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ABSTRACT OF THE DISSERTATION 
 
 

Spectroscopy and Photoelectric Properties of 1D Single-Walled Carbon Nanotubes and 
2D Molybdenum Disulfide and their Applications for Energy Storage, Photodetection 

and Chemical Sensing 
 
 
 

by 
 
 

Guanghui Li 
 

Doctor of Philosophy, Graduate Program in Chemical and Environmental Engineering 
University of California, Riverside, December 2018 

Dr. Juchen Guo, Dr. Mikhail E. Itkis, Co-Chairperson 
 
 
      Single-walled carbon nanotubes (SWNTs) offer extraordinary physical and chemical 

properties such as high carrier mobility and current-carrying capacity, unique 

optoelectronic properties, large surface area, and high electrochemical stability, thus 

showing great potential for applications in thin-film transistors, novel electronic and 

optoelectronic devices, logic circuits, solar cells, and lithium-sulfur batteries.   

        In Chapter 1, the fundamental properties of SWNTs are introduced, including their 

structure, electronic and spectroscopy properties, growth method, thin film preparation, 

and potential applications. In chapter 2, sulfur encapsulation of SWNTs were prepared 

and studied by Raman and UV-Vis-NIR spectroscopy techniques. We discovered a giant 

Raman response to the encapsulation of sulfur in narrow diameter SWNTs with the 

appearance of new peaks at 319, 395 and 710 cm-1 which originate from the sulfur 

species within the SWNTs. The encapsulated species also shift the near-IR interband 

electronic transitions to lower energy by more than 10%. These effects seem to originate 



 ix 

from the van der Waals interaction of the confined sulfur species with the walls of the 

SWNTs.   

      In chapter 3, we utilized a semitransparent film of p-type semiconducting single-

walled carbon nanotubes (SC-SWNTs) with an energy gap of 0.68 ±0.07 eV in 

combination with a molecular beam epitaxy grown n-ZnO layer to build a vertical p-SC-

SWNT/n-ZnO heterojunction-based UV photodetector. The resulting device shows a 

current rectification ratio of 103, a current photoresponsivity up to 400 A/W in the UV 

spectral range from 370 to 230 nm, low dark current, and UV-to-Visible 

photoresponsivity ratio of 105 

       In chapter 4, the CVD grown single-layer MoS2 with Au metal electrodes based gas 

sensor was utilized. Red light illumination was used to induce a photocurrent which was 

employed instead of dark current for NO2 gas sensing. Resulted Au/MoS2/Au 

optoelectronic gas sensor showed a significant enhancement of the device sensitivity S 

toward ppb level of NO2 gas exposure reaching S=4.9%/ppb (4900%/ppm) and extremely 

low limit of detection of NO2 gas at the level of 0.2 ppb was obtained.   

 

 

 

 

Key Words: SWNTs, Sulfur Encapsulation, Raman Spectroscopy, UV Detection, 

Heterojunction 
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Chapter 1 Introduction to Carbon Nanotubes (CNTs) 

 

      Carbon is the basic element in our life which can form many types of organic and 

inorganic compounds. On the basis of carbon a numerous of amazing structures like zero-

dimensional (0D) C60,1-2 one-dimensional (1D) carbon nanotubes (CNT),3 two-

dimensional (2D) graphene,4 and three-dimensional (3D) graphite  or diamond are 

formed. Among them, graphene, which is composed of a single layer of carbon atoms, is 

regarded as the mother of all these structures.5-7 As shown in Figure 1.1, graphene can 

wrap into 0D C60, roll up into 1D CNT, and stack into 3-D graphite. In the past few 

decades, 0D, 1D, and 2D carbon based nanomaterials have attracted much attention due 

to their novel and unique physical and chemical properties and their potential applications 

in various fields were explored.8 
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Figure 1.1 From one-atom thick layer of graphene, 0D buckyballs, 1D nanotubes, and 

3D graphite can be formed.8 

      Depending on the number of the shells, CNTs can be categorized as multi-walled 

(MWNTs) and single-walled carbon nanotubes (SWNTs) (Figure 1.2). MWNTs with a 

diameter ranging from few nanometers to hundred nanometers were first discovered by 

Iijima in 1991.3 Two years later, SWNTs were first-time synthesized by arc-discharge 

method with transition–metal catalyst, and the diameter ranging from 0.7 nm to 1.6 nm. 9-

10 Carbon nanotube is 1D nanomaterial which became a hot topic of research due to its 

unique structure, outstanding electric, photonic, and chemical properties. Up to now, an 

enormous amount of research has been conducted to explore its potential application in 

various fields, including field-effect transistors, chemical sensors, photodetectors, solar 

cells, light modulators, and lithium batteries.11-16 



 3 

 
Figure 1.2 Schematic structure of (a) multi-walled carbon nanotubes (MWNTs); (b) 

single-walled carbon nanotubes (SWNTs).17  

      During my study in UCR, my research has been mainly focused on developing next-

generation optoelectronic nano devices based on the SWNTs thin films. In this chapter, I 

will introduce some general information about the SWNTs. 

1.1 Crystal Structure of SWNTs  

      SWNT is a one-dimensional carbon-based nanomaterial which can be viewed as a 

sheet of graphene rolled into cylinder along a chiral vector (m, n) as shown in Figure 

1.3.18 SWNTs structure can be defined by the chiral index (m, n) which determines its 

diameter, electronic and photonic properties. As shown in Figure 1.3, a1 and a2 are the 

unit vectors of the hexagonal honeycomb lattice in graphene sheet, where a1=a2=0.246 

nm. The diameter of SWNTs can be calculated by the following equation19 

𝑑 = 𝑎
𝜋 √𝑛2 + 𝑛𝑚 + 𝑚2                  (1.1) 
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where a is a lattice constant: 𝑎 = 𝑎1 = 𝑎2 = 0.246 𝑛𝑚  . The chiral angle is 𝜃 =

𝑡𝑎𝑛−1[ √3𝑛
2𝑚+𝑛 

] which is in the range of  0 ≤ |𝜃| ≤ 30𝑜 

      When m=n, the carbon nanotube is armchair (Figure 1.3b), it is zigzag when n=0 or 

m=0 (Figure 1.3 c), or chiral for any other n and m (Figure 1.3 d).18, 20 Depending on the 

chiral vector of SWNTs C=na1+ma2, SWNTs can be either metallic or semiconducting. 

 
 

Figure 1.3 (a) Schematic honeycomb structure of a graphene sheet. SWNT can be 

formed by folding the sheet along lattice vectors. The two basis vectors a1 and a2 are 

shown. Folding of the (8,8), (8,0), and (10,-2) vectors leads to armchair (b), zigzag (c), 

and chiral (d) SWNTs.18 

1.2 Electronic Properties of SWNTs  

      As discussed above, the physical and chemical properties of SWNTs heavily depend 

on their chirality (m, n). SWNTs can be visualized as graphene rolled along a chiral 

vector, so we can derive the electronic properties by analyzing the properties of graphene. 

In the plane sheet of graphene, there are four valence orbitals of carbon atom, including 
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2s, 2px, spy, and 2pz orbitals, in which s, px, py orbitals form sp2 hybridization in-plane V 

(bonding or occupied) and V* (antibonding or unoccupied) orbitals, corresponding V 

valence bands and V* conduction bands.21 The V bonds in SWNTs are responsible for the 

binding energy and elastic properties of graphene sheet but not the band structure as they 

are far from the Fermi energy.20 The 2pz orbitals are oriented perpendicularly to graphene 

sheet and can’t be coupled with V states. Thus, the interaction between the pz orbitals in 

carbon atoms forms a π (bonding) and π* (antibonding) orbitals, corresponding to the π 

valence band and π*conduction band. The π bonds are responsible for the electronic 

states near the Fermi energy in SWNT, so they play an important role in the band 

structure and electronic properties of SWNTs.20-21  

       The graphene band structure can be calculated within the tight-binding model of 

graphene.20-21 Figure 1.4a shows the energy dispersion along the high symmetry direction 

of triangle Γ M K throughout the Brillouin zone. The upper half of the energy dispersion 

curves describe the π*-energy bonding band while the lower half is π energy bonding 

band, which degenerate at the K points with crossing at the Fermi energy. These two 

bands touch each other at six points called Dirac or neutrality points (Figure 1.4b) thus 

making graphene a zero-gap semimetal.22  
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 Figure 1.4 (a) Energy dispersion of graphene; (b) 3D band structure of graphene.22 

       The electronic structure of the SWNTs can be derived from that of 2D graphene. As 

SWNT is one-dimensional, so the wave vectors along the nanotube axis is still 

continuous like graphene, while the along the diameter can be quantized due to the 

limited circumference. When the chirality of SWNTs satisfies 𝑛 − 𝑚 = 3𝑙 relationship, 

the π band will cross the Fermi level at K point with corresponding  zero bandgap and 

metallic behaviors of the SWNTs, like in case of graphene (Figure 1.4a).20 All the 

armchair SWNTs are metallic as m-n=0. In theory, metallic SWNTs have an electrical 

conductivity as high as 4×105 S/cm and the electric current density can reach 4×109 

A/cm2 which is 1,000 times higher than for copper.16 

       On the other hand, in the situation of 𝑛 − 𝑚 = 3𝑙 ± 1, SWNTs show semiconducting 

characters with a small bandgap calculated as below: 

∆𝐸𝑔 = 2𝜋𝛼𝛾0
√3|𝐶ℎ|                                                                    (1.2) 

where|𝐶ℎ| = 𝜋𝑑𝑡, and 𝛾0 = 2.9 𝑒𝑉.  

(a) (b) 
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Figure 1.5 Schematic diagram of the density of states (DOS) of SWNTs. (a) Metallic 

SWNTs; (b) Semiconducting SWNT.23 

1.3 Spectroscopic Studies of the SWNTs  

      As shown in equation 1.2, the bandgap of SWNTs is reversely proportional to the 

tube diameter. Up to now, several techniques have been used to experimentally study 

crystal and electronic structure of the SWNTs like scanning tunneling spectroscopy 

(STM), UV-Vis-NIR spectroscopy, and Raman spectroscopy.24-26  

1.3.1 Scanning Tunneling Microscopy of SWNTs 

      Ultra-high-vacuum (UHV) scanning tunneling microscopy (STM) is a useful tool to 

probe the surface of the SWNTs with atomic resolution, and scanning tunneling 

spectroscopy (STS) was used for band structure measurement.18, 24, 27 Lieber research 

group studied the electronic properties of single SWNTs with different diameters with 

atomic resolution by STM (Figure 1.6).24 They resolved the hexagonal-ring structure of 

carbon nanotube walls and measured their corresponding electronic properties. The 

(a) (b) 
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results confirmed that the electronic properties of the SWNTs depend on their diameters 

and helicities. In the semiconducting SWNTs, the bandgap reversely depends on the 

diameter, which was consistent with the theory calculation.   

 

Figure 1.6 (a) Structure and spectroscopy of semiconducting SWNTs. (b) Bandgap (Eg) 

versus tube diameter.24  

1.3.2 UV-Vis-Near-IR Spectroscopy of the SWNTs 

      The electronic structure of SWNTs is determined by the chirality (m, n) and show 

either semiconducting or metallic character with series of spikes in DOS (Figure 1.5). 

The optical absorption of SWNTs is closely related to their corresponding structures, so it 

gives a tool to study SWNTs electronic states by measuring their optical absorption 

spectra. Haddon group measured the sub-bands of SWNTs of different diameters 

produced by arc discharge, laser ablation, and HiPCO methods by Vis-NIR spectroscopy 

(Figure 1.7).28 As shown in Figure 1.7, the UV-Vis-NIR spectra of semiconducting 

SWNTs show a few absorption peaks such as S11 and S22 corresponding to the first and 

second interband transitions, respectively. M11 peak corresponds the first interband 

transition in metallic SWNTs.28  It was confirmed that positions of the maximums of the 

(a) (b) 
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first (S11) and second absorption (S22) bands are sensitive to the diameter of SWNTs, 

increasing with the decrease of the SWNTs diameter.24, 28-29 

 

Figure 1.7 Absorption spectra (Varian Cary 500 spectrometer) of films of purified 

HiPCO, purified laser ablation, and electric arc discharge produced SWNTs after baseline 

correction.28  

     The individual SC-SWNTs shows outstanding electronic properties with the mobility 

of charge carriers of 105 cm2/s/V and the on/off ratio of 105.16 For the SC-SWNTs thin 

film, the conductivity can reach 250-400 S/cm.30  

1.3.3 Raman Spectroscopy Properties of the SWNTs  

             Raman spectroscopy is a fast, nondestructive, and high-resolution tool for the 

characterization of carbon nanotubes.31-35 It provides phonon spectra of the SWNTs 

closely related to their crystal, electronic structure, and the defects in SWNTs. Raman 

scattering is an inelastic scattering photons by phonons, where a photon excites the 

electrons which are scattered by phonons, resulting in the energy shift of photon: ℏ𝜔𝐿 −
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ℏ𝜔𝑆𝑐 = ℏ:. By plotting the intensity of the scattered light as a function of the difference 

between the incident and scattered photon energy, the Raman spectra of the sample can 

be obtained. As shown in Figure 1.8, there are four main regions in the SWNT Raman 

spectra which are G band, radial breathing mode (RBM), D bands and IFM bands.36 

 

                               Figure 1.8 Raman spectra of HiPCO SWNTs.36 

The phonon structure of SWNTs can be derived from graphene structure. In 

single layer graphene, each unit cell contains two carbon atoms, A and B, which form a 

triangular network with their neighbor atoms (Figure 1.9).37  

 

                            Figure 1.9 Top view of unit cell of 1 layer graphene.37 
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          Therefore, there are six vibration modes at the center of Brillouin zone of one-layer 

graphene (* point), including two double-degenerate modes (Figure 1.10). The lattice 

vibrations in one-layer graphene at * point can be described as:*1𝐿𝐺 = 𝐴2𝑢 + 𝐵2𝑔 +

𝐸1𝑢 + 𝐸2𝑔  shown in Figure 1.10. E2g is a doubly degenerate in-plane mode which is 

Raman-active, while B2g mode is out-of-plane optical mode which is neither Raman nor 

infrared active. A2u and E1u (doubly degenerate) are the translations of the plane and E1u is 

infrared –active.37 

 

Figure 1.10 The atoms displacements of phonon modes at the  * points of 1 layer 

graphene: (a) E2g mode, (b) A2u mode, (c) E1u mode, and (d) B2g mode.37 

      From the theoretical calculation, there are six phonon branches at the * point in one 

layer graphene which are three acoustic phonon modes and three optical phonon modes. 

The acoustic phonon modes are composed by out-of-plane transverse acoustic (oTA), in-

plane transverse acoustic (iTA), longitudinal acoustic (LA). The optical modes are out-of-

plane transverse optic (oTO), in-plane transverse optic (iTO), and longitudinal optic (LO), 

shown in Figure 1.11.32 The three acoustic phonon modes are composed of A2u and E1u 

modes, and the optical phonon modes are E2g and B2g modes.  

(d) (c) (b) (a) 
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                                        Figure 1.11  Phonon dispersion of graphene.32 

The phonon dispersion of SWNTs can be calculated by zone folding the phonon 

dispersion curves of a two-dimensional graphene layer as follow: 

𝜔1𝐷
𝑚𝜇(𝑘) = 𝜔2𝐷

𝑚 (𝑘 𝐾2
|𝐾2| + 𝜇𝐾1),     ( m=1,…,6

μ=0,….,N−1   𝑎𝑛𝑑 − 𝜋
𝑇

< 𝑘 ≤ 𝜋
𝑇

)     1.3 

where m is the number of acoustic and optical modes, k is a one-dimensional wave vector, 

K1 and K2 are the reciprocal vectors in the circumferential direction and along the 

nanotube axis, respectively, T is the magnitude of the one-dimensional translation vector 

T: 

𝑇 = |𝐓| = 31
2⁄ 𝐿/𝑑𝑅                              1.4 

Based on the zone folding procedure, the phonon dispersion curves of the SWNTs can 

be calculated. Figure 1.12 shows the phonon dispersion curves of the (10,10) SWNT.32   
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             Figure 1.12 The phonon dispersion of armchair carbon nanotube (10,10).32 

G-band    

      G-band in graphene or SWNTs is from the stretching of the C-C bonds which is a 

common feature in all sp2 carbon system (~1582 cm-1).32 The G-band is related to the 

Raman-active E2g mode, which is at the crossing point of iTO and LO at the Brillouin 

zone (BZ) center (Figure 1.13).38  In SWNTs, the most intense G-band is from the carbon 

vibration along the tube axis (Z+ G-band), which negligibly depends on the SWNT 

diameter. The C-C bonds also vibrate along the circumferential direction, and the 

frequency depends on the tube diameter (Z- G-band). 
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  Figure 1.13 E2g mode in 1 layer graphene37, (b)26and (c) schematic of G band modes.39 

      As 𝜔𝐺
− strongly depend on the diameter (dt) of SWNTs while 𝜔𝐺

+ is independent on dt, 

the dt can be calculated from the equation below: 

𝜔𝐺
− = 𝜔𝐺— 𝜑

𝑑𝑡
2⁄                 1.5 

where M=47.7 cm-1nm2 for semiconducting SWNTs and M=79.5 cm-1nm2 

      In graphene or SWNTs, the G peak produced in Raman scattering is a one-phonon 

process. Briefly, the electron is excited from the valence band to conduction band, and 

then scattered by a E2g phonon.37 The scattered electron will combine with a hole and 

relax the photon (Figure 1.14). 

(a) (b) (c) 
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           Figure 1.14 Single resonance process of G mode in 1 layer graphene.37 

      As G-band is from the carbon vibration in E2g mode and it is very sensitive to strain 

effects in sp2 carbon materials. Therefore, when the length and the angles of graphene 

change due to the external strain or the interaction with substrate, the G-band of graphene 

will shift.34  

 RBM Mode 

       In SWNTs, the RBM modes are usually strong at low frequencies ranging from 100 

cm-1 to 400 cm-1. The RBM is a first-order Raman Scattering process which is a bond-

stretching out-of-plane mode. All the carbon atoms in SWNTs vibrate in the radial 

direction like breathing (Figure 1.15). 39  
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Figure 1.15 (a) and (b) RBM modes of SWNTs31, 43  (c) The Raman spectra of HiPCO 

SWNT within the RBM range. 

     The frequencies of RMB are closely related to the diameters of SWNTs. Therefore, 

SWNTs diameters can be directly and conveniently determined via Raman spectroscopy 

method by measuring the RMB features. The relationship between the RBM frequency 

and diameter of SWNT can be expressed as follow: 

𝜔𝑅𝐵𝑀 = 𝐴
𝑑𝑡

  + 𝐵 (𝑐𝑚−1)                        1.6 

where A= 248 cm-1nm for isolated SWNTs on SiO2 substrate, and B is the parameter 

caused by environmental factors.32 Therefore, the diameter of the SWNTs can be 

calculated by measuring the RBM frequency of SWNTs (100-400 cm-1). When 𝑑𝑡 → ∞, 

𝜔𝑅𝐵𝑀 goes to zero, so there is no RMB feature in graphene. Raman spectroscopy can 

probe the diameters of both metallic and semiconducting SWNTs.40 

      The electronic structure of SWNTs can be determined by measuring the intensity of 

RBM peaks under various excitations. Jorio et al. studied the shape of joint density of 

electronic states (JDOS) of isolated SWNTs by Raman spectroscopy technique with a 

tunable laser.41 As the resonant Raman intensity is proportional to JDOS, the JDOS of 

(a) (b) 
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SWNTs can be obtained by studying its RBM features. The Raman spectra intensity I(El) 

is closely related to the laser excitation energy (El) which can be described below: 

𝐼(𝐸𝑙) = ∫ |𝑀 𝑔 (𝐸)
(𝐸𝑙−𝐸−𝑖*𝑟)(𝐸𝑙±𝐸𝑝ℎ−𝐸−𝑖*𝑟)

|
2

𝑑𝐸                               1.7 

𝑔(𝐸) = 𝑅𝑒 [∑ 𝑎𝐶−𝐶𝐸
𝑑𝑡𝛾0√(𝐸−𝐸𝑖𝑖−𝑖*𝐽)(𝐸+𝐸𝑖𝑖+𝑖*𝐽)𝑖 ]                                 1.8 

𝑀 = 𝑀𝑖𝑀𝑒𝑝𝑀𝑠                                                                           1.9 

 Eph can be obtained from the RBM peaks. The band gap of SWNTs (Eii) can be derived 

from equation 1.7 based on the data from RBM features. As the diameter can be obtained 

from equation 1.6 and Eii can be got from equation 1.7, the possibilities of SWNTs 

chirality can be estimated. Therefore, the diameter, electronic structure, and chirality of 

SWNTs can be obtained by measuring the RBM frequency and intensity. 

  D-Modes 

      Graphene and SWNTs are composed of carbon rings which contain 6 atoms in each 

ring. All these six carbon atoms symmetrically breath which is shown in Figure 1.16. In 

the perfect graphene or SWNTs without defects, there is no Raman resonance features. 

When the ring is destructed by functional groups or sp3 bonds, the D peak will be active 

and can be probed by Raman spectroscopy. In both graphene and SWNTs, the D peak is 

at 1360 cm-1 for visible excitation.32, 42-43 38 
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                                      Figure 1.16 D modes of graphene. 38 

     The D band originates from inter-valley one-phonon double resonance (DR). Raman 

scattering process between two nonequivalent Dirac cones (K and K’) as shown in Figure 

1.17.43 Briefly, it involves four processes: 1) the laser excites the sample and produce an 

electron/hole pair; 2) the electron is scattered by a phonon with an exchanged momentum 

q~K; 3) defect scattering; 4) electron/hole recombination. Therefore, the D peak is the 

result of second-order Raman scattering process.32, 42 

 

                   Figure 1.17 The double resonance processes.43 
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IFM modes 

      The G band and RBM band are due to the first-order Raman scattering process, while 

the D band is due to one-phonon double resonance. When combine these modes, it will 

produce some weak Raman features in the intermediate-frequency region from 600 to 

1100 cm-1 in the SWNT Raman spectroscopy, which is named as intermediate-frequency 

modes (IFM).44 In literature, a Raman active feature at around 860 cm-1 was observed in 

electric-arc SWNTs which is related to the out-of-plane transverse optical (oTO) phonon 

branch in graphene (Figure 1.18).44 

 

Figure 1.18 Schematic diagram of oTO phonon vibration in graphene and SWNT.44 

      The IFM features in SWNTs are associated with the combination of zone folded oTO 

and in-plane transverse acoustic iTA in graphene, which produce IFM+ and IFM- above 

and below oTO, respectively.45 The frequency of IFM can be calculated by the sum and 

difference of phonon frequencies described as below46: 

𝜔𝐼𝐹𝑀
+ = 𝜔𝑜𝑇𝑂 + 𝜔𝑖𝑇𝐴                               1.10    

𝜔𝐼𝐹𝑀
− = 𝜔𝑜𝑇𝑂 − 𝜔𝑖𝑇𝐴                               1.11 

      In the Raman scattering process for the SWNTs, the phonons usually interact with 

electronic states in Eii in the valence band and conduction band. However, when the 
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energies of 𝐸𝑖𝑖 and 𝐸𝑖𝑖
′′ are very close, it is possible that the electron excited in Eii state is 

scattered by a phonon to 𝐸𝑖𝑖
′′  state. The IFM features are from the Raman resonance 

absorption and emission between E33 and E44 states in semiconducting SWNTs while in 

the 𝑀11
𝑀− and 𝑀11

+  for metallic SWNTs. The electrons can only interact with phonons with 

E3 symmetry in semiconducting SWNTs to meet the angular momentum conservation. 

Based on the Raman selection rules, the E3 symmetry modes can’t be probed in the first 

order Raman scattering process but can be observed in a second-order scattering process 

involving two E3 phonons. One is from the folding of optical branch and another one is 

from the folding of an acoustic branch in 2D graphene. 

      In order to activate Raman scattering process, the linear momentum along the tube 

axis and angular momentum conservation are needed to meet the requirement. For the 

linear momentum conservation, it requires: 

    |𝑞𝑝ℎ𝑜𝑛𝑜𝑛| = |𝑘𝑓 − 𝑘𝑖|                                 1.12 

where qphonon is the phonon wave vector along the tube axis, kf and ku are the electronic 

wave vectors of final and initial electronic states. In SWNTs, f=4, and i=3.  

So when  𝑞𝑝ℎ𝑜𝑛𝑜𝑛 → 0, k4 |k3 and T|0. When  𝑞𝑝ℎ𝑜𝑛𝑜𝑛 ≡ 0, k4=k3 and T=0. Therefore, 

the IFM features can only be observed near or in zigzag SWNTs  (n,0).45-47 

      The frequencies of IFM features are associated with the diameters of SWNTs, 

showing decreasing trend with the decrease of SWNTs diameter. In SWNTs, the intensity 

of 𝜔𝐼𝐹𝑀
+  peaks is higher than the 𝜔𝐼𝐹𝑀

−  as 𝜔𝐼𝐹𝑀
+  is related to acoustic mode stoke process 

while the 𝜔𝐼𝐹𝑀
−  is associated with the less probable acoustic mode anti-stokes process. 
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1.4 Growth of SWNTs  

      Since the first carbon nanotube was discovered in 1991,3  various techniques have 

been developed to grow SWNTs for different applications. The most common techniques 

are arc-discharge method9, laser ablation (LA),48 and chemical vapor deposition (CVD),49 

Even though most of these techniques have been improved in the past 2 decades, all the 

as-prepared SWNTs contain impurities like amorphous carbon, catalyst and graphitic 

nanoparticles. Therefore, purifying processes are needed to get high-purity SWNTs. Also, 

it is still a challenge to precisely control SWNT diameter, chirality, and length during the 

synthetic process. 

1.4.1 Electric Arc-Discharge Method    

      Electric arc-discharge method has been initially used to produce fullerene.50 Usually, 

a discharge direct current (80-200 A) is running between two high-purity graphite rods, 

working as cathode and anode, and separated by 1~2 mm under inert gas like He or Ar 

atmosphere. Carbon nanomaterials like fullerene and graphitic nanoparticles are 

deposited on the electrode (Figure 1.19). 19    

 

Figure 1.19 Schematic of the arc-discharge apparatus employed for carbon nanomaterials 

production (Fullerene, SWNTs, MWNTs).19 
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      Sumio Iijima first synthesized SWNTs by arch discharge method in 1993.9 Iron 

metallic catalyst was filled into the graphite cathode, and the chamber was filled with the 

mixture of methane and argon. After the reaction with the direct current of 200 A at 20 V, 

MWNTs were found on the graphite cathode, while SWNTs were grown in gas. The 

diameters of SWNTs were in the range of 0.7 nm and 1.6 nm. 

        C. Journet prepared SWNTs in large-scale by the electric arc-discharge method, in 

which anode was made out of graphite rod with a drilled hole filled with a mixture of 

metallic catalyst and graphite powder, while another graphite rod worked as cathode. A 

direct current (100 A) was applied between the cathode and anode to vaporize the 

graphite anode. The anode electrode was continuously translated to keep a constant 

distance between the two graphite electrodes.51 Large amounts of carbon nanotubes were 

found on the cathode. SEM image of the SWNT material is shown in Figure 1.20. The 

synthetic process also produces spherical nanoparticles ranging from 3 nm to 20 nm in 

diameter.19, 51  

 

Figure 1.20 Scanning electron microscopy (SEM) image of SWNTs produced by arc-

discharge method. 51 
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      Nowadays, SWNTs can be produced by arc-discharge method with many types of 

metal catalysts with high yields and a narrow range of diameters of SWNTs. The SWNTs 

produced by arc-discharge method show high crystallinity and quality.52-54 However, 

even best synthesis also produces some impurities like amorphous carbon, graphite, 

encapsulated metal particles.  

1.4.2 Laser Ablation Method  

      Laser ablation method needs a high-power laser to vaporize the high-purity graphite 

target in a furnace at high temperature (Figure 1.21). In order to produce SWNTs, metal 

catalysts are needed to be added to the graphite target. Even though laser ablation method 

can produce multi- or single-walled carbon nanotube with high quality, it still has some 

drawbacks like high cost and low yield.19, 55  

 

Figure 1.21 Experimental setup for the production of SWNTs and MWNTs using the 

laser technique.19 

1.4.3 Chemical Vapor Deposition Method  

         CVD is one of the most common techniques used to produce nanomaterials like 

ZnO nanowire, graphene, and MoS2.56-58 For the CNT synthesis, catalysts like Fe2O3 
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nanoparticles were deposited on a substrate and heated at high temperature in 

hydrocarbon gas (e.g., methane, benzene, acetylene, etc.) atmosphere. Hydrocarbon gas 

will be decomposed at high temperature on the surface of metal catalyst, resulting in 

producing H2 and Cn species. The Cn species were absorbed into metal catalyst on the 

substrate to form a carbon-iron solid state solution. When carbon atoms reach 

supersaturation in metal catalyst, it will precipitate out of the metal and form SWNTs. 

The diameters of SWNTs are closely determined by the size of catalyst particles.18-19, 49 

Like in arc-discharge and laser ablation methods, CVD can grow single- and multi-

walled carbon nanotubes. It can produce SWNTs at lower temperature (550-1000oC) 

which make it easier and cheaper than other methods.18 Furthermore, CVD method can 

be used to grow aligned SWNTs arrays under suitable condition.59 However, the CVD 

method also has some disadvantages like more defects in SWNTs. At present, by 

changing parameters like catalyst and carbon source, carrier gas, particle size, 

temperature, large quantities of SWNTs can be produced with high purity, crystallinity, 

and efficiency.  

1.5 Processing of SWNTs  

 1.5.1 Purification of SWNTs 

      The perfect structure of SWNTs makes it an outstanding material which can be used 

in various fields. However, there is significant amount of impurities in as-prepared 

SWNTs (AP-SWNTs) including metal catalyst and amorphous carbon, graphitic 

nanoparticles and fullerenes, which limits the applications of SWNTs in various fields. 

To totally fulfill the technological potential of the SWNTs, the first and most important 
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step is to develop method and process to purify the material.  Haddon research group has 

put much effort to purify SWNTs and develop standard method to characterize its purity. 

The hierarchical flow chart presented in Figure 1.22 shows multiple purification stages 

starting with removing impurities and ending with sorting  pure SWNTs by their length, 

chirality and diameter.60  

 

Figure 1.22 Hierarchical flow chart for purification of single-walled carbon nanotube 

(SWNTs).60 
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      Up to now, much work has been done to remove the impurities in stage 1 and a 

promising progress has been achieved. Usually the purification strategies involve 

physical, chemical methods, or combination them together. As SWNTs physical 

properties are different with the impurities, like size, density, solubility in solvent, 

magnetic properties, etc.., the impurities can be removed by filtration, centrifugation, 

high-temperature annealing treatment, and dispersing in different solvents. Physical 

methods are usually combined with chemical methods. 

      Chemical methods mainly involve selective oxidation of carbonaceous impurities and 

the removal of the catalyst by acid. The carbonaceous impurities produced during 

SWNTs growth can be removed by oxidation in different gas atmospheres, such as O2, 

mixture of Cl2, H2O and HCl, and a mixture of Ar, O2 and H2O. Significant development 

of purification techniques was conducted in the past by Haddon research group. For 

example, Rahul Sen et al.61 Annealed arc-discharge produced SWNTs thin film at 

different temperatures and for different times in air to oxidize the impurities. In this 

experiment, the purity of SWNTs was evaluated by near-infrared (NIR) spectroscopy, 

and the result shows that SWNTs thin film has highest relative purity when SWNTs thin 

film was annealed at 245 oC for 12h under flowing oxygen atmosphere.61 Hui Hu et al.62 

Purified arc-discharged produced SWNTs by nitric acid and characterized it by NIR 

spectroscopy. It was found that the concentration of nitric acid and reflux time have great 

influence on the purity and yield of the SWNTs. Nitric acid can efficiently remove 

metallic catalyst but also can damage the SWNTs and produce carbonaceous impurities at 

the same time. When SWNTs is treated by 3 M nitric acid for 12h or 7 M for 6 h, the 
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purification was found to be the most efficient.62 As there are some carbonaceous 

impurities and carbon nanoparticles left in SWNTs after acid treatment, it is necessary to 

take further steps to remove these impurities. To achieve large-scale removal of 

impurities in SWNTs, Aiping Yu et al. combined low-speed and high-speed 

centrifugation methods together to remove amorphous carbon and carbon nanoparticles in 

nitric-acid treated SWNTs dispersion (Figure 1.23).63 At low-speed centrifugation (2000 

g), amorphous carbon is suspended preferentially in dispersion and can be removed by 

decanting, while after the high-speed centrifugation carbon nanoparticles precipitate, 

leaving SWNTs suspended in aqueous solution.  

 

Figure 1.23 Schematic diagram of the resuspension - centrifugation - decantation cycle 

for removal of carbon nanoparticles.63  

 1.5.2 Measuring Purity of SWNTs 

      For improving synthesis and purification of the SWNTs it is important to measure the 

SWNTs purity at each step of the process as a function of synthetic and purification 

parameters. The weight of transition-metal catalyst can be measured by 
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thermogravimetric analysis (TGA). However, the real difficulty is to assess the 

carbonaceous purity. In the early work, the purity of SWNT is mainly assessed by 

transmission electron microscopy (TEM)64 and scanning electron microscopy (SEM),65-66 

and these microscopy techniques were regarded as the standard measure of purity. 

However, SEM is just a local probe which can measure pictograms of sample, and it is 

impossible to measure gram-scale of samples, let alone the kilogram quantities. Moreover, 

the material quality varies widely within the samples, even in the same batch. Therefore, 

SEM is not a suitable technique to measure the purity of SWNT in large scale.60-62, 67 

      In order to achieve a standard measurement of SWNTs purity, Haddon research group 

developed near-infrared (NIR) spectroscopy method to estimate the purities of SWNTs 

produced by electric-arc method.53 This technique is also suitable for the analysis of 

SWNTs produced by other method like CVD, HiPCO, and laser ablation.53, 60-61, 63, 67-68 

This technique was later accepted by NIST as one of the most efficient purity evaluation 

technique.69 

      Figure 1.24 shows a schematic of absorption spectrum of a typical SWNT material 

produced by electric-arc method in the spectral range between far-IR to UV (10-4500 cm-

1).53, 61, 67 In the high energy spectral range, π-plasmon of the SWNTs and carbonaceous 

impurities mainly contribute to the absorption, while the NIR-visible spectral range 

exhibits absorption features originating from the interband transitions of semiconducting 

SWNT (S11 and S22) and metallic SWNTs (M11). S11 absorption band is extremely 

susceptible to chemical dopants and the M11 is weaker than S22, so S22 is chosen to 

estimate the purity of the SWNTs (Figure 1.24).  
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Figure 1.24 Schematic illustration of the electronic spectrum of SWNTs prepared by 

electric arc method.53  

   As shown in Figure 1.24, the areal absorption within S22 band was denoted as AA(S), π-

plasmon absorption from the SWNTs was denoted as AA(N) and from impurities is AA(I), 

and the total absorption was denoted as AA(T), where AA(T) = AA(S)+AA(N)+AA(I). 

The relative purity of SWNT against the experimentally selected reference sample was 

defined as follows: 

𝑅𝑃 (𝑆𝑎𝑚𝑝𝑙𝑒) = 𝐴𝐴 (𝑆)𝑆𝑎𝑚𝑝𝑙𝑒/𝐴𝐴(𝑇)𝑆𝑎𝑚𝑝𝑙𝑒
𝐴𝐴(𝑆)𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒/𝐴𝐴(𝑇)𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒

          1.13 

where AA(S)Sample and AA(T)Sample are the total areas of the  NIR-UV curves in Figure 1.24. 

AA(S)Reference and AA(T)Reference are the areas under the S22 absorption in reference sample, 

respectively. In the experimentally selected reference sample, the ratio of AA(S)Reference 

 

AA(N) 

AA(I) 
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/AA(T)Reference was measured as 0.141, and was assigned to the 100% relative purity of 

SWNTs. This purity evaluation technique was utilized for improving arc-discharge 

synthesis of SWNTs and improving efficiency of their purification.25, 53, 61-63, 70-71 Later, 

this technique was utilized by commercial company Nanointegris, Inc. in separation of 

metallic and semiconducting SWNTs described in the next section.   

1.5.3 Separation of Semiconducting and Metallic SWNTs 

      SWNTs have excellent electrical and optical properties leading to the wide range of 

potential applications, especially in electronic industry. However, the SWNTs in large 

scale synthetic production are naturally grown as bundles of a mixture of metallic and 

semiconducting tubes in a ratio of 1:2, thus hindering widespread applications of SWNTs. 

Up to now, much effort has been put to separate semiconducting from metallic SWNTs. 

For example, Krupke et al. prepared thin film of metallic SWNT by electrophoresis on 

the interdigitated chips. However, this technique can only be applied on the small.72 

Takeshi Tanaka et al. reported a rapid and scalable method to separate metallic and 

semiconducting SWNTs by selective adsorption of SWNTs on agarose gel. Briefly, the 

well-dispersed SWNTs/ sodium dodecyl sulfate solution was mixed with liquid agarose 

gel followed by the frozen, thawed, and squeezed processes. The resulting solution 

contains 70% pure metallic SWNTs, leaving the gel containing 95% pure semiconducting 

SWNTs (Figure 1.25).73  
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Figure 1.25 (a) Model of metallic and semiconducting SWNTs separation using agarose 

gel. Red: semiconducting SWNTs; beige, agarose gel matrix; green: metallic SWNTs; 

yellow: SDS. (b - e) Schematic diagrams showing steps of metallic and semiconducting 

SWNTs separation using agarose gel: (b) freeze and squeeze, (c) centrifugation, (d) 

diffusion, and (e) permeation. M, metallic SWCNT; S, semiconducting SWCNT.73  

      Hersam group developed a density-gradient ultracentrifugation technique for 

separating SWNTs by diameter, bandgap, and electronic type (metallic versus 

semiconducting SWNTs), which was later applied to large-scale and effective industrial 

production.74-75 They first utilized DNA as a surfactant and dispersed SWNTs in 

iodixanol solutions followed by the ultracentrifugation at 174 000 g.74 For this method, it 

has some drawbacks like the limited stability of DNA-wrapped SWNTs in solution, the 

removal of DNA, and the cost of DNA, which hindered their widespread applications. To 

overcome these drawbacks and achieve large-scale sorting of the SWNTs at low cost, 

they improved the density-gradient ultracentrifugation by replacing DNA surfactant with 

bile salts.74 SWNTs were dispersed in bile salt solutions like sodium cholate (SC) via 
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ultrasonication method to obtain well-dispersed solutions of individual SWNTs. Unlike 

the anionic-alkyl surfactants such as sodium dodecyl sulphate (SDS) and sodium 

dodecylbenzene sulphonate (SDBS), the bile salt like SC is more molecularly rigid and is 

capable to form encapsulation layers on SWNTs. Moreover, metallic SWNTs show 

stronger interaction with adsorbates via π  interaction than semiconducting SWNTs 

because of their larger electronic polarizability. Therefore, SWNTs with different 

chirality will be sorted under ultracentrifugation according to their various buoyant 

densities in solution (Figure 1.26). Density-gradient ultracentrifugation technique was the 

1st method to achieve large-scale separation of MT- and SC-SWNTs at the purity 

exceeding 99%, and it utilizes NIR purity evaluation technique to measure the degree of 

separation. It was later commercialized through Nanointegris, Inc. 

 

Figure 1.26 (a) Schematic of surfactant encapsulation and sorting of SWNTs, where ρ is 

density; (b) Photographs and optical absorbance (c) spectra after separation using density 

gradient ultracentrifugation.75 

(a) (b) (c) 

ρ 
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      Currently, conjugated polymer wrapping method became the dominant sorting 

technique as it shows more advantages than other techniques, such as higher SWNT 

concentration, less excess dispersants and no ionic component. It is also easier to prepare 

SWNT thin films following such sorting.76 Malefant group used 9,9-dialkylfuorene 

homopolymers (PFs) as surfactant to disperse large-diameter SWNTs in toluene by horn 

sonication.77 During the sonication process, SWNTs will be exfoliated from large bundles 

and wrapped by polymer to form stable dispersion. The non-dispersed SWNTs or 

SWNTs with large bundles are removed during the centrifugation, leaving the enriched 

SC-SWNTs in solution. The unbound polymers in SWNT solution can be washed away 

by toluene via filtration method. In this study, they explored the factors that affect the 

enrichment like molecular weight, polymer side chain length, and the polymer/SWNT 

weight ratio. After centrifugation, the resulting solution contains more than 99% 

semiconducting (SC-) SWNTs with a yield of 5-10%. A multiple extraction process can 

be applied to increase the yield and maintain the purity of SC-SWNTs. 

1.6 SWNTs Thin Film Preparation 

       1.6.1 Vacuum-Filtration Method 

      SWNTs show unique structure and outstanding electronic and optical properties. 

However, it is difficult to manupulate devices with individual SWNT on the industrial 

scale due to the technology limitation and low efficiency. An alternative approach is 

SWNT thin film based devices. Carbon nanotube thin films hold great potential for next-

generation electronic devices due to their unique properties. For example, metallic 

SWNT thin film show high conductivity and transparency which can be applied in 
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flexible displays, battery electrodes, solar cells and supercapacitors.78-79 Semiconducting 

SWNTs thin films can work as active materials for sensors, transistors, photodetector, 

and light emission devices (LED).80 Many techniques have been developed to prepare 

high-quality SWNTs thin film. Rinzler group fabricated thin and transparent thin film by 

vacuum filtration method.81 SWNTs were firstly dispersed in surfactant-based solution 

and then filtered through a membrane leading to the formation of the uniform SWNTs 

thin film. The SWNTs thin film can be transferred from the membrane onto any substrate 

by dissolving away the membrane in solvent (Figure 1.27).  

 

Figure 1.27  Transparent SWNT films on various substrates. (A) on quartz substrates; (B) 

on a sapphire substrate ; (C) on a Mylar sheet. (D) AFM image of a 150-nm SWNTs 

film.81 

 1.6.2 Casting Method 

      Chuan Wang et al. functionalized SiO2 wafer surface by aminopropyltriethoxy silane 

(APTES), which resulted in formation of the amine-terminated monolayer. After that the 
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wafer was immersed into SWNTs solution containing 95% semiconducting SWNTs. 

After removing the wafer, the nanotube density on APTES functionalized wafer was 

much higher (24-32 tubes/Pm2) than the wafer without APTES (<0.5 tube/Pm2) (Figure 

1.28). This method achieved wafer-scale SWNTs thin film preparation with high density 

uniform network, and high yield.82  

 

Figure 1.28 (a) Schematic diagram of APTES assisted nanotube deposition on Si/SiO2 

substrate. (b) Length distribution of the separated nanotubes; the average nanotube length 

is 1.716 µm. (c, d) FE-SEM images of separated nanotubes deposited on Si/SiO2 

substrates with (c) and without (d) APTES functionalization, respectively. (e) Photograph 

of 3 in. Si/SiO2 wafer after APTES assisted nanotubes deposition. Inset: FE-SEM images 

showing nanotubes deposited at different locations on the wafer, the locations of the SEM 

images on the wafer correspond to the approximate locations on the wafer where the 

images were taken. All the scale bars are 5 µm. (f) Photograph of the same wafer after 

electrode patterning.82  
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 1.6.3 CVD Method  

      Kono group grew vertical SWNT arrays by chemical vapor deposition (CVD), and 

the rolled down to form films of horizontally aligned SWNTs thin film which can be 

transferred on any subsrtrate (Figure 1.29). The SWNT arrays produced by CVD method 

are the mixture of semiconducting and metallic tubes, it is not suitable to preparation of 

the devices based on semiconducting SWNTs thin film.83-84 

 

Figure 1.29 (a) Scanning electron microscopy image of vertically aligned CNTs grown 

on a silicon substrate. (b) An optical microscope image of horizontally aligned CNTs 

after transfer to a Teflon substrate.83 

      There are also some other techniques to prepare SWNTs thin film like dry 

transferring method, printing method and spraying method.85-86 In our group, we prepared 

most of SWNT thin films by vacuum filtration method as described above (Figure 1.30), 

as it has much more advantages than other methods such as:  

1) Homogenous SWNTs thin film can be fabricated with high efficiency;  

2) The thickness of SWNTs thin film can be controlled by the amount of SWNTs;  

3) Uniform thin film with different bundles can be prepared by changing the parematers 

like filtration rate, pore size of membrane, and the surfactant concentration;  
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4) The membrane can be easily washed away without residue and the thin film can be 

transferred on any substrate.   

 

Figure 1.30 Metallic SWNTs (a) and semiconducting SWNTs (b) thin film on membrane 

prepared by vacuum-filtration method.  

      To prepare SWNT thin films with small bundles, the casting method has been used as 

described in published reports.76 SWNTs wrapped by conjugated polymer (PFDD) from 

National Research Council Canada were dispered in tolunene and sonicated by bath 

sonicator for 10 min to obtain PFDD/SWNT dispersion.76 To clean and obtain the 

negatively charged substrate, SiO2 wafer was treated by UV-Ozone for 20 mins which 

resulted in improving the quality and density of  the SWNT thin film. The well-dispersed 

PFDD/SWNT solution was spread  on treated SiO2 substrate for 15 min before rinsing by 

toluene and drying by nitrogen gas. The average bundles size of SWNTs is 3 nm 

measured by atomic force microscopy (AFM) as shown in Figure 1.31. 

 

 

 

 

 

(a) (b) 
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      Figure 1.31 AFM image of SWNT thin film prepared by casting method. 

1.7 Applications of the SWNTs Thin Film  

1.7.1 Field-Effect Transistor (FET) 

      SC-SWNT is a semiconductor with high mobility and transiconductance. FET is the 

basic unit of the logic circuits. Compared with current FET channel materials, such as 

polysilicon, amorphous silicon, and some organic materials, SWNTs thin films have 

some advantages, including high trnasparency, easy to process, flexibilty, and 
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extraordinary electrical properties. Jialu Wang et al. achieved wafer-scale fabrication of 

SWNT thin film based FET devices with the on/off ratio > 104.82 Gerald J. Brady et al. 

prepared FET based on aligned SWNTs thin film with on-state current as high as 900 µA 

µm-1, which is similar or exceeds the Si FET at the equivalent gate oxide thickness and 

same off-state current density.87 Chengguang Qiu et al. fabricated SWNT FET with a 

gate length of 5 nm performing better than the conventional silicon compementary metal-

oxide semiconductor FET at the same scale (Figure. 1.32).88  

 

Figure 1.32 (A) TEM (top) and SEM (bottom) image of a Pd-contacted CNT FETwith 

gate length (Lg) of 5 nm. Schematic diagram showing the structure of a graphene-

contacted (GC) CNT FET (B) and its band diagrams (C) in its on-state (top) and off-state 

(bottom). Transfer characteristics of GC CNT FETs with Lg = 10 nm (D) and 5 nm (E). 88 

1.7.2 Photodectors Based on SWNTs Thin Films 

   SWNTs thin films have great potential for applications in the next-generation opto-

electronic devices. Itkis et al. developed suspended SWNT film technology, and it was 

found that the photoresponse of the suspended film was dramatically enhanced in vacuum 
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(Figure 1.33).89  The photoresponse of the suspended SWNT film originated from the 

temperature rise under light irradiation which causes a decrease in resistance. Electron-

phonon interactions lead to ultrafast relaxation of photoexcited carriers and the energy of 

incident infrared (IR) radiation is efficiently transferred to the crystal lattice. The 

suspended SWNTs thin film shows sufficiently high photoresponse and can work as the 

sensitive material of the IR bolometric detector. 89 

 

Figure 1.33  (a) Diagram of SWNT network suspended between electrical contacts. (b) 

100-nm-thick SWNT film suspended across 3.5-mm opening of a sapphire ring.89 

1.7.3 Light Modulators 

      Semiconducting SWNTs have unique opto-electronic properties. The interband 

transitions can be modulated using different doping methods. Moser et al. fabricated 

electro-optical modulator controlled by  ionic liquid  polarization.90 Ionic liquid contains 

an extremely high density of cations and anions, which can be polarized by applying bias. 

When the ions surround the SWNTs, SWNTs are doped by electrons or holes, the Fermi 

level is shifting up and down, respectively, resulting in the light absorption change. By 

optimizing the thickness of semiconducting SWNT film and the type of counter-electrode 

material, the electro-optical modulator achieved high modulation depth of 3.7 dB and a 

fast operation with millisecond range (Figure 1.34).90 

(b) (a) 
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Figure 1.34 (a) Schematics of SWNT thin film based electrochromic cell with electro-

optically active SC-SWNT electrode and MT-SWNT counter electrode. (b) Spectral 

modulation of SC-SWNT thin films with the thickness of 58 nm.90 

1.7.4 Chemical Sensors 

      SWNTs are composed of one layer of carbon atoms with huge surface area which can 

absorb large quantities of gases on their surface.  Moreover, SWNTs are very sensitive to 

chemical dopants due to their delocalized electronic structure, resulting in the change of 

the electric resistance and S11 optical absorption when absorb dopants.91 Therefore, 

SWNTs have been viewed as extremely suitable candidate of active material for chemical 

sensors. Bekyarova et al. developed NH3 gas sensor based on SWNTs chemically 

functionalized with poly(m-aminobenzene sulfonic acid) (SWNT-PABS). Compared with 

the purified SWNTs, SWNT-PABS based sensor has shown two times higher change in 

resistance upon the same exposure of NH3.91 Up to now, many types of gas sensors based 

on SWNTs have been fabricated and studied, including NO2, NH3, and H2S. For 

increasing selectivity, SWNTs can also be functionalized with special groups to capture 

specific gas molecules.92-95  
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1.7.5 Solar Cells  

      As SWNTs have a strong absorption in near-infrared light and fast exciton and charge 

transport, they are promising light absorbers for devices related to light, such as 

photodetectors, transparent electrodes, and solar cells. As SC-SWNTs show p-type 

behavior, they can work as both active materials and transparent conducting electrodes in 

terms of solar cells. Up to now, much work has been done to prepare solar cells based on 

SWNT thin films to improve the conversion efficiency, such as separating metallic 

SWNTs to avoid exciton quenching, optimizing the nanotube bandgap distribution to 

increase external quantum efficiency.96-97 98 Michael S. Arnold group prepared solar cell 

using highly monochiral (7,5) SWNTs and C60, which reach external quantum efficiency 

(QE) of 43% and power  conversion efficiency of 0.95% and 1.02% at 1.0 and 1.5 suns.99 

1.7.6 Transparent Electrodes 

      Grüner group developed a technique to transfer SWNT thin film on various substrates 

by combining transfer-printing method with filtration method.86 Briefly, the SWNT thin 

film was firstly transferred from filtration membrane to patterned PDMS substrate by 

conformal contact followed by transferring SWNT film from PDMS to the desired 

substrate like SiO2 wafer, PET, and PMMA. When the transmittance of SWNT thin films 

reaches 80%, the resistance is around 120 Ω, which is comparable to the commercial ITO 

films on plastic substrates.  

      During my research in UCR, I utilized SWNT thin film technology for various 

purposes. Using the SWNTs in a form of the thin film, I was able to study the 

encapsulation of sulfur in SWNTs by spectroscopic techniques as discussed in Chapter 2. 
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I have utilized the SC-SWNT thin film on ZnO substrate to fabricate SWNTs/ZnO 

heterojunction working as UV photodetector as discussed in Chapter 3. In my other work, 

I prepared SWNT thin films with small bundles by casting method and doped them into 

n-type by HfO2 deposited by ALD method. By transferring p-type SWNT thin film on the 

top of n-type SWNT thin film, I obtained the p-n junction based on the SWNT thin films 

for applications in NIR photodetection. 
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Chapter 2 Giant Raman Response to the Encapsulation of Sulfur in 
Narrow Diameter Single-Walled Carbon Nanotubes 
 
 

2.1 Introduction  

      In the modern society, the development of new improved energy sources became 

extremely important as it is closely related to the development of society, population, 

economy, and lifestyles. Currently, the main source of energy is fossil fuel which is 

causing serious environmental issues.1 Therefore, much effort has been done to develop 

renewable and sustainable energy sources, such as wind power, solar energy, and 

hydropower, to replace the traditional fuel and alleviate the environmental problems. 

However, all these energy sources are intermittent, and it is important and necessary to 

develop technologies to store these energies. Rechargeable batteries with superior 

performance are one of the most promising storage technologies to solve this problem. 

Up to now, many battery systems have been developed and commercialized, such as 

lead-acid, nickel-cadmium, nickel metal hydride, and lithium ion battery.2-4 Among these 

storage systems, Lithium ion (Li-ion) batteries are viewed as the most promising due to 

their higher energy density than other systems. In the past decades, many Li-ion systems 

including LiMO2/Graphite, LiMO2/silicon, and Li/sulfur, have been developed to 

improve their energy densities, decrease the cost, and increase the cycle life.5 From the 

theoretical calculation, the lithium-sulfur (Li/S) system has higher energy density than 

others and has attracted much more attention (Figure 2.1). 5 
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 Figure 2.1 The theoretical energy density of different Li-ion batteries based on active 

materials only.5 

      Sulfur and lithium has the theoretical capacity of 1673 mAh g-1 and 3861 mAh g-1 

respectively. With pairing lithium anode and sulfur cathode the voltage of the cell can 

reach 2.15 V, resulting in the gravimetric energy density of 2567 Wh Kg-1.6-7 Moreover, 

sulfur also has more advantages than other cathode materials such as low cost, natural 

abundance on Earth, and environmental benignity.   

      The common Li-S battery is composed of sulfur cathode, metallic lithium anode, 

organic liquid, and separator (Figure 2.2). 1, 5 
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         Figure 2.2 Schematic of Li-S battery and the charge and discharge processes.1 

      Even though Li-S battery has been regarded as promising systems when considering 

the energy density and cost, there are still many challenges to increase its cycle life and 

energy efficiency. For example, polysulfide species will be produced and dissolved 

during the discharge process, resulting in the material loss, the increase of impedance, 

and shuttle effect. Li2S2 and Li2S produced in the discharge process are insoluble in 

electrolyte and precipitate out at the cathode, which will prevent further lithiation due to 

their high resistivity. Moreover, sulfur is natural insulator which is another factor limiting 

its electrochemical utilization.5, 8-9 

      To solve these challenges, novel electrode materials and structures are needed. In the 

past several years, nanostructured sulfur electrodes were regarded as promising 

candidates to improve the performance of Li-S batteries.  Combining sulfur with other 

nanomaterial, like carbon nanotubes, can increase the conductivity of the electrode to 

improve its performance. 
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      Carbon nanotubes are 1D nanomaterials which show unique structure and outstanding 

physical and electric properties, such as high carrier mobility and current-carrying 

capacity, unique optoelectronic properties, large surface area, and high electrochemical 

stability, which has great potential for applications in thin-film transistors (TFTs), novel 

electronic and optoelectronic devices, logic circuits, solar cell, and lithium-sulfur battery.  

      The use of carbon-based materials, including single-walled carbon nanotubes 

(SWNTs) to encapsulate sulfur provides an interesting approach to the study of the 

electrochemical lithiation process at the cathode in which there is confinement of the 

active sulfur species.10-15 Apart from the electrochemical experiments, these materials 

have been studied by X-ray diffraction, Raman spectroscopy, XPS, TGA and theoretical 

calculations.16-17 The results of these studies have been interpreted in terms of metallic, 

linear one-dimensional chains of sulfur confined within the SWNTs. As far as we could 

ascertain the previous studies made use of electric arc (EA) produced materials which are 

known to lead to SWNTs of relatively large diameter (Dav | 1.55 nm),18-20 and the 

response of the Raman spectra to the presence of encapsulated sulfur is relatively modest 

as shown in prior reports and in our own experiments. However when we employed 

HiPCO-SWNTs in an essentially identical set of sulfur encapsulation experiments we 

observed an extremely large modulation of the Raman peak intensities. 

       In the present study we report our studies and interpretation of the effect of sulfur 

encapsulation on the spectroscopic properties of EA- and HiPCO-SWNTs of average 

diameter, Dav = 1.55 r 0.1nm and 1.0 r 0.2nm, respectively.18-20 In order to 
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unambiguously characterize the effect of sulfur incorporation on the HiPCO-SWNTs we 

prepared samples as thin films (thickness, t = 50nm), by filtration of dispersions.21 

2.2 Experimental Section 

    1. SWNTs Thin Film Preparation 

      SWNTs prepared by electric-arc method (EA-SWNTs) and high-pressure of carbon 

monoxide (HIPCO-SWNTs) are dispersed in sodium cholate solution. In a typical 

experiment HiPCO-SWNTs (Nanointegris, 2mg), were dispersed in 100ml of an aqueous 

solution of sodium cholate (1g) by sonication (5 h). The dispersion was centrifuged at 

8000 rpm (11000 G) for 15m, and then filtered through a cellulose membrane (pore size 

50nm).   

   2. Preparation of S@SWNTs Thin Film 

      SWNT films (EA-SWNTs and HIPCO-SWNTs) were transferred to quartz 

substrates by dissolving cellulose membrane via acetone vapor. S@SWNTs was prepared 

by Dr. Chengyin Fu from Prof. Juchen Guo’s group. The resulting samples were used for 

spectroscopic characterization. For the removal of sulfur from SWNTs, S@SWNTs thin 

films were annealed at 650 oC in flowing argon gas for 10 hours. To clearly interpret the 

interaction between SWNTs and Sulfur, the isotope 34S were filled into SWNTs via the 

same process.   

  3. Raman and UV-Vis Spectra Characterization  

     All the Raman spectra of SWNTs thin films with or without sulfur on quartz were 

collected by Thermo Scientific Nicolet Almega XR Dispersive Raman Spectrometer. The 
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wavelength of the laser used in Raman spectrometer is 532 nm. UV-vis-NIR absorbance 

spectra were collected by Cary 5000 spectrophotometer. 

  4. XPS Measurement 

      The X-ray photoelectron spectroscopy (XPS) was performed using a Kratos AXIS 

ULTRADLD XPS system equipped with an Al Kα monochromated X-ray source. The 

vacuum pressure was kept below 3 × 10-9 torr and a charge neutralizer was applied during 

the data acquisition. The survey spectra were recorded using 0.5 eV step size, 100 ms 

dwell time, and 80 pass energy. The high-resolution spectra were recorded with 0.05 eV 

step size, 200 ms dwell time, and 20 pass energy. For the measurements, 8 nm thin films 

were transferred on glass substrates.  

2.3 Results and Discussions  

      Here we first fill sulfur in EA-SWNTs thin film and characterize it by Raman 

spectroscopy. In agreement with previous work, the response of EA-SWNTs to the 

encapsulation of sulfur (denoted as S@EA-SWNTs) is quite weak (Figure 2.3).14-15 There 

is a discernible effect on the radial breathing mode (RBM) which appears at 150-200 cm-

1and an enhancement of peaks centered at 375 cm-1,15 which may correspond to a peak 

that was previously observed at 390 cm-1 in a similar sample.  
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Figure 2.3 Raman spectra of EA-SWNTs and S@EA-SWNTs: (a) full spectrum, (b) 

RBM region, (c) G-peak region (laser excitation wavelength: 532 nm). 

 The response of the HiPCO-SWNTs to the encapsulation of sulfur is much more 

pronounced (Figure 2.4a, Figure 2.4b-d), and prominent peaks appear at 319 and 395  cm-

1 together with a series of peaks at about 715 cm-1. 
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Figure 2.4 (a) Raman spectra of HiPCO-SWNTs and S@HiPCO-SWNTs films at laser 

excitation wavelength 532 nm. (b) RBM and IFM region, (c) G-peak region, (d) 2D-peak 

region (laser excitation wavelength: 532 nm). 

       We compare the Raman spectroscopy of these new features with the Raman 

spectroscopy of the Sulfur shown in Figure 2.5. The main Raman features of Sulfur are at 

146 cm-1, 211 cm-1, and 466 cm-1 which are different to the new features of S@SWNTs 

(319 cm-1, 395 cm-1, 643 cm-1, 715 cm-1, and 782 cm-1). Therefore, the new Raman 

features of S@SWNTs are not from the pure sulfur coating on the surface of the SWNTs. 

 

 

(b) 

200 400 600 800 1000
0

50

100

150

200

78
271

5

64
3

39
5

31
9

27
3

23
9

 

 

In
te

ns
ity

 (a
.u

)

Raman shift (cm-1)

 HiPCO-SWNTs
 S@HiPCO-SWNTs

(a) 

500 1000 1500 2000 2500 3000
0

50

100

150

200

250

26
6015

18 15
92

13
34

78
271

5
64

3

39
5

31
9

26
37

19
29

15
87

15
44

13
30

27
3

23
9

 

 

In
te

ns
ity

 (a
.u

)

Raman shift (cm-1)

 HiPCO-SWNTs
 S@HiPCO-SWNTs

(c) 

1000 1200 1400 1600 1800 2000
0

50

100

150

200

250

15
45 15

92

13
34

19
29

15
87

15
44

13
30

 

 

In
te

ns
ity

 (a
.u

)

Raman shift (cm-1)

 HiPCO-SWNTs
 S@HiPCO-SWNTs

2200 2400 2600 2800 3000
0

50

100

150

26
60

26
37

 

 

In
te

ns
ity

 (a
.u

)

Raman shift (cm-1)

 HiPCO-SWNTs
 S@HiPCO-SWNTs(d) 



 65 

 

Figure 2.5 Raman spectroscopies of HiPCO SWNTs, S@HiPCO SWNTs, and pure 

sulfur. 

      We find that these new features disappear when the SWNTs are annealed at high 

temperatures (Figure 2.6a) and in the case of HiPCO-SWNTs the sulfur removal process 

is completed after annealing at 650 oC for 10 hours under argon; furthermore we do not 

find any obvious effect on pristine SWNTs that have been annealed at these temperatures 

(Figure 2.6b). 
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Figure 2.6 (a) Raman spectra of S@HiPCO-SWNTs and S@HiPCO-SWNTs annealed at 

650 oC in Ar atmosphere. (b) Raman spectra of HiPCO-SWNTs and HiPCO-SWNTs 

annealed at 600 oC in Ar atmosphere. 

      The intensities of Raman features are affected by changes in the electronic structure 

of the carbon nanotubes as well as to perturbations to the restoring forces of the 

vibrational modes.22 Thus in order to provide direct information on the effect of sulfur 

incorporation on the electronic structure of the SWNTs we examined the near-infrared 

and Visible (NIR/VIS) spectra of the samples and the results are shown in Figure 2.7a. It 

is quite clear that the features due to the SWNT interband electronic transitions in the S11, 

S22 (semiconducting) and M11 (metallic) regions are strongly affected in the S@HiPCO-

SWNTs while there is little change in the NIR/VIS spectrum of S@EA-SWNTs (Figure 

2.7b).  

 

 

 

(b) (a) 
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Figure 2.7 (a) Baseline subtracted near NIR/VIS absorption spectra of HiPCO-SWNTs 

and S@HiPCO-SWNTs films in the vicinity of the S11, S22 and M11 interband electronic 

transitions; Inset: Schematic energy band diagram for semiconducting and metallic 

SWNTs; (b) Baseline subtracted NIR/VIS absorption spectra of EA-SWNTs and S@EA-

SWNTs films. 

            The baseline subtracted NIR/VIS spectra are shown in Figure 2.7a and our best 

estimates for the assignments are given in Table 2.1 (nomenclature is shown in inset to 

Figure 2.7a; note that peak 7 can be assigned to the S22 or the M11 set of transitions). Thus 

the percentage decrease in the NIR/VIS transitions due to sulfur encapsulation are 'S11 = 

-13% (1), -13 (2); 'S22 = -16 (3), -18 (4), -20 (5), -20(6), -20 (7); 'M11 = -20 (7), -23 (8), 

-26 (9).  

 

 

 

 

(a) (b) 
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Table 2.1 Peak assignments for the NIR/VIS spectra of HiPCO-SWNTs and S@HiPCO-

SWNTs films. 

 

 

 

 

 

 

 

 

 

 

      The assignments are based on previous studies of individual HiPCO-SWNTs using 

absorption and fluorescence spectroscopy,23-25 and there is a clear trend toward larger 

shifts in the interband transitions as the band gap energies increase which is reflected in 

the percentage decrease in the band gaps among the transitions. There are a number of 

distinct effects which could be responsible for the shifts in the interband electronic 

transition energies and we discuss some of the more likely scenarios below.  

      We begin by emphasizing that the shifts in the band gap energies as result of sulfur 

encapsulation scale roughly with the energy gaps and thus could be accounted for by an 

increase in the SWNT diameters or a weakening of the resonance or transfer integral (E), 

of the C-C bonds as the simple tight binding form of the interband transition energies is 

Peaks SWNTs (eV) S@ SWNTs (eV) Shift (eV) 

S11 

 

 

 

 

 

#1 0.948 0.826 0.122 

#2 1.046 0.907 0.139 

S22 

 

M11 

#3 1.504 1.260 0.244 

#4 1.650 1.349 0.301 

#5 1.856 1.481 0.375 

#6 2.042 1.625 0.417 

#7 2.181 1.750 0.431 

#8 2.404 1.858 0.546 

#9 2.679 1.991 0.688 
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given by: S11=2DE/d, S22=4DE/d, and M22=6DE/d (where a is the carbon-carbon bond 

length (nm) and d is the SWNT diameter (nm)).22 If we scale the percentage decreases in 

the observed  interband transition energies by the ratios of the numerical prefactors from 

the tight binding calculation, we obtain: 'S11 = -13% (1), -13 (2); 'S22/2 = -8 (3), -9 (4), -

10 (5), -10(6), -10(7); 'M11/3 = -7 (7), -8 (8), -9 (9). Thus based on the interband 

electronic transitions, sulfur encapsulation has a large effect on the electronic structure of 

the SWNTs and if this were to be attributed to a change in geometry it would imply an 

increase in the SWNT diameters by about 10%, which is not supported by our 

calculations (Table 2.1).   

      Given the intimate contact between the sulfur chain and the walls of the HiPCO-

SWNTs it is natural to consider the formation of excimers or exciplexes between the two 

materials,26 but the nature of the necessary charge transfer complex does not seem very 

plausible. Rehybridization effects are known to be important in small diameter SWNTs 

and probably play a role in the phenomena reported herein.18, 27-28 An important 

manifestation of this effect is polygonization29 in which the walls of the SWNTs undergo 

the type of faceting which is well known in fullerenes.30 Polygonization of the SWNT 

walls is inevitable given the fourfold axial profile of the Sx chain found in our 

calculations which was done by M. Belén Oviedo from Prof. Bryan M. Wong group. As 

in the fullerenes, this distortion serves to concentrate the pyramidalization at certain 

carbon atoms that become strongly rehybridized.30-31        

         There have been a number of studies of the effect of strain and external pressure on 

SWNTs that throw light on the origins of the shifts that we observe (Figure 2.7a). Matrix-
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imposed stress on SWNTs has been shown to produce a chirality-dependent shift of the 

photoluminescence spectra that divides the samples into two groups depending on their 

helicity: the first group of SWNTs shows an increase in the energy of the S11 transitions 

and a decrease in the S22 energies on cooling frozen dispersions, whereas the second 

group of SWNTs shows exactly the opposite behavior.32 These results are in full accord 

with calculations of the effect of stress along the axis of the SWNTs,33-34 and thus it 

appears that the frozen matrix generates uniaxial compressive stress along the SWNTs. 

       A study of the effect of hydrostatic pressure on the interband transition energies of 

debundled HiPCO-SWNT suspensions in diamond anvil cells found that the band gap 

energies moved to lower energies, although the second set of interband transitions (S22 in 

this paper), were much less sensitive to pressure.28 The authors were unable to fully 

rationalize these results in terms of previous studies although they noted the likely 

importance of the rehybridization of the SWNT electronic structure. Our results are not 

consistent with either of these previous reports on strain as we find that all of the 

electronic transitions move to lower energies with the greatest shifts associated with the 

higher excitation levels. 

        The spectral intensity of the Raman features of SWNT samples is strongly enhanced 

when the experimental laser light is resonant with an interband (excitonic) transition in 

individual carbon nanotubes.22, 35 As a result, variations in the Raman intensity are 

usually ascribed to a change in the resonance condition and there are a number of reports 

in the literature on the observation of such effects in doped samples.36-41 In virtually all 

these cases the Raman intensities are reduced; the only mention we could find of strongly 
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increased intensities in Raman spectra was a report on individual, pristine, suspended 

quasi-metallic SWNTs in which it was found that all of the transitions are strongly 

modulated by electrostatic gating due to the proximity of a Mott insulator transition.42 

    The resonant Raman intensity in the Stokes process is given by 

                                  (2.6) 

where C is a constant, ER = EL - EP - iJ is the resonance condition, EL is the laser energy 

(2.41 eV), EP is the exciton transition energy for the Pth set of subbands, Eph is the 

phonon energy, J is the resonance broadening energy, Moa is the matrix element for the 

optical absorption process, Mep is the electron-phonon coupling matrix element, and Moe 

is the matrix element for the optical emission process.42-46  

        As noted above a likely cause of the drastic modification to the Raman spectra of 

HiPCO-SWNTs on sulfur encapsulation is a change in the resonance condition (ER), and 

this scenario is supported by both the NIR/VIS spectroscopy and the DFT calculations 

carried out by Prof. Wong group on the S@HiPCO-SWNTs (below). The resonance term 

includes both the interband transition energy (EP) and the resonance broadening energy (J) 

and it is clear from Figure 2.7a that both of these quantities are affected by the 

incorporation of sulfur into HiPCO-SWNTs. The resonance broadening energy is very 

small in individual SWNTs (J = 8 meV for a SWNT on Si/SiO2)44 but this term is quite 

sensitive to the nanotube environment and values of J = 60 meV (SDS wrapped SWNTs) 

and J = 120 meV (SWNT bundles) have been reported for HiPCO-SWNTs.45 Thus it is to 

be expected that the incorporation of the Sx-helix would further increase the value of J in 

2

][
)( ³ �
 

phRR

oeepoa

L EEE
dkMMMCEI P



 72 

the S@HiPCO-SWNTs. As discussed above, the strain induced by the incorporation of 

sulfur into the HiPCO-SWNTs affects the interband transition energies [EP (S11, S22 and 

M11, above)] and may also be expected to modify the electron-phonon coupling term 

(Mep).  

      Most of the HiPCO-SWNT Raman intensities are decreased by the incorporation of 

sulfur in agreement with previous work on perturbed SWNTs,36, 39-40, 46 and it is only in 

the region from 300-800 cm-1 that new, very strong peaks appear; given the proximity of 

this region to sulfur-sulfur vibrations in the Raman spectra of the various molecular and 

polymeric sulfur species it is natural to consider electron-phonon coupling between the 

excited states of the SWNTs and the phonons of the sulfur species that are encapsulated. 

In this way molecular vibrations of the sulfur species could be enhanced in the Raman 

spectra by the excitonic absorptions of the SWNTs and we note that the band at 715 cm-1 

observed in the S@HiPCO-SWNTs is quite close to the value of 716 cm-1 observed for S2 

(36g
-) in an argon matrix.47 Polymeric sulfur (Sx) has bands at ~460 and ~425 cm-1 48 

which do not correspond to the bands at 395 and 319 cm-1 observed in our spectra, 

although the distortions of the sulfur chains discussed below would likely weaken the 

stretching frequencies of the vibrations of the Sx@HiPCO-SWNTs and thus these 

features could possibly originate from encapsulated sulfur species. Therefore we carried 

out encapsulation experiments in which 34S8 was used as the source for infusion of sulfur 

into the HiPCO-SWNTs. Based on prior work in the literature the isotopic shift in such 

species is known to closely follow the simple spring constant relationship which gives 

Q1(34S)/Q1(32S)= (32/34)½ = 0.970 (Figure 2.8a).48 As we show in Figure 2.8b, the new 
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peaks in the Raman spectra of S@HiPCO-SWNTs exhibit the expected shift for isotopic 

substitution in species possessing S-S bonds and this shows unequivocally that the new 

Raman vibrations originate from encapsulated sulfur species which obtain intensity from 

electron-phonon coupling to the resonant SWNT excited states. 

 

Figure 2.8 (a) The mechanism of spring constant equation; (b) Raman spectra of 

32S@HiPCO-SWNTs and 34S@HiPCO-SWNTs films. 

         Dr. M. Belén Oviedo from Professor Wong research group carried out DFT 

calculations on the S@SWNTs, and it is clear that there is ample space inside the EA-

SWNTs to accommodate sulfur in the form of S8 molecules or in polymeric form but this 

is not the case for the HiPCO-SWNTs which have a much smaller diameter. The most 

compact form for sulfur encapsulated in SWNTs was found to be a helix with a screw 

order of four atoms as shown in Figure 2.9.  

 

 

(b) (a) 
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 Figure 2.9 Calculated structure for the sulfur helix in S@SWNTs: (a) side-view, (b) 

cross-sectional view. (Calculation was done by Dr. M. Belén Oviedo from Professor 

Wong group) 

      When this structure was encapsulated in an (11,11) EA-SWNT of diameter 1.6 nm 

the preferred diameter of the helix was found to be about 0.33 nm which gives a van der 

Waals diameter of about 0.7 nm. This is easily accommodated in the (11,11) SWNT 

which has an internal van der Waals diameter of 1.26 nm but for HiPCO-SWNTs the 

corresponding typical chirality might be that of a (7,7) SWNT which has a calculated 

diameter of 0.95 nm and internal van der Waals diameter of ~0.61 nm. Thus we 

anticipate a non-bonded interaction between the sidewalls of HiPCO-SWNTs that is not 

present in EA-SWNTs, and it may be seen that the preferred helical Sx structure is 

expected to break the quasi-rotational symmetry of the HiPCO-SWNTs by imposing a 

fourfold distortion of the sidewalls. 

      DFT optimizations of HiPCO SWNT (7,7) is shown in Figure 2.10, the diameter of 

SWNT is 0.993 nm. The sulfur chain inside of SWNT tends to accommodate 

conformations that resemble the cylo-S8 allotrope which is similar to the cyclo-S8 

allotrope geometry, which is recognized as the most thermodynamically stable form at 

ambient temperature.49 

 

(b) (a) 
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Figure 2.10  Optimized geometry of a sulfur chain inside a (7,7) SWNT (top) and view 

of the sulfur chain without (7,7) SWNT (bottom).49 (Calculation was done by Dr. M. 

Belén Oviedo from Professor Wong research group). 

    The encapsulation experiments are run at 600oC in a static vacuum and we note that 

thermodynamic analysis indicates that S2 comprises about 5% of the vapor above sulfur 

at 500oC under a total pressure of 0.2 MPa, and thus it will be possible to rapidly fill the 

SWNTs with S2.50-52 In the suggested mechanism of encapsulation the S2 molecules enter 

the SWNTs and polymerize to diradicals particularly after cooling to room temperature. 

High level calculations confirm conducted by Prof. Wong research group indicate that 

cis- and trans-isomers of S4 are considerably more stable than 2 S2 (36g
-),53 and so the 

dimerization and subsequent polymerization reactions should occur spontaneously under 

the reaction conditions. 

        XPS measurements show 8 atomic percent internal sulfur after encapsulation 

experiments on HiPCO-SWNTs, which is reduced to 2% after treatment at 4500C (Figure 

2.11). The survey spectrum of S@HiPCO SWNTs clearly showed the presence of sulfur, 
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whereas no sulfur peaks were detected in the survey spectra of S@HiPCO SWNTs 

annealed at 450 oC in vacuum. Both spectra show a strong C1s peak, and the additional 

peaks - O1s, Si2s, and Si2p - are assigned to the glass substrate; XPS spectra of powdered 

materials (not shown) showed traces of oxygen content. The high resolution C1s spectra 

of S@HiPCO SWNTs and S@HiPCO SWNTs annealed at 450 oC (Figure 2.11c), show 

that the SWNTs are largely preserved after the annealing process, while the S2p spectra  

(Figure 2.11d) illustrates that after annealing the sulfur content is significantly reduced.  

 

 

 

 

 

 

 

 

 

 

Figure 2.11 (a) Survey spectrum of S@HiPCO SWNTs. (b) Survey spectrum of 

S@HiPCO-SWNT annealed at 450 oC in vacuum. (c)  C1s spectra of S@HiPCO SWNTs 

and S@HiPCO SWNTs annealed at 450 oC in vacuum. (d) S2p spectra of S@HiPCO 

SWNTs and S@HiPCO SWNTs annealed at 450 oC in vacuum.  

(a) (b) 

(c) (d) 
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2.4 Conclusions 

       In summary, we discovered that the encapsulation of sulfur in HiPCO-SWNTs leads to 

large changes in the Raman spectra with dramatic enhancements to peaks in the vicinity 

of the RBM and IFM regions (319, 395 and 710 cm-1), while the high frequency bands (Q > 

1200 cm-1) are decreased in intensity. The encapsulated species also shifts the near-IR 

interband electronic transitions to lower energy by more than 10%. These effects seem to 

originate with the van der Waals interaction of the confined sulfur species with the walls 

of the SWNTs which are not expected to be significant in the case of the previously 

studied large diameter SWNTs. We suggest that sulfur in the small diameter SWNTs 

exists as a helical polymeric sulfur chain.   
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Chapter 3 Visible-Blind UV Photodetector Based on Single-Walled 
Carbon Nanotube Thin Film/ZnO Vertical Hereostructures 
 

 

3.1 Introduction 

 Ultraviolet (UV) light is an electromagnetic radiation with the wavelength ranging 

from 10 nm to 400 nm, which is between X-rays and visible light. There is about 10 % 

UV light in sunlight and excess of UV exposure can affect human health (Figure 3.1). 

UV spectral range from 10 nm to 400 nm can be subdivided into a few sub-ranges such 

as Ultraviolet A (315 nmdOd400 nm), Ultraviolet B (280 nmdOd315 nm), Ultraviolet C 

(100 nmdOd280 nm), middle Ultraviolet (200 nmdOd300 nm), and vacuum Ultraviolet 

(10 nmdOd200 nm).1 As UV light has short wavelength and high photon energy, it can 

cause ionizing radiation, chemical reactions, and be beneficial or harmful to human 

health. Up to now, UV light with different wavelengths have been widely used in various 

applications like photolithography in semiconductor industry, water treatment, air 

disinfection, polymer degradation, military and space communication. Little UV light 

exposure can be beneficial to human health by producing vitamin D and leading to the 

creation of serotonin in our body. However, excessive exposure to UV light for long time 

will cause harmful effects on human health, especially on eyes, skin, and immune system. 

All the UV light is invisible to the humans, so it is difficult to avoid the undesired UV 

light and estimate its intensity. Moreover, the UV light only accounts for less than 10% 

of sunlight, while visible radiations have higher intensity which complicates UV 
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detection. Therefore, it is necessary to develop visible-blind UV photodetector for UV 

light detection. 

 

 

 

 

 

 

 

                         Figure 3.1 The composition of solar irradiation.  

UV photodetectors have attracted a great deal of interest in recent years due to their 

widespread applications such as biological and chemical sensors, missile plume detection, 

space-to space communication, fire alarm, and solar UV monitoring (Figure 3.2).2-3 For 

example, the aircraft is equipped with a suite of self-protection system, which includes 

UV photodetection system. As most of the UV light from solar irradiation is absorbed by 

ozone, the UV radiation background at the Earth surface is much less than the infrared 

light. Therefore, the false-alarm level is quite low.3 
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                               Figure 3.2 Applications of UV photodetectors. 

   One of the most promising material for UV detector applications is ZnO. ZnO is an 

II–VI compound semiconductor which crystal structure is based on sp3 hybridized 

covalent bonding. As shown in Figure 3.3 the conduction-band minimum (CBM) is 

formed of Zn2+ 4s orbitals, while the valence-band (VBM) of the O2- 2p orbitals.4 As a 

result, the bonding sp3 states form the valence band, while the corresponding antibonding 

counterpart forms the conduction band.  
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Figure 3.3 Schematic band structures of ZnO; (b) conduction-band minimum (CBM); (c) 

valence-band maximum (VBM).4 

        Generally, there are two types of crystal structure of ZnO which are cubic 

zincblende and hexagonal wurtzite. ZnO naturally crystalizes in hexagonal wurtzite 

structure in ambient due to its high bond polarity which is as high as 3.5.5 In the wurtzite 

structure of ZnO, each Zn2+ is surrounded by four oxygen ions as shown in Figure 3.4, in 

which the lattice constants in ZnO are a=b=0.3249 nm with an angle of 120o, and 

c=0.52042 nm.6 

 

 

 

 

 

 

 

                             Figure 3.4 The wurtzite structure model of ZnO.6 

(c) (b) (a) 
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     ZnO is a natural n-type semiconductor due to the intrinsic donor type defects such 

as oxygen vacancies (Vo) and zinc interstitials (Zni) produced during the growth process.7 

Compared with the other wide bandgap semiconductor GaN, ZnO has many advantages 

like availability of large single crystals for homo epitaxy, less cost, biocompatibility, and 

large exciton binding energy (60 mV vs 25 mV for GaN).  Therefore, many techniques 

have been developed to grow high-quality ZnO thin film or nanostructures, including 

chemical vapor deposition (CVD), 8 molecular beam epitaxy (MBE),9-10 solution phase 

synthesis,11 and physical vapor deposition (PVD) method.12 Due to its outstanding 

electric and optical properties, ZnO has much potential applications in many fields like 

photodetectors, lasers, gas sensors, light-emitting diodes, and photocatalyst.13-20 

         ZnO is a wide bandgap semiconductor with a direct bandgap of 3.37 eV matching 

the spectral range desired for solid state UV photodetectors.21-24  Schottky barrier types of 

ZnO photodetectors have some advantages over bulk ZnO photoconductors due to built-

in electric field efficiently separating photoexcited electron-hole pairs before they 

recombine, and the performance of such devices has been improved by introducing 

interdigitated electrode configuration.24-28 P-N homojunction photodiodes are also 

utilized to generate built-in electric field, but in the case of ZnO this option is limited as a 

reliable growth technique of p-type ZnO is still under development.9, 23, 29-31  

    The closest alternative to ZnO p-n junction photodetector is a heterojunction device 

in which n-type ZnO is combined with p-type conventional semiconductor, typically of 

smaller bandgap, such as Si, Ge or GaAs.32-35 Such heterojunction was shown to provide 

high built-in electric field sufficient for separation of photogenerated electrons and holes 
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and satisfactory photodetector performance, but additional interface layer was needed to 

preclude unwanted visible spectral range sensitivity.35 In addition to bulk ZnO layers, 

nanostructured forms of ZnO such as nanoparticles and nanowires have been explored,11, 

36-45 showing improved performance in terms of higher UV responsivity,11, 38, 41, 43, 45-46 

and in some cases, faster response time.11, 38-42, 44, 46-47  

      Despite these recent advances, inorganic wide bandgap semiconductor based UV 

photodetectors with visible blindness and fast response times still dominate commercial 

market. Nevertheless, these photodetectors have relatively low responsivity of ~0.1 A/W. 

Thus, it is necessary to develop optimized device structures by the integration of a variety 

of new nanostructured materials for the all-around competitiveness in the performance 

and manufacturability in the UV photodetectors market.  

    Single-walled carbon nanotubes (SWNTs) possess unique combination of electrical 

and optical properties originated from their one-dimensional structure, such as being 

metallic (MT) or semiconducting (SC) depending on their diameter and chirality.48 Thin 

films of SWNTs can be prepared by a variety of  techniques utilizing scalable and 

manufacturing friendly solution based processes, which are cost effective because of 

microgram quantities of SWNTs needed for large area applications,49-51 and with the 

choice of being made selectively of MT- or SC- SWNTs52 provide a platform for 

development of a wide range of electronic and photonic applications, for example, as 

large area transparent conducting electrodes for touch screen displays, solar cells, light 

emitting diodes, and smart windows.50-51, 53-56  
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     The bandgap of typical SC-SWNTs falls in the range 0.6-1.2 eV matching the 

bandgaps of conventional semiconductors such as Ge, Si or GaAs. Patterning of SWNT 

thin films utilizing conventional lithography in combination with chemical and 

electrostatic doping of p- and n-types allowed to demonstrate all-SWNT thin film based 

logical integrated circuits,57-58 infrared photodetectors and electrochromic devices with 

different functions performed by MT- and SC-SWNTs counterparts.59-64 The combination 

of SWNT thin films with conventional semiconductors resulted in the demonstration of 

high-performance vertical field effect transistors and solar cells.53, 55  

    Here we used a highly transparent film of SC-SWNTs in place of a conventional 

semiconductor to build a vertical p-SC-SWNT/n-ZnO heterojunction with a high current 

rectification ratio capable of performing as visible blind UV photodetector with high 

responsivity and low dark current. In this vertical configuration, UV radiation penetrates 

the top semitransparent SC-SWNTs layer with low losses (10-20%) and excites 

photocarriers within n-ZnO layer in the close proximity to the p-SWNT/n-ZnO interface 

where electron-hole pairs are efficiently separated by high built-in electric field 

associated with the heterojunction. This work was done in collaboration with Prof. Jianlin 

Liu group who grew ZnO thin film on sapphire by molecular beam epitaxy method. 

3.2 Experimental Section 

3.2.1 Preparation of ZnO Layer and SWNTs Thin Film  

    The ZnO thin film was grown on c-sapphire (0001) substrate by Mohammad Sujia in 

Prof. Jian Lin Liu’s group via radio frequency (RF) plasma-assisted SVTA (SVT 

Associates, Inc.) The ZnO film yields a total thickness of ~400 nm (Figure 3.5a). 
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Although the film was not intentionally doped, it exhibits n-type behavior with a carrier 

density of 2.9×1017 cm-3, and a resistivity of 6.2 Ω·cm. The aqueous dispersion of 99% 

SC-SWNTs of large diameter (~1.5 ± 0.1 nm) was purchased from Nanointegris Inc 

(Figure 3.5b). Semitransparent SC-SWNTs thin films were prepared by vacuum filtration 

of the SC-SWNTs dispersion utilizing cellulose membrane (Millipore, type VMWP, pore 

size 0.05 Pm) (Figure 3.5c). 

 

 

 

 

 

Figure 3.5 (a) ZnO thin film grown on a c-sapphire substrate; (b) S-SWNTs dispersion 

from Nanointegris; (c) SWNTs thin film prepared by vacuum-filtration method. 

3.2.2 Device Fabrication 

         The ZnO film grown on a sapphire substrate was treated by 30% H2O2 solution 

(Fisher Chemical) for 3 min at 100oC, washed in DI water and dried under nitrogen gas 

flow according to procedure described in literature.65-66 SWNTs thin film on cellulose 

membrane was transferred on the ZnO layer via the membrane dissolution in acetone 

vapor, and additional washing in acetone and DI water. The thickness of the SC-SWNT 

film was defined by the amount of filtered SC-SWNT material taking into account the 

effective area of the membrane and assuming SWNT film density of 0.5r0.1 g·cm-3 as 

ZnO 

(a) (b) (c) 
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described in our previous reports.67 The thickness was confirmed by measurement of the 

optical density of the SC-SWNT layer and Dektak profilometry measurements.67-68   

3.2.3 Electrical and Photoelectrical Device Characterization 

      Current-voltage (I-V) measurements were conducted utilizing Keithley 236 Source-

Measure Unit employing LabView based acquisition system. UV-Vis-NIR spectra of 

ZnO and SC-SWNTs films and photoconductivity spectra were collected utilizing Cary 

5000 spectrophotometer (Agilent Technologies). Calibrated wideband semiconductor 

GaP UV photodetector (GaP, Model FGAP71, Thorlabs) was utilized to measure the 

incident UV light intensity. LED (Model 370E, Thorlabs) with the central wavelength of 

370 nm was used as a source of UV radiation for the single wavelength measurements. 

The LED irradiation was modulated utilizing function generator SRS-DS345 (Stanford 

Research Systems), and the amplitude of the photoresponse under various light intensities 

and modulation frequencies were studied using lock-in amplifier (SRS 830, Stanford 

Research Systems) (Figure 3.6 a, b). The noise voltage Vn on the load resistance RL= 10 

kΩ ('f = 1 Hz bandwidth) at different frequencies f of UV light modulation was 

measured utilizing SRS 830 lock-in amplifier signal processing capabilities and 

converted to the noise current In = Vn/RL, where RL is a load resistance in the detector bias 

circuit. The temporal traces of the photoresponse were collected utilizing Tektr  onix TDS 

1001C-EDU oscilloscope.   
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Figure 3.6 (a) Oscilloscope, function generator, and lock-in amplifier system used in the 

photoconductivity measurement; (b) Control box for connections between photodetector 

and measuring system in (a). 

3.3 Results and Discussions  

       We prepared the vertical p-n junction based on SWNTs and ZnO thin films by 

transferring SWNTs thin film on H2O2-treated and untreated ZnO and explored the their 

electric characters in dark. We explore the effect of H2O2 treatment on ZnO by 

comparing the I-V curves of treated and untreated ZnO/SWNTs device in dark. The n-

type ZnO layer of 400 nm was grown on c-sapphire substrate by molecular beam epitaxy 

(MBE) technique by Suja in Prof. Jianlin Liu’s group (see Experimental Section for 

details).29, 69  

  For this study, we utilized 99% semiconducting (SC-) SWNTs of large diameter (1.5 

± 0.1 nm).  We use the energy value of 0.68 eV corresponding to the position of the 

Oscilloscope  

Generator 

Lock-in 
Amplifier 

(a) (b) 
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maximum of the optical absorption in the lowest S11 absorption band (Figure 3.7) as an 

average bandgap for these SC-SWNTs. The width of the S11 absorption band at half 

maximum of absorption also gives a width of the bandgaps distribution of ± 0.07 eV for 

the ensemble of the SC-SWNTs.  

 

      

 

 

 

 

 

 

Figure 3.7 The UV-Vis spectra of absorption of the SWNTs thin film with the thickness 

of 50 nm. 

  A schematic of the vertical p-SC-SWNT/n-ZnO heterojunction device is presented in 

Figure 3.8a. A rectangular fragment of semitransparent SC-SWNT film with an effective 

thickness of 50 nm, a length of 2 mm and a width of 1.2 mm was transferred on the ZnO 

layer. Prior to the SWNT film transfer, the ZnO layer was pretreated with hydrogen 

peroxide in order to tune the band bending and the conduction band offset at the p-SC-

SWNT/n-ZnO interface.24, 65-66, 70 Two indium electrodes were deposited to complete the 
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device fabrication: one electrode provides an electrical contact to the top SC-SWNT film 

layer (just outside the ZnO layer), and the second electrode addresses the bottom ZnO 

layer just outside the SC-SWNT film. This configuration carries some lateral motif, as 

the charge carriers travel in lateral direction along the SWNT thin film and ZnO layer 

before entering or exiting the vertical heterojunction. However, as we show below, the 

voltage drop associated with such lateral current is several orders of magnitude smaller 

than the voltage drop across the heterojunction when it is reverse-biased, so it effectively 

acts as a vertical heterojunction. For comparison, a lateral n-ZnO device of the same area 

with two indium electrodes, as shown in Figure 3.8 b, was investigated. 

 

 

 

 

Figure 3.8 (a) Schematic of vertical p-SC-SWNT/n-ZnO heterojunction; (b) Structure of 

lateral In-ZnO-In device. 

    Figure 3.9a shows the I-V characteristics of p-SC-SWNT/n-ZnO heterojunction 

devices with and without hydrogen peroxide pre-treatment of the ZnO surface. Without 

the pre-treatment no significant rectification was observed while the device with pre-

treated ZnO surface showed a significant degree of rectification of about 103 at ± 2.0 V. 

In contrast, the lateral ZnO device with pre-treated ZnO surface layer shows a linear I-V 

curve (Figure 3.9b) corresponding to ohmic In-ZnO contacts and a lateral resistance of 

(b) (a) 
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the ZnO layer of 7×105 Ω. Additional measurements provide a value of the lateral 

resistance of SC-SWNT film of ~20 kΩ as shown below.  

 

 

 

 

 

Figure 3.9 (a) I-V curves of the p-SC-SWNT/n-ZnO heterojunction before (dashed line) 

and after (solid line) hydrogen peroxide treatment; (b) I-V curves of the lateral In-ZnO-In 

device. 

  One should note, that in any vertical optoelectronic device, the lateral travelling of the 

carriers is inevitable independent on the nature of the top transparent conducting 

electrode, but the resistance and voltage drop associated with such lateral current should 

be minimized. Both lateral resistances are orders of magnitude smaller than the total 

resistance of the device of 109 Ω at a negative bias -2.0 V, which is dominated by the 

resistance of the heterojunction, thus supporting the earlier statement of functionally 

dominating vertical motif of the device architecture.  

   Figure 3.10a presents the sketch of the heterojunction device under UV illumination 

and Figure 3.10b shows I-V curves of the p-SC-SWNT/n-ZnO heterojunction device in 

dark and under illumination from an ult raviolet LED (central wavelength O=370 nm) of 

an incident light intensity of 3 µW/cm2 (power P=75 nW). 

(b) (a) 
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     Multiple p-SC-SWNT/n-ZnO heterojunction devices were prepared following the 

procedure described above showing a similar dark rectification of the I-V curve and a 

similar photoresponse to UV irradiation. At the negative bias of -2.0 V, the dark current 

is 2 nA and the photocurrent approaches 3 PA which corresponds to UV 

photoresponsivity of 40 A/W. 

    

 

 

 

 

Figure 3.10 (a) Schematic of p-SC-SWNTs/n-ZnO heterojunction under UV irradiation. 

I-V curves of SC-SWNT/ZnO heterojunction (b), lateral In-ZnO-In device (c), and lateral 

In-SWNT-In device (d) in dark (black solid curves) and under UV (370 nm, 3µW/cm2) 

irradiation (red dashed curves). 

    In comparison, lateral In-ZnO-In device shows much lower photoresponsivity of < 1 

A/W and much higher dark current of 120 nA as shown in Figure 3.11a. As an alternative 

to the vertical architecture, the lateral device can be improved by introducing Schottky 

barrier type interdigitated electrode configuration with higher width to length aspect ratio 

and a higher photocarriers collection efficiency associated with shorter inter-electrode 

distance and presence of a Schottky barrier introducing high built-in electric field 

separating the photoexcited electron-hole pairs at the ZnO-metal interface.27-28, 71  

(b) (a) 
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Figure 3.11 (a) I-V curves of lateral In-ZnO-In device (a), and lateral In-SWNT-In 

device (b) in dark (black solid curves) and under UV (370 nm, 3µW/cm2) irradiation (red 

dashed curves). 

          Figure 3.11b shows I-V characteristics of p-SC-SWNT film of the same thickness 

and lateral dimensions as in the heterojunction device with similar indium electrodes. 

Those I-V curves are linear with the slope corresponding to the value of the lateral 

resistance of SC-SWNT film of ~20 kΩ, and no measurable photocurrent was observed 

under UV illumination. We should note that indium electrode would make a Schottky 

type contact to p-type individual SWNT, and the corresponding I-V curve would have 

been non-linear. However, in the case of macroscopic (mm size) SWNT thin film the 

total resistance of the SWNT network is usually dominated by the resistances of 

thousands of intertube junctions with negligible contact resistance between the large area 

indium electrode and SWNT film (as confirmed by 4-probe measurements), resulting in 

linear I-V curve as shown in Figure 2d. 

     The presented comparison of the performance of individual components of the 

device indicates that introduction of a vertical structure with p-SC-SWNT/n-ZnO 

(a) (b) 
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heterojunction provides a significant gain of UV photoresponse in comparison with 

utilization of the same n-ZnO UV sensitive layer in lateral configuration. To verify this 

point, a micrometer controlled narrow slit diaphragm of width 200 Pm was used to 

measure the device photoresponse as a function of the position of illumination spot across 

the width of the device as schematically shown in Figure 3.12a. The scan width includes 

the areas of ZnO layer not coated with SC-SWNT film (see positions 1 and 5 in Figure 

3.12a). The resulted photoresponse scan is presented in Figure 3.12b and shows high 

photocurrent values of ~ 1 PA when the UV light (O=370 nm) illuminates the area of p-

SC-SWNT/n-ZnO heterojunction (positions 2-4) and a decrease of photocurrent by 50 to 

100 times when the UV irradiated spot moves from the SC-SWNT film to the adjacent 

ZnO area (positions 1 and 5). 
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Figure 3.12 (a) Schematic of position dependent photocurrent measurements across the 

width of p-SC-SWNT/n-ZnO heterojunction device and (b) corresponding photocurrent 

measurements as a function of position across the device at the reverse bias of -2 V. (c) 

Schematic of position dependent photocurrent measurements along the length of p-SC-

SWNT/n-ZnO heterojunction device and (d) corresponding photocurrent measurements 

as a function of position along the device at the reverse bias of -2 V.  Horizontal error 

bars in (b) and (d) show a spatial resolution corresponding to the width of the slit 

diaphragm. 

     Another scan was conducted along the length of the device across the space between 

indium electrodes as illustrated in Figure 3.12c and the results of the scan are presented in 

(a) (b) 

(d) (c) 
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Figure 3.12d. To conduct this scan, the heterojunction device was modified by increasing 

the length of the uncovered ZnO layer between the edge of SC-SWNT film and the 

indium electrode from 100 to 500 Pm, while the length of the heterojunction area in this 

device was 700 Pm. The scan showed no photoresponse in the SC-SWNT film area 

adjacent to the 1st indium electrode (position 2), strong photoresponse in the central area 

where the ZnO and SWNT layers overlap (positions 3-5), and a significant drop of the 

photoresponse in the area adjacent to the 2nd indium electrode where only ZnO layer is 

present. Thus, to achieve efficient UV photoresponse the photoexcited carriers should be 

generated in the ZnO layer covered by SWNT film in the vicinity of p-SC-SWNT/n-ZnO 

interface.  

         UV-Vis-NIR absorption spectra of the ZnO and SC-SWNT layers and the spectral 

dependence of the photoresponse are presented in Figure 3.13a and 3.13b, respectively. 

The onset of strong absorption in ZnO layer appears at a wavelength near 380 nm with 

absorption maximum (ABS=1.8) at 370 nm in agreement with the known bandgap of 

ZnO of 3.37 eV.21-23  
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Figure 3.13 (a) UV-Vis-NIR absorption spectra of ZnO (blue solid curve) and SC-

SWNTs thin films (black dashed curve); (b) Spectral dependence of photoresponsivity of 

p-SC-SWNT/n-ZnO heterojunction at the incident power of 10 nW (light intensity of 250 

nW/cm2) at -2 V bias. 

      Absorption of semitransparent 50 nm thick film of SC-SWNT is only 0.1 at 370 nm 

(transmittance of 79%) because of its small thickness sufficient to form the 

heterojunction and, at the same time, to function as a transparent conducting electrode. 

The UV absorption is averaging 0.15 in the range of SWNT S-plasmon maximum 220-

330 nm. The thickness of the SWNT film can be further decreased to less than 10 nm 

(transmittance >90%) in order to reduce the loss of UV light intensity. The characteristic 

absorption bands S11 and S22 corresponding to the set of separations between van Hove 

singularities of one-dimensional SC-SWNTs appear in near-IR spectral range centered 

around wavelength 1750 and 1000 nm, respectively, with the maximum of absorption not 

exceeding a value of 0.1 in the near-IR and visible spectral range as shown in Figure 

3.10a.    

(b) (a) 
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   Figure 3.13b shows the spectral responsivity of the p-SC-SWNT/n-ZnO 

heterojunction device. The onset of photoconductivity appears at 380 nm with the 

photoresponsivity reaching ~200 A/W at 370 nm and extending from UB-A to UV-B and 

UV-C spectral range at least up to wavelength of 230 nm, the spectral limit of our 

instrumentation. These photoresponsivity values are on the high end of the typical values 

achieved for UV photodetectors,11, 21-23, 37-41 however recently, much higher 

photoresponsivity values such as 26000 and 1.7×106 A/W were reported for interdigitated 

Au/ZnO and ZnO quantum dots/carbon nanodots based devices, respectively.43, 45  

  In the visible spectral range the photoresponse drops practically to zero; more accurate 

responsivity measurements utilizing blue (O=470 nm), yellow (O=520 nm) and red 

(O=630 nm) LEDs with the incident power in the range from 1 PW to 0.2 mW were 

performed. For blue and red LEDs measurable photoresponse was observed and the 

resulted responsivities were evaluated at the level of 10-3 A/W and 1×10-5 A/W, 

respectively (Figure 3.14). For yellow LED no measurable photoresponse was observed 

as the power was limited to 5 PW and the level of responsivity not exceeding 4×10-5 A/W 

was estimated from the measured noise of the photodetector current under a reverse bias 

of -2 V. Thus, we conclude that the current responsivity in the visible range does not 

exceed 0.001 A/W, and UV to visible light responsivity ratio exceeds 105 making the p-

SC-SWNT/n-ZnO heterojunction photodetector, practically, visible blind. The visible 

blindness is an important benefit for UV photodetector application taking into account the 

high intensity of the background visible radiation in the typical UV photodetector 

applications.  
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Figure 3.14 Current photoresponsivities of p-SC-SWNT/n-ZnO vertical heterojunction 

device measured using irradiation from UV, blue, red and yellow LEDs with the central 

wavelengths O= 370, 470, 520, and 630 nm, respectively, with incident LEDs irradiation 

power in the range from 100 nW to 0.2 mW, under reverse bias of -2 V. 

       It should be noted that graphene is an alternative carbon based nanostructured 

material, which has been utilized as a transparent conducting electrode for wide range of 

optoelectronic applications, and it can also be n- or p-doped depending on the application 

needs.72 Recently, several reports presented UV photodetectors based on junctions of 

graphene with the arrays of ZnO nanowires or nanorods, demonstrating high UV range 

responsivity up to 113 A/W and millisecond range response times.11, 73 However, these 

graphene based photodetectors are not visible blind as they show photosensitivity not 

only in UV range, but also in visible and near-IR range, which was associated with either 

continuous spectral absorption in the gapless graphene or defects in ZnO and graphene 

layers.11, 73  
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     Figure 3.15a presents a temporal photoresponse of the p-SC-SWNT/n-ZnO 

heterojunction device to square-wave pulses of UV radiation of an incident power of 3 

µW/cm2 generated by UV LED (O=370 nm) electrically modulated at a low frequency of 

0.005 Hz. It shows a relatively fast onset of the photocurrent followed by slow approach 

to saturation with 10-90% rise and decay times of 14s and 23 s, respectively.  

     Frequency dependence of the photoresponse is presented in Figure 3.15b: it shows 

decreasing responsivity R with increasing frequency which can be fitted to R ∝ f -D 

dependence with an exponent D=0.5 usually associated with a wide distribution of 

lifetimes of the photoexcited carriers in the range from tens of seconds to milliseconds. 

For comparison, the temporal response of the lateral In-ZnO-In device measured under 

the same irradiation conditions is presented in Figure 3.15c. It shows significant non-zero 

dark current and ~6 times smaller amplitude of the current modulation. Corresponding 

10-90% rise and decay times exceed 100 s and 600 s, respectively. Thus, introduction of 

SWNT/ZnO heterojunction not only enhance the amplitude of the photoresponse, but also 

makes it significantly faster in comparison with the lateral In-ZnO-In device. In fact, a 

measurable photoresponse of the SWNT/ZnO heterojunction device can be observed up 

to frequency of 2000 Hz as can be seen in the oscilloscope traces presented in Figure 

3.15d. 
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Figure 3.15 (a) Temporal photoresponse of p-SC-SWNT/n-ZnO heterojunction device 

under 370 nm light at frequency 0.005 Hz; (b) Frequency dependence of photoresponse 

under UV light intensity of 2 µW/cm2 (squares); straight lines correspond to R ∝ f -D 

fitting with D=0.5; (c) Temporal photoresponse of In-ZnO-In lateral device under 370 nm 

light at frequency 0.005 Hz (Vbias=-2V); (d) Oscilloscope traces of photoresponse of p-

SC-SWNT/n-ZnO heterojunction device at 2000 Hz. Vbias= -2V for all plots (a-d). 

      Figure 3.16a presents dependences of the photocurrent on the incident power of the 

UV radiation at the LED central wavelength O=370 nm. At the UV light intensity range 

of 1 to 100 nW/cm2 a practically linear relationship between the photocurrent and 

(b)
) 

(a) 

(c)
)) 

(d) 



 108 

incident power is observed which changes to a sublinear dependence with a tendency to 

saturation under further increase of the incident power. 

  Figure 3.16b presents corresponding photoresponsivity R. At lower incident UV light 

intensity below 100 nW/cm2 responsivity reaches 400 A/W, which is on the high end of 

the typical values reported for UV detectors,11, 21-23, 37-41 although much higher values up 

to 1.7×106 A/W have been reported recently.43, 45 With increasing light intensity above 

400 nW/cm2, the photoresponsivity decreases below 100 A/W, but sustains quite high 

value of ~ 10 A/W at an incident power of a few µW/cm2. Such tendency of the 

photoresponse towards saturation and corresponding photoresponsivity decrease with 

increasing power indicate an involvement of the trap states in the mechanism of 

photoconductivity as we discuss below.    

 

 

 

 

 

 

Figure 3.16 (a) Photocurrent and (b) photoresponsivity (black squares) and external 

quantum efficiency (blue triangles) of p-SC-SWNT/n-ZnO heterojunction device as a 

function of incident 370 nm light intensity at reverse bias of -2V. 

(b) (a) 
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       The external quantum efficiency (EQE) of the photodetector can be evaluated at 

wavelength O=370 nm using the following equation:   

𝐸𝑄𝐸% = 𝑅×1240
𝜆

× 100                             (3.1) 

The resulting plot of EQE as a function of the UV light intensity is presented in Figure 

3.8b and shows high EQE value up to 1.0×105 % indicating a high photocurrent gain 

associated with long photocarriers lifetimes due to efficient separation of photoexcited 

electron and holes.  

      A major figure of merit of the detector performance specific detectivity, D*, of UV 

photodetectors is often evaluated on the basis of quasi-static measurements using the 

following equation under assumption that the noise current is dominated by the shot noise 

from the dark current Idark of the device:38, 40-41, 74 

𝐷∗ = 𝑅

(2𝑒×𝐼𝑑𝑎𝑟𝑘/𝐴)
1
2
                                     (3.2) 

where R is current responsivity (A/W), e is the electron charge (1.6×10-19 Coulombs), and 

A is the effective area of the photodetector. Using experimental dark current value of 2 

nA at reverse bias (-2 V) and active detector area of 2x1.2 mm2 (0.024 cm2) a 

D*=3.2x1015 Hz1/2cm/W can be obtained which is comparable to the best values reported 

for UV photodetectors under the same noise origin assumptions.38-40 More general 

evaluation of the detectivity D* can be obtained on the basis of following equation:75 

𝐷∗ = 𝑅(𝐴∆𝑓)
1
2

NEP
= 𝑅(𝐴∆𝑓)

1
2

𝐼𝑛
                                   (3.3) 

where NEP is noise equivalent power of the detector at UV light modulation frequency f , 

In is a root mean square (RMS) value of the measured noise current in the detector circuit 
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in the electrical bandwidth 'f (Hz), and a relationship NEP= 𝐼𝑛 /R  is utilized. For 

calculations at UV light modulation frequency of 10 Hz, experimental values of current 

responsivity and noise current of 30 A/W and 6×10-12 A, respectively, were utilized 

resulting in NEP=2×10-13 W/Hz1/2 and a more realistic value of D*=0.8×1012 

(Hz1/2*cm)/W. Such difference in D* values obtained using equations 2 and 3 indicate 

that in addition to shot noise other sources of noise such as a “flicker” (1/f ) noise and 

Johnson noise are important in the case of our p-SC-SWNT/n-ZnO heterojunction, and 

further optimization of the components of the heterojunction device is required. For 

example, decreasing of a series resistance of the photodetector by optimizing the 

preparation and processing of ZnO layer can significantly reduce both Johnson and 1/f 

noise and improve the linearity of the detector response.  

     Majority of studies on ZnO based UV photodetectors and other inorganic UV 

detectors report responsivity values in the range of 1 mA/W to 10 A/W and response 

times of a few seconds to hundreds of seconds typically limited by oxygen desorption-

absorption processes under UV irradiation.21-22, 37-38, 76 Faster response times in sub-

second range were recently reported on ZnO based nanostructured systems, but with 

responsivities in mA/W range.77 High responsivity values in the range 100 to 1000 A/W 

were reported for nanostructured forms of ZnO,11, 41, 46 and, recently, a significant 

enhancement of the responsivity up to 1.7×106 A/W was reported.43, 45 Also, in some of 

the recent reports the response time was reduced to milliseconds and sub-millisecond 

range, however, with reduced UV to visible responsivities ratio (<100).11, 41 In our p-SC-

SWNT/n-ZnO heterojunction UV detector, a significant response can be observed up to a 
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frequency of 2000 Hz (Figure 5d) indicating a presence of fast processes which can be 

potentially enhanced by tuning the properties of SWNT and ZnO layers, their geometry 

and the photocarriers extraction pathways.  

       In order to describe the current transport in our p-SC-SWNT/n-ZnO heterojunction 

device in dark and under UV illumination we applied a model developed for the case of 

p-Ge/n-GaAs heterojunction.78-79 It should be noted that the SC-SWNT film itself 

presents a complex network of entangled SWNTs with the electrical transport limited by 

the charge carriers hoping (tunneling) across the intertube junctions, while here, for 

simplicity, SC-SWNT layer is treated as a bulk conventional semiconductor with 

bandgap Eg ≈ 0.68 eV,80 evaluated from the absorption spectrum of the SC-SWNT film 

(Figure 3.7) and close to Eg of Ge of 0.67 eV at 300 K. 80 The band diagram schematic of 

p-SC-SWNT and n-ZnO layers after establishing of the heterojunction is presented in 

Figure 3.17a in detail.   

 

 

 

 

Figure 3.17 (a) Band diagram of p-SC-SWNT/n-ZnO heterojunction under zero bias; (b) 

Band diagram of p-SC-SWNT/n-ZnO heterojunction under reverse bias and UV 

illumination showing photoexcitation of electron-hole pairs and their separation in ZnO 

layer in the vicinity of heterojunction interface.    

(b) (a) 
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       For the construction of the band diagram, the work function and electron affinity 

FSWNT of p-type SC-SWNTs are 4.3 and 4.8 eV, respectively, based on literature report.55, 

81-82 The electron affinity of ZnO, FZnO, is 4.0±0.2 eV.21-24, 83 According to R. L. 

Anderson consideration of heterojunction the conduction band discontinuity 'Ec is equal 

to the difference of the electron affinities of the contacting materials thus giving 'Ec 

=FSWNT - FZnO ≈ 0.3±0.1 eV,78-79  and the corresponding valence band discontinuity 'Ev 

can be estimated as 'Ev = EgZnO - EgSWNT -'Ec ≈ 2.4 eV. 78-79 With the majority carrier 

(electron) concentration in n-ZnO of n ≈ 2.9×1017 cm-3 obtained from Hall effect 

measurements, the minority carrier (hole) concentration p is extremely low (p ≈ 1.7 ×10-

37 cm-3), and the calculated Fermi level position is 0.07 eV below the conduction band 

edge EC as described in detail as follows: 

   Using carrier concentration in ZnO obtained from Hall effect measurements n=2.9×1017 

cm-3, the position of  Fermi level (EF) below the conduction band (Ec) can be obtained 

using the Expression 3.4:84 

               𝐸𝐹 − 𝐸𝑖 = 𝑘𝑇 𝑙𝑛 𝑛
𝑛𝑖

          (3.4) 

where ni is the carrier density in intrinsic ZnO:  

             𝑛𝑖 = √𝑁𝑉𝑁𝐶 × 𝑒−𝐸𝑔 2𝑘𝑇⁄         (3.5) 

where NC =2(2π mn*kT/h2)3/2 and NV =2(2π mp* kT/h2)3/2  are the effective densities of 

states in conduction and valence bands, respectively;  𝑚𝑛
∗  and 𝑚𝑝

∗  are the effective 

masses of electrons and holes in ZnO, respectively (𝑚𝑛
∗  =0.24 m0; 𝑚𝑝

∗ =0.45 m0 );85 

m0=9.11×10-31 kg is free electron mass, k is the Boltzmann constant (1.38×10-23 J/K), T 
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is the room temperature (295 K); h is the Planck’s constant (6.63×10-34 J-s), n is 

equilibrium carrier concentration in conduction band; EC, EV, EF, EG are conduction band, 

valence band, Fermi level, and bandgap of ZnO, respectively. Based on the Equations 3.4 

and 3.5, we obtain the intrinsic carrier concentration in ZnO 𝑛𝑖 ≈ 0.7 × 10−10 cm-3 and 

EC - EF=Eg/2 - (EF-Ei) ≈ 0.07 eV.  Using the relationship of the constant product of the 

electron and hole concentrations,84 n×p= ni
2, independent on the Fermi level position, 

gives an estimation of the minority carrier (hole) concentration in n-ZnO of p ≈ 1.7 ×10-37 

cm-3 which is extremely low. 

         Following the reported theoretical calculations of the carrier density in SC-SWNTs 

86we estimated the hole and electron concentrations in environmentally p-doped SWNTs 

of a diameter ~1.5 nm as pSWNT ≈5×1019 cm-3 and nSWNT ≈6×1013 cm-3, respectively. Very 

often, in one-dimensional case linear carrier concentrations (per SWNT length) are 

utilized: the above obtained volume concentrations correspond to linear hole and electron 

concentrations of ~1.4×105 cm-1 and ~1.7×10-1 cm-1, respectively. An independent 

estimation on the basis of the measured electrical conductivity of p-SC-SWNT film of 

~30 :-1cm-1 and a typical mobility in the range 1-10 cm2/Vs gives similar values of 

majority (hole) carrier densities in the range of pSWNT ≈1019-1020 cm-3. Therefore, the hole 

and electron concentrations in environmentally p-doped SC-SWNTs were estimated at 

the level of pSWNT ≈5×1019 and nSWNT ≈6×1013 cm-3, respectively, as discussed above. 

Corresponding hole and electron linear concentrations (per p-SC-SWNT length) are 

estimated as ~1.4×105 cm-1 and ~1.7×10-1 cm-1, respectively.  
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       According to previous reports, hydrogen peroxide treatment leads to the removal of 

highly conducting electron accumulation layer formed by several monolayers of 

hydroxide, and generation of Zn vacancies within depth of few hundred nanometers 

resulting in an upward band bending in the vicinity of the p-SC-SWNT/n-ZnO interface 

up to 0.6 eV, which correlates with our experimental observation of four-fold increase of 

the lateral resistance of the ZnO layer.65, 83 In addition, during the heterojunction 

formation, the work function difference forces the electron transfer from n-ZnO to p-SC-

SWNTs resulting in the increase of upward band bending in the n-ZnO layer close to the 

interface and corresponding downward band bending in the p-SC-SWNT layer. 

Downward band bending at the SC-SWNT side towards the intrinsic state is confirmed 

by the observed ~3 times increase of the lateral resistance of the SC-SWNT layer 

compared to similar SC-SWNT film transferred to a glass substrate. It also correlates 

with the partial restoration of the strength of the S11 absorption band after transfer of the 

SWNT film on top of the ZnO layer as would be expected in case of reduced average 

level of p-doping across the thickness of the SC-SWNT layer.  

     The distance between Fermi level and a peak value of Ec in ZnO estimated to be Ib 

= 0.64 ±0.1 eV which together with a conduction band discontinuity 'Ec of ~0.3±0.1 eV 

is responsible for the high rectification ratio of the I-V curve (Figure 3.18). Fitting of the 

experimental I-V curve to the expression describing thermionic emission across the 

Schottky barrier at the metal-semiconductor junction (Figure 3.15)84 as described below: 

    𝐼 = 𝐼0 × [𝑒
𝑞(𝑉−𝐼𝑅𝑠)

𝑛𝑘𝑇 − 1]            (3.6) 
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  𝐼0 = 𝐴 × 𝐴∗ × 𝑇2 × 𝑒(−𝑞∅𝑏
𝑘𝑇 )           (3.7) 

where I0 is the saturation current, Ib is the barrier, q is the absolute value of electron 

charge, Rs is the series resistance, n is the ideality factor, k is the Boltzmann constant, T is 

the room temperature (K), A is the area of the device, A* is the effective Richardson 

constant. The following numerical values were utilized:  

𝐴 = 2.4 × 10−6𝑚2, 𝑇 = 295 𝐾, 𝐴∗ = 1.2 × 10−6𝐴 ∙ 𝑚−2 ∙ 𝐾−2. 66 

    Using Equation 3.7 and a value of series resistance RS =700 k:, and a Schottky 

barrier height of 0.806 eV.  This number is larger than the above value of Ib= 0.64±0.1 

eV, which may be due to the limitations of the utilized Schottky barrier approximation. 

       A satisfactory fitting of the experimental I-V with Equation 3.6 was obtained, as 

shown in Figure 3.15, with fitting parameters Rs=700 kΩ and n=1.95. 

 

 

 

 

 

Figure 3.18 Experimental I-V curve of SC-SWNTs/ZnO heterojunction in dark and the 

fitting curve based on the procedure described above. 

     Under the reverse bias (negative polarity on the SWNT side) the flow of holes 

(minority carriers in n-ZnO) to the SC-SWNT layer can be neglected because of the large 
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bandgap and n-type doping of the ZnO layer, and the overall current is provided by 

electron transport from SWNTs to ZnO. The I-V curve in Figure 3.9a shows that the 

reverse current remains low, at the level of ~2 nA, as it is limited by the barrier Ib which 

also includes the conduction band discontinuity 'Ec. The forward dark current is ~ 3 

orders of magnitude larger than the reverse current at similar bias because of reduced 

band bending at the n-ZnO side, and is dominated by electron (n-ZnO majority carriers) 

flow into the SC-SWNT layer as the hole component of the current from SWNTs to ZnO 

should be negligible due to a large barrier�'Ev corresponding to the valence band 

discontinuity. This description does not take into account tunneling and recombination 

processes which may be important for the current transport across the heterojunction.87 

         The mechanism of photocurrent of p-SC-SWNT/n-ZnO heterojunction is illustrated 

qualitatively in Figure 3.17b. UV illumination with photon energies higher than the 

bandgap of ZnO of 3.37 eV (O<368 nm) enters the ZnO after passing through the 

semitransparent SC-SWNT layer with small losses (~10-20%) and excites electron-hole 

pairs in close proximity to the SC-SWNT/n-ZnO heterojunction interface in the region of 

the maximum band bending and the highest built-in electric field associated with the 

heterojunction formation. The reverse bias enhances the band bending and a built-in 

internal electric field on the ZnO side in the vicinity of the p-SC-SWNT/n-ZnO interface 

leading to efficient separation of photoexcited electrons and holes before they recombine.  

        UV illumination with photon energies higher than the bandgap of ZnO of 3.37 eV 

(O<368 nm) enters the ZnO after passing with small losses (~10-20%) through the 

semitransparent SC-SWNT layer and excites electron-hole pairs which are being 



 117 

separated by the high electric field in the n-ZnO layer adjacent to the p-SC-SWNT/n-ZnO 

interface before they recombine. The photoexcited holes are being swept into SC-SWNT 

layer and electrons from the depleted high resistance ZnO interface layer to the bulk 

(deep) n-ZnO layer of higher electrical conductivity. In this configuration p-doped SC-

SWNT film acts as a transparent electrode and also as a hole current collector, 

simultaneously, while the deep n-ZnO layer act as current collectors delivering 

photoexcited electrons and holes towards the respective indium ohmic contacts thus 

completing the photocurrent circuit.  

       The improved photoresponse is associated with the most efficient use of the whole 

area of the heterojunction which is illuminated by UV light through the highly 

transparent SC-SWNT film and the preferential photoexcitation of electron-hole pairs in 

the region of the highest built-in electric field leading to the efficient separation and 

collection of photoexcited carriers. Relatively large barrier Ib = 0.64±0.1 eV which also 

includes the conduction band discontinuity 'Ec ≈ 0.3 eV limits the dark current to the 

low value of ~ 2 nA resulting in the high on/off contrast.  

           The frequency dependence of photoresponsivity R ∝ f -D with exponent D =0.5 

(Figure 3.16a) indicates a wide distribution of lifetimes of photoexcited carriers and 

points out to contribution of traps, such as Zn vacancies, capturing and releasing one type 

of carriers thus extending the photocarrier lifetimes and enhancing the photocurrent, but 

also slowing down the photoresponse.88  

        At high intensity of UV radiation, the limited concentration of available trap states 

and a shift of quasi-Fermi level in ZnO lead to a saturation of the photoresponse as 
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observed in Figure 3.16b.88 Another possible cause of saturation is the relatively high 

series resistance of ZnO layer limiting the photocurrent. The photons with energy below 

the ZnO bandgap, but higher than the bandgap of SC-SWNTs (Eg=0.68 eV), are capable 

to excite electron-hole pairs within the SC-SWNT layer, but strong electron-phonon 

interaction in 1D-SWNTs leads to the formation of exciton bound states within the time 

frame of less than 10-12 s following by the energy relaxation to the lattice phonons (heat) 

as shown by theoretical study,89 and experimentally, utilizing time-resolved 

fluorescence,90 polarized pump-probe photomodulation and  photoluminescence,91 two-

photon excitation technique,92 and bolometric spectroscopy.59 This difference in UV and 

visible mechanisms of photoexcitation in ZnO and SC-SWNTs, respectively, leads to the 

observed high UV to a visible photoresponsivity ratio exceeding 105.  

      Under forward bias a positive photocurrent was observed leading to a quasi-linear 

I-V curve under UV light irradiation which is unusual for the case of photodiode or 

heterojunction based photodetectors. It should be noted that the equivalent circuit of 

heterojunction (or photodiode) includes a series resistor of ZnO layer, which is quite 

large (700 k:� in our heterojunction device and originates from the lateral flow of the 

charge carriers in the ZnO layer. Thus, some contribution to the positive photoresponse in 

the forward bias can come from the ZnO layer acting as a photoresistor. On the other 

hand, similar observations of positive photoresponse in forward bias and a linear I-V 

curve were reported for the cases of Au - ZnO nanowire - Au device and graphene-ZnO 

nanorod device.11, 16 In those reports it was suggested that the holes generated by UV 

irradiation refill (compensate) the deep traps responsible for the depletion region and the 
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upward band bending in the ZnO layer adjacent to the interface, thus reducing the height 

of the potential barrier responsible for the rectification of the I-V curves which can be an 

alternative explanation of the nature of the photoresponse observed in our SWNT-ZnO 

heterojunction device. The exact nature of the photoresponse needs to be clarified in 

future studies.  

       The detector performance can be further optimized by tuning the degree of doping 

of the SWNT and ZnO layers, the thickness of both layers, and the surface treatment of 

ZnO for further improvement of rectification ratio and enhancement of internal electric 

field for more efficient separation and extraction of photoexcited carriers. The linearity 

(dynamic range) of the response can be improved by decreasing the series resistance of 

the device associated with the lateral transport of extracted photocarriers along the ZnO 

layer. Alternative to SC-SWNT/ZnO can be MT-SWNT/ZnO junction which would 

correspond to vertical Schottky barrier rather than heterojunction type of a photodetector. 

For practical applications a fast response time is extremely important, so the nature of the 

interface and bulk states controlling the photocarrier lifetimes needs to be elucidated and 

optimized by varying the ZnO layer growth technique and conditions, its surface 

processing, and the SWNT layer transfer during the formation of the heterojunction with 

an ultimate target to decrease the response time from 10 s to milliseconds range.  

3.4 Conclusions 

     UV photodetector was built on the basis of a semitransparent p-SC-SWNT thin 

film/n-ZnO vertical heterojunction. The device constitutes a simple planar two-layer 

structure: after initial MBE growth of ZnO layer the device preparation can be completed 
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by the solution based SWNT thin film preparation and transfer, so both large and small 

area devices can be prepared by this technique, and the patterning can be added to 

prepare an array or modify the geometry of such photodetectors. The novelty and merit of 

the introduced SC-SWNT/ZnO vertical heterojunction device is in the efficiency of the 

SC-SWNT layer to enhance the UV performance of ZnO as shown by the comparison 

with the lateral ZnO device made on the basis of the identical ZnO layer. In this vertical 

device architecture, the SC-SWNT thin film serves two functions simultaneously, firstly, 

as a transparent conducting electrode and, secondly, as a semiconducting material 

forming the heterojunctions thus fully utilizing the multifunctionality of the SWNT thin 

films. The resulted UV photodetector shows high responsivity up to 400 A/W at 

wavelength range 370 to 230 nm, and is visible blind with the UV to visible 

photoresponsivity contrast ratio exceeding 105. The detector operates at relatively low 

reverse bias of 1 to 2 V and shows dark current rectification ratio of 103. The p-SC-

SWNT/n-ZnO heterojunction is rationalized in terms of the model developed for 

heterojunction of conventional bulk semiconductors such as p-Ge/n-GaAs.78-79, 84 

Mechanism of photodetection includes efficient separation of photoexcited electron-hole 

pairs in the strong electric built-in field on the ZnO side of the heterojunction with the 

involvement of the interface and bulk ZnO intra-gap states trapping and releasing 

photoexcited carriers thus increasing the photocarrier lifetimes.  The presented approach 

illustrates a synergistic improvement of the UV detector performance when carbon 

nanomaterials and wide bandgap semiconductors are combined in a single device 

architecture.     
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Chapter 4 Applications of MoS2 Optoelectronic Properties for NO2 Gas 
Sensor Detection at Sub-ppb Level  
 

4.1 Introduction  

       In this Chapter we introduce a novel electro-optical gas sensor based on 2-

dimensional transition metal dichalcogenide MoS2 which can detect one of the most 

dangerous pollutants nitrogen dioxide at sub-ppb level. This work was done in 

collaboration with Professor Mulchandani research group, and Graduate student Tung 

Pham prepared MoS2 devices. The part of this project presented in my Thesis is related to 

application of electro-optical properties of MoS2 for gas sensing.   

       Nitrogen dioxide (NO2) is a very dangerous gas which is produced by the burning of 

fuels, emissions from vehicles, power plants, and road-off equipment.1 In the ambient air, 

NO2 will react with water to form acid rain, resulting in the damage of buildings, 

ecosystem destruction, and nutrient pollution in coastal water. Moreover, NO2 is highly 

toxic to humans and animals, especially to skin, eyes, and respiratory system.2 The 

United States Environmental Protection Agency (US EPA) has regulated limit of 

exposure to NO2 at 53 ppb averaged annually, and 100 ppb averaged over one hour.3 

Therefore, it is quite urgent and necessary to develop NO2 gas sensors with high 

sensitivity achieving ppb level. 

Up to now, much effort has been devoted to develop NO2 sensor with high sensitivity, 

low detection limit, and low working temperature. Metal oxides like Cu2O, WO3, SnO2, 

and NiO are good candidates for NO2 detection, but limited by the high working 

temperature, high detection limit, and poor selectivity.4-7 One-dimension SWNTs have 
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unique structure, large surface area, and outstanding electrical properties, so they are 

viewed as promising materials for chemical sensors. Hongjie Dai group prepared 

chemical sensors based on individual SWNT for NO2 and NH3 gas detection.8 The 

SWNT based sensor shows fast response to NO2 but slow recovery at room temperature. 

Two-dimensional single-layer graphene is composed of 1-layer of carbon atoms which 

has large surface area (2630 m2 g-1), and every carbon atom is in contact with gas 

molecules. Moreover, graphene can absorb molecules via van der Waals interaction and 

strong covalent bonding. Therefore, graphene has attracted a great deal of interest to 

explore it potential applications in chemical sensors.9 Pearce, et al. epitaxially grew 

single-layer graphene on SiC substrate for NO2 detection. At room temperature, the 

sensor is capable to detect 2.5 ppm of NO2 but shows slow response and recovery.10 

Despite of significant efforts to develop chemical sensors based on SWNTs and graphene, 

there is a long way to go to overcome some drawbacks like slow recovery and poor 

selectivity. 

Following the discovery of graphene,11 other two dimensional (2D) materials such as 

transition metal dichalcogenides (TMDs) attracted significant attention because of the 

unique electronic properties originated from their low-dimensional electronic structure.12-

16 In contrast to graphene, TMDs possess finite bandgap in the range from 0.2 to 3 eV, 

depending on specific type of material and a number of layers, and became a valuable 

alternative to the conventional or narrow band semiconductors in a variety of electronic 

and optoelectronic applications (Figure 4.1).12-17 18  
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                                       Figure 4.1 2D material and tetrahedron.18 

MoS2 is one of the most prominent materials from TMD family possessing a direct 

bandgap of 1.8 eV as a single layer19-20 and showing promising performance in field-

effect transistors (FETs), p-n junctions and heterojunctions, photovoltaic cells, and 

photodetectors  demonstrations.21-26 Monolayer MoS2 consists of two layers of sulfur 

atoms in two-dimensional hexagonal planes connecting with Mo atoms through ionic-

covalent bonding. Each Mo atom is surrounded by six sulfur atoms as shown in Figure 

4.227  
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Figure 4.2 (a) Coordination environment of Mo atom in the structure; (b) a top view of 

the monolayer MoS2 lattice.27 

From the theoretical calculations, bulk MoS2 is an indirect bandgap semiconductor 

and becomes a direct bandgap semiconductor when thinned to monolayer.28 As shown in 

Figure 4.3, the direct excitonic transition energy at the Brillouin zone K-point has little 

change with the increase of the number of layers, while the indirect bandgap increases as 

the number of layers increases.28 As a result, the monolayer MoS2 is a direct bandgap 

semiconductor.  

 

 

 

 

 

 

 

(a) (b) 



 137 

 

 

 

 

 

 

 

 

Figure 4.3 Calculated band structures of (a) bulk MoS2, (b) quadrilayer MoS2, (c) bilayer 

MoS2, and (d) monolayer MoS2.28 

This change in the bandgap structure is due to the quantum confinement and the 

change in electron orbitals. Briefly, the conduction band states at K-point are primarily 

composed of localized d orbitals of Mo atom located at the middle of the S-Mo-S, which 

are barely affected by interlayer coupling. However, the states near the *- points are 

originated from the d orbitals of Mo atoms and the antibonding pz-orbitals of S atoms 

which are very sensitive to the number of layers because of the strong interlayer coupling. 

Therefore, the band structures heavily depend on the number of layers of MoS2.12, 28 

As MoS2 shows unique electronic properties and has great potential applications in 

multiple fields, various techniques have been explored to prepare reliable, large-scale, 

and atomically thin MoS2 films. Like single-layer graphene, monolayer MoS2 flake can 

(a) (b) (c) (d) 
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be exfoliated by micromechanical cleavage using adhesive tape. The obtained monolayer 

MoS2 flake shows high cleanliness and quality with very few defects, and it is suitable for 

individual device fabrication and characterization in the lab. However, this method is 

limited to small-scale production and small size.29-30 Solution intercalation is a promising 

method to produce large scale of high quality monolayer MoS2. During the exfoliation 

process, it will produce MoS2 with different phases, showing different electronic 

structures like semiconductors or metals. This issue can be resolved by annealing the 

sample at 300 ºC, resulting in change from metallic to semiconducting type of MoS2.31-32 

Chemical vapor deposition (CVD) is an alternative method to achieve wafer-scale 

synthesis of MoS2 thin film with high quality and few defects, which enables MoS2 

applications in wafer-scale fabrication of electronic devices.33  

Because of their high surface to volume ratio, electronic transport in atomically thin 

TMD channels is extremely sensitive to the surrounding atmosphere thus allowing their 

exploration in gas and bio-sensing applications.34-40 TMDs is now considered as a 

promising alternative to the conventional metal oxides sensing materials2, 41-43 which 

typically require elevated temperature operations causing excessive energy consumption, 

reliability issues, and, especially, safety concerns. Chemiresistors based on single-and 

multi-layer MoS2, either mechanically exfoliated or CVD grown, have been already 

explored for sensing of such hazardous analytes as NO, NH3, Volatile Organic 

Compounds (VOCs) and nerve agents at ppm level. 34-40  

       In recent years, several studies demonstrated efficient MoS2 based NO2 sensors 

performances at ppm level.38-39, 44 It has been reported recently that CVD grown MoS2 
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FET-based gas sensor is capable for NO2 detection at sub-ppm (200 ppb) level, 38 

however, a poor recovery at room temperature and slow response have been observed. 

Later reports show improved recovery by utilization of elevated temperatures ranging 

from 100 ºC to 150 ºC due to accelerated desorption of the gas molecules.45-46  As an 

alternative strategy, UV light irradiation of the MoS2 channel was employed to improve 

sensitivity and recovery rate of the response to NO2 exposure44 at ppm level following the 

strategy developed earlier for metal oxide based sensors.47-48  In that report,44 UV light is 

used as a tool to release oxygen ions from MoS2 surface thus facilitating the interaction 

of NO2 molecules with conducting electrons in MoS2 channel and yielding faster removal 

rate of NO2 molecules after the exposure.  

CVD grown single layer MoS2 is an ultimate 2D material with highest possible 

surface-to-volume ratio as compared to few layer alternatives, and is more suited for 

semiconducting processing platform as compared to mechanically exfoliated MoS2 

counter-part. However, due to several factors such as large bandgap of MoS2, grain 

boundaries of MoS2 triangular crystals forming its single-layer structure, and contribution 

of Schottky barriers at metal-MoS2 contact interfaces, the typical sensor resistance can 

reach extremely high values of 10 GΩ to 1 TΩ. This complicates the sensor electrical 

integration with readout circuit and increases electrical noise thus degrading the sensor 

performance in terms of limit of detection of gaseous analytes.  

Here, we utilize LED illumination with photon energy matching the bandgap of 

single-layer MoS2 in order to decrease the MoS2 channel resistance by 3 orders of 

magnitude by inducing a photocurrent, and employ the generated photocurrent instead of 
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dark current for NO2 gas sensing. As a result, an efficient response to sub-ppm level of 

NO2 concentrations (25 to 200 ppb) exposure was demonstrated with a sensitivity of 

4.9%/ppb (4900%/ppm). Calculations of the optimized chemi-photoresistor limit of 

detection (LOD) following IUPAC procedure,49 provided an evaluation of LOD for NO2 

detection at the level of ~0.2 ppb which exceeds the US Environment Protection Energy 

requirement of NO2 detection at ppb level.   

4.2 Experimental Section 

1. MoS2 growth and device preparation.  

Single-layer MoS2 films were grown by graduate student Tung Pham (Professor 

Mulchandani research group) via a CVD method, and Tung Pham also prepared the 

MoS2 device. After transferring MoS2 to the desired SiO2 substrate, 5 nm/ 50 nm thick 

Gr/Au electrodes are prepared using standard photolithography procedures and electron-

beam metal deposition. The size of the active MoS2 channel is 10u10Pm 

2.  Electrical and photoconductivity measurements 

    The current-voltage (I-V) measurements in dark and under the light were conducted 

utilizing a Keithley 236 source-measure unit. The instruments control and data 

acquisition for all the measurements were conducted utilizing Labview hardware and 

software. For photoconductivity and gas sensing measurements the red LED (model 

L10762, Hamamatsu Photonics) with the central wavelength of 660 nm was integrated 

with the gas sensing mini-chamber. The LED power density was modulated utilizing a 

function generator DS360 (Stanford Research Systems), and the light intensity on the 

device was calibrated by Silicon based photodetector. The frequency dependencies of the 
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photoresponse were studied using a lock-in amplifier (SRS 830, Stanford Research 

Systems) with the dc bias of 5 V supplied by Keithley 236 source-measure unit, and the 

load resistance of 100 kΩ.  

3. NO2 sensing experiments 

For gas sensing experiments, the concentrations of NO2 gas is regulated by two 

Alicat Scientific mass flow controllers: one controlling the flow of 99.99% pure N2 gas 

and the other controlling the flow of 10 ppm NO2 in N2.  The target NO2 concentration 

for detection of 25 ppb, 50 ppb, 100 pbb, 150 ppb, 200 ppb are achieved by mixing NO2 

flow with N2 flow at ratios of 1:399, 2:398, 4:396, 6:394 and 8:392, respectively while 

the total flowrate to the sensing chamber remains constant at 400 sccm.   

4.3 Results and Discussions 

      Figure 4.4a shows a schematic of MoS2 channel with Cr/Au electrodes denoted in this 

paper as MoS2(Au) device. I-V curve in dark (Figure 4.4b) shows very low current in 

pico-amperes range corresponding to the very high channel resistance of ~200 GΩ. 

Under red LED illumination of 60.9 nW (light intensity of 60.9 mW/cm2) the channel 

current increases by ~500 times exceeding 10 nA at 5 V channel bias (Figure 4.4c). The 

temporal evolution of the photocurrent when LED irradiation is switching “on” and “off” 

is presented in Figure 4.4d showing relatively fast rise of photocurrent when LED 

irradiation is switching on with ~80% level reached in less than 1 s following by slow 

increase of photocurrent which continues for hundreds of seconds. Similar shape can be 

observed in the decay of photocurrent when LED is turned off with initial fast decay to 

below 10% level in less than 1 s followed by slow decay.   
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Figure 4.4 (a) Schematic of MoS2 channel with Au electrodes; I-V dependence of 

MoS2(Au) device (b) in dark (c) under red LED illumination of incident power of 60.9 

nW; (d) photocurrent pulses as a response to switching of red LED irradiation “on” and 

“off”.  

The dependences of the amplitude of the photocurrent of the MoS2 devices on the 

frequency f of square-wave red LED light modulation are presented in Figure 4.5a and 

show a decrease of photocurrent with increasing frequency described by power law 

𝐼𝑝ℎvg
−D with best fitting obtained using exponents D of 0.17 for the devices with Au 

(a) 

(c) (d) 

(b) 
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electrodes. Such type of power law dependence of photocurrent with exponent D <1 are 

well known in the field of classical photoconductors, and is usually associated with wide 

distribution of photocarrier lifetimes (in our case from milliseconds to tens of seconds) 

due to the presence of trap states.24, 50-53 Figure 4.5b shows that the dependence of 

photocurrent on the incident irradiation power P deviates from direct proportionality and 

is best described by the power law 𝐼𝑝ℎ ∝ 𝑃𝛽, with the exponents E values less than unity 

of 0.63 for the devices with Au electrodes. Such E <1 values are also typically associated 

with the presence of trap states distributed in energy within  the bandgap of the 

conventional photoconductors.50 In case of 2D materials with high surface to volume 

ratio the effect of trap states on the photoconductivity is often described in terms of 

photogating when under illumination one type of photocarriers is trapped by lattice 

defects or impurities.52-53 Such trapping leads to the spatial charge accumulation and 

induced electric field which acts as a gate voltage in conventional FETs shifting the 

Fermi level of 2D channel to the energy position dependent on the time and intensity of 

incident radiation.24, 50, 52-53 The contribution of photogating can explain the presented in 

Figure 4.5 power law dependences of photocurrent on frequency and incident power with 

exponents D and E less than unity. In case of single layer MoS2 channel utilized in this 

study the trap states can be formed at the interface of MoS2 and supporting dielectric 

(SiO2) layer or on the top of MoS2 layer. The fast photoresponse component visible at the 

moment of LED switching “on” and “off” and at high frequencies of modulation can be 

attributed to direct photoconductivity while slow component of photoresponse can be 
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associated with photogating, however, the boundary between these two contributions can 

be not well defined.   

 

 

 

 

 

 

 

Figure 4.5 Dependence of photocurrent on (a) frequency of red LED modulation and (b) 

power of red LED irradiation for MoS2 devices with 3 types of electrodes. Dashed lines 

show power law fits of experimental dependences as described in the text. 

Figure 4.6 compares typical responses of MoS2 single-layer based gas sensor with 

Cr/Au electrodes to NO2 gas exposure in dark and under red LED illumination of incident 

power of 60.9 nW (light intensity of 60.9 mW/cm2).  For better comparison dark and 

photo- currents in Figure 4.6a and 4.6b, respectively, are both presented in logarithmic 

scale with the same maximum to minimum current ratios of 200. As presented in Figures 

4.6a the current in the dark is very low in 20 to 30 pA range, but some visible decrease of 

the current upon NO2 exposure can be observed at low NO2 concentration of 50 ppb thus 

supporting previously demonstrated high potential of MoS2 monolayer material for 

chemical sensor application.34-35, 39, 54 Figure 4.6b shows that under LED illumination the 

current through the MoS2 channel increases by 3 orders of magnitude and, more 

(a) (b) 
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strikingly, illuminated sensor shows much stronger response to the lowest reliably 

controlled concentration of NO2 of 25 ppb which is a limit of our present setup.   

 

 

 

 

 

 

 

Figure 4.6 Effect of NO2 gas exposure at concentrations from 25 to 200 ppb on: (a) Dark 

current in MoS2(Au) device; (b) Photocurrent in MoS2(Au) device under red LED 

illumination of incident power of 60.9 nW (light intensity of 60.9 mW/cm2).  

Figure 4.7a shows NO2 detection results in terms of relative change of resistance 

'R/RN2, where RN2 is the resistance of the device established under N2 flow before NO2 

exposure in dark or under illumination, and 'R is a resistance change caused by NO2 

exposure. Noticeably, the response to NO2 exposure under illumination is enhanced 

dramatically even if compared to dark current data expanded by a factor of 5. Figure 4.7b 

presents the amplitude of relative response 'R/RN2 in dark and under illumination as a 

function of NO2 concentration C (ppb) with a slope of such dependence defining the 

device sensitivity S='R/RN2(%)/C(ppb). Under red LED illumination the NO2 sensitivity 

is extremely high at the level of S=4.9%/ppb (4900%/ppm), much higher than the best 

(b) (a) 
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values at the level of 0.1%/ppb obtained in the dark. Some of the tested MoS2(Au) 

sensors didn’t show any response in the dark to sub-ppm concentrations of NO2, while 

the sensitivity under red LED light illumination was consistently high. We should note 

that the sensitivity is usually normalized to the concentration expressed in ppm units but 

in our work we report a concentration in %/ppb units due to the strong response of our 

sensor to ppb level concentration of NO2.  

Another important figure of merit of chemical sensor is limit of detection (LOD) 

of the particular analyte which, following IUPAC procedure, is typically defined as a 

concentration of the analyte which causes a response 3 times higher than the noise level 

of the device (i.e. in the absence of the analyte).49, 55 From the noise data presented in 

Figure 4.7b (inset) for the illuminated sensor root-mean-square (RMS) value of 'R/RN2 

noise of ~ 0.32% is obtained giving an evaluation of LOD of 3x0.32/4.9 ≈ 0.2 ppb. For 

comparison, the noise level for the sensor in dark is ~0.6% with much lower sensitivity of 

0.1%/ppb resulting in detection limit of 3x0.6/0.1≈18 ppb in agreement with the visual 

observation of data presented in Figure 7. Thus bandgap matching illumination of MoS2 

sensor induces photocurrent in the sensor channel which can be used to significantly 

improve the sensitivity and detection limit of NO2 sensing.     
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Figure 4.7 (a) Normalized resistance of MoS2(Au) device in dark (black line, gray line 

shows x5 expanded data) and under red light (red curve). (b) Dependence of the 

normalized amplitude of resistance change 'R/RN2 on the concentration of NO2 gas. Inset 

shows a temporal trace of experimentally recorded noise of 'R/RN2. All data were 

collected under dc bias of 5 V. 

      The band diagram of the MoS2 channel in dark is presented in Figure 4.8a with Fermi 

level shifted towards conduction band for typically n-type doped MoS2. Because of the 

relatively large band gap of MoS2 and high Schottky barriers at the metal electrode/MoS2 

interfaces the concentration of free carriers is very low with thermally excited electrons 

and holes acting as majority and minority carriers, respectively. The relatively low 

sensitivity of the sensor in dark can be explained by the presence of oxygen which traps 

the thermally excited electrons in MoS2 channel leading to further reduction of the device 

current. Thus, most of electrons are blocked by oxygen from interaction with NO2 

molecules resulting in suppressed response to the analyte. As schematically illustrated in 

Figure 4.8 b, under red light illumination the population of free electrons increases by 

(a) (b) 
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several orders of magnitude. Part of this increase can be due to photogating52-53 when 

photoexcited holes are trapped at the MoS2/SiO2 interface generating a spatial positive 

charge which shifts the Fermi level closer to the edge of conduction band and increasing 

a population of the thermally excited electrons. These extra electrons are not blocked by 

oxygen and available for interaction with NO2 molecules because of the single layer 

structure of MoS2 when any charge carrier is at the surface. As discussed in literature, 

NO2 gas molecules absorbed on MoS2 channel surface act as electron acceptors and 

capture the photoexcited electrons thus leading to a decrease of current (photocurrent) in 

the channel.35, 44  

 

 

 

 

 

Figure 4.8 Band diagram of the device showing interaction of conduction band electrons 

in MoS2 with NO2 gas molecules (a) in dark and (b) under red light illumination.  

Table 4.1 summarizes state of the art parameters reported in literature for MoS2 

based NO2 gas sensors. Presented in this work MoS2 operating under red LED light 

illumination shows the highest reported sensitivity to low dosage of NO2 gas, because the 

photocurrent is used to enhance the sensor response. The calculations following IUPAC 

defined procedure gave extremely low detection limit in sub-ppb range (0.2 ppb) well 

suited to US EPA needs for NO2 sensing at ppb level.  

(a) (b) 
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Table 4.1 Comparison between reports on MoS2 based NO2 gas sensors and present work 

Material Temperature Minimum 
concentration 
tested 

Detection 
limit 
(Calculation) 

Sensitivity 
%/ppm 

Ref. 

MoS2 RT 100 ppm 50-100 
ppm 

1.37/ppm 16 

MoS2 RT 20 ppb 10-20 ppb  17 

MoS2 RT 120 ppb 50-120 
ppb 

416/ppm 19 

Gr/MoS2 150 
o
C 1.2ppm 1.2 ppm 2.5/ppm 20 

MoS2/Gr 200 
o
C 50 ppb 14 ppb 18/ppm 30 

3D MoS2 200 
o
C 50 ppb 28ppb 20/ppm 31 

MoS2 RT (UV) 5 ppm 1-5 ppm 3.05/ppm 29 

MoS2 100 5 ppm 1-5 ppm 2.4/ppm 29 

PtNPs/MoS2 RT 0.5 ppm 2 ppb 8/ppm 35 

MoS2 RT 300ppb 200-300 
ppb 

0.08/ppm 36 

MoS2 100 oC 25 2 ppb  56 

MoS2 RT (red 
light) 

25 ppb 0.2ppb 4.9/ppb 
(4900/ppm) 

This work 

4.4 Conclusions 

Red light LED illumination with photon energy matching the direct bandgap of the 

single layer MoS2 allowed to use induced photocurrent instead of dark current as a tool 

for NO2 gas sensing. The resulted sensor showed extremely high sensitivity to ppb level 

NO2 gas exposure up to 4.9 %/ppb (4900 %/ppm) and sub-ppb limit of NO2 gas detection 

at the 0.2 ppb level. The presented concept of enhancing gas sensing performance by 

inducing a photocurrent can be expanded on different analytes, and employ other 2D 

TMD materials by matching the photon energies to the specific bandgaps.  
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