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Abstract 

Single-walled carbon nanotubes (SWNTs) possess excellent optical, electrical, 

mechanical and thermal properties as well as chemical stability. Specifically, for the 

light harvesting application, SWNTs have the superiorities in terms of the wide 

spectrum of absorption ranging from near-infrared to visible wavelength, high 

electrical conductivity at high transparency as well as the multiple exciton generation. 

Combined with earth abundance and chemical stability, the SWNT is supposed to be a 

very promising candidate for next-generation solar cell applications. However, three 

main challenges have hindering the full exploitation of SWNTs for the solar cell 

applications: (1) The SWNTs synthesized on substrates or by floating catalysts have 

too large diameter. The reduction of the diameter of SWNTs from 2 nm to 1 nm would 

lead to the increase of the band gap from 0.5 eV to 1.2 eV which is possible for the 

applications of solar cells. However, this has not been achieved so far and is still a 

challenge at the nanoscale. (2) The one-dimensional SWNTs do not grow into a 

three-dimensional bulk like conventional semiconductors. The gap between the 

properties of SWNT assemblies and the individual SWNTs is the challenge at the 

microscale. (3) Before the first two challenges are solved, the technique of amounting 

SWNTs to photovoltaic devices needs further investigation and understanding, which 

could be categorized into the challenge at the macroscale. This thesis has been trying 

to answer the challenges of the SWNT for the applications of solar cells at the 

macroscale, microscale and nanoscale level.  

At the macroscale lever, a milestone progress toward the practical application of 

SWNT/Si solar cell has been realized. This thesis has demonstrated the air-stable 

SWNT/Si solar cells with power conversion efficiency (PCE) approaching 11% for 

the first time. The PCE of the solar cell slightly increases after 10-month ambient 
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exposure. Compared with previously reported results, the fabricated solar cells show a 

significantly higher stability. The experimental results are well fitted by the p-n diode 

equation model, and the mechanisms of the improved performance of the SWNT/Si 

solar cells are discussed accordingly. The full exploitation of the superior electrical, 

optical and chemical properties of SWNTs is very promising for the next-generation 

photovoltaic devices. 

At the microscale lever, this thesis has proposed and realized self-assembled 

micro-honeycomb networks of SWNTs for solar cells for the first time. The 

hierarchical micro-honeycomb consists of dense walls and a buckypaper bottom, 

which simultaneously increases the optical transmittance and decreases the sheet 

resistance. The microhoneycomb structure is formed by the breath figure mechanism. 

Applying µ-HN to the SWNT-Si solar cell results in both high PCE and high fill 

factor. Note that the achieved PCE is obtained with only 35.0% transparency and 

without any efforts made to optimize the SWNT chirality, diameter or length. We 

believe the hierarchical µ-HN is very promising for applications of SWNT-Si solar 

cells. 

At the nanoscale level, we have grown the SWNTs with sub-nm diameter directly 

on the substrate for the first time by using the Co/Cu bimetallic catalysts. At the 

temperature of 650 °C, the as-synthesized SWNTs have very high quality with the 

major chirality of (6,5) and (7,5), which makes the average diameter of SWNTs only 

0.8 nm. The direct application of the SWNTs with such a narrowly-distributed small 

diameter to solar cells is expected to have very promising performance. 
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All life on Earth is based on carbon. The discovery of carbon is as old as the 

history of human being, while the discovery of fullerene which is an allotrope of 

carbon gave birth to the advent of the new era of nanoscience and nanotechnology in 

the last decade. Carbon is also a material with extreme properties: Diamond, one of 

the allotropes of carbon, is the hardest material on earth known to date; graphite, 

which is also one of the allotropes of carbon, is so soft that could be used for writing 

and drawing. The discovery of two new allotropes of carbon, fullerene [1] and 

graphene [2, 3], have won two Nobel Prizes recently, the Nobel Prize in Chemistry 

1996 (Robert F. Curl Jr., Sir Harold W. Kroto and Richard E. Smalley) and Nobel 

Prize in Physics 2010 (Andrei Geim and Konstantin Novoselov), respectively. 

 Before we start our amazing voyage further into the world of carbon, let us 

have a look at definition of carbon. Carbon is a normal element in the periodical table. 

It is a member of group 14 on the periodic table together with silicon (Si), germanium 

(Ge), tin (Sn) and lead (Pb). It has six protons and neutrons inside nucleus and two 

electrons revolving around nucleus in the 1s orbital while other four electrons rotating 

in the next energetic orbital (2s, 2p). Carbon takes many forms in nature and has a 

wide range of allotropes in different dimensions, as shown in Figure 0-1. The most 
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well-known allotropes are the aforementioned graphite and diamond, both of which 

are bulk forms of carbon, illustrated in Figure 0-1. The diamond is composed of sp3 

hybridized carbon atoms with a tetrahedral structure, sharing a bond with neighboring 

atoms. The graphite is composed of stacked layers of graphene, which is a 

single-layered sp2 hybridized carbon atoms. Although the theoretical prediction of the 

existence of graphene dates back to the 1960, the experimental discovery was realized 

until 2004 by Andrei Geim and Konstantin Novoselov, both of whom won the Nobel 

Physics Prize in 2010.  

By rolling graphene up seamlessly, a single-walled carbon nanotube can be 

obtained. The amazing aspect of single-walled carbon nanotubes (SWNTs) is that 

depending on the way the graphene is rolled up, i.e., the rolling direction and diameter 

of tubes, carbon nanotubes could either metallic or semiconducting, with the band gap 

up ranging from 0.5 eV to 2 eV. This means that essentially most of the 

semiconductors in use currently, e.g., Si, SiGe, GaAs, other III-V, II-VI etc., could be 

replaced with SWNTs. Additionally, SWNTs also exhibits excellent mechanical and 

thermal properties. The strength of carbon nanotubes is so strong that theoretically, it 

is possible to build up a moon elevator by carbon nanotubes. SWNT is one of the 

materials that have the highest thermal conductivities to date. Over 100,000 papers 

have been published and indexed by ISI Web of ScienceTM since the discovery of 

multi-wall carbon nanotubes and SWNTs by Iijima in 1991 [4] and 1993 [5], 

respectively. The number is still increasing rapidly as shown in Figure 0-2. 

One fullerene molecule consists of sixty carbon atoms completely bonded with 

icosahedron symmetry to form a sphere, a zero-dimensional carbon allotrope was 

discovered by H. Kroto, J.R. Heath, S.C. O’Brien, R.F. Curl, and R. Smalley in 1985. 

The most successful application of fullerene is PC60BM and PC70BM which are used 

for organic solar cells. 
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Figure 0- 1 The variety of carbon allotropes: diamond and graphite are 3-dimensional; 

graphene, carbon nanotubes and fullerene are two-, one- and zero-dimensional, respectively. 

This artwork is adopted from the website of this laboratory: Shigeo Maruyama’s Carbon 

Nanotube Site – http://photon.t.u-tokyo.ac.jp  

 

Figure 0- 2 Number of papers published and indexed by Web of Science as of March 2014. 
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As we discussed above, carbon nanotubes are one of the most intensively 

investigated materials so far, owing to their amazing and promising properties as well 

as the flexible tunability. The knowledge and understanding of carbon nanotubes have 

become quite deep and wide. However, these knowledge and understanding are far 

from systematic and cause even more unknowns. There is still a long way to go for 

the real applications of carbon nanotubes.  
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Introduction	

 

 

 

 

 

“If I have seen further it is by standing on the shoulders of giants.” 

̶― Sir Isaac Newton     

After more than 20-year efforts of world-wide scientists, various accomplishments 

have been achieved and some of the knowledge is commonly acknowledged and 

widely used. This chapter will discuss the fundamental physics and metrology of 

carbon nanotubes and review the state of the art of the solar cell applications, upon 

which the motivation of this PhD project presented in this whole dissertation is built.  
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Carbon nanotube is a family of materials. In a general sense, carbon nanotubes 

are divided into single-walled carbon nanotubes (SWNTs) and multi-wall carbon 

nanotubes (MWNTs). Single-walled carbon nanotubes are single atomic layered 

cylinder of sp2 hybridized carbon atoms. Depending on the way the graphene sheet is 

rolled up, SWNTs can be either metallic or semiconducting, with the band gap 

ranging from 0.5 eV to 2 eV. This chapter will first define the atomic architecture of 

SWNTs and explain the structure-related electronic and optical properties at first. 

Then the characterization methods of SWNTs, including electron microscopy, 

resonance Raman spectroscopy, optical absorption spectroscopy and the four-point 

probe method for the measurement of the sheet resistance of thin films will be 

introduced. Last but not the least, the possible contribution of SWNTs to solar cells is 

discussed, before which the basic science and state of the art of solar cells are 

provided. 

1.1 Physics of Carbon Nanotubes 

1.1.1 Atomic Structure of Graphene and SWNTs 

A SWNT can be described as a single atomic layer of a graphite sheet (i.e. 

graphene) rolled up into a seamless cylinder. It is necessary to describe graphene 

before the introduction of SWNTs. Figure 1- 1 (a) and (b) show the unit cell of 

graphene in real space (lattice) and the momentum space (reciprocal lattice), 

respectively. In the Cartesian x-y coordinate, the basic vectors a1 and a2 in real space 

are expressed as 

 2/,2/31 aaa ,  2/,2/32 aa a      (1-1) 

where 
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Å46.2342.121  aaa       (1-2) 

is the lattice constant of a graphene. In the kx-ky coordinate system, the corresponding 

basic vectors in the reciprocal lattice b1 and b2 is defined as 

 aa /2,3/21 b ,  aa /2,3/22  b    (1-3) 

 

Figure 1- 1 Unit cell of graphene in (a) real space, with the red line rhombus showing unit 

cell, and (b) momentum space, with the shaded hexagon showing the Brillouin zone and red 

dashed line showing the symmetry point. 

 

The shaded hexagon in Figure 1- 1 (b) is the Brillouin zone of graphene. The 

three high symmetry points, Γ, K and M of the Brillouin zone denote the center, the 

corner, and the center of the edge, respectively. Compared with graphene, SWNT has 

a chiral vector Ch that defines the way graphene is rolled up, i.e., the structure of the 

SWNT, 

),(21 mnmnh  aaC         (1-4) 

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 Ch. The nanotube 

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

b1

b2

x

y

(a) (b)

Γ M

K
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ky
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aCC
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 /)(3/ 2

1
22 nmnmaCd CCht       (1-5) 

where aCC is the nearest-neighbor C–C distance (1.421 Å in graphite), and Ch is the 

length of the chiral vector Ch. As shown in Figure 1- 2, the angle between the chiral 

vector Ch and a1 is named as the chiral angle. The chiral angle θ is given by 

  nmm 2/3tan 1           (1-6) 

For armchair SWNT, θ equals to 30˚, while for zigzag SWNT, θ is 0˚. The chiral 

angle for chiral tubes is between 0˚ and 30˚. So far, the atomic structure of an SWNT 

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 T. The translational 

vector T is the shortest repeat distance along the SWNT axis and is described as 

),( 212211 tttt  aaT         (1-7) 

where (t1, t2) correlates to (n, m) as 

  Rdnmt /21  ,      Rdmnt /22      (1-8) 

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









dmnd

dmnd
dR 3 of multiple a is  if        3

3 of multiple anot  is  if          
      (1-9) 

where d is the greatest common divisor of (n, m). In the real space, the unit cell of a 

SWNT is larger than that of graphene due to the existence of chiral and translational 

vectors Ch and T. The number of the hexagons contained in one unit cell of SWNT is 

given as 

 
R

h

d

nmmn
N









22

21

2

aa

TC
         (1-10) 
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Correspondingly, in the momentum space (reciprocal lattice), the unit space of a 

SWNT is much smaller, as shown in Figure 1- 3. The Brillouin zone of a SWNT is 

the cutting lines on reciprocal lattice of graphene. As the chiral vector Ch and 

translational vector T define the unit cell of a SWNT in the real space, in the 

momentum space, the vector K1 in the circumferential direction and K2 along the 

nanotube axis direction define the Brillouin zone. K1 and K2 are related with Ch and T 

21 KCh , 01 KT ,  02 KCh , 22 KT .    (1-11) 

Therefore, K1 and K2 are given as 

)(
1

21121 bbK tt
N

 , )(
1

212 bbK nm
N

      (1-12) 

The N cutting lines on the momentum space are resulted from N wave vectors 

μK1 (μ=1-N/2, …. , N/2). Each cutting line gives one π- π* band, which will be 

discussed in the following sections. 

 

Figure 1- 2 The chiral vector Ch for an (n,m) = (4,2) SWNT. The chiral angle is shown by θ. 

O
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Figure 1- 3 The Brillouin zone of a (4,2) SWNT in the reciprocal lattice. 

 

1.1.2 Structure-Related Properties of Graphene and SWNTs 

Through tight-binding method, the three dimensional band structures can be 

calculated as shown in Figure 1- 4 (a). The detailed calculation can be found in Ref. 

[6]. The π band and the π* band of graphene are touching each other at the K point, 

demonstrating the quasi-metallic properties. Owing to the chiral vector of SWNTs, 

the band structure of SWNTs is the discrete cutting lines on that of graphene, as 

shown in Figure 1- 4 (b). And depending on the chiral vectors or chiralities of 

SWNTs, the cutting lines may or may not come across the K point. If the cutting lines 

happen to come across the K point, then the SWNT is metallic; if not, then the SWNT 

is semiconducting. 

The electronic density of states can then be calculated from the tight-binding 

theory. Figure 1- 5 shows the eDOS of SWNTs with three different chiralities, of the 

which the data source is from the website of this group. The sharp peaks in the eDOS 

is called van Hove singularities (vHS), which is induced by the one-dimensional 

quantum confinement. The energy separation between the first vHS can be considered 
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as band gap. The (4,2) SWNT is the smallest nanotube that can be synthesized so far, 

with the theoretical band gap of 2 eV; the (6,5) SWNT has the band gap of 1.4 eV 

experimentally, and 1.1 eV theoretically; the (10,10) SWNT has continuous band 

structure and the resulting metallic properties. Generally, the band gap of SWNTs 

ranges from 2 eV to 0.5 eV. 

 

 

 

Figure 1- 4 (a) Three-dimensional band structure of graphene. Adoped with permission 

from Prof. Shigeo Maruyama’s Carbon Nanotube Site (b) Three-dimensional band structure 

of SWNT. Reprinted from [8], Copyright 2005, with permission from Elsevier. 

 

The variety of the band structure is one of the advantages of SWNTs, making 

SWNTs capable for multipurpose applications. Based on the electronic structure of 

SWNTs, the periodic table of SWNTs can be drawn. Figure 1- 6 gives the periodic 

table. If the chiral index n - m is divisible by 3, then the SWNT is metallic; if not, the 

SWNT is semiconducting. The structure-dependent properties of SWNTs are one of 

the most scientifically interesting part, on which a large part of the SWNT research is 

focused. The idea of application of SWNTs for solar cells is also originated from it. 

 

(a) (b)



Chapter	1	

12 
 

 
Figure 1- 5 Electronic density of states of SWNTs with different chiralities. From top to 

bottom: (4,2) SWNT, (6,5) SWNT and (10,10) SWNT. Data source from 

www.photon.t.u-tokyo.ac.jp  
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Figure 1- 6 SWNT (n,m) indices. Here, a red solid point represents metallic nanotube and a 

black open circle represents semiconductor nanotubes. The condition for the metallic 

nanotube is: 2n+m=3q (q: integer), or (n-m)/3 is integer. This artwork is adopted from the 

website of this laboratory: Prof. Shigeo Maruyama’s Carbon Nanotube Site – 

http://photon.t.u-tokyo.ac.jp 

 

1.2 Metrology of Carbon Nanotubes 

After the explanation of the atomic and electronic structures of SWNTs as well 

as the theoretical properties, Chapter 1.2 deals with the experimental characterization 

of SWNTs. The diameters for SWNTs range from 1 to 3 nm, which is two orders of 

magnitude smaller than the wavelength of visible light (390 ~ 700 nm). The resolution 

of visible light cannot reach the level of SWNTs even with most precise optical 

microscope. Too ‘see’ an SWNT, electron microscope and spectroscopy are employed 

to obtain enough information. This part of the thesis will explain four most frequently 

used techniques, i.e., scanning electron microscopy (SEM), transmission electron 

microscopy (TEM), Raman spectroscopy and absorption spectroscopy for the 

characterization. The four-point probe measurement will also be introduced. 

a1
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1.2.1 Electron Microscopy 

 

Figure 1- 7 Typical SEM images of vertical-aligned SWNTs synthesized by the ACCVD 

method with Co and Mo as catalysts.  

 

The resolution of optical microscopy is approximately the wavelength of visible 

light, which is 500 ~ 800 nm. Electron microscopy is used when the resolution of 

optical microscopy is not enough. Owing to the wave-particle duality, the electrons 

with accelerated voltage have shorter wavelength than visible light, hence much 

higher resolution. At very high voltage, e.g., several keV as used in scanning electron 

microscopy (SEM) and 200 keV as used in transmission electron microscopy (TEM), 

the speed of the electrons is approaching light speed and the wavelength of electrons 

is much smaller than X-ray, which is at hundreds picometer (10-12 m). Over 100, 000 

times magnification can be achieved. The difference between SEM and TEM not only 

lies in the acceleration voltage but also the electrons detected. In SEM, the beams of 

electrons scan on the surface of the sample. The scattered secondary electrons are 
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detected to obtain the image. While in TEM, the electrons are sufficiently accelerated 

so much that they transmit through the sample and reach the CCD below the sample. 

Figure 1- 7 and Figure 1- 8 show the typical SEM and TEM images of SWNTs, 

respectively. 

 

Figure 1- 8 Typical TEM images of high-quality SWNTs synthesized by ACCVD method 

with Fe and Co as catalysts. Reprinted from [7], Copyright (2002), with permission from 

Elsevier. 

 

1.2.2 Raman Spectroscopy 

The Raman spectroscopy uses the inelastic scattering with the lattice to read 

information of the structure of the matter. The inelastic scattering includes three 

processes: an electron is excited by absorbing the energy from a photon; the excited 

electron is scattered and emits (or absorb) a phonon; the electron relaxes back to 

valence band and emits a photon. In general, the photon travels through the lattice and 

loses or obtains the energy of a phonon. The Raman spectrum is basically the energy 

difference between the incident and released photon. Raman spectroscopy is a very 
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useful tool to characterize SWNTs. On the other hand, the special and abundant 

features of SWNT structure also provide a good platform for the study of Raman 

spectroscopy. 

 

Figure 1- 9 A typical Raman spectrum of SWNTs synthesized by ACCVD method. 

 

The detail discussion on Raman process which can be found in various literatures, 

e.g. [6, 8]. Here only the main Raman features of carbon nanotubes are discussed. 

Figure 1- 9 shows the typical Raman spectrum of the as-synthesized vertically aligned 

SWNTs by ACCVD method. The low-frequency feature, i.e. radial breath mode 

(RBM) can only be observed in SWNTs, and is resulted from bond stretching of the 

coherent lattice out-of-plane movement in the radial direction. The RBM is related 

with the chirality of the SWNT. The Kataura plot (Figure 1- 10) is the theoretical 

relation between the RBM Raman shift with the chiralities of SWNTs, and has been 

proved experimentally. Another strong feature is G-band, which is the in-plane 

vibrational mode. The separation of G+ and G- modes can be used to characterize the 

diameter of SWNTs, as shown in Figure 1- 11 [9]. The position of G-band can be 

used to investigate the charge transfer of SWNTs. 
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Figure 1- 10 Kataura plot of single-walled carbon nanotubes with laser excitation energy. 

 

Figure 1- 11 Position of G- and the separation of G+ and G- for SWNT of different 

chiralities: the G- Kataura plot. Reprinted with permission from [9]. Copyright (2012) 

American Chemical Society. 
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1.2.3 UV-vis-NIR Absorption Spectroscopy 

Light has wave-particle duality. From the perspective of wave, light can travel 

through matter, with their intensity decrease exponentially by the Beer’s law. From 

the perspective of particle, when a photon hits an atom, its energy can be absorbed by 

electrons in the atom at a certain probability. In the SWNTs, when photon energy 

matches the vHS, the probability of the photon being absorbed will increase 

significantly. This results a peak in the absorption spectrum. The electronic energy 

transition of the first vHS is called E11. When the photon energy is as high as the 

energy transition of the second vHS, absorbance could also happen. The resulted peak 

is named as E22. Although with a continuous band structure, metallic SWNTs also 

have very weak absorbance, which is usually named as M11. Combining the first and 

second energy transition obtained from the absorption spectra would provide enough 

information to recognize the chirality of an SWNT. 

Figure 1- 12 (a) shows the schematic of the absorption spectroscopy measured in 

liquid state. The absorption spectrum of CoMoCAT SWNTs dispersed in water is 

shown in Figure 1- 12 (b). As the SWNTs are isolated with each other by surfactant, 

their absorbance is very strong compared with that measured in solid state. The 

quenching induced by bundles could substantially weaken the absorbance shown in 

Figure 1- 13. The spectrum obtained from solid-state measurement could range from 

ultraviolet (below 350 nm) up to several micrometer wavelength, while for 

liquid-state measurement, the wavelength could only cover up to 1600 nm wavelength 

due to the significant noise from water. 
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Figure 1- 12 (a) Schematic of the measurement of absorption of SWNT solution. (b) 

Absorption spectrum of CoMoCAT SWNT dispersion in water. 

 

Figure 1- 13 (a) Schematic of the measurement of absorption of as-synthesized SWNT on 

quartz. (b) Absorption spectrum of as-synthesized SWNTs by ACCVD method. 
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1.2.4 Optical and Electrical Properties of SWNT Assemblies 

This part discusses the application of carbon nanotubes as a transparent 

conductive film. The current most popular material for transparent conductive film is 

indium tin oxide (ITO), which has rare earth metal indium. The SWNTs are expected 

to be one of the most promising materials to replace ITO serving as the 

next-generation transparent conductive film, owing to the ballistic transport of 

individual SWNTs. The sheet resistance of the SWNT films can be measured by a 

four-point probe method as shown in Figure 1- 14. The contact resistance between the 

probe and the materials as well as the spreading resistance can be eliminated by 

applying voltage at the central two probes and measuring the current at the outer two 

probes.  

 

 

Figure 1- 14 Four-point probe measurement. (a) Resistance at the contact between the probe 

and material. (b) Schematic of four-point probe setup. (c) Schematic of van de Pauw 

four-point measurement for random-shaped thin film. 
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The van de Pauw method as shown in Figure 1- 14 (c) is for a random-shaped 

film, which requires twice measurement: applying voltage at probe 1 and 2, and 

measuring the current at probe 3 and 4; applying voltage at probe 1 and 3, and 

measuring the current at probe 2 and 4. The sheet resistance is an averaged value 

between the twice measurement with a correction factor. The correction factor is 

dependent on the difference between the twice measurement. 

 
Figure 1- 15 Transmittance spectra of vertically aligned SWNT (VA-SWNT) films with 

different thicknesses. 

 

The transmittance of SWNTs can be measured by the same equipment as in 

UV-vis-NIR spectroscopy. Typical transmittance spectra are shown in Figure 1- 15. 

Usually the transparency of the SWNT films is defined at the transmittance at the 

wavelength of 550 nm, and denoted as T550 afterwards. In this thesis, a new 

transparency for the application of solar cell is defined as TAM1.5G, which is the 

spatial-average transparency over the AM1.5G. In the following chapters, the 

difference between the T550 and TAM1.5G would be very clear, especially when the 

doping of SWNTs is involved.  

500 1000 1500 2000 2500 3000
20

40

60

80

100

T
ra

ns
m

itt
an

ce
 (

%
)

Wavelength (nm)

E11
E22

M

5 um VA−SWNT

3 um VA−SWNT





 

23 
 

 

Chapter	2	

	

	

	

Motivation,	Challenges	and	Organization	
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2.1 What Does SWNT Have to Do with Solar Cells 

The research topic of the highest scientific importance for solar cell scientists is 

how to break the Shockley – Queisser limit [10]. The Shockley – Queisser limit is 

derived from the second law of thermodynamics using the temperature of the sun and 

temperature of solar cells, based on two assumptions. These two assumptions are (1) 

Photons with energy larger than the band gap could be absorbed, and (2) One photon 

could generate one exciton, both of which are not applicable for SWNTs naturally. 

Owing to the quantum confinement, the electronic density of states of SWNTs is 

composed of van Hove singularities. Therefore, the photons with energy larger than 

the energy transition of SWNTs cannot be absorbed. Moreover, the multiple exciton 

generation phenomenon has been experimentally observed and theoretically explained. 

Therefore, the second assumption cannot be applied to SWNTs. The breakdown of 
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Shockley – Queisser limit for SWNTs makes it possible for high-performance 

SWNT-based solar cells beyond the Shockley – Queisser limit.  

The quantum structure of SWNTs also provides other appealing properties for the 

applications of solar cells. SWNTs have tunable band gap ranging from 2 eV to 0.5 

eV, which makes it possible for the applications of tandem cells. A typical tandem 

cell is shown in Figure 2- 1, composed of GaInP with band gap of 1.8 eV, GaInAs 

with the band gap of 1.4 eV and Ge with band gap of 0.7 eV. The three layers absorb 

different spectrum of solar irradiance, which makes the efficiency of solar cell higher 

than 50% [11]. Figure 2- 2 shows a possible structure of the SWNT tandem cell. Each 

layer of SWNTs could absorb a certain spectrum to maximize the total efficiency. 

 

Figure 2- 1 Schematic of tandom solar cell 

 

Moreover, high electron mobility of SWNTs would facilitate the charge transport 

inside the solar cell. Last but not the least, SWNT is one of the strongest materials in 

the world. Many flexible devices has been fabricated and reported based on SWNTs. 
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It can be expected to fabricate flexible solar cells using SWNTs. The 

above-mentioned advantages make the SWNT one of the most promising materials 

for solar cells applications.  

 

Figure 2- 2 The ultimate architecture of tandem SWNT solar cells. 

2.2 Challenges of Applying Carbon Nanotubes in Solar Cells 

With all the advantages discussed in Chapter 1, the highest efficiency of solar 

cells using the band gaps of SWNTs has been reported as 1%. The three main 

challenges have hindering the full exploitation of SWNTs for the solar cell 

applications: (1) The SWNTs synthesized on substrates or by floating catalysts have 

too large diameter. The reduction of the diameter of SWNTs from 2 nm to 1 nm 

would lead to the increase of the band gap from 0.5 eV to 1.2 eV which is possible for 

the applications of solar cells. However, this has not been achieved so far. This is the 

challenge at the nanoscale. (2) The one-dimensional SWNTs do not grow into a 

three-dimensional bulk like conventional semiconductors. The gap between the 

properties of SWNT assemblies and the individual SWNTs is the challenge at the 
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microscale. (3) Before the first two challenges are solved, the technique of amounting 

SWNTs to photovoltaic devices needs further investigation and understanding, which 

could be categorized into the challenge at the macroscale. This doctoral thesis aims at 

controlling the structures and properties of single-walled carbon nanotube (SWNTs) 

at the macroscale, microscale and nanoscale levels for the applications of 

high-performance solar cells. 

As a mechanical engineer, I am motivated at answering the challenges of SWNTs 

for the application of solar cells systematically in all three levels and bridging the 

amazing nanomaterial to the real world applications. 

 

2.3 Organization of the Thesis 

The organization of research in the Thesis is based on the three challenges 

described in Chapter 2.2. The research in Chapter 3 is for answering the macroscale 

challenge. The discussion of the solar cell application is on the device level and 

focuses on the real-world applications. The performance of the solar cell is further 

improved in Chapter 4 by the micro-honeycomb network of SWNTs induced from 

breath figure of water vapor. In Chapter 5, the research goes deeper to the nanoscale 

level. The diameter of the SWNTs is tuned from 2 nm to 0.8 nm, which is a great stop 

towards the direct application of SWNT to solar cells. Finally, the thesis is 

summarized by the contributions to the whole research community.  
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Heterojunction	Solar	Cells	

 

 

 

 

 

 

 

 

3.1 Research Background and Literature Review 

Single-walled carbon nanotubes (SWNTs) possess excellent optical [12], 

electrical [13], mechanical and thermal properties [14] as well as chemical stability. 

Specifically, for the light harvesting application, SWNTs have the superiorities in 

terms of the wide spectrum of absorption ranging from near-infrared to visible 

wavelength, high electrical conductivity at high transparency [15-17] as well as the 

multiple exciton generation [18, 19]. Combined with earth abundance and chemical 

stability, the SWNT is supposed to be a very promising candidate for next-generation 

solar cell applications [20, 21]. 
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Recently, the SWNT/Si solar cells are drawing emerging attentions owing to their 

simple and efficient structure [22-32]. The power conversion efficiencies (PCEs) of 

SWNT/Si solar cells have been improved an order of magnitude during last five years. 

However, the so-far-reported peak PCEs of the SWNT/Si solar cells were all suffered 

from degradation, which is hindering their further applications. The SWNT/Si solar 

cells could lose almost 50% PCE after hours in air, and even with protection, the PCE 

still degraded by 20%. This could be attributed to that the peak PCEs were boosted by 

nitric acid or gold salt doping or ionic liquid which were very instable. Another issue 

remained controversial is the working mechanism of the SWNT/Si solar cells. Initially, 

the SWNT/Si solar cell was proposed as a p-n heterojunction by Jia et al. [23] Based 

on this hypothesis, (6,5) enriched SWNTs were used to further increase the built-in 

potential [33]. However, the incident photon conversion efficiency (IPCE) spectrum 

showed no obvious relationship between the SWNT absorption and the solar cell 

external quantum efficiency. In addition, the efficiency of graphene/Si solar cell [34, 

35] became comparable with that of the SWNT/Si solar cell. The SWNT/Si solar cells 

were considered as a Schottky-barrier junction. One characteristic that could 

distinguish the p-n junction and the Schottky-barrier junction is the effect of the 

interfacial oxide layer. For a conventional Schottky-barrier junction, inserting an 

interfacial oxide layer between the metal electrode and semiconductor would 

eliminate the pinning of Fermi level and thus improve the PCE, while the opposite 

case applies for a p-n junction. Until now, both significant improvement [36] and 

degradation [27] of the PCEs were obtained after the removal of the interfacial oxide 

layer. These controversial results call with high necessity for more solid experimental 

proof for the further understanding of the SWNT/Si solar cells. 
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3.2 Materials and Methods 

3.2.1 Synthesis of SWNT Films 

The randomly oriented SWNT films with high purity and long nanotube bundle 

length were synthesized by the aerosol CVD method [15, 16]. The floating catalyst 

aerosol CVD was carried out in a scaled-up reaction tube with the diameter of 150 

mm. Ferrocene vapor was thermally decomposed in the gas phase in the aerosol CVD 

reactor at the temperature of 880 ˚C. The CO gas was supplied at 4 L/min and 

decomposed on the iron nanoparticles, which resulted in the growth of SWNTs. The 

floating catalysts have three dimensional freedom which leads to the long bundle 

length. The as-synthesized SWNTs were collected by passing the flow through 

microporous filters at the downstream of the reactor. The transparency of the SWNT 

films was controlled by changing the collection time. The collected SWNT films can 

be transferred to arbitrary substrates through the dry transfer method, a sonication- 

and surfactant-free process that could retain the excellent properties of SWNTs. 

 

3.2.2 Fabrication of SWNT/Si Solar Cells 

The as-synthesized SWNT films collected on the filter were subsequently 

dry-transferred to fused quartz substrates and densified by drop-casting approximately 

20 μL of ethanol and drying in the ambient environment. From the optical image 

shown in Figure 3- 1 (a), it can be observed that the SWNT film is highly transparent 

and uniform. The SEM (Hitachi S-4800) images of the corresponding SWNT films at 

low and high magnifications are shown in Figure 3- 1 (b). The SWNT films are well 

percolated with predominately Y-junction inter-tube contact, which would facilitate 

the carrier transport between SWNTs [37]. Different from the films prepared by 
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filtration method, the SWNTs used in this study has very long bundle length averaged 

9.4 μm. The Raman spectra were measured on a thicker SWNT film to obtain stronger 

signals. As shown by the Raman spectra (Renishaw inVia) in Figure 3- 1 (c), the 

SWNT films have very high crystallinity with the G/D ratio over 30. The radial 

breathing modes (RBMs) of the Raman spectra under the excitation laser wavelength 

of 488, 532, 633 and 785 nm are also shown in Figure 3- 1 (c). The peak RBM 

intensity positions locate at ca. 120 cm-1 to 130 cm-1 for all the laser excitation, thus 

the mean diameter of the SWNTs is estimated as 2.0 nm ~ 2.1 nm. The mean diameter 

is further confirmed by the E11 position (~2400 nm) from the transmittance spectrum 

in Figure 3- 1 (d).  

Because no surfactant was used nor sonication process was involved during the 

film preparation, the high crystallinity, good inter-tube contact and very long bundle 

length of the SWNTs are well retained. This leads to the high optical transparency and 

electrical conductivity of the SWNT films as well as the good contact with other 

materials simultaneously. The sheet resistance (Agilent 4156C; Kyowa-Riken K89PS) 

and the transmittance (Shimadzu UV-3150) measured at the wavelength of 550 nm 

(550 nm is the wavelength that has the highest spectral irradiance over the AM1.5G 

spectrum shown in Figure 3- 1 (d)) for all the pristine SWNT films are listed in Table 

3-1. The TCF samples with the transmittance of around 70%, 80% and 90% are 

labeled as TCF70, TCF80 and TCF90, respectively. The sheet resistance was 

measured by a four-point probe method, and calculated by averaging the values 

measured from -0.5 V to 0.5 V with a measurement step of 5 mV. Table 3-1 shows 

that, among the randomly oriented pristine SWNT films reported so far [13, 17, 38], 

the SWNT films used in this study possess the best transparency and conductivity 

with very high SWNT crystallinity. 
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Figure 3- 1 (a) An SWNT film on the fused quartz substrate after the dry-transfer process. 

(b) The SEM images at the low and high magnifications of the SWNT film from (a). (c) 

Raman spectra of the SWNT film under the laser excitation with the wavelength of 488 nm, 

532 nm, 633 nm and 785 nm. (d) Transmission spectra of the TCF70, TCF80 and TCF90 

SWNT films over the wavelength range of 200 nm to 3200 nm, with AM1.5G irradiance 

spectrum. 

 

Each SWNT/Si solar cell was fabricated by transferring the SWNT film onto a 

designed substrate, which was composed of a 3 mm × 3 mm n-type Si contact 

window and surrounding electrodes. The n-type Si (SUMCO Inc.) has the series 

resistance of 10 ± 2.5 Ω/cm with the dopants concentration of ~1015 m-3. The 

fabrication process of the Si substrate for the SWNT/Si solar cell is given in Figure 3- 

2 (a). Before the metal deposition, the n-type Si substrate was consequentially treated 

with RCA1 (H2O : NH4OH : H2O2 = 5 : 1 : 1), 5 M NaOH and RCA2 (H2O : HCl : 

H2O2 = 5 : 1 : 1) solution for 10 min, 40 min and 5 s, respectively, for the removal of 

organics, oxide layer and impurity metals. After the cleaning treatment, a very thin 
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oxide layer was formed with the thickness of 6 Å ~7 Å, according to the Si 2p 

spectrum measured by the X-ray photoelectron spectroscopy (XPS, PHI 5000 

VersaProbe). The 3 mm × 3 mm physical masks were patterned on the top surface of 

the Si substrate before the metal deposition. A 200-nm-thick SiO2 insulator layer and a 

50-nm-thick Pt electrode were subsequently RF-sputtered (ULVAC-RIKO, Inc.) on 

the top surface of the Si substrate. Ti with the thickness of 10 nm was selected as the 

back electrode for the lineup of the band structure. The SWNT films were transferred 

using a dry-transfer method onto the top surface of Si substrate after the removal of 

the physical masks. The schematic of the fabricated SWNT/Si solar cell with 

dimensional parameters is shown in Figure 3- 2 (b). Part of the SWNT film with the 

width of 300 nm was suspended between the Pt electrode and the Si substrate, as 

shown in Figure 3- 2 (c), owing to the stair formed by the SiO2 insulator and the Pt 

electrode layers. The size of the suspended region can be ignored in comparison with 

that of the SWNT/Si contact window. 

 

Figure 3- 2 (a) Fabrication process of the n-type Si substrate for the SWNT/Si solar cell. (b) 

Schematic of the SWNT/Si solar cell with dimensional parameters. (c) Magnified SEM 

image of contact window edge of the SWNT/Si solar cell. A region of the SWNT film with the 

width of 300 nm was suspended between the Si substrate and the Pt electrode. 
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Table 3- 1 Optical transmittance (at the wavelength of 550 nm) and sheet resistance 

(averaged values) of TCF70, TCF80 and TCF90 samples. 

SWNT films Transmittance (%) Sheet Resistance (Ω/sq.) 

TCF70 70.0 85 

TCF80 81.5 134 

TCF90 88.8 417 

 

3.3 Air-Stable SWNT/Si Solar Cells with Record-High Efficiency 

3.3.1 Current Density-Voltage Characteristics 

The current density-voltage (J-V) characteristics of the SWNT/Si solar cells using 

the TCF70, TCF80 and TCF90 films were measured under AM1.5G 100 mW/cm2 

illumination (PEC-L01, Peccell Technologies, Inc.) as shown in Figure 3- 3 (a). The 

obtained peak PCE values for the solar cells with the TCF70, TCF80 and TCF90 

SWNT films are 9.2%, 10.8% and 10.1%, respectively. The PCE of the solar cell 

using the TCF80 film is the highest among the pristine SWNT/Si solar cells reported 

so far, and is comparable to the SWNT/Si solar cells doped with nitric acid and/or 

gold salt in the previous literatures [25, 27, 33, 39, 40]. The superiority of PCE over 

the previous reports is attributed to the well-retained high crystallinity, long tube 

length of the SWNTs as well as the sound inter-SWNT and SWNT-Si contact. The 

open-circuit photovoltage (Voc), short-circuit photocurrent (Jsc), fill factor (FF) and 

PCE values of the fabricated solar cells are listed in Table 3-2. The Jsc values of the 

solar cell samples with the TCF70, TCF80 and TCF90 films were 25.7, 29.7 and 30.9 

mA/cm2, respectively. Theoretically, higher transmittance would allow more solar 

irradiation on the SWNT/Si interface, hence the higher photocurrent. However, the 

photocurrents of the fabricated solar cells do not vary linearly with the transparency 

of the SWNT films. This could be attributed to the less contribution from the SWNTs 

part, owing to the decreased light absorbance of SWNTs. In addition, the energy loss 
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from the light reflection of the mirror-like Si surface becomes notable and increases 

with the the increase of the transparency of the SWNT film.  

 

Figure 3- 3 (a) Representative J-V characteristics of the SWNT/Si solar cells with the TCF70, 

TCF80 and TCF90 films under 100 mW/cm2 AM1.5G illumination. (b) J-V characteristics 

of the SWNT/Si solar cells under the dark condition. (c) Reproducibility of J-V 

characteristics of four solar cell samples with the TCF80 films fabricated in the same batch. 
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The J-V characteristics of the SWNT/Si solar cells under the dark condition are 

shown in Figure 3- 3 (b). The rectification ratio of 1 V to -1 V is more than ~2103, 

which demonstrates the excellent diode behavior of the SWNT/Si junction. As shown 

in the inset of Figure 3- 3 (b), the ideality factors are calculated as the slopes of the 

J-V curves in the logarithm scale ranging from 0.4 V to 0.6V, which are 1.7, 2.1 and 

2.2 of the solar cells using the TCF70, TCF80 and TCF90 films, respectively. 

Moreover, in order to test the reproducibility of the fabricated solar cell, four solar 

cell samples using the TCF80 films, i.e., TCF80-A, TCF80-B, TCF80-C and 

TCF80-D, were compared in Figure 3- 3 (c). The uncertainties of the Voc, Jsc, FF and 

PCE are within 2.5 mV, 0.2 mA/cm2, 0.005 and 0.15%, respectively, demonstrating 

the high reproducibility of the solar cell performance. The four above-mentioned solar 

cell samples used for the comparison are from the same batch. The experimental 

fluctuations among different batches of fabrication are discussed in Chapter 3.3.3. The 

high reproducibility of the fabricated SWNT/Si solar cells makes it possible for 

practical applications. 

 

3.3.2 Characterization of Stability in the Ambient Environment 

Besides the PCE value, the stability is an important issue for evaluating an 

emerging solar cell. In this research, we rendered the outstanding chemical stability of 

the pristine SWNTs to realize a steady and highly efficient solar cell output without 

any external protection. As shown in Figure 3- 4 (a), the J-V characteristics 

underwent almost no change in the ten-month duration in the ambient. Actually, the 

Voc values were increased by 13 mV to 550 mV as shown in Figure 3- 4 (b). This can 

be attributed to the oxygen modification to the SWNT films, which would p-dope 

SWNTs and shift the Fermi level downwards. This would further enlarge the built-in 

voltage, leading to the increase of Voc. The charge transfer of the SWNTs and Fermi 
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level change was confirmed by the weakening of the RBM and the blue shift of G 

band in the Raman spectra Figure 3- 5 (a) and (b), respectively. In previous literatures, 

the Voc value of 550 mV could only be achieved by strong and versatile oxidizing 

agent, e.g. nitric acid, hydrogen peroxide, etc., the doping effect of which last for only 

few hours. In our study, the mild and stable doping effect from the ambient 

environment to SWNT films is very suitable for practical applications. This is the 

only stable over-10%-PCE SWNT/Si solar cell reported so far. The high-quality 

pristine SWNTs used in the present study are inherently much more stable than 

sealing techniques such as PDMS coating. Moreover, applying the TiO2 antireflection 

layer could harvest up to 30% solar energy which was reflected by the mirror-like Si 

surface [34, 35]. It is worth mentioning that no external techniques have been 

employed so far. We believe that a stable and even higher peak PCE would be 

achieved by utilizing TiO2 coating technique to the current SWNT/Si solar cells. 

 

Figure 3- 4 (a)  J-V characteristics of the SWNT/Si solar cell using TCF90 film measured 

immediately as well as after 1, 6 and 10 months exposed in the ambient condition. (b) The 

changes of PCE and Voc values of the SWNT/Si solar cell using TCF90 film during 

10-month ambient exposure. 

 

Resonance Raman spectra were measured to characterize and compare the 

as-synthesized SWNTs and the SWNTs exposed in air for six months. The spectra 

were measured with a 488 nm excitation laser incident normal to the substrate. The 
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as-synthesized SWNTs have a very high crystallinity with the G/D ratio over 30. 

After the six-month exposure in air, the intensity of G band of the initial SWNTs was 

weakened and the peak position of G band was blue-shifted by 2.1 cm-1 from 1590.9 

cm-1 to 1593.0 cm-1, as shown in the inset of Figure 3- 5 (b). This may be attributed to 

the charge transfer induced by the oxygen exposure during the six months. 

 

Figure 3- 5 Resonance Raman spectra of the as-synthesized SWNTs and the SWNTs exposed 

in air for six months: (a) RBM and (b) G band and D band. The inset of (b) shows the 

normalized G band. All spectra were measured with a 488 nm excitation laser incident 

normal to the substrate. 

 

3.3.3 Performance Fluctuation of the Solar Cells Fabricated in Different Batches 

In the experiments, the experimental uncertainties and fluctuations are inevitable. 

Figure 3- 6 shows more than two hundred J-V curves of the fabricated SWNT/Si solar 

cells. The stable fabrication process and the uniformity of the SWNT film limit the 

experimental fluctuations in a very low level. The occurrence probability of the 

low-quality SWNT/Si solar cells is very small (lower than 10%). Such a high 

reproducibility is very beneficial for the practical applications of the SWNT/Si solar 

cells.  
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Figure 3- 6 More than two hundred J-V curves of the SWNT/Si solar cell samples fabricated 

in different batches. 

 

3.4 Mechanism Discussion of High-Efficiency SWNT/Si 

Solar Cells 

3.4.1 Impact of Light Intensity: Experiment and Modeling 

In practical applications, the light intensity varies by many factors and is usually 

lower than 100 mW/cm2 used in the standard solar test. The decrease of the light 

intensity would result in the decreases of Jsc and Voc. The Jsc varies proportionally to 

the light intensity and thus will not actually affect the PCE. However, the degradation 

of Voc resulted from the decrease of the light intensity will reduce the PCE. Therefore, 

the Voc of the solar cell under the light intensity of lower than 100 mW/cm2 is another 

important parameter characterizing the quality of the solar cell. In this research, the 

dependency of the Voc of the SWNT/Si solar cells using the TCF90 films on the light 

intensities was examined. As shown in Figure 3- 7 (a), the Voc experienced only a 
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10% drop from 540 to 460 mV (measurement uncertainty was 2.5 mV) when the light 

intensity decreased from 100 to 10 mW/cm2. Figure 3- 7 (b) shows the J-V 

characteristics of the SWNT/Si solar cell using the TCF90 film measured under the 

illuminations of 100, 78, 50 and 20 mW/cm2. The PCE value of the solar cell only 

decreased slightly with the decrease of the light intensity, making it suitable for the 

applications under low light intensities. 

The curve fitting to the experimental J-V characteristics of the solar cells is an 

insightful method for the in-depth investigation of the solar cell performance. In this 

research, the equivalent circuit shown in the inset of Figure 3- 7 (a) was used to 

model the J-V characteristics of the SWNT/Si solar cells. The corresponding p-n 

diode equation is expressed as 

 
SH

SS
sc R

IRV

nkT

IRVq
III






 
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       (3-1) 

where n is the ideality factor, I0 is the dark saturation current which is discussed in 

Supporting Information S4, kT/q is the thermal voltage, Isc is the short-circuit current, 

RS is the series resistance and RSH is the shunt resistance. When the current I in the 

Equation (1) equals zero, the Voc can be obtained as 
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when RSH is comparable to the Voc/Isc, an additional loss of the Voc would be induced 

under low light intensity. If the RSH in the Equation (2) is sufficiently large, the ideal 

Voc model can be approximated as 
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As shown in Figure 3- 7 (a), the experimental dependency of Voc on the light 
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intensities can be well fitted by the ideal Voc model, which demonstrates that the RSH 

of the solar cell is large enough for the light intensities ranging from 100 to 10 

mW/cm2. Therefore, the SWNT/Si solar cells in this study have sound operation 

applicability under low light intensities. 

Through the curve fitting of the J-V characteristics of the SWNT/Si solar cells 

measured under dark current, the dark saturation current I0 could be obtained. For an 

actual p-n diode solar cell, the model of the J-V characteristics under dark condition is 

given as 









 10

nkT

qV

eII         (3-4) 

where kT/q is the thermal voltage which is a constant with the value of 25.85 mV at 

room temperature; n is the ideality factor; and I0 is the dark saturation current. In this 

research, this p-n diode equation was utilized to calculate I0. The obtained I0 for the 

SWNT-Si solar cells using the TCF70, TCF80 and TCF90 films are calculated as 

6.3510-10 A, 1.4410-10 A and 8.4710-10 A, respectively.  

To further investigate the effects of RS and RSH, the equivalent circuit model was 

also used to fit the J-V curves of the fabricated SWNT/Si solar cells measured under 

different light intensities, aiming at extracting the RS and RSH. As shown in Figure 3- 7 

(b), the J-V curves of the SWNT/Si solar cell using the TCF90 film under different 

light intensities were all well fitted by the p-n diode solar cell model of Equation (3-1). 

The obtained RS and RSH of the solar cell using the TCF90 film were calculated as 

33.8 Ω and more than 20 kΩ, respectively. The curve fitting results of the J-V 

characteristics of the SWNT/Si solar cells with the TCF70 and TCF80 films are also 

shown in Figure 3- 7 (c). The calculated RS for the SWNT/Si solar cells using the 

TCF70 and TCF80 films have the same value of 27.5 Ω. The obtained RSH for these 

two solar cell samples were also more than 20 kΩ. The obtained RS, RSH and I0 for the 
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SWNT/Si solar cells using the TCF70, TCF80 and TCF90 films are listed in Table 

3-2. 

 

Figure 3- 7 (a) The dependency of open-circuit voltage on light intensity. The line is the 

modeling result of this dependency. The inset is the equivalent circuit of the SWNT/Si solar 

cells. (b) J-V characteristics of the SWNT/Si solar cells under different light intensities. The 

symbols denote the experimental results, while the lines represent the modeling results by 

the p-n diode equation. (c) The curve fitting of the J-V characteristics of the SWNT/Si solar 

cells using the TCF70, TCF80 and TCF90 films. (d) Hysteresis of the forward and reverse 

scans for the OxideTCF70 and TCF70 samples which respectively have the oxide layers with 

the thicknesses of around 15 Å and 7 Å between the SWNT film and Si substrate. 

 

The RS and RSH determine the quality of a solar cell, i.e., FF, which is one of the 

three parameters characterizing solar cell performance along with Jsc and Voc. The FF 
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values for the SWNT/Si solar cells using the TCF70, TCF80 and TCF90 films were 

68%, 68% and 61%, respectively. As discussed above, the effect of RSH on the 

performance of the solar cells is ignorable. The RS is composed of four factors, i.e., 

the SWNT film-electrode contact, the sheet resistance of the SWNT film, the 

resistance of Si substrate and the resistance of electrode. Except for the sheet 

resistance of the SWNT film, the three factors are inherent and can be considered the 

same in one fabrication batch. As the TCF90 has the highest sheet resistance among 

all the films, the solar cell using the TCF90 film has lower FF. However, the 

SWNT/Si solar cells with the TCF70 and TCF80 films have the same RS and FF, 

although the sheet resistance of the TCF70 film is lower than that of the TCF80 film. 

This suggests that when the sheet resistance of the SWNT film is as low as 100 Ω/sq., 

the inherent resistance of the solar cell architecture becomes dominant. The FFs of all 

the solar cell samples using the randomly oriented films in this study were limited to 

68%. Previously, we have reported a record-high FF up to 72% using a 

microhoneycomb-networked SWNTs [41], in which the micro-grids made of dense 

SWNT walls significantly reduced the carrier diffusion length from millimeter-scale 

to micrometer-scale. It is expected that applying a special-designed three-dimensional 

structure to the SWNT films could further increase the FF values. 

3.4.2 Impact of Interfacial Oxide Layer 

We further investigate the effect of interfacial oxide layer on the performance of 

the SWNT/Si solar cells. The possible mechanisms for the SWNT-Si solar cell are 

shown in Figure 3- 8 (a) and (b). For the Schottky-barrier Si solar cells, it has been 

well studied that inserting an oxide layer with the thickness of 13 ~ 20 Å between the 

metal and semiconductor would improve the solar cell performance by eliminating the 

pinning of the Fermi level [42, 43]. This theory was used to partially explain the 

substantial increase of peak PCE by adding nitric acid or other strong oxidants to the 

SWNT/Si solar cells which were then considered as Schottky-barrier solar cells. In 
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this study, we designed an experiment to verify this hypothesis. The TCF70 SWNT 

films were used for fabricating two kinds of SWNT/Si solar cell with different 

interfacial oxide layer thicknesses, as the TCF70 SWNT film possesses the highest 

electrical conductivity among all the TCF films used in this research, which could 

best simulate the metal part in a Schottky solar cell. The two Si substrates with 

different thicknesses of oxide layers were prepared by varying the treatment time of 

RCA2 cleaning. The Si substrate treated by the RCA2 solution for 5 s was utilized for 

the fabrication of the TCF70 solar cell sample which has the above-mentioned 

performance (Figure 3- 3 (a) and (b)), while the Si substrate treated for 3 min was 

used for the OxideTCF70 solar cell sample (dashed curves in Figure 3- 7 (d)). 

According to the Si 2p XPS spectrum (Figure 3- 9), the oxide thickness of the Si 

substrate for the TCF70 solar cell sample was calculated as 6.9 Å which was 

approximately the limit of the native oxide layer grown in air [44-46]. In the case of 

the Si substrate for the OxideTCF70 solar cell sample, the 3-min RCA2 cleaning 

would leave an oxide layer with the thickness of 13 ~ 15 Å, which has been 

thoroughly investigated in the previous literatures [42, 43]. As shown in Figure 3- 7 

(d), the PCE, FF and Voc of the OxideTCF70 solar cell sample were significantly 

lower than those of the TCF70 solar cell sample. The photocurrent degradation near 

the Voc is attributed to the increase of series resistance between the SWNT film and Si 

substrate. Moreover, in the case of the OxideTCF70 solar cell, the thick oxide layer 

between the SWNT film and the Si substrate serves as a dielectric capacitor. The 

hysteresis between the forward and reverse scans of OxideTCF70 solar cell sample 

results from the charging and discharging of the dielectric layer. This experimental 

result serves as an indirect evidence of the insufficiency of the MIS mechanism for 

the SWNT/Si solar cells fabricated in this research. The SWNT/Si solar cell is 

different from the conventional metal-insulator-semiconductor (MIS) junction. 
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Figure 3- 8 Possible mechanisms for the SWNT-Si solar cell: (a) metallic SWNTs and (b) 

semiconducting SWNTs. 

X-ray photoelectron spectroscopy was employed to characterize the oxide 

thickness of the Si substrate used in the SWNT/Si solar cells. Figure 3- 9 shows the Si 

2p spectrum. The thickness of the oxide layer dox could be precisely calculated as  
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where λox is the attenuation length of the Si 2p photoelectrons in SiO2, θ is the 

photoelectron take-off angle,   is the Si 2p intensity ratio of infinitely thick SiO2 

and Si ( 
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Si
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I
I ), and 
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I

I  is the intensity ratio of the measured SiO2 layer and the 

Si substrate.S1 In this research, the photoelectron take-off angle θ is π/4, λox and β are 

well-studied constants and refered from Ref. [44]. The calculated thickness of the 

oxide layer is 6.9 Å. This oxide layer is slightly thinner than the native oxide grown in 

air. 
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Figure 3- 9 X-ray photoelectron spectrum of the Si substrate used in the SWNT/Si solar cell. 

 

 

Table 3- 2 The power conversion efficiency (PCE), fill factor (FF), short-circuit current 

(Jsc) and open-circuit voltage (Voc) of the SWNT/Si solar cells with the TCF70, TCF80 

and TCF90 films measured immediately after fabrication, and those of the solar cell 

with TCF90 film measured 10 months after fabrication, as well as the series resistance 

(RS), the shunt resistance (RSH) and dark saturation current (I0) through p-n diode 

equation modeling. 
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A 10.6 0.68 29.3 535 - - - 
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D 10.6 0.67 29.6 535 - - - 
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10.1 0.61 30.9 535 33.8 >20 847 

10 Months 10.2 0.62 30.3 549 - - - 
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3.5 Summary 

 

We have demonstrated the air-stable SWNT/Si solar cells with PCE approaching 

11% for the first time. The PCE of the solar cell slightly increases after 10-month 

ambient exposure. Compared with previously reported results, the fabricated solar 

cells show a significantly higher stability. The experimental results are well fitted by 

the p-n diode equation model and the mechanisms of the improved performance of the 

SWNT/Si solar cells are discussed accordingly. We believe that the full exploitation of 

the superior electrical, optical and chemical properties of SWNTs is very promising 

for the next generation photovoltaic devices. 
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Microstructure	 Control	 of	 SWNTs	 for	

Solar	Cell	Applications	

 

 

 

 

 

 

 

 

 

 

 

 

SWNT is one-dimensional material of which the lattices extend only along one 

axis. This characteristic exerts quantum confinement on the radial direction, making 

individual SWNTs quantum wires. Therefore, SWNTs are featured with outstanding 

electronic, optical, mechanical and thermal properties at the nanometer scale and are 

powerful building block for next-generation electronic and photonic devices. 

However, unlike the conventional semiconducting or metallic materials, such as Si, 

GaAs or etc., of which the lattices could naturally grow in three dimensions to 

macroscale monolithic, a single SWNT molecule cannot become a bulk. Therefore, 

the reasonable construction of SWNTs is necessary for device applications. 
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In fact, the properties of SWNTs degraded orders of magnitude when SWNTs 

aggregated in lumps without any structure control. For example, the individual SWNT 

is one of materials that have the highest thermal conductivity [14, 47-49] theoretically, 

however, the thermal conductivities of random-built three-dimensional CNT bulks are 

only one-thousandth of their theoretical values, which is simply calculated by the 

product of the thermal conductivity of an individual CNT with their volume fraction 

[50]. The CNTs are excellent thermal conductor at the nanoscale, however, they 

become an insulator after being randomly built into three dimensions. The same 

phenomenon applies for electrical conductivity. Moreover, for the application of 

transparent conductive films, there is always a trade-off between the transparency 

(transmittance at 550 nm wavelength, which is the strongest intensity among the solar 

irradiance) and the sheet resistance (electrical conductivity). The higher transparency 

means less SWNTs are connected together, hence the larger resistance. The most 

common morphology for the SWNT film is random-oriented network, with the 

state-of-the-art sheet resistance much higher than ITO at 90% transparency. Carefully 

designed morphology of SWNTs provides an alternative to efficiently organize the 

charge generation, separation and transport at solar-cell interfaces. 

This chapter will discuss the structure control of SWNTs at the micrometer scale. 

The microstructure control will build a bridge connecting the excellent nanoscale 

properties and practical applications. A broader background would be provided first, 

followed by the newly proposed water vapor treatment in this project. The difference 

in terms of electrical and optical properties resulted from the structure control would 

also be examined. Finally, the SWNT/Si solar cell were fabricated and characterized 

to compare their performance with randomly oriented films. 
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4.1 Research Background and Literature Review 

The research of the assembly of nanomaterial came along together with the 

advent of nanoscience and nanotechnology. Intensive investigations have been 

focused on the macroscopic architecture of the one-dimensional building block, e.g. 

nanowires, nanopillars, metal oxide nanotubes, MWNT, SWNT, etc. Self-assembly is 

a low-cost and efficient method that builds low-dimensional materials into 

three-dimensional micro/macro-architectures with various morphologies. Capillary 

forces have been used to direct the self-assembling of patterned arrays of nanowires 

[51], nanopillars [52] and multi-walled carbon nanotubes (MWNTs) [53-58] into 

hierarchical networks. As shown in Figure 4- 1, the polymeric nanobristle is 

self-assembled from patterned arrays by the evaporation induced capillary forces.  

 

Figure 4- 1 SEM image of self-assembled polymeric nanobristle by evaporating liquid. From 

Ref. [52]. Reprinted with permission from AAAS. 

 

The evaporation induced capillary force has been used to direct the 

self-organization of MWNT since 2004 [58, 59]. MWNTs are somewhat hydrophilic 

with the water contact angle of 86 ˚C which is close to graphite [60]. The surface 

tension of both water and other organic liquid, e.g., ethanol, acetone, IPA etc., during 

their evaporating process could drive the air in the void of VA-MWNTs away, wet the 

MWNTs and finally assemble MWNTs together. Assisted with lithographic patterning, 

various three-dimensional architectures could be realized as shown in Figure 4- 2. 
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Figure 4- 2 Mechanism and SEM images of self-assembled multiwalled carbon nanotubes 

induced by capillary forces. Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, 

Weinheim. 

 

Figure 4- 3 SEM image (a) and mechanism (b) of collapsing VA-SWNTs induced by 

capillary forces. Reprinted by permission from Macmillan Publishers Ltd: Nature Materials 

[57], copyright (2006) 

 

However, owing to the hydrophobicity and significantly smaller diameter of 

SWNTs, wetting vertically aligned SWNTs (VA-SWNTs) results in a high-density 

bulk with millimeter-scale cracks rather than the hierarchical honeycomb-like network 

formed by MWNT arrays, as shown in Figure 4- 3. So far, such a honeycomb structure 

of SWNTs has been achieved only by film-casting anionic shortened SWNTs–cationic 

ammonium lipid conjugates in organic solution, of which the complicated solution 

preparation induces defects and degradation of SWNTs. 
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4.2 Self-Assembly of Vertically Aligned SWNTs 

4.2.1 CVD Growth of Vertically Aligned SWNTs 

VA-SWNTs were synthesized by the standard alcohol-catalytic CVD (ACCVD) 

method with Co/Mo dip-coated on quartz or Si/SiO2 substrate [7, 61, 62]. The 

schematics of ACCVD system is shown in Figure 4- 4. The substrate loaded with 

Co/Mo bimetallic nanoparticle catalyst was placed in a quartz tube surrounded by the 

electric furnace after the dip-coating process and heated in a reduction environment 

gradually to 800 ˚C in 30 min. Then, the substrate was kept at 800 ˚C for 10 min 

before ethanol feedstock was introduced with flow rate of 450 sccm at 1.3 kPa. The 

growth process of VA-SWNTs can be monitored by in-situ laser absorption technique 

[63, 64] for quartz substrate. The growth process of VA-SWNT on quartz is given in 

Figure 4- 5 (a). The SEM image of the corresponding VA-SWNTs grown on quartz is 

shown in Figure 4- 5 (b). The thickness of the VA-SWNT obtained from the in-situ 

laser absorption technique is consistent to that from the SEM cross-section 

measurement. With the controlled growth technique, we grow SWNTs on Si/SiO2 

substrate with the length of 5 μm. Moreover, the VA-SWNT films can easily 

transferred onto any substrate by the hot-water method [65].  

By modifying the concentration of Co/Mo acetate solution and carbon stock, as 

well as substrate and CVD conditions, both the nanoscale and microscale of SWNTs 

could be controlled to a certain degree, respectively. On the nanoscale, the diameter of 

SWNTs could be tuned from 2.2 nm to 1.4 nm [66], which could change the band gap 

of semiconducting SWNTs from 0.5 to 0.8 eV. Through the addition of a certain 

amount of acetonitrile to ethanol in the carbon stock, the diameter of nanotube could 

be drastically changed from 2.1 nm to 0.7 nm, respectively [67, 68]. On the other 

hand, on the microscale, high-precision patterned growth of VA-SWNTs could be 

realized through tuning surface hydrophobicity of the substrate by the formation and 
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removal of self-assembled monolayer [69]. 

 

Figure 4- 4 Protocol of CVD growth of vertically aligned SWNTs from alcohol on substrate. 

 

 

Figure 4- 5 (a) Growth curve of the VA-SWNTs in the ACCVD process by the in-situ laser 

absorption technique. (b) SEM image of the corresponding VA-SWNTs. 
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4.2.2 Formation of Micro-Honeycomb Networked SWNT Film 

After ACCVD synthesis, the water vapor treatment includes two steps as shown 

in Figure 4- 6 (a): (1) expose the VA-SWNT array to vapor from a hot water 

reservoir, and (2) turn the substrate over and dry the array in the ambient environment. 

The uniform VA-SWNT array (Figure 4- 6 (b) and Figure 4- 7 (a) was aggregated 

into hexagonal frames (intermediate stage shown in Figure 4- 6 (b)), after the first 

water vapor treatment. By repeating this treatment the VA-SWNT array evolved into 

a μ-HN (Figure 4- 6 (e) and Figure 4- 7 (c)) after 20 to 30 iterations. The liquid-solid 

interaction induced by the condensation and subsequent evaporation of water is the 

building tool used to engineer the morphology of VA-SWNTs into a self-assembled 

μ-HN. The µ-HN is a hierarchical hexagonal-shaped three-dimensional network 

(Figure 4- 6 (c)) that consists of vertical SWNT walls and a randomly networked 

SWNT bottom (Figure 4- 7 (d)). Each wall is a cross-linked high-density SWNT 

agglomeration (Figure 4- 6 (d)) and the bottom of each honeycomb cell is a randomly 

oriented buckypaper, which results from the collapse of SWNT alignment. The 

schematic of µ-HN is shown in Figure 4- 6 (c). The most energetically favorable 

outcome is a honeycomb network because it uniformly divides the region into cells 

having minimal perimeter, i.e., allows the largest number of SWNTs to collapse. 

4.2.3 Cell Size Control of the Micro-Honeycomb Networked SWNT Film 

Varying the water reservoir temperature and vapor exposure time of water vapor 

treatment results in different morphologies. Three typical self-assembled SWNT 

structures could be obtained, µ-HN, collapsed HN and porous HN. The µ-HN is 

obtained by the exposure to vapor from an 80 ˚C reservoir for 5 s. Extending the 

exposure time from 5 s to 15 s at the same reservoir temperature would result in the 

collapse of the walls, hence larger cell sizes. When the exposure time is more than 15 
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s, nearly all the wall structures disappear and the whole film becomes a collapsed HN. 

The porous HN is obtained from 5 s vapor exposure to a water reservoir at 70 ˚C.  

The water reservoir temperature and the vapor exposure time are the two 

dominant factors determining the µ-HN formation. As the control, a 10 μL water 

droplet was dropped onto the top surface of a VA-SWNT film at room temperature. 

After evaporation of the water, the SWNTs had aggregated into a highly condensed 

bulk and generated many 100 μm-scale gaps (Figure 4- 8 (a) and (b)), which is in 

agreement with the report by Futaba et al. [57]. A similar phenomenon was observed 

for an ethanol droplet and an 80 ˚C water droplet. In the case of water vapor treatment, 

when the water reservoir temperature was increased to 50 ˚C, the length of the gaps 

decreased to ~50 μm and honeycomb cells started to form (Figure 4- 9 (a)). Further 

increase of the water reservoir temperature to 70 ˚C significantly reduced the size of 

the gaps to approximately 5 μm, and the size of honeycomb cells became more 

uniform (Figure 4- 9 (b)). A well-formed µ-HN was obtained when the water 

reservoir temperature reached 80 ˚C (Figure 4- 9 (c)). The vapor exposure time for 

the structures shown in Figures S3a, S3b and S3c was 5 s in all cases.  

The effect of vapor exposure time on the morphology was investigated using a 

constant water reservoir temperature of 80 ˚C. Extending the exposure time from 2 s 

to 5 s resulted in an increase in micro-honeycomb cell size from ~2.5 μm (Figure 4- 

10 (a)) to ~12 μm (Figure 4- 10 (b)). When the exposure time was longer than 15 s, 

the walls of the cells nearly disappeared, as most of the VA-SWNTs had collapsed as 

shown in Figure 4- 10 (c). Compared with direct immersion or direct wetting (water 

droplet) [55, 59], water vapor treatment is a more delicate, controllable method.  
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Figure 4- 6 (a) The schematic of the water vapor treatment. (b) The schematic of the 

as-synthesized uniform VA-SWNT array before water vapor treatment. (c) The schematic of 

the stable μ-HN formed after 20 ~ 30 iterations of the water vapor treatment. (d) The SEM 

image of a dense SWNT wall of an individual honeycomb cell. (e)The magnified image of the 

three-dimensional hierarchical μ-HN with dense SWNT wall and randomly oriented bottom. 
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Figure 4- 7 Water vapor treatment of the VA-SWNT array into a µ-HN. (a) Schematic of the 

water vapor treatment process. (b) As-synthesized high-quality VA-SWNT with a uniform 

top surface. (c) Intermediate stage of the µ-HN formation after the first iteration. (d) Stable 

µ-HN formed after 30 times iteration of the water vapor treatment. 

 

Figure 4- 8 100 μm-scale gaps obtained by applying a 10 μL water droplet to the surface at 

RT under (a) low magnification and (b) high magnification. 
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Figure 4- 9 (a-c) Morphologies obtained by exposure to 50 ºC, 70 ºC and 80 ºC water 

reservoirs, respectively. The vapor exposure time for each vapor treatment step is 5 s. 
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Figure 4- 10 (a-c) Morphologies obtained with vapor exposure times of 2 s, 5 s and 15 s for 

each iteration, respectively. Reservoir temperature was 80 ºC. 
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4.2.4 Breath Figure Mechanism of the Micro-Honeycomb Network  

To investigate the mechanism of the formation of the microhoneycomb structure, 

the ex-situ SEM observation is employed, as shown in Figure 4- 11. The samples 

were dried in air for 20 min after each water vapor treatment to make sure the extra 

water molecules fully removed. The evolution of the honeycomb is recorded.  

 

Figure 4- 11 Flow chart of ex-situ SEM observation of the honeycomb formation process. 

 

 

 
Figure 4- 12 ex-situ observation of the evolution of the honeycomb structure formation. The 

left-hand side is the morphology of SWNTs after the first repeat of water vapor treatment 

and the right-hand side is the morphology of the SWNTs after the second repeat of water 

vapor treatment. 
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Figure 4- 13 ex-situ observation of the evolution of the honeycomb structure formation. The 

left-hand side is the morphology of SWNTs after the four-time repeat of water vapor 

treatment and the right-hand side is the morphology of the SWNTs after the eight-time 

repeat of water vapor treatment. 

 
Figure 4- 14 The captured stochastic process of the formation of microhoneycomb structure, 

which is resulted from the capillary force of water vapor.  

 
Figure 4- 15 Magnified SEM image of the hexagonal structure of SWNTs formed by water 

vapor treatment. 
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As shown in Figure 4- 12, the frame of the honeycomb is formed after the first 

evaporation. This is very different from the MWNTs which collapsed immediately 

after any liquid condensation and evaporation. After the second iteration, some 

SWNTs within the honeycomb frames have been pushed down to the substrate 

randomly, as shown in Figure 4- 13. As the SWNTs synthesized in this research has 

very high quality and thus high hydrophobicity, the condensation of the water 

molecules on the surface of VA-SWNTs would result in a breath figure pattern. The 

breath figure pattern was first discovered by Lord Rayleigh [70], which is originated 

from the pattern formed when humans breath on the cold surface. Until now the 

breath figure is still very complicated and interesting subject investigated by physicist 

[71-73] and chemist [74-76]. In the perspective of physics, the evolution and stability 

of droplet condensation is critical to enhance the heat transfer efficiency, while in the 

perspective of chemistry, breath figure could be used to direct the formation of 

honeycomb structure of polymers which can be used in different applications. In this 

research, the water vapor condensates on SWNTs surface, which is composed of large 

amount of flexible, hydrophobic one-dimensional nanomaterials. 

Further repeat of this water vapor treatment would result in more SWNTs pushed 

to the substrate. Essentially, as far as the 5 m thick VA-SWNT is considered, after 

eight times repeat of water vapor treatment, most of the SWNTs inside the 

honeycomb cell have been pushed down to the substrate by the breath figure. 

However, this process is random. Part of the SWNTs happen to be caught under the 

SEM that the four cells were pushed down after different times of water vapor 

treatment, as shown in Figure 4- 14. The magnified complete honeycomb structure is 

given in Figure 4- 15. 
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4.3 Spectroscopy Characterization of Micro-Honeycomb Networked 

SWNT Film 

4.3.1 Raman Spectroscopy of the Micro-Honeycomb Networked SWNT Film 

Raman spectra were measured to characterize and compare the SWNT 

assemblies before and after water vapor treatment. Spectrum 1 in Figure 4- 16 

corresponds to as-synthesized VA-SWNTs, whereas spectra 2 and 3 were obtained 

from the highly condensed walls and buckypaper bottom, respectively. Spectrum 1 

shows that the D-band is negligible for the as-synthesized VA-SWNTs, indicating the 

high quality and high purity of as-synthesized VA-SWNTs. Furthermore, the relative 

D-band intensity was nearly unchanged after water vapor treatment. This illustrates 

that the water vapor treatment did not induce defects in SWNTs. In the radial 

breathing mode (RBM) region (the inset of Figure 4- 16), spectrum 1 has the 

characteristic of free-standing SWNTs, with strong peaks appearing at 160 and 181 

cm-1. The two characteristic peaks became much weaker after the water vapor 

treatment (spectra 2 and 3), owing to the bundling of SWNTs. The reduction in peak 

intensity was more pronounced in the bottom of the honeycomb cell.  

The micro-honeycomb film after nitric acid doping process was also 

characterized by Raman spectroscopy. The 40 μL diluted nitric acid droplet with 10 

M concentration was placed on the surface of the micro-honeycomb SWNT film. 

Raman spectra in Figure 4- 17 show a 21 cm-1 upshift in both the G band and the G΄ 

band as well as a significant increase in D band intensity. The Raman spectra further 

prove that the SWNTs samples are heavily p-doped [77]. 
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Figure 4- 16 Resonance Raman spectra of SWNTs before and after water vapor treatment: 

spectrum 1 corresponds to as-synthesized VA-SWNTs. Spectra 2 and 3 correspond to the 

wall and bottom of the micro-honeycomb structure, respectively. All spectra were measured 

with a 488 nm excitation laser incident normal to the substrate. 

 

 

 

Figure 4- 17 Raman spectra of pristine and nitric acid treated samples. Spectra of the 

treated samples were measured immediately after the samples were completely dried. 
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4.3.2 UV-vis-NIR Spectroscopy of the Micro-Honeycomb Networked SWNT Film 

The UV-vis-NIR spectra of the microhoneycomb networked SWNTs before and 

after acid doping are shown in Figure 4- 18 (a). In addition to the charge transfer and 

the suppressed E11 and E22, a clear attenuation in the spectra is located at around 1000 

nm wavelength, which is not correspond to the van Hove singularities. This 

phenomenon cannot be observed from the spectra of the randomly oriented SWNT 

films shown in Figure 4- 18 (b). 

The acid doping effect on the VA-SWNTs was investigated to track the origin of 

the absorption attenuation near 1000 nm. It was found out that attenuation peak was 

red-shifted with increased doping times (Figure 4- 19). The similar but not as 

pronounced red-shift and attenuation has been reported in [78], as shown in Figure 4- 

20. The attenuation peak may be attributed to the structure related features. 

 

Figure 4- 18 (a) UV-vis-NIR absorption spectra of pristine and nitric acid doped SWNTs 

with micro-honeycomb networked structure. (b) UV-vis-NIR absorption spectra of pristine 

and nitric acid doped random-oriented SWNTs. 
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Figure 4- 19 UV-vis-NIR absorption spectra of pristine VASWNT and its change after 

different times of nitric acid treatment. The absorption spectrum of VASWNT is restored 

after DI water and IPA rinse followed by Ar anneal. 

 

 

 

Figure 4- 20 Absorption spectra measured at different gate voltage for (a) metallic SWNTs 

and (b) semiconducting SWNTs. © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, 

Weinheim 
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4.4 Micro-Honeycomb Networked SWNT Film for Solar Cells 

4.4.1 Performance Characterization of Pristine SWNT/Si Solar Cells 

The fabrication process of the Si substrate has been introduced in Chapter 3.2.2. 

After preparation of the Si substrate, the SWNT film was transferred onto the top 

surface of the Si substrate after the removal of the 3 mm × 3 mm physical masks 

through a hot water thermocapillary method (Figure 4- 21). The photos of the 

fabricated solar cells are shown in Figure 4- 22. Four kinds of SWNT films, i.e., the 

micro-honeycomb network (µ-HN, Figure Figure 4- 23b), the collapsed honeycomb 

network (collapsed HN, Figure 4- 23c), the porous honeycomb network (porous HN, 

Figure 4- 23d) are employed for fabricating SWNT-Si solar cells. The SWNT-Si diode 

was formed after the transfer. 

The self-assembled SWNT films can be transferred onto arbitrary substrates by 

the hot-water thermocapillary method [65]. The SWNT-Si junction was formed after 

transferring the self-assembled SWNT film onto an n-type Si wafer (doping level 

~1015 cm-3) which has a 3 mm × 3 mm bare Si contact window in the center (Figure 4- 

23 a). The current density–voltage (J-V) characteristics of the SWNT-Si solar cells 

fabricated with µ-HN, collapsed HN and porous HN were obtained under 100 

mA/cm2 AM 1.5G illumination (Newport Co.) and dark conditions, as shown in Figure 

4- 23e. The Jsc, Voc and FF are listed in Table 4-1. The pristine µ-HN SWNT-Si solar 

cell exhibited the highest, stable FF of 72%, with an ideality factor of 1.71 over the 

300 to 500 mV range (obtained from the slope of the quasi-linear part of the 

logarithmic scale J-V curve under dark condition). To our knowledge, this ideality 

factor is the lowest reported thus far (i.e., closest to an ideal device). The PCE value 

of 5.91% was obtained immediately after the fabrication, and it gradually increased to 

6.04% after three weeks in ambient conditions (Figure 4- 23e).  
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Figure 4- 21 Transfer process of the self-assembled SWNT films onto the Si substrate for the 

fabrication of SWNT-Si solar cells and schematic of the fabricated solar cell. 

 

 

Figure 4- 22 Photos of fabricated SWNT-Si solar cells. The left one has microhoneycomb 

networked SWNT film on top and the right one has random-oriented SWNT film on top. 
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Figure 4- 23 (a) Schematic of SWNT-Si solar cell. (b-d) Three selected assemblies for the 

fabrication of solar cells and the photovoltaic performance of the fabricated solar cells. (b) 

µ-HN. (c) Collapsed HN. (d) Porous HN. (e) J-V characteristics of SWNT-Si solar cells with 

µ-HN, collapsed HN and porous HN measured under AM1.5G 100mW/cm2. The dashed line 

and solid line denote the J-V curve of the solar cells within three hours (immediate) and after 

three weeks after fabrication, respectively. 

 

0 0.2 0.4 0.6
−20

−15

−10

−5

0

5

C
u

rr
e

n
t D

e
n

st
iy

 (
m

A
/c

m
2
)

Voltage Bias (V)

AM1.5: Porous HN

AM1.5: Collapsed HN

AM1.5: µ−HN

Dark:   µ−HN

AM1.5: µ−HN after 21 days

(b)  μ-HN

(c)  Collapsed HN

(d)  Porous HN

20 μm

20 μm

20 μm

(a)

(e)

100mW/cm2 AM1.5G illumination



Microstructure	Control	of	SWNTs	for	Solar	Cell	Applications	

69 
 

 

Figure 4- 24 (a) J-V characteristics of a micro-honeycomb structured SWNT-Si solar cell 

measured three hours and 21 days after device fabrication (shown in red), as well as 1 h and 

12 h after dilute nitric acid doping (shown in green). (b) UV-vis-NIR transmittance spectra 

of µ-HN, collapsed HN and porous HN for pristine (solid) and doped (dashed) conditions 

(left y axis) with AM1.5G spectrum (right y axis). (c) Sheet resistance of µ-HN, collapsed HN 

and porous HN structures before and after acid doping. 
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Table 4- 1 Optical transmittance (over the AM1.5G spectrum) and average sheet 

resistance of µ-HN, collapsed HN and porous HN, and the photovoltaic performance of 

the fabricated solar cells – FF, short-circuit current (Jsc) and open-circuit voltage (Voc) – 

for SWNT-Si solar cells under AM1.5G and 100 mW/cm2 illumination. 

Within three hours of fabrication 

         

After three weeks in air 

 

After nitric acid treatment 

 

The FF represents the quality of a solar cell, and is one of three parameters 

characterizing solar cell performance along with Voc and Jsc. The significant 

improvement in FF and ideality factor over previously reported values [30] is 

attributed to the hierarchical µ-HN, which simultaneously enhances carrier separation, 

collection and transport. The dense, cross-linked SWNT walls in the µ-HN act as 

efficient conduction pathways, essentially serving as a micro-grid electrode to collect 

the charge carriers generated from the adjacent micro-honeycomb cells. The 

micro-grid configuration in the µ-HN significantly shortens the minimum carrier 

diffusion path, resulting in more efficient photocurrent collection. In the solar cells 

self-assembled 
morphology 

solar cell performance  film properties 

PCE (%) FF (%) Jsc (mA/cm2) Voc (mV)  Rsh (Ω/sq.) TAM1.5G (%) 

µ-HN 5.91 72 15.54 530  614 35.0 

Collapsed HN 5.22 71 13.97 525  863 34.6 

Porous HN 4.56 67 13.11 520  2397 28.1 

self-assembled 
morphology 

solar cell performance  film properties 

PCE (%) FF (%) Jsc (mA/cm2) Voc (mV)  Rsh (Ω/sq.) TAM1.5G (%) 

µ-HN 6.04 72 15.90 530  - - 

Collapsed HN 5.32 70 14.41 525  - - 

Porous HN 4.71 68 13.27 520  - - 

self-assembled 
morphology 

solar cell performance  film properties 

PCE (%) FF (%) Jsc (mA/cm2) Voc (mV)  Rsh (Ω/sq.) TAM1.5G (%) 

-HN 10.02 73 25.01 550  105 48.5 

Collapsed HN 8.35 73 20.68 550  120 46.3 

Porous HN 8.30 69 21.86 550  139 37.0 
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fabricated using collapsed HN and porous HN, the micro-grid configuration still 

exists, which leads to the quite high FFs.  

The photocurrent generation mechanism of the carbon nanotube/n-Si solar cells 

is still not yet clear. Originally, it was regarded as p-n heterojunction solar cells, so 

SWNTs with larger band gap, such as (6,5) and (7,5) enriched SWNTs were used 

with the aim of increasing the built-in potential. However, as graphene could also 

work instead of carbon nanotubes, and the current result with larger-diameter SWNTs 

(average diameter of 2 nm) shows a better performance than (6,5) and (7,5) enriched 

samples. It can be inferred that SWNT film serve as a hole collector in carbon 

nanotube-Si solar cells. 

The samples with three aforementioned morphologies were all divided into 

halves, with one half of each used for solar cell fabrication and the other half 

transferred onto quartz substrates in order to characterize the electrical and optical 

properties of the self-assembled SWNT structures. The sheet resistance was measured 

by the four-point probe method (analyzer: Agilent 4156C; probe bed: Kyowa Riken 

K89PS), while optical transmittance spectra were obtained by UV-vis-NIR 

spectroscopy (SHIMADZU UV-3150). As shown in Table 1, the sheet resistance of 

the µ-HN was 28.9% and 74.4% lower than those of the collapsed HN and the porous 

HN, respectively. The µ-HN also exhibited the highest transmittance over the 

AM1.5G spectrum (TAM1.5G = 35.0%). The substantial decrease in the sheet resistance 

and the increase in the transmittance are realized only by the morphology 

manipulation of SWNTs. Moreover, as part of the SWNT array aggregates into the 

wall structures, fewer SWNTs end up collapsed on the bottom of the cell, thereby 

blocking less light from reaching the Si surface. Hence, the µ-HN simultaneously 

shows higher transmittance and better conductivity than collapsed HN and porous HN 

structures. 
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4.4.2 Performance Characterization of Acid-Doped SWNT/Si Solar Cells 

A doping process was then carried out by dropping 120 μL of 2.4 M nitric acid 

onto the device which was heated to 50 ˚C using a hot plate. The µ-HN structure 

remains almost unchanged after the acid doping process (Figures 4-25 (a) and (b)). 

After drying, the PCE reached 10.02%, with an even higher FF of 73%. The J-V 

characteristics of the SWNT-Si solar cells after doping are shown in Figure 4-14a. 

The open-circuit voltage and short-circuit current after doping increased to 0.55V and 

25.01 mA/cm2, respectively. The PCE value of the µ-HN SWNT-Si solar cell 

decreased to 9.29% after 12 hours, which may be attributed to accelerated oxidation at 

the Si surface. The reduction of PCE after acid treatment has also been reported 

previously. A substantial increase in the transmittance spectrum from 600 nm to 1200 

nm (Figure 4- 24 (b)) and a five-fold decrease in the sheet resistance (from 614 Ω/sq. 

to 105 Ω/sq., as shown in Figure 4- 24 (c)) contribute to the increase of the PCE. The 

doping of the film also helps increase the charge collection efficiency. The dramatic 

changes in the electrical and the optical properties result from charge transfer from the 

SWNTs induced by the nitric acid. Depletion of electrons from the valence band 

results in a shift in the Fermi level and the attenuation of absorption peaks. The 

decrease of sheet resistance may be also attributed to further bundling of SWNTs.  

 

Figure 4- 25 SEM images the μ-HN after acid doping. (a) Long-range morphology. (b) 

Magnified image of the wall in the μ-HN. 

After dope

500 nm

(b)

20 μm

(a)
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4.4.3 Wavelength dependence of photocurrent generation 

The spectrum responses (SM-250TF, Bunkoukeiki Co. Ltd) of both SWNT-Si 

solar cell and Si p-n junction solar cell (Si photodiode S1337, Hamamatsu Photonics 

K.K.) were obtained to discuss the wavelength dependence of the photocurrent 

generation. As shown in Figure 4- 26, there is almost no external quantum efficiency 

when the photon energy is smaller than the silicon band gap (~1100 nm) for the 

SWNT-Si solar cell. Moreover, the SWNT-Si solar cell showed a similar shape as the 

conventional Si p-n junction solar cell. No obvious correlation between the SWNT 

absorption and the SWNT-Si spectrum response was observed in the 300 nm ~ 1150 

nm range. This may be attributed to that the diameter of the SWNTs used in this 

research is around 2 nm, so that the main absorption peak E11 is around 2400 nm 

wavelength in the infrared region. This result further supports that the SWNT-Si solar 

cell is inversion type solar cell. 

 

Figure 4- 26 External quantum efficiency of the SWNT-Si solar cell and Si solar cell (left y 

axis), as well as the absorption spectrum of the SWNT therein (right y axis) 
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4.5 Mechanism of Performance Improvement by Micro-Honeycomb 

Network 

The fill factor (FF) determines the quality of a solar cell, which is one of the 

three criteria characterizing the solar cell performance along with short-circuit current 

(Jsc) and open-circuit voltage (Voc). In this study, the FFs of the SWNT-Si solar cells 

using the pristine µ-HN, the collapsed HN, the porous HN and the TCF90 films were 

72%, 70%, 68% and 61%, respectively. The pristine µ-HN SWNT-Si solar cell 

exhibited the highest and stable FF with an ideality factor of 1.71 over the 300 to 500 

mV bias range. To our knowledge, this ideality factor is the lowest reported so far. 

The highest FF of the pristine µ-HN SWNT-Si solar cell demonstrated that the SWNT 

films with the three-dimensional µ-HN could organize the charge separation, 

collection and transport in a more efficient way [41].  

The modeling and curve fitting to the experimental J-V curve is an insightful 

method for the in-depth investigation of the solar cell performance. Here, the diode 

equation was utilized to model the operation of SWNT/Si solar cells, 

 
sh

ss
sc R

IRV

nkT

IRVq
III






 

 exp0         (1) 

where n is the ideality factor, I0 is the dark saturation current, kT/q is the thermal 

voltage, Isc is the short-circuit current, Rs and Rsh are series and shunt resistance of the 

equivalent circuit, respectively. As shown in Figure 4- 28, the experimental J-V 

curves were well-fitted by the diode equation model. Through the curving fitting of 

the J-V characteristics, the values of Rs and Rsh can be extracted. For all the solar cell 

samples, the extracted Rsh are over 20 kΩ, which makes them applicable for the 

operation under 100 mW/cm2. The extracted Rs for the μ-HN, collapsed HN and 

porous HN, as well as the nitric-acid doped μ-HN are calculated as 15 Ω, 16 Ω, 18 Ω 

and 11 Ω, respectively, while the extracted Rs for the TCF90 sample is 33.8 Ω.  
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Figure 4- 27 (a) J-V characteristics of the SWNT-Si solar cells with the μ-HN, collapsed HN 

and porous HN SWNT films measured under dark and light conditions. (b) J-V 

characteristics of the SWNT-Si solar cells with the pristine μ-HN, doped μ-HN and pristine 

TCF90 films measured under dark and light conditions. 

 
Figure 4- 28 Experimental and modeling results of the J-V characteristics of the SWNT-Si 

solar cells with the pristine μ-HN, the doped μ-HN and the pristine TCF90 films. 

The Rs and Rsh could be used to evaluate the quality of a solar cell and are closely 

related with FF. In this research, the effect of Rsh could be ignored, owing to the very 

high Rsh resulted from the SiO2 insulating layer with the thickness of 200 nm. 

Therefore, the discussion is focused on the relationship between Rs and FF. Besides of 

the five solar cell samples discussed in Figure 4- 27, another six SWNT-Si solar cells 

with ill-formed honeycomb networked SWNT films and randomly oriented SWNT 
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films with 70% (TCF70) and 80% (TCF80) transparency were also compared. The 

relationship between the Rs and FF of the eleven solar cell samples is given in Figure 

4- 29. The FF values for the SWNT-Si solar cells using μ-HN, collapsed HN and 

porous HN, as well as the nitric-acid doped HN were 72%, 70%, 68% and 73%, 

respectively. The FF value for the SWNT/Si solar cell using the TCF90 film is 61%. 

As shown in Figure 4- 29, the Rs and FF is linearly related. The FF increases with the 

decrease of Rs. The significant improvement in terms of the FF of the hierarchical 

µ-HN compared with that of the TCF90 is attributed to simultaneously enhanced 

carrier separation, collection and transport. The dense, cross-linked SWNT walls in 

the µ-HN act as efficient conduction pathways, essentially serving as a micro-grid 

electrode to collect the charge carriers generated from the adjacent micro-honeycomb 

cells. The micro-grid configuration in the µ-HN significantly shortens the minimum 

carrier diffusion path, resulting in more efficient photocurrent collection. In the solar 

cells fabricated using the collapsed HN and porous HN, the micro-grid configuration 

still exists, which leads to their quite high FFs.  

 
Figure 4- 29 The relationship between the Rs and FF of the eleven solar cell samples: pristine 

and doped μ-HN, collapsed HN, porous HN, four ill-formed honeycomb networked SWNT 

films and randomly oriented SWNT films with 70% (TCF70), 80% (TCF80) and 90% 

(TCF90) transparency. 
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4.6 Summary 

In this study, a simple water vapor treatment to engineer the structure of 

VA-SWNTs into a micro-honeycomb network was proposed and used for the 

SWNT-Si solar cells. The hierarchical µ-HN consists of dense walls and a buckypaper 

bottom, which simultaneously increases the optical transmittance and decreases the 

sheet resistance. Applying µ-HN to the SWNT-Si solar cell results in both high PCE 

and high FF. Moreover, the state-of-the-art randomly oriented SWNT film was also 

used for SWNT-Si solar cells, demonstrating a high PCE. The hierarchical µ-HN is 

very promising for the applications of SWNT-Si solar cells. The full exploitation of 

the superior electrical, optical and chemical properties of SWNTs is very promising 

for the next generation photovoltaic devices. 
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The rich variety of SWNT chirality provides the possibility for many promising 

applications or even multi-purpose applications. The atomic scale difference in the 

SWNT structure leads to the band gap spectrum ranging from 0.5 to 2 eV. However, 

this variety is also a problem for SWNTs: it is very difficult to obtain high-quality 

SWNT assemblies with single chirality. The most critical obstacle hindering the 

widespread application of SWNTs is the production of monochiral SWNTs. Since the 

discovery of SWNTs more than 20 years by Dr. Iijima [5], many researchers over the 

world have been investigating the production of monochiral SWNTs. Although certain 
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advancement and understanding have been obtained, it is still not possible to 

synthesize SWNT assemblies with controlled chiralities. Many researchers started to 

look at the post-processing technique, e.g. separation of SWNTs [79], removal of 

certain SWNTs [80]. The separation technique for SWNTs has been developed to a 

relatively mature level in terms of both the high-purity chirality [81, 82] and 

large-scale production [83]. However, the monochiral SWNTs obtained by the 

separation technique have more defects and shorter length, which resulted in low 

performance for device applications. The direct synthesis of SWNTs is of high 

necessity. 

This chapter will start with the brief history and literature review of the synthesis 

of SWNTs, discussing the strategies and roadmap of further development in the 

perspective of the Author, as well as the state of the art of CVD growth of SWNTs. 

The growth of sub-nanometer scale vertical-aligned SWNT arrays which is achieved 

for the first time will be then discussed. The thermodynamic effect on the growth of 

SWNTs would be characterized by Raman spectroscopy, scanning electron 

microscopy (SEM) and absorption spectroscopy. 

5.1 State of the Art of CVD Growth Control of SWNTs 

In the early years of SWNT research, the arc discharge method, laser oven 

methods, etc. have been developed for the synthesis of SWNTs. But it is not until 

Hongjie Dai in 1996 who was then working at Smalley Group at Rice University and 

colleagues developed a method to synthesize SWNTs by chemical vapor deposition 

(CVD) that the growth control of SWNTs became possible [84]. Essentially, the CVD 

process is the adsorption of the gas-phase carbon precursor on the metallic catalyst 

followed by the precipitation of carbon as carbon nanotubes. Scientists would expect 

to control the diameter or even the chirality of the SWNTs through tuning the 
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properties of the metallic catalysts, e.g. nanoparticle size and facet, catalytic 

properties, carbon solubility in metal particles as well as inter-metallic solutions, etc. 

The CVD is also believed as a controllable process as the temperature, pressure and 

the supply of carbon precursor. It seemed that all needs to be done is the parametric 

analysis of the above-mentioned factors and the diameter/chirality controlled growth 

seemed to be only a matter of time. However, after an intensive worldwide research, 

up to date, the chirality control of SWNTs is still not yet achieved. The CVD process 

is actually much more complicated than scientists expected. But certain knowledge 

and insight have been obtained which serve as the base for further studies. In this 

section, an extensive literature review will be given at first, followed by the progress 

achieved so far in this laboratory, both of which provide great inspiration for the 

Author. 

Generally, there are three directions of the SWNT synthesis: growth on support 

particles (P-CVD), growth on substrate (S-CVD) and growth on floating catalysts 

(FC-CVD), as shown in Table 5- 1. For the P-CVD, the metallic catalysts are loaded 

on mesoporous particles, e.g. zeolite [7, 85], MgO [86-88], mesoporous silica [89-93], 

etc. The supporting mesoporous particles confine the metallic catalysts in all three 

dimensions, by which the catalysts are prevented from being aggregated together, i.e. 

the so-called Oswald ripening. The very small size of the catalysts would produce 

SWNTs with small diameters with relatively narrow diameter distribution (this is not 

always true although). The GSP has been developed to a quite mature stage. The most 

famous commercialized product/method is CoMoCAT [94] which has more than 90% 

(6,5) and (7,5) tubes. The CoMoCAT process use Co-Mo binary metallic catalysts 

supported by silica and CO as carbon precursor. The absorption spectrum of dispersed 

commercially available CoMoCAT sample is shown in Figure 5- 1. The major 

absorption peak is from the E11 of (6,5) SWNT. Prior to the successful CoMoCAT, our 

laboratory has done a groundbreaking work on the CVD growth, the so-called 
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ACCVD process, which is also commercialized. The ACCVD process and its 

derivatives will be introduced in the next section. Both the CoMoCAT and ACCVD 

papers have been cited by more than 500 times so far. Despite the excellent 

controllability, the as-synthesized SWNTs by P-CVD cannot be easily used for 

devices directly. To obtain certain morphology of SWNTs and remove the supporting 

particles, it is necessary to use the dispersion and separation techniques which induce 

defects to SWNTs and significantly shorten the tube length. This is one reason that the 

devices using CoMoCAT SWNTs have relatively low performance. To sum up, the 

P-CVD is an excellent strategy for the discussion of growth mechanism and 

spectroscopy investigations, but not necessarily suitable for the device applications. 

Table 5- 1 Strategic directions of the growth control of SWNTs 

 

On the contrary, in the FC-CVD process, the metallic catalysts are able to move 

in all three dimensions. With the increase of the possibility of catalysts collision, the 

resulting diameter of the SWNTs are usually larger than that of that by the P-CVD 

process. The as-synthesized SWNTs in the CVD reactor are usually collected by a 

Growth with Support Floating Catalyst

Good For Mechanism
Bad For Application

Growth on Substrate

Three-Dimensional 
Confinement on Catalysts

No
Confinement on Catalysts

One-Dimensional 
Confinement on Catalysts

Not Easy For Mechanism
Good For Application

Small Diameter Large DiameterRelative Large Diameter

Diameter > 1.3 nmDiameter > 1 nmDiameter > 0.7 nm

Particles
Vertically Aligned

Horizontally Aligned
Random Oriented

Random Oriented

Strategic Directions

Not Easy For Mechanism
Good For Application
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low-adhesion filter paper [15, 16, 95]. The morphology of the SWNTs is always 

randomly oriented, although it is possible to collect the nanotubes with a pattern to 

obtain certain three-dimensional structure. The collected random-oriented SWNTs 

films can be easily transferred to other substrate by using the difference of the 

adhesion force between the SWNT films and substrate. 

 

Figure 5- 1 Absorption spectrum of dispersed commercial CoMoCAT SWNT (left) and 

commercial ACCVD SWNT samples. 

For the S-CVD direction, the SWNTs are grown directly on a substrate without 

supporting particles. Therefore, the metallic catalysts are able to move in two 

dimensions. At high temperature which is needed for the SWNT growth, the metallic 

catalysts would grow to larger size due to the Oswald ripening effect. The resulting 

diameter of the SWNTs by S-CVD are not necessarily smaller than that of the SWNTs 

produced in the FC-CVD process considering the large space of the CVD reactor in 

the FC-CVD. The diameters of the SWNTs synthesized in this direction are usually 

from 1.3 nm to larger than 3 nm, with wide diameter distribution. Although the 

nanoscale properties of SWNTs including the diameter and chirality are not well 

controlled in the S-CVD direction, the microscale morphology can be tuned at a 

relatively mature level, which guarantees the as-synthesized SWTNs by GSub can be 

used directly for device applications. So far, the horizontally aligned SWNTs with 

tunable tube density [96-99], the vertically aligned SWNTs [61, 64, 66, 100, 101] with 
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tunable thickness and randomly oriented SWNTs [62] have been achieved. It is 

possible to fabricate a device directly from the as-synthesized SWNTs and substrate. 

There are also various methods to transfer the as-synthesized SWNTs to other 

substrate. The controllability of the SWNT morphology makes the S-CVD the most 

promising among the three strategies, with the greatest challenge for the S-CVD as 

chirality control of the SWNTs. 

 

5.2 Literature Review 

5.2.1 Alcohol Catalytic Chemical Vapor Deposition 

In 2002, ethanol was used for the first time as carbon precursor for the synthesis 

of high-purity small-diameter SWNTs by Prof. Shigeo Maruyama [7]. The process 

was named as alcohol catalytic chemical vapor deposition, the so-called ACCVD. 

Compared with the then commercialized SWNTs, HiPCO, ACCVD SWNTs has much 

smaller diameter and narrower distribution. Moreover, ethanol is much safer and 

greener than carbon monoxide. The ethanol soon became the most popular carbon 

precursor for SWNT growth. The paper published by Prof. Maruyama has been cited 

for more than 500 times. The ACCVD SWNTs are also commercialized with the 

collaboration of Toray Industries K.K. In a typical ACCVD process, the metal 

catalysts are prepared by dissolving iron acetate (2.5 wt%) and cobalt acetate (2.5 

wt%) in ethanol mixed with Y-type zeolite powder (HSZ-390HUA). After drying, the 

zeolite loaded with metal catalysts are annealed to a typical 600 ~ 800 °C in 200 sccm 

Ar flow environment. Then the ethanol is flowed at 5 Torr after the evacuation of Ar. 

The ACCVD was then investigated towards the direct growth on substrate. 

Owing to the high electrical and thermal conductivities, using SWNTs as thermal 
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interface materials is of great interest then. A possible design is the vertically aligned 

SWNTs mat, which is able to connect two interfaces by millions of SWNTs. The 

VA-SWNT mats on quartz substrates using ethanol was successfully achieved by Y. 

Murakami who was then a graduate student at this group [61, 62]. This pioneering 

result was also published on Chemical Physical Letters, a then high impact journal, 

and has been cited for more than 300 times. In the typical ACCVD for VA-SWNT 

process, the metal catalysts are prepared by dip-coating cobalt and molybdenum from 

the corresponding ethanol solution on quartz or Si/SiO2 substrates. After drying of the 

ethanol, the dip-coating process will leave a uniform layer of Co and Mo. The 

substrate loaded with the metal catalysts are then calcinated in the ambient at 400 

degree Celsius for 5 min. The substrates are annealed in Ar/H2 (3%) environment to a 

typical 800 degree Celsius in 30 min. After the annealing process, the ethanol is 

flowed at 450 sccm at 1 Torr to grow SWNTs. The thickness of the as-synthesized 

VA-SWNT mat usually ranges from several μm to 20 μm. Figure 5- 2 shows the typical 

as-synthesized VA-SWNT mat through 2 min CVD growth, with the thickness of 12 

μm. 

 

Figure 5- 2 SEM image of the cross-sectional view of the as-synthesized VA-SWNT mat by 

ACCVD process. The 2 min CVD process yield 12 μm-thick VA-SWNT mat. 

 

5 μm

~12 μm @ 2 min CVD
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Figure 5- 3 Raman spectroscopy of the as-synthesized VA-SWNT mat by ACCVD proces. (a) 

RBM and (b) G band and D band. 

The researchers who continued the work of ACCVD growth are Erik Einarsson, 

Rong Xiang and Theerapol Thurakitseree. Dr. Einarsson developed a method to 

monitor the growth process of SWNTs through a laser absorption method and 

investigate the number of SWNTs per bundle [64]. Dr. Xiang discussed the growth 

mechanism and successfully realized the diameter modulation of VA-SWNTs [66]. By 

changing the ratio of Co and Mo catalysts, the average diameter of the SWNTs can be 

tuned from 1.4 nm to 2.5 nm, which is still the smallest average diameter of pristine 

VA-SWNTs achieved so far. Instead of using ethanol as carbon stock, Dr. 

Thurakitseree used acetonitrile (CH3CN) and successfully grew the 

nitrogen-incorporated SWNTs with a very small average diameter of 0.7 nm [102]. It 

is very interesting that the nitrogen molecules are found inside the SWNTs. 

There are several ideas that could be drawn from the above work: (1) the 

functionalized group in the carbon precursor actually play an important role in SWNT 

growth. The –OH radicals could etch the amorphous carbon and defects in SWTNs, 

which results in the high-quality of SWNTs with relative low yield compared with 

methane. The –N could limit the growth rate and hence a very small diameter. 

However, without –OH radicals, the quality of SWNT would be relatively low. (2) 
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The choice of catalysts could be very important. The combination of Co and Mo used 

in ACCVD VA-SWNTs is the same with that in CoMoCAT. Generally speaking, 

binary metallic alloy would provide more control on the status of the catalysts. (3) It 

is highly necessary to grow SWNTs on substrate with further diameter control, while 

at the same time retaining the well control of microscale morphology. 

5.2.2 CVD Growth on Cu-based Catalysts 

In this section, a thorough literature review of the CVD growth on Cu-based 

catalysts is given as a knowledge pool for the further investigations of this chapter. 

The discussion of the CVD growth on Cu is very important as the carbon-cu 

interaction and the carbon-Fe, -Co and –Ni interaction is different in terms of both the 

carbon solubility and catalytic activity. 

The first paper realized efficient SWNT growth on Cu nanoparticle catalysts was 

reported by Yan Li group at Peking University in 2006 [103]. At that time, it was very 

popular to explore all possible catalysts for carbon nanotube growth. Other noble 

metals, e.g. Au, Pt [104], Ag etc., or even non-metals [105-108] have been utilized for 

carbon nanotube growth. Most of these papers were published on Journal of the 

American Chemical Society, Nano Letters, etc., which are high-impact journals in the 

field of chemistry and nanotechnology. And Ref. [103] was one of frontier results 

back then [77]. Cu stands out among all the possible catalysts and has been used for 

the growth of horizontally aligned SWNTs in the following years. Interesting results 

include the growth of the horizontally aligned semiconducting-enriched (95%) 

SWNTs by Cu monometallic catalysts [109] and dense horizontally aligned SWNTs 

arrays by Fe-Cu bimetallic catalysts [110], both of which were published in 2009. 

Afterwards, the idea of Cu used as catalysts for carbon nanotube growth was 

adopted by Esko Kauppinen group at Aalto University in Finland. Instead of using Cu 
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on the substrate, He et al deposited Fe/Cu bimetallic catalysts on MgO support and 

used carbon monoxide as precursor. At 600 ˚C CVD temperature, ratio of (6,5) 

SWNTs as high as CoMoCAT has been obtained [88]. The mechanism was explained 

as Cu assisted reduction of Fe at low temperature (600 ˚C) which significantly limit 

the possible varieties of the SWNT caps [87]. Later on in 2013, the effect of different 

ratios of Fe and Cu on the chiralities of SWNTs was investigated [86]. The Co/Cu 

bimetallic catalysts were also used and the resulting SWNTs possessed larger 

diameter and wider diameter distribution compared with the Fe/Cu catalysts. 

Generally speaking, the Fe/Cu bimetallic catalysts are not as effective on SWNT 

chirality control as Co/Mo bimetallic catalysts in the roadmap of GSP-CVD. However, 

the growth on the Cu-based catalysts is very inspiring for future work. 

 

5.3 Synthesis of Sub-Nanometer-Diameter SWNT Films 

directly on Surface 

5.3.1 Experimental Design 

Iron, cobalt and nickel are usually considered as the core catalysts for carbon 

nanotubes growth, owing to their relative high catalytic activity and carbon solubility. 

According to the molecular dynamics simulation, the diameter of the SWNTs is 

related with the particle size of the catalysts, although they are not always equal [111]. 

The growth of carbon nanotubes in the CVD process can be generally considered as 

the adsorption of gas-phase carbon precursor until saturation, followed by the 

precipitation of the carbon. The caps of SWNTs are formed first and further 

precipitation results in the carbon nanotubes. Usually, to form a cap with a small 

diameter, two strategies are used: lowering the growth temperature and confine the 
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catalysts from Oswald ripening or aggregation. This is why GSP-CVD 

(three-dimensional confinement as discussed before) at low temperature leads to 

(6,5)-enriched SWNTs. One the good case of the second strategy is using 

tungsten-cobalt bimetallic catalysts. Recently, Yan Li group at Peking University 

reported near quasi-monochiral SWNT growth by tungsten-cobalt bimetallic catalysts 

at Guadalupe Meeting in Texas, and already published on Nature [112]. The idea of 

using tungsten is to utilize much higher melting temperature and at normal SWNT 

growth temperature, the catalysts are more fixed. 

To use the low temperature strategy, certain catalytic activity needs to be 

guaranteed at such low temperature. Therefore, metals with lower temperature are 

preferred. The Cu-based catalysts will be adopted in the ACCVD process developed 

in this laboratory. Only Mo(Ac)4 will be replaced with Cu(Ac)2 with the same 

concentration. The detailed process is described as follows: 

(1) Dip-coat Cu on the Si/SiO2 substrate. Bake in air at 400 °C for 5 min. 

(2) Dip-coat Co on the Si/SiO2 substrate. Bake in air at 400 °C for 5 min. 

(3) Anneal the Si/SiO2 substrate loaded with Co/Cu catalysts in the Ar/H2 (3%) 

environment for 30 min until 650 °C in a quartz tube. 

(4) Evacuate Ar/H2 and flow ethanol at 50 sccm for 2 min.  

(5) Cool the furnace in ambient environment and protect the sample with Ar flow. 

The schematic of the process has been shown in Figure 4-1. 
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5.3.2 Low-Temperature ACCVD Synthesis of SWNTs with 

sub-nm Diameter  

The SWNTs are synthesized by ACCVD process under three different 

parameters: catalyst Co/Cu at 650 ˚C CVD temperature (CoCu@650), conventional 

catalyst Co/Mo at 650 ˚C CVD temperature (CoMo@650) as a comparison and 

conventional catalyst Co/Mo at 800 ˚C CVD temperature (CoMo@800) as a reference 

material. The morphology of the CoCu@650 and CoMo@650 is random-oriented 

SWNT film, while the morphology of CoMo@800 is vertical-aligned SWNT film. 

The Raman spectra of the as-synthesized SWNTs under the laser excitation 

energy of 2.54 eV, 2.33 eV, 1.96 eV and 1.58 eV are shown in Figure 5- 4, Figure 5- 5, 

Figure 5- 6 and Figure 5- 7, respectively. It is very clear from the RBM that the 

CoCu@650 demonstrated a much smaller diameter and narrow diameter distribution 

for all the excitation energies. The diameter could be roughly estimated [8] as by 

B
d

A

t

            (5-1) 

where ω is the Raman shift and dt is the diameter of the SWNTs. For SWNTs with 

diameter around 1.5 nm in bundles, A and B are constant and reported as A = 234 cm-1 

and B = 10 cm-1 in Ref. [113]. The diameter of the conventional CoMo@800 

conventional VA-SWNTs is around 2 nm. For the CoMo@650, the average diameter 

is smaller than that of CoMo@800, although with a wider diameter distribution. A 

obvious cleavage between the G+ and G- is observed for the CoCu@650. 
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Figure 5- 4 Comparison of Raman spectra of SWNTs synthesized from Co/Cu and Co/Mo at 

different temperatures. The laser excitation energy is 2.54 eV. 

 

 

 

Figure 5- 5 Comparison of Raman spectra of SWNTs synthesized from Co/Cu and Co/Mo at 

different temperatures. The laser excitation energy is 2.33 eV. 
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Figure 5- 6 Comparison of Raman spectra of SWNTs synthesized from Co/Cu and Co/Mo at 

different temperatures. The laser excitation energy is 1.96 eV. 

 

 

 

 

Figure 5- 7 Comparison of Raman spectra of SWNTs synthesized from Co/Cu and Co/Mo at 

different temperatures. The laser excitation energy is 1.58 eV. 
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Figure 5- 8 Comparison of absorption spectra of the conventional VA-SWNT synthesized by 

CoMo catalysts and 0.9-nm-diameter VA-SWNT synthesized by CoCu catalysts. 

The absorption spectroscopy was carried out to examine the average diameter of 

the SWNTs synthesized by CoCu750 growth condition. The comparison of absorption 

spectra of the conventional CoMo800 condition and the CoCu750 condition is shown 

in Figure 5- 8. The E11 absorption peak was significantly shifted from 2400 nm to 

1100 nm, which means the band gap of the SWNTs was increased from 0.5 eV to 1.1 

eV. The diameter of the as-synthesized SWNTs could be confirmed by the TEM 

images shown in Figure 5-  9. The band gap of the SWNT synthesized by the 

CoCu750 condition is similar to that of Si. It becomes more and more possible to use 

the VA-SWNTs directly for the solar cell applications or some other devices.  

 
Figure 5- 9 TEM images of SWNTs grown on Co/Cu catalysts. 
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5.4 Exploration of Thermodynamic Parameters for CVD 

Growth Control 

5.4.1 Effect of Temperature on Chiral Distribution of SWNTs 

Although the initial idea to use Cu as a catalyst is to utilize their relatively high 

catalytic activity at low temperature such as 650 degree Celsius, after obtaining the 

SWNTs with very small diameters and narrow distribution at low temperature, we are 

very interesting to explore the growth with same catalyst combination at higher 

temperature. Therefore, with the same recipe, we tried the growth at 750 and 800 

degree Celsius. Four experimental sets are designed as follows: (1) Co/Mo catalysts 

and 800 °C CVD temperature as a reference group (CoMo800); (2) Co/Cu catalysts 

and 800 °C CVD temperature (CoCu800); (3) Co/Cu catalysts and 750 °C CVD 

temperature (CoCu750); (4) to investigate the effect of the catalyst density, the Co 

was diluted to ten times, thus the concentration of the Co(Ac)2 solution in ethanol is 

0.01 wt%. The CVD temperature was kept at 800 °C. This group was named as 

Co0.1Cu750.  

The Raman spectroscopy was conducted for the SWNTs grown on Co/Cu 

catalysts. As shown in Figure 5- 10, the diameter was further reduced to 0.85 nm for 

the CoCu650. The G- band became more prominent, indicating the enrichment of the 

small diameter SWNTs. Also for the 1.96 eV excitation laser as shown in Figure 5- 11, 

the G+ and G- mode is separated at a very far distance. The D-band is almost 

negligible for SWNTs synthesized at all temperatures. To confirm the diameter 

distribution, we did the UV-vis-NIR absorption spectroscopy for the CoCu650, 

CoCu700 and CoCu750 samples. As shown in Figure 5- 12, the major chiralities of 

SWNTs grown by Co/Cu catalysts are (6,5) and (7,5) SWNTs, demonstrating the 

near-armchair chirality distribution. A further diameter reduction and narrower 
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chirality distribution is expected by changing the catalysts ratio. 

 

Figure 5- 10 Raman spectra of the as-synthesized random-oriented SWNT films using 

Co/Cu catalysts under different CVD temperatures. The laser excitation energy is 2.54 eV. 

 

Figure 5- 11 Raman spectra of the as-synthesized random-oriented SWNT films using 

Co/Cu catalysts under different CVD temperatures. The laser excitation energy is 1.96 eV. 
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Figure 5- 12 Absorption spectra of the as-synthesized random-oriented SWNT films using 

Co/Cu catalysts under different CVD temperatures. 
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Table 5- 2 Experimental design for the effect of pressure on chiral distribution 

 

 
Figure 5- 13 RBM of SWNTs grown on Co/Cu catalysts at different total pressure. 
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Figure 5- 14 Raman spectra of SWNTs grown by Co/Cu catalysts at different total pressure. 

 

Figure 5- 15 SEM images of SWNTs grown by Co/Cu catalysts at different total pressure. 
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became more and more pronounced, demonstrating the increase of the ratio of 

smaller-diameter SWNTs. The D band is also significantly suppressed. The 

improvement in the quality of SWNTs can be reflected from the SEM images (Figure 

5- 15), where the clean SWNT bundles can be observed clearly at lower pressure. 
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5.4.3 Effect of CVD Time on the Yield of SWNTs 

The yield is another equally important issue for the application of SWNTs. 

Certain thickness and conductivity of the film need to be achieved for device 

applications. As was discussed in Chapter 4, the growth of VA-SWNTs would be 

saturated after a certain time. The saturation time is the key factor to control the 

ultimate thickness of the SWNT films, and may be affected by various experimental 

conditions, such as precursor flow rate and annealing condition. Besides, the new 

catalysts combination, Co/Cu, were introduced earlier this Chapter and there growth 

dynamics is not yet discussed previously.  

Usually, the metal oxide roux are reduced in H2 environment to metallic catalysts. 

However, as most carbon sources are capable of reducing metal oxide, it is also 

interesting to investigate the catalytic activity of the directly used metal oxide. The 

experimental parameter set were designed as: (1) conventional Co/Mo, annealed in 

vacuum, CVD temperature 800 °C (CoMo 800), flow rate 450 sccm, CVD time 2 min, 

5 min and 10 min; (2) Co/Mo catalysts, annealed in H2, CVD temperature 800 °C, 

flow rate 450 sccm, CVD time 3s, 10 s, 30 s, 1 min, 2 min and 10 min; (3) Co/Mo 

catalysts, annealed in H2, CVD temperature 800 °C, flow rate 50 sccm, CVD time 10 

min, 20 min; (4) Co/Cu, Co0.1/Cu, Co/Mo catalysts, annealed in H2, CVD 

temperature 800 °C, flow rate 50 sccm, CVD time 5 min; (5) Co/Cu catalysts, 

annealed in H2, CVD temperature 750 °C (CoCu750), 700 °C (CoCu700) and 650 °C 

(CoCu650).  

The morphology of the obtained SWNTs is random-oriented film rather than 

vertical-aligned mat. As shown in the SEM images in Figure 5- 16, the SWNT film is 

well-percolated, with Y-junction as inter-tube connection and small bundles of 

SWNTs of several micrometers long. The SWNT films grown by 2, 5 and 10 min 
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ethanol flow are shown in Figure 5- 16 (a), (b) and (c), respectively. With the increase 

of the CVD time, the SWNT films become thicker and thicker. The transparency of 

as-synthesized film was characterized by UV-vis-NIR absorption spectroscopy. The 

transmittances of the CoMo800 grown by 2, 5 and 10 min CVD at 550 nm 

wavelength, which has the strongest irradiance over the AM1.5G spectrum, are 93.8%, 

90.6% and 86.9%. The transmittance is very useful for the application of transparent 

conductive film. It is highly expected with some mild and steady doping method, the 

as-grown random-oriented SWNT film is very promising for the application of thin 

film. 

The Co/Mo catalysts control group was characterized first by Raman 

spectroscopy at 2.54 eV excitation laser. Compared with conventional VA-SWNTs 

grown by Co/Mo catalysts, the RBM mode of SWNT grown under Ar anneal 

condition is slightly blue-shifted, which means the average diameter is smaller. 

However, with the increase of the growth time, the diameter of the random-oriented 

SWNT film becomes larger and larger, and is almost the same with the VA-SWNT by 

CoMo800. It is worth mentioning that without the H2 anneal, the quality of the 

as-synthesized SWNTs is lower with a relatively larger D-band. 

Then the Co/Mo catalysts were annealed before the flow of ethanol. It can be 

observed that the thickness of VASWNT films could be well controlled from less than 

1 μm to around 20 μm. The saturation time is approximately 2 min, as shown in 

Figure 5- 19 (a) and (b) that there was almost no change in the thickness of 

VA-SWNT grown for 2 min and 10 min. An interesting phenomenon is that the 

vertical alignment existed down to 700 nm thickness, as shown in Figure 5- 19 (f) and 

(g).  
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Figure 5- 16 Morphologies of the as-synthesized random-oriented SWNT films using Co/Mo 

catalysts by different CVD Time. 

 
Figure 5- 17 Transmittance of as-synthesized random-oriented SWNT films using 

Co/Mo catalysts by different CVD Time. 
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Figure 5- 18 Raman spectra of the as-synthesized random-oriented and vertical-aligned 

SWNT films using Co/Mo catalysts. 

 

 

Figure 5- 19 (a)-(f) Morphologies of the as-synthesized Vertically Aligned SWNT films 

using Co/Mo catalysts by different CVD Time. (g) Magnified SEM image of (f).  
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Figure 5- 20 Morphologies of the as-synthesized vertically aligned SWNT films using 

Co/Mo catalysts by different CVD Time with the ethanol flow rate of 50 sccm. 

 

 

Figure 5- 21 Comparison of the morphology of the as-synthesized VA-SWNTs by 

different catalysts combination at the same temperature using SEM. 
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However, when the flow rate is decreased to 50 sccm, the saturation time was 

substantially elongated and the thickness of the VA-SWNT film was increased to 100 

μm. As shown in Figure 5- 20, with the same CVD time 10 min, the thickness of the 

VA-SWNTs by 50 sccm ethanol flow is 70 μm compared with 12 μm by 450 sccm. 

The growth of VA-SWNTs were slowed down afterwards but still reached 100 μm 

when the CVD time is 20 min. This is the first time to achieve such a thick VA-SWNT 

film with high quality which is very promising for the spinning of SWNTs.  

 

Figure 5- 21 shows the SEM image of the comparison of the as-synthesized 

VA-SWNT by CoMo800 and CoCu800. The SWNTs synthesized by CoCu800 growth 

condition demonstrated very good vertical alignment. It can be observed that the 

SWNTs synthesized by CoCu800 growth condition is slightly ‘hairy’ than that by 

CoMo800 condition. The ‘hairy’ nanotube may be because of the smaller diameter, 

although further experimental proof is needed.   

Raman spectroscopy was used to characterize the quality and the diameter of the 

SWNTs. As shown in the left panel of Figure 5- 22, it is very clear that the main RBM 

mode was shifted from 180 cm-1 to 250 cm-1, which means the diameter was 

decreased to smaller than 1 nm. Using the above-discussed Equation (5-1), the 

average diameter of the SWNT synthesized by Co0.1Cu800 growth condition can be 

calculated as 0.98 nm. This is the first experimental result reporting the VA-SWNTs 

with average diameter smaller than 1 nm. We expect further decrease of the diameter 

and narrower distribution of the chiralities of the as-synthesized VA-SWNTs by 

changing the catalysts concentration or varying the growth temperature. Elongation of 

the CVD time from 2 min to 10 min made it possible for a very thin VA-SWNT film 

with (6,5), (7,5) and (7,6)-enriched chiralities, as shown in Figure 5- 23. 
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Figure 5- 22 Comparison of Raman spectra of SWNTs synthesized from Co/Cu, 

Co0.1/Cu and Co/Mo at different temperatures. The laser excitation energy is 2.54 eV. 

 

 

 

Figure 5- 23 (a) Absorption spectra of SWNTs synthesized by different catalysts and 

temperature. (b-d) SEM images of corresponding SWNTs. 
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Finally, the growth dynamics of the newly proposed catalysts are investigated. As 

shown in Figure 5- 23, the vertical alignment of sub-nanometer-diameter SWNTs was 

achieved for the first time. Although the thickness was only several tens of 

nanometers, the high-quality small-diameter VA-SWNTs were observed for the first 

time. Further experimental investigations like in-situ TEM were necessary to explain 

the growth dynamics. 

 

5.5 Summary 

By using Co-Cu catalysts, high-quality VA-SWNTs with average diameter 

smaller than 1 nm have been grown on the substrate for the first time. Moreover, by 

annealing Co-Cu catalysts in low-pressure Ar environment, high-quality 

random-oriented SWNTs with average diameter of 0.8 nm has been grown on the 

substrate for the first time. It is very promising if the diameter could be further 

reduced and the chiralities could be further narrowed down to (7,5) and (6,5). The 

yield of both the VA-SWNT and random-oriented SWNT films can be tuned by 

changing CVD time. 
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Single-walled carbon nanotubes (SWNTs) possess excellent optical, electrical, 

mechanical and thermal properties as well as chemical stability. Specifically, for the 

light harvesting application, SWNTs have the superiorities in terms of the wide 

spectrum of absorption ranging from near-infrared to visible wavelength, high 

electrical conductivity at high transparency as well as the multiple exciton generation. 

Combined with earth abundance and chemical stability, the SWNT is supposed to be a 

very promising candidate for next-generation solar cell applications. However, three 

main challenges have hindering the full exploitation of SWNTs for the solar cell 

applications: (1) The SWNTs synthesized on substrates or by floating catalysts have 

too large diameter. The reduction of the diameter of SWNTs from 2 nm to 1 nm would 

lead to the increase of the band gap from 0.5 eV to 1.2 eV which is possible for the 

applications of solar cells. However, this has not been achieved so far. This is the 

challenge at the nanoscale. (2) The one-dimensional SWNTs do not grow into a 
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three-dimensional bulk like conventional semiconductors. The gap between the 

properties of SWNT assemblies and the individual SWNTs is the challenge at the 

microscale. (3) Before the first two challenges are solved, the technique of amounting 

SWNTs to photovoltaic devices needs further investigation and understanding, which 

could be categorized into the challenge at the macroscale. This doctoral thesis aims at 

controlling the structures and properties of single-walled carbon nanotube (SWNTs) at 

the macroscale, microscale and nanoscale level for the applications of 

high-performance solar cells.  

6.1 Contributions to the Research of SWNTs at Macroscale Level 

The SWNT/Si solar cells are drawing emerging attentions owing to their simple 

and efficient structure. The power conversion efficiencies (PCEs) of SWNT/Si solar 

cells have been improved an order of magnitude during last five years. However, the 

so-far-reported peak PCEs of the SWNT/Si solar cells were all suffered from 

degradation, which is hindering their further applications. The SWNT/Si solar cells 

could lose almost 50% PCE after hours in air, and even with protection, the PCE still 

degraded by 20%. This could be attributed to that the peak PCEs were boosted by 

nitric acid or gold salt doping which were very instable. Another issue remained 

controversial is the working mechanism of the SWNT/Si solar cells. Initially, the 

SWNT/Si solar cell was proposed as a p-n heterojunction. Based on this hypothesis, 

(6,5) enriched SWNTs were used to further increase the built-in potential. However, 

the incident photon conversion efficiency (IPCE) spectrum of the SWNT/Si solar 

cells showed no obvious relationship with the SWNT absorption spectrum. In addition, 

the efficiency of graphene/Si solar cell became comparable with that of the SWNT/Si 

solar cell. The SWNT/Si solar cells were considered as a Schottky-barrier junction. 

One characteristic that could distinguish the p-n junction and the Schottky-barrier 

junction is the effect of the interfacial oxide layer. For a conventional Schottky-barrier 
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junction, inserting an interfacial oxide layer between the metal electrode and 

semiconductor would eliminate the pinning of Fermi level and thus improve the PCE, 

while the opposite case applies for a p-n junction. Until now, both significant 

improvement and degradation of the PCEs were obtained after the removal of the 

interfacial oxide layer. These contradictory results call for more solid experimental 

proof for the further understanding of the SWNT/Si solar cells. By using the excellent 

optical and electrical of the pristine SWNTs with long bundle length, we present the 

single-walled carbon nanotube/silicon (SWNT/Si) solar cells of 11% power 

conversion efficiency (PCE) without doping. The PCEs of the fabricated solar cells 

even slightly increased after 10-month ambient exposure without any external 

protection. The open-circuit voltage of the SWNT/Si solar cells under low light 

intensities down to 10 mW/cm2 demonstrated characteristics of the ideal p-n junction 

model. The mechanism was discussed through the effect of varying the interfacial 

oxide layer thickness between the SWNTs and Si on the solar cell performance. The 

high efficiency and stability demonstrated in this study make SWNT/Si solar cells one 

of practical choices for next generation energy system. This part of work has been 

published on Journal of Materials Chemistry A: Materials for Energy and 

Sustainability, with TOC graphic shown in Figure 6- 1. 

 
Figure 6- 1 Air-stable high-efficiency solar cells with dry-transferred SWNTs 
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6.2 Contributions to the Research of SWNTs at Microscale Level 

Self-assembly is a high-yield and low-cost method that builds low-dimensional 

materials into three-dimensional micro/macro-architectures with various 

morphologies. Capillary forces have been used to direct the self-assembling of 

patterned arrays of nanowires, nanopillars and multi-walled carbon nanotubes 

(MWNTs) into hierarchical networks. However, due to the hydrophobicity and 

significantly smaller diameter of SWNTs, wetting vertically aligned SWNTs 

(VA-SWNTs) results in a high-density bulk with millimeter-scale cracks rather than 

the hierarchical honeycomb-like network formed by MWNT arrays. So far, such a 

honeycomb structure of SWNTs has been achieved only by film-casting anionic 

shortened SWNTs–cationic ammonium lipid conjugates in organic solution, of which 

the complicated solution preparation induces defects and degradation of SWNTs. We 

propose a water vapor treatment to direct the formation of single-walled carbon 

nanotubes (SWNTs) into a self-assembled micro-honeycomb network (μ-HN) for the 

application to SWNT-Si solar cells. The μ-HN consists of vertical aggregated SWNT 

walls and a buckypaper bottom. This hierarchical structure is much easier to prepare 

and has competitive optical and electrical properties compared with buckypaper. 

Varying the water reservoir temperature and vapor exposure time of water vapor 

treatment results in different morphologies. The pristine μ-HN SWNT-Si solar cell 

shows a record-high fill factor of 72% as well as a power conversion efficiency (PCE) 

of 6% without optimizing the diameter or height of the vertically aligned SWNTs. 

The FF represents the quality of a solar cell, and is one of three parameters 

characterizing solar cell performance along with Voc and Jsc. The significant 

improvement in FF and ideality factor over previously reported values is attributed to 

the hierarchical µ-HN, which simultaneously enhances carrier separation, collection 

and transport. The dense, cross-linked SWNT walls in the µ-HN act as efficient 

conduction pathways, essentially serving as a micro-grid electrode to collect the 
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charge carriers generated from the adjacent micro-honeycomb cells. The micro-grid 

configuration in the µ-HN significantly shortens the minimum carrier diffusion path, 

resulting in more efficient photocurrent collection. In the solar cells fabricated using 

collapsed HN and porous HN, the micro-grid configuration still exists, which leads to 

the quite high FFs. The PCE exceeding 10% is achieved in the dry state after dilute 

nitric acid treatment. The main part of work has been published on the Journal of 

Physical Chemistry Letters, with the TOC graphics shown in Figure 6- 2. And some 

of the results have been published on the Journal of Nanoscience and Nanotechnology, 

and the Proceedings of the 15th International Heat Transfer Conference. 

 

Figure 6- 2 Self-assembled microhoneycomb network of SWNTs for solar cells 

 

6.3 Contributions to the Research of SWNTs at Nanoscale Level 

We synthesized the vertically aligned SWNT with average diameter as small as 

0.9 nm directly on the substrate for the first time. The band gap of the 0.9 

nm-diameter SWNTs is 1.1 eV, which is possible to be used for solar cell applications 

without post-processing techniques, such as separation and dispersion. The key to 

realize such a small diameter is by using cobalt and copper bimetallic nanoparticle 
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catalysts.  When the CVD temperature is decreased to 650 ˚C, the majority of 

chiralities of the as-synthesized SWNTs is limited to (6,5) and (7,5), which are 

supposed to the most useful SWNTs for solar cell applications. This part of work is 

still under preparation for the contribution to a peer-reviewed journal. 

 

Figure 6- 3 Growth of sub-nanometer-diameter SWNTs films directly on substrate 

 

6.4 Summary 

 

To sum up, this doctoral thesis has made original contributions on controlling the 

structures and properties of single-walled carbon nanotube (SWNTs) at the 

macroscale, microscale and nanoscale level for the applications of high-performance 

solar cells: (1) Air-stable high-performance SWNT/Si solar cell with 11% efficiency 

has been realized for the first time; (2) The self-assembled microhoneycomb network 

of SWNTs has been proposed and realized for the first time; (3) The vertical-aligned 

and random-oriented SWNTs with the average diameter of 0.9 nm have realized for 

the first time.  
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