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Abstract

Recently there has been growing interest in the interaction of light and nano-

materials, especially carbon nanotubes. Although there exist a large number

of studies on the physical and chemical properties of nanotubes with various

spectroscopic techniques, only a limited number of works have looked at this

interaction for electron source applications. The work presented in this the-

sis demonstrates light-induced electron emission from arrays of nanotubes

with a broad range of wavelengths and light intensities. I demonstrate that

arrays of nanotubes have a quantum efficiency of > 10−5 in the photoelectric

regime, which is comparable to that of metal photocathodes such as copper.

Nanotubes are also expected to have better operational lifetime than met-

als because of their complete chemical structure. I also demonstrate that,

based on an effect called “Heat Trap”, a spot on the surface of a nanotube

array can be heated to above 2,000 K using a low-power beam of light with a

broad range of wavelengths from ultraviolet to infrared. Light-induced heat-

ing of a typical bulk conductor to electron emission temperatures requires

high-power lasers. This is because of the efficient dissipation of heat gener-

ated at the illuminated spot to the surroundings, since electrical conductors

are also typically excellent thermal conductors. I show that the situation

can be drastically different in an array of nanotubes. This behaviour has

far-reaching implications for electron sources. For example, the fabrication

cost of light-induced electron sources can be significantly reduced since the

nanotube-based cathode can be heated to thermionic emission temperatures

with inexpensive, low-power, battery-operated handheld lasers as apposed

to high-power or pulsed laser sources, which are currently required for metal

cathodes. Arrays of nanotubes can also be shape engineered because of their

sparse nature. I have demonstrated that the emission current density can
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Abstract

be increased by a factor of 4 by densifying the array with a liquid-induced

shrinkage that works by pulling the nanotubes closer together. The Implica-

tions of the findings reported in this thesis go beyond conventional electron-

beam technologies. For instance, they could lead to novel devices such as

thermionic solar cells, solar displays and new types of optical modulators

and thermoelectrics.
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Chapter 1

Introduction and Objective

1.1 Motivation

Light induced electron emission, the process of emitting electrons using incident

photons, has broad applications ranging from electron sources in accelerators [3]

and free-electron lasers [4] to modern solar cells [5]. Photo-electron emitters can

have high current densities [6], low beam emittance (high brightness) [7], and be

operated in poor vacuum conditions. Also the ability of controlling the emission

using a light source (for example a laser) makes such electron sources an attractive

choice for a wide application base. For example, ultrafast pulsed electron sources

have enabled time-resolved electron microscopy [8], which is used to characterize

processes on the time scales of atomic phenomena [9].

1.2 Electron Emission Mechanisms

1.2.1 Field-Electron Emission

Field-electron emission (or field-emission) is an electron emission mechanism in

which electrons are emitted from a material by applying an electric field to its

surface (on the order of a few volts per nanometer or higher). This field is created by

applying a voltage between the material and an anode, which will bend the vacuum

barrier (Figure 1.1). If this field is high enough, the electrons in the material will

face a narrow enough potential barrier to tunnel through.

This phenomenon was modelled by Fowler and Nordheim in 1928 [10, 11, 12],

which is still in use for studying field-emitters. The emission current-density (J) of

a field-electron emitter has the following form:

J =
GF 2

Φ
exp[
−HΦ

3
2

F
], (1.1)

where G = e3

8πh , H = 8π
√

2m
3he , and e, h, and m are the fundamental constants of
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1.2. Electron Emission Mechanisms

Solid Vacuum

Vacuum Level With Electric Field
Vacuum Level Without Electric Field

Highest Occupied Energy Level

Tunneling Barriere

Figure 1.1: Field-emission mechanism.

the charge of an electron, Planck’s constant, and the mass of an electron, respec-

tively. F is the applied electric field and Φ is the workfunction of the material. This

general form of the Fowler-Nordheim equation is derived on the assumption that

the emission occurs from a flat metallic surface. For sharp emitters such as Spindt

cathodes [13] or carbon nanotube emitters [14], the local field at the emission spot

is higher than that of a flat metal surface since the geometry of the emitter leads

to strong field enhancement. In order to incorporate this effect a “field enhance-

ment factor”, β, is introduced into the Fowler-Nordheim equation, which gives the

equation the following form:

J =
G(Fβ)2

Φ
exp[
−HΦ

3
2

Fβ
]. (1.2)

1.2.2 Thermionic Electron Emission

Thermionic emission is another electron emission mechanism, where the electrons

are excited to escape the material through heating. The emitter is usually heated

resistively and these type of emitters are the most commonly used electron sources

in most applications. They are easy to fabricate (for example, a tungsten wire)

and they can also operate in poor vacuum conditions. This emission mechanism

was first empirically modelled by Richardson in 1901 [15]. The current form of

Richardson’s equation is:

J = AGT
2exp[

−Φ

kT
], (1.3)
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1.2. Electron Emission Mechanisms

where J is the current density, AG is Richardson’s constant, T is temperature, k

is Boltzmann’s constant, and Φ is the work function of the material. When better

models for electrons were developed after Richardson’s work, Richardson’s constant

was theoretically derived to be AG = 4πmk2e
h3 ≈ 1.2Am−2K−2.

Schottky Electron Emission

Thermionic emission can also occur under a high applied electric-field, which creates

an emission mechanism where the high electric-field behaves as a lowering of the

workfunction of the thermionic process. This process is known as the Schottky

electron emission and is modelled by Richardson’s equation with the following form:

J = AGT
2exp[

−(Φ− ESchottky)

kT
], (1.4)

where ESchottky =
√

e3F
4πε0

. This emission process is not the focus of this thesis.

1.2.3 Light-Induced Electron Emission

There are four possible mechanisms of light induced electron emission from a

material, namely photoemission, optical field-emission, photo field-emission, and

thermionic emission.

Photoemission

Photo-electron emission (or photoemission) is a process by which an electron es-

capes a material by absorbing enough energy from a photon (to overcome the work

function of the material). The simplest model for this emission mechanism is:

I =
e

hν
QEPlaser, (1.5)

where I is the emission current, QE is the quantum efficiency (number of elec-

trons emitted divided by the number of photons incident on the material), Plaser

is the laser power and ν is the frequency of light. The quantum efficiency has been

suggested to be proportional to (hν −Φ)2 [16]. The current state-of-the-art photo-

cathodes have quantum efficiencies of >10%. These photocathodes are a mixture

of multilayer semimetals and alkalis, in particular cesium. However, these materials

are highly sensitive and have to be made and operated in ultra-high vacuum (better

than 10−10 Torr) and have a short operating life time. Metal photocathodes, on

the other hand, are more robust and can be operated at lower vacuum conditions
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1.2. Electron Emission Mechanisms

(∼ 10−6 Torr); however, they have much lower quantum efficiencies; for example,

a copper photocathode has a quantum efficiency of ∼ 10−5 for 266-nm light [17].

Temperature plays a significant role in photoemission and this effect has been

previously modelled by Fowler in 1931 [18] and has the following form:

I = 2eα
Plaser
Ephoton

U(
Ephoton−Φ

kT )

U( Φ
kT )

(1.6)

where I is the emission current, e is the charge of an electron, α is the absorption

coefficient, k is Boltzmann’s constant, T is the temperature, Ephoton is the photon

energy of the light, Φ is the workfunction of the material, Plaser

Ephoton
is the number

of photons per unit time, and
U(

Ephoton−Φ

kT )

U(
Ef
kT )

is the ratio between the number of

available electrons due to photo excitation with momentum perpendicular to the

surface of the metal and total number of electrons with momentum perpendicular

to the surface of the metal. U(x) has the form of U(x) =
∫ x
∞ ln(1 + ey)dy with

no analytical solution; however, a parametric solution within 1% accuracy can be

found in Ref. 19.

Optical Field-Emission

Optical field-emission happens when the electric field of a light source couples to

the vacuum barrier (Figure 1.2) and modulates the barrier. If the intensity of the

light is high enough the modulated potential barrier can become small enough for

electrons to tunnel through during a portion of the optical cycles. This electron

emission process was initially proposed by Hagmann [20] and is usually modelled

by estimating the instantaneous magnitude of the electric field of the incoming light

and using the Fowler-Nordheim equation (discussed in section 1.1). This process

can only occur when the polarization of light is perpendicular to the emitter surface.

Although this process has been used for modelling ultrafast pulsed electron source

experiments [21], its validity is not entirely clear and some recent works attribute

the emission mechanism due to ultrafast pulsed lasers to a multi-photon emission

process [22, 23].

Photo field-emission

Photo field-emission is a process where the incoming photons do not have enough

energy to make the electrons overcome the work function of the material. Instead,

they excite the electrons to a higher energy level in the material and effectively
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Solid Vacuum

Highest Occupied Energy Level

Vacuum Level With Electric Field
Vacuum Level Without Electric Field

Tunneling Barrierhv

e

Figure 1.2: Optical field-emission happens due to the modulation of the
barrier by the optical field (red arrows). Photo-field emission consists of
the excitation of the electron to a higher energy level (blue arrow) and then
tunnelling of the electron due to an externally applied field.

reduce the potential barrier that electrons, within the material, face. As a result

electrons can tunnel through the barrier at a much lower field than in the absence

of photons (Figure 1.2). This mechanism can also be modelled using the Fowler-

Nordheim equation by reducing the work function of the material (Φ in equation 1.2)

by the photon energy of the incident light. This process is commonly used in sharp

electron emitters (for example, sharp metal needles [7]).

Light-Induced Thermionic Emission

As mention in section 1.2.2, the most common way of heating a material to thermionic

emission temperatures is through resistive heating; however, the material can also

be heated with a beam of laser, although it requires very high laser intensities.

For example, the laser intensity required for electron emission from a tungsten nee-

dle is ∼ 1011 Wm−2 [24], which is close to the laser ablation point for tungsten.

This is because good electrical conductors are also good heat conductors; there-

fore, much of the absorbed energy from the laser is dissipated to a larger area and

only a small portion of the energy contributes to the heating of the emission spot.

Light-Induced thermionic emission can also be modelled using Richardson’s equa-

tion (equation 1.4). It should be noted that there are a limited number of materials

that can be used as a thermionic source since the temperature required for emission
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is usually greater than the melting point of most materials.

1.3 Carbon Nanotubes and their Use in Electron

Emission

1.3.1 Carbon Nanotubes

Carbon nanotubes (CNTs) consist of one or more rolled layers of graphene, which

is a sheet of carbon atoms with a thickness of one atom arranged in a hexagonal

lattice like a chicken wire [25]. The chemical bond between the neighbouring atoms

in a CNT is stronger than the bonds found in diamond, which provides nanotubes

with their unique strength. Thus, CNTs are among the strongest and stiffest mate-

rials known. Combined with their low density of 1.3-1.4 g cm−3, this makes them

suitable for high-strength-to-weight-ratio applications. Based on their geometry,

namely its chirality and diameter, a CNT can be metallic or semiconducting. With

lengths of up to centimetres demonstrated experimentally, CNTs have very high as-

pect ratios, virtually making them one-dimensional. Electronic transport in CNTs

can be ballistic over distances of several micrometer at room temperature. To-

gether with their ability to withstand current densities of up to 109Acm−2 (orders

of magnitude higher than traditional copper and silver wires), this makes CNTs

very attractive for electronic applications.

1.3.2 Field-Emission from Carbon Nanotubes

The high aspect ratio of nanotubes made them an immediate candidate for field-

emission emitters after their discovery. This is because of the high field-enhancement

factor that they can achieve due to their geometry, in addition to a small emission

spot. A great amount of research has been conducted in this area and I have pre-

viously written a review paper on this topic [26]. However, this is not the emission

mechanism of interest in this thesis and will not be discussed further.

1.3.3 Thermionic Emission from Carbon Nanotubes

One of the earliest reports on thermionic emission from CNTs was that of Cox et al.

who resistively heated a single multi-walled carbon nanotube (MWNT) [27]. Since

CNTs are expected to have high thermal conductivity, they attributed their obser-

vation of thermionic emission to the defective nature of their MWNT, which must

have a poor thermal conductivity. Two subsequent works that reported thermionic
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1.3. Carbon Nanotubes and their Use in Electron Emission

emission consist of resistively heating up single-walled, double-walled, and multi-

walled CNT bundles [28] and CNT yarns [29], and measuring their work functions.

Wei et al. also used thermionic emission to measure the difference in work function

of CNT yarns and sheets [30]. In all these works, Richardon’s equation (equa-

tion 1.4) was used to analyze the measured results.

1.3.4 Light-Induced Electron Emission

There are a limited number of works that demonstrate light-induced electron emis-

sion from CNTs. Photoemission and light-induced thermionic emission from CNTs

are the two mechanisms that have so far been investigated. The next two sections

provide an overview of the majority of the literature in these two topics.

Photoemission

The main focus of previous research in photoemission from CNTs has been on

photoemission spectroscopy, typically performed with photon energies of greater

than 10 eV, which is much higher than the work function of CNTs (∼4-5 eV), for

studying the electronic structure and binding energies [31, 32]. The study of pho-

toemission from CNTs with photon energies of a few eV for device applications (i.e.

photocathodes) has been limited. Nojeh et al. demonstrated photoemission from

sparse collections of single-walled nanotubes (SWNTs) lying on a substrate using

a 266-nm (4.66-eV) continuous-wave laser [33]. It appeared that the absorption

cross-section of a SWNT is larger than its geometrical cross-section, suggesting ef-

ficient absorption mechanisms based on optical antenna effects. Wong et al. used

pulsed lasers (at 532 nm, 355 nm, and 266 nm) to observe photoemission from a

matt of horizontal, randomly distributed MWNTs on a surface, with lengths in

the 5-10 µm range [34]. At 266 nm they observed photoemission with a quantum

efficiency of ∼ 10−7 under a collection electric field of 1.67 Vµm−1, which is in the

same order of magnitude as fields needed for field-emission from CNTs [35]. Hu-

danski et al. demonstrated a photocathode that uses silicon photodiodes to control

electron emission from MWNT field-emitters [36]. Westover et al. reported photo-

and thermionic emission from potassium-intercalated carbon nanotube arrays [37].

Light-Induced Thermionic Heating of Carbon Nanotubes

Thermionic emission through laser heating was observed in the work of Wong et al.

who heated up a mat of randomly distributed, horizontal MWNTs using pulsed
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lasers at 532 nm and 355 nm [34]. One of the earliest works on field-emission from

carbon nanotubes used a focused beam of laser to control the temperature of an

individual nanotube while measuring its field emission properties [38]. Others have

investigated the effect of laser irradiation on CNTs. Bassil et al. examined the

effect of laser heating on Raman spectra. They observed more effective heating

of CNTs at the 488 nm laser wavelength than at 647 nm [39]. Nakamiya et al.

investigated the damage threshold of MWNT films using pulsed lasers at the first

two harmonics of a Nd:YAG laser (λ = 1064 nm and 532 nm) and a pulsed KrF

excimer laser (λ = 248 nm) [40, 41]. They measured the minimum energies (and

calculated the corresponding temperatures) that damage and graphitize MWNT

films. A localized heating and glow of nanotube arrays under an ultra-violet laser

focused to a submicron spot has been reported in Ref. 42. The glow spectrum in

that case exhibited photoluminescence behaviour rather than black body radiation.

1.4 Objectives of this Research

As mentioned earlier, the ability to induce and control electron emission with a light

source has a wide range of applications. Nanotubes, because of their robust and

sharp structure, are great candidates for material for electron sources. However,

there are only a limited number of works on nanotubes as light-induced electron

sources, even though nanotubes have interesting optical properties that differ sig-

nificantly from conventional bulk materials such as sharp optical transitions due

to Van Hove singularities, or high optical absorption in a nanotube forest, which

is close to an ideal black body. The objective of this thesis is to investigate light-

induced electron emission from nanotubes using continuous-wave (CW) lasers with

a broad range of wavelengths and light intensities. Although the technological

motivation behind this research was the continuous need for new and improved

light-induced electron sources, the expectation that the rich physics of interaction

of light with nanotstructures should lead to interesting new phenomena provided

another strong motivation for this largely exploratory work.

There are four controllable parameters that are involved in CW laser-induced

electron emission, namely, laser wavelength, laser power, laser spot size, and applied

collection electric field. To investigate laser-induced electron emission from CNTs,

all of these parameters should be considered. Figure 1.3 illustrates the outline of

this thesis based on these three parameters in a graphical form. Electron emission

as a function of applied electric field, which is field-emission, is not the mechanism

of interest in this thesis as mentioned before; therefore, all of the work carried
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out in this thesis (except from photo field-emission discussed in section 4.2.2) was

conducted with a very low applied electric field, which is for collecting electrons at

the anode (maximum of ∼ 15 V/mm) and is orders of magnitude below the electric

field required for field-emission from CNTs.

Chapter 2 provides a description of all the equipment that were designed and

built for performing the experiments and the following chapters describe the ob-

servations, analysis and conclusions of different combinations of parameters. For

example, chapter 3 describes photoemission from CNTs using a 266-nm laser with

very low laser intensity and chapters 4 and 5 explain laser-induced thermionic

emission with visible lasers with higher light intensities. In chapter 5, the observed

heated area is very localized on the CNTs and this “Heat Trap” phenomenon,

which increases the temperature of the nanotubes to the thermionic regime with

low laser intensities, is very unusual and has not been observed in bulk metals such

as tungsten.
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Figure 1.3: Thesis outline.
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Chapter 2

Experimental Apparatus

2.1 Carbon Nanotube Forest Growth and

Characterization

In order to study nanotube electron sources experimentally, I have built and charac-

terized two chemical vapour deposition (CVD) reactors with two recipes for growing

arrays of aligned carbon nanotubes (nanotube forest) and helped with designing

and assembling an ultra-high vacuum chamber, which is an ideal environment for

characterizing electron emission from carbon nanotubes.

The CVD apparatus is shown in Figure 2.1. It consists of a quartz tube that

is heated with a tube furnace. There are four available lines for gases (ethylene,

methane, hydrogen, and argon) that can be mixed together through a manifold

(Figure 2.2). The flow of each gas can be controlled accurately (±10 − 20 sccm

for methane, hydrogen, ethylene, and argon) using a thermal mass flow controller.

Various combinations of these gases can be used in different recipes for growing

carbon nanotubes.

The recipe for growing millimetre long forests of CNTs is based on a combina-

tion of the recipes proposed by Hata et al. [43], Zhang et al. [44], and Chakrabarti

et al. [45]. As catalyst for CNT forest growth, 10 nm of Alumina and 1-2 nm

of iron were evaporated successively on a highly p-doped silicon wafer. A typical

growth entails heating the sample up to 750 ◦C under a flow of 400 sccm of Ar.

The flow is maintained at 750 ◦C for 15 min before the sample is annealed for 3

minutes under 500 sccm of H2 and 200 sccm of Ar. Immediately after annealing, a

flow of 140 sccm of C2H4 is introduced for an hour to grow the CNT forests. The

sample is then cooled down under a flow of 400 sccm of Ar. As can be seen from

the scanning electron micrograph of the side of the forest (Figure 2.3), the CNTs

are overall aligned in the vertical direction.

The second generation CVD system consists of two heating zones (the tube

furnace and substrate heater shown in Figure 2.4). As the gas flows through the

system, the first heating zone (i.e. the tube furnace) breaks down C2H4 and H2
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Quartz Tube

Tube Furnace

Figure 2.1: CVD apparatus consisting of a tube furnace and a quartz tube.

Figure 2.2: The manifold configuration where precise flows of the gases are
mixed.
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(A) (B) (C)(a) (b) (c)
1 μm 10 nm10 μm

Figure 2.3: (a) Scanning electron micrograph of the side-wall of the CNT
forest. (b) Zoomed-in image of the side-wall. It shows the overall alignment
of the CNT forest. (c) Transmission electron micrograph of a single CNT
in the forest. This image demonstrates that the CNTs in the forest are
multi-walled.

and the second heating zone (i.e. the substrate heater) activates the catalyst and

enables growth. By decoupling these two processes with two heating zones, better

control over the growth can be achieved. The recipe for this growth is very similar

to the work by Hart et al. [46]. The catalyst and the gases used for the growth are

the same as in the first CVD reactor, only the flow rates and durations are different.

For a typical growth, the tube furnace is heated to 850 ◦C under 400 sccm of Ar

and then the substrate heater is heated to about 800 ◦C under the same flow rate

of Ar. The sample is then annealed for 5 minutes under 140 sccm of Ar and 400

sccm of H2. The growth is then initiated by decreasing the flow of Ar to 100 sccm,

maintaining the flow of H2, and introducing 140 sccm of C2H4. The CNT arrays

can reach a height of ∼1 mm after about an hour of growth.

2.2 Design and Assembly of an Ultra-High

Vacuum Chamber

An ultra-high vacuum (UHV) chamber provides an environment with pressures

as low as 10−12 Torr depending on the cleanliness of the chamber. This pres-

sure translates into a mean free path of 100, 000 km for gas molecules. This is

an ideal environment for characterizing CNT electron emitters because it tremen-

dously slows down the deposition rate of nitrogen or other atoms or molecules that

could greatly affect the electronic structure of CNTs and, therefore, their electron
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Tube Furnace

Substrate Heater 

Flowmeters

Figure 2.4: CVD reactor consisting of two heating zones and flowmeters.

emission behaviour. For the experiments presented in this thesis a vacuum pressure

between 10−7 to 10−9 Torr was achieved with the system. Figure 2.5 is a picture

of our UHV chamber, which I have helped design and assemble. This chamber is

equipped with an XYZ stage with sub-micrometer resolution, electrical and optical

fiber feedthroughs, a sapphire viewport, and a leak valve for controlling the cham-

ber’s pressure. A typical experiment would have the incoming laser beam focused

with a lens through the viewport and onto the CNT sample, which is placed inside

the chamber. The current emission characteristics were measured with a Keithley

6517A electrometer through the electrical feedthrough.

2.3 Laser Setup

We have a Coherent Verdi V-5 laser capable of producing up to 5 W of continuous-

wave, 532-nm light, a Spectra-Physics Beamlok 2060-10S argon laser capable of

single mode operation at different wavelengths (with high power modes at 476.5 nm,

488 nm, 496.5 nm, and 514.5 nm), and a second-harmonic generator for producing

266-nm ultraviolet using the Verdi laser. This configuration presents us with a wide

variety of laser lines, which is crucial for this study. Operating each of these lasers
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Lens

Sapphire Viewport
Electrical Feedthrough

to the Keithely Electrometer
Optical Fiber 
Feedthrough

XYZ Stage

Leak Valve 
for Controlling Pressure

Laser
Beam

Figure 2.5: The UHV chamber, which is equipped with an XYZ stage with
sub-micrometer resolution, electrical and optical fiber feedthroughs, a sap-
phire viewport, and a leak valve for controlling the chamber’s pressure.

has its own challenges as each requires precise tuning and calibration before any

operation. A picture of the laser setup is shown in Figure 2.6
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BeamLok 10 W Argon Laser Wavertrain Second Harmonic Generator

Verdi 5 W Solid State Laser 

Figure 2.6: An argon laser, a solid state laser and a second harmonic gen-
erator provide us with multi-wavelength capabilities.
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Chapter 3

Middle-Ultraviolet Laser

Photoelectron Emission from

Vertically Aligned

Millimetre-Long Multiwalled

Carbon Nanotubes

3.1 Methodology

The nanotube sample was placed in a custom-made holder, where it served as the

cathode. A metallic wire, placed at a distance of ∼3 mm from the top surface of

the CNT forest, served as the anode/collector. The sample holder was placed on

a rotating arm in a high-vacuum chamber pumped down to ∼10−8 Torr using a

dry (turbomolecular) pump. Given the workfunction of the CNT forest, which is

in the 4.5 - 5 eV range, a 532-nm laser (Coherent Verdi V-5) was used to generate

a continuous wave 266-nm (or 4.66 eV of photon energy) ultraviolet (UV) beam

using a frequency doubler (Spectra-Physics Wavetrain). We expect that a photon

energy of 4.66 eV would be higher than the workfunction of some of CNTs in the

forest. This beam was then guided into the vacuum chamber through a sapphire

viewport (UV transparency of 70%) and onto the CNT forest (Figure 3.1). To apply

a collection voltage and measure the collected current at the cathode, a Keithley

6517A source/electrometer was used.

A version of this chapter has been published in Applied Physics Letters. [47]
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hν θ

Alumina 10nm
Iron 1nm

Highly-doped p-Silicon

Vertically aligned CNTs

Figure 3.1: CNT forests were grown on 1 nm of iron and 10 nm of alumina.
The laser illuminated the forest at an angle θ with respect to the axis of the
CNTs. The scanning electron micrograph close-up of the side of the forest
(inset) shows the overall aligned nature of CNTs in the forest.

3.2 Results and Discussion

Figure 3.2 illustrates the I-V characteristics of the CNT forest both with 100 mW

of continuous-wave (CW) 266-nm laser (incident at an angle of θ = 90◦, i.e. il-

luminating the side of the forest) and without laser. The photoemission current

quickly ramps up to its maximum at a collection field of ∼0.33 Vmm−1 (Figure 3.2

inset), which is far below the threshold of field-emission. This increase in current

as a function of applied voltage is mainly due to the location and the shape of the

anode. The thin wire placed above the forest is not wide enough or in the path

of the trajectory of the photoemitted electrons in order to collect most of them.

Therefore, the increase in the applied voltage attracts the electrons toward the an-

ode, which increases the number of collected electrons. Up to a voltage of ∼600 V

(collection field of 0.2 Vµm−1), no field-emission is observed and an almost constant

photoemission current of ∼ 30 nA is obtained. At higher voltages, we start to see

field-emission from the forest and, even without light, there is significant current.

To confirm that (at least the majority of) photoemission is occurring from

the CNTs and not the substrate, two experiments were carried out. First, we

conducted a stopping voltage test, where we applied a negative bias to the anode

until no current was measured through it. Then, we performed a rotation test, in

which we changed the angle of incidence of light. Both tests were carried out on

two samples, one including a CNT forest and another with only the Si substrate
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Figure 3.2: Photoemission I-V characteristics of the CNT forest with and
without the 266-nm laser (incident at 90◦ to the CNTs) with a typical anode
spacing of ∼ 3 mm from the top surface of the CNT forest (error bars
are smaller than the graph markers and are masked by them). Inset: non
logarithmic plot of the first 150 V. The current measurement error is about
10−13 A.
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and the catalyst (alumina/iron).

3.2.1 Stopping Voltage Test

In principle, the stopping voltage test can also reveal the work function of the

emitting material, since the stopping voltage corresponds to the kinetic energy of

the emitted electrons, which is the difference between the incident photon energy

and the work function. However, this is a rather simplistic view based on neglecting

the energy distribution of the electrons, the emission of phonons and effects such as

two-photon absorption. In addition, it assumes no contact resistance at the cathode

and anode. Therefore, in practice we were not able to measure the work function

on an absolute scale. However, this test is still useful since the difference between

the two samples is only the CNT forest and, if the measured stopping voltage is

different in the two cases, then one may conclude that the emitted electrons are

originating from materials with different work functions. Indeed, the measured

stopping voltages were considerably different: for the sample with CNT forest, we

measured a stopping voltage of ∼ 0.02 V, whereas for the sample with catalyst

only, we measured ∼ 0.2 V. This method was also used to ensure that the emitted

electrons from the CNTs are due to photoemission and not a thermionic process

(laser heating of the CNTs): The intensity of the laser was increased while the

anode was biased at the stopping voltage and no increase in emitted current was

measured. The laser intensity required for measurable thermionic emission with

the 266-nm laser is much higher, which is discussed in chapter 6. However, one

could expect a slight temperature increase as the laser power is increased.

3.2.2 Rotation Test

In the rotation test, we gradually changed the direction of different samples with

respect to the angle of incidence of the laser beam, while keeping the applied voltage

and the distance between the anode and cathode constant (the anode also rotated

with the sample) in order to keep the collection field constant. The results are shown

in Figure 3.3(a). The photoemission current decreases as we rotate the sample with

only Si wafer and catalyst, as opposed to the behaviour of the device containing

the CNT forest (this was tested on two different nanotube forests). This difference

in behaviour is yet another indication that the electrons are being emitted from

different materials in the two cases (in one case from the substrate/catalyst and in

the other from the nanotubes).
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Figure 3.3: (a) Emission current versus angle of rotation (θ) for the CNT
forest and the control device (catalyst on substrate, but no CNT). (b) Emis-
sion current from CNT forest versus the 266-nm laser power under a 100-V
bias voltage.

The increase in photoemission current as the angle θ is increased may be ex-

plained as follows: For small θ, the laser illuminates the forest mainly from the top,

i.e. light only hits the tips of the nanotubes. Given the sparse nature of the forests

(our characterization reveals that they are more than 85% empty space), only a

small portion of the light is expected to be absorbed by the nanotubes near the top

surface. Moreover, in this case the electric field of light is mostly in the direction

perpendicular to the nanotube axis. As the angle θ is increased and the forest is

illuminated more from the side, the effective area covered by nanotubes in the beam

path grows larger because the beam will start to cover the sidewall of the nanotubes

as appose to just their tips. In addition, the component of the laser’s electric field

along the tube axis grows with θ, favouring stronger emission. In the case of the

sample with only catalyst (11 nm in thickness), increasing θ decreases the photon

density on the surface area being illuminated, which reduces the emission current.

3.2.3 Linear Photoemission

Figure 3.3(b) illustrates an almost linear behaviour in the photoemission current

from the CNT forest versus laser power. This suggests that emission is mainly

through helping electrons overcome the work function barrier, rather than non-

linear effects such as optical field-emission (where the tunnelling barrier width is

modulated by the light), which could happen at higher intensities.
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3.2.4 Quantum Efficiency

In our experiments, approximately 20% of the laser beam covers the entire area of

the side of the nanotube forest. Given the measured current of 40 nA, laser power

of 100 mW, and photon energy of 4.66 eV, this indicates a quantum efficiency

of ∼ 10−5, which is two orders of magnitude higher than the value reported for

MWNT matts [34] and approaches the quantum efficiency of metallic photocath-

odes currently employed (i.e. Cu has a quantum efficiency in the order of ∼ 10−5

for 266-nm light [17]). We speculate that this value may be further improved by op-

timizing the structural parameters of the nanotube forest such as nanotube length

and inter-nanotube density. Photocathodes made from CNT forests would thus be

promising for various applications, especially given that they are expected to be

more robust and stable than conventional metallic surface photocathodes because

of the nanotube’s complete and strong chemical structure [25].

3.2.5 Optical Absorption in Nanotube Forests

To further understand the photoemission behaviour of CNT forests, we studied

their optical properties using the effective optical constants of vertically aligned

CNTs derived by Garćıa-Vidal et al [48] and solving the electromagnetic wave

equation [49]. This problem can be modelled in three regions, as shown in Fig-

ure 3.4, where region one and three are free space and region two is the CNT forest.

If we assume a plane wave, which is incident at θ = 90◦ to the CNT forest (also

shown in Figure 3.4), then the time-independent electric field in the first region can

be written as E1 = Einc+Eref , where Einc and Eref are the incident and reflected

electric-fields at the boundary of the first and second region and have the following

forms: Einc = ωµ0

k1
~zexp(−i~ki · ~r) and Eref = ωµ0Hr

k1
~zexp(−i~kr · ~r). The time-

independent magnetic-field in the first region can be written as H1 = Hinc +Href ,

where Hinc = ~xexp(−i~ki · ~r) and Href = Hr~xexp(−i~kr · ~r). The vectors ~k and ~r

are the wave and position vectors and |~ki| = |~kr| = k1 = 2πn1

λ . The amplitude of

the incident magnetic field is assumed to be unity, ω is the light frequency, λ is

the wavelength of light, and n1 and µ0 are the refractive index and permeability of

free space. The electric and magnetic fields in the second region can be assumed to

have the form of E2 = Sz(y)~zexp(−i~kixx) and H2 = ( ε0µ0
)

1
2Ux(y)~xexp(−i~kixx), re-

spectively. It can be shown that Sz(y) = a2exp(iα2y) + b2exp(−iα2y) and Ux(y) =
−1

ω(µ0ε0)
1
2
α2[a2exp(iα2y)− b2exp(−iα2y) [49], where a2 and b2 are the amplitudes of

left and right travelling waves in the second region, and α2 =
√
ω2µ0ε2 − k1

2. The

electric and magnetic fields in the third region are similar in form as the second
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Figure 3.4: The direction of electromagnetic wave propagation is along the
y-axis and the z axis is illustrated by ×.

except that there is no left traveling component. In order to compute the magni-

tude of the Poynting vector, we need to calculate the amplitude of the waves in

the second region, namely a2 and b2. This can be accomplished by equating the

tangential components of the electric and magnetic fields at each region boundary,

which will give the following:
−1 k1

ωµ0

k1
ωµ0

0

1 −α2

ωµ0

α2

ωµ0
0

0 exp(iα2y) exp(−iα2y) −exp(iα2y)

0 α2exp(iα2y) −α2exp(−iα2y) −α3exp(iα3y)



Hr

a2

b2

a3

 =


1

1

0

0


This can be solved numerically. The flowchart for calculating the magnitude of

the Poynting vector for different thicknesses of CNT forests is shown in Figure 3.5.

Figure. 3.6 illustrates the magnitude of the Poynting vector inside the nanotube

forest for transverse-electric, 266-nm-light incident at θ = 90◦ on a 1-µm-thick CNT

forest. The simulations were done for two cases of polarization: electric field of

the laser parallel (s-polarized) and perpendicular (p-polarized) to the axis of the

nanotube. It is evident that s-polarized light does not penetrate the CNT forest by

much and, within the first 10 nm, the magnitude of the Poynting vector is reduced

by an order of magnitude; almost all the light is absorbed within the first few tens
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Figure 3.5: Flowchart for calculating the magnitude of the Poynting vector
of the incident electromagnetic wave.
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of nanometers. On the other hand, p-polarized light is hardly absorbed even within

the first micrometer. In our experiments, the UV laser was circularly polarized

and we expect its absorption behaviour to be somewhere between that of s- and

p-polarized cases. Also, we recognize that these simulations only predict optical

absorption and do not include the photo-electron emission process. Nonetheless,

it is clear that a significant portion of the light does not penetrate deeper than a

few tens of nanometers from the side of the forest, and whatever electron emission

happens must happen from within that region. Also only the electrons that are

generated near the surface of this layer are likely to escape the CNT forest since

electrons that are generated deep in the layer are likely to get re-absorbed. Electron

emission from this thin layer can potentially imply high emission current density.

The calculated reflectance for these forests is ∼10−3, which is consistent with

the observation of Yang et al. [50] and Mizuno et al. [51] who have reported that

CNT forests are an extremely dark material.

As a side note, given the significant difference in the decay lengths of the s-

and p-polarized lights, it seems that a CNT forest could be used as an excellent

polarizer, as demonstrated by Murakami et al. [52]. In this work we did not test the

effect of s- and p-polarization since a polarizer was not avaible. These forests can

also be shape engineered [53] to have sharp features to potentially improve their

performance. They can also be grown on metallic contacts, which could then be

easily integrated into accelerators and other electron-beam devices.

3.3 Summary

We demonstrated UV photo-electron emission from millimetre-long MWNT forests

with quantum efficiencies in the order of ∼ 10−5 at low fields (pure photoemission)

and∼ 10−3 at an applied field of 0.3 Vµm−1. This is four orders of magnitude higher

than the value reported for a matt of horizontal, randomly distributed MWNTs.

Our simulations showed that the majority of the light is absorbed within the first

few layers of the forest edge.
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Figure 3.6: The magnitude of the Poynting vector as it travels through a
1-micrometer-thick CNT forest (logarithmic scale). Inset: non logarithmic
plot of the first 100 nm. Notice the stronger absorption of s-polarized light.
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Chapter 4

Visible-Light Induced

Electron Emission from

Carbon Nanotube Forests

4.1 Methodology

Chips with CNT forests were mounted on a specially made sample holder and

placed in a high vacuum chamber (∼ 10−7 Torr). The CNT forests were used as

the cathode and a copper sheet was used as the anode, placed approximated 1

mm above the top surface of the CNT forests. The current was measured through

the cathode. Laser light was brought into the chamber through a 200-µm-diameter

optical fiber and collimated on the sidewall of the forest (Figure 4.1). The collimated

beam covered an area of approximately 1 mm2 of the side of the CNT forest. A

Coherent Verdi V-5 laser (λ = 532 nm) and the main mode of an argon ion laser

(λ = 488 nm) from a Spectra-Physics Beamlok 2060-10S equipped with electronics

to stabilize the cavity for single mode operation (Z-lock and J-lock) were used as

laser sources. A Keithley 6517A source/electrometer was used to apply voltage and

measure the current.

4.2 Results and Discussion

The current-voltage characteristics of the CNT forest at different laser powers are

illustrated in Figure 4.2. It is apparent that field-emission becomes dominant above

200 V (corresponding to an electric field of 0.2 Vµm−1) and saturates at about 300

V at all power levels. There are three distinct regions (as labelled on Figure 4.2). In

region I, laser power has a drastic effect on the emission current. In region II, both

A version of this chapter has been published in Journal of Vacuum Science & Tech-
nology B. [54]
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Figure 4.1: Schematic (not to scale) of the experimental configuration. The
nanotube forest was grown on 1 nm of iron deposited on 10 nm of alumina.
The laser irradiated the sidewall of the forest.

the applied field and the laser play a role, and a transition takes place where the

relative effect of the laser decreases as the strength of the applied field increases.

In region III, the laser has little effect on the electron emission and field-emission

seems to be the only significant emission mechanism. Our interest in this work thus

lies in regions I and II, which will be discussed in detail in the remainder of this

section.

4.2.1 Region I

There are three mechanisms that could explain electron emission due to laser irra-

diation at low electric fields (region I of Figure 4.2), namely photo-mission, optical

field-emission, and thermionic emission. Simple photo-emission cannot be the case

since the photon energies involved (2.3 eV and 2.54 eV) are not high enough to

enable the electrons to overcome the nanotube workfunction barrier (4.5-5.5 eV).

Also, for photo-emission one expects a linear increase of current as a function of

laser power, as previously demonstrated in chapter 3. Figure 4.3 illustrates the

emission current as a function of power at the wavelength of 532 nm. The emis-

sion current grows non-linearly as a function of power. By the same argument, two

photon-photo-emission is also likely not the cause of the emission current behaviour

in region I Figure 4.2.

As discussed in section 1.2.3, in order to fit the experimental data to optical

field-emission, we have to consider the effective DC electric field of the laser due to

its intensity. This can be estimated by approximating the laser’s electromagnetic
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Figure 4.2: Emission current-voltage characteristics of the nanotube forest
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curve are due to the stabilization electronics of the high power single mode
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Figure 4.3: Emission current as a function of the incident optical power
for illumination by the 532-nm laser. Only 1 V of bias was applied for
collection of electrons and there was no field-emission in this case. Inset
shows the curve on linear scale.
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wave as a plane wave. The magnitude of the plane wave’s time averaged Poynting

vector is 〈S〉 = ε0c
2 E

2
0 , where ε0 is the permittivity of free space, c is the speed

of light and E0 is the electric field amplitude. Given the ∼ 1 mm diameter of

the laser beam spot that is irradiating the CNT forest, the effective electric-field

will be ∼ 0.01 Vµm−1 for a power level of 1 Watt. This field is about two orders

of magnitude smaller than the needed field for field-electron emission from CNTs

(which is ∼ 1 Vµm−1 before taking into account the field enhancement by the

CNTs). Also, one would expect lower field enhancement at high optical frequencies

unless the photon energy is close to a resonant state of the nanotubes such as the

surface plasmon states. This is not the case here because nanotube plasmon states

have energies greater than 5 eV [55, 56].

Thermionic emission maybe modelled by Richardson’s equation and was dis-

cussed in section 1.2.2. In order to examine whether thermionic emission can ex-

plain the observed behaviour in region I, we need to estimate the temperature of

the forest due to laser heating. This can be done by writing the power equilibrium

equation for the system. The laser power input should dissipate in the system

through emission of electrons and black body radiation. This can be expressed

as [30]:

PLaser = (Φ + 2kT )AGAT
2e

−Φ
kT +AεσT 4 (4.1)

, where A is the area of the laser spot, σ is the Stefan-Boltzmann constant and ε

is the emissivity of the material (which is close to 1 for dark materials like CNTs).

The first term on the right hand side of the equation is the power dissipated due to

emission of electrons through a thermionic process (Richardson’s law) and the sec-

ond term is the power dissipated through black body radiation (Stefan-Boltzmann

law). For simplicity, we have ignored the heat transfer to the substrate since we

do not have much information on the heat conduction at the CNT forest and sub-

strate junction and no heating of the substrate was observed. This assumption has

previously been observed to be accepted in a similar situation [30].

By using this expression the temperature of the CNTs due to laser heating

was calculated and then used in Richardson’s equation, which shows a reasonable

fit to our experimental data (Figure 4.4). The parameters that were used for this

fit are ε = 1, Φ = 4.6eV, and a spot radius of ∼ 500µm. The ratio between

power dissipated by emitted electrons (the first term of equation 4.2.1) to power

dissipated by radiation (the second term of equation 4.2.1) increases exponentially
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Figure 4.4: Emission current as a function of the calculated temperature by
the 532-nm laser. Only 1 V of bias was applied for collection of electrons and
there was no field-emission in this case. The solid line shows the Richardson
fit to the data.

as a function of temperature. For example, at 1200 K this ratio is ∼ 10−13 and by

1600 K this ratio increases to ∼ 10−7.

Note that in these experiments, we had no visual contact with the device inside

the vacuum chamber in order to observe an incandescent glow as a result of the high

temperature. In subsequent, related experiments, we have indeed observed such a

glow, and the corresponding optical spectra indicate temperatures in the range of

1,000-2,000 K. The details of those experiments are described in chapter 5.

At high temperatures, the fit diverges from the data, which maybe because

our power measurements were done before the laser beam was coupled into the

fiber. The beam waist of the laser increases (by a small amount) with increasing

power, which is typically due to imperfections of the laser’s cavity. This increase

in waist size can reduce the amount of coupling between the laser and the fiber

at high powers and since we are calculating the temperature from the measured

power, then the temperature and correspondingly the emission current would be

over estimated in this region. For example, if the laser-fiber coupling reduces the

output power of the fiber by 5% at the high power regime, then the temperature

could be reduced by as much as 100 K, which corresponds to an order of magnitude

change in emission current.
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4.2.2 Region II

In region II of the current-voltage characteristics, both the applied field and the laser

have an effect, and the relative effect of the laser decreases as the field increases. In

this region, photo-field emission, that is the excitation of electrons to higher energy

levels as a result of absorption of photons and their subsequent tunnelling through

the vacuum barrier (as described in section 1.2.3), could play an important role.

To understand this laser-assisted field-emission region better, we plot the data of

Figure 4.2(a) and (b) on the so-called Fowler-Nordheim (FN) scales [11, 57] on

Figure 4.5. In region II, we can see two distinct slopes (slope I and slope II) on the

(no laser) field-emission curve (it should be noted that multiple linear regions on

FN curves have been observed in CNT field emitters before [58]). However, on the

curves with different laser powers there is a distinct third slope (slope III), which

differs from the field-emission slope at similar fields. The ratio of slopes on FN axes

is equal to the ratio of the effective work functions corresponding to the curves to

the power of one-half. This can be shown by taking the logarithm of both sides of

equation 1.2, which will give a linear equation with a slope of HΦ1.5

β . Taking the

ratio of two slopes corresponding to two different effective workfunctions (i.e. Φ1

and Φ2) will give (Φ1)1.5

(Φ2)1.5 , assuming that the enhancement factor (β) remains the

same for both curves, which is a reasonable assumption for this experiment.

In the case of the 532-nm laser (Figure 4.5(a)), the ratio of slope I to slope III

is ∼2.9. This value is very close to the ratio of the work function of a CNT (∼ 4.6

eV) divided by the reduced work function of a CNT by photons with energy of 2.3

eV (λ = 532 nm) to the power of one-half (i.e. (ΦCNT )1.5

(ΦCNT−EPhoton)1.5 = (4.6)1.5

(2.3)1.5 ≈ 2.8).

It appears that when the electric field is high enough and the laser power is too

low for thermionic emission (i.e. region II of the current-voltage curve at low laser

power), photo-field emission can play an important role. If the optical power is

further increased (the curves corresponding to 1,600 mW and 2,000 mW for the

532-nm laser), the relative effect of the field becomes less pronounced and it be-

comes more difficult to observe this photo-field emission effect in the transition

region II. Adsorbates also have an effect on the workfunction of a material and

their desorbtion as a result of laser heating could alter the effective workfunction,

thus affecting the emission current. However, their effect is usually less than 1 eV

in terms of workfuntion change [59]. Nonetheless, we cannot rule out the possibility

that adsorbates could play an important role in this emission regime, despite the

high vacuum level of ∼ 10−7 Torr used in the experiments. Temperature depen-

dance of field-emission could also play a role in this region; however, in this case
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Figure 4.5: Fowler-Nordheim plot corresponding to the data of Figure 4.2(a)
and (b). Indicated are two different slopes on the (no laser) field-emission
curve (slope I and II) and a third slope (slope III) on the low-laser-power
curve at high fields. The ratio of slopes I and III for (a) is ∼ 2.9 and for (b)
is ∼ 2.3

one would expect the slope of the curves corresponding to different laser powers to

differ from one another as each curve also corresponds to a different temperature.

This is obviously not the case here.

Light activated electron sources can have applications ranging from radio fre-

quency cathodes used in accelerators and free-electron lasers to modern solar cells [5].

In this work, we have demonstrated thermionic electron emission from CNT forests

with a light intensity that is several orders of magnitude smaller than previously

reported for pure CNTs [34].This low-light-power activated electron source can not

only improve the performance of electron sources in existing applications, it can

also enable new applications in micro vacuum technology, such as on-chip electron

sources activated using integrated lasers.

4.3 Summary

Millimetrer-long vertical MWNTs were irradiated with CW visible lasers with wave-

lengths of 532 nm and 488 nm. Three distinct regions of electron emission were

identified. In the first region (at low electric fields), laser irradiation has a strong

effect on the emission current, with strongly non-linear increase in current as a

function of laser power with an on/off ratio of 106. The mechanism responsible

for this behavior was identified as being primarily laser induced thermionic emis-
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sion. The second region of the current-voltage characteristics only shows a minor

dependance on laser power and, at high electric fields in this region, photo-field

emission seems to be playing a role. The third region seems to be dominated by

field-emission since all the curves saturate to almost the same level. The first two

regions of emission due to laser can have applications in vacuum electronics and

electron beam lithography and machining.
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Chapter 5

A “Heat Trap”

Light-Induced Thermionic

Electron Source Using

Carbon Nanotube Arrays

5.1 Introduction

To better understand the non-linear behavior of electron-emission as a function of

optical-power, a different experiment was carried out whereby the CNT sample was

placed right next to a viewport and the laser was focused onto the sample with a

lens. This enabled us to have visual contact with the heated region and carry out

further analysis, which is presented in this chapter.

5.2 Methodology

The experiments were performed in a high vacuum chamber with a pressure of

∼10−8 Torr. A copper anode was placed approximately 1 mm away from the top

surface of the nanotube forest. The anode was larger than the forest in order to

provide good electron collection efficiency from all sides of the forest. The entire

device (including both cathode and anode) was placed on a micrometer stage with

a movement resolution of 0.5 µm in the vacuum chamber. This allowed us to

move the sample accurately in and out of the focal point of the laser as needed in

the experiments where a gradual change of the intensity was needed. A Keithley

6517A electrometer served to apply the collection voltage and measure the emission

current at the cathode. Figure 5.1 shows the schematic diagram of the experimental

A version of this chapter has been published in Solid State Communications. [60]

35



5.2. Methodology

A

Viewport

Carbon Nanotube 
Forest Device

Mirror

Visible Laser

Vacuum Chamber
Lens

_
+

Figure 5.1: Schematic of the experimental apparatus where the laser is
focused with a lens, placed outside of the vacuum chamber, on the sidewall
of the nanotube forest through a sapphire viewport.

configuration. A laser beam was focused onto a spot with a diameter in the range

of 50-250 µm on the side of the nanotube forest (Figure 5.2) through a sapphire

viewport with a transparency of > 80% in the visible range. We used a Coherent

Verdi-5 solid-state laser to obtain the 532 nm line and a Spectra-Physics Beamlok

2060-10S argon ion laser to obtain the 514 nm and 488 nm lines. Both provided

continuous-wave beams. If a cathode-anode voltage of more than 150 V was applied,

field-emission would happen from the nanotube forest. For voltages below this value

(which is the case discussed here), there was no field-emission and the emission

current was only due to laser illumination. The optical spectra of the incandescent

spot was measured by focusing its image onto an optical fiber connected to an Ando

AQ-6315A optical spectrum analyzer. The spectra were corrected for the response

of the fiber and a least-squares method was used to fit the black body curves to the

experimental data and find the temperature in each case.
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5.3 Results and Discussion

5.3.1 Light-Induced Thermionic Emission with Low Power

Laser

One way to heat a material locally is by illuminating it with a beam of light. Al-

though this can be achieved easily for a spot on an insulating surface, it requires

significantly higher optical power for a similar spot on a metallic surface, due to

efficient dissipation of heat to the surroundings. We found in a continuous-wave

visible laser beam with a diameter as small as ∼100 µm results in a heated, incan-

descent spot with approximately the same size on the nanotube forest. We obtained

an emission current of 100 nA for an optical power as low as 4 mW from a small

handheld laser. The emission current showed a strong nonlinear increase with laser

power and reached 25 µA at 350 mW.

Forests of vertically aligned carbon nanotubes are excellent absorbers of light

over a wide spectral range, similar to a perfect black body [1, 2]. Laser-induced

heating of nanotube films [61] and thermionic electron emission from nanotube

forests [47] have been reported. On the other hand, the high or moderate thermal

conductivity of nanotubes [62, 63, 64, 65, 66, 67] has motivated applications in

thermal management [68]. In the above experiments, therefore, high-power pulsed

lasers or a beam wide enough to heat the entire nanotube sample were needed, as

one expects that any heat generated locally in one section of a nanotube would

efficiently dissipate by conduction through the rest of it and not lead to a major in-

crease in temperature, such as observed in optical absorption and thermal transport

experiments on suspended nanotube bundles [69].

Here, we show that the situation is different if the light intensity is beyond a

certain threshold, even for low total optical power. Figures 5.1 and 5.2 show a

schematic of the device and experimental configuration. The photon energies of

2.33-2.54 eV used (wavelengths of 488-532 nm) are well below the workfunction of

carbon nanotubes (4-5 eV [70, 71]) for pure photo-emission (photoelectric effect)

to happen; no current is expected if the collection voltage at the anode is not high

enough for field-emission. Indeed, that was the case if the laser beam was not

focused enough. Remarkably, however, as we focused the beam to smaller spots

(increasing the intensity at fixed power), we observed a drastic change in behaviour:

a bright, localized incandescent glow appeared suddenly on the forest sidewall at

the location of the laser spot (Figure 5.2(b)) and an emission current appeared.

For example, at 100 mW of laser power focused to a 0.2 mm2 area (corresponding
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to an intensity of 0.5 Wmm−2), we measured an emission current of ∼ 100 pA.

Figure 5.3 shows the emission current as a function of laser power when the

laser is focused beyond the threshold intensity. The observed non-linear increase

is consistent with thermionic emission. Figure 5.4 shows the measured current as

a function of device temperature (obtained by fitting the optical spectrum of the

glow spot to that of black body radiation - Figure 5.5), as well as the calculated

current using the Richardson-Dushman equation for thermionic emission, following

the trend of the experimental data. Another possible mechanism would be optical

field-emission (field-emission as a result of the modulation of the vacuum barrier

by the electric field of the laser) [72]; however, even at the maximum intensity

used here, the electric field of the laser beam was only ∼0.1 Vµm−1, significantly

below the required field of ∼1 Vµm−1 for field-emission from carbon nanotubes. Ef-

fects such as two-photon photo-emission or a combination of photo- and thermionic

emission [73] may also play a role, although the dominant mechanism seems to be

thermionic.

When slowly moving the sample out of the focal point, we first noticed a gradual

decrease in the emission current, indicating that widening the beam and reducing

the intensity leads to a lower temperature at the emission spot. At a threshold

intensity, however, the current dropped suddenly and the visible glow disappeared.

5.3.2 “Heat Trap” Mechanism

The extreme localization of heat observed here (incandescent spot size approxi-

mately the same as laser spot size) is highly unusual and, given the relatively high

thermal conductivity of nanotubes, very counterintuitive. We explain the phe-

nomenon as follows. We believe the key lies in the fact that thermal conductivity

drops as a function of temperature at high temperatures (indeed, a 1
αT+βT 2 be-

haviour for thermal conductivity has been reported for temperatures up to 800 K in

individual single-walled carbon nanotubes [74, 75, 76], which is attributed to umk-

lapp and second-order three-phonon scattering [74, 77, 78]), and the anisotropic

nature of the nanotube forest. As the laser intensity increases, the rate of heat

generation in the nanotube forest increases. Below the threshold, this heat can

dissipate along the nanotubes’ axis and the temperature slowly rises by a small

amount, as in Ref. 74. Above the threshold, however, the rate of heat generation is

significantly higher than that of dissipation, such that the temperature at the laser

spot rises quickly, reducing thermal conductivity in that region, which then leads

to even more effective heating of that spot. The resulting positive feedback mech-
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(a)

(b)

1 μm

Nanotube forest edge Silicon chip

Anode 1 mm

Figure 5.2: (a) Schematic of the device showing the laser spot on the sidewall
of the carbon nanotube forest. An incandescent spot is observed as the
intensity of the laser is increased. The top left inset demonstrates that the
incandescent spot is localized to the position of the laser beam and does
not spread as the laser intensity is increased. The top right inset shows a
scanning electron macrograph of the sidewall of an actual carbon nanotube
forest and the nanotubes’ overall alignment. (b) The photo of the device
with the incandescent spot. The laser light has been filtered out and the
glow has been attenuated in order to image the spot using a CCD camera.
The white dotted box is used to draw attention to the sidewall of the forest.
The silicon chip, on which the nanotubes are grown, and the edge of the
copper anode, which collects the emitted electrons, are also shown.
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Figure 5.3: The measured emission current versus the laser power for several
wavelengths (488 nm, 514 nm, and 532 nm) shows a non-linear increase. The
behavior is very similar in all cases, consistent with broad spectral absorption
of CNTs [1, 2]. The laser spot was ∼250 µm in radius. A collection voltage
of 50 V was applied, which is below that needed for field-emission (dark
current is below the measurement noise). There is a threshold (or turn-
on) region where the intensity of the laser is high enough to cause localized
temperature increase and electron emission.
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Figure 5.4: The measured emission current as a function of emission spot
temperature (at 532 nm) shows a trend similar to that predicted by the
Richardson-Dushman equation. The laser spot had a radius of ∼250 µm.
The dotted curve shows the current as a function of the measured tem-
perature, which was determined by fitting the black body spectrum to the
spectrum of the incandescent spot. The solid line shows the prediction of
the Richardson-Dushman equation, where an emission spot radius of ∼230
µm was chosen to obtain this fit. The error bars for the measured emission
current are much smaller than the graph markers and therefore not seen.

Figure 5.5: Optical spectra of the incandescent spot. The blue lines are
the measured spectra, corrected for the response of the coupling fiber, and
the black lines are Planck’s black body radiation fits. The corresponding
temperatures is shown above each graph.
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Figure 5.6: Measured emission current as the laser beam is defocused by
moving the CNT sample along the axis of the laser beam. The emitted
current slowly decreases as the laser spot becomes larger and then the CNT
sample suddenly stops emitting electrons. This sudden stop of emission is
the threshold of “Heat Trap” where the heat induced by the laser can now
easily dissipate along the CNT as its thermal conductivity increases with
reduced temperature.

anism leads to a significant increase in the temperature and corresponding drop

of thermal conductivity in that region, thermally isolating it from the surrounding

area and allowing efficient heating to high temperatures. Such a heat localization

has not been observed in bulk conductors. The threshold becomes very apparent

as we slowly defocus the laser spot on the sidewall of the CNT forest. Figure 5.6

demonstrates this effect by showing a slow decrease in emission and then a sudden

turn-off point as the beam is further defocused.

5.3.3 Modelling of the “Heat Trap” Mechanism

This behaviour can be added to equation 4.2.1 by adding a heat dissipation term

(shown in equation 5.1). We did not have to include the energy dissipated due to

thermal conductance of nanotubes in the previous chapter since the entire side of

the CNT forrest was heated and no heating of the substrate was observed.
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PLaser = (Φ + 2kT )AGAT
2e

−Φ
kT +AεσT 4 + k(T )(T − Troom)

Aheat
L

(5.1)

The constants in the first two terms on the right handside of the above equation

are the same as in equation 4.2.1. Troom is the room temperature and Aheat is the

cross-sectional area of the hot spot in the direction perpendicular to the nanotubes

(spot diameter times depth) as shown in Figure 5.7. The localized heated area (the

orange spot shown in Figure 5.7(a)) will only affect a small number of nanotubes

(Figure 5.7(b)) because the thermal conductivity between neighbouring nanotubes

is low [63], which will also limit how deep the heat can penetrate the nanotube

forest to how far the light can penetrate the forest. This rectangular area (shown

in Figure 5.7(c)) is Aheat, which is multiplied by the concentration of nanotubes

in the forest (∼10%) since only a small portion of the rectangle is occupied by

nanotubes (shown in Figure 5.7(d)). The depth of this rectangle is estimated using

the optical simulation discussed in section 3.2.5. L is the distance between the

hot area (where electron emission occurs) and the room-temperature area, which

is where the nanotubes are not glowing. k(T ) is the temperature dependent ther-

mal conductivity of the nanotube forest along the tubes’ axis, which we took to

be 1
αT+βT 2 . This behaviour has been observed for individual nanotubes up to a

temperature of approximately 800 K with values of 3.7 x 10−7 and 9.7 x 10−10 for

α and β, respectively [74, 75, 76]. Here, we assumed that this behaviour applies to

the nanotube forest as well, and continues in the temperature range of our data.

For simplicity, we assumed the temperature to be constant across the entire spot

(area A) and then decay linearly to the rest of the nanotube forest over the length

L described before. Although these assumptions may be simplistic, our goal here is

not the accurate, quantitative prediction of the temperature, since the temperature

has already been measured using spectroscopy as discussed before. Instead, we are

interested to investigate whether a 1
αT+βT 2 behaviour for thermal conductivity and

the anisotropic nature of heat dissipation can provide a reasonable fit to the experi-

mental data, in order to further support our explanation of the physical mechanism

responsible for the observed phenomenon.

Figure 5.8 shows the difference between temperature as a function of laser

intensity in an anisotropic material (Figure 5.8(a)) and an isotropic material (Fig-

ure 5.8(b)) for different laser spot areas. The thermal conductivity in the isotropic

material is assumed to have a 1
T behaviour, which is a well accepted behaviour

for bulk materials. The curve for an anisotropic material changes as a function of
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(a) (b)

(c) (d)
Diameter
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Figure 5.7: (a) Drawing of the localized heated area on the nanotube forest.
(b) Zoomed-in drawing of the heated area. (c) Drawing of the the cross
section of the heated spot. (d) Zoomed-in drawing of the heated spot with
arrows showing the direction of heat dissipation.
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Figure 5.8: (a) Temperature as a function of laser intensity for an anisotropic
material (i.e. nanotube forest) and a 1

αT+βT 2 thermal conductivity be-

haviour for different laser spot areas. (b) Temperature as a function of laser
intensity for an isotropic material and a 1

T thermal conductivity behaviour.
The curve remains the same for different laser spot areas (explained in text).
The parameters used for this figure were: ε = 1, Φ = 4.6 eV, L = 14 µm,
Troom = 300 K, and the depth for calculating Aheat of the anisotropic case
was calculated to be ∼ 50 nm. The input power has been corrected for the
transparency of the sapphire viewport (85% at 532 nm).

laser spot size but the curve for an isotropic bulk material stays the same. This is

because the ratio of area of heat dissipation to the spot size (Aheat

A ) for different

laser spots will change as a function of 1
r for the anisotropic material but it will

stay the same for the isotropic material. This can be demonstrated by dividing

equation 5.1 on both sides by the heated area (A), which we assume to be the same

size as the laser spot area, to calculate laser intensity as a function of temperature.

All A terms will disappear on the right side and only a Aheat

A will remain in the

thermal conduction term. For the anisotropic case, Aheat = 2 × radius × depth;

therefore, Aheat

A = 2×depth
r×π given A = π × r2. For the isotropic case, Aheat, the

surface area of the sphere that the heat dissapates through (Aheat = 4 × π × r2)

and, therefore, Aheat

A = 4.

It is also important to note the difference in the rate at which the temperature

increases in the two different cases shown in Figure 5.8. For the anisotropic case

the temperature increases rapidly at a threshold intensity, which we have observed

experimentally, but for the isotropic case the temperature increases more slowly.
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The figure also shows a large difference (about three orders of magnitude) in laser

intensity for increasing the temperature of the material to the thermionic emission

region (∼ 2000 K). Indeed as we heated a piece of tungsten (obtained from a light

bulb) in order to observe 100 nA of current emission an intensity of three orders of

magnitude higher than that for nanotube forests was needed, although reflectance

from tungsten is only 50%. In addition, the size of the glowing region was ∼100

times larger than the size of the laser spot, indicating high heat dissipation to the

surrounding areas. The response of the tungsten wire was also very slow as the

gradual heating was easily observed with the naked eye to take a few seconds, and

a rise time of ∼2 seconds was seen in the thermionic emission current. In the case of

the nanotube forest, the response was instantaneous as seen by the naked eye and,

as we chopped the laser beam with a frequency of up to 100 Hz, the emission current

showed an alternating behaviour with the same frequency. All these observations

point to the unique behaviour of the nanotube forest.

The threshold intensity at which point the temperature increases rapidly for

the anisotropic case occurs when the derivative ( dIdT ) of equation 5.1 equals to 0.
dI
dT can be derived to be:

dI

dT
= (Φ + 2kT )(2AGT +

AGΦ

k
)e

−Φ
kT + 2AGT

2ke
−Φ
kT + 4εσT 3 +

Aheat
AL(αT + βT 2)

+
Aheat(T − Troom)(α+ 2βT )

AL(αT + βT 2)2
(5.2)

By setting the above equation to 0 and calculating the corresponding temperature,

the threshold intensity can be calculated. This cannot be done analytically, but

it can be done numerically. Figure 5.9 shows the threshold intensity as a function

of the laser spot radius. The calculated threshold intensities shows a 1
r behaviour

(dotted line).

5.3.4 Experimental Fit to the Proposed Model for “Heat

Trap”

Figure 5.10 shows the emission current as a function of power. Both the measured

values (corresponding to the data in Figure 5.4) and the values calculated by de-

termining the temperature from the power equilibrium equation and using it in

the Richardson-Dushman equation are plotted. The good fit obtained supports the

suggested behaviour for the thermal conductivity of the nanotube forest in the wide

range of temperatures discussed here. In order to obtain the above fit, the distance
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Figure 5.9: Laser intensity threshold as a function of laser spot radius. The
illustrated behaviour follows a 1

r trend.

L was found to be 25.5 µm, which seems quite reasonable. The resolution of our

imaging system does not allow an accurate measurement of L. Also, note that in

equation (5.1) the parameters k(T ), Aheat, and L all appear in one term and we

cannot determine them independently. For instance, it is quite possible that, due

to the wavy nature of the nanotubes in the forest and inter-nanotube coupling,

the thermal conductivity of the forest is smaller than that of individual nanotubes,

corresponding to larger values for α and β compared to those reported in Ref. 74.

If we choose a larger α and β, we obtain a correspondingly smaller L. Therefore,

we cannot determine the actual value of thermal conductivity, but rather confirm

its 1
αT+βT 2 behaviour.

We note that defects could also reduce thermal conductivity [79]; however,

defects cannot explain the abrupt turn-on we observe at the threshold intensity.

Moreover, one expects defects to partially heal at the elevated temperatures at-

tained here. However, we have not observed weakening of the phenomenon after

repeating the experiment many times, which suggests defects do not play a major

role here.
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Figure 5.10: Emission current as a function of laser power. The calcu-
lated data have been obtained by finding the temperature using the power
equilibrium equation and using it in the Richardson-Dushman equation for
thermionic emission. The solid red line shows the calculated emission cur-
rent with using a constant value for the thermal conductivity, which provides
a good fit at low emission current but diverges at high emission. On the
other hand, the solid black line, which uses a 1

αT+βT 2 behaviour for the ther-
mal conductivity provides a good fit. The parameters used for this Figure
are: r = 240 µm, ε = 1, Φ = 4.6 eV, L = 25.5 µm, Troom = 300 K, and
the depth for calculating Aheat of the anisotropic case was calculated to be
∼ 50 nm. The input power has been corrected for the transparency of the
sapphire viewport (85% at 532 nm).
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Figure 5.11: A 50 mW, battery-operated hand-held laser was capable of
heating the sample enough for thermionic emission. The laser was focused
onto the sidewall of the forest using a lens with a 15-cm focal length. The
sample is inside of the high vacuum chamber seen on the left and placed
close to the sapphire viewport. An emission current of ∼13 µA is recorded
by the electrometer through an insulated BNC feedthrough by applying a
collection voltage of 50 V. This experiment demonstrates that laser-activated
thermionic cathodes do not have to rely exclusively on sophisticated high-
power pulsed laser anymore - a laser pointer and potentially even integrated
lasers may also work.

5.3.5 Applications

The observed efficient, localized heating at optical powers down to 4 mW is remark-

able since it opens up the possibility of photon-to-electron conversion devices using

readily available light sources such as laser pointers, lamps and even the sun. In

Figure 5.11 we show a photograph of the experiment where an inexpensive hand-

held laser was used at a power of 50 mW to generate ∼13 µA of emission current.

This corresponds to a quantum efficiency (if we were to define one for thermionic

emission) of 0.06%; however, this value can be increased if the laser is focused to a

smaller spot to increase the intensity further.

We also repeated the experiment by focusing the laser on the top surface of
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the nanotube, again obtaining a similar effect, in agreement with the fact that

in Ref. 1 a low reflectance was observed for a wide range of illumination angles.

The experiments were repeated numerous times over several months, while other

experiments (such as ultra-violet photo-emission) were also performed on the same

device in-between. The device showed remarkable robustness and the results were

consistently reproducible. Three other nanotube forests, prepared with the second

generation CVD reactor recipe, were also tested and they all exhibited the same

effect in a reproducible manner at various locations on each forest. It is thus

evident that the observed phenomenon is not a coincidence and has its origin in

the fundamental structure and properties of the nanotube forest.

Finally, a note is in order on the effect of polarization of the incident light:

the thermionic current was substantially higher (one to three orders of magnitude

higher in experiments on various samples and different locations on each sample) for

polarization parallel to the axis of the nanotubes, consistent with our previous opti-

cal absorption simulations, shown in section 3.2.5, where we observed significantly

stronger optical absorption for parallel polarization.

5.4 Summary

Previously, electrically driven thermal light emission [80] and thermionic emis-

sion [81] have been demonstrated in nanotubes. Trapping of optically induced

thermal energy in individual single-walled nanotube bundles has also been observed

(not observed in multi-walled samples) [82]. Localized glow of nanotube forests un-

der ultra-violet laser has been reported in Ref. 42. However, the glow spectrum

in that case exhibited photoluminescence behaviour rather than black body radia-

tion corresponding to high temperature. Here, we reported light-induced heating,

incandescence and thermionic emission confined to an island on the side surface

of a macroscopic-size multi-walled nanotube forest. Given that the observed phe-

nomenon happens for various visible wavelengths and at very low powers, has an

abrupt turn-on transition at the threshold, and the fact that nanotube forests are

easy and inexpensive to make and can potentially be operated in modest vacuum

conditions with high stability and lifetime, the effect has important implications

for optical absorbers and detectors, optical switching and modulation devices, ther-

mopower wave guides [83], vacuum-based solar energy harvesters [84], solar electron

sources for a multitude of applications such as display technologies, laser-assisted

nanostructure growth [85], and thermoelectric devices [86]. It will be interesting

to see whether similar effects also occur in other nanostructured systems such as
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various nanowires or graphene.
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Chapter 6

Temperature-Dependant

Quantum Efficiency and

Transition from

Photoemission to

Thermionic Emission in

Carbon Nanotube Arrays

Under Low-Power

Ultraviolet Illumination

The effect of heat on photoemission or light on thermionic emission has been of

interest and studied since the times of Fowler and DuBridge [18, 87], but typically

such studies are done using a substrate heater in addition to the light source.

Recently, there is renewed interest in these effects for new device applications such

as solar cells. For example, Schwede et al. proposed photon-enhanced thermionic

emission for novel vacuum photovoltaics [5].

Here we present a case where both photoemission and thermionic emission

happen using a low-power, continuous-wave, ultraviolet laser. We see that there is

photoemission and the emission current is linearly dependent on laser power (also

demonstrated in chapter 3) and the quantum efficiency is constant. As the laser

The material presented in this chapter is in preperation for submission as a journal
article
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intensity increases, the illuminated spot on the nanotube forest gradually becomes

warmer, the quantum efficiency gradually changes and the current-vs.-temperature

curve follows the Fowler-duBridge model for thermally-assisted photoemission [18,

87]. Eventually, there is a transition from photoemission to thermionic emission

and, beyond this transition point, a small increase in laser power increases the

temperature drastically and, as a result, increases the emission current, which is

now dominated by thermionic emission.

The observed emission characteristics as a function of power are different than

the visible-light heating of CNT arrays (demonstrated in chapters 4 and 5), where

there was no photoemission regime.

6.1 Methodology

Figure 6.1(a) illustrates the experimental setup, which is similar to the setup in

chapter 3 except that a lens is used to focus the ultraviolet beam and Figure 6.1(b)

illustrates the beam spot on the sidewall of the CNT forest. The CNT samples

for this experiment were grown using the second generation CVD system, which is

discussed in chapter 2.

6.2 Results and Discussion

The electron emission current as a function of laser power is illustrated in Figure 6.2

for two cases. Figure 6.2(a) was obtained with a wider laser spot than Figure 6.2(b),

therefore corresponding to lower intensities for the same level of power. We observed

a repeatable behaviour on different CNT samples and on different parts of the

sidewall of each CNT sample.

This behaviour is different than what was reported in chapter 3 where the

entire nanotube forest was flooded with an unfocused ultraviolet beam. There, the

laser intensity was significantly lower, and a simple photoemission behaviour was

observed with emission current being a linear function of laser power.

We also measured the emission temperature of the incandescent spot by record-

ing the spectrum and fitting it to Planck’s black-body radiation law. The measure-

ments were limited to temperatures higher than ∼1,500 K due to the wavelength

limitation of the spectrometer. Using the power equilibrium equation (equation 5.1)

we also calculated the temperature in this range and below 1,500 K and compared

it to our measured results (Figure 6.3). This illustrates the efficient heating of
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Figure 6.1: (a) Experimental setup where the laser is focused onto the CNT
sidewall. (b) Laser spot on the CNT forest sidewall.
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Figure 6.2: (a) Emission current as a function of power for low intensity
laser. (b) Emission current as a function of power for high intensity laser.
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Figure 6.3: Temperature as a function of laser intensity. The parameters
for calculating the temperature for the solid lines were: r = 240 µm for the
larger spot size (black line) and r = 65 µm for the smaller spot size (red
line), ε = 1, Φ = 4.652 eV, L = 14 µm, Troom = 300 K, and the depth of the
hot area for calculating Aheat was ∼ 50 nm.

nanotube arrays with low ultraviolet laser powers, which can again be contributed

to the “Heat Trap” effect that we have discovered in chapter 5.

For temperatures where the spectrum could be recorded for both cases of the

low and high intensities, the estimated temperatures from the spectra are in good

agreement with the calculated temperatures using the power equilibrium equation

(shown in Figure 6.3).

Figure 6.4 illustrates the emission current as a function of calculated and mea-

sured temperatures for both laser spot sizes (Figure 6.2(a) and Figure 6.2(b)). The

temperature was calculated using equation 5.1. Measurable emission currents at

low laser intensities were not present in our visible-light experiments (chapters 4

and 5), indicating that the photon energy of the laser also has an effect in this

region.

Figure 6.4 also shows the the Fowler-DuBridge model (discussed in section 1.2.3)

fitted to the measured results. The model shows a good fit with the measured

emission current, which illustrates that not only the ultraviolet laser is causing

photoemission, it is also heating up the carbon nanotubes simultaneously. This
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Figure 6.4: Emission current as a function of temperature. (Note that the
two separate parts of the curve were obtained in two different experiments
and should be considered separately.) The parameters for calculating the
temperatures (square markers) using equation 5.1 were: r = 240 µm, ε = 1,
Φ = 4.652 eV, L = 14 µm, Troom = 300 K, and the depth of the hot area
for calculating Aheat was ∼ 50 nm. The parameters for calculating the
current using the Fowler-DuBridge model (equation 1.6) were: α = 11e− 8,
Ephoton = 4.66 eV, and Φ = 4.652 eV. The input power was corrected for
the transparency of the sapphire viewport (70% at 266 nm).
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Figure 6.5: (a) Quantum efficiency as a function of power for low laser inten-
sity. (b) Quantum efficiency as a function of power for high laser intensity.
(c) Quantum efficiency as a function of temperature (Note that the two
separate parts of the curve were obtained in two different experiments and
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observed heating effect with such low amount of laser intensity is again unique

since in bulk conductors (such as tungsten) laser intensities as high as 1 GWcm−2

are required to achieve a temperature rise of ∼ 600 K [88]. All of the experiments

that illustrate the effect of temperature on photoemission either use a substrate

heater or are under irradiation with a pulsed laser, which have very high intensities

(> 1GWcm−2).

Figure 6.5 illustrated the quantum efficiency (QE) as a function of laser power

(Figure 6.5(a) and (b)) and temperature (Figure 6.5(c)). QE increases as a function

of temperature, shows a non-linear behaviour and approaches to ∼1% at 3,000 K.

The rapid increase of the electron emission current as a function of temperature

at temperatures above 2,000 K (see Figure 6.4 ) can be explained as thermionic

emission as it has the same slope (Figure 6.6) as Richardson-Dushman’s equation.

This behaviour is similar to our previous observation (also illustrated on Figure 6.6),

which was for a green laser (discussed in chapter 5). The saturation of emission

current at high temperatures can be due to a combination of CNT destruction and

the space-charge effect.
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Figure 6.6: Emission current as a function of temperature on the Richardson
axis for UV and green lasers.

6.3 Summary

Arrays of millimetre-long CNTs were irradiated by a focused beam of ultraviolet

laser. The observed effect at low laser intensities was consistent with our earlier

observation of flood irradiation with an ultraviolet laser in chapter 3 but started

to deviate from it as the laser intensity was increased. It appears that the “Heat

Trap” effect, which leads to the rapid increase of temperature in the CNT array, is

also strongly present in the ultraviolet spectrum.
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Chapter 7

Broadband Light-Induced

Thermionic Electron

Emission from Arrays of

Carbon Nanotubes using

Laser Pointers

As mentioned in the introduction, photocathodes either require high-energy photons

(ultra-violet) or have to be made from semimetals/semiconductors combined with

alkali metals to have low workfunction in order to operate with visible light. The

former suffer from the challenges associated with ultra-violet sources and the latter

are highly unstable and can only operate in ultra-high vacuum conditions (better

than 10−10 Torr). High-power pulsed lasers (with a few GWcm−2 of light intensity)

are also used for thermionic emission from metals, but again require a sophisticated

and expensive light source. In this chapter, we show that a photocathode made

from an array of carbon nanotubes (a nanotube forest) can address all of these

challenges.

In chapters 4 and 5, we discussed thermionic emission from carbon nanotube

forests induced by collimated and focused beams of continuous-wave, visible lasers.

In those studies, we had used research grade lasers (an argon ion laser and a solid-

state laser) with a small range of wavelengths (488 nm - 532 nm). In this chapter,

we demonstrate electron emission from nanotube forests using continuous-wave,

battery-operated, hand-held lasers with four different wavelengths in a broad visi-

ble/infrared range (405 nm, 532 nm, 650 nm, and 1064 nm) and demonstrate the

A version of this chapter has been presented at the 55 th international conference on
electron, ion, and photon beam technology and nanofabrication. [89]
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Figure 7.1: Schematic of the experimental apparatus using a laser pointer
where the beam is focused with a lens, placed outside of the vacuum cham-
ber, on the sidewall of the nanotube forest through a sapphire viewport.

operation of the device in poor vacuum conditions.

7.1 Methodology

The nanotube forests were grown using the second generation CVD system and

mounted on a sample holder and placed in a high vacuum chamber (∼ 10−8 Torr).

The forests were used as the cathode and a copper anode was placed a few millime-

tres above the cathode. The handheld lasers used were from Laserglow technologies

with the following model numbers: Electra Pro-40 (405 nm), Aries-35 (532 nm),

Orion-200 (658 nm), and Scorpius-500 (1064 nm). Figure 7.1 illustrates the exper-

imental configuration.

Upon irradiation by a laser beam with enough intensity, the illuminated spot

on the nanotube forest surface exhibited a bright incandescent glow, accompanied

by electron emission (as discussed previously).
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7.2. Results and Discussion

7.2 Results and Discussion

Figure 7.2 illustrates the electron emission current as a function of laser power for

the four different wavelengths. In all cases, the emission-current has a non-linear

relationship with laser-power (see insets of Figure 7.2). We observe that significant

electron emission takes place regardless of the laser wavelength, suggesting that a

broad range of lasers can be used for a nanotube-based thermionic electron-source.

It should also be noted that since the emission process is primarily not wavelength

dependent, one expects that a regular wide-spectrum light source could also be

used. This has important implications for bringing photocathodes to mainstream

applications such as solar energy conversion and displays.

The temperature of the emission spot can again be estimated using the power

equilibrium equation (equation 5.1). Figure 7.3 shows the emission current as

a function of the temperature estimated in this manner. A theoretical estimate

based on the Richardson equation for thermionic emission is also shown, providing

a reasonable fit to the experimental data.

The effect of combined wavelengths can be demonstrated by focusing the differ-

ent beams onto a single spot (Figure 7.4). As illustrated in table 7.1, the emission

current due to the combination of the laser beams is much higher than the sum of

currents resulting from each laser independently. For example, the emission current

due to the combination of green and red is about 2 orders of magnitude higher than

the currents due to red and green added together. Such non-linearity is, of course,

expected in thermionic emission, where the addition of a small amount of laser

power and corresponding rise in temperature could lead to a significant increase

in current. To further illustrate this point, Figure 7.5 shows the emission cur-

rent as a function of calculated temperature using the power equilibrium equation

(equation 5.1) and Richardson’s equation (equation 1.4). In order to estimate the

temperature for the combination of Green + Red and Green + Red + Violet, only

the power of the different wavelength lasers were used. For example, to estimate

the temperature of the Green + Red combination the laser power of 45 mW +150

mW was used. As it can be seen in Figure 7.5 the trend of increase in current for

the different combinations of lasers follows the trend of Richardson’s equation. This

indicates that adding different laser wavelengths simply acts as adding the power

of those lasers together. This behavior should be expected since CNTs do have a

relatively constant coefficient of optical absorption across the visible range.

As mentioned earlier, one of the challenges of photocathodes is high-vacuum

requirements. For example, photocathodes with high quantum efficiencies can only
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Figure 7.2: Electron emission current as function of laser power for laser
wavelengths of 405 nm, 532 nm, 658 nm, and 1064 nm. In all cases the
laser was focused to a spot in the range of 200 - 600 µm in diameter. Since
this emission process depends on the light intensity, the beam shape of the
laser can greatly affect the emission current for a given laser power. In the
658 nm and 1064 nm cases, the laser beams were overall wider, less circular
and more difficult to focus, and therefore more laser power was needed for
electron emission. Insets: nonlogarithmic plot for each wavelength.

Table 7.1: Emission currents as a result of individual lasers and their com-
bination.

Wavelength Emission Current Power Spot Diameter (estimate)

Violet 14 nA 40 mW 250 µm

Green 33 nA 45 mW 200 µm

Red 1.5 nA 150 mW 400 µm

G + R 2.2 µA × ×
G + R + V 9 µA × ×
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Figure 7.3: Electron emission current as a function of estimated temper-
ature using a power equilibrium equation. The measured data follow the
thermionic emission behaviour predicted by the Richardson equation. The
minimum measurement limit with our experimental setup is tens of picoam-
peres. The parameters for calculating the temperatures (square dots) us-
ing equation 5.1 are: r = 115 µm, ε = 1, Φ = 4.652 eV, L = 80 µm,
Troom = 300 K, and the depth for calculating Aheat was ∼ 50 nm.
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Figure 7.4: Multiple laser beams with different wavelengths being focused
onto a single spot.
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Figure 7.5: Emission current as a function of temperature for different com-
binations of laser wavelengths. The parameters for calculating the tempera-
tures (square dots) using equation 5.1 are: r = 215 µm, ε = 1, Φ = 4.652 eV,
L = 14 µm, Troom = 300 K, and the depth for calculating Aheat was∼ 50 nm.
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Figure 7.6: (a) Emission current as a function of pressure. (b) Emission
current as a function of time at a pressure of ∼ 5× 10−3Torr. The laser had
a wavelength of 532 nm, spot diameter of ∼200 µm and power of 50 mW.

operate reliably in pressures lower than 10−10 Torr. Figure 7.6(a) shows the emis-

sion current from the nanotube forest as a function of the vacuum level (controlled

using nitrogen) for the laser wavelength of 532 nm. Other than the initial jump

in current and the increasing trend at higher pressures, the current only fluctuates

about 15% in a wide range of pressures. Figure 7.6(b) illustrates the emission cur-

rent when the pressure is held constant at about 5× 10−3 Torr for about one hour.

The emission current slowly rises, saturates at about 2 µA and then decreases very

slowly. Although a detailed study is needed to characterize and understand the

effect of vacuum level on these sources, these preliminary data clearly show the

potential of these devices to operate in poor vacuum.

7.3 Summary

We demonstrated that carbon nanotube forests can act as thermionic electron

sources, excited by inexpensive, handheld lasers with a variety of wavelengths rang-

ing from visible to infrared. These arrays can operate even in poor vacuum condi-

tions and be relatively stable. These properties of nanotube forests can open the

door to various vacuum electronic applications.

65



Chapter 8

Increasing the Current

Density of Light-Induced

Thermionic Electron

Emission from Carbon

Nanotube Arrays

In this chapter we demonstrate how to increase the current density of a light-induced

thermionic emitter, based on CNT arrays, and its performance in modest vacuum

levels.

8.1 Methodology

Millimeter-long arrays of vertically aligned multiwalled CNTs were illuminated on

their sidewall by a focused green (532-nm) laser beam (power of up to several

100mW). The hot spot created due to the “Heat Trap” effect was imaged using a

Navitar Zoom 6000 lens system with a CCD camera. Figure 8.1 shows a schematic

of the experiment and an optical micrograph of the incandescent glow of the electron

emission spot on the forest sidewall.

The emission current was recorded as a function of laser power and the black-

body radiation spectrum was measured in each case to find the emission spot tem-

perature. Since a CNT forest consists of ∼90% empty space, the sidewall of CNTs

occupy only a small percentage of the laser spot and presumably, a significant por-

tion of the laser energy is wasted. We increased the forest density by placing a

A version of this chapter has been presented at the 24 th international vacuum nano-
electronics conference. [90]
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Figure 8.1: (a) Experimental apparatus. (b) Image of the emission spot with
the laser light filtered out. (c) Cross-section of the emission spot showing
its diameter.
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Figure 8.2: Scanning electron micrographs of as-grown (a) and densified (b)
CNT arrays.

small amount of isopropyl alcohol on it. The liquid flowing through the forest pulls

the nanotubes closer together and makes the forest denser (Figure 8.2).

8.2 Results and Discussion

Figure 8.3(a) shows the emission current density versus emission spot temperature

for as-grown and densified arrays, the latter showing an increase of up to 4 times.

Interestingly, beyond ∼3,100K, the current density of the as-grown sample declines,

whereas that of the densified forest keeps increasing, suggesting that the latter is

more robust and can withstand higher temperatures, presumably due to the tighter

packing of the CNTs. In the stability test (Figure 8.3(b)), the current density

initially drops in both cases, but eventually stabilizes after ∼20-40min, though at

a much higher value for the densified sample.

We also measured the emission current as a function of vacuum level to see the

stability of the densified CNTs. Figure 8.4(a) shows that the densified CNTs remain
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Figure 8.3: Emission current density vs. temperature for the as-grown and
densified CNT arrays. (b) Emission current as a function of time for both
cases.

stable (with less than 10% of fluctuation) as the pressure is increased. Similar to

the case of as-grown sample (Figure 7.6), the electron emission current increases

as pressure increases beyond 10−3 Torr. The emission current keeps on increasing

and saturates for about 15 minutes as the pressure is maintained at about 5×10−3

Torr and then starts to slowly decrease (Figure 8.4(b).
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Figure 8.4: (a) Emission current as a function of vacuum level for incident
laser wavelength of 532 nm. (b) Emission current stability over time at a
pressure of ∼ 5× 10−3 Torr.

This simple densification technique can be further exploited to make the nan-

otube forest even denser. By micro patterning small islands of such nanotube
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forests, one can shrink them even more and create thin pillars for efficient mi-

crostructured photo-electron source arrays.

8.3 Summary

The current density of a photocathode is an important performance parameter

when it comes to any potential application. In this work, we demonstrated that by

a simple densification technique we can increase the current density of the arrays

of CNTs by about 4 times. This current density is still below the current state-

of-the-art photocathodes but by growing the nanotube arrays in a small area, this

densification technique can further pack the nanotubes and potentially increase

the current density even further. These thin pillars can also be used as arrays of

electron sources for flat panel displays.

69



Chapter 9

Conclusion

Before this work, there were only a limited number of studies that investigated light-

induced electron emission from CNTs for electron source applications. This thesis

describes light-induced electron emission from arrays of CNTs with a broad range

of wavelengths and light intensities. The observations in this thesis demonstrate

unique characteristics, such as the “Heat Trap” mechanism, which not only have

implications for existing electron-source technologies, but they can also open the

door to novel applications such as new solar cells (discussed later in this chapter).

A summary of the contributions of this thesis, along with some ideas for future

work, is presented in this chapter.

9.1 Contributions

The contributions of this thesis and their immediate applications are listed below:

1. Chapter 2 describes a growth system for nanotube forest and the experimen-

tal setup required for characterizing electron emission from nanotube elec-

tron sources. The developed growth technique is quite repeatable and can

be used for many different applications. For example, nanotubes that were

grown with this technique are currently being used by other UBC graduate

students in experiments such as characterizing secondary electron emission

from nanotubes [91], electro discharge machining of nanotube forests [92], and

developing novel pressure sensors [93]. This growth method gives researchers

the ability to use nanotubes at a macroscopic scale.

2. Chapter 3 details the experimental evidence for a nanotube based photocath-

ode with a high quantum efficiency of > 10−5. The potential application of

these photocathodes would be to replace current metal photocathodes. This

is because CNTs, because of their chemically stable structure, are more ro-

bust than bulk metals, which are unstable because of dangling bonds on their

surface. Moreover, the unique internal structure of the nanotube forest can
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9.1. Contributions

be exploited for novel applications, which are not possible with conventional

metals. For example, nanotube forests are sensitive to the polarization of

light, so a polarization-dependent photocathode switch operating at giga-

hertz speeds can potentially be developed.

3. Chapter 4 reports of nanotube-based light-induced electron thermionic source

that can operate with relatively low light intensity. It also provides some evi-

dence for a possible photo-field emission process. These two different regions

of operation, which are disintguished by the applied electric field and light in-

tensity, can be used for increased control in electron emission. This is because

nanotubes have an inherent high-aspect-ratio structure, allowing them to op-

erate using much smaller applied external fields, and lower laser intensities

than conventional metals. This means that cheaper and smaller electronics

and lasers are required and allows the development of more compact vacuum

electronic devices.

4. Chapter 5 illustrates that the power of the collimated beam (in Chapter 4)

that is required for light-induced thermionic emission can be further reduced

by using a lens to focus the light. This is because the heat generated from

the incident light is trapped and cannot dissipate. This “Heat Trap” effect

can be explained by a rapid drop in thermal conductivity of nanotubes at

high temperatures and the anisotropic nature of the structure of the forest.

The behaviour is different in bulk conductors, which can dissipate the heat

generated by the incident light even at high temperatures. This efficient

heating of nanotubes has important implications in light-induced thermionic

electron sources. For example, the cost of building a light-induced thermionic

source can be significantly reduced because inexpensive, low-power lasers can

be used for nanotubes as apposed to high-power or pulsed laser sources, which

are required for metal cathodes.

5. Chapter 6 describes the effect of high energy photons (UV laser) and self

heating due to the laser. It turns out that laser-induced heating is also

present in the photoemission regime of nanotubes, which is not measurable

in experiments with smaller photon energies (chapter 4 and 5) or experiments

with the same photon energy but much lower light intensities (chapter 3).

Also, heating in the photoemission regime with such low-laser intensities has

not been observed in other materials.

6. Chapters 7 and 8 show the broadband nature of light-induced thermionic

emission and how to increase the current density of the nanotube-based elec-
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9.2. Future Work

tron sources, respectively. These two characteristics are very important for

any existing or new electron source application. For example, existing light-

induced thermionic sources have a specific built-in laser, so without having

to the change the laser, nanotube based cathodes can be fitted in such sys-

tems. Also, the telecommunications industry has driven down the cost of

production of lasers of specific wavelengths (for example 850 nm or 1550 nm)

and, because of the broadband and low-light-power nature of these nanotube

electron sources, inexpensive cathodes could be developed and integrated on

chip for applications such as optoelectronic switches .

9.2 Future Work

The “Heat Trap” behaviour in nanotube forests can address some of the challenges

in photocathodes and it can also be exploited for novel applications ranging from

optical detectors to solar-energy harvesters and solar displays.

The reported observations should also motivate further fundamental investiga-

tion into this behaviour. Of course, this can be a difficult task since, even after

20 years of research on nanotubes, because of their nanoscale dimensions and in-

consistent growth of individual nanotubes, there is still no consensus on some of

their physical properties. For example, properties such as the workfunction and

thermal conductivity of nanotubes are still being investigated even though a great

amount of research has been done already. The proposed power equilibrium model

has tried to explain the observed behaviour with bulk properties such as using the

bulk Richardson constant and assuming that the Stephen-Boltzmann law hold for

nanotubes. Although this model shows good agreement with the measured results,

a more fundamental understating of this effect is required. The observed behaviour

is very interesting and unique to nanotubes; therefore, our observations should

also motivate the investigation of other nanostructures for this behaviour. More

importantly, our observations may prompt others to probe the potential of this

phenomenon for real world applications.

For further fundamental study of this effect such experiments as measuring the

energy spectrum of the emitted electrons at different laser wavelengths will provide

great insight into the emission mechanism. Also, other experiments such as Raman

spectroscopy with high laser intensities might give insight into the electron-phonon

coupling that may be responsible for such localized heating.

There are not many materials, including nanomaterials, that can withstand

thermionic emission temperatures. Researchers have developed growth techniques
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for tungsten nanowires that are a few micrometers long but are in a sparse form[94].

These short sparse nanowires, of course, have a different structure than our dense,

millimeter-long CNTs and there will be some optical challenges in focusing a laser

beam to such a small space; nevertheless, testing such nanowires will be interesting

in further understanding of this phenomenon.

9.2.1 Solar Electron Source

One of the most abundant sources of light is the sun, which has an average in-

solation (solar radiation energy received on a given surface) of about 1 kWm−2

and perhaps the most immediate application of our findings is a sunlight-activated

electron source.

The basis of a solar electron source is very simple and easy to discuss given

our results. The solar radiation spectrum ranges from ultraviolet (∼ 250 nm) to

infrared (∼ 2, 000 nm) with the highest peak of irradiance at around 500 nm. This

is in the same range of wavelengths as where we have demonstrated thermionic

emission from the CNT forests (266 nm to 1064 nm). If we place a typical lens

(with 1 inch in diameter) in the sunlight, it will receive an incident radiation of

500 mW of sunlight. This amount of power, given the majority of it being in the

visible wavelength range, when focused to a 200 µm spot is more than enough to

cause electron emission from the CNT forests.

Of course this emission process is highly intensity dependent and the chromatic

aberration of the lens and the wide spectrum of sunlight as compared to a laser

light, will be the biggest concern in being able to focus enough light to cause electron

emission. This problem has a few existing solutions such as reducing the chromatic

aberration by coating the lens with thin film or using an achromatic doublet. The

collected radiation of the sunlight can also be increased by using a lens with a bigger

surface area or using a concave mirror to collect and focus more solar radiation.

Since the power required (a few 10s of mW) is very low, either of the above solutions

will be simple and inexpensive to implement.

The sunlight can also be put into lensed fibers where each fiber is mounted close

to a pillar of densified CNTs in the shape of a sharp needle and an array of these

needles could be used (as discussed in the previous chapters) for solar flat panel

displays.
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9.2.2 Solar Cell

As mentioned above, the amount of sun that is incident on earth is more than

enough to cause electron emission from these nanotube forests. Also, recently,

photo-enhanced thermionic emission-based solar cells using solar concentrator sys-

tems have been proposed [5]. However, existing candidate photocathodes are very

sensitive and cannot operate at high temperatures like nanotube forests. A nan-

otube based solar cell can be designed based on the observed effect. The concen-

trated sun (either by mirrors or lens) can heat up the nanotubes to high enough

temperatures where the electrons would overcome the workfunction of the nan-

otubes. These free electrons now have to flow to the anode so that an electron flow

(or a current) can be generated. In photovoltaics the holes and the electrons sepa-

rate and start to flow because of the built in voltage of the p-n junction. A similar

idea can be implemented here; if the anode has a smaller workfunction than the

nanotubes, once a load is connected (such as a piece of wire) between the anode and

the cathode, the fermi energies would line up, which would bend the vacuum level

(as shown in Figure 9.1). This would accelerate the emitted electrons towards the

anode and a current would be measured. This proposed thermionic solar harvester

can be the foundation of a new generation of solar cells.

Carbon Nanotube Vacuum Metal

Φ1 Φ2

Vacuum Level

Load

Figure 9.1: Band diagram of a solar-cell configuration of nanotubes.
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