- T o 150 2
Z ’ “‘xg"'* =
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Figure 4. Dependence of SWCNT film thickness and sheet resistance
on transmittance at 550 nm.

seen, as the work function of the composite film is higher than
that of the pristine SWCNTs. Although PEDOT:PSS is less
conductive and has a low carrier mobility, the continuous
SWCNT network serves as a carrier transport bridge due to its
high carrier mobility. Moreover, the net effect of conductivity
enhancement is observed to be more pronounced for thinner
SWCNT films with PEDOT:PSS, probably due to better
distribution of the conducting polymer in the network of
SWCNT bundles. This results in a homogeneous coating
along the thickness of thinner SWCNT films. This can be
observed from table 2, where CNT10 and CNT20 have
thicknesses similar to that of PEDOT:PSS, indicating pene-
tration of polymer through the SWCNTs, while CNT40,
CNT60, CNT80 and CNT100 have nearly the combined
thickness of the polymer and the SWCNTSs.

3.3. SWCNT/a-Si:H HSC—as prepared devices

The sketch of the fabricated SWCNT/a-Si HSC device
architecture is shown in figure 1(b). The cross-section SEM
image of the HSC (figure 5) clearly shows the individual
layers of back contact (AZO), n:a-Si:H (n-type), i:a-Si:H
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Table 2. Optoelectrical properties of SWCNT film and SWCNT film + PEDOT:PSS as a function of thickness (nm), transmittance (%), and

sheet resistance (2/0J).

SWCNT film
SWCNT film SWCNT film sheet resist- SWCNT film + PE- SWCNT film + PE- SWCNT film + PE-
Sample thickness, transmittance, ance, R; DOT:PSS thickness, DOT:PSS transmit- DOT:PSS sheet
name Th (nm) T (%) ©/0) Th (nm) tance, T (%) resistance, R, (§2/0J)
CNTI10 12 93.5 360 52 91.2 187.2
CNT20 19 84.1 280 61 82.3 145.6
CNT40 38 78.1 215 85 75.8 111.8
CNT60 57 64.8 110 104 62.4 57.2
CNTS80 76 50.7 85 124 48.1 44.2
CNT100 95 44.4 45 143 41.6 23.4
@) 10 Photo current - CNT100
~@-CNT80
SWCNTs+PEDOT:PSS 8 :g::jﬁ
~O~CN120

Figure 5. A cross-section SEM image of a SWCNT/a-Si HSC.

(intrinsic absorber layer), and SWCNT film with PEDOT:PSS
(p-type) stacked one above the other, forming a substrate
configuration nip structure. Neither the standard transparent
conducting layer nor the contact grid were fabricated on the
front side of HSCs.

The J-V characteristics of HSCs fabricated with pristine
SWCNTs of varying thicknesses (samples are named as CNT10,
CNT20, CNT40, CNT60, CNT80, and CNT100) are shown in
figure 6(a) and tabulated in table 3. We achieved a PCE of
n=274+03% with a fill factor (FF) of 41.5 + 3% for
CNT20. As shown in figure 5(a), a pristine SWCNT thickness
of 19 + 1 nm was found to be the best in combination with
PEDOT:PSS (50 + 5nm). We measured the short-circuit cur-
rent density (Jy.) of 7.9 + 0.1 mAcm > and the open-circuit
voltage (V,.) of 0.82 £ 0.04 V. While analyzing the dark state
curve shown in figure 6(a), we obtained the reverse saturation
current density of Jy = 6.05 £ 0.01 x 10 “mAcm ™2 the
shunt resistance of R, = 106.0 & 0.5 MQ /cmz, the series
resistance of Ry = 30 + 2 kQ2/ cmz, and the diode ideality factor
of n = 1.10 £ 0.05. The high shunt resistance value together
with a very low value of reverse saturation current density and
series resistance led to a high PCE of the SWCNT/a-Si:H
HSCs. For these measurements, the light was from the SWCNT
side. Moreover, during the analysis of the J-V parameters in
table 3, we found that the current density increased from
3.90 + 0.02mA cm > for CNTI0 to 7.9 + 0.l mAcm > for
CNT20; it then decreased for all the subsequent HSC devices
with thicker SWCNT films beyond 19 nm. The low current
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Figure 6. Characteristics of HSCs fabricated with SWCNT films of

different thicknesses: (a) J-V curves of photo and dark current
response for CNT20; (b) external quantum efficiency (EQE) spectra.
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Table 3. Comparison of J-V parameters: open-circuit voltage (V,.),
short-circuit current density (J,.), fill factor (FF), and power
conversion efficiency (1) of HSCs fabricated with SWCNT films of
different thicknesses.

Sample Name V. (V) J, (mA cm™2)  FF (%) n (%)
CNTI10 0.828 3.90 46.9 1.5
CNT20 0.820 7.90 41.5 2.7
CNT40 0.904 6.80 44.1 2.7
CNT60 0.896 5.90 52.3 2.8
CNTS80 0.860 5.70 454 2.6
CNT100 0.872 3.04 48.0 1.3

density for CNT10 can be explained by the high resistance of the
SWCNTs and PEDOT:PSS. A further increase in the thickness
of the SWCNT film beyond 19 nm with PEDOT:PSS yielded a
lower current density, induced by the decrease in transmittance
of SWCNT films. It must be taken into account that the back
reflection and the carrier collection on the back side were pro-
vided with only an AZO layer and not with a back metal contact.
This significantly reduced the cell efficiency. In addition,
figure 6(b) shows the experimental EQE spectra corresponding
to various SWCNT thicknesses in HSCs. It can be observed that
the EQE value decreased with an increase in the thickness of
SWCNT films, with a maximum EQE value of 42% at 514 nm
obtained for CNT20, exhibiting a strong blue response. This
might have been induced by lower absorption in the composite
film (p-layer) and reduced recombination at the a-Si:H/SWCNT
interface in comparison with any other SWCNT film thickness.
The current density is calculated from the EQE for the CNT20
film from the following equation [30]:

A2
JEE — g L | EQE®H N,

where the spectral photon flux with a range from 300 to 800 nm
is 7.1 & 0.1 mA cm ™2 The current density values from the J-V
curve and EQE closely match. Furthermore, it is interesting to
note that the line shape of the EQE curve does not change,
irrespective of the SWCNT film thickness. For CNT10, CNT40,
CNT60, and CNT80 the EQE dramatically decreases for
wavelengths shorter than 350 nm, indicating a strong surface
recombination at the i:a-Si:H/SWCNT interface. A sharp fall in
the EQE for all SWCNT film thicknesses beyond 700 nm can be
attributed to the a-Si:H energy gap (1.7eV). The spectral
behavior resembles the a-Si:H nip solar cells, indicating that the
photo generation process goes on mainly within the i:a-Si:H.
The high current density of CNT20 can also account for
the inherent Schottky behavior of SWCNTs due to metallic
and semiconducting tubes within its network. Semiconduct-
ing SWCNTs have a work function of 4.5 eV with a band gap
of 0.5eV [31] and metallic SWCNTs with a zero bandgap
[32] have a work function of nearly 5.0eV. On forming a
composite film with PEDOT:PSS, the SWCNT network is
doped, thereby increasing the work function of semi-
conducting SWCNTs. This is confirmed by the KPFM mea-
surements of the composite film with a work function of
4.95eV, which is close to the metallic SWCNTs’ work

function. When this composite film comes into contact with i:
a-Si:H (Fermi level position of 4.70 eV) [33], the Schottky
barrier is reduced across the a-Si:H/SWCNT interface. Fur-
ther, since the thickness of the SWCNT film increases beyond
19 nm, the transmittance decreases, which leads to a lower
absorption and the reduced photo-generated carriers in the i:a-
Si:H. In addition, as the SWCNT film thickness increases,
PEDOT:PSS is not evenly distributed along the thickness of
the SWCNTs. This possibly results in two recombination
centers at the SWCNTs/PEDOT:PSS and SWCNTs/a-Si:H
interfaces. Thus, the concentration of the generated hole
carriers is lower for CNT40, CNT60, CNT80, and CNT100. It
is worth mentioning that in our approach, the optimized
composite film of PEDOT:PSS and SWCNT not only
increases the effective contact area of a-Si by forming a
continuous heterojunction, but also stimulates the holes in
PEDOT:PSS to be transferred to the interconnected SWCNT
network, due to the higher charge carrier mobility and low
sheet resistance of SWCNTs along with their one-dimen-
sional axis [34, 35]. Thus, PEDOT:PSS and SWCNT together
facilitate the hole transport from a-Si [23]. Compared to all
the previously reported work [20-22], we made use of the
combined effect of SWCNTSs and PEDOT:PSS to attain better
and higher J-V characteristics of HSC. It is also the reason for
the state-of-the-art performance of the HSCs fabricated in
our work.

3.4. PMMA as an encapsulating and antireflective layer

PMMA was used to protect the device from any surface
modification under ambient conditions. PMMA has a trans-
mittance close to 100% over a wide wavelength, where a-Si:H
generates photo-induced carriers. The fabrication process
shown in figure 1 was modified and the last step of PMMA
drop-casting was added (figure 1(a)—step vi). A 2 ul quantity
of PMMA solution was drop-casted onto the fabricated
CNT20 device, so that the active area of the cell was uni-
formly coated. The device was placed on a hot plate at 90 °C
for 20 min to ensure solvent evaporation.

The thickness of the PMMA layer was measured to be
300 nm from the cross-section SEM image (figure 5). The J-V
characteristics comparison of the CNT20 HSC device both with
PMMA and without PMMA is shown in figure 7(a) and tabu-
lated in table 4. Compared to the values reported in section 3.3,
the sample CNT20 with PMMA attained 1 = 3.36 &+ 0.30%,
FF =418 +3%, J, =899 +010mAcm 2 and V, =
0.896 £ 0.040 V. An enhancement amounting to 10% was
observed with PMMA in PCE, J,., and V,,. The dark state curve
shown in figure 7(a) gives the reverse saturation current density
of Jo = 8.04 + 0.01 x 107*mA cm >, the shunt resistance of
R, =350+£1 MQ/cmz, the series resistance of R, =21 +
2 kQ/cmz, and a diode ideality factor of n = 1.06 £ 0.03, i.e.
close to the ideal diode factor, hinting at a reduced carrier
recombination. The EQE curves of CNT20 with and without
PMMA are shown in figure 7(b). The EQE value saturates at
47.1%, demonstrating an increase of almost 10% compared to
the device without PMMA. The EQE response is significantly
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Figure 7. Characteristics of HSCs fabricated with CNT20 sample:
(a) J-V curve comparison without Polymethylmethacrylate (PMMA)

and with PMMA for photo and dark current response; (b) EQE
spectra comparison without PMMA and with PMMA.

Table 4. Comparison of J-V parameters of HSC fabricated with
CNT20 sample without PMMA and with PMMA.

Conditions Voe V) Jse (mA cmfz) FF (%) 1 (%)
Without PMMA  0.820 7.90 41.5 2.704
With PMMA 0.896 8.99 41.8 3.360

enhanced for a wavelength range from 320 to 640 nm. A sharp
increase in the EQE value with PMMA, from 24% at 318 nm to
47% at 500 nm, indicates enhanced light absorption and photo
generation in the i-a-Si:H.
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Figure 8. Reflectance spectra of plain a-Si:H, HSC without PMMA,
HSC with PMMA, a-Si:H with PEDOT:PSS, and a-Si:H with
SWCNT film.

Furthermore, the use of PMMA as an antireflective
coating (ARC) has been a topic of interest, and several works
have focused on the use of a PMMA layer acting as a broad
band ARC over Si-CNT solar cells [36-38]. Hence, we car-
ried out diffuse reflectance measurements to test the effect of
PMMA as an ARC in our solar cell. The reflectance spectra of
plain a-Si:H, a-Si:H with SWCNTs, a-Si:H with PEDOT:PSS,
HSC without PMMA, and HSC with PMMA are shown in
figure 8. The a-Si:H surface with textures exhibits about 20%
minimum reflectance ranging from 500-800 nm. The reflec-
tion minima of the HSC without PMMA are slightly lower
than those of plain a-Si:H, at about 16% in the visible region.
The minimum reflectance of a-Si:H with PEDOT:PSS and
a-Si:H with SWCNTs is lower than that of plain a-Si:H and is
similar to the reflectance of HSC without PMMA.

Additionally, we can observe a red shift at wavelengths
corresponding to the maximum reflectance between
700-900 nm for HSC without PMMA. A similar observation
for C-Si was made by Fan er al wherein the red shift was
attributed to the increase in the thickness of a PEDOT:PSS-
CNT composite film when incorporating the CNT network
[15]. Therefore, the thickness of the PEDOT:PSS in the
composite film should be optimized to give rise to more
photo-generated carriers triggered by the increase in light
absorption of a-Si:H. Moreover, it is notable to see that the
incorporation of PEDOT:PSS and SWCNT film on an a-Si
surface reduces the reflectance. This is caused by the antire-
flection effect of PEDOT:PSS and SWCNTs. Further, HSC
with PMMA shows a reduction to about 4.5% reflectance in
the visible region. Consequently, PMMA as an effective ARC
increases the light trapping efficiency, producing more photo-
generated carriers and thus increasing the current density and
HSC efficiency.
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4. Conclusion

In this work, we demonstrate a low-cost and environmentally
friendly process technology for the fabrication of a SWCNT /a-
Si:H hybrid PV device that uses SWCNTSs with an enhanced
conductivity by PEDOT:PSS as a window layer and front
electrode. The dry transfer technique and drop-casting method
are fully compatible with roll-to-roll manufacturing in the future
market integration of low-cost flexible solar cells. A PCE of
2.7% is exhibited for such a thin film hybrid device. PMMA
incorporation reduces the reflection of the HSC fourfold and
enhances the short-circuit J,,. and PCE by nearly 10%. The state-
of-the-art performance, with a PCE of 3.4%, is recorded for this
HSC. This kind of HSC is promising for future fabrication of
low-cost flexible thin film CNT based HSCs.
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Synergistic Effect of Single-Walled Carbon Nanotubes
and PEDOT:PSS in Thin Film Amorphous Silicon Hybrid

Solar Cell

Alena K. Alekseeva, Pramod Mulbagal Rajanna,* Anton S. Anisimov, Oleg Sergeey,

Sergei Bereznev, and Albert G. Nasibulin*

We propose a simple fabrication method of thin film hybrid solar cells by

combining single-walled carbon nanotubes (SWCNTs) and poly(3,4-ethylene-
dioxythiophene) polystyrene sulfonate (PEDOT:PSS) with hydrogenated amor-
phous silicon (a-Si:H). Electrically conductive polymer PEDOT:PSS introduced

makes them compatible with roll-to-roll
manufacturing and flexible device concept.
Solar cells based on hydrogenated amor-
phous silicon (a-Si:H) usually have either p-
i-n or n-i-p architecture. The presence of
intrinsic layer is essential for extended

in a randomly oriented network of SWCNTs forms a coupled continuous
heterojunction between PEDOT:PSS-SWCNT and a-Si:H. We fabricated and
compared the performance of SWCNT/a-Si:H, PEDOT:PSS/a-Si:H and
PEDOT:PSS-SWCNT/a-Si:H solar cells. The PEDOT:PSS-SWCNT/a-Si:H solar
cells resulted to have an efficiency of 1.6% with state-of-the-art fill factor and

open circuit voltage of 54% and 0.803 V, respectively.

1. Introduction

Under current development of solar cells, thin film technology
with minimum material consumption allows fabrication of low
cost devices. Amorphous silicon (a-Si) is promising material due
to its unique mechanical, electrical and optical properties, which
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electric field at the origin of photo-genera-
tion between the p- and n-layers. This
assists in carrier travel and immediate
separation of electrons and holes to avoid
recombination due to extremely short
travel distances caused by shorter lifetime
of photo-generated carriers in a-Si:H.
Typically in a-Si:H thin film, the p-doped
layer is obtained by plasma enhanced
chemical vapor deposition of gas mixture
containing toxic diborane (B,Hg) gas at
relatively high temperature.

An alternative to replace p-a-Si:H layer is a SWCNT
film. Exposed to air, SWCNTs absorb oxygen and becomes p-
type semiconductor.? The optoelectrical, chemical and
mechanical properties of SWCNTs make them applicable in
solar cells as a p-layer.*® SWCNT films on a contact with i-a-Si:
H layer form heterojunction. It is important to have a
continuous contact between SWCNTs and a-Si:H for an
optimum charge transfer. If otherwise, it results in a very
high resistance at the SWCNT/a-Si:H interface and extremely
poor J-V characteristics. Several studies have reported hybrid
solar cells based on amorphous silicon with SWCNTs
exhibiting poor J-V characteristics, where fill factor (FF) and
open circuit voltage (Voc) equals only to 20% and 0.35 ;') 19%
and 0.5 V,[*% 28% and 0.3 v, respectively.

In this paper, in order to obtain heterojunctions with
continuous contact between SWCNT and a-Si:H we introduced
an electrically conductive polymer poly(3,4-ethylenedioxythio-
phene) polystyrene sulfonate (PEDOT:PSS) in the SWCNT films.
We compared the photovoltaic performance of SWCNT/a-Si:H,
PEDOT:PSS/a-Si:H and PEDOT:PSS-SWCNT/a-Si:H solar cells.
The combination of SWCNTs and PEDOT:PSS have better J-V/
performance with the state-of-the-art performance of FF =54%
and V,.=0.803V for such type of devices.

2. Experimental Section

In the current study three types of solar cells were fabricated at
the same conditions: SWCNT/a-Si:H, PEDOT:PSS/a-Si:H and

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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PEDOT:PSS-SWCNT/a-Si:H. The fabrication process of the
hybrid devices are as described. Al:ZnO, used as a back contact,
was deposited on the glass substrates by sputtering. Plasma
enhanced chemical vapor deposition (PECVD) with silane
(SiHy4), hydrogen (H,) and phosphine (PHj;) was used for
deposition of n-doped (30 nm thickness) and intrinsic (250 nm
thickness) layers of hydrogenated amorphous silicon on top of
the Al:ZnO. In order to open the back contact, 6M of KOH
aqueous solution was drop-casted on top of the a-Si:H layers. The
speed of chemical reaction of KOH with a-Si:H was increased by
heating the substrates up to 160°C on the hot plate. After 5s,
KOH was removed with distilled water. The obtained resistivity
of the back contact was around 17 ohms-cm. Subsequently,
natural oxide layer on a-Si:H was removed by HF vapor
treatment for 10s.

SWCNTs were synthesized by an aerosol chemical vapor
deposition method described elsewhere.">"*) SWCNT films
collected on a nitrocellulose filter at the outlet of the reactor are a
mixture of metallic and semiconducting nanotubes, which
exposed to air, demonstrates p-type conductivity. Thickness of
the film was controlled by the collection time. SWCNT films with
thickness of 60 nm were deposited on i-a-Si:H films using dry
deposition method.[1*1°]

An electrically conductive PEDOT:PSS polymer, was chosen
for application in SWCNT/i-a-Si:H heterojunction due to its high
hole mobility and environmental stability. PEDOT:PSS was spin
coated on top of the SWCNT/i-a-Si:H structures for 90s at
3000rpm with an acceleration speed of 800rpms™" from the
mixture of aqueous suspension of 5ml PEDOT:PSS (1.3wt.%
Sigma—Aldrich) with glycerine, N-methylpyrrolidone and iso-
propanol (IPA) in a ratio of 1:2:19 respectively.

Lastly, to evaporate residues from the solvent and to activate
the acceptor states of the polymer!'® the devices were annealed
on the hot plate at a temperature of 160°C for 10min.
Subsequent to annealing rectangular shaped front contacts were
made at the edges out of silver paste on top of the structure. To
harden the front contacts the devices were annealed at 160° C for
Smin on the hot plate. The active area of the solar cells was
around 0.5 cm?. The schematic structure of the completed device
is shown in Figure 1(a).

The current density—voltage (J-V) characteristics, which
determine the performance of the fabricated solar cells, were
obtained by a source-measure unit Keithley 2400 in a solar
simulator Newport Corporation, Oriel Sol3A Class AAA (AM

www.pss-b.com

1.5G illumination, intensity 100 mW cm ™2, temperature 25 °C).

The external quantum efficiency (EQE) of the hybrid solar cells
was measured using spectral response measurement system
Bentham PVE300. The cross-section of PEDOT:PSS-SWCNT/a-
Si solar cell was explored with Carl Zeiss NEON 40 EsB field
emission SEM combining GEMINI lens design with an
advanced Canion FIB column (equipped with Gallium liquid
metal ion source). Prior to investigation, the sample was coated
with thin metal contrast layer. The cross-section was formed with
focused ion beam at 2 pA emission current, 30kV acceleration
voltage and 10nA of milling current. Multi-step polishing was
performed at milling currents from 200 to 20 pA. The SEM
image was obtained at 20kV acceleration voltage using in-lens
secondary electron detectors. The work function was measured
using Kelvin Probe Force Microscopy from Asylum Research —
Cypher ES. Figure 1(b) show the cross-section SEM image.

3. Results and Discussion

The current density-voltage (J-V) characteristics of the three
types of hybrid solar cells: PEDOT:PSS-SWCNT/a-Si:H, PEDOT:
PSS/a-Si:H and SWCNT/a-Si:H were measured in the dark
(Figure 2a) and under illumination (Figure 2b) with inset of a
fabricated hybrid solar cell. We hereby clarify that only the best
working cells are reported here for each of the three types of
hybrid solar cells. The J-V characteristics measured in the dark
clearly reveals the diode properties for all the three types of
hybrid solar cells. Analyzing the dark J-V curve for all three types
of solar cells, PEDOT:PSS-SWCNT/a-Si:H solar cell exhibits a
higher reverse saturation current density (J,) than the other two
solar cells, while the shunt resistance (R,), series resistance (R;)
and diode ideality factor (n) are nearly the same. The calculated
values for PEDOT:PSS-SWCNT/a-Si:H solar cell are respectively
Jo=340£0.01x10 *mAcm >,  R,=75.0+£0.5MQcm-?,
R;=30.0+0.5 kQcm™?, and n=1.050.05.

The J-V curve shifts under illumination showing a typical
photovoltaic behavior for all the three hybrid solar cells.
However, solar cell with PEDOT:PSS-SWCNT and a-Si:H
shows more desirable -V characteristics than those with only
PEDOT:PSS or SWCNT film. The PEDOT:PSS-SWCNT/a-Si:H
solar cell exhibits a better performance: a short-circuit current-
density of J,c =3.56+0.10mA cm ™2, an open-circuit voltage of
Voc=0.803+0.003V, a fill factor of FF=54+3% and a

(b)

SWCNTs
PEDOT:PSS

100 nm

Figure 1. (a) Fabricated PEDOT:PSS-SWCNT/a-Si:H solar cell; (b) cross-section SEM image of a PEDOT:PSS-SWCNT/a-Si:H solar cell.
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Figure 2. (a) Dark and (b) photo J-V characteristics of PEDOT:PSS-SWCNT/a-Si:H, PEDOT:PSS/a-Si:H and SWCNT/a-Si:H hybrid solar cells, with inset
of a fabricated PEDOT:PSS-CNT/a-Si hybrid solar cell. (c) EQE spectrum; (d) schematic band diagram of the fabricated devices with the band offset at

PEDOT:PSS/i-a-Si:H marked in red.

efficiency of n=1.57 £0.03%. Whereas, for the PEDOT:PSS/a-
Si:H and SWCNT/a-Si:H solar cells J;. equal to 3.03+0.10 and
2.80+£0.10mAcm 2, V,. equal to 0.71040.003 and
0.700 +0.003 V, FF equal to 40.4+3.0% and 45.2 +3.0%, and
1 equal to 1.03 +0.03% and 1.10 + 0.03%, respectively (Table 1).
It is worth noting that fill factor and open circuit voltage of
PEDOT:PSS-SWCNT/a-Si:H hybrid solar cell is found to be the
state-of-the-art exceeding previously reported amorphous
silicon hybrid solar cells using either SWCNTs or conductive
polymer.®"*17-2% This can be explained by the introduction of

Table 1. J-V parameters of the fabricated solar cells: open-circuit
voltage (V,(), short-circuit current density (Js.), fill factor (FF), and
power conversion efficiency (n).

Sample name Voo (V) Jsc (MAcm™?) FF (%) n (%)
PEDOT:PSS-SWCNT/a-Si:H 0.803 3.56 54.0 1.57
PEDOT:PSS/a-Si:H 0.710 3.03 40.4 1.03
SWCNT/a-Si:H 0.700 2.80 452 1.10
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PEDOT:PSS which fills the micropores of SWCNT film and
forms continuous contact with i-a-Si:H. This leads to the
formation of coupled heterojunctions between SWCNT/i-a-Si:H
and PEDOT:PSS/i-a-Si:H rather than a usual single-hetero-
junction between SWCNT/i-a-Si:H as has been previously
reported. Thus, in the PEDOT:PSS-SWCNT/i-a-Si:H solar cell,
beyond the heterojunctions formed by PEDOT:PSS and SWCNT
individually, their combined effect is more important. As shown
in Figure 2 (d), the work function of SWCNT film, PEDOT:PSS
and PEDOT:PSS-SWCNT composite film are 4.6, 5.2, and
4.85eV, respectively. The i-a-Si:H Fermi level position and
mobility gap is taken from the literature.””! The HOMO-LUMO
gap of the PEDOT:PSS is estimated to be 1.5eV.*? The Fermi
level offset between the PEDOT:PSS-SWCNT composite film
produces a built-in voltage (Vi) of about 0.7V, which is larger
than that of a SWCNT network and PEDOT:PSS individually.
The estimated Vj,; is close to the measured V,. of PEDOT:PSS-
SWCNT/i-a-Si:H and SWCNT/i-a-Si:H solar cells. Moreover, the
high V, in PEDOT:PSS/i-a-Si:H solar cell can be attributed to
the high band gap of PEDOT:PSS, while the lower FF is possibly

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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due to the high resistivity of PEDOT:PSS film and stronger
recombination near the V. A similar observation for C-Si has been
reported by Hu et al. for PEDOT:PSS/Si nanowire hybrid solar cell.”?!

External quantum efficiency (EQE) measurements of all the
three types of hybrid solar cells are shown in Figure 2(c). EQE
spectrum for PEDOT:PSS-SWCNT/a-Si:H shows a higher EQE
saturation value of 24% than the other two solar cells. Additionally,
for SWCNT/a-Si:H solar cell shows a strong blue-shift which can
be due to the strong absorbance of SWCNTs. However, all three
EQE spectrums of the hybrid solar cells resembles to the standard
a-Si:H solar cell in a wavelength of 300-800 nm. The current
density from EQE and J-V curve are in close match for all three
solar cells. The sharp decrease in the EQE beyond 700 nm can be
attributed to the a-Si:H mobility gap (1.7 eV).

Combining the J-V parameters and EQE, the following
analysis was made. The fabricated solar cell of PEDOT:PSS-
SWCNT/a-Si:H exhibits the state-of-the-art fill factor and open
circuit voltage; while the current density is lower due to an
increased absorption of incident photons at the PEDOT:PSS-
SWCNT layer (p-layer). Hence, the p-layer needs to be optimized
in order to increase absorption and photo-generation of charge
carriers in the i-a-Si:H. This potentially will lead to a higher
photo-generated current density and efficiency.

4. Conclusion

We presented the fabrication method of a hybrid thin film
amorphous silicon solar cell with p-layer from a combination of
PEDOT:PSS and SWCNTs. The micropores in the SWCNTs were
filled by PEDOT:PSS providing a continuous junction of the
PEDOT:PSS-SWCNT mixture with a-Si:H. We exploited the
synergistic effect of combination of PEDOT:PSS with SWCNTs
on the properties of solar cells. We fabricated a PEDOT:PSS-
SWCNT/a-Si:H hybrid solar cell with a state-of-the-art FF = 54%
and V,.=0.803V, based on analysis of three types of solar cells
fabricated under the same conditions. The efficiency of the as-
designed PEDOT:PSS-SWCNT/a-Si:H solar cell is 1.6%, which
has been enhanced by about 31% and 38% in comparison to the
SWCNT/a-Si:H (1.1%) and PEDOT:PSS/a-Si:H (1%) solar cell
fabricated using the same materials, respectively. Our current
approach with the proposed materials makes the cells compatible
to a roll-to-roll manufacturing process and allows utilizing them
for flexible applications.
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ARTICLE INFO ABSTRACT

Keywords: Transparent electrodes are of great importance in electronics and energy technologies. At present, transparent

Transparent p-type electrode conductive oxides are mainly n-type conductors dominating the market and have restricted the technological

FFe’“ble advancements. Single-walled carbon nanotubes (SWCNTs) have recently emerged as promising p-type trans-

Single-walled carbon nanotubes . . . ™, .. o s

c it parent conductor owing to their superior hole mobility, conductivity, transparency, flexibility and possibility to
omposite

tune the work function. Here, we develop a novel rational design of p-type flexible transparent conductive film
(TCF) based on SWCNTs combined with poly (3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS),
molybdenum oxide and SWCNT fibers. In a configuration of SWCNTs-MoO3-PEDOT:PSS/SWCNT fibers, we
achieved a record equivalent sheet resistance of 17 Q/sq with a transmittance of 90% at 550 nm and a high
degree of flexibility. We demonstrate that our solar cells developed on the basis of the proposed electrode and
hydrogenated amorphous silicon (a-Si:H) yield an outstanding short-circuit current density of J; =15.03 mA/
cm? and a record power conversion efficiency of PCE = 8.8% for SWCNTSs/a-Si:H hybrid solar cells. We anticipate
that this novel rationally designed p-type TCF opens a new avenue in widespread energy technologies, where
high hole conductivity and transparency of the material are prerequisites for their successful implementation.

Hybrid thin film solar cells

1. Introduction have been near to successful in terms of transparency, conductivity and

hole mobility. Thus, carbon nanotube networks especially based on

In last decades, transparent electrodes have played a key role in the
scientific and technological development [1,2]. They are capable to
simultaneously transmit light and conduct electrical current [1].
Currently, transparent conductive oxides, that make up the majority of
transparent electrodes and are employed in practically all modern de-
vices, are mainly degenerated n-type conductors [2]. An extensive
research to find effective p-type conductors is being widely carried out
starting with CuAlO, by Kawazoe et al. to perovskites [2-4]. Their
successful implementation might help achieve many technological ad-
vancements, e.g. in bifacial and multijunction solar cells and
water-splitting devices that require both p- and n-type transparent
electrodes [2,5,6]. However, none of the efforts for p-type electrodes
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single-walled carbon nanotubes (SWCNTs) [7-9], conductive polymer
films like PEDOT:PSS [10-12], and transition metal oxides [13-20] have
recently emerged as alternative promising p-type transparent conduc-
tors owing to superior optical and electrical characteristics.

The unique optoelectronic properties of SWCNTs are attracting
extensive research efforts from the scientific community in different
fields [7]. Over the last decade, enormous interest was devoted to the
development of SWCNTs as transparent conductive film in versatile
applications e.g photovoltaics, optoelectronic, and photodetection [7,
21-29]. SWCNTs have recently achieved sheet resistance values below
100 ©/sq with a transmittance of 90% in the middle of visible spectrum
(550 nm) [30-32], which make randomly oriented p-doped SWCNT
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films a promising alternative to replace widespread transparent con-
ducting oxides. However, the SWCNT electrical conductivity, which is
already close to the fundamental limit in a single-element configuration
[301, is still a bottleneck for real applications [3,17,27]. The integration
of a wire network as efficient transparent and conductive electrode
places a prominent challenge in terms of obtaining sufficiently long, thin
nanotubes with smooth surfaces as well as realization of firm contact at
the heterointerface with other semiconductor materials [1,22,33]. To
this end, poly (3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS) has emerged as a cost-effective and industrial compatible
conductive polymer that has showed high integration performance with
SWCNTs owing to its high conductivity, transparency, and mobility
[34-36]. Moreover, the use of transition metal oxide as carrier selective
contact has induced a great deal of interest in recent years [14-17,19,
37]. Interestingly, molybdenum oxide (MoO3) which acts as a metal
with high workfunction is considered to be a preferential
multi-dimensional material with great asset as efficient hole transport
layer, carrier dopant to SWCNTs and PEDOT:PSS and importantly also as
an antireflection layer in various photovoltaics technologies [14-19,
37-39]. Further development of p-type transparent conductors based on
SWCNTSs requires not only effective and stable dopant molecules, but
also a rational design. To this end we introduce the concept of a
multilayered unified combination of films with conductive polymers and
transition metal oxides.

In this study, we present a novel approach of constructing a multi-
component composite that combines SWCNT films and fibers, PEDOT:
PSS and MoOg3 as components of an effective flexible and transparent p-
type conductor in the configuration of SWCNTs-MoOs-PEDOT:PSS/
SWCNT fibers measuring a record equivalent sheet resistance (Rg) of
17 Q/sq with a transmittance of 90% at 550 nm. The developed TCF
displays a high degree of mechanical flexibility with < 5% change in
resistance. Such configuration allows the creation of both an effective
window layer and charge transport medium in high-performance solid-
state hybrid solar cells. We demonstrate the effectiveness of developed
TCF by integrating on a-Si:H absorber yielding an outstanding short-
circuit current density (Jy) of 15.03 mA/cm? and record PCE up to
8.8% for SWCNTs/a-Si:H hybrid structures. This is an effective 16%
improvement over a conventional n-i-p configured solar cell. Based on a
set of characterization techniques and numerical simulation, we reveal
the optoelectronic properties governing the device performance and
explain the related fundamental mechanism of our developed multi-
functional layers as p-type TCF. The outstanding performance of the as
fabricated SWCNT/a-Si:H hybrid solar cell using TCF verifies its validity
and broadens the horizon for the application of our novel p-type elec-
trode in varied and versatile new energy technologies.

2. Methods
2.1. TCF and solar cell fabrication

2.1.1. Materials

The SWCNT films were synthesized by means of aerosol chemical
vapor deposition (CVD) method as described in details elsewhere [9,40,
41]. The synthesized material was confirmed to be single walled carbon
nanotubes by transmission electron microscopy (TEM) as shown in the
Supplementary Information Fig. S1. The doping of SWCNT films was
performed using spin-casting of a 15mM chloroauric acid (HAuCly)
solution in ethanol [31]. Thin MoOs3 interlayers of about 4 nm were
deposited using thermal evaporation technique in vacuum at room
temperature. Furthermore, SWCNTs-PEDOT:PSS composite was formed
by spin-casting of an electrically conductive PEDOT:PSS on SWCNT
films from the pre-mix of commercially available 5ml PEDOT:PSS
(1.3 wt%) aqueous suspension with 120pul of glycerin, 250 pl of
N-methylpyrrolidone and 6.25 ml of isopropyl alcohol (IPA) [36]. 4 wt%
polymethylmethacrylate (PMMA) solution in anisole was spin-casted on
SWCNT fibers to form the anti-reflective layer [36].
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2.1.2. SWCNT fibers

To utilize the exceptional electrical properties of SWCNTs, the
original films were transformed to form self-similar top fiber electrodes.
SWCNT films were dry-transferred onto a cleaned glass surface. A drop
of isopropanol (IPA) was drop-casted on the SWCNT films. The wet film
was carefully lifted to make long and narrow SWCNT fibers [42]. Sol-
vent evaporation shrinks the film into a dense fiber (fabrication process
is shown in Fig. 1a-d) with a width of 60-100 pm after being placed on
top of SWCNTs-MoO3-PEDOT:PSS composite film in a wet-state as
shown in Fig. 1e and f. SWCNTs utilized for fibers and films were syn-
thesized at the same conditions. Then the wet fiber was placed onto the
composite surface and dried to make a conformal contact to the un-
derlying SWCNTs-MoO3-PEDOT:PSS composite film as seen from Fig. le
and f. This flattened shape builds a strong van der Waals interaction
between the SWCNT fibers and the composite film, induced by their
self-similar structure, thereby completing the TCF.

2.1.3. Solar cell fabrication

For the solar cell fabrication, we used 10 x 10 cm? commercial glass
substrates coated with 700 nm textured aluminum doped zinc oxide
(AZO) as back contact. Both n-doped a-Si:H layer and intrinsic i-a-Si:H
absorber were grown consequently over AZO layer in a multichamber
plasma enhanced CVD system von Ardenne CS-400PS at 13.56 MHz [43,
44). After that the substrate was cut into 2.5 x 2.5cm? individual
samples for device fabrication. SWCNTs film and fiber top electrodes on
a-Si:H (i) define the working area (1cm?) of individual cells. The
reference sample was fabricated with conventional 10 nm p-a-Si window
layer and 90nm indium tin oxide (ITO) front electrode. The
SWCNTs/a-Si:H hybrid solar cells were fabricated as described in detail
previously [36]. In brief, partially fabricated a-Si:H thin film solar cells
till intrinsic layer were utilized. Ultra-thin MoOs (4 nm) was thermally
evaporated on a-Si:H (i). Different configurations of developed TCFs
(TCF1, TCF2. TCF3 and TCF4) were deposited on MoO3 under ambient
conditions as p-type window layer and front electrode to complete the
device architecture as shown in Fig. 1. Cross-section scanning electron
microscopy (SEM) image of the fabricated device is shown in Supple-
mentary Fig. S2.

2.2. TCF and solar cell characterization

High resolution scanning electron microscope (HR-SEM Zeiss
Merlin) was used for surface morphology, thickness and cross-section of
TCFs, solar cells and SWCNT fibers. Optical measurements were carried
on Bentham PVE300 in the visible range from 300 to 800 nm [36]. The
sheet resistance (R;) of the samples was measured by a linear four-probe
method (with a distance of 1 mm between the probes) using Jandel
RM3000 test unit which served as a current source and digital voltmeter.
For a qualitative comparison of TCF characteristics with different
transmittances, we utilized an equivalent sheet resistance (Rgp) calcu-
lated for a transmittance of 90% at 550nm (Tss9) with Rgp=
1/(K -log10(10 /9)), where K = 1/(R;.Asso) = log10(Tss0)/Rs is a figure of
merit of TCF. Conductivity, 6, was calculated from ¢ = R,/t, where t is
the thickness [40].

The solar cells were characterized by J-V measurements under
standard test conditions (100 mW crn’z, 25 °C) using an AAA Class solar
simulator with an AM1.5G filter [36]. Furthermore, spectral response
measurements, external quantum efficiency (EQE), of the single junction
solar cells were conducted using a monochromator in the wavelength
range between 300 and 800 nm [36].

2.3. Numerical simulations

In order to elucidate the physical mechanism of different TCF con-
figurations and to gain fundamental understanding of their integration
in n-i-p solar cells, we performed numerical simulations using AFORS-
HET (automat for simulation of heterostructures) software [45]. The
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PEDOT:PSS-MoOj;-
SWCNT film

PEDOT:PSS-MoO,-SWCN flm.
200 nm

Fig. 1. SWCNT fiber fabrication process using wet-pulling technique: (a) Dry transferred SWCNT film on glass surface; (b) Drop-casting of isopropyl alcohol (IPA);
(c) Self-shrinking of SWCNT film; (d) SWCNT fiber formation under the IPA evaporation; (e) Solar cell architecture with newly developed transparent electrode TCF4
(from bottom to top): Glass/Al:ZnO/a-Si:H (n)/a-Si:H (i)/MoO3/SWCNT doped-MoO3-PEDOT:PSS/SWCNT fibers doped/PMMA; (f) SEM images of SWCNT fibers
showing a cross point of two fibers on a cell surface, the PEDOT:PSS-MoO3z-doped SWCNTs composite film and good contact between the composite film and fiber
crossed on the cell surface uniformly; (g) Fabricated solar cells (with and without PMMA) exposed to sun showing the anti-reflective effect with PMMA coating; and
(h) Photograph of the fabricated solar cell on a-Si using developed TCF showing its transparency.

simulation program includes various possibilities of modelling hetero-
junction solar cells and standard methods for determining characteris-
tics. The general principles of modelling solar cells are based on solving
semiconductor equations as in Poisson’s, transport and continuity
equations for charge carriers [46].

The adopted electrical parameter set is presented in Supplementary
Table S1 based on our previous characteristics [36] and relevant refer-
ences [31,47-51]. The optical refractive index and extinction coefficient
data were implemented on the basis of ellipsometry measurements [52].
Moreover, the optical properties, mainly external and internal re-
flections on the front and rear electrode, were taken in account ac-
cording to the cell configuration. The band diagram was plotted in the
equilibrium calculation mode. The J-V curves were extracted at
steady-state DC mode under spectral radiation AM1.5 at ambient tem-
perature. The spectral response was computed using a monochromatic
excitation photon flux of 10'®cm™2s™! in the wavelength range be-
tween 300 and 800 nm.

3. Results
3.1. Opto-electrical and mechanical properties of TCF components

3.1.1. Opto-electrical properties of SWCNT films, SWCNT fibers and TCF

All the ingredients utilized to compose the p-type multilayer TCFs
are listed in Table 1. SWCNT films were created using a dry-transfer
technique [40], SWCNT fibers were wet pulled from the film as
described above. For doping of the SWCNT films and fibers, we used a
HAuCly ethanol solution. PEDOT:PSS layer was deposited onto SWCNT
by spin-casting technique. MoO3 was deposited by thermal evaporation
method. The layer of PMMA was spin casted on the surface of SWCNTs

fibers.

The surface morphologies of the pristine SWCNT, MoO3-SWCNT,
SWCNTs-MoO3-PEDOT:PSS and SWCNTs doped -MoOs3-PEDOT:PSS
films are shown in Fig. 2a-d. When deposited onto porous SWCNTs,
PEDOT:PSS impregnates the film, which leads to the formation of a
homogeneous composite material with a smooth surface. Each succes-
sive component added to the composite affected both optical and elec-
trical properties as shown in Table 1. The original SWCNT films we used
had a transmittance of 87% at 550 nm (Fig. 2e), whereas that of the fiber
shrunk from the same SWCNT film was much lower (~2.0%). The
reason for the difference is that during the process of being picked up
and layed down, the film condensed into a narrow dense fiber with
overlapped nanotube bundles and most of the incident light would be
depleted (Fig. 2). Also, for comparison, the optical transmission of pol-
ymethylmethacrylate (PMMA), doped SWCNT film and fiber, SWCNT-
MoO3 and different TCFs (TCF1, TCF2, TCF3 and TCF4 as in Table 1) are
shown in Fig. 2. The conductivity (¢ in S cm™!) of the SWCNT film and
SWCNT fiber was 0.15+0.02Scm ' and 62.00+7.20Scem ™ respec-
tively, demonstrating the excellent conductivity of the SWCNT fiber.
While the doped SWCNT films and SWCNT fibers showed a substantial
increase in the conductivity to 0.51-0.06Scm™! and
100.00 +11.60 S cm ™, respectively. The equivalent sheet resistance (at
a transmittance of 90%) [53] of pristine SWCNT film was 364 Q/sq.
Doping of the SWCNT film by HAuCl reduced the transmittance value
by 2.6%, but also decreased the equivalent sheet resistance to 104 Q/sq.
Similarly, spin casting of PEDOT:PSS on top of the SWCNTs led to a
decrease of both transmittance and sheet resistance of the resulted film.
A composite structure containing doped SWCNTs, MoO3 and PEDOT:
PSS revealed a transmittance of 81.2% with an equivalent sheet resis-
tance of 65 Q/sq. The enhancement of the optoelectrical properties was



P.M. Rajanna et al.

Table 1

Description and comparison of transmittance (%), conductivity, ¢ (S cm 1),
sheet resistance R (©/sq) and equivalent sheet resistance Rgg (/sq) of pristine
SWCNT film, doped SWCNT film, SWCNT-MoO3, SWCNT-PEDOT:PSS, SWCNT-
MoO3-PEDOT:PSS, SWCNT doped-MoO3-PEDOT:PSS, SWCNT fiber, doped
SWCNT fiber, TCF1, TCF2, TCF3 and TCF4.

Sample Structure T o (S crn’l) Rqh (Q/5q) Roo
Name description (%) (Q/sq)
SWCNT Thin film of 86.6 0.15+0.02 128 5.0 364
film SWCNTs
Doped Spin-casting of 84.0 0.51+0.06 37+£2.0 104
SWCNT HAuCl4 on SWCNT
film film.
SWCNT- Thermal 86.2  0.21+0.02 112+3.0 312
MoO3 evaporation of
MoO3 on SWCNT
film.
SWCNT- Spin-casting of 84.6  0.59+0.07 76 +3.5 205
PEDOT: PEDOT:PSS
PSS
SWCNT- Composite structure 83.8 1.00+0.11 49+2.2 123
MoOs3-
PEDOT:
PSS
SWCNT CNT doped 81.2 1.82+0.20 27+1.1 65
doped- composite structure
MoOs3-
PEDOT:
PSS
SWCNT Narrow fibers from 2.0 62.00+7.20 - -
fiber SWCNT film
Doped Fibers doped with 1.9 100.0+11.6 - -
SWCNT  HAuCl,
fiber
TCF1 SWCNTs-PEDOT: 78.9 12.42+1.37 12.0+0.8 28
PSS/SWCNT fibers
TCF2 SWCNTs-MoOs- 787 1490+1.64 10.0+0.4 22
PEDOT:PSS/
SWCNT fibers
TCF3 SWCNTs doped 76.3 24.83+273 6.0+0.3 17
with
HAuCl4~MoO3-
PEDOT:PSS/
SWCNT fibers
doped with HAuCl,4
TCF4 SWCNTs doped 76.3 24.83+2.73 6.0+0.3 17
with
HAuCl4-MoO3-
PEDOT:PSS/
SWCNT fibers
doped/PMMA

observed after SWCNT fibers were added on top of the composite (in a 3
bus bar (3BB) configuration with a distance between parallel fibers of
3mm as shown in Figs. 1 and 2f), lowering the equivalent sheet resis-
tance to 28 Q/sq for the non-doped stack SWCNTs-PEDOT:PSS/SWCNT
fibers (TCF1). This highlights that SWCNT fibers can also be substituted
for traditional metal contacts owing to its high conductivity and simple
deposition process as demonstrated here. The deposition of MoO3 on the
SWCNT surface (TCF2) before adding PEDOT:PSS dropped the value to
22Q/sq. A record equivalent sheet resistance of 17 Q/sq was achieved
for a complete structure consisting of HAuCl, doped SWCNTs with MoO3
and PEDOT:PSS covered by doped SWCNT fibers (TCF3). To the best of
our knowledge, this is the state-of-the-art equivalent sheet resistance for
a transparent electrode based on randomly oriented SWCNT films and
for any transparent p-type conductors [3].

3.1.2. Mechanical properties of TCF

The developed transparent p-type conductor showed a high degree of
mechanical flexibility. The TCF3 on a polyimide (PI) substrate was
subjected to 50 000 bending cycles (at bending angles of 20°, 45°, 90°
and 180°, which corresponded to radii of curvature of 10, 6.5, 4.5 and
1.6 mm™1). The resistance of the electrodes increased to 0.65-5.15%,
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respectively, and became stable after 23 000-40 000 cycles as shown in
Fig. 2g and Supplementary Fig. S3.

3.2. Application of developed TCF in hybrid solar cell

To prove the applicability of the developed TCFs, we tested the
material as a p-type window layer and a front electrode in hybrid solar
cells based on amorphous silicon (the fabricated device picture and the
schematics are shown in Fig. 1a-d). Recently, we have reported hybrid
solar cells using SWCNT film and a-Si:H [35,36], revealing that the
intrinsic absorber layer of the solar cells had a poor contact with
SWCNTs deposited on top, which could be improved by impregnating
the tubes with conductive polymer [35,36]. Furthermore, for better
extraction of charge carriers and alignment of bands in the solar cell
layers, we added a supplemental ultra-thin MoOg3 layer on the a-Si:H(i)
surface as both passivation buffer layer and high work function hole
selective contact. Experimental and numerical simulation (Supplemen-
tary Table S1) of the J-V characteristics of four different cell types under
AM 1.5 conditions are shown in Figs. 3 and S4 (J-V parameters tabulated
in Supplementary Table S2). Typical photovoltaic behavior was
observed for all types with good correlation between experiment and
simulation. The TCF1 solar cell J-V curve exhibited S-shape behavior
with improved short-circuit current density of J,=11.93 mA em 2
compared to solar cell without MoOs (Supplementary Fig. S5a),
open-circuit voltage of V,.=0.795V, and fill factor of FF=41.3%,
resulting in PCE = 3.9%. This highlights that the ultra-thin MoOj3 layer
with a high work-function compared to the valence band energy of the
a-Si:H absorber (5.6 eV) [47] reduces the barrier between TCF1 and a-Si:
H and induces band bending of TCF1 thereby increasing the hole density
in the vicinity of the TCF1/MoO3/a-Si layer (Fig. 4a). The resulting
asymmetry between the hole and electron conductivity [17] in
TCF/Mo0Qs3/a-Si increases the extraction of holes from a-Si:H absorber.

Subsequently, the TCF2 configuration with MoO3 on the SWCNT film
exhibited Ji=12.63mAcm 2, V,=0.800V, and FF=51.1%
(PCE =5.1%) with no S-shape and elevated photo and dark currents
(Supplementary Fig. S4) indicating lower junction and TCF2 resistance
(Table 1 and Supplementary Table S3). Further, the difference in work
functions between SWCNTs (4.5 eV) and MoOs (6.5 eV), leads to a large
band bending implicated in the alignment of the Fermi level (Fig. 4b).

TCF3 cell showed an ideal J-V curve with Jy=12.83mA cm 2,
improved V,. = 0.870V and significantly increased FF = 67.4%, result-
ing in PCE = 7.5%. In the TCF3, doping of the SWCNT films and fibers
increases the conductivity of the electrode owing to the reduced
Schottky barrier between semiconducting and metallic SWCNTs [54]
and increase in the hole concentration, which yields a significant
improvement in the short-circuit current and a drop in series resistance
(Supplementary Tables S2 and 3). Furthermore, the shift in the work
function of the SWCNTs from 4.45 to 6.14 eV after the doping [31]
changes the band alignment and promotes photo-carrier extraction to
the highly conductive SWCNT fibers (Fig. 4c). The band alignment in the
SWCNTs/MoO3  dictates the conduction mechanism through
band-to-band (B2BT) or trap-assisted (TAT) tunneling [48]. The low
activation energy (the difference between Fermi level and the highest
level of the valence band) of doped SWCNTs and high work function of
MoO3 enables the reduction of energy barriers for better collection of
holes and inhibits the conduction of electrons [47,55]. Therefore, in
TCF3 the band offset between the valence band of SWCNTs and the
conduction band of MoOs is minimized leading to a promoted B2BT
(Fig. 4c) resulting in lower resistive losses at the junction; while in TCF2
hole transport is characterized by a dominant TAT (Fig. 4b).

Finally, TCF4 devices demonstrated improved characteristics of
Jse =14.11mA ecm™2, V,. = 0.907 V, and FF = 68.0%, leading to a record
PCE=28.3% with a diode ideality factor n=1.02 (Supplementary
Table S3). The increase in the short-circuit current is mainly due to the
anti-reflective effect of PMMA [36] leading to higher photo-generation
current in the a-Si:H layer. Introducing a reflective rear mirror on the
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Fig. 2. Surface morphology of various types of electrodes: (a) Pristine SWCNTs; (b) MoO3-SWCNTs; (¢) PEDOT:PSS-MoO3-SWCNTs composite; and (d) PEDOT:PSS-
MoOj3- doped SWCNTs composite. (e) Optical transmittance of individual components for the TCFs: pristine and doped SWCNT films, SWCNT -+ MoOs, PMMA, and
different types of TCFs: TCF1, TCF2, TCF3 and TCF4. For comparison the transmittance spectra of SWCNT fiber and SWCNT fiber doped are also presented; (f) A
photograph of TCF3 on a polyimide substrate; and (g) TCF4 resistance change during 50 000 bending cycles at angles of 20°, 45°, 90° and 180° with the radii of

curvature from 10 to 1.6 in mm™.
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Fig. 3. Comparison of experimental data and simulations of (a) photo J-V curves; (b) photo J-V curves with and without mirror; (¢) J-V curves of TCF4 solar cell and
standard reference a-Si:H solar cell; (d) EQE spectra of respective TCF solar cells; (e) EQE spectra of without and with mirror (f) EQE spectra of TCF4 solar cell and
standard reference a-Si:H solar cell; and (g) J-V parameters of fabricated solar cells using different TCFs.

back side of the TCF4 solar cell further increased the current density to
Jie=15.03 mA cm 2 (Fig. 3b) and exceeded the state-of-the-art
PCE = 8.8%, proving that internal reflection from the back reflector to
the cell core further contributes into the increase in absorption by the
a-Si:H layer. For comparison, the J-V curves of the latter device and the
standard reference solar cell (with boron-doped a-Si:H p-type layer and

metal contacts) are shown in Fig. 3c. We see 16% (a net 1.4%) efficiency
improvement after integrating the newly developed transparent elec-
trode into the nip-configured a-Si:H solar cell instead of the conven-
tional p-a-Si/TCO front window layer stack.

We measured the external quantum efficiency (EQE) of all solar cell
types. Fig. 3d shows that the EQE value saturated at 75% for the TCF1
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Fig. 4. Comparison of equilibrium band-diagrams of solar cells fabricated with (a) TCF1; (b) TCF2; (¢) TCF3 and TCF4.

and nearly 80% for the TCF2 and TCF3 solar cells in the range from 300
to 800 nm, corresponding to the a-Si:H light absorption wavelength
range. This results in an increase in the absolute EQE value by 30%
compared to a solar cell without a MoOj3 layer (Supplementary Fig. S5b).
Increased EQE indicates a reflection drop in the window layer [38],
leading to enhanced photocurrent generation (Supplementary
Table S4). Moreover, MoO3 work function (6.5 eV) is higher than that of
SWCNTs (4.45 eV), which might lead to additional p-type doping [56]. A
drop in the series resistance from 10 Q cm? (TCF1) to 6 and 3 Q cm? (for
TCF2 and TCF3, respectively) proves the rise of the hole concentration in
the SWCNTs coated by MoOj3 (Supplementary Table S3 and Table 1). In
contrast, the TCF4 solar cell with PMMA exhibited an increase in the
EQE value saturated at around 90%, indicating a reduced reflection.
Introducing a reflective rear mirror on the back side of a TCF4 solar cell
results in broader EQE spectra for wavelengths over 500 nm as shown in
Fig. 3e, clearly demonstrating increased absorption and better optical
control in the a-Si:H layer. Also, for comparison the EQE spectra of a
standard a-Si:H reference and TCF4 solar cells with reflective mirror is
shown in Fig. 4f. The J calculated from EQE spectra and J-V parameters
for all the solar cell types are in very good agreement with the experi-
ment as shown in Fig. 3g (Supplementary Tables S2 and S4), thus vali-
dating the performance of all solar cells with the developed transparent
conductors [36].

4. Discussion and conclusions

Being used as a selective hole contact and window electrode the
developed TCFs have a significant impact on the performance of solar
cells. It has been demonstrated that the asymmetric conductivities of
electrons and holes in their respective contact regions of the device are
the key requirement for the charge carrier separation in solar cells [57,
58]. In our case, at the TCF contact, the charge hole current in the steady
state is defined as follows

o
Jhn=—

I
~grad Ery,
e

where oy, is the electrical conductivity, e is the elementary charge and Ey,
v is the quasi Fermi level reflecting electrochemical potential of holes,
and the occupation of states in the valence band [58]. In terms of
physical perception, this electrochemical potential represents the free
energy of hole carriers at a certain temperature. Thus, the preferential
direction of hole transport tends to minimize their free energy [58]. The
electrical conductivity depends on the hole mobility u, and carrier
concentrations, np, as described in the equation oy, = enpuy, [59]. Thus, a
key guideline for better hole selectivity in our TCF is to ensure greater
hole and low electron conductivities in the contact region.

In TCF1, the high work function of MoOs (6.5 eV) compared to the
energy position of the valence band of the a-Si:H absorber (5.6 eV) [47]
enables the Fermi energy of the TCF1 lower than the position of the
valence band of a-Si:H. This induces an accumulation of holes and a
depletion of electrons, ensuring a sufficient selectivity between charge
carriers in the vicinity of the TCF1/Mo03/a-Si layer [57] (Fig. 4a). The
rise of local hole concentration promotes the asymmetry between the
hole and electron conductivity in the contact region and boosts the se-
lective extraction of excess holes from the a-Si:H absorber [57,59]
(Table S3).

In TCF2, the difference in work functions between SWCNTs (4.5 eV)
and MoOs (6.5eV), leads to a large band bending implicated in the
alignment of the Fermi level (Fig. 4b). The increase of EQE (Fig. 3d) for
TCF 2 involving an additional MoO3 compared to TCF1 is an indication
of antireflection effect of MoOs in the window layer [38]. This mini-
mization of light reflection loss leads to an enhancement of the gener-
ation of photocurrent.

In general, for a p-type contact, the transport of holes is governed by
the energy barriers at the valence band [48]. Thus, in the case of TCF3,
hole transport strongly depends on the activation energy of the SWCNT
(difference between Ef and E,) in respect to the work function of the
MoOs. By doping SWCNTs, the activation energy of SWCNTs is reduced
which minimizes the energy barriers and allows better collection of
holes.

Finally, it is envisaged that the future development of this novel p-
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type TCF in combination with better passivation, light trapping schemes
and nanostructuring [60] should revolutionize future photovoltaic de-
vices. Nevertheless, the applications of the novel p-type composite ma-
terial are not limited only to solar cells. Rational design and
room-temperature processing broaden the horizon for transparent and
flexible electrode implementation in diversified applications in other
fields of science and technology.

In conclusion, we have developed a rational design for a novel highly
efficient flexible transparent p-type conductor, combining the superior
properties of SWCNTs with PEDOT:PSS, MoO3 and SWCNT fibers grid
into a single composite material. The use of thin multicomponent layers
and the introduction of high-conductive SWCNT fibers have resulted in a
major improvement in the TCF development. SWCNT fibers as such can
be used as replacement for traditional metal contacts due to their high
conductivity and simple deposition process as demonstrated here. A
configuration of SWCNTs-MoOs-PEDOT:PSS/SWCNT fibers resulted in a
record equivalent sheet resistance of Rgg of 17 Q/sq with a transmittance
of 90%, and superior bendability. As a demonstration, the TCFs were
used as a combined window layer and front electrode to form hybrid
thin film solar cells with amorphous silicon absorber. An outstanding
current of Jy, =15.03 mA/cm? and a record PCE = 8.8% for such thin
film solar cells led to an effective 16% improvement over a conventional
nip-configured a-Si:H solar cells.
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Abstract

Hybrid heterojunction solar cells based on silicon and single-walled carbon nanotube
(SWCNT) thin films have a simple structure and their manufacture employ simple low-
temperature processes. Moreover, their progress has been rapid during the last decade, wherein
the efficiency of heterojunction solar cells combining hydrogenated amorphous silicon (a-Si:H)
and SWCNTs thin film has increased from 0.03% to 8.80%. Here, we present a comprehensive
overview of the state-of-the-art on SWCNTs/a-Si:H heterojunction solar cells. In addition to a
comprehensive technology review, important special features such as adhesion of SWCNT film
to a-Si:H, the interface between SWCNT and a-Si:H, and their influence on the performance
of the heterojunctions are included. Future paths for improving the performance of such solar
cells are also suggested. Finally, key challenges and trends for further research and

development of SWCNTs/amorphous silicon heterojunction solar cells are discussed.
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1. Introduction

The interest in renewable energy sources has significantly increased along the needs to
reduce greenhouse gas emissions as part of the climate change mitigation. Photovoltaics (PV)
is one of the future key clean energy technologies and its markets are growing fast[1]. Among
various solar cell types, crystalline silicon (c-Si) dominates the market showing high power
conversion efficiency (PCE) exceeding 26% with heterojunction with intrinsic thin technology
based on thin a-Si:H passivating layers and on interdigitated back contacts on n-type silicon
wafers[2,3]. But as recent technologies are evolving into flexible, versatile and portable
electronics, there is also demand for manufacturing solar cells in roll-to-roll processes while
maintaining an adequate PCE. Such solar cells would be thin, flexible and could be directly
incorporated into applications such as buildings, e.g. as roofing shingles. The structural
complexity and ease of device fabrication are the key factors that determine the cost and the
viability of future applications. Especially, thin film silicon and a group of nanomaterials and
nanotechnologies are rising up as a promising trend due to the reduced usage of materials and
adjustable structure at the nanoscale[4,5].

Thin film solar cells, including the ones made of hydrogenated amorphous silicon (a-Si:H),
have been demonstrated as suitable materials for roll-to-roll production with advantages of
reduced fabrication cost, increased light absorptivity, reduced thickness of solar cell, thereby
reducing material consumption and device weight[4]. Additionally, a-Si:H can be deposited on
any foreign substrate by plasma enhanced chemical vapor deposition (PECVD) close to room
temperature[4]. But, as the carrier mobility of a-Si:H is low, they require an expensive
transparent conducting layer as the top contact such as indium tin oxide (ITO)[6]. However,
the ITO film causes not only optical loss due to parasitic absorption at a short wavelength but
also open-circuit voltage (Voc) degradation due to the plasma damage during sputtering[7-9].
Additionally, the ITO electrode have several other disadvantages including high cost, scarcity
of material, lack of flexibility, high structural defects, and poor stability at high temperatures.
Therefore, ITO-free solar cells have become an important focus of research for next generation
PV devices[10,11].

Carbon is the other element (apart from silicon) that is abundantly available in nature,
which have a historic contribution in research and human development. Moreover, carbon
nanomaterials have become one of most active research fields in the world[12]. Among the
various carbon nanomaterials, carbon nanotubes (CNTs), in particular SWCNTs, have made a
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valuable contribution to recent advances in the field of solar cell development owing to a wide
range of properties from conductors to semiconductors with variable bandgaps based on their
atomic structure [13—-18]. While the CNTs can have multiple number of walls, SWCNTs
exhibit excellent opto-electrical advantages over double and multi-walled CNTs[19]. In PV
devices, it has definite advantages in terms of flexibility, surface area, carrier mobility,
chemical stability, and optoelectronic properties. A thin SWCNT film can be used not only as
a perfect window layer in solar cells, but also as a transparent conductive electrode due to its
direct sub-band gaps, tunable photoabsorption from the near infrared to the ultraviolet range,
and high conductivity[16,20-22]. Moreover, SWCNTs have much higher mechanical
resilience than ITO, with a similar work function of -5.0 eV and a much lower raw material
cost owing to its abundance. For this reason, SWCNTs have been used extensively as a hole
transport layer[16,23-28], even as light absorber[29-33], and more popularly as p-type
transparent electrodes[25,34—40] in many solar cell devices and are termed as “heterojunction
or hybrid solar cells”, thus replacing brittle ITO, fluorine-doped tin oxide and expensive metal
electrodes, especially in ¢-Si[16,17,23,24,27,28,37,38], polymer[41—43], and more recently in
perovskite based solar cells[16,17,44-48].

Among the different methods to grow SWCNTs, aerosol (floating catalyst) CVD method,
which produces uniform thin films collected directly on a filter paper[49] is found to be one of
the most promising and suitable for PV applications[17]. These SWCNT thin films have been
combined with ¢-Si to form heterojunction solar cells that have rapidly progressed with PCE
of 11-17% in the last decade[23,50,51]. Several reviews exist that highlights the progress made
in SWCNT/c-Si solar cells[16,27,37,38,52—54]. Also, heterojunction solar cells combining a-
Si:H and SWCNTSs thin film have been reported that have progressed from around 0.03% to
8.80% during the same time[25,55-59]. The focus on using SWCNT thin films in a-Si:H is to
prevent the use of any standard p-(boron or aluminum) doped a-Si:H or microcrystalline
silicon, ITO and other traditional metal layers like Au, Ag, Al, and Cu. And, moreover to utilize
the mechanical properties offered by both SWCNTs and a-Si:H, which are potential for flexible
and wearable application. In this structure, SWCNTs are proposed as a window layer p-type
transparent conductive film (TCF), a potential replacement for all the aforementioned layers
and processes, thereby making less energy consuming process technology, minimizing the
material consumption and reducing the net cost. Moreover, as recent technologies are evolving
into flexible, versatile, and portable electronics, SWCNTs/a-Si:H heterojunction solar cells
looks attractive. However, unlike SWCNTSs/c-Si, no reports exists to highlight the progress
made in SWCNTSs/a-Si:H thin film heterojunction solar cells. Therefore, in this review, we
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focus to present the application of SWCNT thin films in a-Si:H solar cells. We briefly discuss
the working principles of SWCNTSs/a-Si:H heterojunctions and summarize the development of
SWCNT thin films in a-Si:H. The adhesion of SWCNT film to a-Si:H, the interface between
SWCNT and a-Si:H, and their influence on the performance of the heterojunctions are
discussed. This aims to highlight the progress and the advantages of SWCNT thin film as
heterojunctions with a-Si:H in PV applications, and to provide possible hints that might help
in the further development of SWCNTs-based PV devices.

2. SWCNTs/a-Si:H heterojunction solar cells

2.1 Working Mechanism

Solar cells composed of a SWCNT film and Si form a heterojunction device that has
been well studied[39,60,61]. The SWCNT film acts not only as charge carrier transport, but
also as a photoactive layer[37,52]. The SWCNTSs/Si heterojunction follows classical p-n or
Schottky theory, where in the photo-generated carriers travel distance is determined by the
carrier diffusion length, which is of the same order of magnitude as the cell layer thickness.
The electric field responsible for the separation of photo-generated carriers (electron-hole
pairs) is concentrated within a very thin zone at the p/n junction or in other words at the closest
proximity of the SWCNTSs and Si interface, thereby enabling the separation of photo-generated
carriers. However, in amorphous silicon materials, the carriers can travel only short distances
before recombination. Hence, a uniform electric field needs to be present from the origin of
photo-generation throughout the entire cell thickness. This electric field assists carrier travel
and immediately separates electron and holes, thereby avoiding recombination. The field
assisted travel distance is given by the drift length. Therefore, an intrinsic (i)-layer is inserted
between p- and n-layers, to form a pin-diode. For more details on the pin-diode theory, the
reader is suggested to review relevant literatures[6,62,63]. During the last decade, the use of
carbon nanotubes in thin film amorphous silicon has been of great interest for researchers as
light trapping structures, antireflective coatings, transparent electrodes, and p-type window
layer contacting a-Si:H to form heterojunction[25,55-59,64—68]. Similar to SWCNTSs/c-Si
heterojunction[16,37,53], SWCNTs/a-Si:H also form semiconductor/semiconductor or
metal/semiconductor junction as shown in Figure la and 1b. Here, the incident photons are

mainly absorbed in i-layer thus generating electron-hole pairs at the close proximity of the p/i



interface. The carriers (electrons and holes) drift across a-Si:H (n) or n-type contact like ITO
or AZO or metals like In/Ga[26], Ti/Au[69,70], or Al[71] that forms an ohmic contact with the
amorphous silicon, and a-Si:H (p) or SWCNTs due to the built-in-voltage created by the
applied electric field. Electrons are collected across n-type a-Si:H, ITO or AZO and holes are
collected at p-type a-Si:H or SWCNTs itself that can be used as a p-type transparent electrode
as shown in Figure 1. Further, the front electrode made of Ag[72], Au/Cr[73,74], or Pt[50]
contacts the SWCNT film for better transfer of holes to an external circuit. Similar process
happens when the metallic SWCNT-film comes in contact with i-layer thus forming Schottky
junction as shown in Figure 1b. The differences will be the magnitude of the reverse saturation
current and its switching characteristics.

The complexity of the SWCNT film, in which semiconducting and metallic nanotubes co-
exist leads to the uncertainty at the interface between SWCNTs and a-Si:H. Several individual
nanotubes are present in a device, and each forms a heterojunction with the i-layer of a-Si:H.
As SWCNTs exhibit semiconducting and/or metallic behavior, a p-i-n junction can be
respectively expected for the former (Figure 1a) and a Schottky junction for the latter (Figure

1b).
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Figure 1. Illustration of (a) the SWCNTs film functioning as a p-type layer in
semiconductor/semiconductor p-i-n junction; and (b) Schottky junction is formed by a

metal/semiconductor interface.



2.2 SWCNTs as transparent electrodes

The first attempt to create a a-Si/CNT heterojunction was made by Schriver et al. using
the carbon nanotube films as buckypaper and graphene in junctions with undoped a-Si thin
films as shown in Figure 2a. The measured J-V characteristics of the buckypaper/a-Si
heterojunction solar cell is as shown in Figure 2b[55]. The produced solar cells was air-stable
without additional processing steps like doping, multilayer film deposition in high vacuum, or
transparent conducting oxide deposition. In the subsequent year SWCNTs were sprayed on a-
Si:H by Gobbo et al. to form Schottky barrier solar cells (Figure 2¢) [56]. They measured the
external quantum efficiency up to 35% at a wavelength of about 460 nm (Figure 2d) and
indicated that for lower density SWCNT/a-Si:H heterojunction, nanotubes dominate the
photocurrent generation, separation, and transport mechanism thereby splitting the electron-
hole pair generation at the CNT-CNT or CNT-Si heterojunction. However, with increased
density of SWCNT/a-Si:H heterojunction more electron-hole pairs are generated in a-Si:H. In
the next year, Kim et al. used SWCNT films obtained by vacuum filtration through a mixed
cellulose ester membrane as transparent electrodes on a a-Si:H n-i-p solar cell (Figure 3a)[64].
Despite their similar work functions, a Schottky barrier was formed at the SWCNTs/a-Si:H
interface that resulted in an inoperable solar cell with a fill factor of 22% as shown in Figure
3b. In order to address this issue, gold nanodots were deposited at the p* a-Si:H/SWCNTs
interface (Figure 3a). The nanodots were found to be effective in eliminating the interfacial
Schottky barrier thus allowing ohmic contact to form between the SWCNTs and p* layer
without any measurable impact on the Js.. This approach led to achieving a respectable FF of
58% which is comparable to that of a a-Si:H p—i—n solar cell (FF of 62%) with conventional
TCO (Figure 3c¢). In the same year, Khanal et al. used SWCNT films as electrodes to replace
the p-layer and back contact in a-Si:H solar cell (Figure 3d)[75]. They varied the SWCNTs
film thickness and inferred that the optical properties of the nanotubes affect the device
performance than does the conductivity (Figure 3e). The cells were illuminated from each side
(glass and SWCNTs), and a 25 nm thick SWCNTs film resulted in a PCE of 1.46% (Figure
3f). Funde ef al. reported the first use of aerosol CVD synthesized SWCNT thin films as p-
layer and transparent electrodes by a unique technique of dry-transfer in a-Si:H solar cells as
in Figure 3g[57]. Further, the SWCNTs were doped with thionyl chloride (SOCl.) that resulted
in an improved PCE of 1.5% from 0.3% for pristine nanotubes (Figure 3h). They highlighted
that there exists a substantial potential for further improvement as the parameters of the
fabricated device were not optimized in terms of opto-electrical properties of SWCNTs,
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thickness of nanotube films, and top metal contact. The studies on acid doping and SOCl,
treatment of SWCNTs originated in SWCNTSs/Si solar cells by Li et al.[76]. The doping shifts
the Fermi level of SWCNTSs below vi, thus increasing the mobility and carrier density as in
Figure 4a[16,77]. As a result, the Si1 transition is suppressed in the semiconducting SWCNTs
and further doping would suppress the S»» transition as well (Figure 4b), as observed by near-

infrared absorption spectroscopy (Figure 4c).
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Figure 2. (a) A schematic of device structure. a-Si:H is PECVD deposited on patterned ITO
substrates. Either SiOz or AL>Os is deposited on top, and a window is patterned and etched. A
carbon film is deposited over the window; (b) [lluminated J-V curves for buckypaper on a-Si:H
cells[55]. Reproduced (adapted) with  permission from (SOLID STATE
COMMUNICATIONS 2010, 150, 561-563) with LICENSE NUMBER 4791270080232.
Copyright (2010) Elsevier Ltd.; (¢) A cross-sectional view of the device design of SWCNTs
film as window layer on a-Si:H; and (d) EQE spectra of the SWCNT/a-Si:H device recorded
as a function of the incident light wavelength for several SWCNT spraying times. In the inset
the EQE spectrum of a 10 nm Au film covering the same a-Si:H device[56]. Reproduced
(adapted) with permission from (APPLIED PHYSICS LETTERS 2011, 98, 183113) with
LICENSE NUMBER 4791270287667. Copyright (2011) AMERICAN INSTITUTE OF
PHYSICS.
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Figure 3. (a) The schematic of a-Si:H single junction solar cells with SWCNTs; (b) J-V curves
of a-Si:H solar cells with SWCNTs without any interface treatment at the p + /SWCNT
interface and a-Si:H solar cells with ZnO:Al without SWCNTs as a control sample; (¢) J-V
curves of a-Si:H solar cells with SWCNTs with gold nanodots at the p + /SWCNT interface
and a-Si:H solar cells with ZnO:Al and without SWCNTs as a control sample[64]. Reproduced
(adapted) with permission from (ADVANCED MATERIALS 2012, 24, 1899-1902) with
LICENSE NUMBER 4791270600660. Copyright (2012) WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim.; (d) Schematic of the aerosol CVD synthesized SWCNTs/a-Si:H device
structure; and (e) J-V characteristics for forward and reverse scans at dark (black) and AM 1.5
illumination (red) for the HF-treated intrinsic a-Si:H and SOCI, doped SWCNTs film as p-type
window layer[57]. Reprinted (adapted) with permission from (NANOTECHNOLOGY 27
(2016) 185401 (6PP)) with LICENSE ID 1023448-1. Copyright (2016) IOP Publishing Ltd.
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SWCNTs film.

2.3 SWCNTs-PEDOT:PSS composite

Recently, it has been shown that both the environment and the substrate material
influences the efficient usage of SWCNTs film[78,79]. The perpetual contact between the
nanotubes film and the substrate material or the atmospheric medium impacts the interface
properties that consequently effects net efficiency of the solar cell[71]. As an example, at the
interface of SWCNTSs/Si heterojunction solar cells there exists great profuse of nanotube-
silicon junctions where SWCNTSs are in physical contact with Si surface. However, within the
SWCNT network many nanotubes overlap and suspend on each other without contacting the
Si. As aresult, the solar cell performance suffers due to the increased recombination at interface
where bare Si surfaces are exposed to air[52,80]. To solve this problem, researchers have tried
to mix conducting polymers with the SWCNT films to improve their junction density,
uniformity, and  conductivity[81,82]. Poly (3, 4-ethylenedioxythiophene):poly
(styrenesulfonate) (PEDOT:PSS) is a well-researched and commonly used hole transport
material, which has high conductivity, work-function, and transmittance[83]. Moreover,
injecting PEDOT:PSS on SWCNTs film, the micro-pores are completely filled and surface
roughness is decreased[24,59]. Researchers have therefore combined SWCNTs with
PEDOT:PSS to further enhance the performance and form hybrid heterojunction PEDOT:PSS-
SWCNTs/Si solar cells[84—89]. For example, Fan ef al. developed an effective way of
fabricating hybrid PEDOT:PSS/SWCNT/Si solar cells by placing a SWCNT network on the
surface of a Si wafer and then spinning a PEDOT:PSS solution onto it[24].

In the subsequent year, our group reported the synergistic effect of SWCNTSs and
PEDOT:PSS as a composite p-type transparent electrode to be more effective in forming

coupled continuous hybrid heterojunction with a-Si:H as shown in Figure 5a[58]. The
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performance of the SWCNTs/a-Si:H, PEDOT:PSS/a-Si:H and SWCNTs-PEDOT:PSS/a-Si:H
was compared (Figure 5b). It was found that SWCNTs-PEDOT:PSS composite film has better
solar cell output performance with a PCE of 1.6%, FF of 54% and V. of 0.803 V when
compared SWCNTs (PCE of 1.1%) and PEDOT:PSS (1.0%) alone. It was explained that by
the introduction of PEDOT:PSS, the micropores of randomly oriented SWCNTs film is filled
thereby forming continuous contact with underneath a-Si:H (Figure 5d). Although the FF and
Voc was improved when compared to all the previous reported SWCNT/a-Si:H devices, the Jsc
was lower, owing to the increased absorption of incident photons in the p-type SWCNTs-
PEDOT:PSS layer. These results suggest that we should choose the SWCNT films and
optimize the SWCNTs-PEDOT:PSS composite. Following this, we reported a SWCNTs/a-
Si:H heterojunction solar cell with a much improved PCE of 2.7% by optimizing the thickness
of SWCNTs film in the SWCNTs-PEDOT:PSS composite used as p-type layer and transparent
electrode (Figure 5¢)[59]. The fabricated devices showed increased PCEs of 3.4% and V. of
0.9 V with incorporation of PMMA as an anti-reflection layer on top of the SWCNTs-
PEDOT:PSS composite (Figure 5c). Moreover, a decrease in the sheet resistance of the
SWCNT-PEDOT:PSS (composite) film and an increase in its work function was measured
compared to the pristine SWCNT film. This can be attributed, for the fact that every single
carbon atom are on the surface exposed to the environment. Therefore, any atom/molecule put
on a SWCNT cause changes in their electronic structure and charge transfer between the
atom/molecule and a nanotube. Therefore, when PEDOT:PSS is injected it filled micropores
in the SWCNT film and, that the holes in the PEDOT:PSS patches can transfer to the
interconnected SWCNT network consequently, doping the SWCNTs[24,90,91]. Although, a
significant progress had been made in SWCNTs/a-Si:H heterojunction solar cell from initial
PCE of less than 1% to 3.4%, yet this was very low and beyond the scope for practical
applications. The challenge was to overcome the problems at the SWCNTs and a-Si:H
interface, improve the p-type transparent electrode, and thereby improve the overall solar cell
performance. The significant problems as indicated in the previous works was the large
interface resistance, high Schottky barrier leading to band-offsets between a-Si:H and

SWCNTs, and high series resistance of SWCNTSs resulting in high carrier recombination.
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Figure 5. (a) Fabricated PEDOT:PSS-SWCNT/a-Si:H solar cell; (b) photo J-V characteristics
of PEDOT:PSS-SWCNT/a-Si:H, PEDOT:PSS/a-Si:H and SWCNT/a-Si:H hybrid solar cells,
with inset of a fabricated PEDOT:PSS-CNT/a-Si hybrid solar cell[58]. Reprinted (adapted)
with permission from (PHYS. STATUS SOLIDI B 2018, 255, 1700557) with LICENSE
NUMBER 4791281444516. Copyright (2017) WILEY - VCH Verlag GmbH & Co. KGaA,
Weinheim.; (¢) Characteristics of HSCs fabricated with 20 nm thick SWCNTs film sample: J—
V curve comparison without Polymethylmethacrylate (PMMA) and with PMMA for photo and
dark current response; and (d) Morphological SEM image of: (a) the randomly oriented pristine
SWCNT films; (b) uniformly-coated composite film (PEDOT: PSS-SWCNT film[59].
Reprinted (adapted) with permission from (NANOTECHNOLOGY 29 (2018) 105404 (10PP))
with LICENSE ID 1023449-1. Copyright (2018) IOP Publishing Ltd.

2.4 SWCNTs-PEDOT:PSS-SWCNT fibers as novel transparent electrode

To solve the problems mentioned in the previous section, we proposed a rational design
of a novel p-type transparent conductor developed using a multicomponent composite that
combines the superior properties of SWCNTs with PEDOT:PSS, MoOs; and SWCNT fibers
into a single composite (Figure 6a)[25]. Various configurations were developed and examined

as a p-type window layer and electrode in a-Si:H solar cells. A configuration of SWCNTs-
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MoO3-PEDOT:PSS/SWCNT fibers composite (p-type) measured a record equivalent sheet
resistance (Rsh) of 17 Q/sq with a transmittance of 90% at 550 nm[25,92]. Moreover, the
developed p-type composite displayed a high degree of mechanical flexibility with < 5%
change in resistance (Figure 6b). The solar cells made from the developed p-type composite
electrode on a-Si:H absorber yielded an outstanding Jsc of 15.03 mA/cm2 and record PCE up
to 8.8% for SWCNTs/a-Si:H heterojunction solar cells (Figure 6¢) which was an effective 18%
improvement over a standard n-i-p configured solar cell (Figure 6d). Moreover, SWCNT fibers
by itself can be used as replacement for traditional metal contacts due to its high conductivity

and simple deposition process[25].
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Figure 6. (a) Schematic of the device architecture with optimized TCF (SWCNTs-MoOs3-
PEDOT:PSS/SWCNT fibers composite) as p-type window layer and front contact; (b) TCF
resistance change during 50 000 bending cycles at angles of 20°, 45°, 90° and 180° with the
radii of curvature from 10 to 1.6 in mm-1; (¢) J-V characteristics of TCF solar cell (inset shows
(bottom-left) a photograph of TCF on a polyimide substrate, and (bottom-right) photograph of
the fabricated solar cell on a-Si using developed TCF showing its transparency); and (d)

comparison of J-V parameters of standard n-i-p configured a-Si:H solar cel with fabricated
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solar cells using different TCFs[25]. Reproduced (adapted) with permission from (NANO
ENERGY 2020, 67, 104183) with LICENSE NUMBER 4791271297717. Copyright (2020)
Elsevier Ltd.

Solar cells based on SWCNTs as p-type transparent electrodes in a-Si:H have been
studied to substitute standard p-type a-Si:H, transparent conductive oxide such as ITO and
FTO, and front metal contacts. The PCEs on rigid structures have progressed steadily from
0.03% up to 8.80% as tabulated in Table 1. Moreover, the mechanical properties of SWCNTs

and well-established a-Si:H are promising for future low-cost flexible and wearable solar cells.
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3. Conclusions

Here the recent success in the application of SWCNTSs in a-Si:H heterojunction solar
cells has been reviewed. The unique structure and extraordinary opto-electrical properties of
SWCNTs give them notable advantages for photovoltaic applications, and therefore the future
direction is undoubtedly SWCNTSs based p-type transparent electrodes. Notable progress has
been made on the SWCNTs/a-Si:H heterojunction-based devices, however challenges remain
in their practical use. For example, the working mechanism of SWCNTs in solar cells has not
been fully clarified due to the statistical presence of both semiconducting and metallic
nanotubes in a thin film. Also, the performance of SWCNTs based solar cells is determined by
the structure and properties of SWCNTs, such as chirality, sheet resistance, and work function.
For this, either pure semiconducting or metallic SWCNTs with high purity and quality are
needed to fully understand the mechanism.

The fabrication and characterization of SWCNTSs based solar cells has been limited to
small active area. Large area solar cells are a big challenge. For large area fabrication and
performance of SWCNTSs based solar cells, a SWCNT film with high transparency and low
sheet resistance is desired. Although, significant progress has been made in lowering the sheet
resistance at a transmittance of 90% of pristine SWCNTs film, much needs to be done to
replace ITO. One of the possible ways is to reduce the inter-tube junction resistance in the most
commonly used randomly oriented SWCNTs film that is much higher than the intrinsic tube
resistance and the electrical conductivity of SWCNTs film[93,94]. Recently, carbon-welding
on tube-tube junction was proposed to convert inter-tube Schottky contacts into near-ohmic
ones[95]. To further reduce the inter-tube junction resistance, SWCNT arrays or aligned
SWCNTs is another alternative as previously shown in Si solar cells, but mainly with multi-
walled nanotubes[96,97]. As SWCNTSs have superior properties, an ideal case would be to
make high quality aligned SWCNTSs, whose opto-electrical properties are optimized. On the
other hand, front contact fingers should be introduced in SWCNTSs based solar cells, which can
significantly enhance the FF. SWCNT strips/fibers have been used as front contacts, when the
PCE increased to 6.52% from initial 3.97%[26]. More recently, our group used SWCNT fibers
to increase the overall conductivity of SWCNTSs as p-type transparent electrode, thereby
improving the PCE of SWCNT/a-Si:H heterojunction solar cells[25]. Moreover, SWCNT

fibers itself can be used to replace traditional metal contacts due to their high conductivity and
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simple deposition process. Therefore, this is good way to increase the efficiency of solar cells,
and also, reduce the sheet resistance of SWCNTSs film.

The work-function of SWCNT films need to be improved for better separation and
extraction of photo-generated carriers, i.e. the work-function of carbon nanotubes have to be
fine-tuned in such a way that the energy levels match with Si. Moreover, the increased work
function can increase the barrier height than can result in improved built-in voltage at the
interface, thereby resulting in increased V.. Therefore, effective p-type doping needs to be
found that are stable other than the existing acid based treatments with SOCl,, HNOs3,
chlorosulfonic acid, AuCls, and HAuCly, which are unstable. This results in poor stability of
the fabricated SWCNTSs based solar cells.

The device architecture of SWCNTSs/a-Si:H also needs to be further optimized. Only a
few reports exists on the interface between SWCNTs as front electrode and Si[69,98,99], but
none exists on the interface between Si and back electrode. Therefore, this needs further
investigation for SWCNTs/Si and SWCNT/a-Si:H new type heterojunction solar cells.

Finally, flexible solar cells are becoming of high relevance to the development of
flexible and wearable devices. SWCNTs have excellent flexibility and can be combined with
Si thin films like a-Si:H to fabricate flexible SWCNTSs/a-Si:H solar cells, respectively. It is
envisaged that the SWCNT films are novel p-type transparent conductors in combination with
the use of pure high quality semiconducting or metallic SWCNTs that are aligned with better
passivation, improved doping stability of SWOCNTSs, light trapping schemes and
nanostructuring can potentially improve future photovoltaic devices. Nevertheless, the
applications of the novel p-type composite material are not limited to solar cells[25]. Rational
design and room-temperature processing broaden the horizon for transparent and flexible

electrode implementation in diverse applications in other fields of science and technology.
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Most of the daily encountered optical and electronic devices constitute
of transparent conductors. However, all the present available
transparent conductors are n-type semiconductors, thus restricting
technological advancement. The emergence of single-walled carbon
nanotubes as p-type transparent conductors has been promising. Its
further development will tremendously be instrumental for various
opto-electronics and energy technologies. This work presents the
development of state-of-the-art p-type transparent conductor using thin
multicomponent layers and the introduction of carbon nanotube fibers.
The newly developed conductor is certainly revolutionary for various
single-walled carbon nanotubes application as shown in the fabricated
hybrid heterojunction solar cells. This will open new avenues for its

application in widespread technologies as in optoelectronics, photonics

and energy.
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