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Abstract

Abstract

Single-walled Carbon Nanotubes (SWNTs) have been widely explored in many fields
to be integrated into new functional devices arising from their exciting optical, electrical,
and thermal properties along with their mechanical and chemical stability. Solar cell
application of SWNTs is one of the most promising application of SWNTs since they
can be incorporated in various functional layers of solar cell devices as well as their
earth abundance and stability. However, the main challenge regarding co-existence of
metallic (m-SWNT) and semiconducting SWNTs (s-SWNTs) after synthesis has to be
overcome to maximize SWNTs’ potential on solar cell application, as small
incorporation of either s-SWNTs into m-SWNTs or vice versa could seriously
undermine the as-desired physical property of the SWNTs as functional material in
solar cell devices. While controlled synthesis for chiral-specific growth of SWNTs has
been extensively studied, they often result in low synthesis yield and thus have proven
to be not favorable for large-scale device fabrication. On the other hand, the
functionalization of as-synthesized SWNTs has also been widely used for subsequent
device application of SWNTs. In solar cell application, however, the limited
understanding and application of SWNT functionalization in solar cell devices has
hindered the further improvement of device performance of SWNT-based solar cells
compared to that of inorganic or organic counterparts.

This doctoral thesis aims at exploring the new possibility of functionalized SWNT
application on solar cell devices and understanding how functionalized SWNTSs can
benefit to achieve high photovoltaic performance in solar cell devices, especially in
perovskite solar cells. Perovskite solar cells have attracted much attention as an
alternative energy source as their power conversion efficiency (PCE) was reported to
be over 25 % in 2020 on top of their easy processibility with cheap materials. However,
reported efficiency is still below 33 % of the theoretical limit and also improving PCE
can further and most efficiently reduce the module cost of solar cells, since more than

half of the total solar cell system cost comes from the module cost. So, integrating
i



Abstract

functionalized s-SWNTs into perovskite solar cells to improve device performance and
understanding their roles under device operation was the main goal of this doctoral
study.

First, adding small amount of surfactant-functionalized s-SWNTs into perovskite
precursor was found to improve crystal quality of perovskite film as well as charge
extraction under device operation. Achieving large grain size as well as efficiently
passivating grain boundaries is crucial to minimize non-radiative recombination of
photo-generated carriers in perovskite solar cells. 2 wt% of surfactant (sodium
deoxycholate) functionalized s-SWNTs was incorporated into perovskite precursor
solution to accomplish larger grain size and grain boundary passivation, owing to their
surfactant forming Lewis adduct with perovskite precursor Pbl. It was found that they
can efficiently passivate the perovskite grain boundaries and also benefit charge
extraction from perovskite absorbers, thus leading to enhanced efficiency of perovskite
solar cells of 19.5 % compared to 18.1 % reference device. This work paved a new way
for SWNT application on perovskite solar cells where dispersed and surfactant-
functionalized s-SWNTs can efficiently benefit perovskite crystal growth and charge
transfer leading to higher device performances of perovskite solar cells. This work also
suggests that by carefully designing dispersing agent of SWNTs that can comply with
perovskite crystal growth, higher efficiency in PSCs can also be achieved.

Second, thermally evaporated molybdenum trioxide (MoO3) was found to be efficient
p-dopant for CNT top transparent electrodes in semi-transparent perovskite solar cells
for perovskite-silicon tandem solar cells. This was achieved by thermally evaporating
MoOs on as-laminated CNTs in perovskite solar cells. It was found that direct contact
between MoOs and perovskite absorber can induce interfacial states which led to
degradation of device performance. By modifying device fabrication process where
MoOs deposition was followed by p-type organic semiconducting material (Spiro-
OMeTAD) deposition on CNTs, 20.25 %-efficient semi-transparent perovskite solar
cell with CNT-70T% top electrode was successfully fabricated. Enhanced charge

extraction dynamics owing to efficient p-doping of CNT electrodes with MoO3 was
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characterized through various spectroscopy methods including PYS, PL, and EIS.
Furthermore, perovskite-silicon tandem simulation was analyzed with p-n junction
silicon bottom cell. In tandem with silicon bottom cell of 14.84 % PCE, 23.26 %
efficient perovskite-silicon tandem solar cell with CNT-70T% top transparent electrode

was simulated based on optical transmittance of perovskite top cell.
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Introduction

Chapter 1:

Introduction

1.1 Introduction and overview of the thesis

Carbon nanotubes (CNTs), firstly experimentally found in 1993 by lijima et al. [1],
are a nano-carbon material with one-dimensional (1D) tubular structure made up of
rolled-up graphene sheets. Owing to the unique physical properties from sp?
nanocarbon system and their 1D quantum structure, CNTs have attracted much interest
from various application field including electronics, mechanics, chemical engineering
and so on [2]. In recent years, CNTs as for solar cell application has shown significant
progresses as they can enable highly efficient and stable devices from their excellent
stability [3] (both mechanical and chemical) and high carrier mobilities [4—6] compared
to conventional materials such as organic materials and metals. Furthermore, CNTs can
have direct-bandgap, broad spectral response, large absorption coefficient and fast
response (~picosecond), which makes CNTs more attractive in solar cell application
[7,8]. Large scale CNT synthesis, which was regarded as one of the main bottlenecks
for CNT device integration has also been successfully achieved [9] so now it is
technically available for CNTs to be employed in solar cell industries as long as they
are shown to be more efficient compared to conventional materials in the industry.
However, integrating as-grown CNTs into practical solar cell device is still challenging
as they have both metallic and semiconducting CNTs which usually undermine the
device performance as in general, each functional layer of solar cells has to be either

metallic or semiconducting. Thereby, functionalization of CNTs such as dispersion,

1
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separation, doping, etc. has been employed to achieve target properties of CNTs to be
used in device. Nevertheless, we still lack the understanding of the role of
functionalized CNTs in solar cell device as well as functionalization method itself.

In this thesis, functionalized CNTs and their integration into PV devices will be
studied to better understand and clarify the role of functionalized CNTs when applied
in PV devices. In addition, compatible integration techniques of functionalized CNTs
into current PV fabrication process will be also investigated based on preparation of

functionalized CNTs, device fabrication and characterization.

1.2 Carbon Nanotubes

To understand the carbon nanotubes, it is important to start with its most simple
structure of “single layer”. Single layer carbon nanotube, or single-walled carbon
nanotubes (SWNTs) have a tubular 1D structure of a rolled-up graphene sheet. The
geometry of a rolled-up graphene sheet identifies the electronic structure of SWNTs.
Semiconducting SWNTs (s-SWNTs) are known to have band gap ranging from 0.5 eV
to 2 eV (Fig. 1.2.1b) depending on a rolled-up structure, so called chirality defined by
(n, m) chiral indices (Fig. 1.2.1a). Also, depending on the number of layers consisting
of CNTs, they can be categorized into SWNTs, double-walled CNTs (DWCNTs), and
multi-walled CNTs (MWCNTs).
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Figure 1.2.1 (a) Structure and vectors for defining a (5,3) CNT. (b)Typical density of states of
a semiconducting CNT, showing strong peaks at the edges of the bands. Reprinted with
permission from[7]. Copyright (2016) John Wiley and Sons/Wiley-VCH.
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1.2.1 Structure-related optical properties of Carbon

Nanotubes

To simplify the structure of carbon nanotubes, we can start from understanding
SWNTs as a building block of entire carbon nanotube family. SWNTs can ideally be
made of rolled-up sp?-bonded graphene sheet (one layer of graphite) as a cylindrical
structure. Physical properties of SWNTs can be decided upon the way how graphene
sheet is rolled up, determining distinct properties of either semiconducting or metallic
with specific chiral indices (n, m). The excellent optoelectronic properties of CNTs
arise from their unique band structure, which is very important to understand their
physical properties and thereby to design optoelectronic devices. It is known that
statistically, in most SWNT growth, 2 / 3 of the SWNTs are semiconducting and 1 /3
are metallic. Their band structure calculated through a single-particle tight binding
model [10], and their typical density of states (DOS) are shown in Fig. 1.2.1.1a. Either
type of SWNT has distinct peaks called van Hove singularities (VHS) that stem from
two-dimensional quantum confinement. In m-SWNTs, finite DOS in between the
lowest conduction and valence VHS can be found, and the lowest-energy ground-state
electrons reside at the middle of the gap (the Fermi level). On the other hand, s-SWNTs
possess no DOS in between the lowest-energy conduction and valence VHS. Thus, the
lowest-energy electrons reside at the top of the valence VHS. Significant electron-hole
binding energies associated with strong Coulomb interactions stabilizes bound excitons
(electron-hole pair) with its binding energy (Ep) ranging of 0.2 — 0.5 eV [11] (Fig.
1.2.1.1b). Metal and semiconducting separation of SWNTSs can be achieved by density
gradient ultracentrifugation (DGU) [12], gel column chromatography (GCC) [13],

aqueous two-phase extraction (ATPE) [14], and selective polymer extraction [15].
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Figure 1.2.1.1 (a) Single-particle DOS for m- and s-SWCNTs. (b) Three different excited states
of s-SWNTs. (c,d) Photos and absorption spectra of high purity s-SWNT inks prepared by
polyfluorene extraction. (¢) AFM images of a s-SWNT film prepared by ultrasonic spraying.
Reprinted with permission from [16]. Copyright (2017) American Chemical Society
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1.3 Metrology of Carbon Nanotubes

1.3.1 Electron Microscopy

As the size of CNTs is usually below the resolution of optical microscopy which is
approximately the wavelength of visible light of 500-800 nm, electron microscopy is
usually a more suitable way to microscopically observe CNTs. According to the wave-
particle duality, the electrons with accelerated voltage can have wavelength shorter than
visible light, thereby leading to higher microscopical resolution. SEM and TEM were

used for the observation and characterization of CNTs.

1.3.1.1 SEM
Scanning electron microscopy (SEM) shown in Fig.1.3.1.1.1 is mostly often used

to characterize the CNTs. SEM is rather used to observe CNT “bulk” such as forest,
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network not to determine single CNT since its resolution is not high enough to observe
single CNT. By scanning the surface of the sample with electron beams, SEM collects
secondary electrons that are scattered from the sample with detectors and create the
image of the sample. Imaging CNTs by SEM highly depends on the sample preparation,
substrates, parameters in SEM (beam focus, acceleration voltage of electrons, stigma

and etc.). SEM resolution can be achieved by around ~100 nm by up-to-date technology.

To TV Scanner

he S Scanning Colis
Stage —» Specimen

Figure 1.3.1.1.1 Schematics of Scanning Electron Microscope (SEM). Picture was acquired
from https://sites.google.com/site/frontierlab2011/scannig-electron-microscope/principie-of-

sem.

1.3.1.2 TEM

Transmission Electron Microscopy (TEM) is also frequently used observing CNTs
to characterize single CNT information such as diameter, number of walls, defects, and
etc. As TEM usually is used for higher resolution compared to SEM, TEM operation
requires higher acceleration voltage of 60 -100 kV compared to that of SEM (1 - 10
kV). The high resolution of TEM achieved by higher acceleration voltage, enables more
precise observation of CNTs with direct visualization of atoms, defects. On top of that,
TEM can also provide electron diffraction pattern that enables to directly identify the
chiral indices (n,m) of SWNTs.
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Figure 1.3.1.2.1 Schematics of Transmission Electron Microscope (SEM). Picture was

acquired from http://www.hk-phy.org/atomic_world/tem/tem02_e.html.

1.3.3 Raman Spectroscopy

Raman spectroscopy is a convenient and powerful optical tool for characterizing
carbon nanotubes. Raman spectroscopy utilizes the inelastic scattering of incident
photon, so called “Raman scattering”, coordinated with the lattice vibration and rotation
from the material of interest. This scattered information is particular to each material
and therefore can be used for identification or characterization of materials. In SWNTs,
resonant effects of scattered photons are significant due to the van Hove singularities
in electronic density of states arising from their quantum 1D structure. Especially, when
the incident photon energy matches the optical transition energy of SWNTs, this
resonance effects get significant and thereby even very small SWNTs where diameter
is around ~1 nm can be detected by Raman scattering. SWNTs’ Raman response can
be characterized into several modes upon the chiral indices (n,m). G-mode or G-band
of SWNTs appear around 1590 ¢cm™!' which can also be detected on other sp? carbon

family such as graphite, graphene and this arises from an in-plane mode of hexagonal
6
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rings of graphite. In SWNTs, this G-mode splits into two peaks (G* and G°) due to the
rolled-up structures or chirality. At low frequency region, to ~ 500 c¢cm', Radial
breathing mode (RBM) is detected that originates from radial expansion or contraction
of the SWNTs. This mode is dependent on the diameter of SWNTs, so can be used to
identify the diameter of SWNTs.

Raman spectroscopy characterization is dependent on the lasers with different
wavelengths, so enables more detailed identification of nano-materials. But it can be
also said that this measurement can be only achieved on available lasers, therefore not

all SWNTs can be detected as long as there is restriction on available lasers.
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Figure 1.3.1.2.1 Schematics of Raman spectroscopy. Picture was acquired and reproduced
from [17].
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1.3.4 Photoluminescence

Photoluminescence (PL) is a useful optical tool for especially characterizing the
semiconducting carbon nanotubes (s-CNTs). s-CNTs have direct bandgaps that can
produce efficient light emission. When s-CNTs are shed light, holes and electrons are
excited. Some excited electron and hole pairs from s-CNT will recombine and emit
light of which energy is same to the bandgap energy of s-CNT. We call this light
emission to PL and this can be used for identifying the chirality of CNTs. This is
because, when excitation energy is scanned through different wavelength, PL enhances
when excitation energy matches the resonance with peaks in the density of states.
Therefore, chirality of CNTs can be determined by measuring both the resonant energy

and the emission energy from PL measurement.

1.3.5 Ultraviolet - visible - near infrared (UV-vis-NIR)

Spectroscopy

In UV-vis-NIR region, CNTs possess characteristic peaks of additional absorption
because of 1D van Hove singularities. Especially, s-CNTs exhibit three transitions
between the transition in the electronic density of states Sii, S22, and so on. Metallic
CNTs (m-CNTs) have the first transition M. These inter-band optical transitions show
characteristic features in UV-VIS-NIR region where Si1 locates near 1700 nm, S»»
locates near 1000 nm and M;[18]. This indicates van Hove transitions of CNTs of
different diameters. These peaks are usually not individually resolved, so to some extent,
this absorption spectra can be dependent on the diameter distribution of CNT samples.
UV-vis-NIR spectroscopy can be a useful tool to characterize the doping level of CNT

samples by looking at changes in exciton bands in the NIR spectral range[19].
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1.4 Potential, challenges and functionalization strategy of

CNTs for photovoltaic application

1.4.1 Introduction of CNTs for photovoltaic application

CNTs with cylinder-like, 1D structures have attracted much attention for photovoltaic
applications due to their physical (electrical and optical) properties, including the high
carrier mobilities, tunable band gaps over a wide wavelength range, and high optical
transparency along with low resistivity. They are also mechanically and chemically
stable nanomaterials which enable long-term operation of photovoltaic devices as well
as flexible applications. Not to mention, technically, they are made of earth abundant
carbon (C) atoms so that makes no concerns about material sourcing. A variety of
photovoltaic devices using CNTs have been reported in organic solar cells and
inorganic solar cells. Utilization of CNTs in solar cell devices can be categorized into
two types. First is as “charge transport channel” and second is “photoactive material”.
First has been more feasible considering the high exciton binding energy of CNTs and
low absorption coefficient compared to conventional photoactive materials that limits
efficient light energy conversion [20]. Also, CNTs as photoactive material require
highly purified s-SWNTs, which is another challenging topic. Instead, as photoactive
materials, they can be developed as “photodetector” to sense wide range of wavelengths
which does not require high power generation [21]. CNTs as “charge transport channel”
have showed a great potential as they can function as charge extractor and conductors.
Their mechanical rigidity that enables flexible devices is an added bonus. This can be

summarized into following Table 1.4.1.1.
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Table 1.4.1.1 CNT application reported in PV devices and its feasibility

CNT
Required What CNT CNT Conventional Potential
application Ref
properties have type material (Reason)
in PV
Suitable Si, Ge,
Highly
Photoactive | bandgap for Tunable perovskite, Low
pure [22-24]
material light band gap organic (Low PCE)
semi
absorption semiconductors
Fast charge High
Charge Mixed Organic
extraction mobility,
extraction or semiconductors, High [25-27]
and high good
interface semi metal oxides
mobility coverage
High optical Transparent
transparency conductive oxide
Optical Metal
(low (TO, IGZO,
Transparent | transparency or
parasitic ZnO, etc.), High [28-33]
electrode with low semi-
absorption), Metal
resistivity metal
low nanowires, thin
resistivity metal
Low High Metal
Middle
Conductive | resistivity, mobility, or
Au, Ag, Al, etc. | (Competitive | [3,34,35]
electrode chemical chemical semi-
counterpart)
stability stability metal
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1.4.2 Challenges of CNTs for solar cell application

Despite great optoelectronic properties of CNTs, CNT-based PV devices are still
behind the conventional material system in terms of device performance. Followings
are the problems that limits further device improvement in CNT-based PV devices.
® (o-existence of metallic and semiconducting CNTs after growth: Popular growth

method of CNTs is done by chemical vapor deposition (CVD) with metallic
catalysts. Usually, SWNT growth without any control yields ~2/3 of s-CNTs and
~1/3 of m-CNTS. When CNTs are used as electrical conductor, this metallic-
semiconducting mixture limits electrical conduction forming Schottky barrier
inside the mixture. On the other hand, when used as charge transport interface or
photoactive material, this mixture leads to non-radiative recombination of carriers
thereby undermining device performance.

® Transfer: Since it is difficult to directly grow CNTs on PV devices as CNT growth

requires high temperature >300 °C, as-grown CNTs usually have to be transferred

to PV devices. Current transfer requires wet process, or polymers which can
degrade the target device leaving impurities.

® [ ength: As functional materials used in PVs are ~100 nm thick, bulk CNTs should
be limited within ~100 nm thickness (Therefore few centimeter long vertically
aligned CNTs are not relatively suitable for PV devices.). Also, the average length
of CNTs grown by CVD is usually within ~few hundred micrometers, as their
growth is limited by catalyst lifetime, neighboring CNTs, etc. Integrating as-grown
CNTs into two-dimensional films, they result in having randomly oriented features
inducing lots of contacts among CNTs. This number of contacts usually limit the
efficient charge transfer, resulting in decreased conductivity compared to aligned
film. The solution for this is to have long CNTs or aligned CNTs having less
contacts among other CNTs.

® Defects: CNT growth usually accompanies lots of defects on CNTs and those

11
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defects usually harm efficient charge transfer through CNTs. They can work as
active sites for absorbing ambient chemicals which can degrade the underlying
materials. Therefore, achieving highly crystalline CNTs is important to develop
highly efficient CNT-based PV devices.

1.4.3 Functionalization of CNTs for photovoltaic application

To address the issues mentioned above, functionalizing CNTs was reported to be an
effective way to better utilize or even improve the intrinsic CNT properties into PV
devices. By designing proper functionalization method of CNTs, CNTs can possess
desirable properties required for PSC incorporation.

® Dispersion: Dispersion of CNTs in solvents can be an efficient way to utilize

CNTs produced in large scale, which could tackle the difficulty of transfer process
of as-grown CNTs. For practical application of PV cells from lab to the industry,
the compatibility of scaling up the fabrication process is extremely important. In
this regard, CNTs now can be produced in the ton scale as powders, but they need
to be dispersed to be used in disaggregated and more usable forms for PV
applications. In addition, the dispersion of CNTs allows the separation of m-
SWNTs and s-SWNTs. Thereby, functionalization of CNTs with suitable
dispersing agent in target solution (polar or non-polar) is desired. Furthermore,
the careful design of electronic structure and semiconductor property of
dispersing agent can offer bonuses as CNT hybrid materials. Seo et al [27] and
Lin et al [36] reported that by dispersing s-SWNTs dispersed with sodium
deoxycholate and 4,6-di(anthracen-9-yl)-1,3-phenylene bis(dimethylcarbamate),
those agents can be used as efficient dispersion surfactants as well as great Lewis
base for forming Lewis adduct to improve crystal quality of PSCs. Habisreutinger
et al reported that CNT/P3HT hybrid can work as a highly stable hole collection
layer in PSCs[37].

® Doping: For CNT application for transparent electrodes in PV devices, the CNT

12
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film should be highly optically transparent while highly electrically conductive.
However, the optical transparency and electrical conductivity of CNT films are
highly coupled to a trade-off relationship. Compared to conventional transparent
electrodes including ITO, the reported sheet resistance of CNT films so far shows
higher sheet resistance of ~few hundred ohm/square at high optical transparency
over 90% (at wavelength of 550 nm). One of the reasons would be the existence
of Schottky contacts among mixed s-CNTs and m-CNTs within the film. A doping
strategy has been reported to be a successful approach to tackle this problem.
Effective doping of CNTs can modify the Fermi level of CNTs resulting in lower
band gap features similar to semi-metal. This offers the higher electrical
conductivity of CNT film, minimizing the Schottky barrier as well as increasing
the charge carrier density of s-CNTs. Strong oxidizing agents have largely been
studied as effective p-type dopants for CNTs, including inorganic redox agents,
such asH>SO4, HNO3, SOCl,, O3 and AuCl; [38], as well as organic redox agents,
such as bis-(trifluromethanesulfonyl)imide and perfluorinated polymeric acid
Nafion [39,40]. Metal oxides such as MoO3 and WO; with high work function
greater than 6 eV are also reported to be effective p-type dopants for CNTs [41,42].
Separation: To address the mixed metallic and semiconducting properties in as-
grown CNTs, separation of metallic and semiconducting mixture of CNTs has
been widely investigated as mentioned in Sec 1.2.1. Reports in separation of CNTs
related to PV application usually refers to separation of s-CNTs for further
utilizing their semiconductor properties. Selective polymer extraction method is
popularly used in use of s-CNTs in PV application as selective polymer can also
offer additional functionality to existing CNTs as well as separation ability. A wide
variety of polyfluorene polymers are extensively used to extract s-CNTs as they
can give high purities of s-CNTs and also very low metal impurities. This method
also has very high yield and throughput which enables scalable deposition and
fabrication of PV devices. By using this method, Blackburn et al reported that

(6,5)-enriched s-SWNTs can efficiently extract charge and reduce recombination
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when applied at the interface of HTL/perovskite[43]. They also reported that
wrapping polymer does not affect carrier transport from perovskite to
CNT/polymer hybrid material owing to extremely high mobility of CNTs.

® Van der Waals heterostructure: Recently, one-dimensional van der Waals hetero-
structure with CNTs has been reported from our group [44]. This can provide
additional properties on top of CNTs, but is still a very new concept to be
investigated further. Qian et al reported that wrapping MoS, nanotubes with
existing CNTs can efficiently function as hole transporters and conductors in

PSCs [45].
1.5 Current application of CNTs on photovoltaic devices
1.5.1 Silicon Solar Cells

1.5.1.1 What is Silicon Solar Cell?

Silicon (Si1) solar cell is the type of solar cell where its photoactive layer is made up
of silicon. For almost three decades, Si-wafer-based PV devices are now dominant over
the global PV market. Their high stability, long-lifetime, scalability and high PCE have
led to the successful commercialization with a high performance / cost ratio over 90%
market share. Despite fast advances in other PV domains (organic, perovskite and
CIGS), continuous process optimization and new cell structures have made silicon to
stay persistent as the leading PV technology. Theses involves a high efficiency designs
with the early aluminum back surface field (Al-BSF) cells to the recently
commercialized passivated emitter and rear cell (PERC). Furthermore, in the future, the
scaled silicon heterojunction (SHJ) and interdigitated back contact (IBC) cells are the
next strong candidates. They have reached very high PCEs close to the theoretical
maximum of 29.4%, but new design needs complex structure. Dielectric passivation
with Si0,, Al,O3, SiNy, and a-Si:H have become a very important step and these need

high-vacuum or high temperature process for thin-film deposition. Furthermore,
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carrier-selective contacts need doping of bulk silicon or doped-thin film. Doping of
bulk silicon is the most well-established step to make a p-n junction. This is achieved
by high temperature diffusion process with boron/phosphorous gas (toxic and
dangerous) or ion implantation to fabricate p” or n* regions near wafer surface. Thin a-
Si films are doped with plasma enhanced CVD (PECVD) with boron/phosphorous gas.
Theses passivation step result in high fabrication cost, which now limits successful
industrialization. So now, further decrease in fabrication cost (easy process, cheap

materials) with high PCE is a key target to be achieved.

1.5.1.2 CNTs in Silicon solar cell

By far, CNTs in Si solar cells have been mainly used as transparent conductive thin
film electrodes interfaced with silicon substrates. They are known to form Schottky
junction at CNT-S1 interface which can separate electron-hole pairs generated at the
silicon. CNT film with high optical transparency and high electrical conductivity is
desired for maximizing the light absorption while offering a low resistance for the
carriers to reach metallic contacts. To date, the highest PCE achieved by CNT-Si solar
cell as CNT functioning as transparent electrodes is 18.9% with active area of 1cm?[46].
Usually, in CNT-Si solar cell with p-type CNTs / n-type silicon, holes are collected by
the CNTs and the electrons by the silicon. Recently, B. Flavel et al reported
CNT/polymer hybrid material can efficiently function as passivated charge selective
contacts that can be spin coated directly on to silicon[5]. This method needs no high

temperature, vacuum process and deposition of dielectric layer.

1.5.2 Perovskite Solar Cells

1.5.2.1 What is Perovskite?

“Perovskite”, first named after a Russian scientist Lev Perovski, was originally a
term to refer the mineral out of calcium titanium oxide (CaTiO3), first discovered in

Russia. This word, “perovskite” has been extended to describe the compound with a
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certain crystal structure of ABX3 (Figure 1.5.2.1.1.1). Materials of the perovskite
structure have been studied in many applications including the PV industry.

Researchers in academia and industry have been trying to make solar cells using
perovskite materials for a decade. In such a compound with the ABXj structure, A is a
monovalent cation, B is a divalent cation, and X is a divalent anion, so the more explicit
structure expression is A*B2*X3 . While CaTiOj3 is a natural compound, there are many
recipes to artificially synthesize molecules with the perovskite structure. To form a
compound with stable perovskite structure, the relative ion sizes of A, B and X must be
within a certain range. Options explored for PV applications are shown in Fig.
1.5.2.1.1.1. Note that each symbol (A, B, and X) can use one of the listed optional
materials, which results in a ‘neat’ perovskite, or a combination of multiple choices that
is referred as an alloyed perovskite. Perovskite solar cell (PSC) is a type of solar cell
which has perovskite material as its light-harvesting active layer. For instance,
Helmholtz-Zentrum Berlin made a perovskite solar cell with the material
Cs0.05(FA0.77MA0.23)0.95Pb(I0.77Bro.23)3. A, on top of a silicon solar cell, which together
realized an efficiency record of 29.15% in 2020[47].

‘”

@ A cs,FA MARD
@ B Pb,Sn
X 1,Br, Cl

ABX;

Perovskite Crystal Structure
Figure 1.5.2.1.1.1 Schematics of perovskite crystal structure.

PSCs have the potential to achieve lower production cost and higher PCE compared
with the current dominant silicon solar cells. The fundamental process of PVs is that an
electron’s transition from one state to another. When electron obtains enough energy
from a photon (light) to jump from a ‘restricted’ state (valence band) to an ‘excited’
state (conduction band), it can flow in a specific direction within an built-in electrical

field and generate electricity. When such electrons travel inside the solar cell, it is likely
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to relax to the restricted state, releasing energy by emitting heat, or transferring energy
to other excited electrons. In this case, the electron cannot contribute to electricity
anymore. So, it is desirable for electrons to have much ‘excitement’ and less ‘relaxation.’

Perovskite materials involve atoms with electronic structure different from that in
silicon and this grants two features to perovskite solar cells. First, perovskite can absorb
light very efficiently compared to silicon, so a PSC only needs a layer of about 0.3
micrometers (um) thickness to absorb the incident lights. This is impressive compared
to 170-180um thickness for silicon wafers, and significantly reduces material cost.
Second, perovskite is defect-tolerant that caused by impurities in the bulk material
compared to Si. As a result, the perovskite material needs purity of only 90%, and no
additional purification process is needed after solution mixing. This also saves material
processing cost. In contrast, the Si material needed for solar cell application needs
conversion of metallurgical-grade silicon of 98% purity to 99.9999% purity.

Other cost-saving features stem from the fabrication method. Unlike the
manufacturing process for silicon solar cells, that requires reactions at temperatures
higher than 1000°C to dissolve silicon, PSCs can be fabricated using solution processes
in a line at temperatures less than 150°C. Fewer fabrication steps and low temperature
benefits less capital investment on factories, labor cost and energy consumption,

The theoretically achievable PCE is directly related to the energy bandgap (Eg), and
this is called Schokley-Quiesser (SQ) limit [48]. If a photon carries energy greater than
E,, the extra will be wasted as heat. If the photon’s energy is lower than Eg, it cannot
excite the electron from the valence band. A crystalline silicon solar cell is basically a
p-n junction, with ‘p’ and ‘n’ referring to excessive holes and excessive electrons,
respectively. For a solar cell made of one semiconductor material and composed of a
single-junction solar cell, there exists the optimal choice of bandgap, which can give
highest theoretical PCE. The optimal bandgap for highest possible PCE depends on the
spectrum distribution of solar spectrum. For the standard spectrum at the earth surface,
AM 1.5, silicon has already reached close to the optimal E; value. However, its actual

achievable efficiency is undermined by carrier recombination related to bulk impurities,
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to which perovskite materials are less sensitive. More importantly, perovskite materials
can be designed and synthesized to achieve the optimal E,. Therefore, PSCs could
achieve higher efficiency than silicon cells when both are of single-junction structure.
The highest laboratory efficiency record of PSCs available in literature is 24.4% with
(FAPDI3)1<(MC)x ,where MC is an abbreviation meaning MDA?" and Cs* were mixed
in equimolar amounts [49]. Although this is still lower than the 26.7% achieved for
silicon cells [50], it is a very exciting result considering the short exploration history of
perovskites from 2009 [51].

An ideal solar cell would have multiple junctions, so that each photon with different
energy can be fully utilized by the material with the corresponding bandgap. Thus, the
theoretical PCE-limit increases when more junctions are incorporated. In such a
tandem-junction solar cell, there exists an optimal bandgap for each junction to achieve
the highest total efficiency. The bandgap of perovskites can be modified by changing
the chemical composition, and this is very achievable by preparing desired precursor
solution with target composition ratio. With enough flexibility of recipe engineering,
perovskite can provide the desired bandgap. Because most popular perovskite
composition exhibits bandgaps higher than silicon, they are usually incorporated as the
top junction materials for perovskite/Si tandem cells. In 2020, Oxford PV based in UK
achieved a record efficiency of 29.52% on such perovskite/Si tandem cell. Ideally, it is
possible to obtain both lower fabrication cost and higher PCE simultaneously on PSCs
compared with crystalline silicon cells. However, in reality, single-junction perovskite
PV devices can be produced in lower cost than silicon but with lower efficiencies.

Perovskite/Si tandem cells are more efficient than silicon but also more expensive.

1.5.2.2 CNTs in perovskite solar cells

CNTs have been extensively employed to tackle many challenges for PSCs. In the
last years, numerous reports have been made to utilize CNTs as a wide range of
functional components for achieving highly efficient PSCs. Followings are the
representative function of the CNTs in PSCs.

® Transparent conductive electrodes: CNTs provide exceptional electrical
18
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conductivity, mechanical rigidity and flexibility, and optical transparency
which benefits the usage of CNTs as transparent electrodes. Application as
transparent conductive electrodes were most popular among the other
application of CNTs in PSCs since they can be used as long as high electrical
conductivity and high optical transparency are achieved.

Electron transport layers: Electron transport layer (ETL) plays an important
role to quickly and effectively separate the photogenerated charges and finally
transport them to the close electrical contact. It was reported that CNTs can be
added on top of popular ETL TiO> can facilitate fast charge transfer that can
reduce trap-induced nonradiative recombination [52]. Also, addition of CNTs
were reported to reduce the work function, which benefit the V,c improvement
when applied on top of SnO> ETL layer [53].

Additive in perovskite layers: The film quality of perovskite light absorbers
including defects, charge transport ability, morphology, and optical property
has a tremendous impact on the PCE and stability of PSCs. Perovskite films
fabricated by solution process usually consist of small grains with a lot of grain
boundaries because of the fast crystallization process. Grain boundaries can
work as trap or defect sites for nonradiative recombination and undermine the
device performance of PSCs. Therefore, achieving large grain size and
passivating the grain boundaries are important to fabricate highly efficient
PSCs. Several approaches have been employed to engineer and control the
crystallization process to improve the crystal quality. Especially, additive
approach has been reported to be an effective method to improve the
morphology of perovskite films. CNTs with appropriate functionalization have
been reported to be useful as beneficial additives by controlling nucleation and
crystallization kinetics during film formation of perovskite [27].

Hole transport materials: Hole transport materials (HTL) in PSCs should have
favorable energy level alignment and hole mobility to extract and transport (or

efficiently block unwanted charges, which are electrons) generated electron-
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hole pairs with regard to perovskite absorber. In addition, they should be
thermally and chemically stable to be resilient to external degradation factors
including water and oxygen. Spiro-OMeTAD is the most popular HTM, but it
requires dopant to enhance its intrinsic low charge mobility and conductivity.
Lithium salts are the most commonly used dopants for Spiro-OMeTAD, but
owing to their hygroscopic property, they result in performance when exposed
to ambient atmosphere. Thus, investigating potential HTL or HTL additive
with excellent charge extraction ability and high mobility are highly in need
for achieving PSCs with high PCE and stability. Arising from their intrinsic p-
type nature, favorable work function and great stability, CNTs have been
reported to perform very good as both HTL and HTL additives [26,54,55].

Back electrodes: Conventional PSC fabrication involves the use of expensive
back metal electrodes, such as Au or Ag. Nevertheless, their high cost and
vacuum process of depositing noble electrodes should be replaced for large-
scale production. Moreover, their migration across the charge transport layer
into perovskite absorber decreases long-term stability of PSCs. Developing
facile alternative back electrodes is highly desired for the successful
commercialization of PSCs. CNTs are highly conductive, hydrophobic and
thermally stable. They have been reported to efficiently function as back

electrodes for PSCs providing both high efficiency and stability[56].

1.6 Metrology of Photovoltaic devices

1.6.1 J-V Characterizations

The performance of fabricated solar cells is characterized under AM 1.5G (1 sun)

illumination by current-voltage (J-V) measurement or J-V sweep and corresponding

photovoltaic parameters are calculated to characterize photovoltaic performance of the

fabricated devices. J-V measurement under 1 sun gives the most basic solar cell features

of power conversion efficiency (PCE), fill factor (FF), open-circuit voltage (Voc), short-
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circuit current (Jsc), series resistance (Rs) and shunt resistance (Rq) (Fig. 1.6.1.1, Fig.
1.6.1.2). These six parameters indicate the basic performance of the solar cell.
Furthermore, maximum power point of the solar cell device can be calculated and used
on further maximum power point tracking measurement on perovskite solar cells [57].
The dark current of the device is measured under no light (dark) condition. Dark current
characterization can give the leakage current of the solar cell devices and also be

correlated to shunt or recombination resistance of the solar cell.
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Figure 1.6.1.2 Equivalent circuit of J-V characterization of solar cells
1.6.2 Four-Point Probe measurement

The sheet resistance of CNT films was measured by a four-point probe method. Four-
point probe is usually used to obtain resistive properties of thin films. If the thickness

of a thin film is already known, the sheet resistance obtained from four-point probe
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measurement can be used to derive the resistivity of the material. Van der Pauw (VdP)
method is a commonly used technique when using four-point probe measurement. VdP
method is known to have ability to measure the properties of a sample regardless of the
shape, as long as the sample is two-dimensional, solid with no holes, and the contact
electrodes are placed on the very corner. VAP method gives an average resistivity of the
sample, whereas counterpart linear four point probe method gives the resistivity in the
sensing direction. Therefore, VAP method becomes more effective when measuring
anisotropic material (such as 1D tubes that have high carrier mobility along the tube

axis).

1.6.3 XRD

X-ray diffraction (XRD) is a powerful method that uses diffraction of incident x-ray
on to samples to analyze the geometrical arrangements of the constituents in the
material of interest, especially in crystalline materials. This provides the information of
atomic level distances, extraction of symmetries, densities, temperature and
compositional dependent phase transitions as well as crystallite size and orientation of
polycrystalline thin films. XRD works by irradiating a sample (either thin film or
powder) with incident X-rays and then count the intensities and scattering angles of X-
rays that come out of the material. Crystal atoms usually scatter incident X-rays mainly
through interaction with the electrons in atoms. This can be referred to elastic scattering.
A regular array of atoms produce a regular array of spherical waves and majority of
them cancel each other out via destructive interference. However, some of them add
constructively in a few specific directions, which are determined by Bragg’s law

2dsind = nld (1.6.3.1)

Where d isthe spacing between diffracting planes, 6 isthe incident angle of X-rays,
n isaninteger, and A isthe wavelength of the beam. The specific directions come into
view as spots on the diffraction pattern, so called reflections. Therefore, X-ray

diffraction patterns result from electromagnetic waves hitting on a regular array of
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atoms. X-rays are used to make the diffraction pattern because their wavelength, A is
usually as the same order of magnitude as the spacing d, between the crystal planes

that is usually 1-100 angstroms.

1.6.4 XPS

X-ray photoelectron spectroscopy (XPS) is a surface characterization method that
analyze a sample to a depth of 2 to 5 nm (depending on the incident X-ray energy). XPS
shows which chemical elements are present at the sample surface and the nature of the
chemical bond that exists between present elements. XPS can detect most of the
elements but hydrogen and helium. XPS is conducted in ultrahigh vacuum conditions
that enable accurate surface interrogation. Irradiating a sample with x-rays of sufficient
energy excites electrons in specific bound states. During the measurement, sufficient
energy of X-ray is irradiated on sample to break the photoelectron away from the
nuclear attraction force of an element. Some of the ejected photoelectron scatter
inelastically through the sample, while others experience prompt emission with no
energy loss escaping into vacuum. Once escaped electrons are in the vacuum, they are
collected by an electron detector that measures their kinetic energy. An electron energy
analyzer calculates an energy spectrum of intensity (counts, a number of photo-ejected
electrons versus time) versus binding energy (eV, the energy they had before leaving
the atom). Each prominent peak on the spectrum corresponds to a specific element, such
as 284.6 eV for carbon (C) and 532.5 eV for oxygen (O). Peak intensities can be referred
to atomic concentration of the sample and also each specific peak can be deconvoluted

to what type of chemical bonds they possess (i. e. C-O, C=0 for carbon).

1.6.5 EQE

As a solar cell is a device that converts the sunlight into electrical energy by
photovoltaic effects, measuring the efficiency of this conversion process is very
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important to understand the fundamentals of a solar cell device. This efficiency is called
as quantum efficiency (QE). There are two types of QE: 1. External Quantum
Efficiency (EQE) and 2. Internal Quantum Efficiency (IQE). EQE is acquired by the
ratio between a number of collected charge carriers by solar cells with the number of
incident photons. IQE only considers the absorbed photons, in other words, they do not
consider the reflection at the solar cell surface. This explains why IQE values are always
higher than EQE values. The spectral response measurement first needs to be done
before measuring the EQE value. Spectral response is a ration between the current
generated by the solar cell and the incident power. The relationship between EQE and

spectral ratio can be written as:
EQE(1) = %-Spectral response (1.6.5.1)

Where h is Planck’s constant, ¢ is the speed of the light, q is the electronic charge,
and A is the wavelength. The EQE depends on both the absorption of the light and the
collection of excited carriers. Once a photon has been absorbed and generated an
electron-hole pair, efficient separation and collection at the junction is needed. A good
solar cell has less charge recombination and high EQE across the wavelength spectrum

of interest.

1.6.6 PYS

Photoelectron yield spectroscopy (PYS) is a technique to measure the ionization
energy of the sample (work function in the case of metals) through photoemission
process. A sample surface is irradiated by tunable ultraviolet light, and the number of
emitted photoelectrons is collected through detectors. The quantum yield of
photoelectron which corresponds to the number of emitted photoelectrons per photon
absorbed, is measured as a function of incident photon energy. When incident photon
energy becomes higher than the threshold ionization energy during scan, the quantum
yield of photoelectron starts to increase. Therefore, by checking the threshold energy

from the spectrum, the ionization energy can be evaluated. PYS has some advantages
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compared to conventional photoelectron spectroscopy. They can be measured in

atmospheric environment and charge-up problem of the sample is negligible.

1.6 Motivation and Purpose of the Thesis

Owing to CNTs’ excellent electrical and optoelectrical properties, CNTs have been
widely studied as a key material for PV applications. In principle, CNTs can be
employed into all elements of a solar cell, from the photosensitive component to carrier
selective contacts, passivation layers and transparent conductive electrodes. Also, their
great mechanical and chemical stability can enable the fabrication of flexible solar cells
and long-term operation. However, as discussed in Chapter 1.4.2, as-synthesized CNTs
cannot be easily integrated in solar cells. These challenges have hindered the industrial
uptake of CNTs as they face strong competition from alternative materials that already
exist. In this regard, functionalization of CNTs such as separation, doping, dispersion
and van der Waals heterostructuring have been extensively employed for better
integration of CNTs into PV devices. Nevertheless, majority of the reported studies
were somewhat limited to demonstrating performance increase by employing new
functionalized CNTs compared to conventional materials. This is because CNT
functionalization (including CNT growth) and device fabrication are usually studied in
separate research groups, thereby their link was not fully studied nor described. This
lacks the fundamental understanding of functionalization method itself as well as roles
of functionalized CNTs in PV devices. Therefore, this thesis will deal with CNT
functionalization and its PV device integration so that CNT-based PV devices can be

developed in a cooperative manner.

1.7 Organization of the Thesis

This thesis begins with Chapter 1, a brief introduction of carbon nanotubes, their
relevance in current PV technologies, challenges and potential opportunities.
Experimental metrologies for both CNTs and PV devices are also introduced with its
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brief mechanisms. Chapter 2 discusses about new application approach of
functionalized s-SWNTs to improve crystal quality of perovskite film. This paves a new
way for research community that dispersed CNTs with surfactant agent can be efficient
additives into perovskite film. In Chapter 3, a highly efficient semi-transparent solar
cell enabled by MoOs doping for perovskite/silicon tandem application will be
discussed. This mainly discuss about an efficient doping of CNT top electrodes with
high work function metal oxide MoOs and their compatibility in conjunction with
bottom silicon solar cells. Finally, the thesis is summarized by the impacts and

contributions to the research community.
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Grain size control and passivation of perovskite films with s-SWNT
additives for highly efficient perovskite solar cells

Chapter 2:

Grain size control and passivation of perovskite
films with s-SWNT additives for highly efficient

perovskite solar cells

2.1 Research Background and Introduction

Although PSCs are considered to be promising next-generation solar cells, further
breakthroughs in terms of achieving higher PCE are necessary to supersede
conventional silicon solar cells. With this regard, the control of grain size and
passivation of its defective boundaries of perovskite crystals are critical to obtain high
PCE.[58,59] To enlarge the grain size, inducing homogeneous nucleation and retarding
perovskite crystal growth are needed. [60] Thus, polymer templates [61,62] and various
anti-solvents have been investigated to accomplish these. For the passivation of grain
boundaries, Lewis adduction formation at the grain surfaces has a favorable effect as
the structural disorder in the interface of the grains induces shallow trap states, which
lead to non-radiative recombination of charge carriers. [63] Ideally, technologies for
controlling the grain size and passivating their interfaces at the same time are in need.
[64,65]

Over the last two decades, CNTs have generated a lot of excitement among
researchers for their device applicability owing to their exceptional charge carrier

transporting properties, and outstanding chemical and mechanical stability. In
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particular, s- SWNTs with a direct bandgap of up to 2 eV represent high conductivity
along the tube axis, favorable for charge-transporting media in PSCs. [66,67]

Recently, fullerenes have been reported to function as charge-transporters in PSCs.
[68] However, fullerenes have inferior carrier mobility and stability than that of SWNTs
that they cannot be considered an ideal choice of materials. [3] To date, there has been
one report on the application of purified s-SWNTs in PSCs, where s-SWNTs were used
as a charge extracting material next to a perovskite photoactive layer. [43] Another
close application is sulfonated multi-walled carbon nanotubes as crystal growth
templates embedded in a perovskite film, but the CNTs were not purified as
semiconducting as they were multi-walled. [69]

Herein, we report purified s-SWNTs dispersed in water functioning as both the
perovskite crystal growth templates and charge transporters inside a perovskite film,
increasing the PCE of PSCs from 18.1% to 19.5%. Sodium deoxycholate (DOC)
surfactants (dispersion agent) were employed to collect s-SWNTs bound to agarose gel
in the process of separation. The carbonyl groups in DOC surfactants formed Lewis
adducts with perovskite precursor Pbl, to function as growth templates and passivators,
resulting in large crystal size and reducing trap sites, respectively. Since s-SWNTs were
dispersed in water for a purification process, a small amount of water was added into a
CH3NH;Pbls (MAPbDI3) solution. To elucidate the role of added water, we fabricated
water-added PSCs for a comparison. The added water improved the quality of the
perovskite crystal grains in terms of homogeneity. With the presence of s-SWNTs, the
size of crystal grains and mobility of the perovskite film improved. This was verified
by microscopic techniques, such as scanning electron microscopy (SEM) and in-situ
transmission electron microscope (TEM), and various charge kinetics characterizations.
However, there was a limitation in the exploitation of s-SWNTaq); it was found that 2
wt% of s-SWNT@q) was the optimal amount and higher concentration induced the

decrease in device performance. We ascribed this to the limited purity of s-SWNTs and
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low mobility of DOC surfactants. Therefore, this leaves us with the room for further

enhancement by the purity of s-SWNTs and the mobility of surfactants.

2.2 Materials and Methods

2.2.1 s-SWNT Dispersion Preparation

Preparation of s-SWNT dispersion was performed according to the literature
[70,71]. The SWNTSs synthesized by high-pressure carbon monoxide processing (HiPco,
raw soot, RO513, Nanolntegris, 1.0 — 0.3 nm in diameter) were used in this study.
Dispersions of the SWNTSs was prepared by dropping 1 mg mL-! of the as-prepared
SWNTs in 1% SDS (99%, Sigma—Aldrich) solution and then ultrasonicating the
mixture using a tip-type ultrasonic homogenizer (Sonifire 250D, Branson) for 3 h under
cooling at 15 °C. The solution was then centrifuged to remove bundles and impurities
(210,000 x g for 30 min at 25 °C). The resulting supernatant was collected as a
dispersant of surfactant-coated SWNTs. A chromatography system (AKTA, GE
Healthcare) equipped with a column packed with agarose gel beads was used for the
separation of metallic and semiconducting SWNTs. After equilibration of the column
with 1% SDS solution, the SWNT dispersion was applied. Metallic and semiconducting
SWNTs were obtained as unbound fraction in 1% SDS and bound fraction eluted by

1% DOC, respectively.

2.2.2 Perovskite Solar Cell Fabrication

ITO patterned glass substrates were cleaned and sonicated with detergent, distilled
water, acetone, and isopropanol in an ultrasonic bath for 15 min, respectively. The
cleaned substrates underwent the UV-ozone for enhanced wettability. Thirty millimolar
SnCl,-2H>O (Aldrich, >99.995%) solution was prepared in ethanol (anhydrous,

Fujifilm Wako Pure Chemical Co.) as a precursor solution for deposition of a compact
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SnO» layer. The solution was filtered by a 0.2 um syringe filter, followed by spin-
coating on the cleaned substrate at 3000 rpm for 30 s. The spin-coated film was
annealed at 150 °C for 30 min. After cooling down to room temperature, another cycle
of the spin-coating process was repeated, which was followed by annealing at 150 °C
for 5 min and 180 °C for 1 h. The SnO»-coated ITO glass was treated with UV-ozone
before spin-coating of the prepared perovskite solution. Perovskite solution was
prepared as follows. For the MAPDbI; Solution, CH3NH;3I (TCI), Pbl, (TCI), and
anhydrous dimethyl sulfoxide (TCI) (molar ratio 1:1:1) were mixed in anhydrous N, N-
dimethylformamide (TCI) with a concentration of 50 wt%. The solution was filtered
through a 0.45 pum poly(tetrafluoroethylene) filter before use. For the water-added
MAPDI; solution, 2 wt% pure water (Fujifilm Wako Pure Chemical Co.) was added into
the prepared MAPDI; solution. The solution was filtered through a 0.45 pm
poly(tetrafluoroethylene) filter before use. For the s-SWNT-added MAPbI3 solution, 2
wt% semiconducting SWNT dispersion was added into the prepared MAPDI;3 solution.
The solution was filtered through a 0.45 pm poly(tetrafluoroethylene) filter before use.

Then, 25 pL of perovskite precursor solution was spin-coated onto the SnO, layer
at 3000 rpm for 30 s, with 0.5 mL of anhydrous diethyl ether slowly dripped onto the
substrate 10 s after the start of the spin-coating process. Next, the film was annealed at
100 °C for 10 min to obtain a dense brown MAPDbI3 film. The spiro-MeOTAD solution
was prepared by dissolving 85.8 mg of spiro-MeOTAD (Merck) in 1 mL of
chlorobenzene (anhydrous, 99.8%, Sigma-Aldrich) which was mixed with 33.8 uL of
4-tert-butylpyridine (96%, Aldrich) and 19.3 pL of Li-TFSI (99.95%, Aldrich, 520
mg/mL in acetonitrile) solution. The spiro-MeOTAD solution was spin-coated on the

perovskite layer at 3000 rpm for 20 s by dropping 17 uL of the solution during the
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spinning. Finally, a 70-nm-thick Au anode was fabricated by thermal deposition at a

constant evaporation rate of 0.05 nm s™'.

2.2.3 Characterizations

The J—V curves were measured using a software-controlled source meter (Keithley
2400 Source-Meter) under dark conditions and the simulated sunlight irradiation of 1
sun (AM 1.5G; 100 mW c¢m™2) using a solar simulator (EMS- 35AAA, Ushio Spax Inc.)
with an Ushio Xe short arc lamp 500. The source meter was calibrated using a silicon
diode (BS-520BK, Bunkokeiki). The SEM analysis of the perovskite films was
performed using an S-4800 (Hitachi). The TEM images are taken by JEM-2010F (JEOL
Ltd.) with a thermal field emission gun operated at 200 keV. The selected area electron
diffraction (SAED) patterns are recorded by a charge-coupled device at a camera length
of 60 cm.

Shimadzu UV-3150 was used for the UV—Vis—NIR measurement. The PL
measurement for the chiral mapping and the films were obtained by a home-built micro-
PL system with a supercontinuum laser as the excitation (wavelength: 450-2400 nm)
and an InGaAs multiarray detector for detecting the emission (900—-1600 nm in
wavelength). Topography images were recorded by using an atomic force microscope
(AFM) operating in tapping mode (SPI3800N, SII). The grazing-incidence XRD 20
scans were performed on a Jordan Valley D1 diffractometer with a copper Kal
radiation and a parallel beam source. In the 20 scans, the scattering angle 20 between
incident beam and diffracted beam changes, whereas the incident angle ® between the
incident beam and the sample surface is fixed at 1°. The valence band and the Fermi
levels measurements were performed using Riken Keiki PYS-A AC-2 and Kelvin probe
spectroscopy in air (ESA), respectively. The photo-emission measurements were
performed using XPS (PHI5S000, Versa Probe) with monochromatic Al Ka radiation.

Fermi levels were measured with a Riken Keiki PYS-A AC-2 photoelectron
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spectrometer in air. The incident photon-to-current conversion efficiency (IPCE)
measurement system consisted of an MLS-1510 monochromator to scan the UV—Vis
spectrum. A source measurement unit was used to record the current at each specific
wavelength. Two home-made systems based on a Seki Technotron STR-250 laser
Raman system (excitation wavelength of 633 nm and 785 nm) and an inVia Raman
microscope (Renishaw) were used for Raman measurements. Solartron SI11287
Electrochemical Interface and Solartron 1255B Frequency Response Analyzer were
used for the Impedance Measurement. FT-IR spectra were obtained with a Nicolet
Avatar 370 DTGS spectrometer which was fitted with a Smart Performer single-
reflection accessory and a flat plate with a ZnSe crystal. For the TRMC measurement,
thin film samples were prepared on a quartz plate. The sample was put in a resonant
cavity and probed by continuous microwaves at ca. 9.1 GHz. The laser excitation from
an optical parametric oscillator (OPO, Continuum, Panther) seeded by third-harmonic
generation of a Nd:YAG laser (Continuum, Surelite 11, 5—8 ns pulse duration, 10 Hz)
was set at 500 nm. The photon density (/) varied from 1.28x10!" to 6.42x10'* photons
cm 2 pulse”!. The photoconductivity transient Ac was converted to the product of the
quantum efficiency of the charge-carrier generation at the pulse end (¢) and the sum of
the charge carrier mobilities, Ty (=p™+p"), by oZp = Ac(eloFLighi) !, where e and Fright

are the unit charge of a single electron and a correction (or filling) factor, respectively.

32



Grain size control and passivation of perovskite films with s-SWNT
additives for highly efficient perovskite solar cells

2.3 Purified s-SWNTs for PSC application

Metallic carbon nanotubes function as recombination sites in perovskite films and
form Schottky junctions with neighboring s-SWNTs. Therefore, it is important that we
use highly pure s-SWNTs if we are to use them inside the perovskite film.[27,72,73]
We obtained highly pure s-SWNTs by agarose gel chromatography, where the s-
SWNTs were selectively attached to the gel in 1% SDS and were eluted by 1% DOC
(Fig. 2.3.2). The photoluminescence (PL) mapping (Fig. 2.3.1a and 2.3.3) and the
corresponding chirality mapping (Fig. 2.3.1b and Table 2.3.1) show that there are s-
SWNTs in the attained solution with the major chirality being (9,4). The UV-Vis-NIR
spectrum with strong S11 and S22 transition peaks represent the high purity of s-
SWNTs (Fig. 2.3.1¢). Moreover, the Raman spectra obtained from 785 nm and 633 nm
excitation laser lines substantiate the s-SWNT purity (Fig.2.3.1d). Atomic force
microscopy (AFM) images of the s-SWNTs drop-cast on glass substrates show that the
SWNTs are longer than 1 mm and possess an entangled geometry. This implies that the
tubes are long and flexible enough to encompass the perovskite crystal grains (Fig.
2.3.4). The fact that the SWNT strings appear thicker than the measured diameters

indicates that many tubes exist in bundles.
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Figure 2.3.1 (a) PL mapping of the purified s-SWNTs. (b) Chirality index mapping of the s-SWNT
solution with the corresponding chirality marked with red color. (¢) UV-Vis-NIR Absorption
spectroscopy of the s-SWNTs. (d) Raman spectroscopy of the s-SWNTs under the 785 nm laser line
(blue) and 633 nm laser line (red). (e) Structure of the PSC fabricated in this work with an illustration
of s-SWNT with an attached DOC surfactant. (f) Statistical analysis data of obtained PCEs from the
reference devices (black), the water-added devices (blue), and the s-SWNT-added devices (red).
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Figure 2.3.2. Pictures of SWNTs without surfactants in water (left) and our s-SWNTs
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~N
-
o o

nay @ Ane \°d

—
o

(OA as5uepu
o

Figure 2.3.3. A 3D graph indicating the relative abundance and chirality index (n,m)
of s-SWNTs we purified.
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Figure 2.3.4. AFM images of the drop-casted s-SWNTs on glass substrates.

Table 2.3.1. Chirality mapping table of the s-SWNT solution we purified.

(n,m) Diameter Chiral angle E11 E22 PL Intensity Relative Abundance
index (nm) 6°) (nm) (nm) (counts) (%)
(6,5) 0.76 27.00 983 570 5883 5.53
(7,5) 0.83 24.50 1022 638 9183 8.63
(7,6) 0.90 27.46 1113 642 18060 16.98
(8,3) 0.78 15.30 952 663 5875 5.52
(8,4) 0.84 19.11 1102 578 7523 7.07
(8,6) 0.97 25.28 1165 718 12026 11.31
(8,7) 1.03 27.80 1263 726 5453 5.13
(9,4) 0.92 17.48 1101 720 21780 20.48
(9,5) 0.98 20.63 1244 671 5862 5.51
(10,2) 0.88 8.948 1053 734 8731 8.21
(12,1) 0.99 3.963 1171 797 5978 5.62
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2.4 Device fabrication with s-SWNT additives

MAPDbI3 precursor solutions containing different concentrations of the s-SWNT aq)
were used for PSC fabrication (Fig. 2.3.1e and ). The performance of s-SWNT-added
PSCs were compared to that of conventional PSCs and water-added PSCs to
differentiate the effect of s-SWNTs from water. The conventional PSCs exhibited a
PCE of 18.1% with the short-circuit current (Jsc) of 23.1 mA c¢m, the open-circuit
voltage (Voc) of 1.06 V, and the fill factor (FF) of 0.74 (Table 2.4.1, Fig. 2.3.1f, Fig.
2.4.1-5). The water-added PSCs showed a higher PCE of 18.7% with the Jsc of 22.9
mA cm?, Voc of 1.08 V, and FF of 0.76. The s-SWNT,g-added PSCs showed an even
higher PCE of 19.5% with the Jsc of 23.7 mA c¢cm, Voc of 1.14 V, and FF of 0.72.
Water-added PSCs have previously been reported to provide higher PCEs than
reference devices in both inverted-type[74—77] and normal-type[78] PSCs owing to
improved perovskite film morphology and coverage. While the reported optimal
concentration of the water additive differs among the literatures, 2 wt% was the optimal
concentration in our case (Table 2.4.3). The same was true for the s-SWNT.q-added
PSCs. A concentration of 2 wt% gave the highest device performance (Table 2.4.2). A
notable difference in the photovoltaic parameters between the s-SWNT-added PSCs
and the water-added PSCs was that the s-SWNT-added PSCs exhibited higher Jsc and
Voc, but lower FF. Consequently, we conjectured that the s-SWNTs possibly
functioned as an effective additive improving the crystal quality and charge carrier
dynamics in the device. The decrease in FF was cause by the increase in Rs, indicating

possible hinderance in charge flow upon the addition of s-SWNT.
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Figure 2.4.2. Current density—bias voltage (J-V) curves of the reference device (black),

the water-added PSC (blue), and the s-SWNT-added PSC (red).
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Figure 2.4.3. Statistical analyses of the photovoltaic parameters of the reference

devices (black), the water-added PSCs (blue), and the s-SWNT-added PSCs (red).
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Figure 2.4.4. IPCE data of the reference devices (black), the water-added PSCs (blue),

and the s-SWNT-added PSCs (red).
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Table 2.4.1 Photovoltaic parameters of the reference PSCs and the PSCs using water and s-
SWNTq) as additives under 1 sun (AM 1.5 G, 100 mW cm-2), showing the best and average
PCE values.

Jsc Voc Rs RSH
Active Layer FF PCEbpest | PCEaverage
(mA cm-) V) (Qcm?) (Qcm?)
MAPDlI; 23.1 1.06 | 0.74 29.7 4.53x104 18.1% | 17.1£0.9%
MAPbI3 + 2wt% water 22.9 1.08 | 0.76 58.5 1.94x105 18.7% | 18.3+0.5%
MAPDI; + 2wt% s-SWNT aq) 23.7 1.14 | 0.72 92.6 8.87x104 19.5% | 18.9+0.5%

Table 2.4.2 Photovoltaic performance of the s-SWNT-added PSCs with varying s-SWNTq)
concentrations under 1 sun (AM 1.5 G, 100 mW cm™).

s-SWNT PCEbest PCEaverage
Jsc (mA cm'2) Voc (V) FF Rs (Q sz) RsH (Q cm2)
concentration (%) (%)
1wi% 23.5 1.08 0.76 45.6 5.69x10" 19.3 18.7 +0.5
2wt% 23.7 1.14 0.72 72.6 1.87x10" 19.5 19.1 0.3
3wt% 22.4 1.13 0.70 84.4 7.95x10" 18.2 18.0 0.2
10Wt% 20.5 1.15 0.68 93.5 228x10" 15.4 14.5+0.8
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Table 2.4.3 Photovoltaic performance of the water-added PSCs with varying water
concentrations under 1 sun (AM 1.5 G, 100 mW cm™).

Water additive Rs (Q PCEbest PCEaverage
Jsc (mA cm-2) Voc (V) FF RSH (Q sz)

concentration cm?) (%) (%)
1 wt% 23.1 1.06 0.74 51.1 1.15x104 18.2 17.9 +0.3
2 wt% 229 1.08 0.76 58.5 1.94x105 18.7 18.3 +0.4
3 wt% 21.8 1.07 0.75 43.2 5.64x105 17.5 17.2 +0.3
5 wt% 22.8 1.10 0.74 63.1 2.46x105 18.3 18.1 +0.4
10 wit% 22.4 1.09 0.73 70.9 2.95x105 17.9 17.3 +0.4
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2.5 Enhanced perovskite thin film quality with s-SWNT

additives

From the AFM images and their roughness average (Ra) values, we can observe that
the conventional perovskite films display rough and inhomogeneous grain sizes (Fig.
2.5.1a-c). The water-added perovskite films show more uniform crystal grains, which
is in par with the previous reports (Fig. 2.5.1b) [77]. The s-SWNT added perovskite
films show a much larger grain size with the decreased grain boundaries (Fig. 2.5.1¢),
implying the influence of s-SWNTs on the crystal growth of the film. This explains the
high Jsc values of the s-SWNT-added PSCs compared with the water-added PSCs and
the reference devices, because large perovskite grains have known to give high Js
values. Furthermore, our incident photon to current efficiency (IPCE) data show that
there are higher IPCE values in the lower wavelength region between 350nm and
450nm (Fig. 2.4.4). We corroborate this to be from the excitation in s-SWNTs as they
correspond to the band gaps of the chiralities found in Fig. 2.3.1a and b. Thus, the s-
SWNTs may have also contributed to the high Jic. SEM and TEM were conducted on
the s-SWNT added perovskite films to characterize the s-SWNTs in the perovskite
grain boundaries. The TEM image of the perovskite grain boundary (Zone 1) in fig.
2.5.1d shows that there are non-crystalline substances found at the surface of perovskite
grains (Fig. 2.5.1e). These are suspected to be s-SWNTs and DOCs. There seem to be
DOC aggregation (Zone 2) which probably contains both DOCs and sometimes a large
aggregation which probably contains both DOCs and s-SWNTs as a bundle (Zone 3).
Some images show a long trail of s-SWNTs along the perovskite grain, which are likely
to be single strings of s-SWNTs passivating the grain boundary (Fig. 2.5.1f, 2.5.2b, d).
The fast Fourier transform (FFT) analysis supports our point as the perovskite grain
area has a cubic phase crystal with a spacing of approximately 3A, whereas the s-SWNT

and DOC areas are totally amorphous. Such amorphous aggregations were not observed
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in the reference perovskite (Fig. 2.5.2a,c). To understand the influence of the added
water and s-SWNT on the perovskite crystal growth, environmental SEM (ESEM) was
used to observe the perovskite crystal growth in situ. It is worth noting that due to the
vacuum environment of the ESEM set up, actual crystal nucleation and growth
conditions in the ambient atmosphere will be different. Therefore, the data are valid
only for the comparison between the different experimental splits. Fig.  shows that the
water added perovskite films demonstrate much more uniform and circular perovskite
seeds with a slower growth rate than the reference films. This implies that the influence
of the water additive spans from the seed formation to the growth rate, which leads to
a better morphology of the perovskite films. The s-SWNT-added perovskite films also
display uniform and circular seeds owing to the added water, but the crystals are much
larger and the crystal growth is slower compared with that of the water-added
perovskite film. This proves that the added s-SWNTs function as crystal growth
templates. The illustration in Fig. 2.5.1g depicts how the added water and s-SWNTs

interact during the perovskite film formation.

43



Grain size control and passivation of perovskite films with s-SWNT
additives for highly efficient perovskite solar cells

g) Reference Perovskite Film s-SWNT,,-added Perovskite Film
* -SWNT
.. Pre:urso,—s .\ @ Hz? . /S - .\ /. 10
e @ & e 'y ;/ @
.. (J ..\ .. ¢

o~ ~ . L3 @ 4 / 1 A\
DMSO o X ° ° ¢
F g ° ° =~

Figure 2.5.1 AFM images of (a) the reference MAPDI3 film, (b) the water-added MAPbI3 film, and
(c) the s-SWNT-added MAPbDI3 film. (d) SEM image and (e)(f) TEM images of the s-SWNT-added
MAPDI3 film with the FFT analysis as insets. (g) Illustration depicting the role of water and s-
SWNT additives during the perovskite growth of the s-SWNT-added MAPbI3 film compared with

the reference.

Figure 2.5.2. TEM images of (a), (c) the reference perovskite films and (b), (d) the s-

SWNT-added perovskite films.
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Figure 2.5.3. ESEM images of the reference MAPbI3 films, the water-added MAPDI;3
films, and the s-SWNT-added MAPbDI; films as we anneal the environmental

temperature in situ.
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2.6 Grain boundary passivation and enhanced grain size due

to incorporation of purified s-SWNTs

Interactions of Lewis bases, namely, dimethyl sulfoxide (DMSO), water,
methylammonium ion (MA), and DOC on Pb** was deduced from our density
functional theory (DFT) calculation of (Fig. 2.6.2). The calculation results show that
the interaction between DOC and Pb?" is stronger compared to DMSO and water (Table
2.6.1). This means that DOC can effectively raise the nucleation energy, AG to slow
down the crystal growth better than either DMSO or water. The ability for s-SWNTs to
function as the crystal growth template comes from the Lewis base carbonyl groups
with lone pair electrons on DOC, interacting with the nucleation sites of the Lewis acid
perovskite precursors perovskite precursors.[79] This is an interesting concept as none
of the reported s-SWNT applications to perovskite material does not involve surfactants,
to the best of our knowledge.[80,81] Fourier-transform infrared (FTIR) spectroscopy
data reveals that the C=0 bond absorption peak of DOC powder at 1,560 cm~"' shifted
to a lower vibration upon addition of Pbl, (Fig. 2.6.1a).[82] The weakened C=0O bond
strength of DOCs indicates the formation of SWNT-DOC-Pbl, adducts by formation
of a dative bond mediated from the lone pair electrons on C=0. The formation of such
adducts retards the crystal growth by elevating nucleation barrier of perovskite nuclei,
thereby increasing the size of perovskite crystal grains.[83] Unlike dimethyl sulfoxide
(DMSO), DOCs on SWNTs do not evaporate during the annealing step of the
perovskite films, which implies that SWNT-DOCs remain in the films after completion
of the crystal growth. As illustrated in Fig. 2.5.1g, the SWNT-DOCs and their adducts
are probably repelled to the grain boundaries as the grain gets larger, subsequently
sitting at the grain boundaries. X-ray diffraction spectroscopy (XRD) confirms the
increase in the grain size and the passivation of the grain boundaries (Fig. 2.6.3 and
2.6.5, Table 2.6.2 and 2.6.3). The XRD spectra of the perovskite films indicate a
tetragonal phase with a dominant (110) peak at 14.1°. The crystal grain size can be
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estimated from full-width at half-maximum (FWHM) of the (110) peaks using the
Debye-Scherrer equation.46 The reference film, the water-added perovskite film, and
the s-SWNT-added perovskite film exhibit the (110) peaks with the FWHM values of
0.456, 0.469, and 0.448, respectively (Fig 2.6.3, Table 2.6.2). Therefore, the crystal
grain size of the water-added perovskite films is the smallest and that of the s-SWNT-
added perovskite films is the largest, which agree with the observation made from the
AFM images in Figure 2.5.1. In addition, the intensity ratio of the (110) peak to the
(220) peak indicates the growth of the (110)-oriented grains, [84] which is favorable
for the hole injection from the perovskite to Spiro-MeOTAD. [85] The s-SWNT-added
films exhibit the greatest ratio of 1.58 (Table 2.6.2). The XRD spectra with varying s-
SWNT(aq) concentrations show that the grain size increases with the increase in the
amount of s-SWNTs added (Fig. 2.6.4 and 2.6.5, Table 2.6.3). The small peak at 13.0°
comes from the lattice planes of hexagonal Pbl>. [86] The peak is suppressed with the
increase in the s-SWNT(aq) concentration, indicating that the hydrophobic s-SWNTs
at the grain boundaries might be protecting the perovskite films from environmental
degradation or dissociation (Fig. 2.6.4b). The existence of Pbl, in perovskite film is
known to increase Jsc and FF, but decrease Voc. If Pbl is deficient, the opposite effect
will take place. This indicates that the small amount of Pbl, might have contributed to
the high Voc obtained from the s-SWNT-added devices (Fig. 2.4.3, Table 2.4.1). Trap-
states at the grain boundaries induce non-radiative recombination, decreasing the
charge carrier lifetime and broadening photoluminescence (PL) peak. [87,88] While
both the water-added and the s-SWNT-added perovskite films exhibited blue shifts
compared with the reference films, the s-SWNT-added perovskite films displayed
marginally smaller FWHM, indicating possible passivation of the trap states by DOCs
on SWNTs (Fig. 2.6.6). [89] Transient PL substantiates this by revealing that the s-
SWNT-added perovskite films show longer average carrier lifetime (Fig. 2.6.7).
Further evidence for the trap sites passivation can be found from the XPS data in Figure

2.6.1b. Both the water-added perovskite films and the s-SWNTs-added perovskite films
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have the Pb 4f 5/2 and 4f 7/2 peaks shifted to a higher binding energy compared with
those of the reference films. The shifts are due to the perovskite crystals containing less
metallic Pb, which proves the higher quality of the perovskite films. [90-92] Notably,
the peaks of the s-SWNTs-added perovskite films are narrower than the other films,
because there are less Pb>" species owing to the greater grain size and the passivation
from the s-SWNTs. PSCs with DOCs as additives without s-SWNTs were fabricated.
The devices exhibited significantly low PCEs with notably high series resistance (Rs)
values (Table 2.6.4). This shows that DOCs alone cannot function as the charge
transporters and s-SWNT backbones are necessary as they enhance the charge flow of
the perovskite film (Fig. 2.6.7). Furthermore, conductive-AFM of the s-SWNT-added
perovskite films show more highly conductive spots at the grain boundaries than the
water-added perovskite films, corroborating the charge conductivity enhancement with
the presence of s-SWNTs (Fig. 2.6.8). Time-resolved microwave conductivity (TRMC)
measurement shows that the perovskite films with s-SWNTs exhibit much faster decay,
suggesting improved charge extraction kinetics (mainly holes) from the perovskite
active layer to the Spiro-MeOTAD layer (Fig. 2.6.1c). [93] This is related to the
aforementioned enhancement of film hole mobility and (110)-oriented grains. To gain
further insight into the roles of s-SWNT in the perovskite film, the electrical impedance
spectroscopy (EIS) analysis was conducted. Figure 2.6.1d shows the Nyquist plots of
the reference perovskite film, the water-added perovskite film, and the s-SWNT-added
perovskite films under illumination, with the equivalent circuit shown in the inset. It is
known that in the EIS analysis, the high frequency component represents the charge
transfer resistance (Rct).60 In the present study, the only variable affecting R is the
additives in perovskite films. The numerical fitting of EIS data gives the parameters as
listed in Table 2.6.5. Obviously, compared with the R of 248.3 Q from the reference
sample, the water-added and s-SWNT-added samples show smaller Re; of 121.2 Q and
95.8 Q, respectively. The smaller R implies more efficient charge extraction from the

perovskite active layer, which can arise from the improved morphology and coverage
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of perovskite film due to the water additive. Furthermore, even smaller R¢; of 95.8 Q
upon addition of s-SWNTs due to more efficient charge extraction by passivation of
the grain boundaries and reduced trap sites. As complementary experiments, we tested
PSCs with pure metallic single-walled carbon nanotubes rather than semiconducting
carbon nanotubes. PSCs with metallic single-walled carbon nanotubes exhibited poor
PCEs with extremely low Rsp, indicating the importance of s-SWNT purity (Table
2.6.6). It is worth noting that the addition of s-SWNTs did not manifest any significant
change in the device stability. [94] We suspect that this is due to the s-SWNT added

being too small to have a noticeable effect.
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Figure 2.6.1 (a) FTIR spectra of DOC pellet (black) and DOC pellet containing Pbl

(red). (b) Pb 4f 7/2 and Pb 4f 5/2 peaks of the XPS spectra of the MAPbI; film (black),

the water-added MAPDI; film (blue), and the s-SWNT-added MAPbI3 film (red). (c)

The yield of free charge carriers (@) multiplied by the sum of the carrier mobilities (Xp

= Ue + un) giving the yield-mobility product (®Xp) over time for the MAPbI; film (black)
and the s-SWNT-added MAPDbI; film (red) with the Spiro-MeOTAD coated on top. (d)

Nyquist plots of MAPbI3 film (black), the water-added MAPDbI; film (blue), and the s-

SWNT-added MAPDI; film (red) obtained from the impedance measurement.
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Figure 2.6.2. DFT calculation modelling of interaction between Pb?* and the Lewis
donors.

Table 2.6.1. DFT calculation of interaction between Pb?" and the Lewis donors.

Q
~

Intensity (a.u.)

DMSO H.O MA DOC
Energy -50.2 -14.2 -37.1 -392
Energy next to Pb** -51.3 -15.2 -39.1 -393
Interaction energy (eV) -0.506 -0.388 -1.331 -0.525
b) T T ] T
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Figure 2.6.3. (a) XRD spectra of the reference MAPbI; films (black), the water-added

MAPDI; films (red), and the s-SWNT-added MAPDbI; films (blue). (b) Normalized (110)

peak showing the FWHM trend.

Table 2.6.2. XRD peak characterizations and information for the reference MAPDI;3

films, the water-added MAPDI; films, and the s-SWNT-added MAPDI3 films.

Sample Peak Position (°) Intensity Peak Area FWHM Peak Ratio
<110> 14.0 1242.87 604.41 0.456
Perovskite (ref.) 1.37
<220> 28.2 905.02 517.53 0.548
Perovskite + <110> 14.0 1799.25 900.18 0.469
1.24
Water <220> 28.2 1456.85 860.55 0.571
Perovskite + s- <110> 14.0 1799.25 492.46 0.448
1.58
SWNT <220> 28.3 1456.85 374.86 0.539
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Figure 2.6.4. (a) Normalized (110) peak showing the FWHM trend of perovskite films
with the increase in the s-SWNT concentration. (b) Magnified Pbl, peaks of the
perovskite films with the increase in the s-SWNT concentration.
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Figure 2.6.5. XRD spectra of perovskite films with the increase in the s-SWNT
concentration.
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Table 2.6.3. XRD peak characterizations and information for the s-SWNT-added
MAPDI; film with varying s-SWNT.q) concentrations.

Sample Peak Position (°) Intensity Peak Area FWHM Peak Ratio
Perovskite + <110> 141 374653 39607 0.401
1wt% s-SWNT <220> 28.4 320750 15818 0.388 218
Perovskite + <110> 141 501915 37888 0.398
2wt% s-SWNT <220> 28.4 451442 15172 0.402 218
Perovskite + <110> 141 637150 39691 0.392
3wt% s-SWNT <220> 28.4 582173 15736 0.403 219
Perovskite + <110> 141 813492 51066 0.388
5wt% s-SWNT <220> 28.4 734450 20489 0.386 224
<110> 141 948474 39449 0.391 2.13
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Figure 2.6.6. (a), (c) Raw and (b), (d) their normalized PL spectra with the different
excitation wavelength of the reference MAPDI; films (black), the water-added MAPDI;
films (blue), and the s-SWNT-added MAPDbI;3 films (red).
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Figure 2.6.7. Cross-sectional illustration of MAPDI3 films (above) and the s-SWNT-

added MAPDI3 films (below).

Table 2.6.4. Photovoltaic performance of the DOC-added PSCs.

DOC concentration Jsc(mA cm2) | Voc (V) FF Rs(Q2 cm?2) | PCEpest (%) PCEaverage (%)
0.1 wt% 9.82 1.02 0.33 567 3.38 2.85 +0.37
1.00 wt% 8.72 0.95 0.27 671 2.21 1.77 £0.32

+300 fA

-300 fA

Figure 2.6.8. Conductive AFM images of the water-added MAPDbI;3 films (left), and the

s-SWNT-added MAPDI; films (right).

Table 2.6.5. EIS parameters for the PSCs of the reference MAPbI;, the water-added

MAPDI;, and the s-SWNT added MAPbI;.

Sample Rs (Q) Rct (Q)
Perovskite (ref.) 24.3 248.3
Perovskite + Water 82.1 121.2
Perovskite + s-SWNT 45.3 95.8

Table 2.6.6. Photovoltaic performance of the m-SWNT-added PSCs.

m-SWNT concentration

Jsc (mA cm-)

Voc (V)

FF

Rs (Q cm?)

PCExest (%)

PCEaverage (%)

2 wt%

15.28

0.91

0.47

44.4

1.43x102

6.6
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2.7 Summary

By incorporating a small amount of s-SWNTs in deionised water, a PSC PCE
of 18.1% increased to 19.5%. The added s-SWNTs worked as both crystal growth
templates and grain boundary passivators thanks to the attached DOC surfactants.
The s-SWNTs themselves functioned as charge bridges at the grain boundaries
as well, increasing the mobility of the perovskite film. The resulting effects were
increased grain size and reduced charge trap, which were reflected by the
increased Jsc and Voc. The FF improvement was limited in comparison with the
water-added control devices, which, we predict, can be resolved by using purer
s-SWNTs and surfactants with higher mobility than DOC. As the technology of
this work does not require a large amount of s-SWNTs which are costly, the
potential feasibility of this work can be said to be excellent. Therefore, we expect

further follow-ups of this work in near future.
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Chapter 3:

Highly Efficient Metal-Free Semi-Transparent
Perovskite Solar Cells enabled by MoOs-doped
Transparent Carbon Nanotube Top Electrodes
and Four-Terminal Perovskite Silicon Tandem

Applications

3.1 Research Background and Introduction

Organic-inorganic lead halide perovskite solar cells (PSCs), since the first report in
2009, have emerged as promising next-generation thin-film photovoltaics with the high
power conversion efficiency (PCE), low material cost, and facile solution processing.
Today, the certified PCE of PSCs on a laboratory scale reads over 25%. To supersede
the commercially available silicon solar cells (SiSCs), thin-film photovoltaics such as
PSCs should extend the application to solar panel windows and tandem solar cells.
Micrometer-thinness, light-weight and bandgap tunability of PSCs enable solar energy-
harvesting windows which SiSCs cannot achieve. In addition, by combining PSCs with
SiSCs in a tandem structure, the theoretical Shockley-Queisser (SQ) of ~33% [95,96]

can be surpassed thanks to the larger band gap of PSCs compared with that of SiSCs
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[33,97-104]. However, both of those applications require PSCs to be semi-transparent
while having high PCE.

To achieve highly transparent and efficient semi-transparent PSCs, the transparent top
electrode plays a crucial role. To date, transparent conductive oxide (TCO) electrodes,
such as indium tin oxide (ITO), indium zinc oxide, and Al-doped zinc oxide have been
widely used. Nevertheless, they are deposited by a magnetron sputtering in which high
energetic particles often damage the underlying layers and high-cost vacuum
atmosphere is necessary. Furthermore, these TCOs mandate oxygen flow and high
temperature annealing for high optical transmittance and electrical conductivity, [105]
both of which undermine the sublayers. Metal nanowires could provide a solution to
this, but their reflective nature [106] and metal-migration-induced device degradation

[107,108] deter them from being the alternative.

Recently, single-walled carbon nanotube (CNT) transparent electrode [29,109] has
been reported as the top electrode in semi-transparent PSCs and demonstrated high PCE
surpassing even that of the metal electrode-based PSCs. [33,34,110,111] Use of CNT
electrodes drastically reduces the fabrication cost as they are made from abundant
carbon sources and can easily be laminated onto devices by a simple mechanical
transfer [32,112,113] The prospect of such CNT top electrode-based PSCs will be
boosted if the efficiency and the transparency of the devices improve even further. The
most effective strategies to achieve this is threefold: (1) tuning the work function of the
CNT electrode to align with the energy levels of the active perovskite layer and hole-
transporting layer and thereby maximizing the open-circuit voltage (Voc), (2)
increasing the conductivity of the CNT electrode to maximize the fill factor (FF) and
the short-circuit current (Jsc), (3) reducing the optical loss between the layers to
maximize the transparency of the device. Chemical p-doping of the CNT electrode can

tune the work function as well as boosting the conductivity. [35,39] However, it is an
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extremely challenging task as applying dopants to CNT top electrode can damage the
underlying sublayers. [28,114] While chemical doping of CNT top electrode in PSCs
has been reported, the previous work of both solution-based [34] and vapor-based [35]
doping showed serious shortcomings in controllability and reproducibility of the doping
process. Using a fair amount of acidic dopants leads to either deterioration of the
perovskite layer[34] or reaction with the 4-tert-butylpyridine (#-BP) in the 2,2',7,7'-
Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9'-spirobifluorene (Spiro-MeOTAD)
hole-transporting layer. Therefore, both of those approaches rely on modicum amounts

of dopants, which, as a result, limit the doping effect.

Molybdenum trioxide (MoO3) has been reported as an effective and stable dopant for
carbon electrodes [29,42,115-117] and other nanomaterials [118]. MoOs is relatively
inexpensive, microelectronic-compatible, and much safer to handle than acids. Further,
MoO:s itself can function as an effective hole-transporting material even after inducing
a strong and durable doping effect. Moreover, MoO3 has been reported to exhibit anti-

reflection effect when used as a top layer in solar cells. [119]

Herein, we report multifunctional effects of MoO3 doping on CNT electrode in semi-
transparent metal electrode-free PSCs (CNT-PSCs). MoOs is thermally deposited onto
the CNT top electrodes. The MoO; reduces to MoOx where x is 2—3 upon doping the
CNTs and still function as an effective hole-transporter along with the added spiro-
MeOTAD. The MoOs doping boosts the conductivity of the CNT electrode without
damaging the sublayers nor reacting with the spiro-MeOTAD solution. This is
attributed to the fact that the stable nature of MoQOs, which is solvent-free and non-
acidic. The controllability of the p-doping strength enables tuning of the CNT work
function. By optimizing the thickness of MoO3, 8-nm-thick MoOs layer was found to
give the highest PCE of 20.25% when deposited on CNT-PSCs, in which 70%

transparent CNT electrode at the wavelength of 550nm was used. The devices showed
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increases in all of the photovoltaic parameters upon MoO3 doping, namely, Voc of 1.162
V, Jsc 0f 23.09 mA/cm?, and FF of 0.755. All of which are ascribed to the better aligned
energy level, the enhanced electron-blocking ability and the conductivity of the CNT
electrodes. The achieved PCE is the highest among the reported CNT-PSCs to date as
far as we are concerned. In addition to this, the presence of MoOs heightens the device
transparency owing to the reduced parasitic optical loss at the CNT interface. The full
potential of the MoOs-doped CNT-PSCs were assessed by stacking them to SiSCs using
a computational model and simulating the 4-terminal tandem solar cells. The enhanced
transparency in both visible and near-infrared region through the minimum parasitic
absorption of MoO3s demonstrated expected higher performance of the MoOs-doped
CNT-PSCs compared with ITO-based semi-transparent PSCs [33] as well as the other

semi-transparent PSCs reported thus far.

3.2 Materials and Methods

3.2.1 Synthesis of SWNT Films

Randomly oriented CNT networks with high purity and long nanotube bundle
length can be synthesized by the aerosol chemical vapor deposition (CVD) method.
Floating-catalyst (FC) aerosol CVD was carried out in a scaled-up reaction tube with a
diameter of 150 mm. The catalyst precursor was vaporized by passing ambient-
temperature CO through a cartridge filled with ferrocene powder. To obtain stable
growth of CNTs, a controlled amount of CO2 was added with the carbon source (CO).
CNTs were directly collected downstream of the reactor by filtering the flow through a
nitrocellulose or silver membrane filter (Millipore Corp., Billerica, MA; HAWP, 0.45-
pm pore diameter). The flow containing ferrocene vapor was then introduced into the
high-temperature zone of a ceramic tube reactor through a water-cooled probe and

mixed with additional CO. Ferrocene vapor was thermally decomposed in the gas phase
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of the aerosol CVD reactor at 880 °C. The CO gas was supplied at 4 L min™' and
decomposed on the iron nanoparticles, resulting in the growth of CNTs. The as-
synthesized CNTs were collected by passing the flow through microporous filters
downstream of the reactor, and the transparency and sheet resistance were controlled
by varying the collection time. The collected CNT networks were transferred to a
variety of substrates through the dry press- transfer process. The FC-CVD-synthesized
and dry-deposited CNT networks were of high purity. Furthermore, as the process
requires no sonication-based dispersion steps, the resulting CNT network consisted of

exceptionally long CNTs.

3.2.2 Fabrication of Perovskite Solar Cell with CNT top

electrode

ITO patterned glass substrates were cleaned and sonicated with detergent, distilled
water, acetone, and isopropanol in an ultrasonic bath for 15 min, respectively. The
cleaned substrates underwent the UV-ozone for wettability enhancement and removal
of any organic contamination. 30 millimolar SnCl,-2H,0 (Aldrich, >99.995%) solution
in ethanol (anhydrous, Fujifilm Wako Pure Chemical Co.) as a precursor solution was
used for deposition of a compact SnO, layer. The solution was filtered by a 0.2 um
syringe filter, followed by spin-coating on the cleaned substrate at 3000 rpm for 30 s.
The spin-coated film was annealed at 165 °C for 30 min. After cooling down to room
temperature, another cycle of the spin-coating process was repeated, which was
followed by annealing at 150 °C for 5 min and 190 °C for 1 h. The SnO,-coated ITO
glass was treated with UV-ozone before spin-coating of the prepared perovskite
solution. Then, 20 pL of perovskite precursor solution was spin-coated onto the SnO,
layer at 4000 rpm for 20 s, with 0.15-0.30 mL of anhydrous diethyl ether slowly
dripped onto the substrate 12 s after the start of the spin-coating process. Next, the film
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was annealed at 100 °C for 10 min to obtain a dense brown MAPDI; film. For the CNT-

based devices, pre-cut CNT films (active area 5x2 mmz) were laminated on the top of
the prepared MAPbI;/SnO,/ITO/glass substrates to room temperature by applying
press-transfer method on the perovskite surface just after cooling. Before depositing the
hole transporting layer (HTL), different thickness of MoO3 was thermally evaporated
on the CNT-laminated PSCs. Then, the HTL solution was prepared by dissolving 85.8
mg of spiro- MeOTAD (Merck) in 1 mL of chlorobenzene (anhydrous, 99.8%, Sigma-
Aldrich) which was mixed with 33.8 puL of 4-tert-butylpyridine (96%, Aldrich) and 19.3

pL of Li-TFSI (99.95%, Aldrich, 520 mg mL!in acetonitrile) solution. The fabrication

was finally completed by thermal evaporation of a 50-nm-thick film of gold contact for

electrically probing purpose at a constant evaporation rate of 0.05 nm s.

3.2.3 Characterization

The J—V curves were measured using a software-controlled source meter (Keithley

2400 Source-Meter) under dark conditions and the simulated sunlight irradiation of 1

sun (AM 1.5G; 100 mW cmiz) using a solar simulator (EMS-35AAA, Ushio Spax Inc.)

with a Ushio Xe short arc lamp 500. The source meter was calibrated using a silicon
diode (BS-520BK, Bunkokeiki). By using Agilent 4156C analyzer with a four-probe
station, the sheet resistance of CNT films was measured (van der Pauw method). The
SEM analysis of the CNTs and device cross-section were performed using an S-4800
(Hitachi) electron microscope. An inVia Raman microscope (Renishaw) was employed
for the vibrational spectra observation of CNT and doped-CNT electrodes with 532 nm
laser wavelength. Shimadzu UV-3150 was used for the UV—Vis—NIR measurement.
The PL measurements were performed using JASCO Spectrofluorometer (FP-8300).
The valence band and the Fermi levels measurements were performed using Riken
Keiki PYS-A AC-2 and Kelvin probe spectroscopy in air (ESA), respectively. A source
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measurement unit was used to record the current at each specific wavelength. Solartron
SI1287 Electrochemical Interface and Solartron 1255B Frequency Response Analyzer

were used for the Impedance Measurement.

3.2.4 Bottom Si Solar Cell Simulation

1D silicon p-n junction model with carrier generation and Shockley-Read-Hall
recombination was analyzed using the COMSOL Multiphysics® semiconductor
module. The p-n junction is formed by p-doping (doping concentration of 1-10'° cm™?)
the front surface of an n-type (doping concentration of 1-10'¢ cm?) Si wafer. The front
surface p-doping is assumed to have a peak concentration of 1-:10'” cm, and a Gaussian
drop off with a junction depth of 0.25 mm. Under normal operating conditions, photo-
generated carriers are swept to each side of the depletion region of the p-n junction. A
small forward bias voltage is applied to extract the electrical power, given by the

product of the photocurrent and the applied voltage.

3.3 Evaporated MoO3 as an efficient p-type dopant for SWNT

Top electrodes

Doping of CNT electrodes in PSCs have been widely used for enhancing the
conductivity and modifying the work function to match with perovskite absorber and
charge selective contacts. This improves PSC performance by reducing voltage loss
and series resistance within the PSC device. Nevertheless, the doping of top carbon-
based electrodes in organic or perovskite solar cells are especially difficult because the
chemical dopant, often to be strong oxidants could damage the underlying devices by

unwanted chemical reactions with photoactive layers [34] or charge transport layers
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[35]. M0oO3, which is inorganic high work function metal oxide, have been reported as
an efficient hole dopant for carbon-based electrodes, but their application was limited
to bottom CNT electrodes. Here, a successful doping of a CNT top electrode was
achieved without damaging the underlying device by incorporating thermally
evaporated MoOs onto CNT top electrode and CNT morphologies. A basic CNT doping
process with MoOs is shown in Fig. 3.3.1a. As-prepared CNT film was first
mechanically dry-transferred on glass. The optical transparency of CNT film ranged
from 70% to 90% at 550 nm wavelength owing to CNT collection time during aerosol
CVD (Fig. 3.3.1b). They were highly crystalline with low defects as D/G ratio from
raman spectra was < 0.1 (Fig. 3.3.2). After thermal deposition of MoO3; on CNT film,
the hole doping ability of MoOs was analyzed. The four-probe measurement was
employed to measure sheet resistance of the CNT films upon MoO; doping. According
to Figure 3.3.1c, the bare CNT film of T70%, T80% and 90% has a sheet resistance of
approximately 65.4, 259.8 and 322.1 Q sq ! respectively. The gradual decrease in sheet
resistance is observed with an increase in the MoO3 deposition thickness over all CNT
films. There is a particularly sharp decrease in the sheet resistance to 4 nm of the MoOs
thickness, followed by saturation or slight increase of the sheet resistance with MoO3
thickness more than 4 nm. Although the decrease in the sheet resistance is not as
significant as the reported acid drop-cast, this MoOs3 deposition successfully induces
doping of the CNT films. Raman spectra can also show the p-type doping effects of
CNTs. Figure 3.3.1d reveals the blue shift of 2D band and relative suppression of 2D
band intensity after MoOs deposition on CNTs. This indicates the substantial charge
withdrawal from the CNTs [120]. From optical absorbance spectra, we also observed a
slight quenching of the optical transitions of the van Hove singularities (ME11,SE22, SE11)
after MoOs deposition. This implies that the interband optical transitions were
suppressed due to the shift of the Fermi level by the deposited MoOs3. Doping stability

of MoOs3 on CNTs were further analyzed with measuring the sheet resistance of MoOs
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deposited CNT film for 7 weeks. The sheet resistance was maintained under 35 Q sq!

for 7 weeks, which indicates stable p-doping of CNTs.
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Figure 3.3.1 (a) Schematic illustration showing the fabrication of hole doping of carbon
nanotube (CNT) by thermally evaporated MoOs under vacuum. (b) Optical transmittance of
70T%-CNT film (black), 80T%-CNT film (red), 90T%-CNT film (red). (c) Measured sheet
resistance of 70T%-CNT film (black), 80T%-CNT film (red), 90T%-CNT film (red) with
different thickness of deposited MoOs. (d) Raman spectra 2D band of bare CNT (black), CNT
with 4 nm MoQO; (blue) and CNT with 8 nm MoOs (red). (e) Vis-NIR spectra of bare CNT
(black), CNT with 4nm MoOj3 (blue), CNT with 8 nm MoOs (red), and CNT with 16 nm MoOs
(Pink).
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Figure 3.3.2 Raman spectra of as-prepared 70T%-CNT film (black), 80T%-CNT film (red),

90T%-CNT film (red).
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Figure 3.3.3 CNT film having different optical transparency (70T%, 80T%, and 90T%) on 1.5
cm x 1.5 cm glass substrate.
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Figure 3.3.4 Measured sheet resistance of 8 nm MoOs deposited CNT-T70% film for 7 weeks.
3.4 TEM observation of MoQOs3 deposition on CNTs

TEM was conducted on the 4 nm MoOs-deposited CNT to analyze how MoO3
develops on CNT. The TEM image in Fig. 3.4.1a shows MoOs-deposited CNTs over a
large area. It shows some partially covered CNTs and fully-covered CNTs with MoOs.
Also, we can see that MoOs3 can be efficiently deposited on single CNT as well as CNT
bundles. Fig. 3.4.1b shows the enlarged TEM image of partially-covered CNTs with
MoOs. Local nanoscale domains (area 1, area 2, area 3) of MoOs with different crystal

orientation is observed on CNTs. Lattice spacing of local nanoscale domain was 0.279
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nm and 0.271 nm. TEM image of fully-covered CNT with MoOs is shown at Fig. 3.4.1c.
We can mainly observe amorphous MoOs crystals with a few crystalline domains. From
this observation, we suspect that during thermal deposition of MoO3, MoOjs crystal on
CNT develops as follows (Fig. 3.4.1d). First, separate crystalline nano-domains of
MoOs grow on CNT. However, since thermal deposition provides relatively high
supply rate of precursors, it is hard to slowly grow further nano-crystal domains
maintaining crystalline nature. Furthermore, owing to the extra bending energy of 2D
layers of MoOs3 by high-curvature CNT surfaces, followed MoOs3 grows in amorphous

structure. Therefore, most of MoOs3 crystals surrounding CNTs grow as amorphous.

a) Large area

2, Y

A

d) Local domain growth Pseudo polycrystalline

CNT CNT
Nano-domains .
with different

orientation

Crystalline
domain ¢
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> o domain
B further FRHIEY
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Figure 3.4.1. TEM images of 4 nm MoQO; deposited CNT. TEM images of (a) Large area, (b)
partially covered CNT with MoOs, (c) fully covered CNT with MoQOs. (d) Illustration depicting
the MoOjs deposition on CNT starting from local domain to pseudo polycrystalline tube.

3.5 Top-laminated CNT film porosity and its doping
compatibility with MoO3

CNTs with different optical transparency synthesized by aerosol CVD have different

CNT density owing to the difference in the collection time of aerosol CNT, thus having
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different pore size at network structure [34]. This can be also seen from SEM images
in Fig. 3.5.1a-c. This means that depending on the CNT density of CNT film, the
amount of MoOs3 travelling through CNT network is different. This is important as
MoOs was previously reported to form unwanted interface state when in direct contact
with perovskite [121,122] and the amount of the penetrated MoOs3 through CNT film
will harm the underlying perovskite absorber. To analyze the impact of excessive MoO3
that travels through CNT network on perovskite film, we prepared the CNT-laminated
perovskite film on glass and deposited MoOs (Fig. 3.5.1d, Fig. 3.5.2). X-ray
photoelectron spectroscopy (XPS) was used to characterize interface state formed
between the MAPbI; and MoOs. We can observe that Pb 4f peaks shift toward lower
binding energy as the CNT density of the film decreases. This indicates the formation
of metallic Pb?" at the interface induced by chemical reaction between MoQOj; and
MAPDI;. This is consistent with Mo 3d peak shifting toward lower binding energy as
the CNT density decreases. This implies that more MoOs is being reduced upon the
direct contact with MAPbI3 where CNT density is lower. Therefore, we can conclude
that dense CNT film is more compatible with the direct deposition of MoO3 on CNT
where CNTs are laminated on top of the perovskite absorber, minimizing the perovskite

degradation.
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Figure 3.5.1. SEM images of (a) T70% CNT film, (b) T80% CNT film, (c) T90% CNT film.
(d) illustration of MoOj; deposition on CNT/MAPbI3/Glass sample.
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Figure 3.5.2. CNT-laminated-MAPDI; samples of CNT that has different optical transparency.

3.6 Optimization of the CN'T-laminated-PSC fabrication step
for MoO3 doping compatibility.

To further investigate MoO3 doping compatibility with porous CNT film laminated
on perovskite film, we first fabricated CNT-laminated PSCs with MoOs deposition.
MoOs; was deposited after CNT lamination on perovskite absorber, followed by
deposition hole transport material, Spiro-OMeTAD. However, when less dense CNT

films of T80% and T90% were employed, we observed severe performance drop in
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PSCs from 17.80 % to 2.83 % in T80% CNT and 16.16 % to 2.44 % in T90% CNT
(Fig. 3.6.1c, Table 3.6.1). This arises from the pronounced formation of interface state
between MAPbI3 and MoQOs, discussed in Chapter 3.5. Thus, to minimize direct contact
between deposited MoO3 and bare perovskite film, we first drop-casted Spiro-
OMeTAD after CNT lamination and deposited MoO3 on top of CNT / HTL composite
(Fig. 3.6.1a-b). This was able to inhibit the formation undesirable interface state as well
as achieve efficient doping of laminated CNTs. Successful doping of CNTs can be
confirmed by enhanced open-circuit voltage (Vo) and fill factor (FF) (Table 3.6.1., Fig.

3.6.1c) compared to reference devices.
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Figure 3.6.1. (a) Schematic illustration showing lamination of carbon nanotube (CNT) on
perovskite thin films followed by thermally evaporating MoOs under vacuum onto CNT and
drop-casting of a spiro-MeOTAD solution for device fabrication. (b) Measured sheet resistance
of CNT film with different evaporated MoO3 thickness. (¢) Raman spectra of bare CNT (black)
and CNT with 4 nm (blue) and 8 nm (red) thermally evaporated MoOs. (d) Vis-NIR spectra of
bare CNT (black), CNT with 8nm thermally evaporated MoOs (red) and CNT with 8 nm
thermally evaporated MoOs (blue).

Table 3.6.1. Photovoltaic Performance of CNT Top Electrode-Based PSCs with
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4nm MoQ; applied before and after HTL deposition under 1 sun (AM 1.5 G, 100
mW / cm?)

J (mA
Device ID o, V.V) FF PCE (%)
/em )
Bare 22.68 1.09 0.72 17.80
4 nm MoQO; before HTL
CNT . 8.65 0.95 0.34 2.83
deposition
T80%
4 nm MoQ; after HTL
L 23.17 1.12 0.73 19.05
deposition
Bare 22.24 1.10 0.66 16.16
4 nm MoQO; before HTL
CNT . 7.00 0.74 0.47 2.44
deposition
T90%
4 nm MoQ; after HTL
. 22.77 1.12 0.71 18.14
deposition

3.7 Perovskite solar cell fabrication with MoO3-doped SWNT

Top electrode

Although CNT films of T80% and T90% was not dense enough to allow direct MoO3
deposition on bare CNTs, more dense CNT film of T70% was able to accompany the
direct MoOs deposition on bare CNTs. This is because dense CNTs with small pore size
can efficiently trap the MoOs inside CNT film, preventing the direct contact of MoO3
with perovskite photoactive layer. Further, we optimized MoQO3 deposition thickness on
top of CNT T70%. Although higher deposition thickness of MoOs3 leads to higher
doping impact on CNTs, we cannot merely employ thicker MoOs on CNT. This is
because thick MoO; will fill up the pores of CNT film. They limit the hole-transporting
ability as they accommodate small amounts of Spiro-MeOTAD. We analyzed the SEM
and AFM images of CNT T70% with 8§ nm, 16 nm MoOs deposition thickness (Fig.
3.7.2). The pores of CNT film with 16 nm MoO3 were found to be mostly filled with
lowest rms value of 6.53 nm (Fig. 3.7.2¢, f). As expected, CNT-laminated PSCs with
16nm MoQOs gave the lowest device performance compared to 0 nm (reference), 4 nm,

8nm MoO3; CNT laminated-PSCs. CNT-laminated PSCs with 8 nm MoOs gave the
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highest PCE of 20.25 %. This was the highest PCE achieved CNT-based PSCs (Fig.

3.7.3).
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Figure 3.7.1 (a) A schematic illustration showing CNT-laminated perovskite solar cells
with MoOs3 doping. (b) Current density- voltage (J-V) curves of the highest efficiency
perovskite solar cells incorporating bare CNT and CNT doped with MoO3 8 nm. (¢)
EQE spectra and corresponding integrated short-circuit current density (Js) of the
device based on CNT doped by 8 nm thick MoOs. (d) short-circuit current (Js), (€) open
circuit voltage (Voc), (f) fill factor (FF) and (g) power conversion efficiency (PCE) of
the perovskite solar cells incorporating bare CNT and CNTs doped with MoOs (4, 8

and 16 nm of MoO3).

Table 3.7.1 Photovoltaic Performance of CNT Top Electrode-Based PSCs with
different MoO3 thickness under 1 sun (AM 1.5 G, 100 mW / cm?)?

Device ID  Ji (mA /cm?) [average] Vo (V) [average] FF [average] = PCE (%) [average]
1.103 0.743
Bare CNT 22.25[21.80+1.11] 18.24 [16.71+0.84]
[1.103£0.014] [0.717+0.022]
1.109 0.767
MoOs 4 nm 22.78 [22.31+1.14] 19.37 [17.54+2.83]
[1.098+0.020] [0.715+0.038]
1.162 0.755
MoOs 8 nm 23.09 [22.92+0.31] 20.25[18.80+0.93]
[1.12040.028] [0.739+0.022]
1.052 0.713
MoOs 16 nm 21.58 [19.67+1.11] 16.18 [14.64+1.18]
[1.058+0.264] [0.669+0.043]

®The photovoltaic parameters are the best values with averages and error ranges in

parentheses.
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Figure 3.7.3 PCE chart of CNT-based PSCs from 2015.

3.8 Enhanced charge extraction from favorable band

alignment of MoO3-doped SWNT Top electrode

To clarify the reasons behind the improved device parameters, we studied the work

functions of CNTs and resulting charge transport properties by photoelectron yield
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spectroscopy (PYS) and photoluminescence (PL) measurement. PYS data of MoO:s-
doped CNT films reveals that the Fermi level of CNT decreases with the increase in the
MoOs deposition thickness. As the deposition thickness increases, the Fermi level of
the CNT shifted from 4.87 (bare) to 4.98, 5.05, and 5.17 on 4, 8 and 16 nm MoOs
thickness. The increased work function with the increased deposition thickness can
arise from the increase in hole concentration, owing to the thicker MoQOs, which is in
good agreement with the sheet resistance and optical absorption analysis in Fig. 3.3.1.
According to the energy diagram in Fig. 3.8.1b, the higher work function induced by
thicker MoOs deposition is energetically favorable in decreasing the potential loss with
regard to hole extraction, which can be the origin of the improved V.. The charge
transfer dynamic was analyzed by steady-state PL. measurement in Fig. 3.8.1c. The PL
intensity of bare perovskite film in contact with a glass substrate significantly quenched
when in contact with bare CNT. With 8 nm MoOs3 deposition, the PL quenching became
more significant, implying better hole transfer capability of the CNT with MoO; doping.
The better hole extraction ability after MoO3 was further confirmed by electrochemical
impedance spectroscopy (EIS) measurement. Figure 3.8.1 shows the Nyquist plots of
the bare CNT-laminated PSCs and MoOs-doped-CNT-laminated PSCs under
illumination. The corresponding equivalent circuit is shown at Figure 3.8.3a. It is
known that in the EIS analysis, the high frequency component implies the series
resistance (Rs) and lower frequency components represents charge recombination
resistance (Rrec). The numerical fitting of EIS data gives the parameters shown in Figure
3.8.3b-c. Obviously, compared with the Ryec from the bare CNT sample, MoOs-doped
CNT sample shows higher R under all voltage bias conditions. This higher Ryec
indicates the reduced non-radiative recombination of charges within the PSC devices,
again owing to higher charge extraction ability from MoOs-doped CNTs. This is
consistent with dark current measurement, showing MoOs-doped-CNT-based PSC
lower dark current than bare CNT-based PSC, indicating reduced non-radiative

recombination owing to MoOs doping on CNT.
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Figure 3.8.1 (a) Photoelectron yield spectroscopy (PYS) measurement data of bare
CNT, CNT with 4 nm, 8 nm, and 16 nm MoOs. (b) Band alignment in the planar
heterojunction perovskite solar cells without and with doping of the CNT. (¢) Steady-
state photoluminescence (PL) spectra of bare perovskite film and perovskite films in
contact with bared CNT and CNT doped by MoOs. (d) Nyquist plots of bare CNT and
CNT doped by MoOs3 from the impedance measurement under 0, 0.2, 0.4, 0.6, and 0.8
V voltage bias.
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Figure 3.8.2 Dark current measurement of bare-CNT-laminated PSCs and 8 nm-MoO:3-
deposited CNT-laminated PSCs.
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Figure 3.8.3 (a) Equivalent circuit of EIS measurement used for fitting parameters. (b) Rs (¢)
Rrec from EIS measurement with bare CNT-based PSC (blue) and 8 nm-MoOs-doped-CNT-
based PSC (red).

3.9 Four-terminal perovskite/Si tandem application

In addition to the increased efficiency of CNT-laminated PSCs upon MoO; doping,
we further investigated the integration of CNT-laminated PSCs in tandem with Si solar
cells (Fig. 3.9.1a). First, optical transmittance of top CNT-laminated PSCs with MoO3
doping on CNT films of T70%, T80% and T90% was measured ranging from visible
to near infrared region and was compared with that ITO-based PSCs, which was
reported in previous report [33]. The transmittance spectra shows that CNT film of
T80%, T90% shows higher optical transmittance over 1000 nm wavelength regime.
This is ascribed to the parasitic absorption of ITO in infra-red region. Also, as expected,
CNT film of T70% exhibited the lowest optical transmittance over all wavelength
regime, owing to the highest thickness of the film. To elucidate the feasibility when in
conjunction with bottom Si solar cell, we simulated bottom Si solar cell using
COMSOL Multiphysics® semiconductor module under 1 sun illumination. As
compared to 14.84 % PCE when illuminated 1 sun, Si bottom cell showed 3.01, 4.18,
4.15 and 3.96 % PCE when filtered PSCs with CNT film of T70%, T80%, T90% and
ITO, respectively. Regarding total PCE as perovskite/Si tandem, MoO3-doped-CNT-
T70%-laminated PSCs with Si bottom cell showed the highest PCE of 23.26 %, despite

the lowest optical transmittance of top PSC subcell. This is because of extremely
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efficient top PSC subcell having 20.25 % PCE. Tandem PCE of MoO3-doped-CNT-
T80%-laminated PSC was almost in par with that of MoOs-doped-CNT-T70%-
laminated PSC, owing to high optical transparency of top PSC subcell. It is worth
noting that the top PSC subcell with CNT-T80%, CNT-T90% is not optimized, which,
we predict by further improving the top PSC subcell with CNT-T80%, CNT-T90%, we
can definitely aim for higher PCE.
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Figure 3.9.1 (a) Schematics of CNT transparent electrode laminated perovskite in
tandem with silicon bottom cell (b) Transmittance of top perovskite sub cell, (c)
Simulated J-V curve of bare Si, filtered Si with T70%-CNT top cell, filtered Si with
T80%-CNT top cell, filtered Si with T90%-CNT top cell, filtered Si with ITO top cell.

Table 3.9.1 Photovoltaic Performance of CNT Top Electrode-Based PSC in tandem
with simulated SiSC under 1 sun (AM 1.5 G, 100 mW / cm?)

Device ID J (mA /cmz) V.(V) FF  PCE (%)

Si 29.52 0.60 0.82 14.84

Filtered Si 6.49 0.57 0.81 3.01

CNT-T70 Semi-transparent top perovskite 23.09 1.16 0.76 20.25
Tandem - - - 23.26

Filtered Si 8.82 0.58 0.82 4.18

CNT-T80 Semi-transparent top perovskite 23.17 1.12 0.73 19.05
Tandem - - - 23.23

Filtered Si 8.81 0.58 0.81 4.15

CNT-T90 Semi-transparent top perovskite 22.77 1.12 0.71 18.14
Tandem - - - 22.29

Filtered Si 8.38 0.58 0.81 3.96

ITO Semi-transparent top perovskite 21.7 1.01 0.72 15.96
Tandem - - - 19.92
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3.10 Summary

In summary, we introduced an effective MoO3s doping of CNT top electrode for
implementation of efficient semi-transparent perovskite solar cells. The MoO3 doping
by thermal deposition on CNTs enabled enhancement of conductivity with a favorable
alignment of work function without damaging underlying organic charge selective layer
and perovskite absorbers. Owing to improved conductivity with a favorable energy
alignment, we achieved a PCE of 20.25 % from CNT-electrode-laminated PSCs. It is
worth mentioning that our method is simple, reproducible, and easily applicable to large
area module process. As the record-high PCE showcases, we successfully offered a
solution to tacking with the efficiency limit in CNT-laminated PSCs. Further
incorporation with bottom Si solar cell, the total PCE can be even higher. We believe
this method can provide the pathway for achieving higher performance and their

potential versatile application for flexible and stretchable devices.
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Chapter 4:

Conclusions

4.1 Conclusions

In conclusion, this thesis focused on the application of functionalized CNTs into solar
cells by designing the functionalization method and fabricating the subsequent solar
cells. Moreover, their roles within the solar cell devices were analyzed with various
characterization methods.

First, we first reported the application of highly purified and functionalized s-SWNTs
to improve the crystal quality of perovskite film. A small addition of DOC
functionalized s-SWNTs into perovskite precursor was found to efficiently induce
Lewis-adduct formation with perovskite precursor Pbl, thus resulting larger and
smoother perovskite grains with escalated nucleation energy. Furthermore, the s-
SWNTs as cross linkers embedded between the grain boundaries benefited the charge
extraction from perovskite absorbers, reducing non-radiative recombination in PSCs,
resulting increased open circuit voltage (Voc). Analyzing the role of functionalized s-
SWNTs as growth template during nucleation stage provided a comprehensive
understanding of the functionalized CNTs as efficient additive to perovskite precursor.
This was able to boost up the PCE of PSCs from 18.1 % to 19.5 %.

Second, the efficient p-doping of CNT top electrodes with MoOs thermal deposition
was achieved without damaging underlying PSC devices. This is attributed to the stable
nature of MoQOs, which is solvent-free and non-acidic. MoOs doping of CNTs enabled

the increased conductivity with suitable energy alignment of CNTs. The improved
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charge dynamics was observed with the pronounced PL quenching from MoOs-doped-
CNT sample, as well as lower starting point and large semi-circle from the Nyquist
plots in EIS measurement. The obtained PCE of20.25 % currently stands as the highest
PCE among the reported CNT-based PSC solar cells. The potential of the MoO3-doped
CNT-PSCs were evaluated by stacking them to SiSCs and simulating the 4-terminal
tandem solar cells. The enhanced transparency in both visible and near-infrared region
through the minimum parasitic absorption of MoOs; demonstrated expected higher
performance of the MoOs-doped CNT-PSCs compared with ITO-based semi-

transparent PSCs.

4.2 Prospects

The additive scheme with the functionalized CNTs employed here for the first time
was very successful. The compatibility of this technique with other functionalized
CNTs will pave a new pathway to incorporate the dispersed and functionalized CNTs
into perovskite film. Follow-up project of the work reported in this thesis was also
reported by further designing dispersing agent with high mobility and more Lewis base
sites [36]. Also, functionalizing CNTs with conventional organic hole transport
polymers can be an ideal combination that already ensures efficient charge transfer.

MoOs CNT top electrode doping technique is available on any solar cell devices with
CNT top electrodes. This could be also efficient for graphene transparent top electrode
if the reproducible transfer method is developed. The CNT-laminated-perovskite / Si
tandem can be further optimized through employing antireflection layer on top of both
CNT electrodes and glass in top perovskite subcell. This will reduce the optical loss
from the top perovskite subcell, which will benefit more efficient light transmission to
bottom Si solar cell. In addition, applying antireflection layer on top of MoOs-doped-
CNT will also provide the encapsulation effect, that can enable long term doping

stability of MoOs.
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Chapter 5:

Appendix:

Tailoring the surface morphology of carbon
nanotube forest by plasma etching: a parametric

study

5.1 Research Background and Introduction

Carbon nanotube (CNT) forests, which represent arrays of vertically aligned CNTs,
have initiated great potentials as a functional material due to their tunable electrical,
thermal and mechanical properties. The structural alignment, size and density of
CNTs can be well controlled by many pre- [123,124] and post-treatments [125],
providing interesting nanoporous backbone structures for different applications.
Accordingly, CNT forests have been reported as a promising material in the fields of
lithium-ion battery electrodes [126], energy storage [127], thermal interface materials
[128], gas sensors [129], adhesive joining [130], filtration membranes [131,132], and
others.

CNT forests are typically produced by chemical vapor deposition (CVD) [133].
During the CVD process, the close proximity between the neighboring CNTs induces

van der Waals interaction and enforces the CNTs to self-align perpendicular to the
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substrate [134]. Such CNT forest growth kinetics accompany the formation of a “crust”
layer [135] on the top of the forest (i.e., the initial stage of growth), encompassing
randomly oriented entangled CNTs [136] and carbonaceous impurities [137]. It has
been suggested that the entanglement of CNTs in the crust improves height uniformity
of the CNT forest [138].

However, tailoring of the top surface of CNT forests is important to engineering of
many applications. For instance, use of CNT forests as thermal and electrical contacts
relies on the compliance and the morphology of the outward-facing CNTs, and
presenting a surface with vertically oriented CNTs that can individually act as
nanoscale contacts is key to achieve low overall contact resistance. Further, the stiffness
of the top crust is significantly greater than the vertically aligned portion (i.e., the bulk
of the forest), which is not desirable for compliant CNT-based electrical and thermal
interface materials. Further, CNT forests can be used as high resolution printing stamps
[139], but the crust layer should first be removed to enable appropriate contact and ink
transfer. In processes using elastocapillarity to densify CNT forests into solids
[140,141], the crust layer should be also removed beforehand since it constrains lateral
movement of CNTs during densification. The density and morphology of CNTs in films
and forests is also a key parameter for engineering their adhesive properties, such as for
use in robotic manipulation and reversible mechanical interfaces [142,143].

Therefore, removal of the crust layer without adversely altering the structure of the
CNT forest is of interest for understanding the fundamental surface properties, and for
application-oriented engineering of CNT forests. Several methods including oxidation
in air [144] and chemical oxidation in solution [145] have been developed for the
removal of amorphous carbon. Nevertheless, these techniques can damage CNTs and
distort the alignment [146]. On the other hand, plasma treatment [147] can remove the
carbon impurities with a solvent-free, time-efficient process. In addition, plasma
treatment can provide a wide range of chemical functionality by utilizing diverse gas

sources such as Na, Ar and O.. For example, O; plasma can offer oxygen functional
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groups to CNT surfaces which can act as active sites for biochemical sensing [148] and
biomedical applications [149].

Herein, we study the use of Ar/ O> plasma to controllably remove the crust layer from
CNT forests synthesized by atmospheric pressure CVD. We investigate the effect of
plasma etching parameters, including power, exposure time, gas flow rate and mixture
composition, on the etching behavior using both qualitative (SEM and optical
microscopy) and quantitative (AFM, Raman spectroscopy and XPS) characterization.
We discuss the optimal plasma conditions for the crust removal without changing the
structural shape and internal CNT alignment. Furthermore, we assess the correlation
between the etching rate and the initial CNT forest density, leading to guidelines for

controlled surface modification of CNT forests.

5.2 Materials and methods

5.2.1 CNT forest synthesis

CNT forests were grown by thermal CVD in a tube furnace (Thermo Fisher
Minimite, 22 mm inner diameter quartz tube). The catalyst for CNT growth was
patterned by photolithography on a (100) silicon wafer with 300 nm of thermally grown
silicon dioxide, followed by lift-off processing using ultrasonic agitation in acetone.
The supported catalyst layer, 10 nm of AlO; beneath 1 nm of Fe, was deposited by
electron-beam evaporation. The wafer with the deposited catalyst was diced into 20x20
mm pieces and placed in the tube furnace for CNT growth.

CNT forest samples were prepared by three different CVD recipes, referred to as
Reference, Decoupled, and Carbon-assisted. The Decoupled growth recipe [124]
started with flowing 100 / 400 sccm of He / H> while heating the furnace up to 775 °C
for 10 min (ramping step) and then inserting the wafer into the furnace with a
magnetically coupled transfer arm. The system was then held at 775 °C for 10 min with

the same gas flow rates (annealing step). For CNT growth, the gas flow was changed
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to 100 /400 / 100 sccm of CoH4/ He / Hz at 775 °C for 3 min. After CNT growth, the
furnace was cooled to <100 °C with the same gas flow and finally purged with 1000
sccm of He for 5 min, before removing the sample. The Reference growth recipe [150]
ran with the same annealing and growth conditions with the Decoupled recipe, but the
sample was stationary inside the furnace during the entire growth process. The Carbon-
assisted growth [123] recipe also ran with the same annealing and growth conditions
with the Decoupled recipe, but prior to the annealing step, the furnace tube was “pre-
loaded” with carbon deposits from thermal decomposition of CoH4, which results in a

higher nucleation density of CNTs.

5.2.2 Plasma treatment.

The CVD-grown CNTs were exposed to Ar/ Oz plasma using a Diener Femto Plasma
system with following parameters: Argon and Oxygen gas flow rates of 0-30 sccm,
plasma power of 0-100 W, exposure time of 0-30 min at ~200 mTorr. CNT forests were
placed in a vacuum chamber on the cathode of plasma generator and feed gases were
introduced to initiate the reaction while the volatile by-products from plasma etching

are removed by the vacuum system.

5.2.3 Characterization of CNT forests.

Scanning electron microscopy (SEM) were carried out to visualize the CNT surface
morphology and alignment. Raman scattering measurements (inVia, Renishaw) were
used to characterize the CNTs with the excitation laser wavelength of 532 nm. Atomic
force microscopy (AFM; SPI3800N, Seiko Instrument Inc.) topography images were
recorded in tapping mode. AFM images were further analyzed with Gwyddion software
to calculate the roughness and CNT tip density. Core level photoemission

measurements were performed by XPS (PHI 5000 VersaProbe) using monochromatic
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Al Ka radiation. The XPS resolution was estimated to be =1 eV and the energy offset
was calibrated using the surface C 1s peak. The XPS C 1s peak was deconvoluted into
five components employing the Gaussian and Lorentzian functions. Optical images
were collected by optical microscope (Olympus, BX-53) under both bright and dark

field illumination.

5.3 Result and discussion

5.3.1 Modifying the morphology of CNT forests via Ar / O

plasma etching

As shown in Fig. 5.3.1a, surface modification by plasma etching occurs by both ion
bombardment and chemical reaction, Fig. 5.3.1a. Charged ions, neutral atoms and
radicals are excited by high voltage applied across the process chamber. The excited
ions then collide and react with the atoms of the target surface. Plasma etching using
Ar as the feed gas, which is chemically inert, is dominated by the physical effect where
its etching is largely based on the ion bombardment through directional momentum
transfer. Physical etching is anisotropic but has limitation of low selectivity [151]. On
the other hand, plasma etching using O; as the feed gas, which is in general highly
reactive, is dominated by chemical effects where the process involves transport of
reactive species through diffusion and reaction with the target surface. Because the
diffusion of reactive species takes place in all directions, O» plasma etching is isotropic
but can have high selectivity [152].

Depending on the plasma conditions, the result of CNT forest etching (Fig. 5.3.1b)
can be ‘light” upon which no apparent change occurs, ‘modest” where the top crust layer
is removed yet the forest structure remains the same, and ‘aggressive’ where the
structure exhibits severe alternation accompanied by significant material removal. We
plasma-treated CNT forests for different durations (1min, Smin, 30min) and compared

with the as-grown CNTs, Fig. 5.3.1¢c-j. With longer duration of CNT exposure to the
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plasma, excessive etching causes distortion in the microstructure; the plasma “drills”
into the forest, and CNTs at the top of the forest aggregate into clusters [153,154]. As

99 ¢

such, we can classify the etching conditions as “light” “modest” and “aggressive”,
spanning various combinations of plasma power, gas flow rate, or mixture composition,
for the same plasma exposure time. Therefore, it is necessary to understand the effect

of process parameters and control appropriately.
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Figure 5.2.1 Modifying the morphology of CNT forests via Ar / O; plasma etching.
Schematics of (a) plasma etching by excited Ar and O; atoms and (b) CNT forests after
exposure different etching conditions: as-grown, light etching, modest etching,
aggressive etching. (¢)-(f) SEM images (tilted view) of plasma-etched CNT forest
pillars. (g)-(j) SEM images of enlarged areas (blue rectangles) from (c)-(f).
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5.3.2 Effect of plasma power on crust removal and surface

modification of the CNT forest

First, plasma power results controls etching behavior at the same plasma exposure
time. We exposed the as-grown CNT forests to plasma powers of 30 W, 50 W, 70 W,
100 W for 5 minutes and compared the structural change of top surface, as shown in
Fig. 5.3.2. Flows of Ar and O, were fixed at 8 sccm and 2 sccm respectively, to exclude
the effect of flow rate and gas composition. After plasma treatment at 30 W, the crust
layer is still present at the top of the forest, yet the root mean square (RMS) roughness
decreases from 30.6 nm (as-grown) to 12.8 nm (Fig. 5.3.2.a and 5.3.2.b). This suggests
removal of amorphous carbon from the CNT forest crust [155], and is categorized as
light etching. Using higher power of 50 W and 70 W, the RMS roughness increases
back to 24.6 nm and 25.8 nm respectively, which accompanies the removal of the crust,
exposing the tips of vertically aligned CNTs (Fig. 5.3.2.c). At power of 100 W, the
roughness increases significantly, to 211.2 nm, representing aggressive etching. Under
this condition, AFM and SEM images show the spiky CNT aggregates on the surface,
along with large voids. Dark-field optical microscopy also provides a quick means to
interrogate the surface morphology of CNT forests, as the reflectivity decreases due to
removal of amorphous carbon on the surface at light and modest etching condition (Fig.
5.3.2.1,5.3.2.}, and 5.3.2.k) and increases due to the aggregation of CNTs at aggressive
etching condition (Fig. 5.3.2.1).

X-ray photoelectron spectroscopy (XPS) analysis was performed to trace the change
of surface chemistry due to plasma etching (Fig. 5.3.2.m). Applying 30 W plasma, we
observe that the XPS intensity ratio between O 1s and C 1Is (loi1s / Icis) increases,
indicating that the CNT forest surface accepted oxygen radicals. At 50 W, lois / Icis
drops in a manner consistent with removal of the defective crust layer. Further plasma

etching on CNTs with more than 50W power induces defects, distortion and
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aggregation of CNTs, as supported by the increased RMS roughness, and increased /o1s
/ Icis (Fig. 5.3.2.m, Fig. 5.3.2.n).

Increase Plasma Power

As grown 30W 5min 70W 5min 100W 5min ™ 40 ey e,

a) Rms : 30.6 nm b) Rms : 12.8 nm c)Rms : 25.8 nm d)Rms :
211.2nm

Aggressive
9

Figure 5.3.3 Effect of plasma power on crust removal and surface
modification of the CNT forest. (a)-(d) AFM, (e)-(h) SEM and (1)-(1) optical images
of top surface of CNT forests (CVD grown via decoupled recipe), (a), (€), (1) as-grown,
and etched using power of (b), (f), (j) 30W, (¢), (g), (k) 70W, and (d), (h), (1) 100W for
5 min (same Z-scale). (m) XPS intensity ratio between O 1s and C 1sand corresponding
RMS roughness values of plasma treated CNT forests according to plasma power. (n)
SEM images of crust removal of CNT pillars after plasma treatment. Exposure time,

gas composition and flow rate were 5 min, Ar 8 sccm and O» 2 sccm respectively.
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5.3.3 Effect of gas flow rate on crust removal and surface

modification of CNT forests

In addition to the plasma power and exposure time, the etching behavior

significantly depends on the flow rate of the feed gas. We compared CNTs after plasma

treated with different gas flow rates of 5, 10, and 30 sccm, (Fig. 5.3.3). The gas mixture

0f20% Oz and 80% Ar, plasma power of 50 W and plasma time of 5 min were fixed in

this series. The degree of modification was inversely proportional to the flow rate. This

is because at flow rates greater than 15 sccm, the active plasma species are pumped

away before reacting with the CNTs [156] (Fig. 5.3.3c, 5.3.31, and 5.3.31)and the slow

flow rate allows active plasma species to react more with the CNT pillar surface (Fig.

5.3.3a,5.3.3d and 5.3.3g). Therefore, the flow rate regime around 10 sccm corresponds

to “modest” etching (Fig. 5.3.3b, 5.3.3¢, 5.3.3h, 5.3.3j and 5.3.3k).

Increase Total Feed Gas Flow Rate
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Effect of gas flow rate on crust removal and surface modification

of CNT forests. (a)-(c) AFM, (d)-(f) SEM and (g)-(1) optical images of CNT forest top

surfaces after plasma treatment using total gas flow rate of (a), (d), (g) 5 sccm, (b), (e),

(h) 10 sccm, and (c¢), (f), (1) 30 sccm (all with same Z-scale). (m) XPS intensity ratio
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between O 1s and C 1s and corresponding RMS roughness values of plasma treated
CNT forests according to gas flow rate. (n) SEM images of crust removal of CNT pillars

after plasma treatment. Plasma power, exposure time, gas composition were 70 W, 5

min, Ar : O = 4:1, respectively.

Figure 5.3.3.2 Optical microscope images of Ar / O> plasma treated CNT pillar surface
grown by Decoupled recipe under different oxygen composition ratio. (Total flow rate

was fixed at 10 sccm and exposure time for optical microscopy measurement was 1.25

S.)

5.3.4 Effect of feed gas composition on crust removal and

surface modification of CNT forests

The composition of gas mixture is another factor that influences the CNT plasma
etching. We treated CNT pillars with different O, fraction from 0% to 80%, at S0W, 5
min and 10 sccm. In all cases, plasma etching decreased the RMS roughness, as shown
Fig. 5.3.3b and 5.3.4a-c. The Ox rich (80%) condition (Fig. 5.3.4f and 5.3.41) was less
aggressive than pure Ar (O2 0%) condition (Fig. 4d and 4g). The plasma density of pure

Ar can exceed that of pure O2 by a factor of 2, owing to the lower collisional energy
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loss per electron-ion pair of an inert gas Ar than a molecular gas like O, at the same
electron temperature[157]. The slightly higher RMS roughness and the qualitative
comparison using SEM observation, Fig. 5.3.4e and 5.3.3e, indicate the transition from
‘light” etching to ‘modest’ etching with the introduction of 10% and 20% O gas. The
optical microscopy images, Fig. 5.3.4h and 5.3.3h, also show less light scattering on
the CNT surface. When the O> gas fraction is 40% or greater, we again observe that the
CNT crust remains (‘light’ etching behavior). Therefore, the O, fraction for crust
removal without degradation to the forest was determined to be ~20% , Fig. 5.3.3e and
5.3.3.2. In Ar rich condition in Ar / Oz plasma system, chemical etching by O» can be
accelerated by the help of physical etching from the ion bombardment induced by the
Ar plasma, destroying the carbon bonds and therefore reducing the reaction threshold
of chemical etching [158,159]. Therefore, we find that a saturation exists for which the
active plasma source is not anymore able to accept new O species from the plasma
environment because of the oxidation level and molecular steric hindrance [159]. The
XPS Iois / Icis characterization, Fig. 5.3.4j, also supports such etching behavior. The
XPS Iois / Icisdrops when Oz fraction is over 10% and this could arise from the removal

of crust as well as the CNTs retaining active oxygen species.
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Figure 5.3.5 Effect of feed gas composition on crust removal and surface
modification of CNT forests. (a)-(c) AFM, (d)-(f) SEM and (g)-(i) optical images of
CNT forest top surfaces (CVD grown via decoupled recipe), after plasma treatment
using different oxygen composition ratio of (a), (d), (g) 0 %, (b), (e), (h) 10 %, and (c),
(1), (1) 80 %. j) XPS intensity ratio between O 1s and C 1s and corresponding RMS
roughness values of plasma treated CNT forests under different O, fraction in feed gas.
(k) SEM images of crust removal of CNT pillars after plasma treatment under different

O; fraction in feed gas.

5.3.5 Surface chemistry of CNT forests after Ar / O plasma

To further clarify the chemical reaction between CNTs and Ar / O, plasma under
different O, fraction, we performed XPS Cls peak deconvolution of Ar / O, plasma
treated CNT pillars under various O fraction. The pristine asymmetric Cls peak is
located at the binding energy of 284.0 eV, which is from sp?-hybridized graphite-like
structure (C=C), as shown in Fig. 5.3.51a. The peak located at 284.8 eV is attributed to
sp*-hybridized carbon atoms in amorphous carbon (C-C). And the peaks at 285.8 eV,
287.3 eV, and 288.7 eV correspond to C-O, C=0, -COO functionalities, respectively.
Fig. 5.3.5.2 and Table 5.3.5 demonstrates the detailed composition of the five
components forming the XPS C 1s spectra. The plasma-treated CNT pillar exhibits
significant decrease in C=C and increase in other four compositions as compared to as-
grown CNT pillar. Pure Ar condition showed the least O2 containing chemical species
of 25% compared to any other Ar / Oz plasma system as the physical etching is
dominant over chemical reaction. Increasing the O> concentration greater than 20%
results in decrease in C=C chemical species due to chemical instability from lack of
rotation around C=C bonds and nonsaturation of C=C bonds[160]. This also supports
that increased O; plasma contributes to chemical reaction around the surface of CNT
pillars. Plasma with O> 80% condition showed the most oxygen containing chemical

species where the crust layer was not sufficiently removed. This implies that excessive
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concentration of 80% O can hinder the actual etching of the crust layer and only

chemically react with the very surface of the crust on the CNT forests. Therefore, an

appropriate mixture of Ar and O> can be more effective for crust layer removal rather

using pure Ar or pure O> plasma.
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Figure 5.3.5 XPS C 1s peak deconvolution spectra of CNT forest top surface (a) as

grown, after plasma treatment using different oxygen composition ratio of (b) 0 %, (c)

10 %, (d) 20 %, (e) 40 % and (f) 80 %. (CNT forest was grown by Decoupled recipe,

total flow rate was fixed at 10 sccm)
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Figure 5.3.5.2 Relative concentration of chemical species after Ar / O, plasma under

different oxygen composition ratio. (a) C=C, (b) C-C, C-O, C=0, -COO (CNT forests

grown by Decoupled recipe)

Table 5.3.5 XPS C 1s peak deconvolution result of as grown CNT, Ar / O, plasma

treated under different oxygen composition ratio. (CNT forests grown by Decoupled

recipe)
Concentration of chemical species (%)
Sample group Cc=C C-C C-0 C=0 -COO
284.0 eV 284.8 eV 285.8 eV 287.3 eV 288.7 eV

As grown 68.4 14.3 7.7 0.93 8.8

02 0 % plasma treated 543 20.7 9.8 0 15.2
0> 10 % plasma treated 58.8 16.1 10.0 0.43 14.7
0, 20 % plasma treated 54.1 17.7 11.6 53 11.3
0 40 % plasma treated 53.7 20.4 9.8 1.8 14.3
0 80 % plasma treated 53.9 18.8 11.1 3.2 13.0
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5.3.6 Morphology changes of CNT forest pillars produced by

different CVD recipes, after equivalent plasma etch exposure

Importantly, the as-grown morphology of the CNT forest can influence the etching
results. As such, we now compare the etching of CNT pillars produced by different
synthesis recipes (see experimental section), which we denote as the Reference,
Decoupled, and Carbon-assisted recipes. Note that although the growth times were
identical, CNT pillars grown by the Reference recipe reach ~100 pum in height (Fig.
5.3.6e), whereas the Decoupled and Carbon-assisted CNT pillars are ~20 um high (Figs.
5.3.1c and 5.3.6g). Raman spectroscopy of Reference CNTs shows the lowest Ip / I
ratio ~ 0.4 compared to Decoupled CNTs (0.73) or Carbon-assisted CNTs (0.75). This
data is shown in Fig. 5.3.6.2, and implies the Reference CNT recipe gives the lease
defective top surface of the forest. The Reference recipe is also the only one with radial
breathing mode peaks observed, indicating some presence of single-walled CNTs in the
forest. The defect quality is also confirmed by XPS, showing that Reference CNTs have
the highest C 1s intensity and lowest O 1s intensity among the three recipes (Fig.
5.3.6.3). In terms of the CNT alignment, Carbon-assisted CNTs exhibit the highest
degree of alignment (Fig. 5.3.6.4). In terms of top crust density, Reference CNTs show
the least (Fig. 5.3.6.5), comprising less entangled CNTs on the top (Fig. 5.3.6a, 5.3.61
and 5.3.6m). We note that the degree of alignment of the sidewall correlates with the
CNT crust density observed in SEM.

Now, we compare the plasma etching sensitivity of each CNT forest, under identical
etch conditions (80 W, 5 min, Ar/ O;=8/2 sccm). Despite their higher relative quality,
CNT forests with lower packing density and a less dense crust (Reference CNTs) are
more vulnerable to the plasma; etching results in deep penetration and aggregation
under the above condition (Fig. 5.3.6b, 5.3.6j, and 5.3.6n). In contrast, for the denser
CNTs (Decoupled and Carbon-assisted recipes), the plasma removes the crust while
preserving the CNT alignment (Fig. S8 and Fig. 5.3.6d, 5.3.61, and 5.3.6p). Additional
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results showing the conditions that result in modest etching are shown in Fig. 5.3.6.6

Fig. Fig. 5.3.6.7 and Fig. Fig. 5.3.6.8.

Reference Carbon-assisted
Reference 80W 5min Carbon-assisted 80W 5min

]
2

A4

Figure 5.3.6 Morphology changes of CNT forest pillars produced by different
CVD recipes, after equivalent plasma etch exposure. SEM images of top surface of
(a) as-grown (Reference), (b) 80W 5 min plasma treated (Reference), (c) as-grown
(Carbon-assisted), and (d) 80W 5 min plasma treated (Carbon-assisted) CNT pillars.
Tilted SEM images of (e) as-grown (Reference), (f) 80W 5 min plasma treated
(Reference), (g) as-grown (Carbon-assisted), and (h) 80W 5 min plasma treated
(Carbon-assisted) CNT pillars.
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Figure 5.3.6.2 Raman DG ratio of CNT forests grown by different recipe. (n=5)
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Figure 5.3.6.3 XPS spectra of (a) C 1s and (b) O 1s peaks from CNT forests grown by

Reference, Decoupled, Carbon-assisted recipe.

Figure 5.3.6.4 SEM images of CNT forest side walls grown by (a) Reference, (b)

Decoupled, (c) Carbon-assisted recipe.
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Figure 5.3.6.6 SEM images (tilted view) of Ar / O> plasma treated CNT pillars grown
by Reference, Decoupled and Carbon-assisted recipes under different plasma power
and time: Reference (a) 30 W 2 min, (b) 50 W 2 min, (¢) 50 W 5 min. Decoupled (d)
30 W 5 min, () 50 W 5 min, (f) 70 W 5 min. Carbon-assisted (g) 50 W 5 min, (h) 70

W 5 min, (1) 80 W 5min. (Flow rate was Ar: 8 sccm, O2: 2 sccm.)
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Reference Reference
As grown 30W 2mi

Reference Reference
50W Zn. 50W 5mingl

Figure 5.3.6.7 Optical microscopy images of top surface of CNT pillar grown by

Reference recipe before and after Ar / O, plasma treatment under different time and

power. (Exposure time for optical microscopy measurement was 1.25 s).

Carbon-
assisted
As grow,

Figure 5.3.6.8 Optical microscopy images of top surface of CNT pillar grown by
Carbon-assisted recipe before and after 80 W Ar / O> plasma treatment under different

time. (Exposure time for optical microscopy measurement was 1.25 s)
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5.3.7 Exposed tip density of the CNTs after plasma treatment

The exposed tip density of the CNTs after plasma treatment was analyzed from AFM
images (Fig. 5.3.7) as an indication of the ability of the plasma etching to create isolated
aligned tips (Fig. 5.3.8). With increasing plasma power, the exposed tip density of the
CNTs decreases as they agglomerate with excessive plasma exposure, which is
consistent with SEM images in Fig. 5.3.2g and 5.3.2h. Further, the tip density of
Carbon-assisted CNTs was higher than that of Decoupled CNTs, owing to the higher
CNT packing density. However, it should be noted that our AFM analysis can only be
used for qualitative analysis between samples, thereby more accurate analysis with

higher resolution images will be needed for quantitative analysis of the CNT tip density.
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Figure 5.3.7 Masked AFM images of top surface of CNT pillars grown by different
recipes (Reference, Decoupled, and Carbon-assisted) through Gwyddion software.

Mask threshold was done by Otsu’s algorithm.
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Figure 5.3.7.2 Tip density of CNT forests grown with different recipes versus plasma
power (Plasma duration time was fixed at 5 min). Tip density was calculated from

masked AFM images in Figure 5.3.7.1.

5.3.8 Lateral and vertical etching rates of CNT forests under

Ar / Oz plasma

Now, we quantitatively evaluate the etching rates by assessing the size reduction of
CNT pillars due to the plasma, in both the vertical and lateral directions as defined in
Fig. 5.3.8a and Fig. 5.3.8b. The power and time dependency in lateral and vertical
directions, Fig. 5.3.8c, 5.3.8¢ and Fig. 5.3.8d, 5.3.8f, respectively. Reference CNTs
revealed about 3 and 10-fold greater etching rates compared to Decoupled and Carbon-
assisted CNTs, respectively. Also, in general the vertical etching rate is greater than the
lateral etching rate. The vertical and lateral etching rates of Carbon-assisted CNTs are
the lowest, at ~ 50 nm / min and ~100 nm / min respectively (80 W, measured over 5
min etch time). Interestingly, structural collapse did not occur for Carbon-assisted
CNTs even with higher power of 100 W and longer plasma duration of 30 minutes,

which implies that CNT forests with highly packed nature provide enough robustness
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to maintain the forest structures but require greater power or duration to remove the top

crust.
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Lateral and vertical etching rates of CNT forests under Ar / O,

plasma. (a) Schematics showing measurement definitions. (b) SEM images of an

exemplary CNT pillar before and after plasma treatment. Lateral etch rate of CNT

forests grown by Reference, Decoupled, and Carbon-assisted recipes versus etching (c)

power and (d) time (n=5). Vertical etch rates versus etching (e) power and (f) time (n=5).
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5.3.9 Lateral and vertical etching rates of CNT forests under

Ar / Oz plasma

In addition to physical etching, the Ar / O plasma treatment provides spatial
uniformity of chemical characteristics along the surface of the CNT forests. Raman
mapping is used to perform spatial analysis of the CNT pillar surface. Fig. 5.3.9a shows
the G-band intensity mapping of Raman spectra from the surface of an as-grown
Decoupled CNT pillar; this has a spatial variation of G-band intensity ranging from 550
to 700, that can imply irregular distribution of carbonaceous impurities across the
surface. After the Ar/ Oz plasma treatment (Ar : 2 sccm, Oz : 8 sccm, SOW Smin), the
surface shows uniform distribution of G-band intensity from 600 to 650.

Further, we quantitatively confirm that the Ar / O; plasma treatment does not
deteriorate the alignment of CNTs during plasma treatment at modest etching condition.
This is essential for subsequent application of CNT forests’ microstructures since the
different alignment degrees may provide different physical properties in one-
dimensional materials [161]. Using the cross-sectional SEM images taken at the
sidewall of different CNT forest samples (Reference, Decoupled, Carbon-assisted), we
calculate the Herman orientation factor (HOF) and compare the degree of alignment
before and after the plasma treatment [162]. SEM images of CNTs were taken at the
middle sidewall of each CNT forest, Fig. 5.3.9c-e. The Carbon-assisted CNT pillar
exhibits the highest HOF of 0.30 among the samples followed by 0.26 and 0.19 for
Decoupled and Reference sample, respectively. After applying Ar/ Oz plasma treatment
reflecting modest etching conditions for each sample, interestingly we find that the
HOFs of all samples increased, to 0.31, 0.31 and 0.31 (Carbon-assisted, Decoupled, and
Reference, respectively). The improvement in vertical alignment by ‘modest’ plasma
etching can be explained by two reasons. First, as-grown CNTs with poor alignment

are due to the mechanical constraint established by the crust layer, and they can relaxed
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by release of residual stress one the crust is removed [163—165]. Second, aggregation

of individual CNTs by the plasma enhances the vertical alignment.

c) Reference \ d) Decoupled e) Carbon-assisted

700.0
650.0

e { V' ) el | h) Carbon-assisted
; 80W 5min

G-Band Peak Intensity (cnts)

550.0

Figure 5.3.9  Spatial uniformity and vertical alignment of CNT forests before
and after plasma treatment. Raman mapping images of top surface of CNT pillar
(a) as-grown by Decoupled CVD recipe (b) after SOW Smin Ar / O, plasma treatment.
SEM images of as-grown CNT pillar sidewalls (¢) Reference (d) Decoupled (e) Carbon-
assisted. SEM images of as-grown CNT pillars after Ar / O> plasma treatment (f)

Reference 30W 5Smin (g) Decoupled SOW 5min (h) Carbon-assisted 80W Smin.
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5.3.10 Surface modification 2D and 3D structured CNT

forests via Ar / O: plasma

Based on the result above, we demonstrate the translation of our findings in this study
to the surface modification of CNT microstructures that are useful in applications of
CNT microstructures. For instance, a honeycomb structure CNT forest (Fig. 8a) can be
a high-resolution stamp for flexographic printing of transparent electrode patterns [139],
and slanted pillars of CNT forests (Fig. 8b) can be useful as anisotropic adhesives [166].
In both cases, delicate surface modification to reveal the CNT “tips” is useful to
improve the performance of the CNTs. Using the appropriate process parameter control,
plasma etching can be effective tool for crust removal of large-area, 2D or even 3D
patterned CNT forests [167,168] with different surface morphologies.

Finally, in terms of surface roughness, we were not able to achieve less than 12.8 nm
rms roughness with Ar / O; plasma treatment at 30W 5min Ar: 2 sccm Oz: 8 sccm
condition. Considering the radius of individual CNTs used in this study ranges from 10
to 20 nm [123,169], such minimum surface roughness we can achieve might be limited
by the curvature of the individual CNTs. This implies that smoother surfaces are
achievable for vertically aligned SWCNTSs having ~1 nm or smaller radius [170-172].
A smaller rms roughness also indicates greater coverage of CNTs at the top surface
(fewer pores). Engineering both CNT growth and plasma treatment to leave a dense
and smooth layer of CNTs at the top surface, could be ideal to minimize the thermal
and electrical contact resistance accompanied by the intrinsically superb thermal and

electrical properties of CNTs [173—-176].
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b) 3D free form CNT forésts
_

Figure 5.3.10 Surface modification 2D and 3D structured CNT forests via Ar /
0O: plasma. SEM images of (a) large-area honeycomb structures having 15 um holes

and (b) free-form CNT architectures, before and after plasma etching.

5.4 Conclusion

Herein we reported a parametric study of the surface modification of CNT forests
using Ar / Oz plasma etching, focusing on removal of the ‘crust’ layer without
degrading the structural shape and alignment of the forest. Etching conditions are
categorized according to the degree of modification of the surface, and we term ‘modest’
etching as achieving sufficient crust removal without structural collapse, when the
power and exposure time are appropriately controlled. Flow rate and gas composition
of Ar / O> gas mixture were also investigated as important parameters that affect the
etching behavior. A low flow rate provides enough time for the active plasma sources
to collide and react with the target surface, and ~20% of O; fraction provided an
effective combination effect of both physical and chemical etching by Ar and O,

respectively. Moreover, the etching behavior is sensitive to the initial status of CNT

105



Appendix: Tailoring the surface morphology of carbon nanotube forest by
plasma etching: a parametric study

forests, including the morphology, density, and defect ratio. We further investigated the
plasma etching of CNT grown by three different CVD methods and compared the etch
rates in both vertical and lateral directions. The findings of this study can be applied to
tailor CNT forest surfaces for applications such as thermal interfaces, electrical contacts,

and dynamic adhesives.
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