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Abstract

1. Introduction and motivation of this dissertation

As energy is closely related to our human society development, how to obtain energy
and how to guarantee sufficient energy have become important issues for a long time.
Traditional energy sources such as fossil fuels and nuclear energy suffer from the
significant issues of shortage, pollution, and unsafety. In order to solve these issues,
renewable energy has attracted much attention in recent years, within which the solar
energy has been regarded as a promising next-generation energy source. Photovoltaic
(PV) devices, especially solar cells, which are used to cultivate solar energy, are being
vibrantly developed. Although several kinds of solar cells have achieved high efficiency
of over 20%, the current issues in these solar cells include high cost, inflexibility,
heavyweight, and so on. There is an urgent need for the development of next-generation

PV devices.

On the other hand, the diversity of low-dimensional nanomaterials has been enriched
by both the dimensionalities and new compounds. The 1-dimensional (1D) single-walled
carbon nanotube (SWCNT) and 2-dimensional (2D) MoS:; are both the representatives of
their dimensions and elements, with excellent physical, chemical, and mechanical
properties. Moreover, the diversity of low-dimensional nanomaterial world has also been
enriched by the method of "tailoring". As the properties of these materials can be tuned
by carrier doping and structural transformation, we can develop different tailoring

methods for different application purposes, such as nanomaterial PV devices. For PV
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device applications, the low-dimensional nanomaterials can reduce the usage of high-cost
materials, and they have tunable physical properties with flexible and lightweight nature.

These advantages enable them to be promising candidates for next-generation PV devices.
2. Purpose of this dissertation

This dissertation focuses on the tailoring methods of SWCNTs and MoS» based

nanomaterials for the application purpose of PV devices, especially solar cells.

The SWCNT transparent conductive film (TCF) in SWCNT-Si solar cells is one of
the crucial factors for improving performance. Both the conductivity and transmittance
of SWCNT film need to be high in order to have excellent performance in SWCNT-Si
solar cells, but this always includes a trade-off. Moreover, SWCNT shows a hole-
transporting property in solar cells, which is tunable by carrier doping. As a result, the
first purpose of this dissertation is to explore novel and outstanding tailoring methods for
SWCNT TCEF, and to apply the tailored SWCNT TCF to SWCNT-Si solar cells to achieve
higher performance than the state of the art. Furthermore, this process can shed some light

on the mechanisms of SWCNT-S1 solar cells.

The second purpose of this dissertation is to explore the possibility of applying
SWCNTs and MoS: based nanomaterials in PV devices. Although MoS> only has a
thickness of nanometer level, its light-absorbing efficiency has been calculated to be
about one order of magnitude higher than that of traditional PV materials. Thus, using
MoS: as the light-absorbing material in PV devices can have the advantages of cost-
reduction, flexible applications, and gaining insights for developing low-dimensional
nanomaterial PV devices. On the other hand, MoS, may also contribute to other functional

layers of solar cells after tailoring. In order to achieve the second purpose, tailoring
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SWCNTs and MoS; based nanomaterials by synthesis and structural transformation
methods are discussed in this dissertation, as well as the application of the synthesized

SWCNTs and MoS; based nanomaterials in PV devices.
3. Organization and contents of this dissertation

In Chapter 1, this dissertation begins with a brief introduction of the world of low-
dimensional nanomaterials, followed by the discussions of the structures and structure-
related properties of SWCNTs and MoS;, which are the two basic low-dimensional
nanomaterials that this dissertation focuses on. Then, renewable energy resources are
introduced, with a specific emphasis on solar cells for solar energy harvesting.
Subsequently, the development of next-generation solar cells is discussed, of which the
nanomaterial solar cells are the applications that this dissertation studies for low-
dimensional nanomaterials. The application of low-dimensional nanomaterials in solar
cells are introduced in a general manner, with the detailed and specific introductions
provided in the following experimental chapters. The motivation and purpose of this

dissertation are also introduced in Chapter 1.

The general experimental methodology is introduced in Chapter 2. The first part is
about the metrology for the low-dimensional nanomaterials and nanomaterial solar cells,
with the discussions of the mechanisms of these methods. The second part is about the
fabrication of SWCNT-Si solar cells and the properties of the as-fabricated pristine
SWCNT-Si solar cells. We applied the randomly-oriented SWCNT films that can be dry-
transferred onto arbitrary substrates. The pristine SWCNT-Si solar cell showed the best
power conversion efficiency (PCE) with 90%-transparency SWCNT film and was stable

in air for over one month. The third part is about the structure of a semi-automated low-
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pressure chemical vapor deposition (LPCVD) system that I constructed for synthesizing
MoS; based nanomaterials, and about the reactions during the CVD process. The specific

experimental methodology will be introduced in the following experimental chapters.

Chapter 3 presents the results of tailoring SWCNTs for application in SWCNT-Si
solar cells. We report a polymeric acid, which can induce a multi-effect of permanent and
strong p-doping, anti-reflection, and encapsulation of SWCNT-Si solar cells. Nafion, the
polymeric acid was reported to dope carbon electrodes effectively and exhibit a
permanent doping effect in organic light-emitting devices and organic solar cells.
Interestingly, when Nafion was used in SWCNT-Si solar cells to dope the SWCNT top
electrode, its effect was not only limited to a p-dopant but led to a favorable anti-reflection
effect and an encapsulation effect as well. The device PCE increased from 9.5% to 14.4%
owing to the increases in all the three photovoltaic parameters, specifically, short-circuit
current density (Jsc), open-circuit voltage (Voc), and fill factor (FF) upon a simple spin-
coating of the polymeric acid. The increase in Jsc came from the inaugurated light
absorption from the anti-reflection effect as evidenced by both empirical and
computational analyses in this work. The anti-reflection effect was greater than that of
PMMA owing to the intrinsically low refractive index of Nafion. The improvement in FF
came from the improved conductivity of SWCNT films by the strong p-doping of the
polymeric acid. There was a significant increase in Voc as well, which is attributed to the
strong Fermi level downshift and the densification effect of SWCNTs, thanks to the highly
electronegative fluorinated chains and the viscous nature of the polymeric acid,
respectively. The polymeric acid functioned as an excellent encapsulation layer as well.
The polymeric acid-coated SWCNT-Si solar cells withstood submersion to chloroform,

HNO3, and water for more than 10 days, which was by far more stable than the PMMA -
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coated SWCNT-Si solar cells. The obtained stable PCE of 14.4% currently stands the

highest among the reported carbon nanotube-based Si solar cells with similar active areas.

In Chapter 4, the investigations of tailoring SWCNT and MoS; based nanomaterials
and their application to PV devices are discussed. First, the results of the controlled
synthesis of 2D MoS; nanomaterials are presented. Through the LPCVD system that I
constructed, a 2D MoS2 monolayer film with over 99% coverage was synthesized after
tuning various synthesis parameters to the optimal conditions. Second, we tried to
synthesize 1D MoS; nanotube (MoS>NT) onto 1D nanostructures. With the optimized
synthesis parameters for 2D MoS; monolayer film, a heterostructure of an SWCNT
wrapped with a single-walled MoSoNT has been discovered, which is also the first
evidence of a single-walled MoS2NT. Furthermore, with the heterostructure of 1D boron
nitride nanotube (BNNT)-SWCNT, a novel type of 1D semiconductor-insulator-metal
(MIS) van der Waals (vdW) heterostructure of MoS;NT-BNNT-SWCNT has been
synthesized with MoSoNT as the semiconducting tubular layer. Third, the possibility of
applying the as-synthesized SWCNTs and MoS: based nanomaterials in PV devices are
discussed with various device structures. For the light-absorbing layer function, Ceo-
MoS;NT-BNNT-SWCNT PV device showed higher photocurrent than that of Ceo-
MoS,NT-SWCNT because of the charge separation facilitation of BNNT. For the electron
transport layer (ETL) and cathode multifunction, we have substituted two layers of
PCBM and SWCNT in inverted-type perovskite solar cells with one multifunctional layer
of MoSoNT-(BNNT)-SWCNT. The integration of ETL and cathode in one layer can allow
easier fabrication than the layer-stacking, and thus reduce the size of the device and the
amount of used materials. The BNNT again facilitated the charge separation, resulting in

the improvement of Voc and PCE. Moreover, there is a trade-off between the tunneling
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and blocking effects of BNNT for electrons and holes. For the hole transport layer (HTL)
and anode multifunction, MoS:NT-SWCNT was applied to normal-type perovskite solar
cells and improved the PCE by the excellent hole-extraction ability of MoS;NT. A PCE
of 15.0% has been achieved after the application of spiro-MeOTAD. These results have
demonstrated prototypes for the promising application of 1D vdW heterostructures in PV

devices.

Finally, the summaries, my vision for next-generation solar cells, and the future

perspectives of the research in this dissertation are presented in Chapter 5.
4. Conclusions and future perspectives of this dissertation

First, SWCNT film has been tailored by Nafion to improve SWCNT-Si solar cell
performance successfully. The performance of SWCNT-Si solar cell has been improved
to record-high efficiency and stability. Mechanism discussions show that Nafion has the

superior multifunction of p-type doping, anti-reflection, and encapsulation.

Second, MoS; monolayer film has been synthesized by a home-made LPCVD
system. A heterostructure of an SWCNT wrapped with a single-walled MoS2NT has been
discovered, which is also the first evidence of a single-walled MoS,;NT. Furthermore, a
1D MIS vdW heterostructure of MoSo;NT-BNNT-SWCNT has been synthesized for the

first time.

Third, the MoS;NT-BNNT-SWCNT 1D vdW heterostructures have shown
promising applications in PV devices with different multifunctions of light-absorbing
layer, ETL/cathode, and HTL/anode. The further improvements of the tailoring methods
and the device structures will lead to novel applications of both the SWCNT and MoS»

based nanomaterials and the 1D vdW heterostructures in PV devices.
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Chapter 1 General Introduction

1.1 World of Low-Dimensional Nanomaterials

Dimensionality has been an important characteristic of materials. With different
dimensions, substantial variations of electronic structures and fundamental properties
have been observed [1]. The nanotechnology, which is based on nanomaterials with
reduced dimensionality, has been influencing we human beings over the last semicentury.
As said by the American physicist Richard Feynman, "There's Plenty of Room at the
Bottom," there are plenty of discoveries after we opened the door of low-dimensional

nanomaterials.

The big bang of the world of low-dimensional nanomaterials started from fullerene,
which is a new allotrope of carbon discovered in 1985 [2]. This so-called buckyball
dramatically reduced the dimensionality of materials from 3D to 0D, with the scale down
to the nanometer level. Another boom came when in 1991, lijima et al. discovered
MWCNT [3], and two years later, SWCNT was also discovered [4]. The collection of
MWCNT and SWCNT is called CNT, which showed us with 1D nanomaterial for the first
time. The exciting story did not end. In 2004, Geim and Novoselov et al. extracted
graphene from graphite by Scotch tape, which is a 2D nanomaterial [5]. Not only has the
graphene itself contributed to the world of low-dimensional nanomaterials, but also the
technique of exfoliation has given us hints about producing the "2D nanomaterials beyond
graphene" [6]. As the layered structure of graphite is prevalent in the natural world, a
treasure house of 2D nanomaterials, including hBN and TMDCs, can be handily produced
and studied. The schematics of low-dimensional nanomaterials are shown in Figure 1.1.
During this new era of nanoscience and nanotechnology, two Nobel Prizes have been

awarded in 1996 and 2010 respectively, for the discovery of fullerene and graphene.
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(a) (b)

(d)

Figure 1.1 Schematics of low-dimensional nanomaterials. (a) 0D fullerene. (b) 1D
SWCNT. (¢) 2D graphene. (d) 2D MoS2, which is a representative of TMDC:s. (a),
(b), and (c) are reproduced from http://www.photon.t.u-tokyo.ac.jp. (d) is reprinted
from [7], Copyright (2011), with permission from Nature Publishing Group.
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1.2  SWCNTs

Rolling up an sp>-bonded 2D graphene sheet (one layer of graphite) into a tubular
structure can yield an SWCNT. Depending on the way the graphene is rolled up, i.e., the
rolling direction and diameter of tubes, SWCNT can have tunable electronic structures
and thus tunable properties, which is one of the most charming points in the research of

SWCNT [8].

1.2.1 Atomic Structure of SWCNTs

)
C
(7
ol

Figure 1.2 Unrolled hexagonal lattice of an SWCNT. The chiral vector Ch and
translational vector 7 are presented for the case of C, =4a1+ 2a2 SWCNT. The angle

between a1 and Ch gives the chiral angle 6 (0 < 0 < 30°).

Figure 1.2 shows the unrolled graphene sheet. The distance between carbon atoms
is acc (=1.42 A). In the Cartesian x-y coordinate, the unit vectors a; and a» are expressed

as

! \/ga) (1.1)

a = (a,0), a,= (Ea’ -5
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where
a=+3Xa._.=+13x1.42 A= 2.46 4 (1.2)

A chiral vector Ci showing how SWCNT is rolled up from graphene, i.e., the
structure of the SWCNT, is defined as

C.=na,+ma,= (n, m) (1.3)

which is often described by the pair of indices (n, m) that denote the number of unit
vectors in the hexagonal honeycomb lattice contained in the vector Ci. The nanotube

diameter d; can be written in terms of the integers (n, m) as

2 2
dt:ﬁ_a\/m +mn+n (1.4)

™ ™

As shown in Figure 1.2, the angle between the chiral vector Cpand a; is named as

the chiral angle 6, which is given by

~ 2n+m m
0 = cos™' <0 S—) 1.5
(2\/n2+nm+m2) 6] 6 (15)

An example of (4,2) SWCNT is shown in Figure 1.2. For armchair SWCNT, (n, n),
@ equals 30°, while for zigzag SWCNT, (n, 0), 6 is 0°. The chiral angle for chiral tubes
such as (4, 2) is between 0° and 30°. So far, the atomic structure of an SWCNT is
described by its unit cell OBB’A. The other unit vector which is vertical to the chiral
vector Ch in the unit cell is labeled as translational vector 7. The translational vector T is

the shortest repeat distance along the SWCNT axis and is described as
T:t1a1+t2a2£ (t1+t2) (1.6)
where (#1, t2) correlates to (n, m) as

2 2
= Gmtn) o, Cntm) (1.7)
dn drn

where dr is the greatest common divisor of (2n+m, 2m+n)

d if n—m is not a multiple of 3d

3d if n—m is a multiple of 3d
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where d is the greatest common divisor of (n, m). The number of the hexagons contained

in one unit cell of SWCNT is given as

|IC, XT| 2(n*+nm+m?)
N = —
la; X a.| dr

(1.9)

The number of carbon atoms contained in one unit cell is 2/V.

1.2.2 Structure-Related Properties of SWCNTs

As mentioned in Section 1.2.1, the electronic structure of an SWCNT is tunable due
to its rolling-up way of graphene. The structure-related electronic structures of SWCNTs
have attracted a large amount of research and is crucial to the optical and electrical
applications of SWCNTs [9]. In order to understand the electronic structure of an SWCNT,

we need to consider the electronic structure of its "nominal" origin, graphene.

One carbon atom has four valence electrons, of which two are in 2s orbital, and the
other two are in 2p orbital. By orbital hybridization, one electron of 2s orbital moves to
2p orbital, resulting in three electrons in sp? orbital and one electron in 2p. orbital. In
graphene, the ¢ band is formed from sp? orbital, and 7 band is formed from 2p. orbital.

The electronic properties of graphene are related to the 7 band near Fermi level.

It is necessary to consider the reciprocal lattice space to calculate the 7 band of
graphene. The real lattice space is shown in Figure 1.3a. The unit vectors are a1 and az,
and the unit cell containing two carbon atoms is shown as the blue dashed rhombus. Then,
the reciprocal lattice space is shown in Figure 1.3b. The unit vectors in reciprocal lattice

space are defined as

2 1 2
>1>7> b, = (%,—1>7 (1.10)
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(b) K

o
S
-~
v
/:X

=\

Figure 1.3 (a) Real lattice space of graphene. A unit cell is shown as a blue dashed
rhombus with two carbon atoms (A and B). a1 and a: are unit vectors. (b) Reciprocal
lattice space of graphene. The grey hexagonal area is the first Brillouin zone. b1 and

b2 are unit vectors.

The first Brillouin zone is the grey hexagonal area. In this Brillouin zone, three high
symmetry points, I, K, and M are defined as the center, the corner, and the center of the

edge, respectively.

The energy dispersion of graphene is calculated by the tight-binding approximation

of the 2p. orbital between the two carbon atoms, A and B:

w(k) :\/1-|—4cos \/gkxacos k,a +4cos2—kya (1.11)
2 2 2
N &, T tw (k)
Egraphcnc(k) - lisw(k) (112)

where €2, =0, t =-3.033 eV, and s = 0.129. The plus sign is the bonding 7 band, and the
minus sign is the anti-bonding 7* band. The 3D & band structure of graphene in the first
Brillouin zone is shown in Figure 1.4a. The lower part is 7~ band, while the upper part is
7 band. Because they are touching each other at the K point, it shows that graphene is a

zero-bandgap semiconductor.
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Figure 1.4 (a) 3D band structure of graphene. Reproduced from
http://www.photon.t.u-tokyo.ac.jp. (b) 3D band structure of SWCNT. Reprinted
from [10], Copyright (2005), with permission from Elsevier.

Then we consider the electronic structure of SWCNT based on that of graphene. The
corresponding reciprocal vectors of the unit vectors C, and T at circumferential direction

and axial direction are defined as K. and K, through the following equations.

C.-K.=2r, T -K,=0,

(1.13)
Ch°Ka=O,T'Ka=27T
Then, K. and K, can be obtained as
1 1
Kc: W(_t2b1+t1b2), Ka: N(mbl_nbz) (1.14)

From the Bloch wave theory and periodic boundary conditions on circumferential

direction of SWCNT, the wave vectors can be determined as

K.
| K|

B ) = B () [ 2 4 1K,
(1.15)

i i
=0,1,, N—1,and - — <k < —
(“ T |T|)
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Zigzag

Armchair

Figure 1.5 SWCNT (n, m) indices, the so-called chiral map. A red solid point denotes
metallic SWCNTs, and a black open circle denotes semiconducting SWCNTs.
Reproduced from http://www.photon.t.u-tokyo.ac.jp.

These N discrete cutting lines are in parallel with K. with the interval of |Kc|, as shown in
Figure 1.3b. The 3D z band structure of SWCNT with the cutting lines is shown in Figure
1.4b. Depending on the chiralities of SWCNTs, if the cutting lines pass through the K
point, the SWCNT is metallic; if not, the SWCNT is semiconducting. In a simple way, if
(n - m) 1s the multiple of 3, the SWCNT is metallic; if not, the SWCNT is semiconducting.
A graphical illustration of this chirality related electronic property is the chiral map, as

shown in Figure 1.5.
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(a) (4, 2) (b) (6, 5)
Semiconducting Semiconducting
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Figure 1.6 eDOS of (4, 2), (6, 5), (12, 6), and (16, 0) SWCNTs. Reproduced from
http://www.photon.t.u-tokyo.ac.jp.

The eDOS of SWCNT can be obtained by tight-binding approximation and shows
sharp peaks of van Hove singularities. Figure 1.6 shows the eDOS of SWCNTs with four
famous chiralities. The energy separation between ith valence band and conduction band
is called Eii. For the metallic SWCNTSs, Eii is written as E;M; while for the semiconducting
SWCNTs, Eii is Eii®. The (4, 2) SWCNT is the smallest nanotube that can be synthesized
so far [11], with the theoretical bandgap of about 2 eV. In contrast, the (12, 6) SWCNT

has a continuous band structure and is hence metallic.
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1.3 Low-Dimensional MoS:

Figure 1.7 Photograph of a piece of bulk MoS: crystal, which was purchased from

2D Semiconductors Inc.

MoS:; is not a new material. The oldest known bulk MoS, sample can be dated to
over 2.9 billion years ago [12]. A piece of bulk MoS; crystal (2D semiconductors Inc.) is
shown in Figure 1.7. Even the low-dimensional MoS> is not new: few-layer MoS: single
crystals have been reported in 1966 [13]. However, the application of MoS; has been
restricted to lubricant and industrial catalyst for a long time, until the discovery of
graphene. The unique electronic properties of graphene have given us hints to study 2D
TMDCs (MX2>) [14], which consists of transition metal and chalcogen with a ratio of 1:2.
Figure 1.8 shows the element distribution of TMDC:s in a periodic table. 2D MoS: belongs
to the family of 2D TMDCs and is the representative of semiconducting 2D TMDCs in
terms of the atomic structure and electronic properties [15]. Typically, each layer of a

TMDC has a thickness of 6-7 A [14].

10
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Figure 1.8 The element distribution of MX2 TMDC:s in a periodic table. Reprinted
from [16], Copyright (2015), with permission from Nature Publishing Group.

1.3.1 Atomic Structure of MoS:

As shown in Figure 1.1d, for monolayer MoS», one layer of Mo atoms is sandwiched
between two layers of S atoms. The S atoms are hexagonal close packing, and bond with
Mo atoms by either trigonal prismatic or octahedral geometry, resulting in no dangling
bond of S. The absence of dangling bonds makes MoS; a layered material, and the layers
are held together by weak vdW forces. As a result, bulk MoS:> is an excellent lubricant,

and monolayer MoS» has high chemical stability.
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Figure 1.9 Schematics of the structural polytypes of MoS:: 17, 2H, and 3R.
Reprinted from [17], Copyright (2012), with permission from Nature Publishing
Group.

There are three phases of MoS: depends on its symmetry: 17, 2H, and 3R (7—trigonal,
H-hexagonal, and R—rhombohedral), where the digit indicates the number of layers in a
crystallographic unit cell. Figure 1.9 illustrates the structural differences between these
three symmetries. 17 phase displays metallic behavior, while 2/ and 3R phases display
semiconducting behavior. Different synthesis methods produce MoS, with different
phases. Natural MoS:> is usually in 2H and 3R phases, while 2H phase is dominant and
more stable [18]. In this dissertation, hereafter, the thermodynamically stable phase of 2H

MoS; is discussed.

1.3.2 Structure-Related Properties of MoS:

The bulk MoS: is an indirect bandgap semiconductor with a bandgap of = 1-1.3 eV.
With the decrease of the thickness (number of layers), the indirect bandgap increases and
becomes a direct bandgap of = 1.9 eV when it is monolayer [19], which has a strong PL
intensity. From the calculation results of DFT [20], the intrinsic mechanism can be

revealed.
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Figure 1.10 DFT calculated band structures of MoS2. The blue line is VBM, and the
red line is CBM. From left to right: bulk, quadrilayer, bilayer, monolayer. The solid
arrows indicate the lowest energy transitions. Reprinted from [20], Copyright (2010),

with permission from ACS.

As shown in Figure 1.10, I, K, and M. The VBM and CBM at K point (VBMxk and
CBMk) are primarily composed of the d orbital of Mo atom, and the VBM at I" point
(VBMr) and CBM along K-I' (CBMk.r) are originated from the combination of the d
orbital of Mo atom and p: orbital of S atom. Because Mo atom is in the middle of S-Mo-
S sandwich structure, the electronic states at K point have little influence from interlayer
coupling effect. On the other hand, the VBMr and CBMk.r, which are related to the
indirect bandgap, are significantly influenced by the interlayer coupling of the S atoms at
the outer side. When there is only one layer, the absence of interlayer coupling finally
makes the indirect bandgap larger than the direct bandgap at K point, which means MoS>
monolayer becomes direct bandgap semiconductor. The thickness-related band structure
and bandgap of MoS; allow it to respond to incident light with different wavelengths by
different thicknesses, which is useful in optoelectronics. It is noteworthy to mention that
if we consider spin-orbit coupling of monolayer MoS; as well, a field called

"valleytronics" can be opened up in the research of TMDCs [21].
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1.4 Renewable Energy Resources

As energy is closely related to our human society development, how to obtain energy
and how to guarantee sufficient energy have become critical issues for a long time. For
the former issue, traditional energy resources of fossil fuel, which consists of oil, coal,
and natural gas, have been exploited for thousands of years. However, there have always
been problems accompanying the process of exploiting energy, and these problems have
led to significant disputes across geographical regions. Most of these problems can be

summarized using a notion called "energy security".

Energy security is a major issue for our world in modern society. As the development
of the economy highly depends on the richness of energy, how to guarantee sufficient
energy is an inevitable affair for all the governments who focus on economic development.
The definition of energy security is that it is the uninterrupted availability of energy
resources at an affordable price [22]. There have been many kinds of issues related to

energy security.

First, one intrinsic problem is that: as fossil fuels need thousands of years to form
naturally, we usually regard them as nonrenewable energy resources. Consequently, the
depletion issue has been more and more urgent as we are now consuming fossil fuels at
an exponential curve. In addition, the regions with a large number of fossil fuels are
suffering from the side effect of over-exploitation. For example, the coal-producing cities
in China have the problem of coal mine collapse, and the cities after depletion are even

abandoned by younger generations.

Second, the concentration of reserves in the politically unstable region is one of the
fundamental problems of energy security. As different countries have a different amount
of traditional energy resources, the issue of energy security is even severer in certain
countries that do not have many natural resources. For example, the Middle East has a
large amount of crude oil, which attracts the superpower's eyes for obtaining these
resources with carrots and sticks. During this process, the outbreak of wars is a proof for

the importance of energy security.

Third, because most of the traditional energy resources are being traded among

international markets, market volatility has been a threat for both the buyers and sellers
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of energy resources. The unsustainable and unstable nature of fossil fuels has caused the
high correlation with the international situation, such as resource nationalism, diplomatic
weapon usage of energy resources, political and military turbulence, natural disasters,
accidents, strikes, terrorist attacks, piracy, and so on. For example, the Oil Shock in the
1970s caused the oil price surge in many countries, and the economy suffered from the

recession.

Besides the energy security issues, traditional energy resources also suffer from the
significant issues of pollution and unsafety. The generation of CO> during the
consumption process of fossil fuels is being criticized for the global warming problem.
In China, the consumption of coals for heating in the winter season has caused the air
pollution issue by sulfur oxides and dust contained in the exhaust gas, which forces the
government to close down the plants and transfer to cleaner energy resources. Nuclear
energy seems to have become a solution, which needs less space and cost. However, the
Chernobyl disaster and Fukushima Daiichi nuclear disaster are reminding us of the great

side effects. It has been an urgent issue to find alternative safer solutions.

One solution to the previously discussed issues is to develop renewable energy
resources. As renewable energy resources exist over vast geographical areas, they are
among the best alternatives to the concentrated traditional energy resources. Moreover,
pollution and safety issues can be solved as well. The mainstream renewable energy
resources are wind power, hydropower, geothermal energy, biomass, and solar energy,

[23].

Wind energy is cultivated by wind turbines to transform mechanical energy into
electric energy. There are on-shore and off-shore wind farms as wind farms have low
energy density and require large space to install. One adverse effect caused by the

installation of wind turbines is that the ecosystem of birds and fishes may be affected.

Hydro energy is harnessed from the energy of falling water or fast-running water.
People build dams over the rivers to increase the height difference of water for larger
gravitational potential energy. However, there has also been a concern that the dams may

cause damage to the ecosystem.

Geothermal energy is generated from the earth's magmatic activity. We can use the
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heat directly for hot spring or indirectly by turbines to transform into electricity. Biomass
energy is a traditional renewable energy resource which is using materials from plants or
animals. There have been concerns about the deforestation and the release of greenhouse

gases when consuming biomass energy.

The solar energy has been regarded as a promising next-generation energy resource.
PV solar cell devices, which are used to harvest solar energy, are being vibrantly
developed. Although several kinds of PV solar cells have achieved high PCE of over 20%,
the current issues in these solar cells include high cost, inflexibility, heavyweight, glare,

and so on. There is an urgent need for the development of next-generation solar cells.

Among the above-mentioned promising resources, solar energy harvesting has
attracted much attention for a long period due to the excellent accessibility over the
universe. We can use sunlight to heat the water and cook or to produce electricity by PV

solar cells.

Although renewable energy is emerging and promising, there are still several general
issues hindering renewable energy development, such as the intermittency, grid

development requirement, long payback period, and so on.
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1.5 Solar Cells

As introduced in Section 1.4, solar cell is one kind of technologies that can harvest
solar energy efficiently. The basic mechanism of a solar cell is about transforming photon
energy into electric energy, as shown in Figure 1.11. The photon in the light will be
converted into electron-hole pairs by semiconducting light-absorbing materials to
recombine at the outer circuit for electrical current. As a result, the light-absorbing layer
is the most important component in solar cells. Besides, there are other important
components of the electrode materials, structures, and active area design. PCE and cost
are the two fundamental properties for solar cells. However, both of them have not been

developed sufficiently, which highly requires next-generation solar cells.

+

Electrode
O O O Holes Voltage
S””_"gﬁ Light-Absorbing Layer

® @ @ Electrons
u
Figure 1.11 Schematics illustrating how a solar cell works.

To date, Si solar cells are the most mature technology among all solar cells owing to
their superior stability and high efficiency. Their high performance comes from
intrinsically stable Si substrates possessing a favorable bandgap to absorb light efficiently.
There are mainly three types of Si solar cells: monocrystalline, multicrystalline, and
amorphous Si solar cells. A PCE of over 26% has been achieved for single-junction
monocrystalline Si solar cells in the laboratory [24], which is approaching the Shockley-
Queisser limit of about 32% [25]. For the commercial single-junction crystalline cells that

can be purchased in the market, they typically have the PCE of around 20%. Although
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the Si solar cell technology is mature, it has many disadvantages. The synthesis of high-
purity Si and the fabrication process of Si solar cells are expensive and thus result in the
high price of Si solar cells without regard to subsidies. The fabrication process also
consumes a large amount of energy that is not environmentally friendly. The brittleness

of Si is also a major disadvantage for flexible applications.

Other types of commercialized solar cells include thin-film solar cells, such as the
CdTe and CIGS solar cells. Moreover, for space-based solar cells, because we care the
efficiency more than the cost, GaAs thin-film solar cells have been used with high

efficiency as well as high cost.

From the market share in Figure 1.12, we can find that Si solar cells are occupying
over 95% of the PV solar cell market [26]. The global solar energy market size has been
estimated by Allied Market Research to reach $422 billion by 2022 [27]. This is highly
correlated with the policies as Si solar cell's intrinsic price still cannot beat the traditional
energy resources. However, the macro trend is a continuously growing curve as

transferring to clean energy resources has been a global consensus.

® Monocrystalline Si ®m Multicrystalline Si
uCdTe Amorphous Si
uCIGS

39 4% 1%

Figure 1.12 Solar cell market share by solar cell type.

There are also several kinds of "tailoring" methods to boost the PCE of solar cells.
Most of them are playing with the light. For example, anti-reflection coating using

polymer material can reduce light reflection and thus promote light absorption. The
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concentration method can use a convex lens to have more light concentrated on the
identical active area. The texture method is another way of trapping more sunlight in the

light absorption layer by making the surface rougher, such as a pyramid structure.

As PV market is still highly policy-oriented, the FiT is a widely implemented policy
to facilitate the market development of renewable energy resources, mostly solar cells.
The current mechanism for FiT is: first, businesses of companies and individuals generate
power from renewable energy farms; second, they can sell electricity to electric power
companies, with a fixed tariff over a duration, which is determined by the government
with respecting the opinions of special committees; third, the surcharge adjustment
organization reimburses electric power companies for the purchase costs; fourth, the
electric power companies sell electricity to electricity consumers by the price that is set
by government. The government also approves the renewable-energy-harvesting facilities
for businesses that meet the requirement of stability and efficiency. Although FiT has been
effective for solar cell market development, a recent movement is that the governments
are cutting the FiT with the goal of achieving grid parity. The grid parity means that the
cost of renewable energy generated electricity is the same or even lower than that of
traditional energy resources. As a result, the current PV solar cell industry should find
ways to reduce their cost in order to maintain profits. This may be achieved by the

development of novel low-cost solar cells.

Overall, the current issues of commercial solar cells include complex fabrication
process, high cost, inflexibility, heavyweight, pollution of the semiconductor industry,
energy storage, and so on. Besides, the uncertainty of investment by government and

private investors is a general concern.
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1.6 Development of Next-Generation Solar Cells

In order to address the above issues for traditional commercial solar cells, next-
generation solar cells are being vibrantly developed in laboratories. There are mainly two
approaches to developing next-generation solar cells, as shown in Figure 1.13. One is to
replace the high-cost light-absorbing materials with novel low-cost materials that are
more suitable for light harvesting. Because the solar spectrum has ununiform intensity,
developing materials with better bandgap will have more light absorbed and electricity
generated. The other one is to replace the high-cost electrodes with novel low-cost
transparent conductive materials. For the former approach, novel organic and perovskite
materials are being rapidly developed in the last two decades. For the latter approach,
nanomaterials, especially the carbon nanomaterials, have been demonstrated to be the

feasible alternative electrodes.

> Low cost, better transparency
and conductivity, flexibility
Carbon nanomaterials

- » Low cost, better light-
harvesting, flexibility

Electrode » Organic, perovskite materials
O O O Holes + Semiconducting nanomaterials
. |
S“'l'_'gﬁ Light-Absorbing Layer

® @ @ Electrons

Figure 1.13 Two approaches for developing next-generation solar cells.

The organic solar cells are using low-cost organic semiconductors as the light-
absorbing layer. Because of the liquid solution process, they can be easily scaled up. They
typically consist of several layers of electron donor, electron acceptor, and electrodes. The

highest PCE has been certified to be about 15% [28].

The perovskite solar cells, which are the rising star in the research of solar cells, are
firstly reported in 2009 but have now reached an efficiency of over 20%. It uses lead
halide-based material to function as the light-absorbing layer. Other layers include the

electron transport and hole transport layers, as well as the electrodes.
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The nanomaterial solar cells are being developed in order to further solve the
problems that we found in next-generation solar cells. For the electrodes, organic and
perovskite solar cells usually use ITO as the TCF. However, as ITO is made of the rare
earth metal of Indium, it is highly subject to the price change of Indium. Moreover, ITO
is brittle in mechanical property. In contrast, nanomaterials can also function as TCF in
solar cells with flexibility. Because of these outstanding properties, people are using
nanomaterials to replace ITO electrodes in solar cells. Moreover, for the light-absorbing
layer, a huge library of semiconducting nanomaterials can be explored to have

comparative advantages than traditional PV materials.

Overall, the current issues for these next-generation solar cells are the uniformity of
materials caused by the immature synthesis methods, the relatively low efficiency,
instability in the ambient environment, scale-up issue, toxicity of the perovskite materials,

and so on.
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1.7  Application of Low-Dimensional Nanomaterials in Solar

Cells

In recent decades, low-dimensional nanomaterials are emerging to make
considerable contributions to the development of solar cells due to the reduced usage of
high-cost materials and tunable physical properties. Both the 0D, 1D, and 2D
nanomaterials have been applied to solar cells, with different research stages.
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Figure 1.14 (a) 20.6% inverted-type perovskite solar cells with polymer-optimized
PCBM ETL. Reprinted from [29], Copyright (2019), with permission from ACS. (b)
12.4% pristine graphene-Si solar cells with the optimization of interfacial oxide layer.

Reprinted from [30], Copyright (2015), with permission from ACS.

In regard to 0D nanomaterials, PCBM, which is a derivative of fullerene, is a famous
material for organic and perovskite solar cells. PCBM functions as the electron acceptor

in solar cells, with the advantage of solution processability and device flexibility. The
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perovskite solar cells using PCBM as part of the ETL can have a PCE of 20.6% by

academic research [29], as shown in Figure 1.14a.

In regard to 1D nanomaterials, SWCNTs have been demonstrated to be promising in
next-generation solar cells. Most SWCNTSs have a length of 100 nm to several centimeters
and a diameter of several nanometers, producing a high aspect ratio. As a result, SWCNTs
have extremely high electrical conductivity, carrier mobility, mechanical strength, and
flexibility; in addition, they are relatively lightweight. They also have high chemical
stability because of the sp’>-bond of carbon atoms. Last but not least, carbon is earth-
abundant that SWCNTs have a low-cost perspective. These superior properties endow

SWCNTs with solar cell applications.
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Figure 1.15 (a) SWCNT dye-sensitized solar cells. Reprinted from [31], Copyright
(2011), with permission from ACS. (b) SWCNT-Si solar cells. Reprinted from [32],
Copyright (2014), with permission from RSC. (¢) SWCNT organic solar cells.
Reprinted from [33], Copyright (2015), with permission from ACS. (d) SWCNT
perovskite solar cells. Reprinted from [34], Copyright (2017), with permission from
ACS.
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So far, there are mainly four kinds of solar cell applications of SWCNTs: dye-
sensitized solar cells. Si solar cells, organic solar cells, and perovskite solar cells. As
shown in Figure 1.15a, SWCNTSs can act as the counter electrode in dye-sensitized solar
cells which can have a comparable performance to Pt electrode [31]. As shown in Figure
1.15b, a TCF that constructed from SWCNTs can be applied to Si solar cells, in which
the n-Si and SWCNT form heterojunction solar cells [32]. The PCE of SWCNT-Si solar
cells has been improved by an order of magnitude over the last decade [32,35-39]. The
detailed literature review and introduction of SWCNT-Si solar cells can be found in
Chapter 3. In addition, as shown in Figure 1.15¢c, the SWCNT TCF can also be applied to
organic solar cells for the purpose of replacing high-cost and inflexible ITO electrode
[33]. The SWCNT TCF is also effective in perovskite solar cells, in which it can act as
both the cathode and the anode [34,40], as shown in Figure 1.15d.

In regard to 2D nanomaterials, graphene can function as the TCF in solar cells to
replace traditional TCFs. For example, the graphene-Si solar cells have been researched
so far and a record PCE of 12.4% has been achieved for pristine solar cells [30], as shown
in Figure 1.14b. For the function of TCF, SWCNT and graphene are similar, however, the
structural variations of SWCNT give SWCNT TCF more variability in device structure
and performance than graphene TCF [41]. Moreover, the network structure of SWCNT
TCF makes it easier to scale up. Recently, there has been more and more research about
the "2D nanomaterials beyond graphene". One major reason is that these materials have
more variability in electronic properties than graphene while keeping the 2D layered
structure. The detailed literature review and introduction of these pieces of research can

be found in Chapter 4.

These low-dimensional nanomaterial solar cells are expected to bring about new
markets. Their flexibility and lightweight nature can help the application in wearable
devices. The lightweight nature can also promote the efficient design of other parts. For
example, as the MoS: solar cells can be approximately 10 times lighter than Si solar cells
because of the higher power density, we can allocate the reduced weight to other
functional parts of the device: if it is a solar-cell-charged smartphone, larger size can be
realized with the same weight. In addition, the semi-transparent solar cells enabled by

thinner nanomaterials can be applied to windows to have hybrid functions.
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There are also side effects of the commercialization of nanomaterial solar cells. For
example, the emergence of new manufactures can cause pain to the traditional Si solar
cell manufacturers. Also, the transfer from Si solar cells to nanomaterial solar cells in the
same company may have a cannibalization effect, as well as the re-education problem for
exiting employees. These traditional manufacturers may be the significant supporters for
employment so that the government does not want them to fade away. The conflict
between traditional and emerging manufacturers is an important issue for policymakers.
In order to overcome this issue, the application pace should not be too fast, by a gradual
transit to next-generation solar cells. With respect to the research development, because
the technologies for nanomaterial solar cells are still immature, the government should
balance the investment in academia and industry, with the policy tools of subsidies and

tax.
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1.8 Motivation and Purpose of this Dissertation

From the history of low-dimensional nanomaterials, especially at the genesis, carbon
is a keyword. Why carbon is so outstanding? One reason is that carbon is one of the most
abundant elements on the earth. The small size of carbon allows it to form multiple bonds
with many small atoms and generate the compounds that are inevitable for everyone and
almost everything. Most importantly, the allotropes of carbon are extremely stable to air
as well as many chemicals. However, is carbon enough for everything? The answer is
apparently no. Nowadays, we are talking about the "Diversity and Inclusion". The
diversity of low-dimensional nanomaterial world is enriched by the addition of
compounds with other elements. The new properties and combinations have fascinated
us to explore them for the sake of human knowledge and development. For example, as
graphene is a zero-bandgap material, MoS; can provide the advantage of opening the

bandgap to be applied to various electronic devices as a 2D nanomaterial.

The diversity of low-dimensional nanomaterial world is also enriched by the method
of "tailoring". As the properties of these materials can be tuned by carrier doping and
structural transformation, we can develop different tailoring methods for different
application purposes. This dissertation focuses on the tailoring methods of SWCNTs and

MoS: based nanomaterials for the application purpose of solar cells.

The SWCNT TCF in SWCNT-S1 solar cells is one of the crucial factors for
improving performance. Both the conductivity and transmittance of SWCNT film need
to be high in order to have excellent performance in SWCNT-Si solar cells, but this always
includes a trade-off. Moreover, SWCNT shows a hole-transporting property in solar cells
[33], which is tunable by carrier doping. As a result, the first purpose of this dissertation
is to explore novel and outstanding tailoring methods for SWCNT TCEF, and to apply the
tailored SWCNT TCF to SWCNT-Si solar cells to achieve higher performance than the
state of the art. Furthermore, this process can shed some light on the mechanisms of

SWCNT-S1 solar cells.

The second purpose of this research is to explore the possibility of applying
SWCNTs and MoS; based nanomaterials in PV devices. From the research of SWCNT-

Si solar cells, it is an intuitive idea that the part of Si can be replaced by semiconducting
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low-dimensional nanomaterials. Although MoS: only has a thickness of nanometer level,
as discussed in Chapter 4, its light-absorbing efficiency has been calculated to be about
one order of magnitude higher than that of traditional PV materials. Thus, replacing Si by
MoS: can have the advantages of cost-reduction, flexible applications, and gaining
insights for developing low-dimensional nanomaterial PV devices. On the other hand,
MoS, may also contribute to other functional layers of solar cells after tailoring. In order
to achieve the second purpose, tailoring SWCNTs and MoS> based nanomaterials by
synthesis and structural transformation methods are discussed in this dissertation, as well
as the application of the synthesized SWCNTs and MoS; based nanomaterials in PV

devices.
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1.9  Organization of this Dissertation

This dissertation begins with a brief introduction of the world of low-dimensional
nanomaterials, followed by the discussions of the structures and structure-related
properties of SWCNTs and MoS,;, which are the two basic low-dimensional
nanomaterials that this dissertation focuses on. Then, renewable energy resources are
introduced, with a specific emphasis on solar cells for solar energy harvesting.
Subsequently, the development of next-generation solar cells is discussed, of which the
nanomaterial solar cells are the applications that this dissertation studies for low-
dimensional nanomaterials. The application of low-dimensional nanomaterials in solar
cells are introduced in a general manner, with the detailed and specific introductions
provided in the following experimental chapters. The motivation and purpose of this

dissertation are also introduced in Chapter 1.

The general experimental methodology is introduced in Chapter 2. The first part is
about the metrology for the low-dimensional nanomaterials and nanomaterial solar cells,
with the discussions of the mechanisms of these methods. The second part is about the
fabrication of SWCNT-Si solar cells and the properties of the as-fabricated pristine
SWCNT-Si solar cells. The third part is about the structure of MoS; LPCVD system and
the reactions during CVD process. The specific experimental methodology will be

introduced in the following experimental chapters.

Chapter 3 presents the results of tailoring SWCNTs for application in SWCNT-Si
solar cells. A novel polymeric acid of Nafion has been applied to SWCNT TCF to
introduce the multifunction of acid doping, anti-reflection, and encapsulation into
SWCNT-S1 solar cells. The mechanisms for the Nafion-applied SWCNT-S1 solar cells are

discussed through various characterization and simulation methods.

In Chapter 4, the investigations of tailoring MoS: based nanomaterials and its
application to PV devices are discussed. First, the results of the controlled synthesis of
2D MoS:> nanomaterials are presented. Through the LPCVD system that I constructed,
2D MoS: monolayers can be synthesized after tuning various synthesis parameters.
Second, a novel type of 1D vdW structure has been synthesized with MoS; as the
semiconducting tube layer. Third, application of the as-synthesized SWCNTs and MoS;
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based nanomaterials in PV devices are discussed with various device structures.

Finally, the summaries, my vision for next-generation solar cells, and the future

perspectives of the research in this dissertation are presented in Chapter 5.
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Chapter 2 General Experimental
Methodology

In this chapter, the general experimental methodology will be introduced, which is
the base to conduct the research in this dissertation. The specific experimental

methodology will be introduced in each experimental chapter.

2.1  Metrology of Low-Dimensional Nanomaterials

The experimental advances of low-dimensional nanomaterials can never be enabled
without the development of metrological technology. As the scale of these nanomaterials
is usually at nm level, we need to employ microscopy and spectroscopy to help us obtain

the information of the low-dimensional nanomaterials that we produced.

211 SEM

The resolution of optical microscopy o can be defined as

_0.61 XA
 mXsinf

2.1)

where 4 is the wavelength of light, # is the RI, @ is one-half of the objective's opening
angle. From this equation, it can be found that it is difficult to obtain the resolution that
is less than the visible spectrum (400—700 nm). As a result, nanostructures that have sub-
hundred-nanometer scale cannot be resolved using optical microscopy. Since electrons

have a much smaller wavelength (the higher acceleration voltage, the smaller wavelength),
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electron microscopy can have hundreds of times better resolution than that of the optical
microscopy. SEM is one of the electron microscopies that obtains the image through

detecting the second electrons scattered by the sample.

u 3 T ST N o o $4800 5.0kV x20.0k SE(U)

Figure 2.1 SEM image of (a) an SWCNT film, and (b) CVD synthesized monolayer

MoS:.

Figure 2.1 shows the SEM images of vertically-aligned SWCNTs and monolayer
MoS:. In practice, usually, 1.0 kV is selected for the imaging of SWCNTs, which avoids
the damage to the sample while still retains a high resolution. For MoS, characterization,
as MoS; is not as conductive as SWCNTs, a higher acceleration voltage of 5.0 kV is
employed. In order to avoid the charging effect of the sample, a higher working distance
of 30 mm is selected. In addition, an upper detector shows better resolution in the case of

MoS: as the depth information is enhanced.

212 TEM

Besides SEM, there is another kind of electron microscopy that is even more

powerful, which is called TEM. In SEM, the resolution is still not high enough to image
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the catalysts of SWCNTSs (the diameter is usually sub-10 nm) and also single SWCNT.
However, TEM uses acceleration voltage of several hundred kV that makes the resolution
high enough for catalysts, even the crystal planes and atoms. Being different from SEM,
the TEM image is obtained through the detection of the transmitted electrons that get
across the samples. As a result, the samples for TEM should be thin enough to allow
electrons to get through them. The transmitted electrons are then focused by the objective
lens into an image on the phosphor screen, or film, or CCD camera, depending on the
user’s needs. Figure 2.2a shows the scanned film of TEM image, on which the SWCNTs
and catalysts are clearly confirmed if we enlarge it. Figure 2.2b shows the CCD image

that was directly observed and saved on computer.

One superior ability of TEM is to characterize the catalyst nanoparticles and
determine the chemical states of them. If the resolution is high enough, we can directly
observe the lattice planes by TEM image, as shown in Figure 2.2c. By measuring the
distance between each lattice plane, as well as the angle between different lattice planes,
a chemical state of the nanoparticle can be determined. SAED is a way to study the
chemical states of a large number of nanoparticles. Electrons that scattered by different
lattice planes of the nanoparticles in the selected area will be collected into different rings

on the patterns, as shown in Figure 2.2d. The radius of each ring R is defined as

LXA\
R= 2.2
thl ( )

where L is the camera constant (usually 80 cm or 60 cm for JEOL JEM-2000EX II), 4 is
the wavelength of the electron, and Dy is the lattice spacing of a lattice plane (h k [). (h
k 1) is the Miller index of lattice plane. The lattice information of crystals can be found

from the databased of Powder Diffraction File. From the calculated lattice spacing as well
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as the intensity of each ring, chemical states of the nanoparticles in the selected area can
be determined. Moreover, TEM is also useful in characterizing the structure of nanotubes

by taking nano-area electron diffraction patterns [42].

i

(@) Scanned Film | (b) CCD Image

(d)

Figure 2.2 (a) A scanned film of TEM. (b) CCD image of TEM. (c¢) Crystal planes of
Co nanoparticles, with the lattice space of 0.2046 nm, which is assigned to (1 1 1)
lattice plane. (d) SAED patterns of Co nanoparticles, with the assigned lattice planes

on each diffraction ring.

2.1.3 Raman Spectroscopy

The Raman spectroscopy is a powerful and convenient optical tool to study low-
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dimensional nanomaterials. It uses the information from Raman scattering, which is the
inelastic scattering of a photon. When an incident light (usually a strong intensity laser
beam) is shed on the material, a molecule in the material is excited to higher energy states
by absorbing a photon. Then, a photon can be either elastically or inelastically scattered.
The elastic scattering of a photon is called Rayleigh scattering, which means that the
material then reemits a photon with almost the same energy as the original photon. In
contrast, if a molecule does not relax back to the original energy state, a photon with lower
energy than original photon is reemitted. This phenomenon is called Stokes Raman
scattering. On the other hand, if the scattered photon has higher energy than the original
photon, the phenomenon is called anti-Stokes Raman scattering. The wavenumber
difference between the incident photon and the reemitted photon is Raman shift (in the

unit of cm™). These processes are illustrated in Figure 2.3.

Virtual
Energy
States

Vibrational
Energy
States

Rayleigh  Stokes Anti-Stokes
Scattering Raman Raman
Scattering Scattering

Figure 2.3 (a) Example Raman spectrum taken from vertically-aligned SWCNTs.

The inset is the RBM. The excitation laser is 532 nm.
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2.1.3.1 Raman Spectroscopy of SWCNTs

The main features in the Raman spectra of SWCNTs are RBM, G band, and D band

[8,10]. An example Raman spectrum of vertically aligned SWCNTs is shown in Figure

2.4.
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Figure 2.4 Example Raman spectrum taken from vertically-aligned SWCNTs. The

inset is the RBM. The excitation laser is 532 nm.

RBM is a first-order Raman mode that generates from the coherent movement of all

the carbon atoms in the radial direction of SWCNT. The frequency wraam has a range of

100-500 cm™. According to the RBM-Diameter equation [43]:

(2.3)

we can roughly calculate that the diameter of SWCNTs from the peaks in RBM. As
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different chiralities of SWCNTSs correspond to different Ej;, the excitation laser with the
energy that is close to E;i can give rise to a strong peak in RBM by resonant Raman effect.
As a result, we need to use multiple excitation lasers to fully assign the chiralities of

SWCNTs. This process of assignment can be guided by Kataura plots [44].

The dominant peak at = 1590 cm™! is the G band. It is a first-order Raman peak that
corresponds to the in-plane vibrational mode of carbon atoms in SWCNT. The position
of G band can be used to investigate the charge transfer of SWCNTs [45], which is
employed in the doping research of SWCNTSs. G band is split into G" and G” modes. The
analysis of the relationship between these two modes can give information about the

diameter as well as help identifying semiconducting or metallic SWCNTs [46].

Another band is called D band, which is the disorder-induced band at ~ 1350 cm’!
that is related to the defects in the SWCNTs or the presence of amorphous carbon
materials. The G/D ratio (intensity of G band/intensity of D band) is a direct method to

characterize the crystallinity of SWCNTs.

2.1.3.2 Raman Spectroscopy of MoS:

The thickness of MoS» not only influences its electronic energy dispersion but also
affects its phonon dispersion. Figure 2.5a shows the typical vibrational modes of MoSo.
The most widely researched and useful modes are E,, and A, modes, which depend
remarkably on the thickness. Their Raman spectra and thickness-related properties are
shown in Figure 2.5b and c. E,, is an in-plane vibration mode, and the peak has red-shift
with the increase of thickness; A1g is an intralayer vibration mode, the peak has blue-shift
with the increase of thickness. This characteristic provides a corresponding relationship
between the peak-to-peak distance 4 and thickness, which is a convenient method for
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identifying the number of layers in MoSz. In general, 4 < 20 cm™ corresponds to
monolayer, while 20 cm™ < 4 <22 cm™ means bilayer. The detailed explanation of this
phenomenon can be found in the literature [47]. The excitation laser for characterizing

the MoS; related nanomaterials in this dissertation is 532 nm.

(a)
Layer 1 4
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=Rl 5 {24 g
g 5T 2
40 3
s 5 422 &
) 3 402 L 5
2 20 2 F 3
2 ~ 384 K 120 §
£ P 7 S
0+ o r i 8-
382 | E' —a {18 &
2g
26—+ S E— -
360 380 400 420 0O 1 2 3 4 5 6 Bulk
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Figure 2.5 (a) Typical atomic vibrational modes of MoS:. (b) Raman spectra of thin
and bulk MoS: as a focus on E;, and Aig modes. (¢) Raman shifts of E;, and Ajg
modes (left vertical axis) and their difference (right vertical axis) as a function of
MoS: layer thickness. (b) (c) are reprinted from [48], Copyright (2010), with

permission from ACS.
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214 PL

PL measures the luminescence spectrum of materials. When the incident light with
the energy larger than the material's bandgap is shed onto the material, the electrons in

the material can be excited and reemits the photon with the energy equaling its bandgap.

As monolayer MoS; is a direct-bandgap material while other thicknesses are not, the
information obtained by PL can tell us about the bandgap of MoS: as well as whether the
MoS: is monolayer. Figure 2.6 shows a typical PL spectrum of a monolayer MoS; sample.
The A exciton and B exciton are the two excitons that generated from the direct excitonic
transitions in monolayer MoS, while the difference is originated from the valence band
spin-orbit coupling [19,20]. For indirect-bandgap MoS samples that are not monolayer,

such strong PL peaks are not observed.

A Exciton
1.89 eV

B Exciton
2.05 eV

Intensity (a.u.)

16 1.7 18 19 20 21 22
Energy (eV)

Figure 2.6 Typical PL spectrum of monolayer MoS:. The positions of A exciton and

B exciton are written beside the peaks.
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In practice, PL can be obtained by the same instrument for Raman spectroscopy.
Because the grating limits the detectable range, it is being rotated during the PL

measurement to have a wider PL spectrum.

2.1.5 UV-Vis-NIR Spectroscopy

UV-Vis-NIR spectroscopy can give three characteristics of materials, absorbance (A4)
or absorptance (4'), transmittance (7), and reflectance (R). These three characteristics

have the following relationship:
1=A"+T+R (2.4)
In practice, 4 is directly measured instead of A". 4 and T have the following relationship:
A=-log,, T (2.5)

while /y is the incident light intensity, and / is the received light intensity. 7'and R are both

measured by the ratio of received light intensity to induced light intensity:
T—-— R—=— (2.6)

The difference is, in the transmission measurement, the received light is transmitted by

the sample, while in the reflectance measurement, the light is reflected by the sample.

The transmittance of SWCNT film applied in solar cells can be measured by UV-
Vis-NIR spectroscopy. An example of a transmittance spectrum is shown in Figure 2.7a.
Usually, the transparency of SWCNT film is defined at the transmittance at the
wavelength of 550 nm, which is the wavelength that has the highest spectral irradiance
over AM1.5G spectrum. From the transmittance spectrum of SWCNT film, we can know

how much light can pass through the film at a specific wavelength, which is a basic
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characteristic of TCF.
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Figure 2.7 (a) Transmittance spectrum of an SWCNT film. The transmittance at 550

nm is 90.1%. (b) Reflectance spectrum of SWCNT film on Si.

A typical reflectance spectrum of SWCNT film on Si is shown in Figure 2.7b. From
this spectrum, we can characterize the reflectance ability of the sample. For solar cells, it
1s better to have lower reflectance to allow the light-absorbing layer to absorb more light,

especially around the visible wavelength range.

216 XPS

XPS is a powerful tool to obtain the chemical information of materials. All-elements
XPS depth profile can provide information regarding the thickness of the sample. Ar

sputtering is required for depth profile, which is a destructive method.

The X-ray source was Al-Ka (1486.6 eV) operating at 24.2 W, and the charge-up

shift of binding energies was corrected by referring to the C 1s peak at 284.6-285.0 eV.
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The analysis was performed using MultiPak. An example of the Co 2p region in the XPS

spectrum of Co30s crystal is shown in Figure 2.8.

Co;0,

Co 2p;);,

Co 2py),

Intensity (a.u.)

805 800 795 790 785 780
Binding Energy (eV)

Figure 2.8 Co 2p region in the XPS spectrum of Co304 crystal.

41



Chapter 2 General Experimental Methodology

2.2 Metrology of Nanomaterial Solar Cells

In order to understand the nature of nanomaterial solar cell and gain insights into
how to improve the solar cell, metrology of nanomaterial solar cells includes electrical

characterizations of both the nanomaterial and the solar cell.

2.2.1 J-V Characterizations

The performance of SWCNT-Si solar cells was characterized by semiconductor
parameter analyzer. J-J curves are the basic characteristics of solar cells. AM1.5G
illumination (Figure 2.9) was generated by solar simulator to measure the light current of

solar cell. The dark current of solar cell was measured under dark condition.
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Figure 2.9 AM1.5G spectrum. Reprinted from [49], Copyright (2012), with

permission from RSC.

Figure 2.10a shows the typical J-V light characteristic of SWCNT-S1 solar cell. The
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PCE is defined as

PCE) = - 100 Q2.7)

PAM] 5G
where Py is the maximum power point of the J-V curve. Pami s is 100 mW/cm?. Jsc is

the current through the solar cell when the voltage across the solar cell is zero. Voc is the

maximum voltage available from a solar cell, and this occurs at zero current. The FF is

defined as
FF(%) = —Im %100 2.8)
Jsc X Voc
(@) (b)
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Figure 2.10 (a) J-V light characteristics of a solar cell. (b) Equivalent circuit of a
solar cell. (¢) J-V light and dark characteristics of a solar cell, with the schematics
for the calculation of Rs and Rsu. (d) Calculation of the ideality factor n.
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Figure 2.10b shows the equivalent circuit of a solar cell. In this circuit, the series
resistance Rs and shunt resistance Rsy are also the important parameters of a solar cell. A
direct and approximated calculation way for Rs and Rsu is from the dark current of solar
cell, as shown in Figure 2.10c. When Rs < RsH, the slope of the linear curve beyond Voc
is the reciprocal value of Rs, and the slope of the linear curve at the left of origin is the

reciprocal value of Rsh.

Another important value for Si solar cell is the ideality factor n, which shows how

close a solar cell is to an ideal diode. The ideality factor » is defined as

q

dln(I)
K G kT

n —

(2.9)

where g is the absolute value of electron charge, £ is the Boltzmann's constant, T is the

In(I)

absolute temperature.
4 peratt av

can be generated from the slope of /-V curve on a

logarithmic scale ranging from 0.45 V to 0.55 V, as shown in Figure 2.10d. Normally, the

ideality factor of Si solar cell should be as close as 1 in order to be an ideal diode.

2.2.2 Four-Point Probe Measurement

Besides the transmittance, the sheet resistance is also a basic characteristic of TCF.

The sheet resistance of the SWCNT films was measured by a four-point probe method.
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1 4

Transparent
Conductive Film

Figure 2.11 Schematic of four-point probe measurement using van de Pauw method.

As shown in Figure 2.11, the van der Pauw method was used for the measurement

[50], which requires four times' measurements:

1) apply current at probe 1 and 2, and measuring the voltage at probe 3 and 4 (V12,34);
2) apply current at probe 3 and 4, and measuring the voltage at probe 1 and 2 (V34,12);
3) apply current at probe 2 and 3, and measuring the voltage at probe 4 and 1 (V23.41);
4) apply current at probe 4 and 1, and measuring the voltage at probe 2 and 3 (V4123).

The average sheet resistance of each measurement was then calculated, which are

Ri1234, R34,12, R23.41, and R4123, respectively. The van der Pauw formula is defined as

e — TR yexticar / Reheet + e — T Ryorizontal / Rsheet — 1 (2 . 1 0)

where

R + R
Rvertical - L 2 ell (2 1 1)

and
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horizontal —— R23 ! _; R41 = (2 12)

and Rsheet 18 the sheet resistance of the measured film.
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2.3  SWCNT-Si Solar Cells

2.3.1 Synthesis of SWCNT Film

The SWCNT films were synthesized by an aerosol (floating catalyst) CVD method
based on ferrocene vapor decomposition in a CO atmosphere [51,52]. The catalyst
precursor was vaporized by passing room temperature CO through a cartridge filled with
ferrocene powder. 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. To obtain the stable growth of SWCNTSs, a controlled amount of CO; was
mixed with the CO carbon source. SWCNTs were directly collected downstream of the
reactor by filtering the flow through a nitrocellulose or silver membrane filter (Millipore
Corp., USA; HAWP, 0.45 um pore diameter). The collection time is the determining
factor for the transparency of SWCNT film, which results from the different densities of
SWCNTs and the different thicknesses of film. Typically, TCF60, TCF70, TCF80, and

TCF90 SWCNT films are named for four different transparencies.
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(b)

Active

window.

Figure 2.12 (a) SEM image of a TCF90 SWCNT film. (b) TEM image of a TCF90
SWCNT film. (¢) SEM image of a TCF90 SWCNT film on SWCNT-Si solar cell. The

contrast is clear for active window, suspended region, and electrode.

As shown in the SEM image of Figure 2.12a, the morphology of SWCNTs in TCF90
was long and straight. They were bundled and thus the diameter of the bundle from SEM
was large. These SWCNTs were well-dispersed to be relatively uniform. From the TEM
image in Figure 2.12b, bundles of SWCNTs were observed very clearly, and the Fe
catalyst particles also remained in the film. In Figure 2.12¢, the TCF90 film on SWCNT-
Si solar cell was characterized by SEM. There is a suspended region of SWCNT-Si
contact between the active window and electrode, but this region only has a width of less

than 1 um so it can be ignored compared to the 3-mm-width active window.
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Figure 2.13 Characterizations of TCF60, TCF70, TCF80, and TCF90 SWCNT films.
(a) RBM region of Raman spectra. The excitation laser is 532 nm. RBM was
normalized by G band. (b) G/D band region of Raman spectra. (¢) Transmittance
spectra. (d) Relationship between sheet resistance and transparency. The red dashed
line shows a near-linear relationship, which is fitted by ordinary least squares

regression model.

The Raman characteristics of the TCF60, TCF70, TCF80, and TCF90 SWCNT films
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under the laser excitation of 532 nm are shown in Figure 2.13a and b. The RBM in Figure
2.13a shows that all the films had almost the same types of SWCNTs, with the diameter
mainly ranging = 1.8 nm. The G band in Figure 2.13b shows the extremely high G/D ratio

(higher than 80), indicating the high crystallinity of these films.

The transmittance spectra of the TCF60, TCF70, TCF80, and TCF90 SWCNT films
over the wavelength range of 200 nm to 3200 nm are shown in Figure 2.13c. The
transparencies at 550 nm were characterized as 64.5%, 67.7%, 80.1%, and 90.1%,

respectively.

The sheet resistance of the TCF60, TCF70, TCF80, and TCF90 SWCNT films were
characterized by four-point probe measurement and the values are shown in Table 2.1 of
2.3.3. Figure 2.13d shows that the sheet resistance of SWCNT film has a near-linear

relationship with film transparency.

2.3.2 Fabrication of SWCNT-Si Solar Cells

1) SWCNT-Si solar cell (Figure 2.14) was fabricated from a 4-inch n-type Si wafer with
a 100-nm-thick SiO; layer on both sides (Kojundo Chemical Laboratory co., Itd., 1—-
100 Q-cm, = 521 um). The wafer was cut into 45 mm % 35 mm, which is larger than
the size of sputter’s sample holder. The reason for this larger size is that this size can

ensure that the NaOH etching process is appropriately conducted as described in Step

3).
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Figure 2.14 Schematics of SWCNT-Si solar cells. (a) Optical image of an as-
fabricated SWCNT-Si solar cell. (b) Top-view drawing. (c) Side-view drawing. (d)

3D drawing.

2) The substrate was cleaned by RCA1 cleaning (H>O: NH4OH: H,O, = 5:1:1) at 70 °C
(hotplate temperature: 90 °C) for 30 min to remove the dust and organics on the
surface. The concentration of H2O> solution is 30.0-35.5%. The concentration of
NH4OH solution is 28%. After RCA1 cleaning, the substrate was cleaned by distilled

water.

3) The SiO> layers on both sides of the substrate were removed by 5 M NaOH (Wako)
at = 95 °C for 20 min in a Teflon beaker (hotplate temperature: 180 °C, it is necessary
to promote the heat conduction by Al foil and prevent the heat loss by the cover of

Kim towel). After 20 min, the position of the substrate in the solution should be neither
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4)

5)

6)

7)

8)

9)

in the bottom nor floating on the surface of the solution. This is to avoid the excess
residue of NaOH on the substrate surface. After the etching process, the thickness of

the Si substrate is = 390 um.

The etched substrate was taken out from NaOH solution and quickly cleaned by
RCA2 cleaning (H2O: HCI: H>O, = 5:1:1) for 3 s. The concentration of HCI solution
is 35.0-37.0%. This process should be precise to passivate the surface of Si and
control the thickness of SiOx. As the substrate was hot when taken out from NaOH,

the actual RCA2 cleaning temperature was higher than room temperature.

After 3 s in RCA2 solution, the substrate was rinsed by distilled water for 3 times, 5

min each, and was blown dry by N> gun.

The 45 mm x 35 mm substrate was cut into 35 mm x 35 mm to fit the sputter’s sample

holder.

The substrate was attached to sample holder by sealing the four edges with Scotch

tape, and was put into sputter chamber to further dry out.

The back electrode of 10-nm Ti and 55-nm Pt was sputtered onto the backside of the

etched substrate.

Physical masks (Scotch tape) for designated active areas were patterned onto the top
surface of the substrate. The masks should be attached firmly to prevent the

penetration of SiO2 when sputtering.

10) A 100-nm-thick SiO; insulator layer and Ti/Pt electrode were sputtered onto the top

surface of the substrate. The SiO; layer was sputtered for two times, of which the

interval is 30 min, in order to cool down the substrate.
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11) The completed solar cell batch was cut into independent solar cells. The exposed Si

of each solar cell also needs to be cut to avoid low Rsg.

12) The physical mask was removed and the active area was cleaned by IPA with Q tip.
The residual IPA was blown dry by N2 gun. The XPS analysis of the surface after

cleaning is shown in Appendix.

13) The SWCNT film was transferred onto the top surface of the substrate using a dry-
transfer method [32]. In detail, an SWCNT film with membrane filter was cut off from
the batch by scissors, and then was pressed onto the solar cell active area by another
nitrocellulose membrane filter (Millipore Corp., USA; VSWP, 0.025 pum pore
diameter) to avoid contamination from gloves. It is necessary to use strong force and
press many times to ensure the good contract between the film and the substrate,

especially for the edge of the film.
14) The filtration paper attached to SWCNT film was removed by a cuspidal tweezer.

15) A drop of ethanol was dropped onto the SWCNT film to make good contact between

SWCNTs and the substrate, as well as to densify the SWCNT film.

16) The SWCNT-Si solar cell was kept in air for about 1 day in order to have the ethanol

evaporate fully.

17) The active area of each device was measured with an optical microscope (BX51,

Olympus) and software (OLYMPUS Stream Start 2.1).

18) The SWCNT-S1 solar cell was characterized by a semiconductor parameter analyzer
system (Agilent 4156C) through probe station at ambient condition. For the light
condition, the sunlight was simulated by a solar simulator (PEC-LO1, Peccell

Technologies) under AM 1.5G condition at an illumination intensity of 100 mW/cm?.
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The light intensity was calibrated by a standard Si solar cell (BS-500BK,
Bunkoukeiki). It is worth noting that the contact between the probe and electrode is

important for a smooth curve.

2.3.3 Performance of Pristine SWCNT-Si Solar Cells
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Figure 2.15 (a) J-V curves of the SWCNT-Si solar cells with the TCF60, TCF70,
TCF80, and TCF90 SWCNT films, under 100 mW/cm? AM1.5G illumination. The
dashed lines are the dark current. (b) J-V curves of the as-realized SWCNT-Si solar
cell with TCF90 and were measured again after 1.5-month exposure in ambient

environment, under 100 mW/cm? AM1.5G illumination.

The J-V characteristics of the SWCNT-Si solar cells using the TCF60, TCF70,
TCF80, and TCF90 SWCNT films were measured, as shown in Figure 2.15a. The
obtained PCE values for the solar cells with the TCF60, TCF70, TCF80, and TCF90
SWCNT films were 7.3%, 8.0%, 8.8%, and 9.4%, respectively. The detailed

characteristics of the fabricated solar cells are listed in Table 2.1. Although TCF60,
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TCF60, and TCF80 SWCNT films had much lower sheet resistance than that of TCF90,
their performances were not as good as that of TCF90 film SWCNT-Si solar cell. Only
the FF retained the same level. The series resistance did not show a linear relationship
with the sheet resistance, which indicates that in the range of tens to several hundred €/sq.,
the sheet resistance does not have much influence on the solar cell performance. The
crucial factor is the transmittance of SWCNT film. Allowing more light to reach the Si
surface and be absorbed by Si is a significant issue in SWCNT-Si solar cells. As TCF90
film generated the best performance, this film was utilized in SWCNT-Si solar cells for

other investigations hereafter.

Table 2.1 The PCE, FF, Jsc, and Voc of the SWCNT-Si solar cells with the TCF60,
TCF70, TCF80, and TCF90 SWCNT films, as well as Rs, Rsu, and n. The

transparency and Rsheet characteristics of SWCNT films are also presented.

SWCNT | Transparency Riheet PCE FF Voc Jsc Rs Rsu

Film (%) Qsq) | (%) (%) (@mV) (@mA/cm?) | (Q-em?) (Q-cm?) "
TCF60 64.5 66 7.3 64.7 510 22.1 2.6 2125 2.42
TCF70 67.7 89 8.0 66.0 512 23.6 2.3 3040 2.34
TCF80 80.1 137 8.8 64.6 516 26.4 2.6 1652 2.33
TCF90 90.1 219 9.4 65.5 524 27.2 2.3 4145 2.27

For the stability of SWCNT-Si solar cells, 1.5-month stability has been confirmed
from this research. The J-V curves are shown in Figure 2.15b. The detailed PCE, Voc, Jsc,
and FF are shown in Table 2.2. The as-realized SWCNT-Si solar cell had a PCE of 9.4%.

After 1.5-month exposure to ambient environment (typically 298 K, 60% humidity), the
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absolute value of PCE only dropped about 0.1%. The Jsc increased whereas the FF and

Voc decreased.

This stability has been confirmed to be as long as 10 months in the previous research
of our lab [32]. As this is the pristine SWCNT-Si solar cell without protection, the

suitability of SWCNT-Si solar cell for practical applications has been indicated.

Table 2.2 The PCE, FF, Jsc, and Voc of the as-realized SWCNT-Si solar cell with the

TCF90 SWCNT film and measured again after 1.5-month exposure in the ambient

environment.
TCF90 PCE (%) FF (%) Voc (mV) Jsc (mA/cm?)
As-Realized 94 67.5 526 26.5
After 1.5 Months 9.3 64.3 522 27.6
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2.4  Synthesis of MoS:

24.1 LPCVD System

Compared with the CVD system of SWCNTs growth, the CVD system for MoS;
growth is more complicated as we need to control the introduction and reaction process
of two precursors. Here, a semi-automated LPCVD system has been constructed from

scratch.

Sub Needle

LNz calve Vvalve

Rubber Cold Trap

Leak [
Mass Flow # Heaters  nace

Zonel Zone2

=
1 —

MoS,
Growth

Butterfly
Valve

Figure 2.16 Schematics of the MoS2 LPCVD system.

As shown in Figure 2.16, this LPCVD system consists of four parts: Carrier gas
controlling system, reaction area, vacuum system, and CVD controlling software. The
carrier gas is Ar, for the purpose of mass transfer. The mass flow controller (HORIBA
STEC SEC-E40, full scale: 100 sccm) is used to control the flow of carrier gas at a
precision of =1 sccm. A leak valve is set before the reaction area in order to introduce air

when needed.

The main part of the reaction area is a two-zone ceramic furnace (Asahi Rika,
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ARF2060-560-30KC), with a quartz tube of 2.54 cm (1 inch) in diameter and 1 m in
length. One zone is for the sublimation of MoO3, and another zone is for the growth of
MoS,. Because the sublimation temperature of S is relatively low (= 113 °C), we need an
extra temperature-controlled zone outside the furnace. This zone is heated by rubber
heaters that are wrapped around the quartz tube, and a fast-responsible thermal couple is
attached to the quartz tube. In practice, the thermal influence from the furnace makes it
difficult to control the temperature of the rubber heater. So instead of using only one
rubber heater, two rubber heaters are employed, and the left one (6 inches in width) is
controlled precisely for S sublimation while the right one (2 inches in width) is influenced
by the furnace. As both rubber heaters are connected to the same output of temperature
controller, we can ensure that the right one's temperature is higher than that of the left one
to avoid the condensation of sublimated S before flowing into the furnace. Both the S and

MoOs3 powders are placed in quartz boats.

In the vacuum system, a scroll pump is used (ANEST IWATA, ISP-250C-SV). The
base pressure is = 13 Pa. Because solid powders are used in this LPCVD system, in order
to avoid these powders affecting the pump, a cold trap (Highlight Tech, KF40LN2CTS)
is set between the reaction area and the pump. This cold trap is a Dewar bottle that is
cooled down by liquid N2 (= -196 °C). The pressure of the system is measured by two
pressure gauges, one for low pressure (Nidec Copal Electronics, PG-200-102AP-S), and
one for the pressure higher than 13.33 kPa (CANON ANELVA, M-342DG-12-N25). The
valves for controlling the pressure consist of a butterfly valve, a main valve, a sub valve,
and a needle valve. The valves, pipelines, and connectors are mainly from Swagelok and

Cosmotec.

In order to improve experimental automation and data visuality, a CVD controlling
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software has been developed by LabVIEW (National Instruments), as shown in Figure
2.17a. This software reads and writes the growth parameters from mass flow controller,
pressure gauge, and temperature controllers through DAQ-6001 (National Instruments)
and Modbus Protocol. In addition, the flow rate can also be patterned by this software,
which is more flexible and convenient for the experiment. The history of growth
parameters is visualized and can be saved. As a result, the growth conditions can be
monitored remotely and retrospectively. A picture of the as-built MoS; LPCVD system is

shown in Figure 2.17b.

MoS: CVD Controller v1.31 by Yang Qian
|ty | o et | P e o |

et m m . "
- 2 23| n5 0 o

Figure 2.17 (a) Main interface of LPCVD controlling software. (b) Picture of the

MoS:z LPCVD system.

2.4.2 Reactions during CVD Process

For the synthesis of MoS; in LPCVD system, powders of S (sublimated, 99.0%,
Wako) and MoO3 (99.9%, Sigma-Aldrich) are used. The reaction between these two

reagents to form MoS; are:

In order to grow high-quality MoS:, we need to consider the intermediate reactions.
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During the reduction and sulfurization process of MoOQOs3, there are many intermediates,
e.g., MoO3.x, M0O2, M00».,S;, and so on. At the initial stage, MoO3 is partially reduced
to MoOs.x (x < 1), which has higher volatility at a temperature lower than the melting
point of MoO3 (795 °C). Then, if the amount of S in the gas phase is not enough, the
MoOs., cannot be fully sulfurized and becomes MoO».,S; (x < 2); if the amount of S in
gas phase is too high, although the MoOs., can be reduced to MoS», too much S is wasted
and the reaction is too fast to have non-uniformity on substrate. This process is explained

by the following chemical equations:

MoOs (s) + 5S(g) — MoOs . (g) + 550:(g), 2 <1 (2.14)
142z 1
MoO; . (g) + 5 S(g) = MoO, 8. (s) + 5580:(g), 2<2  (2.15)

250, (g) (2.16)

MoO; ., (g) + 5 Z8(g) — MoS. (s) +

From the above chemical equations, controlling the amount and temperature of S
and MoO3 is as important as controlling the substrate deposition temperature. More

detailed investigations of the growth parameters will be presented in Chapter 4.
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Chapter 3 Multifunctional Effect of p-
Doping, Anti-Reflection, and Encapsulation by
Polymeric Acid for High-Efficiency and Stable

SWCNT-Si Solar Cells

3.1 Literature Review and Introduction

Increasing concerns surrounding energy issues today have led to the growing
intensity of photovoltaic research [53]. Among various photovoltaics, Si solar cells are
the type that made to the commercial market owing to their high PCE and superior
stability [54,55]. Si solar cells in these days have become more important than ever
ascribed to the emergence of perovskite-Si tandem solar cells [56-58]. Their high
performance comes from intrinsically stable Si substrates, which have an ideal bandgap
close to the Shockley-Queisser limit. In addition, Si solar cells possess a vital advantage
of low manufacturing costs, attributed to the commercialization of p-n homojunction Si
solar cells [59]. It is possible to amplify this trait by using planar heterojunction-type Si
solar cells to reduce the fabrication cost. In fact, planar heterojunction Si solar cells have
a better prospect than p-n homojunction Si solar cells in terms of room-temperature
processability, which translate to cost reduction of up to 30% [59,60]. Such facility and
low-cost advantages of the device can be enhanced even further by using CNTs or
graphene [25,27,31,33,34,56—63]. These carbon electrodes can function as the p-type
layer and electrode at the same time, which account for approximately 60% of the total
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fabrication cost.

SWCNTs are eco-friendly and chemically stable transparent conductors [69,70].
Planar heterojunction solar cells with p-type SWCNTs and n-type Si have demonstrated
high PCEs [27,32-34,56,59,62-63]. The unique feature of SWCNT-Si solar cells is the
simple device configuration, which eliminates high-temperature diffusion and element
doping processes [71], as well as minimizing the charge recombination loss at the Si
interface [60,72]. Furthermore, the transparent SWCNT electrodes enable semi-
transparent solar cells [36,73], which can potentially extend to tandem applications
[74,75]. The performance of SWCNT-Si solar cells can easily be boosted by tailoring the
SWCNT films through chemical modifications, such as chemical doping [36,39,62,64,68],
anti-reflection coating [63,66,76], and encapsulation [77]. Thus far, HNOs [36,38,40] and
MoOx [33,39] have been reported to dope SWCNTs effectively, improving the PCE of
the device. However, those methods are limited in terms of doping effect durability. As
for the anti-reflection effect, PMMA was reported to enhance the light absorption and
encapsulate the device at the same time [77,78], but PMMA is easily dissolved by organic

solvents and vulnerable to mechanical damage.

Herein, we report a polymeric acid, which can induce a multi-effect of permanent
and strong p-doping, anti-reflection, and encapsulation of SWCNT-Si solar cells. Nafion,
the polymeric acid was reported to dope carbon electrodes effectively and exhibit a
permanent doping effect in organic light-emitting devices [79] and organic solar cells [80].
Interestingly, when Nafion was used in SWCNT-Si solar cells to dope the SWCNT top
electrode, its effect was not only limited to a p-dopant, but led to a favorable anti-

reflection effect and an encapsulation effect as well.
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3.2  Experimental Methods

General experimental methods of the synthesis of SWCNT film and fabrication of
SWCNT-Si solar cells have been presented in Chapter 2. Here, the specific methods for
multifunctional-polymeric-acid-induced p-doping, anti-reflection, and encapsulation of

SWCNT-S1 solar cells are introduced.

3.2.1 Preparation of Dopant

(@) (b) /

Fo F Fs Fo O
O C 9 O-C -C ‘?ZO
CF, OH

{\ C\}{ C+ Anti-Reflection %)-Doping
C CF

Figure 3.1 (a) Chemical structure of Nafion. (b) Illustration of a simple application
of aqueous Nafion to an SWCNT-Si solar cell, inducing an anti-reflection effect and

p-doping at the same time.

The chemical structure of Nafion is shown in Figure 3.1a. 20 wt% of Nafion
perfluorinated resin solution in a mixture of lower aliphatic alcohols and water (Sigma-
Aldrich) was diluted by IPA for different nominal concentrations. The obtained Nafion
solution was then spin-coated on the SWCNT-Si solar cells at 7000 rpm for 60 s. The
samples were subsequently dried in the ambient. The Nafion on electrode was cleaned by

IPA. A schematic image of the application process of Nafion is shown in Figure 3.1b.
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3.2.2 Characterizations

The optical reflectance and transmittance spectra were obtained by Shimadzu UV-
3150. By using Agilent 4156C analyzer with a four-probe station, the sheet resistance of
SWCNT films (van der Pauw method) and J-V curves of the SWCNT-Si solar cells were
measured. The 100 mW/cm? AM1.5G light source was provided by the solar simulator
PEC-LO1 (Peccell Technologies). The external quantum efficiency measurement system
consisted of an MLS-1510 monochromator to scan the UV-Vis-NIR spectrum. A source
measurement unit was used to record the current at each specific wavelength. The Fermi
levels were measured by PYS AC-2 (Riken Keiki) in air. Kelvin probe was calibrated by
Au before the measurement. XPS was performed by PHI 5000 VersaProbe using
monochromatic Al Ka radiation. The SEM analysis was conducted using Hitachi S-4800.
EIS measurements were conducted by Solartron Analytical 1255B under AM1.5G light
condition. Ellipsometry analysis was carried out by J.A. Woollam M-2000. Lifetime and
implied Voc were measured using QSSPC (WCT 120, Sinton Instrument, U.S.A). The

TCAD simulation software is Atlas, Silvaco., (version 4.5.2.R).
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3.3 SWCNT-Si Solar Cells with Record-High Efficiency and

Stability

3.3.1 J-V Characteristics
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Figure 3.2 (a) J-V curves of the pristine SWCNT-Si solar cell, the Nafion-applied
SWCNT-Si solar cell, the PMMA-applied SWCNT-Si solar cell, and the HNO3-
applied SWCNT-Si solar cell, under 100 mW/cm? AM1.5G illumination. (b) Dark J-
V curves of the pristine SWCNT-Si solar cell, the Nafion-applied SWCNT-Si solar
cell, the PMMA-applied SWCNT-Si solar cell, and the HNOs-applied SWCNT-Si

solar cell with logged I-V curves in the inset.

Nafion-applied SWCNT-Si solar cells in a configuration of Pt/n-Si/SWCNT/Nafion
were fabricated along with the pristine SWCNT-Si solar cells, the PMMA-applied
SWCNT-Si solar cells, and the HNOs-applied SWCNT-Si solar cells. The device

performance was assessed and compared in terms of anti-reflection, doping effect, and

65



Chapter 3 Multifunctional Effect of p-Doping, Anti-Reflection, and Encapsulation
by Polymeric Acid for High-Efficiency and Stable SWCNT-Si Solar Cells

stability. The J-V characteristics are shown in Figure 3.2, with the detailed information
shown in Table 3.1. The Nafion-applied SWCNT-Si solar cell showed the highest PCE of
14.4% among the four different SWCNT-Si solar cells. All of the three PV parameters,
Jsc, Voc, and FF increased substantially and contributed to the high PCE of the Nafion-

applied SWCNT-Si solar cells.

Table 3.1 PV parameters of the SWCNT-Si solar cell, the Nafion-applied SWCNT-
Si solar cell, the PMMA-applied SWCNT-Si solar cells, and the HNOs-applied

SWCNT-Si solar cell, under 100 mW/cm? AM1.5G illumination.

Jsc Rs Rsu

D t PCE (% FF (% Vi \Y
opan (%) $8 oc (m¥) (mA/em?) | (Q-em?)  (Q-cm?)

None (ref.) 9.5 63.8 509 294 4.5 >2.5k
Nafion 14.4 71.2 549 36.7 1.9 >2.5k
PMMA 11.1 60.0 527 35.0 52 >2.5k
HNO3 10.3 64.8 519 30.5 4.4 >2.5k

3.3.2 Characterization of Stability in various Environments

From the aspect of real-world application, it is important for solar cells to be stable
in various environments. The most possible threatens from the natural environment are

air oxidation, humid weather, acid rain, organics, and UV illumination.
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Figure 3.3 (a) Stability data showing the doping effectiveness change of the SWCNT
films after a Nafion application and the PCE change of the Nafion-applied SWCNT-
Si solar cell. (b, ¢, d, ¢) Normalized PCE of SWCNT-Si solar cells, PMMA-applied
SWCNT-SI solar cells, and Nafion-applied SWCNT-Si solar cells submerged to (b)
chloroform, (c¢) 60 v/v% HNOa3, and (d) water, and (e) under constant illumination

of UV.

Nafion on SWCNT-Si solar cells has an encapsulation effect too as aforementioned.
So far, PMMA has been employed as a means to encapsulate thin-film solar cells [77,78].
However, Nafion demonstrates by far greater encapsulating effect than PMMA in both

chemical and mechanical perspectives.

Nafion doping is known to be extremely durable [79,80]. The sheet resistance
change provided in Figure 3.3a shows that the doping effect is stable for 600 days. It is
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not an exaggeration to claim that the durability of Nafion doping is permanent. Owing to
the permanent doping, Nafion-applied SWCNT-Si solar cells show a constant device PCE

for more than 120 days (Figure 3.3a).

Figure 3.3b reveals that the Nafion-applied SWCNT-Si solar cells retained its PCE
after being submerged in chloroform (CHCI3) for more than 200 hours (samples were
taken out for every measurement). However, both the unencapsulated SWCNT-Si solar
cells and the PMMA -applied SWCNT-Si solar cells degraded under the organic solvent.
In addition, the stability of the solar cells was tested under a highly concentrated strong
acid, HNOs3 (conc. 60 v/v%) (Figure 3.3c). The data show that both the unencapsulated
SWCNT-Si solar cell and PMMA -applied SWCNT-Si solar cell degraded due possibly to
HNO3 etching the Si substrates, whereas the Nafion-applied SWCNT-Si solar cell
remained unchanged for more than 9 days. This is reasonable as PMMA has been reported
to be damaged by strong acids [81], while nothing but pure alkali metals can damage
Nafion [82]. Both the Nafion-applied SWCNT-Si solar cell and the PMMA-applied
SWCNT-Si solar cell displayed great stability when submerged in water, but the
unencapsulated SWCNT-Si solar cell degraded after a long time because of the physical
damage caused by water which separated the SWCNT film from the Si substrate (Figure
3.3d). It should be mentioned that Nafion has advantages in terms of its hardness [83] and
anti-smudge effect compared to PMMA [84]. To our surprise, all of the devices showed
excellent stability under a constant UV light (A = 280 nm) (Figure 3.3¢). Seemingly slight
color changes were observed in both PMMA and Nafion, yet it did not undermine the Jsc

at all.
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3.3.3 Record-High Stable Efficiency

To the best of our knowledge, the obtained stable PCE of the proposed Nafion-
applied SWCNT-Si solar cells is the highest among the reported CNT electrode-based Si
solar cells (Figure 3.4 and Table 3.2). Moreover, it is noted that such a simple treatment
that inducing favorable effects in all three categories of doping, anti-reflection, and

stability has not been reported.
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Figure 3.4 Reported PCEs of CNT electrode-based Si solar cells with similar active

areas (6-10 mm?) to the devices of this work.
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Table 3.2 Record table of the reported CN'T-based Si solar cells with details including

active area, CNT type, doping treatment, anti-reflection coating, and stability.

Active Anti-
PCE CNT Doping
Year Area Reflection Stability Ref.
(%) Type (Treatment)
(mm?) Coating
~14.2% after 120
This days, resistant to
14.4 9 SWCNT Nafion Nafion N/A
work CHCl3, HNOs,
water, & UV
~11% after 9
2018 11.8 9 SWCNT N/A N/A [85]
days
Pt nanoparticles,
2018 7.4 6 MWCNT N/A N/A [86]
HNO;
~14.1% after 1
2017 14.1 9 SWCNT CuCly/Cu(OH), CuCly/Cu(OH), [64]
year
2017 12.2 9 SWCNT N/A N/A N/A [87]
PEDOT:PSS, ~8.0% after 1
2017 10.2 9 Mixed N/A [88]
HNO; day
Few-layer black ~3.5% after 12
2017 9.4 8 SWCNT N/A [89]
phosphorus, SOCl, days
2017 8.6 9 SWCNT N/A TiO» N/A [90]
2016 12.0 9 MWCNT HNO; N/A N/A [91]
2016 8.3 6 SWCNT N/A N/A N/A [66]
Graphene, Au
2015 8.8 9 SWCNT N/A N/A [92]
nanoparticles
~5.6% after 7
2015 8.7 8 SWCNT SOCl, Polystyrene [93]
days
~4.3% after 7
2015 7.8 8 SWCNT SOClL, Polystyrene [94]
days
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3.4 Mechanism Discussions

3.4.1 Anti-Reflection Mechanism of Nafion for SWCNT-Si Solar Cells

Nafion Thickness of Nafion/SWCNT layer:
SWCNT + Nafion S?+SWCNT90%f@Im+5%Nafio_n: 55 nm
T S!+SWCNT90%f!Im+7.5%Naf|0n: 70 nm
Si+SWCNT90%film+10%Nafion: 100 nm
Si+SWCNT90%film+15%Nafion: 120 nm
Si+SWCNT90%film+20%Nafion: 210 nm

Thickness (nm)
H
o
2

50

5% 7.5% 10% 15% 20%
Nominal Concentration of Nafion

Figure 3.5 (a) Cross-sectional SEM images of different concentrations of
Nafion/SWCNT layers on Si substrates and their thicknesses. (b) The measured total

thicknesses of Nafion/SWCNT layers on Si, depending on the nominal concentration

of Nafion.

The most notable element was Jsc, which increased from 29.4 mA/cm? to 36.7

71



Chapter 3 Multifunctional Effect of p-Doping, Anti-Reflection, and Encapsulation
by Polymeric Acid for High-Efficiency and Stable SWCNT-Si Solar Cells

mA/cm?. Jsc is dependent on the photon flux incident on solar cells, which can be
enhanced by an anti-reflection effect. To investigate the anti-reflection effect of the
polymeric acid coating, we firstly measured the thickness of Nafion and SWCNT layers
with different nominal concentrations of the Nafion solution. Cross-sectional SEM was
used to measure the thicknesses of Nafion/SWCNT layers. It was challenging to measure
the thickness accurately due to the sponge-like nature of the SWCNTs (Figure 3.5). We
found that the porous network of SWCNTSs soaks up a certain amount of Nafion solution,

which was found to be approximately 40-nm thick (Figure 3.5a).

By using ellipsometry, we obtained the RIs of the SWCNT film, the Nafion film,

and the Nafion-applied SWCNT film on Si substrates, as shown in Figure 3.6.
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Figure 3.6 RIs of SWCNT film, Nafion film, and Nafion-applied SWCNT film, all on

Si substrates.

Using the estimated RIs, we optimized the Nafion/SWCNT layer thickness to obtain
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minimum reflection (Figure 3.7a) and maximum absorption (Figure 3.7b) with the help
from the RCWA technique. Based on the fact that SWCNT-Si solar cells have the
maximum [PCE at the wavelength of 600 nm [32], the optimization was performed at this
wavelength and the total thickness of 100 nm was found to give the maximum anti-

reflection effect from the reflectance and absorptance spectral mappings.
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Figure 3.7 (a) RCWA-simulated reflectance spectral mapping over the total
Nafion/SWCNT thickness. (b) RCWA-simulated absorptance spectral mapping over

the total Nafion/SWCNT thickness.

Figure 3.8a shows that the Jsc of the Nafion-applied SWCNT-Si solar cells is
maximum when the Nafion concentration is 10 v/v% under 7000 rpm, which results in a
100-nm-thick Nafion/SWCNT film. This empirical result corroborates our calculation.
The variation of Jsc observed in Figure 3.8a is attributed to the anti-reflection effect
changing with the thickness of the fabricated Nafion/SWCNT film (Figure 3.8b). The
PCE value starts to decrease marginally beyond 20 v/v% of the Nafion concentration,
despite the increase in Jsc. This is due to the decrease in FF from the decreasing doping
effect when highly concentrated Nafion solution was used (Figure 3.8c and d), as too-
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high viscosities may hinder the Nafion from penetrating into SWCNT networks during

the spin-coating process. Basically, the PCE has the same trend as Jsc. From an

engineering point of view, by tailoring the thickness of Nafion, the PCE of Nafion-applied

SWCNT-Si solar cells increased from around 12% to 14%, mainly due to the increase in

Jsc.
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Figure 3.8 (a) PCE and Jsc rend over the nominal concentration of Nafion. (b)

RCWA-simulated absorptance as a function of the total Nafion/SWCNT thickness

at the wavelength of 600 nm. (¢) Sheet resistance changes of SWCNT films upon

doping by Nafion with different concentrations, and (d) Voc and FF of Nafion-

applied SWCNT-Si solar cells in different Nafion concentrations.
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Figure 3.9 UV-Vis-NIR experimental results. (a) Reflectance, (b) absorptance, (c)
transmittance spectra of a Si substrate, an SWCNT film on a Si substrate, and
Nafion-applied SWCNT films on Si substrates, where the Nafion nominal

concentrations are 5%, 10% , and 20%.

The UV-Vis-NIR reflectance and absorptance spectra of the SWCNT + Nafion films
on Si with different concentrations show that the films with a 10 v/v% Nafion solution

exhibit the minimum reflectance (Figure 3.9a) and the maximum absorptance (Figure
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3.9b) in the wavelength region around 600 nm [32,64]. The absorptance data was obtained
by subtracting the reflectance spectra and transmittance spectra from one (Figure 3.9c and

Section 2.1.5).

The experimental data matches well with the RCWA-simulated results, as shown in

Figure 3.10.
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Figure 3.10 RCWA-simulated (a) reflectance, (b) absorptance, and (c) transmittance
of a Si substrate and Nafion-applied SWCNT films on Si substrates, where the
Nafion concentrations are 5%, 10%, and 20%; and (d) the combination of

reflectance, transmittance, and absorptance for the 10 v/v% Nafion concentration.
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Figure 3.11 RCWA-simulated (a) reflectance and (b) absorptance data; empirical (c)
reflectance and (d) absorptance data of a Si substrate, a 5 v/v% Nafion-coated Si

substrate, a 10 v/v% Nafion-coated Si substrate, and a 20 v/v% Nafion-coated Si

substrate.

In order to strengthen the analysis, optical analysis of the Nafion films on Si
excluding SWCNTs was carried out computationally and empirically. This was to

ascertain the optical effect of the approximately 40-nm thickness of Nafion penetrating
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into the network of SWCNTs, which can undermine the accuracy of the calculation. The
RCWA-simulated results and experimental results show that the 10 v/v% Nafion
concentration (thickness of 90 nm in this case) still induces maximum anti-reflection
effect (Figure 3.11). Therefore, we can conclude that the existence of the SWCNT layer

does not play a significant role in the anti-reflection effect.

FDTD can perform a full-vector simulation of light propagation (wavelength = 600
nm) towards the surface of Si. Our simulation results show that the 10 v/v% Nafion
solution spin-coated SWCNT film induces the maximum absorptance and the distance

needed for a full absorption is ca. 10 um (Figure 3.12).
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Figure 3.12 FDTD full-vector simulation for the light wave of 600 nm on a Si
substrate and Nafion-applied SWCNT films on Si substrates, where the Nafion

concentrations are 5%, 10%, and 20%.

IPCE data obtained in this work (Figure 3.13) and the reported values from the

literature [77] confirm that the anti-reflection effect induced by Nafion is much greater
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than that by PMMA. This, we conjecture, is due to the fact that Nafion has a lower RI (n
~ 1.3534 at 600 nm) and a narrower RI dispersion than those of PMMA (n = 1.4900 at
600 nm) [78,95,96]. The smaller difference in the RI with that of the air (n = 1.0003 at
600 nm) leads to less surface reflection loss and the narrower RI dispersion translates to

a great anti-reflection effect over a wider range of wavelengths.
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Figure 3.13 IPCE spectra and integrated Jsc of a Nafion-applied SWCNT-Si solar
cell, a PMMA-applied SWCNT-Si solar cell, and an HNOs-applied SWCNT-Si solar

cell.

3.4.2 p-Doping Mechanism of Nafion for SWCNT-Si Solar Cells

The application of Nafion not only induces the anti-reflection effect but also a p-
doping effect on SWCNTs (Figure 3.14a). The Nafion-applied SWCNT-Si solar cells
showed higher FF with a lower Rs than those of HNOs-applied SWCNT-Si solar cells,

indicating a stronger doping effect. Again, from an engineering point of view, this doping
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effect roughly improved PCE from 10% to 12% (Figure 3.8a).
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Figure 3.14 (a) Illustration of the Nafion-applied SWCNT-Si solar cell, (b)
illustration of the PYS measurement conducted on both sides of a Nafion-applied

SWCNT film, and (c¢) the corresponding PYS data.

Voc of the Nafion-applied SWCNT-S1 solar cells improved significantly from 509
mV to 549 mV upon Nafion doping. Fermi level of the SWCNT layers governs the
Schottky barrier height which is directly related to Voc in the planar heterojunction system
[97]. We measured the Fermi level change of SWCNT films upon Nafion doping using
PYS. Both sides of the Nafion-applied SWCNT films were measured by flipping the film
using the water transfer method (Figure 3.14b). Both sides the Nafion-applied SWCNT
films display the Fermi levels of around -6.5 eV (Figure 3.14c). This reveals that the
doping effect by Nafion pervades thoroughly into the entire SWCNT network. The Fermi
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level of -6.5 eV is much lower than the reported Fermi levels of SWCNTs when doped
HNO3 (-5.3 eV) and triflic acid (-5.4 V), the latter of which is also a sulfuric acid, similar

to Nafion [80].

This phenomenon can be understood by looking at the XPS data. The carbon peak
of SWCNTs is reported to shift to lower binding energy upon p-doping by HNO3, because
the Fermi level positions closer to the valence band edge [98,99]. The XPS data shows
that HNO3 doping on SWCNTs shifts the carbon peak by 0.15 eV to 284.10 eV, indicating
an expected p-doping (Figure 3.15a). In the case of Nafion-applied SWCNTs, the carbon
peak on SWCNTs was visible only when the concentration of Nafion was lowered to 2.5
v/v% because of the large molecular size of Nafion (Figure 3.15b and c). It can be seen
that the carbon peak of Nafion-applied SWCNTs shifted to higher binding energy. We can
speculate that this is due to the high electronegativity of fluorinated polymer backbone

pulling the electrons on SWCNTs, inducing an extraordinarily strong p-type doping.
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Figure 3.15 (a) XPS carbon peaks of an SWCNT film, a 2.5 v/v% Nafion-applied
SWCNT film, and an HNOs-applied SWCNT film. (b) XPS scan of the entire range
of SWCNT films with different nominal Nafion concentrations. (c) the carbon XPS

peaks of the SWCNT films with different nominal Nafion concentrations.

TCAD simulation was used to assess the influence of the SWCNT Fermi levels on
Voc. There are mainly two models of SWCNT-Si solar cells: the Schottky barrier model

(Figure 3.16a) and the p-n junction model (Figure 3.16b), depending on the electronic
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properties of SWCNTs. However, as our SWCNT-Si solar cell is not at the nano- or micro-
scale, the model we used for TCAD is Schottky barrier model, in which we regard

SWCNT film as a metal in bulk because of the bundling of SWCNTs.
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Figure 3.16 (a) Band structure of SWCNT-SI solar cells by Schottky barrier model.

(b) Band structure of SWCNT-SI solar cells by p-n junction model.

Figure 3.17a shows the model for TCAD simulation. Figure 3.17b, c, and d show
that lower Fermi levels of SWCNTs induce more band bending for SWCNT-S1 solar cells.

More charges accumulate at the interface of #n-Si and SWCNT.
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Figure 3.17 TCAD simulation modeling and four selected data showing that more

band bending is induced by lower Fermi level.

Figure 3.18 shows the TCAD-simulated the J-V curves of SWCNT-Si solar cell with
different Fermi levels of the SWCNT layer. Lower Fermi level induces more band

bending, which enhances the built-in potential Vq:

V= (WSWCNT —xsi — (Be— EF))/Q (3.1

where Wswenr is the work function of SWCNT, ys; is the electron affinity of Si, Ec and
Er are the energy levels of conductance band and valence band of Si, and ¢ is the
elementary electric charge of an electron. As a result, the implied Voc increases as the
Fermi level of the SWCNT layer decreases, which ultimately saturates at -5.5 eV (Table

3.3). This explanation also works for the p-n junction model. Although there is a marginal
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discrepancy between the implied Voc and the empirical Voc, the TCAD simulation
supports our hypothesis that the high Voc of the Nafion-applied SWCNT-Si solar cell is

the result of the deep-lying Fermi level.
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Figure 3.18 TCAD-simulated J-V curves of SWCNT-Si solar cells with different

Fermi levels of the SWCNT films.

Table 3.3 Implied Voc from different work functions by TCAD simulation.

Fermi Level (eV) Implied Voc (mV)
-4.5 -
4.8 77.7
-5.0 276.3
-5.3 (HNO; Doping) 534.8
-5.5 541.3
-6.0 (Nafion Doping) 541.3
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EIS measurement substantiates our assertion as well. EIS of the pristine and doped
SWCNT-Si solar cells at 0.5 V over the high-frequency range of 10 kHz to 1 MHz under
simulated AM1.5G illumination (100 mW/cm?) was recorded in order to quantify the
parameters of charge transport and extraction. The spectra were fitted with the resistance
in series of a high-frequency parallel resistor-capacitor circuit (inset of Figure 3.19). As
shown in Table 3.4, while the Rs values of the devices are similar, the charge transfer
resistance Rct value is the lowest for the Nafion-applied SWCNT-Si solar cells, indicating
the most favorable charge transfer between the Si layer and the Nafion-applied SWCNT

layer for the lowest recombination loss.
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Figure 3.19 EIS spectra of SWCNT-SI solar cells with different treatments and a

high-frequency parallel resistor-capacitor circuit as an inset.
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Table 3.4 EIS fitting data of the pristine and doped SWCNT-based Si solar cells at

0.5V over the high-frequency range of 10 kHz to 1 MHz under AM1.5G illumination

(100 mW/cm?).
Dopant Rs (Q) Rcr (Q) Cer (F)
None (ref.) 11.3 45.4 7.09 x 1078
Nafion 13.6 23.0 1.33 x 1077
PMMA 14.7 47.4 6.29 x 1078
HNO3 10.0 34.7 9.82x 1078

The Fermi level explains the high Voc of the Nafion-applied SWCNT-Si solar cells.
However, the PMMA-applied SWCNT-Si solar cells also display rather high Voc in spite
of having no doping effect. To investigate the reason behind this, we carried out QSSPC
decay measurement to assess the passivation effect of the various treatments we used in
this work. As shown in Figure 3.20a, the sample we used in QSSPC measurement should
have both sides passivated to avoid the quick recombination of photogenerated carriers.
Figure 3.20b shows that the QSSPC lifetime improved upon lamination of an SWCNT
film. The minority carrier lifetime was enhanced even further by a simple application of
ethanol, which densifies the SWCNT film. This means that densification of SWCNTs
leads to better passivation of the Si wafer surface. The application of HNOs3 further
increases the passivation, suggesting that besides densification, doping is also related to
the surface passivation by introducing a depletion layer. The PMMA application greatly
boosts the QSSPC lifetime, which we believe is due to the heavy and viscous nature of
PMMA. In fact, polymers, such as PEDOT:PSS, have been reported to be effective in Si

surface passivation [100,101]. Nafion exhibited similarly high passivation effect, though
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not as good as PMMA. The implied Voc values extracted from QSSPC lifetimes [102]
show that PMMA -applied SWCNT-Si solar cells should give the highest Voc (Table 3.5).
This means that the highest empirical Voc of the Nafion-applied SWCNT-Si solar cells
comes from the combined effect of the low-lying Fermi level and the surface passivation

effect.
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Figure 3.20 (a) Sample information for QSSPC measurement. (b) QSSPC lifetimes
of bare Si wafer, pristine SWCNT-laminated Si, ethanol-applied SWCNT-laminated
Si, HNOs-applied SWCNT-laminated Si, PMMA-applied SWCNT-laminated Si, and

Nafion-applied SWCNT-laminated Si.

Table 3.5 Implied Voc calculated from the QSSPC data of SWCNTs on n-Si wafers

treated by different substances.

Pristine Ethanol-applied HNOs-applied Nafion-applied PMMA-applied

Sample
SWCNT SWCNT SWCNT SWCNT SWCNT

Implied Voc
(mV)

534 539 545 555 563
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3.5 Summary

In this chapter, we reported a multifunctional polymeric acid called Nafion for
tailoring SWCNT films in SWCNT-Si solar cells. The device PCE increased from 9.5%
to 14.4% owing to the increases in all the three photovoltaic parameters, specifically, Jsc,
Voc, and FF upon a simple spin-coating of the polymeric acid. Nafion doping introduced
in this work break through the current limitations of SWCNT-Si solar cells by showcasing
strong and permanent doping effect, favorable anti-reflection effect, and robust
encapsulation effect, simultaneously. The increase in Jsc was attributed to Nafion’s
intrinsically low RI and optical transparency. The high FF came from the enhanced
conductivity and charge transfer thanks to the highly electronegative fluorinated chains
in Nafion resulting in high acidity and the Fermi level downshift. Finally, the high Voc
was attributed to the combined effect of the Fermi level downshift and Si surface
passivation. The Nafion demonstrated superior encapsulation effect against an organic
solvent, a strong acid, and water compared with widely used PMMA encapsulation. The
obtained 14.4% efficiency stands the highest stable PCE among the reported CNT-based
Si solar cells with an unprecedented multifunctional effect of doping, anti-reflection, and

encapsulation by a single step spin-coating of polymeric acid.
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Chapter 4 Controlled Synthesis of SWCNTs
and MoS; based Nanomaterials and their

Application in Photovoltaic Devices

In this chapter, the knowledge of synthesizing and tailoring 2D MoS; by LPCVD
system is introduced firstly. Then, by employing the cultivated knowledge, the line
between 1D and 2D dimensionality of SWCNTs and MoS: is blurred by a novel structure
called "1D vdW heterostructure". Lastly, the application of these tailored materials to PV

devices is discussed.

4.1 Controlled Synthesis of 2D MoS:

4.1.1 Literature Review and Introduction

The controllable synthesis of 2D MoS; is the premise of its scalable application.
There are mainly two categories of synthesis methods of 2D MoS;: the top-down

approach and the bottom-up approach.

4.1.1.1 Review of Top-Down Approach

The top-down approach is inspired by the pioneering research of graphene. It starts
from the bulk MoS,, and exfoliates few-layer MoS» by utilizing its layered structure.
There are mainly three types of methods: mechanical exfoliation and liquid-phase

exfoliation.
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The mechanical exfoliation method is a convenient method for almost all layered
crystals. Through attaching and detaching the tape repeatedly, the number of layers can
be decreased. Then the exfoliated MoS; is attached to a target substrate by vdW forces
[20,103]. Compared with other synthesis methods, the mechanical exfoliation method is
simple, and the quality of the prepared sample is high for various characterizations of
physical properties [104]. However, the disadvantages are: low synthesis efficiency, low
uniformity, small domain (um level), contamination from the residual of tape, and so on.
Especially for the fabrication of devices [105], the small-domain problem causes the
usage of the optical microscope during the whole process, which is extremely

troublesome.

The liquid-phase exfoliation method is a more mass-productive method than the
mechanical method. There are mainly two ways: ultrasonication [106,107] and chemical
intercalation [108—110]. The ultrasonication uses surfactants to disperse the MoS>
nanoflakes into the solution. The chemical intercalation typically uses Li and Na to
intercalate between the layers of MoS,, which is followed by dispersion. Although the
liquid phase exfoliation method is low cost for large-scale applications, it has the

disadvantages of chemical impurities and low uniformity.

4.1.1.2 Review of Bottom-Up Approach

The bottom-up approach starts from the atomic level. It creates 2D MoS> on the
substrate through the nucleation and self-assembly of precursors, and this process is
called "growth". Because this approach starts from scratch, its controllability is much
better than that of the top-down approach, and thus is favored by the research that requires
high-quality 2D MoS». There are mainly two types of methods: the two-step growth
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method and the one-step growth method, which are classified by the position of

precursors.

In the two-step growth method, the precursors containing Mo (and S) are first
deposited onto the substrate, and are then sulfurized or decomposed into 2D MoS». For
the sulfurization method, Mo or MoOy films are deposited onto the substrate by thermal
evaporation [111], e-beam evaporation [112] or sputtering [113], followed by
sulfurization in CVD. For the decomposition method, (NH4)>MoS: is introduced onto the
substrate firstly, followed by annealing to decompose [114,115]. Although the two-step
growth method can easily synthesize a wafer-size 2D MoS, with the controllability of
thickness, it has the problem of low quality: the single-crystalline domain size of MoS> is

usually nm level. In addition, the synthesis of monolayer MoS; is difficult in this method.

In the one-step growth method, the precursors containing Mo and S are directly
decomposed onto the substrate to form MoS: during the growth process. There are several
ways to realize this process: hydrothermal and solvothermal synthesis [116-118], PVD
[119-121], CVD [122-129], MOCVD [130], and so on. The hydrothermal and
solvothermal synthesis of MoS; is conducted under high-temperature and high-pressure
environment, resulting in a complicated structure of MoS; with various dimensionalities.
PVD uses MoS; directly as the precursor, e.g., a MoS; target [119] or MoS> powders
[120,121], to form 2D MoS:> layers on the substrate. CVD uses separate precursors of Mo
and S to react in a gas phase. The first CVD growth of few-layer MoS: was reported in
2012 [122]. Single-crystalline MoS; with a domain size of hundreds of um has been
reported so far by using APCVD [123]. Furthermore, it has been found that seeding

promoters of aromatic molecules can facilitate the nucleation of MoS> on the substrate
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[126]. Also, continuous poly-crystalline monolayer MoS; films have been reported
through LPCVD [125,128,129], which generally have smaller single-crystalline domain
size than APCVD. The advantages of CVD mainly lie in the large amount of tunable
growth parameters, e.g., flow rate of carrier gas, amount of precursors, temperatures,
pressure, positions, and so on. Although tuning these parameters require great efforts
(especially time), this method provides researchers with plenty of space to study. An
advanced version of CVD is the MOCVD, which was firstly reported in 2015 [130]. This
method uses the precursors of Mo(CO)s and (C2Hs)2S, as well as ultra-low flow rates to
allow the growth of high-quality monolayer MoS: film. However, there are concerns
about the toxicity of organometals and the single-crystalline domain size of MoS: is still
at several pm level. Another interesting research problem of monolayer MoS; crystals is
about the shape. It was found that single-crystalline MoS: usually has a near-triangular
shape by APCVD synthesis method, however, there are also other shapes under different

synthesis methods and conditions [131].

4.1.1.3 Introduction

From the literature review of the synthesis methods of 2D MoS», CVD is a promising
method in regard to cost, efficiency, quality, controllability, empirical experience, and so
on. In particular, for the application in PV devices, especially solar cells, which usually
requires large-area uniform MoS; films, LPCVD outstands. It has been reported that
continuous film can be grown by LPCVD [125,128,129], whereas the APCVD should use
a vertical substrate position [132]. It has also been found that if a small amount of O, was
introduced into the LPCVD system, the nucleation density dropped with the domain size

became larger [129], indicating a trade-off between nucleation density and single-
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crystalline domain size. As LPCVD usually has less O» leakage than APCVD, it is easier
to grow continuous MoS; films than APCVD, whereas APCVD is easier to grow large
single-crystalline MoS> domains. The comparison of the experimental results of APCVD
and LPCVD synthesis is shown in Figure 4.1. Moreover, under low pressure, the growth
speed is much slower, which is expected to facilitate the growth of high-quality uniform

MoS; films.
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Figure 4.1 Monolayer MoS: synthesized by APCVD method at Jing Kong lab,
Massachusetts Institute of Technology (MIT) [126]: (a) optical image, (b) Raman,
and (c) PL. Monolayer MoS: film synthesized by LPCVD method: (d) optical image,
(e) single-crystalline domains, and (f) PL, reprinted from [128], Copyright (2014),

with permission from ACS.

Here, after the construction of the LPCVD system, the optimization of key growth
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parameters for 2D monolayer MoS: film growth by control variate method are discussed
from experimental results. Basically, the strategy is to increase the nucleation density of

MoS; to form a continuous film, with the care of film quality and CVD handiness.

4.1.2 Controlled Synthesis of Monolayer MoS;
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Figure 4.2 (a) A schematic of LPCVD synthesis. (b) Experimental flow of a MoS2

LPCVD process.

As shown in Figure 4.2a, in the LPCVD synthesis of MoS», the precursors of S and
MoOs are employed. They are put in different quartz boats and placed in different
positions. The precursors need to be evaporated or sublimated into the gas phase and be

carried onto the substrate in the downstream for MoS» growth. Figure 4.2b shows a typical
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experimental flow of a MoS, LPCVD process. During the ramp-up period, the rubber
heater and CVD furnace are heated to designated temperatures respectively. These
temperatures are kept constant during the growth period. After the growth period, it is
essential to determine when to open the furnace for fast cool-down, in order to terminate
the growth and to prevent the introduction of strain energy into MoS». Usually, the furnace

was opened for fast cool-down at a temperature of <450 °C.

The crucial parameters for this LPCVD synthesis process are the growth temperature,
S evaporation temperature, Ar carrier gas flow rate, amount of S and MoOs3, growth time,
and the distance between MoO3 boat and substrate. Literature review helped to determine

the rough ranges of these growth parameters [125].

4.1.2.1 Effect of Substrate Preparation Method

@) w/o KOH () w/KOH 5 min

S4800"5 0k %20.0k SE(U)

Figure 4.3 Effect of substrate preparation method on MoS: synthesis results,
characterized by SEM. (a) Without KOH pre-processing. (b) With S-min KOH pre-

processing. (¢) With 10-min KOH pre-processing.

Firstly, the effect of substrate preparation method was investigated. KOH (1M,
Wako) was used to pre-process the Si/SiO2 substrate, after the routine cleaning by acetone,

IPA, and distilled water, 5 min each. After the KOH pre-processing, the substrate was

96



Chapter 4 Controlled Synthesis of SWCNTs and MoS:2 based Nanomaterials and
their Application in Photovoltaic Devices

cleaned again by distilled water for 5 min and 3 times.

As shown in Figure 4.3, a 5-min KOH pre-processing of Si/SiO; substrate can
enhance the nucleation density of MoS,. Because MoS; is hydrophilic [133], the KOH
etching makes the substrate more hydrophilic to facilitate MoS: nucleation. However, 10-
min KOH pre-processing did not make better nucleation density than that of 5-min pre-
processing, indicating that although KOH pre-processing is necessary for increasing

nucleation density, this process has a saturation time of <5 min.

4.1.2.2 Effect of Carrier Gas Flow Rate

(a) Ar 50 sccm, 71 Pa (b) Ar 10 sccm, 30 Pa

48005 0Ky x30.0K SE(J)

500 nm

$4800 5.0V x40.0k SE(U) T 4800 5.0KV x40,0K SE(U)

Figure 4.4 Effect of Ar carrier gas flow rate on MoS: synthesis results, characterized

by SEM. (a) 50 sccm. (b) 10 sccm.

The effect of carrier gas flow rate on MoS» synthesis results was also investigated.

97



Chapter 4 Controlled Synthesis of SWCNTs and MoS:2 based Nanomaterials and
their Application in Photovoltaic Devices

As shown in Figure 4.4, a higher Ar flow rate can result in higher nucleation density,
because more MoS: nuclei can be carried onto the substrate by Ar. It is worth noting that
from empirical experience, there is another factor governing the spread range of MoS,:
the pump's evacuation ability. This ability gradually decreases after time, so we need to
closely monitor the MoS; nuclei spread range by looking at the yellow-green MoS>

deposited on the wall of the quartz tube.

4.1.2.3 Effect of Sulfur Evaporation Temperature

@ 100 °C | (b)

$4800 5.0kV x20.0k SE(U)

(c) 120 °C ()

! £ 4
$4800'6.0KV x20,0k SE(U]* +%,

Figure 4.5 Effect of S evaporation temperature on MoS: synthesis results,

characterized by SEM. (a) 100 °C. (b) 110 °C. (¢) 120 °C. (d) 130 °C.

It is important to supply enough S during growth. Because from the reaction during

the LPCVD process,
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Mo (s) + 8(g) — MoO; . (g) + 350, (g) (.1)

MoOs3 is firstly reduced by S to be MoOs.,, which is easier to sublimate. Then, the

reactions can be:

22250, () (42)

MO, (g) + 5 28(g) — MoS.(s) +

50, () (43)

MoO,, (g) + 5= S(g) — MoO1 (s) +

The MoO3.x can be sulfurized into either MoS> or MoO., depending on the amount of the
supplied S. If the S is not enough, the MoO; flakes will show up, as shown in Figure 4.5b.
So by increasing the S evaporation temperature to around 130 °C and using excess S (1—
3 g), enough S supply was achieved and the morphology of the as-synthesized MoS»

becomes better with larger single-crystalline domain sizes, as shown in Figure 4.5d.

4.1.2.4 Effect of M0oQO3 Sublimation and Growth Temperature

(@) 530 °C ) (b) 570 °C (©) 600 °C

1 H 1 pm
54800 5 0ky 20,0k SE(U) s 00um $4800 5 0KV x20.0k SE(U) T ooum

Figure 4.6 Effect of M0O3 sublimation and growth temperature on MoS:2 synthesis

results, characterized by SEM. (a) 530 °C. (b) 570 °C. (¢) 600 °C.

The temperature for MoOs3 sublimation is important for controlling the growth. If

this temperature is too high, S will not be enough to cause MoO: being deposited onto
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the substrate. In contrast, if this temperature is too low, MoO3 or MoQOs., cannot be

sufficiently sublimated to allow efficient growth.

In this work, the growth temperature is coupled with MoOj3 sublimation temperature
to have the same furnace temperature. As shown in Figure 4.6, when we decreased the
furnace temperature from 600 °C to 530 °C, the nucleation density got improved
significantly, as well as the domain size. This indicates that 530 °C provides a relatively

optimized condition for the coupling of growth parameters.

As we adopted a two-zone furnace, we can actually control the MoOj3 sublimation
temperature and MoS, growth temperature separately for approximately up to 200 °C
difference. It has been reported that higher growth temperature can induce higher quality
MoS; [125]. Future work about differentiating these two temperatures is expected to help

improve MoS; quality.

4.1.2.5 Effect of Growth Duration and MoQO3; Amount

(2) MoO; 20 mg, 30 min (®) MoO; 35 mg, 50 min ©) MoO; 50 mg, 70 min

54800 5.0xV x20.0k SE(U)

Figure 4.7 Effect of M0oO3 amount and growth time on MoS: synthesis results,

characterized by SEM. (a) 30 min. (b) 50 min. (c) 70 min.

Growth duration is apparently an important parameter for the yield of MoS;, which

is coupled with the amount of precursors that are supplied during the LPCVD process. As
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we used excess S to ensure enough S supply, the amount control mainly lies in the amount
of MoO3, which is proportional to the growth duration. As shown in Figure 4.7a, for 30-
min growth, we used 20 mg MoOs3, and the MoS: is not fully covering the substrate. Then,
after we increased the growth duration to 50 min with 35 mg MoO3, full coverage of Mos>
onto the substrate can be realized (Figure 4.7b). However, if the growth duration is longer,
e.g., 70 min with 50 mg MoQOs3, the coverage is lower again (Figure 4.7c). The reason for
this phenomenon may be that too many MoS> nuclei etched the MoS, away from the

substrate.

4.1.2.6 Continuous Monolayer MoS: Film

After tuning the various growth parameters, a monolayer MoS; film with > 99%
coverage on Si02/Si substrate can be synthesized, as shown in Figure 4.8a. The growth
parameters are: Ar flow rate: 50 sccm; S evaporation temperature: 128 °C; MoOs3
sublimation/growth temperature: 530 °C; S amount: 2—-3 g; MoO3 amount: 35 mg; growth

duration: 50 min; Dsybstrate: 8 cm.

SEM characterizations confirmed that the coverage is > 99%, as shown in Figure
4.8b. Because MoS; tends to grow at the rough surface and edge of the substrate,
characterizing the center of the substrate can help us know the lowest coverage. As the
center of the substrate has been almost fully covered by MoS,, we can say that the MoS»

film is continuous.

The Raman in Figure 4.8c¢ shows the typical E;, and A peaks of MoS;. The distance
between these two peaks is 21 cm™!, indicating the MoS> film has 1-2 layers. However,
as the PL characterization in Figure 4.8d shows a strong PL feature of monolayer MoS,,

we can confirm that the major parts of the film are monolayer. From the SEM image in
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Figure 4.8b, we can confirm that there are bilayer nuclei in the single-crystalline MoS»
domains, which is a common problem for the CVD synthesized MoS; [126], though not

always mentioned.
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Figure 4.8 As-synthesized continuous monolayer MoS: film by LPCVD. (a) Optical
image, along with the comparison with bare SiO2/Si substrate. (b) SEM image of the

center of substrate. (¢) Raman. (d) PL.

413 Summary

In summary, after I constructed the MoS, LPCVD, MoS, has been successfully

synthesized by controlling various growth parameters. After the optimization of these
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parameters, the morphology of the as-synthesized MoS, became better, which finally
resulted in a continuous monolayer MoS; film with > 99% coverage. The successful
improvement of nucleation density and domain size enable us to synthesize MoS: on

various substrates with various structures.
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4.2 Controlled Synthesis of 1D SWCNTs and MoS: based

vdW Heterostructures

4.2.1 Literature Review and Introduction

As 2D graphene has inspired the research of "2D nanomaterials beyond graphene",
the discovery of 1D CNT structure has also given us more room at the bottom of the
material world. This kind of tubular structure is actually not only for carbon-based
nanomaterials, but also has been realized for MoS, [134-137] and WS, [136,138].
Although these reports have shown the potential for the diversity of 1D nanomaterials,
the methods used to synthesize 1D MoS:;NT were not clean, and the evidence for single-

walled MoS;NT was not clear.

2D nanomaterials with interlayer vdW forces have enabled the demonstration of
vdW heterostructures [6,139,140], in which atomic layers are stacked on each other and
different ingredients can be combined beyond symmetry and lattice matching. However,

this concept has been limited in 2D nanomaterials so far.

From the previous research, 2D MoS; has been synthesized on the 2D substrate, e.g.,
a Si02/Si substrate. As MoS» has shown various dimensionality, an interesting idea is that
how about we grow MoS> on the 1D substrate, e.g., an SWCNT. If we can grow 1D
nanostructure of 2D nanomaterial, then a new class of 1D vdW heterostructure can be
realized, such as MoS;NT-BNNT-SWCNT, as shown in Figure 4.9a. From this starting
point, we tried to synthesize MoS: on the film that is containing 1D nanostructures (i.e.,

1D film) with the previously optimized parameters in Section 4.1.
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4.2.2 Experimental Methods

(a)
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Figure 4.9 (a) A schematic of a 1D vdW heterostructure of MoS2NT-BNNT-SWCNT.

(b) A schematic of the LPCVD synthesis of MoS:NT onto 1D nanostructures.

The starting SWCNT film used in this chapter was synthesized by aerosol CVD, as
described in Section 2.3.1. The SWCNTs then can be dry-transferred onto a Si substrate,

a Mo TEM mesh, or a ceramic washer for the building of heterostructures.

BNNT-SWCNT heterostructures were synthesized by an LPCVD using H;NBH;3 as
the BN precursor. Briefly, the starting SWCNT film was placed at the center of the furnace.
30 mg BN precursor was loaded at the upstream and heated to 70-90°C. The vapor of BN
precursor was taken by a flow of 300 sccm Ar (with 3% H>) to the hot zone to form BNNT
on the surface of SWCNTs. The reaction temperature was 1000—1100°C and the chamber
pressure was maintained at 300 Pa. The growth duration varied from 30 min to 6 hr. After

3-hr CVD, BNNTs were formed at the outer surface of most SWCNTs.
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MoS:NT-BNNT-SWCNT heterostructures were synthesized by an LPCVD using
MoOs; and S powders as precursors. Typical growth parameters were the same as those
for synthesizing continuous monolayer MoS; film, with the variation of growth duration
(5-50 min) and Dsubstrate (8—16 cm). A schematic of the LPCVD synthesis of MoSoNT

onto 1D nanostructures is shown in Figure 4.9b.

HR-TEM images were taken by a JEM-2010F or JEM-2800 at an acceleration
voltage of 200 kV. SAED patterns of the entire film were taken by the same TEMs with
a typical selected area aperture diameter of a few um and a camera constant of 60 cm.
High angle annular HAADF-STEM image and corresponding EELS mapping of
MoS:NT-SWCNT were taken by JEM-2100F with a cold field-emission gun and an
aberration corrector (the DELTA corrector) operating at 60 kV. HAADF-, ABF-STEM
images and corresponding EELS mapping of MoSoNT-BNNT-SWCNT heterostructures

were obtained in the same TEM.
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4.2.3 Synthesis Results

4.2.3.1 MoS:NT-SWCNT 1D vdW Heterostructure
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Figure 4.10 Comparisons of MoS:NT-SWCNT and SWCNT films. (a) SEM

characterizations. (b) Raman spectra. (¢) UV-Vis-NIR absorption spectra.

We firstly tried to synthesize MoS;NT onto SWCNT. After synthesis, the sample
was firstly characterized in macro scope. The SEM images in Figure 4.10a show that there
is little difference from pristine SWCNT film, indicating the almost absence of 2D MoSo.
The Raman spectra in Figure 4.10b show typical peaks of MoS: at E,, and A, and the

distance between these two peaks indicates a few-layer feature of MoS». We can confirm
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from the absorption spectra in Figure 4.10c that the MoS;NT-SWCNT has the A, B, and

C absorption peaks, showing the MoS,NT is still semiconducting.
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Figure 4.11 (a) 1D MoS:2NT-SWCNT nanostructure that was characterized by HR-
TEM, HAADF-STEM, and EELS mapping. (b) Typical diameter characterization
of a MoS:2NT-SWCNT. (¢) The strain energy of a single-walled MoS:NT as a function
of tube diameter calculated by Stillinger-Weber (denoted as SW) type potential and

DFT simulation.
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In order to reveal the nanostructure of the as-synthesized sample, we characterized
the sample in micro scope by TEM. Figure 4.11a shows that an SWCNT is wrapped with
a single-walled MoS>NT, which is a core-shell or coaxial 1D vdW heterostructure. The
MoS,NT distinguishes itself by a much stronger contrast than carbon in both TEM and
STEM images. This is as far as we know one of the first TEM images evidencing the
existence of single-walled MoS,;NT. We emphasize here the demonstration of single-
walled MoSoNT because multi-walled MoSoNT (with a diameter of usually 20 nm or
above) and its hybrid materials have been known for decades. Single-walled MoS,NT is
predicted to have direct bandgap so its properties can probably be distinctively different
from its thicker multi-walled counterparts [141]. Also, quantum confinement is expected
to be significant in a single-walled MoSoNT with a small diameter [142]. Most
importantly, the formation of a MoSoNT suggests that other single-walled TMDC
nanotubes, e.g., WS>, WSe>, may also be produced by a similar approach. Hence, for this
single-layer featured, largely curved, quantum-confinable TMDC nanotubes, we foresee

lots of interesting research topics in spectroscopy, device, and others.

Also, we observe a strong diameter dependence for the formation of single-walled
MOoS,NT. The yield of MoS,NT is very low and seamless wrapping is only observed on
large-diameter SWCNTs, as shown in Figure 4.11b. To understand this point, we
performed some simulations on the strain energy of single-walled MoS,;NT with different
diameters. A clear 1/D? relationship is observed in Figure 4.11¢c, which suggests that, in
small-diameter range, strain energy is significantly higher. This result is comparable to
some previous attempts using density-functional-based tight binding available in the
literature [141][143]. If compared to SWCNTs [144], this strain energy is much higher.
This can be simply interpreted as a thickness effect: as a single layer of MoS: contains
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three atomic planes and is therefore unstable when rolled into a tubular structure. This is
probably why MoS:NTs were only seen as multi-walled or on MWCNTs previously
[145][146]. According to this result, the minimum diameter of single-walled MoS>NTs
should be significantly larger than that of SWCNTs. This prediction is surprisingly
consistent with our experimental observations. The tubes were found to have diameters
of 3.9—6.8 nm, only forming on SWCNTs that have diameters of 3 nm or more. However,
most of the starting SWCNTs are thinner than 3 nm, which probably caused the low yield
of MoS:NT-SWCNT heterostructures. In addition, there is no clear evidence showing
preference of zigzag or armchair MoS:NT, but we speculate their growth should be
kinetically different. Besides this, many features of this single-walled MoS:NT are

unknown, and we expect more efforts to come for this new nanomaterial.

4.2.3.2 MoS:NT-BNNT-SWCNT 1D vdW Heterostructure

The successful post-stacking of BNNT, which is an insulator, onto the outer surface
of SWCNTs makes us believe that an even more aggressive 1D vdW heterostructure of

MoS;NT-BNNT-SWCNT can be realized for the first time.

After the synthesis of BNNT-SWCNT heterostructure, the sample was put into the
MoS, LPCVD system to coat MoS>NT. The coating can be produced in cm scale, and the
clear difference can be observed even with naked eyes. As shown in Figure 4.12a, after
the synthesis of MoS>NT, the film became yellow-green, which is a typical color of MoS,.
The Raman spectra in Figure 4.12b also confirms the existence of MoS,, and is again
characterized to be a few-layer feature of MoS». The absorption spectra in Figure 4.12¢

show the absorption peaks of SWCNT, BN, and MoS; clearly.
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Figure 4.12 Comparisons of SWCNT, BNNT-SWCNT, and MoS:NT-BNNT-SWCNT

films. (a) Optical images against a printed logo of the University of Tokyo. The scale

bar is 5 mm. (b) Raman spectra. (¢) UV-Vis-NIR absorption spectra.

TEM characterizations in Figure 4.13a revealed that the nanotube is 5 nm in diameter

but consists of three different materials: an inner conducting SWCNT, a middle triple-

walled insulating BNNT, and an outside single-walled semiconducting MoSoNT. This

structure is clearly visualized by the EELS mapping in Figure 4.13b. The existence of

SWCNT, BN, and MoS: was confirmed by the SAED patterns in Figure 4.13c.
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Figure 4.13 TEM characterizations of the MoS:NT-BNNT-SWCNT 1d vdW
heterostructures. (a) TEM. The scale bar is 5 nm. (b) EELS mapping. (c) SAED

patterns.

Also, as the tube diameter increases from 2 to more than 3 nm after BNNT coating,
synthesizing an additional MoSoNT becomes much easier. More efficient growth is
observed in most of the isolated regions. Such a structure can probably be the smallest
MIS vdW heterostructure demonstrated so far. Field effect of the outside MoS:NT may
be measured using the inner SWCNT gate, and photo-response/PV effect may also be

expected in such 1D vdW heterostructures.

424 Summary

In conclusion, we have discovered 1D vdW heterostructures, extending the concept
of vdW heterostructures to a different dimension by tailoring SWCNT and MoS> based
nanomaterials. Single-walled MoS;NT has been synthesized on SWCNT and BNNT-

SWCNT, and the realized nanostructures have been characterized by TEM. Most
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importantly, a novel MoSoNT-BNNT-SWCNT 1D vdW heterostructure has been realized

for the first time.

It is highly possible that the synthetic technique shown here can be employed to
generate a class of new nanotube materials and a series of more sophisticated
combinations. 1D vdW heterostructures may bring numerous research interests in
material synthesis, crystallography, optics, device physics/applications, catalysis, and

probably other areas that are still unforeseen.

113



Chapter 4 Controlled Synthesis of SWCNTs and MoS: based Nanomaterials and
their Application in Photovoltaic Devices

4.3 Application of SWCNTs and MoS: based Nanomaterials

in Photovoltaic Devices

4.3.1 Literature Review and Introduction

Although 2D semiconducting MX> nanomaterials have the thickness of sub-nm level,
they have been demonstrated to have unique optical properties [147-150]. The power
density of monolayer MoS; has been calculated to be one order of magnitude higher than
that of traditional PV materials [150]. Moreover, near-unity absorption for sub-15 nm
thick M X, nanomaterials as active layers has been demonstrated by semiconductor-metal
heterostructures [151], showing the potential of high PV efficiency of ultra-thin TMDC

nanomaterials.

As MoS: is an n-type semiconductor, it has the potential to replace n-Si in solar cells
for cost-cutting, lightweight and flexible applications, semi-transparent applications, and
so on. On the other hand, MoS; may also contribute to other functional layers of solar
cells after tailoring. There have been several efforts to apply monolayer MoS; in PV
devices. A vertical p-n heterojunction of p-Si/monolayer MoS; has been demonstrated to
have a PCE of 5.2% [152]. Furthermore, a lateral p-n heterojunction solar cell of WSe>-
MoS; showed an impressive PCE of 2.6%, though the active area was extremely small (4
um?). Thicker MoS; nanosheets have also been demonstrated helpful in PV devices. The
insertion of a = 17 nm MoS: film between graphene-Si solar cell facilitated the hole-
transporting/electron-blocking process [153]. The vertical stacking of > 100 nm MoS>
nanomembranes and Au could function as Schottky barrier solar cells and had PCEs of

0.7-1.8%, depending on the thickness of MoS: [154]. Moreover, MoS», along with other
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TMDC nanomaterials, have been found to be promising candidates for both the HTL and
ETL in organic and perovskite solar cells [152—166]. Due to the inorganic nature of MoS»,

the stability of perovskite solar cells with TMDCs were also significantly enhanced.

From the above literature reviews, MoS, based PV devices have been demonstrated
to be effective with various structures. Interestingly, these devices can be either vertical
or lateral, which have also been reported by other reports of MoS> based electronic
devices [170,171]. Coupling with the 1D vdW heterostructure that was realized in Section
4.2, the application of this kind of novel structure can allow us to fabricate PV devices
with 1D dimensionality. Actually, 1D multi-walled WS> was recently proven to show
orders of magnitude higher bulk PV effect than that of 2D WS,, which demonstrates the
potential of 1D TMDC nanotubes for harvesting solar energy more efficiently [172]. The
integration of different materials in one substance can also allow easier fabrication than
layer-stacking, and thus reduce the size of the device and the amount of used materials.
The prototypes of this kind of 1D PV devices are expected to ignite the application of 1D
vdW heterostructures, as well as the application of SWCNT and TMDC based

nanomaterials in PV devices.

4.3.2 MoS:NT as Light-Absorbing Layer in Photovoltaic Devices

The Cs0-M0oS:NT-SWCNT PV devices were fabricated with MoSoNT as the light-
absorbing layer, SWCNT as the HTL, and Ceo as the ETL, as shown in Figure 4.14. The
Ceo ETL was prepared as follows: 10 mg/ml Cgo was dissolved in 1,2-dichlorobenzene;
the obtained solution was spin-coated onto FTO-coated glass substrate with 1500 rpm;
the substrate was dried at 60 °C for 2 min. The expected thickness of Ceo layer is =37 nm
[173].
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Figure 4.14 (a) A schematic of the Ce0-MoS:NT-SWCNT PV device structure. (b)

Energy band diagram of the Ce0-MoS:2NT-SWCNT PV device.

It has been found from DFT calculations that the strain energy causes the bandgap
of MoSoNT smaller than that of 2D MoS» [141,143,174]. Also, while the (n, 0) zigzag
MoS,>NTs may have direct bandgaps, other types of MoSoNTs (chiral and armchair) may
all have indirect bandgaps. From the discussions in Section 4.2.3.1, smaller diameter
induces higher strain energy, and thus the bandgap decreases. The as-synthesized
MoS:>NTs on SWCNTs were found to have diameters of 3.9-6.8 nm. Also, there is no

clear evidence showing preference of zigzag or armchair MoS,;NT, and thus the as-
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synthesized MoS;NT-SWCNT film is a mixture of different MoS2NT chiralities. These
findings allow us to estimate the bandgap of our MoS>NTs: the mixed-chirality large-
diameter MoS>NTs can be regarded as a bulk MoS: substance with a bandgap similar to
2D bulk MoS>. However, we expect more discussions about the band structures of
MoS,NT both theoretically and empirically, especially with the interactions with SWCNT

and BNNT.

4.3.2.1 Cs0-MoS:NT-SWCNT Device Performance

We firstly evaluated the structure of Ceo-MoS2NT-SWCNT. The patterned MoS;NT-
SWCNT film was synthesized using a cover, as shown in Figure 4.15a. The TCF60
SWCNT film was employed to have higher conductivity. The optical image of this film
is shown in Figure 4.15b, presenting a clear boundary between SWCNT and MoS>NT-

SWCNT.

The J-V curves were measured and it shows a small photocurrent with large leakage,

as shown in Figure 4.15¢ and d. The detailed characteristics are shown in Table 4.1.
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Figure 4.15 Fabrication and characterizations of the Ce-MoS:NT-SWCNT PV
device. (a) A schematic of the sample preparation method. (b) Optical image. (c) J-
V characteristics in a range of -1 'V to 1 V. (d) J-V characteristics in a range of -2 mV

to 2 mV.

4.3.2.2 C6o-SWCNT Device Performance

To eliminate the possibility that the photo-response is from Cgo or SWCNT, Ceo-
SWCNT device was fabricated and evaluated. As shown in Figure 4.16, the J-V curve

shows no photocurrent, demonstrating that MoS>NT is acting as the light-absorbing layer.
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Figure 4.16 J-V characteristics of the Ceo-SWCNT device.

4.3.2.3 C60-MoS:NT-BNNT-SWCNT Device Performance

We then evaluated the structure using BNNT as an interfacial layer between

MoS:NT and SWCNT. The structure is again synthesized by a patterned method with a

cover, as shown in Figure 4.17a. The growth duration of BNNT CVD is 3 hr. The

boundaries can be clearly observed in the optical image (Figure 4.17b).

Figure 4.17c presents the J-V characteristics of this PV device. It shows a larger

photocurrent than the that without BNNT. The detailed characteristics are shown in Table

4.1.
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Figure 4.17 Fabrication and characterizations of Cs0-MoS:NT-BNNT-SWCNT PV
device. (a) A schematic of the sample preparation method. (b) Optical image. (c) J-

V characteristics in a range of -2 mV to 2 mV.

4.3.2.4 Mechanism Discussions

As shown in Figure 4.18a, the comparison of the J-V curves in light condition shows
that by using BNNT as an interfacial insulating layer, PCE has been improved for an order
of magnitude. This is because that BNNT partially facilitated the electron-hole separation
[175], as shown in Figure 4.18b. More discussions about the functions of BNNT will be

presented in Section 4.3.3.

However, the leakage among layers is still dominating the J-V curve, so we could
not confirm a diode characteristic curve. Besides, the contact problem caused by clamping
two substrates may account for the low current. The potential application of this device

structure could be photodetectors.
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Figure 4.18 (a) Comparison of the J-V characteristics of the Cso-MoS:2NT-SWCNT
and the Ce-MoS:NT-BNNT-SWCNT PV devices, under 100 mW/cm?> AM1.5G
illumination. (b) Energy band diagram of the C¢-MoS:NT-BNNT-SWCNT PV

device.

Table 4.1 Comparison of the characteristics of the Ce0-MoS2NT-SWCNT and the

Co60-MoS2NT-BNNT-SWCNT PV devices.

1D Heterostructure PCE (%) FF (%) Voc (V) Jsc (mA/cm?)
MoS;NT-SWCNT 1.2x107 47.5 0.12 2.1x1073
MoS;NT-BNNT-SWCNT 3.2x10° 279 0.93 1.2x107

4.3.3 MoS:NT-SWCNT as Electron Transport Layer and Cathode in

Perovskite Solar Cells

The as-synthesized MoS:NT-SWCNT was applied to inverted-type perovskite solar

cells in order to function as both the ETL and cathode at the same time, as shown in Figure
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Figure 4.19 (a) A schematic of the MoS:2NT-SWCNT on top of an inverted-type

perovskite solar cell. (b) Energy band diagram of the MoS:NT-SWCNT as ETL and

cathode in perovskite solar cells.

The inverted-type perovskite solar cell substrate consists of an ITO as the anode, a
PEDOT:PSS layer as the HTL, a CH3NH3PbCl3 (MAPbI3) layer as the light-absorbing
layer. The detailed fabrication methods of these layers can be found in the literature [34].
Usually, we need PCBM as the ETL, followed by laminating an SWCNT film on the top
as the cathode. In this research, the MoS;NT-SWCNT film was directly transferred onto

the substrate without the PCBM layer.

The MoSoNT-SWCNT film (SWCNT: TCF60) was synthesized on a graphite
substrate with a designated hole, and was press-printed and floated in chlorobenzene. As
chlorobenzene does not react with the layers in this inverted-type perovskite solar cell,
we can fish the film out by the perovskite solar cell substrate, which also ensures good
contact. For comparison purpose, the SWCNT film (TCF60) was also transferred by this

method.
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4.3.3.1 MoS:NT-SWCNT Device Performance

We firstly evaluated the MoS:NT-SWCNT on top of inverted-type perovskite solar
cells. As shown in Figure 4.20a and Table 4.2, under the light condition, this structure
works as a solar cell junction and the PCE is 0.29%. On the other hand, the SWCNT on
top of inverted-type perovskite solar cells cannot form a junction with the photo-response
only, as shown in Figure 4.20b. As a result, it is the MoS>NT that has the function of ETL
in inverted-type perovskite solar cells.
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Figure 4.20 J-V characteristics of (a) the MoS:2NT-SWCNT and (b) the SWCNT on

top of inverted-type perovskite solar cells, under 100 mW/cm? AM1.5G illumination.

4.3.3.2 MoS:NT-BNNT-SWCNT Device Performance

From the knowledge we gained in Section 4.3.2, BNNT can partially facilitate the
electron-hole separation when applying MoS:NT-SWCNT in PV devices. So we

evaluated the MoS;NT-BNNT-SWCNT on top of inverted-type perovskite solar cells.
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Because the BNNT may block the electrons and holes together, we employed different
growth durations of BNNT: 3 hr and 1 hr, to investigate this aspect by different BNNT

walls. While 3-hr growth can form 5-8 BNNT walls, 1-hr growth can reduce to 1-2 walls.

As shown in Figure 4.21a and Table 4.2, first, the PCE has been improved slightly
by inserting 3-hr BNNT between MoSoNT and SWCNT. The enhancement mainly came
from Voc, which was improved from 167 mV to 267 mV. Then, the PCE has been doubled
from 0.32% to 0.66% by using 1-hr BNNT instead to improve the Voc to 395 mV. The
conductivity of the film decreased because of the insulating effect of BNNT, as evidenced

by the Jsc. FF was improved slightly by BNNT.
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Figure 4.21 (a) Comparison of the J-V characteristics of the MoS:NT-SWCNT,
MoS:NT-BNNT(@B3hr)-SWCNT, and MoS:NT-BNNT(1hr)-SWCNT on top of
inverted-type perovskite solar cells, under 100 mW/cm? AM1.5G illumination. The

dashed lines are the dark current. (b) Energy band diagram of the MoS:NT-BNNT-

SWCNT as ETL and cathode in perovskite solar cells.
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Table 4.2 Comparison of the characteristics of the MoS:2NT-SWCNT, MoS:NT-
BNNT3hr)-SWCNT, and MoS:2NT-BNNT(1hr)-SWCNT on top of inverted-type

perovskite solar cells.

ETL & Cathode PCE (%) FF (%) Voc(V)  Jsc (mA/em?)
MoS:NT-SWCNT 0.29 22.6 167 7.7
MoS;NT-BNNT(3hr)-
0.32 23.2 267 5.1
SWCNT
MoS;NT-BNNT(1hr)-
0.66 23.8 395 7.0
SWCNT

4.3.3.3 Mechanism Discussions

From the experiment results, the contribution of BNNT to the performance
enhancement has been confirmed again. As shown the energy band diagram in Figure
4.21b, the MoSoNT is not a perfect ETL by the high HOMO level, which causes leakage
of holes to the cathode. After the insertion of BNNT between MoS;NT and SWCNT, part
ofthe leaked holes can be blocked by BNNT, resulting in higher Voc and PCE. In addition,
as some of the SWCNTs are not fully covered by MoS;NT (Figure 4.11a), BNNT can

eliminate the negative effect of multi-junctions, e.g., p-n-p-n-p.

It has also been confirmed that BNNT blocks electrons and holes together by the
results of different BNNT walls. While 1-2 BNNT walls may allow more holes to tunnel
to SWCNT side than the 5—8 walls, it can help more electrons to tunnel too. As a result,
there is a trade-off between the tunneling and blocking effects of BNNT for electrons and

holes (e.g., the trade-off between charge separation and recombination).
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We have substituted two layers of PCBM and SWCNT in inverted-type perovskite
solar cells with one multifunctional layer of MoSo;NT-(BNNT)-SWCNT. The integration
of ETL and cathode in one layer can allow easier fabrication than the layer-stacking, and
thus reduce the size of the device and the amount of used materials. Although the PCE at
this stage is not high, further tailoring of the 1D vdW heterostructures is expected to

enhance the solar cell performance.

4.3.4 MoS:NT-SWCNT as Hole Transport Layer and Anode in
Perovskite Solar Cells

The as-synthesized MoS>aNT-SWCNT was also applied to normal-type perovskite

solar cells in order to function as both the HTL and anode at the same time, as shown in

Figure 4.22.
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Figure 4.22 (a) A schematic of the MoS:XNT-SWCNT on top of a normal-type
perovskite solar cell. (b) Energy band diagram of the MoS:NT-SWCNT as HTL and

anode in perovskite solar cells.

The normal-type perovskite solar cell substrate consists of an ITO as the cathode, a
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SnO; layer as the ETL, a MAPDI; layer as the light-absorbing layer. The detailed
fabrication methods of these layers can be found in the literature [160]. The MoS>NT-
SWCNT film (SWCNT: TCF60) was transferred onto the substrate by the method
described in Section 4.3.3, with hexane as the liquid phase. Again, for comparison
purpose, the SWCNT film (TCF60) was also transferred by this method. A fter the transfer
process, 50-nm Au was deposited along the side of the film (outside the active area) by

vacuum evaporation for measurement purpose.

4.3.4.1 Device Performance
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Figure 4.23 Comparison of the J-V characteristics of the SWCNT, the MoS:2NT-
SWCNT, and the MoS:NT-SWCNT with the spiro-MeOTAD coated on top, on top

of normal-type perovskite solar cells, under 100 mW/cm? AM1.5G illumination.

As shown in Figure 4.23 and Table 4.3, the application of MoSoNT improved the

PCE from 8.2% to 9.8%, mainly due to the substantial enhancement of FF, which is from
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39.9% to 51.0%. The spiro-MeOTAD (denoted as spiro in Figure 4.22b, Figure 4.23 and
Table 4.3) solution was spin-coated on top of the MoSo:NT-SWCNT perovskite solar cell
to boost the PCE. A PCE of 15.0% has been achieved with all the characteristics improved

from those of the pristine MoSoaNT-SWCNT perovskite solar cell.

Table 4.3 Comparison of the characteristics of the SWCNT, the MoS:2NT-SWCNT,
and the MoS:NT-SWCNT with the spiro-MeOTAD coated on top, on top of normal-

type perovskite solar cells.

HTL & Anode PCE (%) FF (%) Voc(V)  Jsc (mA/em?)
SWCNT 8.2 39.9 1.04 19.7
MoS;NT-SWCNT 9.8 51.0 0.96 20.0
Spiro-MoS;NT-SWCNT 15.0 63.0 1.00 23.8

4.3.4.2 Mechanism Discussions

From the energy band diagram in Figure 4.22b, the LUMO level of MoSoNT is not
so favorable, and thus the Voc decreased slightly. On the other hand, the MoS,NT
wrapped around SWCNT can facilitate the hole transport by smoothing the HOMO level
alignment. Moreover, from the Raman spectra in Figure 4.24, after the coating of MoS,NT,
the G band blue-shifted from 1592 cm™ to 1596 cm™! and the 2D band blue-shifted from
2668 cm™ to 2674 cm’!, which is a typical p-type doping of carbon nanomaterials

[176,177].
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Figure 4.24 Raman spectra of the SWCNT film before and after MoS:NT coating.

(a) G band region. (b) 2D band region.

Although few-layer MoS: flakes have been reported to function as HTL in perovskite
solar cells [164], the 1D MoSoNT wrapping around SWCNT is supposed to be better than
2D MoS; in the hole-transporting ability by a closer physical distance. In addition,
MoS:NT can prevent shunt pathways between MAPbI; and SWCNTs. Higher device
stability can also be expected because of the inorganic nature of MoS>NT. These benefits

of MoSoNT contributed to better solar cell performance.

4.3.5 Summary

In summary, the 1D vdW MoSoNT-SWCNT and MoSoNT-BNNT-SWCNT
heterostructures have been applied to PV devices with different multifunctions. For the
light-absorbing layer function, Cso-MoSoNT-BNNT-SWCNT PV device showed higher

photocurrent than that of Cg-MoS:NT-SWCNT because of the charge separation
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facilitation of BNNT. For the ETL and cathode multifunction, we have substituted two
layers of PCBM and SWCNT in inverted-type perovskite solar cells with one
multifunctional layer of MoS;NT-(BNNT)-SWCNT. The integration of ETL and cathode
in one layer can allow easier fabrication than the layer-stacking, and thus reduce the size
of the device and the amount of used materials. The BNNT again facilitated the charge
separation, resulting in the improvement of Voc and PCE. Moreover, there is a trade-off
between the tunneling and blocking effects of BNNT for electrons and holes. For the HTL
and anode multifunction, MoS;NT-SWCNT was applied to normal-type perovskite solar
cells and improved the PCE by the excellent hole-extraction ability of MoS>NT. A PCE
of 15.0% has been achieved after the application of spiro-MeOTAD. These results have
demonstrated prototypes for the promising application of 1D vdW heterostructures in PV
devices. The further improvements of the tailoring methods and the device structures will
lead to novel applications of both the SWCNT and MoS; based nanomaterials and the 1D

vdW heterostructures in PV devices.
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Chapter 5 Closing Remarks

5.1 Summaries of this Dissertation

This dissertation focused on the tailoring methods for SWCNTs and MoS: based

nanomaterials, with the application aspect of PV devices.

First, we reported a multifunctional material called Nafion for tailoring SWCNT
films in SWCNT-Si solar cells. A simple spin-coating application to the SWCNT film
increased the device PCE from 9.5% to 14.4%, manifesting three functions of p-doping,
a favorable anti-reflection effect, and an exceptional encapsulation effect. The mechanism
discussions have given us a comprehensive understanding of the Nafion-tailoring method.
The obtained PCE of 14.4% currently stands as the highest stable efficiency among the

reported CN'T-Si solar cells.

Second, after I constructed the MoS, LPCVD, continuous monolayer MoS; film has
been successfully synthesized by optimizing various growth parameters. Furthermore, we
have extended the concept of vdW heterostructures to a different dimension by tailoring
SWCNT and MoS» based nanomaterials using MoS> LPCVD. A novel MoS;NT-BNNT-

SWCNT 1D MIS vdW heterostructure has been realized for the first time.

Third, the realized 1D vdW MoS;NT-SWCNT and MoSoNT-BNNT-SWCNT
heterostructures have been applied to PV devices with different multifunctions. For the
light-absorbing layer function, Cs0-MoS;NT-BNNT-SWCNT PV device showed higher

photocurrent than that of Ceo-MoS:NT-SWCNT because of the charge separation
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facilitation of BNNT. For the ETL and cathode multifunction, we have substituted two
layers of PCBM and SWCNT in inverted-type perovskite solar cells with one
multifunctional layer of MoSoNT-(BNNT)-SWCNT. The BNNT again facilitated the
charge separation, resulting in the improvement of Voc and PCE. Moreover, there is a
trade-off between the tunneling and blocking effects of BNNT for electrons and holes.
For the HTL and anode multifunction, MoS;NT-SWCNT was applied to normal-type
perovskite solar cells and improved the PCE by the excellent hole-extraction ability of
MoS,NT. A PCE of 15.0% has been achieved after the application of spiro-MeOTAD.
These results have demonstrated prototypes for the promising application of 1D vdW
heterostructures in PV devices. The further improvements of the tailoring methods and
the device structures will lead to novel applications of both the SWCNT and MoS: based

nanomaterials and the 1D vdW heterostructures in PV devices.
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5.2 Vision for Next-Generation Solar Cells

From the case study of nanomaterial solar cells in this dissertation, we can find that
the development of cutting-edge technology is focused on the KPIs, such as the PCE,
stability, and flexibility. These demonstrated KPIs are helpful for the transition from
academia to industry. We can also get hints about how to design next-generation solar
cells for real applications and to attract investments. First, the KPIs should be excellent
to attract investors' eyes. Second, the fabrication process should be compatible with a
scalable industrial process. Third, the comparative advantages should be clarified for
obtaining market share. There have already been investments on these next-generation
solar cells. For example, OXFORD PV™ [178], is a pioneer and technology leader in the
field of perovskite solar cells. This company is based on Oxford University, in which Prof.

Snaith' group is one of the most famous perovskite solar cell research groups.

It is almost sure that in the next decade, the paradigm shift will occur in the rapidly
developing solar cell industry. The question is that what kind of paradigm shift will occur

and which type of solar cell will emerge.

As shown in Table 5.1, Si solar cell is already at the high development status;
however, the cost is still high. As the FiT is being cut by the government, Si solar cell
cannot bring about a paradigm shift in the next decade. The thin-film solar cells are also
well-developed, the materials used in these solar cells are still at a high cost and toxic,
and the efficiency is not so satisfying. However, we can find comparative advantages to
apply them in specific fields, such as the wearable devices, so as to promote the market
application. For the next-generation solar cells, we cannot rely on only one type as this is

too risky. Each type of next-generation solar cells has its comparative advantages. The
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organic solar cells have a relatively longer history of development, and they can be put
into the market application promotion stage to help the market get familiar with the next-
generation solar cells. The perovskite solar cells still need to solve the stability and
toxicity issues, but because its impressive power conversion efficiency, venture capital
investment can be in the way to boost the research and also to attract more attention. The
nanomaterials solar cells are still in relatively lower development status. The efficiency
is low and the gap between academia and industry is still large. However, because of the
vast potential of nanomaterials, the continuous support for research is essential to
stimulate the researchers. From the experience of the rapid emergence of perovskite solar
cells in just a decade, it is still uncertain that which solar cell will be the next king or it
can even be the one that we have not discovered yet. However, from the policymaker's
perspective, the global consensus of accelerating solar cell application should be
continuously maintained. This is not easy as the protectionism is prevalent in some
developed countries, and the stakeholders in the opposite side, such as the oil-producing

countries, may try to make a negative influence on the negotiation process.
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Table 5.1 Comparison of different types of solar cells with respect to their different

characteristics.
Solar Cell Development  Expected Comparative ' Policy
ssues
Type Status Efficiency = Advantages Change
. ) Mature ] Decreasing
Si High 25% High cost )
technology FiT
Low Market
Thin-Film Medium-High 15% Flexible efficiency, application
toxicity promotion
Stability,
) Market
) Public low o
Organic Medium 15% ) application
acceptance efficiency, )
promotion
scale-up
) Stability, Venture
) Impressive o .
Perovskite Low-Medium 25% toxicity, capital
performance )
scale-up ivestment
) Low
Flexible, low ) Government
Nanomaterial Low 15% efficiency,
cost support
scale-up
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5.3 Future Perspectives of this Dissertation

The future perspectives of this dissertation can be focused on:

1) Fabrication of SWCNT-perovskite-Si tandem solar cells by Nafion-tailored SWCNT

films;

2) Further optimization of the synthesis conditions for 2D continuous monolayer MoS>

films;
3) Application of 2D MoS: films to PV devices;

4) Further optimization of the synthesis conditions for SWCNT and MoS; based 1D vdW

heterostructures;

5) Improvement of the performance of MoS;NT-BNNT-SWCNT based PV devices.
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Appendix

Surface Analysis of n-Si in SWCNT-Si Solar Cells
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Figure A.1 (a) Schematic of the thin interfacial oxide layer between SWCNT film
and n-Si. (b) Illustration of the characterization process for Si oxide thickness from

XPS spectra.

It has been discussed in SWCNT-Si and graphene-Si solar cells that the interfacial
oxide layer (SiOx) between SWCNT/graphene and Si (Figure A.1a) has an influence on

the solar cell performance [30,32,179]. In this study, the SiOx thickness was characterized

152



Appendix

through XPS. Figure A.1b shows the Si 2p spectra that contain separated peaks of Si oxide

and Si bulk. The thickness of the oxide layer doxide can be calculated as

doxide - onide Sin 0 ln <ﬁ + 1)

Als (A1)

where Aoxide 1 the photoelectron effective attenuation length in SiO», € is the photoelectron
take-off angle, £ is the Si 2p intensity ratio of infinitely-thick SiO2 and Si (I5. / lsi), and
Ioxide / Isi 1s the intensity ratio of the measured SiO: layer and the Si substrate. 0 is /4,
Aoxide 18 2.96 nm, and £ is 0.75 [180]. Ioxidge and Is; can be determined by integrating the
peak area after a Shirley background subtraction, as shown in Figure A.1b. The calculated

thickness of the oxide layer in Figure A.1b is 6.5 A.

One understanding obtained from the measurement of interfacial oxide layer should
be introduced. After 3-s RCA2 cleaning, one substrate before sputtering and another
substrate after sputtering were measured. The SiOx thickness before sputtering was 3.9 A,
whereas the thickness after sputtering was 6.5 A. As a result, the physical mask of Scotch
tape actually cannot fully protect the Si from SiO; leakage in the sputtering process. After
the sputtering deposition process, a 2.6-A sputtered SiO, layer was formed onto the 3.9-

A RCA2-introduced oxide layer.
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Figure A.2 Full-range XPS surface survey spectra of the RCA2-cleaned n-Si

substrates. (a) Before BHF cleaning. (b) After BHF cleaning.

The contaminations on the interfacial oxide layer after cleaning were analyzed by
full-range XPS surface surveys. BHF (NH4HF2:NH4F:H>O = 15:28:57) was used to clean

the n-Si surface again after the removal of the physical mask (Scotch tape). As shown in
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Figure A.2, after BHF cleaning, the O peaks and the Si oxide peak almost disappeared
because of the removal of the interfacial oxide layer. There are almost no Na ls (around
1071 eV) or CI 2p (around 200 eV) peaks, showing the effectiveness of RCA2 cleaning.
After BHF cleaning, the peaks of Cl 2p, P 2s, S 2p, P 2p, and Al 2s still existed as
compared with those in Figure A.2a, indicating that these contaminations are mainly from

the storage of samples in air or the contaminations in XPS chamber.
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