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ABSTRACT

Hussain, Istiak, Three Dimensional Carbon Nanotube Yarn Based Perovskite Solar Cells. Master

of Science (MS), December, 2018, 61 pp., 29 figures, references, 117 titles.

Perovskite solar cells (PSC) have emerged as a promising photovoltaic technology in lab
scale with a short time of research due to their high power conversion efficiency, simple device
fabrication, all solid-state structure and the possibility to ingrate the traditional device into fiber
format. In this work, a three-dimensional (3D) perovskite solar cell is demonstrated using
functionalized carbon nanotube yarn (CNT) as both cathode and anode. TiO and 2,2,7,-7-
tetrakis(N,N-di-p-methoxyphenylamine)-9,9'-spirobifluorene (Spiro-OMeTAD) are used as the
electron transporting and hole transporting material respectively. The TiO2 oxide layer is
deposited on the top of the twisted carbon nanotube yarn and annealed with TiCl4 to get the
uniform electron transport layer. A dip coating process is employed to produce a uniform
perovskite layer on top of the TiO2 oxide layer. Platinized carbon nanotube yarn is wrapped
around on the top of the hole transporting layer and serves as the counter electrode. Under AM
1.5 100mWem 2 illumination, a maximum power conversion efficiency (PCE) of 0.631%
achieved with a high open current voltage (Voc) of 0.825V. This three-dimensional all solid state

perovskite solar cell shows a promising prospect in portable and wearable textile electronics.
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CHAPTER I

INTRODUCTION

The energy crisis has become a global issue these days. At present, most of the world’s
energy is consumed by non-renewable sources. According to US Energy Administration (EIA),
81% of the energy consumed by fossil fuels such as coal, petroleum and natural gas, while only
10% of energy consumed by renewable energy and rest of 9% of the energy is consumed by
nuclear power electric (Figure 1) [1]. In addition, in 2016, 64% of electricity was generated from
fossil fuels, and 20% was generated from nuclear energy sources, while only 15% was from
renewable energy sources (Figure) [2]. However, the demand for renewable energy is ever
increasing due to the depletion of fossil fuels and the growing concerns about climate change and
global warming [3]. Among different renewable sources, solar energy technology is most
promising technologies to fulfill the world’s energy demand, and it has seen the most consumer
availability and widespread utilization, where other sources like wind, geothermal, hydroelectric
power generation require specific environmental conditions to be feasible [4,5]. The world
receives more energy from the sun in one hour than the world’s yearly energy demand [6].
Although only 1% of the world’s energy production was reported to be solar-driven in 2013,
solar energy is projected to become the largest source of energy by 2050 [5]. Perovskite solar
cell is a device that converts the energy of incident photons directly to electricity [7]. The

development of photovoltaic solar cells can be classified into three discrete generation such as



first generation (1G), second generation (2G) and third generation (3D). 1G solar cells are
developed based on silicon wafers which can exhibit high efficiency. However, it has high
production costs. With the aim to reduce the production costs, 2G solar cells were developed,
which are commonly based on amorphous silicon, copper indium gallium selenide (CIGS), and
cadmium telluride (CdTe). However, the overall performance of 2G solar cells was not
promising compared to their 1G counterparts, which has prompted the development of 3G or
emerging solar cell technologies [8]. 3D solar cells include copper / zinc / tin sulfide solar cells,
dye-sensitized solar cells, organic solar cells, polymer solar cells, perovskite solar cells are aimed
to developed to increase efficiencies with maintaining the economic and environmental cost
advantages of thin film deposition techniques [9]. Figure 3 shows the efficiency and cost

projection of three photovoltaic generations.

U.S. energy consumption by energy source, 2016

Total = 97.4 quadrillion
British thermal units (Btu) Total = 10.2 quadrillion Btu

geothermal 2%
- sclar 8%
— wind 21%

biomass waste 5%

bicfuels 22%

biomaass
wood 19%
hydroelectric 24%
Note: Sum of components may not egual 100% because of independent rounding.
Source: U.S. Energy Information Administration, Monthly Energy Review, Table 1.3 B
and 10.1, April 2017, preliminary data e@

Figure 1: US Energy Consumption by Energy Source [10].
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Figure 2: US Electricity Generation by Fuel Sources [11].
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Figure 3: Efficiency and cost projection of the first, second and third generation
photovoltaic solar cells [9].



Among different 3G photovoltaic solar cells, perovskite solar cells are the most
promising technology regarding research and development. Perovskite solar cells were
originated from dye-sensitized solar cells in 2009. PSC was first introduced in the literature in
2009 with a power conversion efficiency of 3.8% [12]. Kojima et al. first utilized CH3NH3PbI3
(methylammonium lead iodide or MAPbI3) and CH3NH3PbBr3 (methylammonium lead
bromide or MAPDBTI3) as a light sensitizer in a liquid electrolyte based dye-sensitized solar cell
(DSSC) architecture [12]. However, due to the device stability issues and the instant dissolution
of perovskite material in a liquid electrolyte during operation, it did not receive much attention
until 2012. The interest in PSCs was triggered when Kim et al. developed a solid state, high
efficient and stable PSC in 2012 by replacing the liquid electrolyte with the solid hole conductor
[13]. After that, perovskite solar cells have been intensively studied in the past few years because
of some unique properties of perovskite materials such as high absorption coefficient [14],
tunable bandgap [15], long charge carrier (electron-hole) diffusion lengths [11], and low-
temperature solution processability [17]. In addition, the efforts to design the novel device
architectures [18,19], optimization of interfacial characteristics [20,21], compositional engineering
of perovskite materials [22], and careful control of the morphology of each functional layer
[23,24] have improved the performance of PSCs. These advantages and advances have attracted
scientific community a great interest. Consequently, there is a tremendous increase in the number
of publications (Figure 4). In accordance with these research trends, PSCs reached a maximum

power conversion efficiency of 23.7% from 3.8% over the previous nine years (Figure 5).
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Figure 5: The progress in PCE of PSCs: 3.8% [12], 6.5% [25], 9.7% [13], 10.9% [26],
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The materials used in different functional layer of perovskite solar cells can be
categorized into five different groups: the working electrode — typically transparent conductive
oxide (TCO) layer, the electron transporting layer (ETL), the light absorbing / harvesting
perovskite layer, the hole transporting layer (HTL) and the counter electrode — typically metal
contact material. The conventional PSCs utilized flat cell design which requires a (TCO) usually

— fluorine-doped tin oxide (FTO) or indium tin oxide (ITO) coated glass substrates. However,



transparent conductive oxide has several drawbacks. These glass substrates are expensive as well
as their rigidity, weight, and frangibility limit the integration of PSCs into portable and wearable
electronics [37,38]. The working/counter electrode materials used in solar cells have a significant
impact on the overall efficiency of the device. The working electrode should have a good surface
to be well coated with the oxide material and have the high conductivity to allow the
transportation of the photo-generated electron with minimal resistance. Ti wire and stainless steel
have already been used in perovskite solar cells as working electrode [39,40]. Carbon nanotube
yarn is a promising material that has the potentiality to use in the three-dimensional solar cell as
electrode materials, which allow facile chemical functionalization, good conductivity and more

flexible than metallic wires [41-43].

In summary, the objective of this research was to develop flexible, three dimensional,
solid-state perovskite solar cells utilizing carbon nanotube as both working and counter
electrode. The methodology used for the fabrication of PSCs was fully solution based and
integrated the conventional PSCs configuration into a three-dimensional format. Finally, the
morphological characterization of each functional layer and electrical characterization of the

three-dimensional cells were carried out.



CHAPTER II

LITERATURE REVIEW

Fundamentals of Solar Cells

The working mechanism of the solar cell is based on the photovoltaic effect which is the
generation of a potential difference at the junction of two different materials in response to the
electromagnetic radiation. The photovoltaic effect occurs when a semiconducting material is
illuminated by light with photons of equal or higher energy than the semiconducting material
energy gap. The energy gap of semiconducting material is the energy difference between the top
of the valence band (energy level for electrons farthest away from the atom nucleus) and bottom
of the conduction band (energy level required for electrons to be excited to make the material
conductive). The energy gap can also be described as the energy difference between the highest
occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). If
the photon contains energy higher than the semiconducting material, it can be absorbed and
promote an electron from the valence band/HOMO to the conduction band/LUMO.
Consequently, a vacancy is created in the valence band, which is called hole. Electron-hole pairs
are formed by combing together the electrons and hole in the conduction band and valence band
respectively. The exciton diffusion to the donor-acceptor interface where exciton dissociates into
free charge carriers after overcoming the binding energies. The free charge carriers (electrons

and holes) transport to the respective electrodes (working and counter) under the internal electric



fields, and then generate photocurrent and voltage.

Operation Principle of Perovskite Solar Cell

A PSC

N 1
hy h* J
HOMO
e h*
FTO ETL Perovskite HTL Metal

Figure 6: Operational mechanism of a perovskite solar cell [44].

A schematic diagram of the operation mechanism of perovskite solar cells is illustrated in
Figure 6. The photovoltaic system in PSCs can be described into three different steps: (1)
absorption of photons followed by free charge (electron and hole) generation (2) charge
transportation and (3) charge extraction. When sunlight hits on PSCs, the active perovskite layer
absorb the light (photons), excitons are generated if the energy of the photon is higher than the
energy gap of the perovskite material. The internal potential created from the work function
difference between the working electrode and counter electrode allows the excitons to be
separated to free charge carriers [45]. The free charge carriers are produced upon exciton

dissociation which occurs at the interface between the active perovskite layer and charges



transporting layer. When the electrons are separated from the holes, they are transported to the
electron transporting layer followed by migrating to the working electrode. Simultaneously, the
holes are transported to the hole-transporting layer and then migrates to the counter electrode.
Working and counter electrodes collect the electrons and holes respectively. Finally, an external

load can be powered by connecting a circuit through it to produce photocurrent [46].

Photovoltaic Characterization Parameters

The parameters that are used to characterize the performance of a solar cell are: short-
circuit current density Jsc, open circuit voltage Voc, fill factor and power conversion efficiency.
The first three parameters are determined from the J-V characteristics curve, however, fill factor
can also be calculated the Jsc and VVoc values. The power conversion efficiency can be
determined from these three parameters. These parameters are very important in solar cell
characterization as they determine how efficient the cell they can be optimized for designing

efficient solar cell.

The short circuit current Isc is defined as the current that flows through the external
circuit when the two electrodes of the solar cells are short-circuited (i.e., when the voltage across
the cell is zero). Isc depends on the incident photon flux on the cell, which can be determined by
the spectrum of the incident light. Isc also depends on the active area of the cell. To remove the
dependence of the cell area, instead of short circuit current the short circuit current density Jsc

(mA/cm?) is used which describe the maximum current delivered by a solar cell.

The open-circuit voltage Voc is defined as the maximum voltage from the solar cell when

the there is no current flow through the external circuit (i.e., when the cell terminals are open or

10



not connected to a load). Voc depends on the photo-generated current density and saturation

current.

Fill factor is defined as the ratio between the maximum power generated by a solar cell to
the products of the open circuit voltage (Voc) and short circuit current (Jsc) of that cell.

Mathematically fill factor can be expressed as:

Where Jwp is the current density maximum power, and Vwmp is the voltage at maximum

power.

>

s _ JvpVe
Fill Factor = m

Current Density

<
Voltage

\4

Figure 7: Typical J-V curve of a solar cell [47].
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Power conversion efficiency is defined as the ratio between the maximum generated
power and the incident power. Mathematically power conversion efficiency can be expressed as:

PCE — I:)max — ‘]SCVOCFF
P

in in

Where, Pmax is the maximum power generated by a solar cell and Piy is total power of

sunlight illuminated on the cell.

Perovskite Crystal Structure

The term ‘perovskite’ refers to a material with a particular crystal structure, is one of the
most promising lights harvesting solar cell materials for next-generation solar cells. It was
discovered in 1839 in the Ural Mountains in Russia and then named after Russian mineralogist
L. A. Perovski [48]. While perovskite was initially referred to the mineral CaTiOz (calcium
titanium oxide), compounds that have a similar crystal structure to CaTiO3z (ABX3) are also
called perovskites (Figure 8). Generally, in the structure of ABXs, A represents a large
monovalent cation such as CHzNHz* (MA), HC(NH>). (FA) or Cs* which occupies the
cubooctahedral site in a cubic space. B represents a small divalent metal cation such as Pb?* or
Sn?* occupying the octahedral sites, and X is an anion, typically a halogen (Br, Cl, 1), however, it
could be oxygen, carbon or nitrogen. When halogen is used as an anion, A and B are usually
monovalent and divalent cations respectively [49]. However, when O? is used, A and B are

divalent and tetravalent respectively [49].

12



(b)

Figure 8: Crystal structure of perovskite (a) ABXs perovskite crystal structure showing
BXe octahedral and large cation A occupied in the cubooctahedral site. (b) The unit cell of cubic

MAPDI3 perovskite [49].

The geometric tolerance factor and octahedral factor are two crucial parameters to
quantify the structure and stability of the perovskite material. The tolerance factor, also called
Goldsmith tolerance factor is expressed as the ratio of the bond lengths of A-X and B-X in an
idealized solid-sphere model:

__(Ry+Ry)
V2(Ry +Ry)

In the above equation, Ra, Re, and Rx represent the effective ionic radii of the constituent
ions A, B, and X respectively [50]. The octahedral factor is defined as the ratio of the ionic radii
of the divalent cation (Rg) and anion (Rx). The tolerance and octahedral factor for halide
perovskite are typically in the following range: 0.81 <t < 1.11 and 0.44< u < 0.90 [51]. If the
tolerance factor falls out of this range, the formation of 3D perovskite will be energetically

unfavorable [51]. While t=1 gives a stable 3D cubic phase, the perovskite material still can hold

13



their stable 3D cubic structure with 0.89 <t <1 [51]. The calculated values of tolerance and

octahedral factor of a set of 12 different perovskite material are shown in Figure 9.

0.90
0.80
0.70
P <O . X
< 060 O - T 3
5 O X
= 0.50 O X
£ 040 -
S
@ 0.30 OMAPbl;  COMAPbBr, <O MAPHCI,
© 6304 OMASnl;  OMASnBr; O MASNCl,
XEAPbl,  +EAPbBr;  XEAPbC,
010 + XEASnl;  +EASnBr;  XEASnCl,
0.00 | | T T T
0.75 0.80 0.85 0.90 0.95 1.00 1.05

Tolerance factor, t

Figure 9: Calculated values of tolerance and octahedral factor for 12 different halide

perovskite material [50].

Device Architecture

The architecture of perovskite solar cells can be categorized as either regular (n-i-p) or
inverted (p-i-n) structure depending on which charge transport material (electron or hole) is
encountered by the incident light first. The regular and inverted PSCs can be further classified as
mesoscopic and planar structure. Charge transport layer free perovskite solar cells were also

utilized such as electron transporting layer free and hole transporting layer free PSCs. In sum, six

14



different types of PSCs architectural design were evaluated by different researchers till now:
such as mesoscopic n-i-p, planar n-i-p, mesoscopic p-i-n, planar p-i-n, ETL-free, and HTL-free

architecture.

The regular n-i-p mesoscopic configuration was the very first arrangement of PSCs
(Figure 10a). The assembly begins with a transparent conductive oxide (TCO) glass substrate
usually FTO, followed by the electron transporting layer (ETL). The structure is then layered
with a mesoporous metal oxide containing the light absorbing perovskite material followed by
the hole transporting material usually spiro-OMeTAD. Finally, the device is capped with a
metallic anode. The advancement of mesoporous PSCs led the photovoltaic researchers to the
development of other PSC device configurations. Planar structure is the second arrangement of
the PSCs, which is also the evolution of the mesoscopic PSC structure (Figure 10b). In the planar
structure, the light harvesting perovskite payer is sandwiched between the electron transporting
layer and hole transporting layer and it does not contain a mesoporous metal oxide layer,
therefore, provide an overall simpler structure. Moreover, high power conversion efficiency can
be achieved without the mesoporous layer by carefully controlling the interfaces between the
different functional layers [32]. Using the same functional materials and approach, planar n-i-p
PSC exhibited increased open circuit voltage (\Voc) and short-circuit current density (Jsc)
compared to a mesoscopic PSC device [52]. However, the planar PSC device had more severe J-
V hysteresis than the mesoscopic PSC [52]. The grain and thickness of the active layer of planar
PSC could influence the J-V hysteresis behavior [53,54]. The J-V hysteresis behavior also
depends on the p-type hole transporting material that is used to construct the cell [55]. It is also
found that this behavior can become negligible with a reduced capacitance which can be

attributed by replacing spiro-OMeTAD with Poly(3,4-ethylene dioxythiophene)-poly(styrene

15



sulfonate) (PEDOT:PSS) or any other inorganic hole transporting materials [55]. In addition, the
J-V hysteresis behavior is also dependent on the scan rate, scan direction, and range during the
electrical characterization of the cell [56]. In general, the mesoporous PSC better efficiency than
planar PSC, however a thinner mesoporous layer (less than 300nm) is required [25]. On the other
hand, the planar PSC have low-temperature fabrication processability unlike the mesoporous

PSC structure [57].

(a) n-i-p mesoscopic (b) n-i-p planar (c) p-i-n planar (d) p-i-n mesoscopic
Metal Cathode (Al) Metal Cathode (Al)
HTM (Spiro-MeOTAD) HTM (Splro-MeOTAD) ETM (PCBM) ETM (PCBM)
ETM (110,) ETM (Toz) HTM (PEDOT:PSS) HTM (NiO)
Transparent anode (ITO) Transparent anode (ITO)
Glass Glass Glass Glass
Sunlight

Figure 10. Schematic diagram of the four typical perovskite solar cells (a) n-i-p

mesoscopic (b) n-i-p planar (c) p-i-n planar and (d) p-i-n mesoscopic [52].

The planar p-i-n structure is originated from the organic solar cell structure [58]. In the
inverted planar structure, the hole transporting layer is deposited first wherein the regular
structure the electron transporting layer is deposited first. Jeng et al. developed the first planar
hetero-junction PSC with an inverted design configuration [59]. With the advancement in
perovskite solar cells research, the inverted planar structure expanded the options to explore
organic and inorganic materials for the selective layer of the cells [44]. Moreover, the planar p-i-
n configuration allows the low-temperature fabrication process and show negligible hysteresis
with enhanced efficiency. On the other hand, the mesoscopic p-i-n device allows using oxide
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materials as the hole transporting layer to construct the cell [52]. The device configuration of

inverted planar and mesoscopic PSC is shown in Figure 10c-d.

A compact n-type metal oxide on the transparent conductive oxide (TCO) is a
requirement for conventional planar PSCs to achieve the high open circuit voltage (Voc) and
therefore, high overall efficiency. Liu et al. developed an electron transport layer PSC by direct
depositing the active perovskite layer on the indium oxide (ITO) through a sequential layer
deposition method and exhibited a high PCE of 13.5% [60]. This development demonstrates that
the inclusion of ETL is not necessary to obtain high efficiency [60]. Ke et al. also developed an
electron transporting layer free PSC on the FTO substrate via a one-step solution process which
showed a PCE of 14.4% with a high open current voltage of 1.06V [61]. The electron

transporting layer free perovskite solar cell is shown in Figure 11.

b

Au
HTL -5.10 eV

-5.22 eV

=

Figure 11: Schematic diagram of the electron transport layer free planar mixed halide
perovskite solar cell (a) structure and (b) energy level diagram of the planar PSC showing

collection and separation of photo-generated electrons and holes without an ETL [61]

17



Various novel hole-transporting materials including small molecules, polymer, and
inorganic compounds have been used in PSC and exhibited excellent results. However, hole
transporting free PSCs are garnering increasing attention in this field. The increased attention is
because the high efficient PSCs contain expensive HTMs. Lead halide perovskite shows
excellent semiconducting properties like long charge transport lifetimes and ambipolar nature
which permits the exclusion of the hole transporting layer in PSCs [14,16]. Etgar et al. developed
HTL-free PSC for the first time demonstrating that perovskite itself can perform the role of both
light harvester and hole conductor [62]. Aharon et al. found that the depletion layer has a
significant influence on the performance of HTL-free PSCs as this layer aids in charge separation
and inhibits the back reaction of the electrons from the electrons transporting layer with the
perovskite film [63]. A remarkable 20% stabilized power conversion efficiency was obtained
through molecular doping in perovskite films [64]. Consequently, the conductivity of perovskite
and electronic contract with the electrode material was improved, which facilitate the extraction
of photoexcited holes from perovskite to the electrode substrate [64]. The schematic diagram of

the hole transporting layer free perovskite solar cell structure is shown in Figure 12.
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Figure 12. Schematic diagram of the (a) structure and (b) energy level alignment of the

hole transporting layer free perovskite solar cell [65].

Materials for Perovskite Solar Cell

The choice of materials for each functional layers have significant effects on the device’s
electronic and optical properties and therefore on the overall performance of PSCs. In general,
the materials used to fabricate the PSCs can be categorized into five different class: the
transparent conductive oxide (TCO) layer, the electron transporting layer (ETL), the light

harvesting perovskite material, the hole transporting layer (HTL), and the metal contact material.

At present, CH3NH3PDbls is the most common perovskite material that used in perovskite
solar cell as light harvester. However, other perovskite materials like mixed cation, mixed halide,

mixed cation mixed halide perovskites are also attaining increased attention as they are
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advantageous over the traditional CHsNH3Pbls perovskite. Lead is known to be harmful to the
environment. Therefore, scientists are researching to find effective alternative materials to lead to
avoid the inherent toxicity. The reported bandgaps for CHsNHz3Pbls are between 1.5 eV and 1.61
eV while the optimal bandgap for a single junction solar cell is between 1.1 eV and 1.4 eV [66].
There, the efficiency of PSCs can be further improved by lowering the bandgap of perovskite
light absorbing materials. Although methylammonium lead iodide (MAPDI3) offers excellent
electrical and optical properties, researchers are trying to replace the methylammonium (MA) in
MAPbI3/ mixing different possible cations in place of MA due to the suboptimal band gap and
long-term stability issues [67]. The modification in the monovalent cation can make a change in
the Pb-1 bond length and angle and therefore change in the overall band structure [33]. The
exchange of MA ion with larger organic formamidinium (FA) ion results in a cubic structure of
with slightly larger lattice, therefore a small decrease in the band gap [68]. In addition, Hanusch
et al. found that FAPbIs is more stable thermally than both MAPbI3z and MAPbBr3 [69]. This
finding strongly supports the idea that lager cation A in ABX3 could further stabilize the

perovskite structure.

Monovalent cation in perovskite can also be exchanged with inorganic materials such as
Cs, Rb, as long as they maintain the range of tolerance factor. MA, FA and Cs based perovskite
(MAPDI3, FAPDIs, and CsPbls) fall into the range of tolerance factor of 0.8 to 1.0 [35]. Li, Na,
and K based perovskite fall outside of the established range of tolerance factor while RbPbls fall
outside by a small margin [35]. Therefore, although Rb has excellent oxidation stability, it
cannot be used in perovskite alone. CsPbls also exhibit excellent thermal stability, however, it
does not possess an ideal band gap (1.73 eV) [70]. Due to the limitation of pure single cation

halide perovskite, researchers focused to developed mixed cation mixed halide perovskite. In the
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double cation perovskites, a small fraction of MA with FA in perovskite shows better
crystallization result into photoactive black phase and therefore, better structural and thermal

stability than that of pure MA or FA perovskite [22].

Besides organic MA-FA mixed cation perovskites, inorganic cations can be mixed with
the organic monovalent cations. Choi et al. found that 10% Cs doping in MAPDbIz improve the
device efficiency up to 40% by improving the light absorption and morphology [71]. Lee et al.
also found that Cs-doped perovskite showed improved photo and moisture stability than pristine
FAPDI3 [72]. Cs was also explored in more complex combination i.e. Cs-MA-FA. The triple
cation based PSCs showed more reproducibility and thermal stability than MA-FA based PSCs
[70]. Although Rb cannot be used in perovskite in alone, because of the inherent oxidation-
stability they can be used in perovskite with other monovalent cations. Saliba et al. developed
different cationic combination such as RbFA, RbCsFA, RoMAFA, and RoCsMAFA of
perovskite which showed consistent device performance compared to previously explored triple

cation based PSC device performances [35].

The optoelectronic properties of perovskite can be tuned by replacing or mixing halogen.
From the photovoltaic perspective, each perovskite has its certain benefits. MAPbIs is suitable
for single bandgap light absorber, whereas MAPbbrz and MAPDCIs are useful in tandem
applications and light emitting devices respectively [68]. Moreover, mixed halide based
perovskite can have additional benefits. Lee et al. found that mixed halide perovskite showed
enhanced stability than CH3NH3sPbls perovskite during processing in the air [26]. Noh et al. also
found that 20-29% Br into halide perovskite significantly improve the stability while maintaining
the efficiency [73]. In addition, it is also possible to design mixed cation mixed halide perovskite

by uniting their benefits and evading their drawbacks. Jeon et al. explored mix halide mixed
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cation perovskite which has several benefits over the other combination of perovskites such as
MAPbI3, FAPDI3, and MAPD(lo.ssBro.15)3 [22]. Although lead-based perovskite solar cells showed
tremendous progress in the past few years, the toxicity of lead hinders the commercialization of
PSCs. Recently, researchers are trying to find the less toxic / nontoxic functional materials to

replace lead.

The choice of the electron transporting material is crucial for getting good performance.
Organic and inorganic materials are used as the electron transporting materials based on the
device architecture. Usually, organic materials are used in the inverted PSCs, and inorganic
materials are used in regular PSCs. For an ideal electron transporting material, it should have an
energy level that is compatible with perovskite materials, which is essential to promote the
injection of photogenerated electrons and reduce energy losses [74]. In addition, the materials
should also possess innately high electron mobility [74]. The energy level of commons organic
and inorganic electron transporting materials that are used in PSCs are shown in Figure 13 and
Figure 14 respectively. Some common inorganic electron transporting materials are TiO2, SnO,
ZnO, In203, WOx, CeOx [75-80]. Among them, titanium dioxide (TiO>) is the most popular
electron transporting material used in the regular n-i-p PSCs due to their excellent electron
transporting properties [81]. Although ZnO have higher electron mobility than TiO2 and can be
generated though a low-temperature process, ZnO is known to be chemically unstable [82,83].

SnO; also shows wide bandgap, high transparency and high electron mobility [76,84].
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Figure 13: Energy levels of different inorganic materials acting as ETM with varying layers of

PSCs.
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Figure 14: Energy levels of various organic materials working as ETM with different layers of

PSCs.

The choice of hole transporting materials also has a significant effect on determining the
overall performance of PSCs. The primary function of hole transporting materials is to act as
hole-selective contact to extract the photo-generated holes and carry these holes to the counter
electrode. It can also obstruct the direct contact between the perovskite and counter electrode
[85]. Consequently, it prevents the charge recombination and enhances efficiency. For an ideal
HTM, it should have a well-matched highest occupied molecular orbit (HOMO) energy level
relative to the perovskite layer, good hole mobility, good thermal and photochemical stability
[86]. Organic, inorganic, polymeric and carbon materials are used as hole transporting materials

in PSCS. The energy level of commons hole transporting materials that are used in PSCs are
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shown in Figure 15. Small molecules HTMs such as sprio-OMeTAD offer relatively simple
processing and extensive modifiability [87]. However, it increase the fabrication cost due to the
necessity of addition of ionic additives in it to increase the conductivity and hole mobility [88].
Polymeric materials such as polyaniline (PANI), poly(triarylamine) (PTAA) and poly(3-
hexylthiophene-2,5-dipl) (P3HT) are potentially cheaper alternative than the small molecules and
offer higher hole mobility [89-91]. However, the small molecules show promising result than
the other polymeric HTMs, there spiro-OMeTAD is widely using the perovskite solar cells [92].
Inorganic materials such as NiO, CuSCN and Cul also explored as HTMs in perovskite solar
cells due to their intrinsically high stability, high internal charge mobility and relatively low cost
[86-88]. However, till now the use of inorganic materials is limited in perovskite solar cells due
the slow progress towards the development of inorganic HTMs and the solvent that used to

prepare the inorganic HTM solution partially dissolve or degrade the perovskite materials [88].
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Figure 15: Energy levels of different materials acting as HTM with different layers of PSCs.

Fiber shaped Perovskite Solar Cells

Wearable / portable electronics have been becoming an essential part of our daily life
with the ever-increasing importance of electronics in modern society. To fulfill the high demand
for next-generation smart products for daily use, it is essential to develop flexible optoelectronic
devices and then incorporate them into clothing, backpacks and other flexible objects [96].
Flexible fiber shaped energy generating devices will play a crucial role in the production and

development of practical e-textiles. Conventional perovskite solar cell devices are mainly based
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on a rigid substrate such as fluorine-doped tin oxide (FTO) or indium tin oxide (ITO) coated

glass substrates. Their rigidity, weight, and frangibility limit the integration of the PSC devices
into portable and wearable electronics [38]. To overcome this problem, conductive fiber / wire
type substrate could be a potential alternative. These substrates will be suitable for contexture /

importation into textiles materials.

Recently, a few numbers of research efforts have been conducted to construct flexible
fiber / wire based perovskite solar cells. The very first fiber shaped PSCs was developed by Peng
et al. [39]. They utilized transparent multiwall carbon nanotube (MWCNT) sheet and stainless
steel (SS) fiber as the counter and working electrode respectively and obtained a maximum
power conversion efficiency of 3.3% (Figure 16) [39]. However, the challenging part of their
experiment was to obtain a continuous compact layer of TiO, and deposit the m-TiO- layer
uniformly on the working electrode. Later, Lee et al. successfully developed a novel dimple
compact layer of TiO2 on the working electrode and used silver nanowire and Ti wire as the
counter and working electrode respectively for the fiber-shaped PSC, and they were able to
obtain a maximum PCE of 3.85% (Figure 17) [40]. The increased surface area of dimple
compact layer of TiO2 helps to improve the contact between the substrate and mesoscopic
scaffold resulting in a reduction of the electrical resistance [40]. Although using transparent,
conductive and flexible Ag NWs is counter electrode advantageous, the deposition process of Ag
NW may have harmful effects on the perovskite layer. Hu et al. further integrated the traditional
architecture for PSCs into fiber format by utilizing Ti wire and gold wire as working and counter
electrode respectively and obtained a maximum PCE of 5.35% (Figure 18) [97]. They
demonstrate that this fiber-based PSCs are highly symmetrical and can harvest solar energy from

3D space regardless of the direction of the incident light [97].
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Figure 16: Schematic diagram of a fiber-shaped PSC: (a) structure - stainless steel (SS) as

anode and carbon nanotube (CNT) as the cathode and b) energy-level diagram [39].
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Figure 17: (a) Schematic illustration of the fiber-shaped PSC; silver nanowires (Ag NWs)
as the counter electrode and Ti wire as the working electrode, (b) SEM image of the fiber-shaped

PSC device (c) magnified image — scale 500nm [40].
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Figure 18: Schematic illustration of the fiber-shaped perovskite solar cell: (a) structure.

(b) SEM cross-sectional image. (c) Image of typical FPSC [97].

With advancement in fiber-shaped solar cells, TiO2 nanotubes have also garnered great
interest due to their unique morphology. Wang et al. developed wire shaped PSCs based on TiO>
/ Ti wire for the first time through a successive dip coating process (Figure 19) [98]. Although
they were able to obtain a maximum of 1.16% of PCE, the simple fabrication process allows

being a potential candidate for large-scale cheap manufacturing. For being commercialized, it is

30



also necessary to withstand the stress produce during stretching and bending beside high
efficiency and stability. Otherwise, the produced fiber shaped flexible cells will break / fracture
and will lose the operational capability after a short period of time. Considering this issues, Deng
et al. developed elastic perovskite solar cells utilizing CNT based conductive fiber and spring-
like modified Ti wire as the counter and working electrode respectively (Figure 20) [99]. They
obtained a power conversion efficiency ranging from 0.99% to 1.12%, and the cells maintained

stable energy conversion efficiencies under stretching [99].

Ti wire (b)
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Energy band levels (eV)
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Working elscirade Counter electrode

Figure 19: Schematic representation of a wire-shaped perovskite solar cell: (a) device

architecture and fabrication process; (b) energy-level diagram [98].
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Carbon Nanotube Yarn

Carbon nanotube-based materials have gone through tremendous progress in the past few
decades. Carbon nanotubes were first discovered by lijima et al. in 1991 [100]. Due to their
excellent physical and chemical properties, they have been using in a variety application in both
industrial and research settings such as batteries, supercapacitors, solar cells, sensors, actuators,
drug delivery systems, etc [5,101-106]. Carbon nanotubes are allotropes of carbon [107]. They
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are seamless cylindrical shaped consisting of one or more layers of graphene with open or
closed ends [108]. Depending on the number of walls present in the tube, it can be classified
as single-walled carbon nanotubes (SWCNT), and multi-walled carbon nanotubes (MWCNT)

[109].

Unlike platinum, gold or silver, carbon nanotubes have high electrochemical activity
and interactive surface [5]. They also have excellent charge transport characteristics, chemical
intentness as well as mechanical robustness [101]. The high aspect ratio (length to diameter
ratio) and high surface area also favorable for exciton dissociation and charge carrier transport
activity [110]. Due to their lightweight, excellent mechanical, electrical and chemical
properties, they have the potentiality to replace the metal wire in solar cells [42,111]. When
the CNTs are used in solar cells, they can efficiently extract photo-generated charges and
improve the overall resiliency and stability of the cells. CNT sheets successfully used in
perovskite solar cell as counter electrode material [99]. However, the carbon nanotube yarns
exhibit better surface with entangled and inter-aligned CNTs than carbon nanotube sheet and

films [42,112].
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CHAPTER Il
METHODOLOGY

Preparation of Working Electrode

The diameter of single carbon nanotube yarn used was 25 pm (Nancomp Technologies
Incorporated, USA). The preparation of working electrode started with sintering to remove the
polymer coating applied to the CNT yarns upon manufacturing. CNT yarns were sonicated in
water and then rinsed with acetone, water, and 2-propanol. After rinsing with 2-propanol, the
yarns were dried at room temperature and then functionalized by treating with 70% HNO3 for 12
hours with continuous stirring at 50 rpm. After functionalizing, the CNT yarns were rewashed

with acetone, water, and 2-propanol and dried at room temperature. Six CNT yarns were twisted

together to form the working electrode.

Preparation of Electron Transporting Layer

The preparing of the electron transporting layer started with coating a nanoporous TiO>
layer on the CNT yarn. 50 ml 2-propanol, 5.92 ml titanium isopropoxide, and 1.39 ml
trimethylamine were mixed in a beaker under vigorous stirring for five mins to prepare solution
A. Solution B was of 50 ml 2-propanol, 3 ml hydrochloric acid, and 0.72 ml water were stirred

for five mins. Then, the two as-prepared solutions were mixed and stirred for another 30 mins.
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The working electrodes were immersed into the as-prepared solution for 30 seconds
followed by calcination at 70°C for five mins. The yarns were recalcined at 95°C for another five
mins. Preparation of microporous solution started by mixing 15 ml of deionized (DI) water, 1 ml
of glacial acetic acid, three drops of triethylamine and 5.921 ml of titanium under vigorous
stirring for five mins. Another solution was prepared by mixing 15 ml DI water and 0.25ml 70%
nitric acid. The as-prepared two solutions were then mixed and stirred for another five mins
before hydrothermally treated in an autoclave at 240°C for 12 hours. 2.6 grams of polyethylene
glycol was added to the solution followed by evaporation 50% of the solvent under vigorous
stirring at 100°C. The microporous TiO> solution was dip-coated on the CNT yarn followed by

calcination at 300°C for five mins. The coating and calcination process was repeated four times.

Preparation of Perovskite Layer

Methylammonium iodide (CHsNHsl) was synthesized using methylamine and hydroiodic
acid according to a reported procedure [113]. First, methylamine (12 ml, 33 wt% in absolute
ethanol, Aldrich) and hydroiodic acid (5ml, 57 wt% in water, Aldrich) were reacted in a 100 ml
round-bottom flask at 0°C for two hours under continuous stirring. The precipitates were
recovered by evaporating the solvent at 60°C for one hour using a rotary evaporator. The
products were dissolved in ethanol, recrystallized by adding a certain amount of diethyl ether.

Finally, the product was dried at 60°C for 24 hours in a vacuum oven.

The inorganic-organic halide perovskite precursor solution was prepared by mixing 461
mg of Pblz, 159 mg of CH3NHzl, 78 mg of dimethyl sulfoxide (DMSO) (molar ratio 1:1:1) in

600 mg dimethylformamide (DMF) solution for one hour at room temperature under continuous
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stirring [114]. The as-prepared TiO2 coated working electrode was dip coated into the perovskite
precursor solution for 30 sec and then annealed for five mins at 100°C in nitrogen followed by
cooling down to room temperature. The process was repeated, and finally, annealing was carried

out at 100°C for 60 mins in nitrogen.

Preparation of Hole Transporting Layer

The hole transporting material (spiro-OMeTAD (2,2,7,-7-tetrakis(N,N-di-p-
methoxyphenylamine)-9,9'-spirobifluorene)) solution was prepared by dissolving 72.3 mg of
spiro-OMeTAD in 1 ml chlorobenzene, and then 17.5 pL of lithium
bis(trifluoromethanesulfonyl)imide (Li-TFSI) solution (520 mg Li-TSFI in 1 ml acetonitrile,
Sigma Aldrich, 99.8%) and 28.8 L of 4-tert-butyl pyridine (TBP) were added to this solution
[115]. The as-prepared twisted yarn was dip coated in spiro-OMeTAD solution for two mins

followed by annealing in nitrogen at 100°C.

Preparation of Counter Electrode

Single CNT yarn was used as the counter electrode (CE) The carbon nanotube yarns were
treated according to the procedure mentioned above. Then CEs were platinized using Compact
Plasma Sputtering Coater for 60 s at 1.5KV and 5SmA. Then, the CE was wrapping on the outer

surface of the WE to produce the three-dimensional CNT yarn based PSC.

36



Device Characterization

The morphology of the electrode materials was investigated using Zeiss Sigma VP
scanning electron microscope (SEM). We used a Bioscope Catalyst atomic force microscope
(Bruker) for AFM measurements. The ScanAsyst mode was used to image the samples in air.
This mode is a PeakForce Tapping based image optimization technique that enables the highest
resolution. A triangular silicon nitride cantilevers (Bruker, scanasyst-air, spring constant 0.4
N/m) were used for all measurements. AFM images were recorded in the air at room temperature
each step of the functionalization process. FTIR spectra were characterized by a Bruker Tensor
27 FTIR spectrometer in the range of 4000-400 cm™. The device photocurrent-voltage
performance was characterized using VersaSTAT3 (Electrochemical system with EIS capability,
Princeton Applied Research, USA) running cyclic voltammetry with a potential scan rate of 50
mVs. A Honle solar simulator 400 (light intensity 100 mWcm?) was used to simulate the

sunlight for illuminating the cell with an AM 1.5G spectrum.
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CHAPTER IV

RESULT AND DISCUSSION

The schematic fabrication process of the as-prepared CNT yarn based perovskite solar
cell is shown in Figure 19. The CNT yarns that were used to construct the cells consisted of a
large number of multiwalled carbon nanotubes. The yarn was treated with acid to remove the
polymer which was applied during the manufacturing. The acid treatment improved the surface
smoothness of the yarns significantly. As shown in Figure 19, the electron transport layer (TiOz2)
was obtained through two steps for faster electron transportation. In the first step, the nanoporous
TiO> layer was coated on the six twisted CNT yarns. In the second step, a microporous TiO2 was
formed on the nanoporous TiO2 coated CNT yarn. The nanoporous TiO> layer is the
foundational layer of the microporous layer and exposes a surface for better attachment of the
major microporous coating [42]. The calcination of the TiO2 with TiCls enhance the surface area
and confirms that the irregularities are covered with the TiO> layer [116]. A spin coating process
is typically better for attaining uniform functional layers. However, this process is not ideal for
yarn / fiber shaped devices due to difficulties in penetrating the yarn shape. Therefore, all the
coating process are done through a simple coating process. The perovskite layer was deposited
over the TiO2 coated CNT yarn through a simple single dip-coating process followed by a hole
transporting layer (spiro-OMeTAD) to facilitate the transportation of holes to the counter
electrodes. lonic additives such as lithium bis(trifluoromethanesulfonyl)imide (Li-TFSI) and 4-

tert-butyl pyridine (TBP) are in the hole transporting materials solution to enhance the
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innate the conductivity and hole mobility of the spiro-OMeTAD. Finally, the cells were wrapped
with a platinized single CNT yarn, which works as the counter electrode. The platinization on
CNT yarn increases the conductivity without altering the physical properties of the yarn [43].
The flexibility of the carbon nanotubes yarns allows as wrapping process at any pitch rate as
shown in Figure 21. Also, it ensures the proper contact between the working and counter

electrode.

The structure of the complete three-dimensional perovskite solar cell is shown in Figure
22. The CNT yarn based PSC works based on the same mechanism of the traditional PSC and
other fiber-based PSC devices. When sunlight hits the devices, light (incident photons) is
absorbed by the perovskite (CH3NH3Pbls), and then free charge carriers are produced from the
incident photons. Upon generating the free charges, electrons and holes are separated to generate
an electric field followed by transfer to the electrons transporting layer (TiO2) and hole
transporting layer (Spiro-OMeTAD) respectively. Finally, these electrons and holes are collected

by the working electrode (6 twisted CNT yarn) and counter electrode (platinized CNT yarn).
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Figure 21: Schematic fabrication process of the three-dimensional CNT yarn based

perovskite solar cell.
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Figure 22: Structural representation of the three-dimensional CNT yarn based perovskite

solar cell.

The morphology of CNT yarns and different functional layers of perovskite solar cells
were characterized by scanning electron microscopy (SEM) and atomic force microscopy
(AFM). Figure 23a and Figure 23b shows the SEM image of CNT yarn that used to construct the
cell. CNT yarns consisted of a larger number of multiwalled carbon nanotubes. The CNT yarns
are highly interalinged which is vital for fast electron transport and provides them with excellent
electrical conductivity and vertical alignment [43]. As shown in Figure 23c, high coverage of the
perovskite materials on the TiO, coated CNT yarns surface was attributed, which is a key to
obtaining high photovoltaic performance. In addition, a uniform hole transporting layer was
achieved through a simple dip coating process on the perovskite firm (Figure 23d). High

resolution AFM imaging were recorded on the uncoated CNT yarn and each step of the coating
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process of perovskite solar cell, which was displayed in Figure 24. As shown in Figure 24a,
AFM image of the uncoated CNT yarn reveals the individual carbon nanotubes. The highly
interaligned structure is advantageous because it increases the electron transportability of the
CNT yarn electrode [116]. Figure 24b shows the AFM imaging of the CNT yarn when it is fully
covered with the nanoporous and microporous TiO- coating. The TiO layer is uniformly
deposited and well defined on the counter electrode surface. In addition, single (black arrow) and
clusters (white arrow) of TiO2 nanoparticles are present in the coating on the CNT yarn.
Moreover, the high surface areas of the TiO- is beneficial for absorbing photoactive materials
and therefore, improving the performance of the cell. Figure 24c shows the AFM image of the
perovskite layer on the TiO. coated CNT yarn, which reveals a homogenous coating with two
phases, one porous (black arrow) and the slightly rough (white arrow). The homogenous coating
of the perovskite layer favors the deposition of the hole transporting layer and aids to decrease
the interfacial resistance, resulting in the increase of the charge transportability at the interface
[117]. Figure 24d shows a homogeneous porous structure of the hole transporting layer (spiro-

OMeTAD).
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Figure 23: SEM images of different functional layers of perovskite solar cell (a) CNT

yarn used to construct the cells (b) high-resolution SEM image (zoomed on the image a) (c)

perovskite layer on TiO2 coated CNT yarn (d) hole transporting layer on perovskite.
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Figure 24: AFM image of different functional layers of perovskite solar cell (a) CNT yarn

before coating (b) CNT yarn after coating with TiO2 and annealing with TiCls (c) perovskite

layer on TiO2 coated CNT yarn (d) spiro-OMeTAD coating TiO2 and perovskite layer.

Figure 25 reveals the FTIR spectral features of the TiO,, perovskite (CHzNH3Pbls) and
Methyl ammonium iodide (MAI or CH3NHzl) in the wavenumber range of 400-4000cm™. The
FTIR spectrum of TiO, shows that the band around 3400 cm™ refers to the characteristics of
associated hydroxyl groups. The band observed at 3100 cm™ corresponds to the stretching
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vibration of the hydroxyl group O-H. The hump observed around 1600 cm™ corresponds to the
bending modes of water Ti-OH and the peak around 1250 cm™ is related to Ti-O modes. On
analysis of the spectrum of perovskite we have: the absorption features in the range of 1400 —
1500 cm™* corresponds to the symmetric NHs* bending and asymmetric CH3 bending while CHs-
NH3* rocking and C-N stretching modes are present in the range of 800-1250 cm™. On the other
hand, FTIR spectrum of methyl ammonium iodide (MAI or CH3NHz3l) reveals that the band
around 3400cm™ can be attributed to N-H stretching and the bands observed around 1200cm

and 800cm™ corresponds to the C-N stretching and NHs stretching respectively.
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Figure 25: FTIR spectra of methylammonium iodide (MAI or CHsNHz3l), perovskite

(CH3NH3Pbls3) and TiOs..
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The photovoltaic cell characterization was carried out under AM 1.5 illumination using
versastat3 under full sun. Figure 26a represents the current density — potential (J-V)
characteristics curve of the cell-1 at 2.5 cm, 4.0 cm and 5.0cm cell length. It can be seen that
current density highest when the cell is 5.0 cm in length whereas the cell potential is highest
when the cell is 2.5 cm in length. With the decrease of the cell in length (5 cm to 2.5 cm), the
current density falls from ~3.9 to ~1.8 mA/cm? while the potential rises from ~0.41 to ~0.80 V.
This indicates that current density decreases with decreasing the cell in length and the potential
increases with decreasing the cell in length. Figure 26b shows the current density — potential (J-
V) characteristics curve of three different cells at same cell length (2.5 cm). The similar J-V
performance proves the consistency of the cell performance of the prepared CNT yarn based
PSCs. The three cells at 2.5 cm cell length produce high open current voltage and low short
circuit current. This high Voc results from the low recombination rate and the low Jsc could
result from the incomplete coverage of the perovskite layer on the working electrode and not
having the optimal thickness of the perovskite layer. Further optimization on the thickness of the
perovskite and other functional layers will help to improve the photocurrent density and
therefore improve the overall cell efficiency. However, it is difficult to point out a single factor
for reduced cell performance as the cells consist of a number of components. Moreover,
difficulties during the connection of the cells to the testing equipment (VersaSTAT3) can

partially account for the reduced cell performance [116].
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Figure 26: Current density vs potential (J-V) curve (a) cell 1 at different cell length

(2.5cm, 4.0cm and 5.0cm) (b) cell 1, 2, 3 at 2.5 cm cell length.

The photovoltaic performance parameters such as current density Jsc, open current
voltage Voc of different cells at different cell lengths were investigated and summarized in
Figure 27. The average value of Jsc increases with increasing the cell in length, and the
maximum Jsc is recorded when the cell length in 4.5 cm. On the other hand, the average value of
Voc decreases with increasing the cell in length, and the maximum Voc is recorded when the cell
length is 2.5 cm. At 2.5 cm cell length, the cell also exhibited the highest power conversion
efficiency. Other two photovoltaic performance parameter such as fill factor and power
conversion efficiency of different cells at different cell lengths was calculated from the recorded
current and potential data and summarized in Figure 28. The average fill factor of six efficient
cells at each cell length is shown in Figure 28a. The average fill factor values slightly varies over
the cell length from 2.0 cm to 5.0 cm. The values of fill factor of CNT based perovskite solar
cells limited to 0.3-0.4, which is similar to that of Ti wire based PSCs [98]. Figure 28b shows the

average PCE of different cells at different cell length. As reflected in Figure 28b, the power
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conversion efficiency decreases with increasing cell in length, and maximum average PCE is
recorded at 2.5 cm cell length. It can also be estimated the PSCs exhibit an average efficiency of

0.40% over cell length 2.0 cm to 5.0 cm.
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Figure 29a-b showed the design of a three dimensional (3D) sensing environment, which
is constructed by placing a mirror beneath the cell to capture the incident light from both sides
when sunlight hits the cell directly and the mirror. The sectional and vertical view of the cell is
displayed in Figure 29a, and the optical image of a CNT yarn based perovskite solar cell is
shown in Figure 29b. The simplicity and operational flexibility of the cell are increased the
entwinement of the CNT yarns. In addition, the CNT yarn based working electrode has higher
conductivity than that of semiconducting oxide, and it is also capable transferring the more
photogenerated electrons to an external circuit than other conventional flat electrodes [41]. The
photovoltaic performance of the most efficient cell among the prepared cells is shown in Figure
29c. This cell exhibits a maximum power conversion efficiency of 0.631% with a very high Voc

of 0.825 V, Jsc of 2.615 mA/cm? and FF of 0.353.
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Figure 29: (a) Sectional and vertical view of perovskite solar cell (b) optical image of the

CNT yarn based PSC (c) J-V curve of the most efficient CNT yarn based PSC.
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CHAPTER V

CONCLUSIONS

Flexible solar cells based on carbon nanotube yarn have a great potentiality to integrate
into e-textiles for next-generation power supply. An innovative, flexible fiber shaped perovskite
solar cells has been developed by deploying carbon nanotube yarn as both the counter and the
working electrode. The cells exhibited a high open current voltage of 0.825 V with a maximum
power conversion efficiency of 0.631%. To the best of our knowledge, this is the first
demonstration of the carbon nanotube yarns working as both the counter and the working
electrode in perovskite solar cells. The flexibility and three-dimensional structural features of
PSCs allow them to absorb incident photons from any direction and make them a potential
candidate to incorporate into the next generation wearable and portable electronics. The excellent
electrocatalytic interface with CNT yarn exhibited high surface exposure. The faster electrons
transport and interaligned conductive CNT yarns with high surface area have a significant role in
designing longer and more complex solar cells. The three-dimensional, all solid-state carbon
nanotube yarn based perovskite solar cells open the opportunities to develop fiber shaped solar
cells. Therefore, their ongoing investigation will be a promising strategy for the development of

the next-generation photovoltaic devices.
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