Stony Brook University

The official electronic file of this thesis or dissertation is maintained by the University
Libraries on behalf of The Graduate School at Stony Brook University.

© All Rights Reserved by Author.



Optoelectronics with Carbon Nanotubes
A Dissertation Presented
by
Megumi Kinoshita
to
The Graduate School
in Partial Fulfillment of the
Requirements
for the Degree of
Doctor of Philosophy
n
Physics
Stony Brook University

May 2011



Stony Brook University

The Graduate School

Megumi Kinoshita
We, the dissertation committee for the above candidate for the
Doctor of Philosophy degree, hereby recommend

acceptance of this dissertation.

Emilio E. Mendez — Dissertation Advisor
Professor, Physics

Philip B. Allen - Chairperson of Defense
Professor, Physics

Harold J. Metcalf
Professor, Physics

Stanislaus Wong
Professor, Chemistry

This dissertation is accepted by the Graduate School

Lawrence Martin
Dean of the Graduate School

il



Abstract of the Dissertation
Optoelectronics with Carbon Nanotubes
by
Megumi Kinoshita
Doctor of Philosophy
in
Physics
Stony Brook University

2011

The carbon nanotube is a promising material for future micro- and nano-scale electronics
because of its unique electronic properties, high carrier mobility and extraordinary capacity for
high current density. In particular, semiconducting carbon nanotubes are direct bandgap
materials with a typical energy gap in the order of 1 eV, which means they emit light in the near-
infrared range, making them an attractive option in telecommunications applications. However,
there have been few systematic investigations of electrically-induced light emission (i.e.
electroluminescence) from carbon nanotubes, and their emission properties are not well
understood.

In this dissertation, we explore the characteristics of electroluminescence in three different
types of carbon-nanotube devices. The first is a single-tube field-effect transistor (CNTFET),
whose emission has previously been found to have a very broad spectral shape and low emission
efficiency. We analyze the spectral shape in detail, which reveals that a high electric field near
metal contacts contributes most to the bias-dependent component of broadening, in addition to
smaller contributions from tube nonuniformity, inelastic scattering of phonons, high temperature,
etc.

In the second part of the study, single-tube light-emitting diodes are constructed by
employing a split top-gate scheme. The split gate creates p- and n-doped regions
electrostatically, so that electrons and holes combine between the two sections and can decay
radiatively. This configuration creates electron-hole pairs under much lower electric fields and
gives us a greater control over carrier distribution in the device channel, resulting in much
narrower spectral linewidths and an emission intensity several orders of magnitude larger than
that of CNTFETs. The much better signal-to-noise also leads to the observation of emission
from defect-induced states.

Finally, we extend the idea of the single-tube p—n diode and fabricate CNT film diodes from

many purified tubes aligned in parallel. While the operating principle is somewhat different
from that of single-tube diodes because of the presence of metallic tubes in the material, the film

il



diodes nonetheless show a rectifying behavior and much greater light intensity than single-tube
devices. With their superior light output and robustness, they bring us one step closer to a real-
world application of carbon nanotubes optoelectronics.
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Chapter 1 Introduction

It is well recognized that the ongoing scaling down of electronic technology, especially
with silicon, cannot continue forever because of its theoretical and technological limits '
Alternative device technologies are needed to enhance or replace the current approach. Carbon
nanotubes (CNTs), since their discovery in 1991 %, followed by the discovery of single-walled
carbon nanotubes (SWNTSs) in 1993 * by Iijima, have been a subject of intense research because
of the many unique and desirable properties they exhibit, such as their extraordinary tensile
strength, the ability to withstand high pH and temperature, and particularly, their distinctive
electronic and optical properties *°. Multiwall carbon nanotubes (MWNTs) are concentric tubes
of rolled up one-atom layer sheet in a honeycomb configuration of carbon atoms (i.e. graphene),
while SWNTs are composed of only one such tube. The diameter of a CNT can be sub-
nanometer for SWNTs, up to a few to tens of nanometers. Detailed physical characteristics of

these structures are covered in the next section.

The SWNT with its simpler structure has garnered a greater interest in electronics; it can
be a semiconductor or a metal with very high mobility that can withstand enormous current
densities. This makes it attractive for use in nano-scale electronics, as the sizes of integrated
circuits become ever smaller and are reaching the natural limit of miniaturization. Currently, as
silicon devices are made smaller and denser, problems with leakage through dielectric and heat
dissipation are two major obstacles to the further scaling down in existing chip designs. The
superior mobility of SWNTs means less phonon scattering (i.e., less heat production per unit
current), and their extremely small sizes are naturally advantageous in micro- and nano-scale
electronics. Field-effect transistors made from CNTs (CNTFETs) were demonstrated as early as
1998 by Tans et al. and Martel et al. " *. Compared to conventional bulk silicon MOSFET,
CNTFET exhibits superior performance in terms of transconductance and drive currents by a
factor of a few per unit width, making it an attractive alternative to silicon ° In addition, as will
be discussed shortly, their reduced dimensionality contributes to their unique electrical and
optical properties, which make them a promising candidate for near- to mid-infrared

optoelectronics.



This work explores both fundamental physical properties and application possibilities of
electroluminescence (EL) from semiconducting CNT devices. While there has been much work
on photoluminescence (PL) from CNTs in solution and suspended in air (see, for example, the
chapter on PL by Lefebvre, et al. in Ref. 6 and references therein), electrically induced
luminescence has been less explored because of complexity of device fabrication, its typically
low luminescence efficiency, e.g., as low as 10" in some cases '°, and limitations in the
detection technology of infrared radiation. Additionally, until 2009, when EL from CNT p-n
junction was observed for the first time ', very high fields and accompanying high
current/heating was a hindrance to elucidating the details of luminescence characteristics. While
laser-induced PL studies have done a great deal to help us understand the fundamental physics of
CNTs, it i1s vital that we understand their EL mechanisms and apply the knowledge to the
development of carbon-based, nano-scale optoelectronics in order to capitalize on the unique

properties of CNTs in application.

In the effort to contribute to these endeavors, this thesis reports on the findings from three
distinctly different CNT device structures: (1) conventional bottom-gated CNT field-effect
transistors (CNTFETSs) operated in the unipolar transport and emission regime; (2) single-tube,
top split-gate CNT p-n junction devices as light-emitting diodes (LEDs); and (3) top split-gate p-
n junction LEDs with self-aligned, purified semiconducting SWNTs. Each device probes
different aspects of EL mechanisms, the results of which, we hope, will come together to play an
important part in advancing the science and technology of this fascinating material. In the rest of
this chapter, fundamentals of carbon nanotube physics are discussed with a particular emphasis
on their transport and luminescent properties to provide background information for subsequent

chapters.

1. Structure of single-wall carbon nanotubes (SWNTs)

With the diameter in the order of only a nanometer and the length ranging up to microns
and even millimeters, SWNTs are a prime example of almost perfect one-dimensional structures.
This reduced dimensionality has several significant consequences for their electronic and optical

properties, which are discussed in this and the following sections.



An SWNT can be defined as a cylinder of a rolled up graphene sheet, which is a
monolayer of carbon atoms in a honeycomb structure (Figure I-1). Note that CNTs are not
actually manufactured from graphene and that this is a conceptual convenience; see the methods
section for details of carbon nanotube synthesis. In graphene, each carbon atom has four valence
electrons (i.e., 2s, 2py, 2p, and 2p.), three of which (2s, 2p,, and 2p,) are sp” hybridized and form
covalent bonds with the nearest neighbor atoms, making graphene a very stable structure.
Graphite is many sheets of graphene that are stacked, while another allotrope, diamond, forms
covalent bonds with all four valence electrons with four neighboring atoms. Carbon nanotubes’
exceptional tensile strength is also due to the covalent bonds. The remaining fourth 2p. electron

in graphene/carbon nanotube is free and contributes to conduction.

The way in which an SWNT is “rolled up” from graphene defines its structure and
determines the electronic properties. Figure I-1 shows the graphene honeycomb structure in real
space with unit vectors a; and a, and the chiral vector C for a particular SWNT (i.e., a (4, 5)
SWNT). The structure can be visualized as a strip of graphene cut along the dotted lines
perpendicular to C and rolled up in the direction of C into a long cylinder so that the length |C|

becomes the circumference. The chiral vector uniquely defines a SWNT and can be expressed as

C=na, +ma, (Eq.L1)
where n and m are integers. The indices (n, m) are sufficient to define any SWNT; the figure
shows, for example, the (4, 5) nanotube. There are two specific types of nanotubes called
“armchair” where n = m, and “zigzag” where m = 0, named after the pattern of lines connecting
the atoms seen around the circumference. Armchair nanotubes are always metallic, but zigzag
tubes can be either semiconducting or metallic (see below). These are useful structures that
appear frequently in theoretical work because of their high degree of symmetry that simplifies
calculations. In practice, SWNTs are a family of many different structures with varied electronic
and optical properties, the fact that poses interesting and often challenging problems. For
example, there is little control over what types of SWNTs are produced in any fabrication
method. Although there is usually a limited range of diameters and the number of sidewalls (i.e.,
SWNT vs. MWNT) depending on the growth conditions and catalyst particles, the product is
always a mixture of metallic and semiconducting CNTs of different diameters, chiralities and

lengths, which makes it difficult to control their properties and identify their (n, m) designations.



In fact, we typically have no knowledge of the actual n and m values of a CNT used in an
electronic device, since getting a PL signal from a single tube (the only way to identify them) on

a surface is very difficult and laborious.
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Figure I-1. The honeycomb structure of a graphene sheet in real space, showing
the example of a (4, 5) SWNT. One carbon atom exists at each hexagonal point.
a; and a, are unit vectors, and C indicates the chiral vector for the SWNT. The
blue dotted lines indicate the primitive unit cell containing two translationally
inequivalent atoms.

Once the chiral vector and therefore the type of a SWNT is defined, its diameter d can be

expressed as

(Eq. 1.2)

where a___ is the distance between neighboring atoms, known to be 0.142 nm. A typical SWNT

has the diameter in the order of only nanometers, so this confinement quantizes the component of
the momentum k in the circumferential direction of the cylinder. In other words, the quasi — 1D
nature of the nanotube imposes a true periodic condition around the circumference and defines

the Brillouin zone of the nanotube in that direction. The quantization condition,



Cek=2ri; i=1,2,3.. (Eq.13)

determines whether the SWNT is metallic or semiconducting; if the momentum vector coincides
with the location in graphene k-space where there is no bandgap, it is metallic, otherwise, it is
semiconducting. This is a direct consequence of the energy dispersion relation in graphene

which is now discussed in greater detail.

The energy dispersion of graphene considering only the m and n* orbitals was calculated
as early as 1947 by Wallace ' using the tight-binding approximation. This model shows that
graphene is a zero-bandgap semiconductor (or semimetal) with a linear dispersion near the Fermi
level (Figure 1-2). At low energy, it can be approximated as cone shapes meeting at K and K’
symmetry points of the Brillouin zone, called the Dirac points (Figure I-2 (b)). Taking the low-
energy approximation in terms of k = |k-kg| based on the graphene energy eigenvalues from Ref.

12, we get

NG
ER)=Ep+>rda g

=E,thv.k

where v 1s the C-C transfer energy and a [ is the unit vector length Figure I-1). Using known

values for yoand a gives the Fermi velocity v, = 8.7 x 10° m/s. Note that there is only one

electron per atom contributing to these orbitals; in an updoped graphene at zero temperature, the
valence band is completely filled and the conduction band is empty, making graphene a semi-
metal (or a zero-bandgap semiconductor). How these cones are effectively “cut” by an SWNT’s

circumferential momentum determines whether the SWNT is metallic or semiconducting.



Figure I-2 (a) Energy dispersion of graphene showing inequivalent K and K’ points as
blue and red dots, and (b) details at low energy, showing the linear dispersion. K, K’,
M, and I" are high-symmetry points in graphene’s Brillouin zone. The plane of the
hexagons denotes the Fermi level.

Figure I-3 further illustrates the difference between these two types of SWNTs in
reciprocal space. If the quantized momentum vector in the circumferential direction of an
SWNT coincides with a Dirac point, it is metallic. If it misses the Dirac point, it creates an
energy gap (i.e., the cone is cut away from the point) and the SWNT is semiconducting. Using
the (n, m) indices, it can be shown that if (n - m) / 3 is an integer, the SWNT is metallic;
otherwise it is semiconducting. Therefore, if SWNTSs are produced randomly in bulk, two-thirds
should be semiconducting on the average. It should be pointed out that this is a simplified
picture in the first order approximation, and the linear dispersion approximation may be less
valid in certain situations such as in small-diameter tubes (i.e., large unit wave vector in the
circumferential direction). For example, the so-called trigonal warping effect (a distortion of
equi-energy contours away from the circular shape that connect M points in a triangle) can create

a small energy gap in the order of meVs in metallic nanotubes *°.



Figure I-3. The Brillouin zones of (a) metallic and (b) semiconducting SWNT's
mapped onto the hexagonal Brillouin zones of graphene. The blue (K) and red
(K”) dots indicate the Dirac points where conduction and valence bands meet, as
in Figure 1-2. Note that in (b), the “cutting line” of the quantized momentum
misses the K point, thus creating an energy gap. Reciprocal lattice vectors k;
corresponds to the chiral vector C in Figure I-1, and k; to the translational vector
in the direction of the long axis of the CNT (not shown in Figure I-1).

Based on Equation (I.4) and the above argument, the one-dimensional energy-dispersion

can be expressed as

E(A) = E, (v k) +(jA)'; 5=0,1,2, ... (Eq.L5)

where A is one-half of the energy gap, which depends on the diameter of the tube. Figure 1-4
shows the first three bands of metallic and semiconducting SWNTs calculated for when v is (a)
0, 3, and 6 (metallic), and (b) 1, 2, and 4 (semiconducting). Once the one-dimensional energy
dispersion is thus known, the corresponding density of states (DOS) can be calculated (shown in
green in Figure 1-4). As seen in Figure I-4, the DOS shows singularities named van Hove

singularities because of the SWNT’s reduced dimensionality.



(a) (b)

metallic semiconducting

Figure I-4. One-dimensional energy dispersion of (a) metallic and (b)
semiconducting SWNTs according to the single-particle interband theory.
Corresponding density of states with van Hove singularities are indicated in green.

In an undoped SWNT at zero temperature, the bands are filled up to the Fermi level
because there is only one extra electron per atom. The energy gap in semiconducting SWNTs
are in the order of 1 eV, meaning that we can expect to see transition effects from electrically or
optically excited carriers across the gap at room temperature. However, the unique
dimensionality of carbon nanotubes has a further consequence that needs to be considered first,

namely, many-body effects.

2. Electron-electron and electron-hole interactions in SWNTSs

There are two main effects that significantly modify the single-particle bandgap, E,,
described in the previous section. One is the electron-electron repulsion, which contributes to
the self energy E.. of the system. The other is the creation of localized electron-hole pairs bound
by the Coulomb attraction, forming hydrogen-like particles called excitons, each with a series of
Rydberg states. The energies of these two effects are both significant fractions of the single-
particle bandgap in one-dimension and considerably affect the electrical and optical excitations

of carriers and emission of photons. Initially the single-particle model served adequately enough



in explaining the optical phenomena, partly because the two Coulombic effects tend to cancel

each other in the diameter range (around 1 nm) that has been the main focus of investigation.

Excitonic effects in luminescence have been demonstrated in traditional bulk
semiconductors. The exciton binding energy in these materials is typically tens of meV and
manifests itself as a sharp peak below the broader spectrum from free particles, observable only
in low-temperature measurements. In the early days of carbon nanotube research, optical
transitions were interpreted using the same single-particle model combined with the
corresponding one-dimensional density of states. In this model, electrons are excited optically or
electrically from a valence band to a conduction band at van-Hove singularities and generate
light when they relax down to a lower-energy state by emitting a photon. Figure 1-5 shows
schematically the radiative transitions between van-Hove singularities leading to photo-emission.
The energy differences between the conduction and valence bands are referred to as Aij, where 1
=1,2,3... denotes the first, second, third... valence bands and j likewise refers to the conduction

bands. In contrast, excitonic transition levels will be referred to as Eq1, Ej,, etc.

Energy

L.
>

DOS

Figure 1-5. First and second transitions between van-Hove singularities (i.e.,
sharp peaks in the DOS). A;; denotes the energy difference between the ith
valence band and the jth conduction band.

Because the quantized momentum normal to the tube axis is determined by the tube
circumference, the transition energies depend on the SWNT diameter (Figure 1-3). The

transition energy-diameter relationship was first presented by Kataura, et al. to explain observed



optical absorption peaks for different samples and their corresponding diameter measurements
by transmission electron microscopy (TEM) '*. The so-called Kataura plot and its subsequent
enhancements (especially Ref. 15) have been widely used to identify the diameter and even
particular species of SWNTs, although it was developed within the van-Hove transition scheme.
While Kataura mentions the effect of excitons briefly in his original paper, it is treated as a slight
deviation from the calculated values.

The discrepancy between the single-particle picture and the nature of excitation and

» 1617 i which the

emission observations first became apparent in the so-called “ratio problem
ratio of the energy of the second-excited state to the first one deviates significantly from the
expected value of 2 expected from the single-particle picture (see Figure [-5). While there are
additional complicating factors because of the chirality and the warping that comes from the
rolled geometry, the average ratio should approach 2 as the diameter increases and the system
goes from one dimension to two. The actual picture turns out to be an interplay of electron self-
energy E.. and the exciton binding energy E,: the effect of the former interaction remains the
same as the diameter increases because it is an intrinsic property of graphene, while the latter
scales roughly as d” (Ref. 18). Since Ee. blueshifts the first and the second transitions by nearly
the same amount, the ratio approaches a value smaller than 2 (Ref. 19). Recently, a successful
direct measurement of electronic bandgap (=E, + Ec.) under different dielectric environments
was conducted using scanning tunneling spectroscopy (STS) in which the self-energy correction
was deduced to be in the order of 500 meV *°. It should also be noted from this experiment that
the environmental medium also plays a significant role, as it screens the electron-electron

interaction. The effect is thought to scale as the inverse of the dielectric constant, € 2" %%

Now we discuss the excitonic effect, which also modifies the optical transition energies.
Beginning with Ando’s theoretical work *°, it became increasingly apparent that the binding
energy E;, of excitons in nanotubes is a significant fraction of the bandgap. The Coulomb
interaction between an electron and a hole is greatly enhanced in one dimension, and the charge

24, 25
1 >~ and

screening is also reduced, all contributing to a large E,. Collaborating theoretica
experimental **** works have provided definitive evidence for the excitonic nature of observed
optical transitions in SWNTSs, especially the two-photon excitation experiments '***2* and the

27,29,30

. . . . 24 .
observation of sidebands from an exciton-phonon complexes . Perebeinos, et al. ©* gives a

general expression for E, that agrees well with the results of the two-photon experiments if one
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uses the parameter € = 3.3; namely E, = Cd**m**'e? where C and a are empirical constants with
a = 1.40 and m* is the carrier effective mass. This gives the typical value of E; to be hundreds of
meVs, compared to the single-particle bandgap in the order of 1 eV, making it possible to
observe the excitonic effects at room temperature. Note that E, depends sensitively on the

. . . . 1.4
dielectric environment as seen in the factor ™ .

Because electrons and holes (the spin of the latter is defined to be the opposite of the
electron that has left the hole) can either be spin up or down and the conduction and valence
bands are doubly degenerate, the first excited state of exciton can have a four-fold degeneracy.
The degeneracy is actually lifted by the exchange energy, resulting in optically active “bright”
excitons and so-called ‘“dark” excitons that do not decay radiatively. Theoretical and
experimental studies generally indicate that the lowest state is a dark exciton and the second
lowest state is a strong bright exciton with a large dipole moment along the tube axis *"**2. The
first dark excitonic state is lower in energy than the lowest bright state by about ten meV,
contributing to the non-monotonic dependency of exciton radiative lifetime on the temperature

and to the poor PL efficiency at room temperature >>~°.

The dominance of excitonic absorption and emission were not apparent initially also
because almost all the oscillator strength in absorption spectra is transferred from the interband

free particle states to the excitonic states ** *°

, making it difficult to observe both states
simultaneously. Another complicating factor is a large shift due to the environment which
modifies both E¢. and E,. Most photoluminescence (PL) measurements have been conducted in
solution or with suspended tubes because the substrate quenches the signal severely. The
measured values were not necessarily comparable across studies for this reason. While there is
now ample evidence of the dominance of excitonic transitions in SWNTs, the investigation is far

from complete, as the effect of doping, which has not been studied systematically, is also

expected to significantly modify the bandgap and the binding energy *°.

Since the radiative lifetime determines the emission efficiency, understanding different
decay pathways is crucial in scientific understanding and in technical applications. The major
decay pathways include non-dipole allowed states (i.e. “‘dark excitons”) and non-radiative decay
due to scattering with phonons. As has been mentioned, the presence of dark excitons

contributes to the poor emission observed from SWNTs since excitons in the radiative state can

11



relax rapidly to lower non-radiative states '°. Another factor is an array of phonon modes that
exist in SWNTs; phonons can serve as a valuable measurement tool, but they also make it much
more challenging to understand SWNT optoelectronics. Inelastic scattering of phonons is a

decay mechanism that affects EL and PL efficiency very significantly.

3. Phonon modes in SWNTs

Resonance Raman spectroscopy (RRS) has been a standard tool in the optical
investigation of SWNTs since the first observation of a single-tube RRS in 2001 *. 1t is also
commonly used in characterization of bulk samples, but the resonance-dependence of Raman
signal intensities complicates the determination of relative abundance of different tubes. There
are several characteristic phonon modes that are observed in SWNTs using this technique.
Figure I-6 shows an example of phonon dispersion that shows the six branches of phonon modes
in SWNTs. Because of the energy-momentum conservation requirement, one can only observe
phonons near the I point in the first order, although secondary processes produce additional
observable peaks. Here, we only discuss some commonly observed modes that are relevant to

PL and EL experiments.

The radial breathing mode (RBM) is the lowest vibrational mode observable in RRS,
ranging in wavenumber from only 100 to 400 cm™. It originates from the expansion and
contraction in the radial direction of nanotubes perpendicular to the axis, and is therefore
sensitive to the diameter of the tube. The frequency wgrpm is known to be inversely proportional
to the nanotube diameter; the empirical equation @rgy = 248 cm” nm/d is commonly used to
determine the diameter and even the particular (n, m) assignment of SWNTs on a SiO, substrate,
as long as the diameter is below ~1.8 nm *’. For larger diameter tubes, too many SWNTSs can be
resonant with the laser energy used in a given Raman measurement, so the identification of a
particular SWNT species is difficult. On the other hand, it is very unlikely that one can get a
strong enough RBM signal from any given individual SWNT if the excitation energy does not
happen to be in resonance with an absorption energy of that specific tube **. In addition, larger
diameter tubes have a small mrgm, so the Raman peak is not easily distinguishable from the laser

excitation line.
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Figure [-6. Phonon energy dispersion for (19,0) CNT showing six branches. The
lowest three are low-energy acoustic phonons, and the other three are optical
phonons. Commonly observed modes are marked as RBM (radial breathing
mode), G (graphite-like mode), IFM (intermediate frequency modes), and D
(disorder-induced mode).

The graphite-like band (G-band) around 1500 to 1600 cm™ comes from the stretching
mode of carbon-carbon bonds of neighboring atoms in the tangential plane to the SWNT
sidewall. It is a high-frequency optical phonon mode that couples strongly to excitons (because
it modifies the electronic structure directly) and is therefore observable in excitonic photo-
emissions from SWNTs *°, which will be discussed further. Graphite has a single G-band at
1582 cm’™, but in SWNTs, it is split into G™ and G lines due to the quantum confinement of the
k-vector in SWNTs ®. The G" line is associated with vibrations along the long nanotube axis
(LO phonons) and is therefore insensitive to the diameter, while the G™ line comes from
vibrations in the circumferential direction (TO phonons) and is diameter-dependent **. (Note
that Piscanec, et al. calculated that the LO phonons may be downshifted enough to be below the
TO phonon signal in metallic SWNTs due to the Kohn anomaly *°.) A detailed study of the G-
band from a large sample found that the frequency of the G” band wg. can be fitted well as a
function of the frequency of the G* band wg+: ©G.= wg+ — 47.7 cm™ nm?*/d* for semiconducting
SWNTs *!. Hence, the G-band frequencies can be used to determine the diameter when RBM is

not available.
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The disorder-induced band (D-band) is observed at 1300 to 1400 cm™ and originates
from symmetry breaking that occurs because of impurities, structural defects, etc., which couples
the laser photons with the phonons near the K and K’ points of the Brillouin zone (Figure 1-6). It
is the most common second-order feature, which appears as a result of relaxing the selection-rule
in sp>-hybridized carbon structures **. Because it is dependent on the presence of disorders, its
relative intensity with respect to the G-band is used to gauge the structural integrity of a single
tube or the purity of bulk nanotube samples. For example, this line could be virtually absent in
chemical-vapor deposition (CVD) grown SWNTs that have not gone through additional

chemical processing *>. The CVD process is discussed in greater detail in the Methods section.

There are other lines from second-order phonon processes that are commonly seen. One
of them is the G’-band (or 2D-band) at 2600 cm™, which is the first overtone of the D-band.
Another common second-order phonon signature is the IFMs (intermediate frequency modes)
that show up as low-intensity features between RBM and the D-band. They can be explained as
double-resonant processes involving two phonons that connect two electronic states *°. While
these and other second-order processes are commonly observed in RRS, it is the G-band that has
been of utmost interest in spectral features of SWNT emission because of the strong coupling of

the high-frequency optical phonons to excitons.

4. Exciton-phonon coupling in SWNTs

Distinct satellite peaks to a main electronic-level transition (E;; and/or E;;) have been

29.30.43 " p, " and photoconductivity (PC)

observed in photoluminescence excitation (PLE)
spectra ', the strongest one being at approximately 200 meV from the main peak and showing a
characteristic asymmetric shape. Perebeinos, et al. theoretically investigated the role of coupling
between excitons and phonons in optical absorption by solving the Bethe-Salpeter equation with
Hamiltonian that takes into account electron-phonon interactions *°. They found that a
significant fraction (8% for a (17, 0) tube) of the total spectral weight is transferred to exciton-
phonon complexes, especially to the coupling of excitons and optical LO phonons at about 200

meV from the main peak, with an asymmetric lineshape. For free-carrier transitions, coupling to

the phonons was found to merely modify the main peak somewhat, without creating a side band.
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Furthermore, the fraction of spectral weight transfer is expected to depend on the nanotube
diameter, which was also observed in a PLE experiment *°. The appearance of such a phonon
side band is another strong evidence for the dominance of excitonic transitions in SWNT light

emission and absorption.

In Perebeinos’ theoretical work, some of the spectral weight was also found to be
transferred to the coupling to the RBM phonons, which is very close to the exciton line because
of the low energy of the RBM phonons near the I point **. More recently, an updated theoretical
work taking multiphonon sidebands into account also suggested the presence of a sideband due
to RBM phonons, in addition to a prominent sideband due to the LO phonon coupling with the
bright exciton *. The presence of an exciton-phonon sideband has also been observed in
metallic SWNTs using Raleigh scattering spectroscopy *°, highlighting the importance of
excitons even in metallic tubes in which screening plays a greater role and exciton binding
energy should be smaller. Given the prominent characteristics of phonon modes in SWNTs and

their strong coupling to excitons, phonons are expected to play an important part in EL as well.

5. Transport mechanism in semiconducting SWNT devices

In EL, carrier transport is an essential aspect of the operating principle because it is by
electrically exciting carriers in a device that a CNT generates light. Here, we discuss electrical
transfer characteristics of SWNTs, with the main focus on semiconducting tubes, since this work
explores EL originating from excitation of carriers across the bandgap. Electrical emission from
metallic tubes has also been observed and will be touched on briefly in the subsequent section on
the history of EL theory and observations.

One of the remarkable characteristics of carbon nanotubes is their extraordinary ability to

2 47-49

withstand a current density exceeding 10° A/cm For metallic nanotubes, the current-

carrying capability seems to hit a limit at 25 pA by Joule self-heating ** and by the scattering of

49, 51-53 4

optical phonons . Since the inelastic optical phonon scattering length is about 10-15 nm >*,

55

a SWNT can carry even more current, up to 100 pA °° if the channel is shorter than that

characteristic length.
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The saturation limit for semiconducting SWNTs is more complex, since a main source of
a device’s electrical resistance is the Schottky barrier at the nanotube-metal contact whose height
depends on the diameter and work function of the contact metal *°, and also because the phonon
scattering mechanism is different from metallic tubes because of the different electronic band
structures. Large diameter tubes form thin and small Schottky barriers, i.e., “transparent
contacts” through which carriers can easily tunnel. In such tubes, there is some evidence that the

saturation behavior is similar to that of metallic tubes °> 7.

However, others have shown that
this limit can be exceeded in semiconducting tube devices (limited by velocity saturation) °*, and
there is evidence that avalanche generation of carriers involving higher subbands can create a

current “up-kick”, allowing currents > 25 pA in semiconducting tubes >*.

The three main sources of resistance that limit carrier transport in SWNTs are (1) the
quantized contact resistance Rq arising from the mismatch in the number of states between bulk
contacts and a 1D nanotube; (2) elastic and inelastic scattering mechanisms; and (3) Schottky
barriers and possible additional contact resistance. When Rg is the only resistance observed, the
conduction is said to be in the “ballistic” regime, i.e., no scattering or energy losses occur in the
channel. SWNT is a structure that enables the observation of ballistic conduction in one
dimension, but only if the channel length is less than the mean free path of the scatterers and if

the Schottky barriers are transparent.

Quantized contact resistance Rq is inherent in the structure of a device and thus puts a
theoretical limit on its conductivity. The minimum resistance Rq that can be achieved when
contacting three-dimensional electrodes with continuous states to a one-dimensional SWNT with

discrete states is calculated to be

R =
¢ 20°M

(Eq. 1.6)

where M is the number of modes between the Fermi levels of the source and drain *°. M =2
(valley degeneracy) in metallic SWNTs, so in a ballistic conductor, Rq is 6.5 k€. Resistances

60, 61

approaching this limit have been demonstrated in both metallic and large-diameter (2 to 2.4

nm) semiconducting >’ SWNT devices.
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Carbon nanotube’s superior conduction due to limited scattering and hence the high
mobility in SWNTs is a result of their unique one-dimensional structure. Because small-angle
scattering is not allowed in a 1D material (i.e., carrier motion is limited to forward and
backward), and because contemporary manufacturing methods produce SWNTs relatively free of
defects and impurities, the elastic mean free path (mfp) can be very long, in the order of microns
62 This means that the transport properties are largely determined by inelastic scattering, mostly
of phonons. At low bias and/or low temperature, only low-energy acoustic phonons can
participate in inelastic scattering. However, the coupling between acoustic phonons and
electrons is weak because of the aforementioned scattering-angle restriction, and also due to the
energy-momentum conservation requirement, resulting in only a small fraction of acoustic
phonons that can contribute to this process. The optical phonon energy is very high (~200 meV),
so they do not come into play at low-bias/temperature. Thus, the carrier mobility is very high
(upward of ~ 100,000 cm?/Vs) in SWNTs . even at room temperature. At high bias, carriers
can produce high-energy optical phonons, which modify the carbon-carbon bonds in SWNTs and
thereby change the electronic structure; such phonons naturally couple strongly to carriers. As
discussed in the current saturation section above, optical phonons have a very short mfp which
leads to the maximum current limit, especially in suspended devices, where phonons cannot be

casily dissipated through the substrate and even lead to negative differential conductance >°.

The third important mechanism that affects the transport, the Schottky barrier, is best
understood in the context of carbon nanotube field-effect transistors (CNTFETs). The
conventional CNTFET design is shown in Figure I-7 (a) and has been used in many experiments
because of the relative ease of fabrication and its effectiveness and reliability. The carbon
nanotube itself provides the transport channel when contacted on each end by bulk metal, and the
heavily doped silicon substrate acts as the back gate, with SiO, (or another dielectric material) as
the gate dielectric. The switching behavior of a CNTFET is such that one can obtain an Ion/Ios
ratio of 10° to 107 and an on-current of ~1 pA at the operating drain-source voltage Vps of 1V.
The details of the conduction characteristics depend on the tube diameter, the choice of the

contact metal, etc. (Figure I-7 (b)).
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Figure I-7. (a) A schematic illustration of a standard bottom-gated CNTFET.
The substrate is typically heavily doped silicon with a gate dielectric layer
(thermally grown SiO, in our samples). (b) An example of the change in drain
current as the bottom gate is swept between -10 V and 10 V. The drain voltage
was kept constant at -1 V. This device shows mostly p-type conduction. The
hysteresis is due to trap charges in the gate dielectric.

Subsequent studies have shown that unlike the conventional MOSFET in which the
channel conduction itself is modulated by the gate, CNTFETs operate as Schottky barrier
transistors in which the gate controls the Schottky barriers and hence the injection of carriers.
Heinze, et. al modeled a realistic device geometry with a Schottky barrier at the metal-SWNT
contact and showed that it agrees well with experimental observations and explains the effects of
gas adsorption by the metal contacts ®. Léonard, et al. also showed theoretically that given the
3D to 1D geometry of the contacts, it is the metal work function of the contacts that control the
transport behavior, and that Fermi-level pinning does not affect the Schottky-barrier height .
Experiments confirmed that the transport in CNTFETs is controlled by the Schottky barrier, and

56,66, 67 . .
2227 It was 1n this context

highlighted the importance of choosing the right metal as a contact
that ballistic conduction in CNTFETs was achieved by using larger diameter tubes and a contact
metal such as palladium, which has a high work-function and wets well with CNT *’. In fact,
palladium has become the metal of choice for creating p-type carbon nanotube devices with good

conduction. Palladium’s work function, known to be 5.12 eV ®, is among the highest in
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commonly available metals, so the Fermi level aligns with the valence band edge, allowing for

holes to tunnel easily into the conduction channel.

Thus, the alignment of bandgap with the Fermi level of the contact metal determines the
type of conduction that takes place. If the Fermi level aligns midgap with the CNT, both types of
carriers can be injected from opposite contacts, in which case the device is defined to be
ambipolar. In ambipolar devices, the back gate can be biased positive or negative to switch the
majority carrier. On the other hand, in a unipolar device, either the conduction or valence band
edge aligns with the Fermi level of the metal, so the current is carried mostly by electrons or

holes, respectively. For such a device, only one polarity of the back gate will allow significant

conduction.
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Figure I-8. Schematic band structure of the first conduction (Ec) and valence (Ev)
bands in the “on” and “off” states. The source-drain bias (Vps) is the same in both
cases. In the on-state, applied gate voltage changes the thickness of the Schottky
barrier, allowing p-type carriers (denoted “h” for holes) to tunnel through.

Figure I-8 illustrates how a CNTFET operates as a p-type device. In the “off” state, the
p-type carriers, i.e., holes, at Fermi level cannot tunnel through the Schottky barrier into the
conduction channel. By changing the band bending with an applied gate voltage (Vgs), the
barrier becomes thin, allowing the holes to tunnel from the contact into the channel. As is
apparent from Figure I-8, the effective Schottky barrier thickness is the critical property that

determines the conductivity of the device. Appenzeller, et al. demonstrated that thermally-
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assisted tunneling through Schottky barrier is the dominant injection mechanism by comparing a
simulation and measurements using carbon nanotube and boron nitride nanotube FETs ®. Later,
detailed imaging of band bending at contacts was conducted via spatially-resolved
photoconductivity on ambipolar SWNT devices ', confirming the presence of Schottky barriers
and characterizing them at different gate voltages. In this experiment, absorbed photons create
excitons across the bandgap, which are separated by the electric field present at the Schottky
barriers and detected as current. Current intensity as a function of position yields spatially-

resolved electric field strengths, i.e. band potential profile along the channel.

Figure I-9 compares ambipolar and unipolar conduction to show that ambipolar devices
(1.e., exhibiting both p-type and n-type conduction) can be created by using a metal with a work
function that aligns at the mid-gap of the nanotube. Furthermore, to achieve sufficient tunneling
rates, it is usually desirable to use a large-diameter SWNT, i.e., a smaller-bandgap SWNT for
lower Schottky barriers. Applied gate voltage can shift the band energies up and down to make
electrons or holes the majority carrier, leading to a “V” shape in the current versus gate sweep as
seen in Figure I-7 (b). If electrons and holes are injected simultaneously, they could recombine
across the bandgap and emit light. In principle, this process could be highly efficient because, as
we have already seen, SWNTs have direct bandgap. However, in a conventional ambipolar
CNTFET, there is little control over position-dependent carrier concentration within the channel,
which limits our ability to improve efficiency. A position-specific electrostatic doping offered
by a split-gate can overcome this limitation, which will be discussed briefly below, and is the

topic of Chapter IV.

Figure 1-9 also shows that the highest electric field regions exist next to the contacts. If
injected carriers are accelerated to a sufficiently high kinetic energy, an additional inelastic
scattering mechanism comes into play, i.e., creation of excitons by impact excitation. This
means that even in unipolar transport, radiative recombination of excitons can occur under
certain conditions. In the next section, we give a brief history of EL including both emission

mechanisms in order to provide some background information for our work.
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Figure 1-9. Schematic illustrations of band structures in ambipolar and unipolar
conduction. Note that the bandgap is smaller in the ambipolar case, allowing both
types of carriers to be injected from midgap-aligned contacts.

6. Electroluminescence from carbon nanotube devices

The semiconducting CNT is a direct bandgap material with almost an ideal one-
dimensional structure and high mobility; it allows us to study optoelectronics and photonics in
ID and is a promising material in developing an integrated nano-scale electronic and
optoelectronic technology. In EL, excitons are created by electrical excitation of carriers, so the
process is not restricted by dipole selection rules as in the case of photon absorption, and the
momentum conservation requirement is also different. This means that states that may not be
available to photo-excitation can be accessible by electrical excitation. From the technological
point of view, CNTFETs could function as an integrated transistor and an IR light emitter or

detector in an extremely compact package.

Emission from CNT devices involves (except for blackbody radiation) radiative
combination of electron and holes, either as free carriers or bound in the form of excitons. Two
basic mechanisms for creating electron-hole pairs in CNTs electrically are related to the transport
mechanisms discussed in the previous section. Ambipolar emission refers to the case in which
both positive and negative carriers are injected into the device from opposite contacts and

combine radiatively in the channel. In contrast, in unipolar emission, there is only one type of
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majority carriers that gain enough kinetic energy in an electric field to impact-excite electron-

hole pairs. Figure I-10 schematically illustrates the two different types of emission.
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Figure I-10. (a) In ambipolar emission, carriers are injected from source and
drain contacts through Schottky barriers. Some of them combine radiatively and
emit a photon, as shown. (b) Unipolar emission mechanism. A carrier (electron
in this picture) gains kinetic energy and creates an electron-hole pair, which in
turn can recombine radiatively.

In the ambipolar case, the emission intensity is determined by the number of minority
carriers since that limits the total number of pairs. To maximize the intensity, the gate bias
should be one-half of drain bias in order to have a symmetric injection. In contrast, in unipolar
emission (Figure I-10 (b)), one type of carrier (an electron in the figure) gains kinetic energy in a
high electric field and excites another electron, creating an electron-hole pair. The pair

recombines and emits a photon in some cases. The high field is typically created by structures
1,2

2

that create sudden changes in potential along the channel, such as Schottky barriers, defects

or structures such as a trench edge ’' or change in dielectric environment 2.

Observation of EL from a single carbon nanotube was first reported under ambipolar
conditions in 2003 7*. As we saw in Figure 1-9 and I-10 (a), ambipolar devices inject electrons

and holes from opposite contacts. By controlling the gate voltage, a specific region along the
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channel is created where electrons and holes coexist and can annihilate each other, some of
which emit light. Misewich, et al. 3 found that the light intensity is maximum when Vgs =
Vps/2, that is, when the band structure is symmetrical with respect to the electrons and holes, so
that they are injected at equal rates. The light intensity is governed by the number of minority
carriers, since they limit the total number of electron-hole pairs that can be created per unit time.
Therefore, the greatest recombination rate occurs when the numbers of carriers are equal and

there is a region of strong concentration of both carriers.

Consequently, a later experiment using long-channel CNTFETSs found that the ambipolar
radiative spot can be physically moved along the channel by changing the gate voltage '*. The
size of the recombination spot was 1 pum (spatial resolution limit) or less, and a simple analytic
model with drift transport was found to describe the phenomenon quite well 7. Because carriers
are injected directly, the quantum efficiency of the ambipolar emission can be calculated in a
straightforward manner in the case of equal-rate injection. The EL efficiency was found to be
10° to 107 per electron-hole pair compared to the observed PL efficiency of up to 107 and to
depend on the type of nanotube and the channel length "°. However, these numbers are not
necessarily comparable since PL efficiency has been measured from tubes in solution or on
suspended CNTs "7, unlike EL efficiency measured in on-substrate devices. PL from on-
substrate single tubes is very difficult to observe because of the severe quenching due to the
presence of the substrate. At this writing, the efficiency of PL on a substrate has not been
quantified, and there is yet to be a study of EL from suspended CNTFETs in the ambipolar

regime.

One way to improve efficiency is to electrostatically create p- and n- regions within the
channel so that the recombination can occur at a well-defined p-n junction. Such a device was
first demonstrated by Lee et al. in 2004  using an embedded split-gate design, which
remarkably showed a close to ideal p-n junction diode behavior. The device was consequently
improved so that the SWNT was suspended, which showed the ideal p-n diode characteristics
and enabled a photovoltaic investigation of the bandgap structure, excitonic transition states and

81-83

bandgap renormalization from the electronic self energy . A natural extension of this work

was a single-tube carbon nanotube light-emitting diode, which was demonstrated by us in 2009
'"""and was shown to give a narrow spectrum (compared to conventional EL) and a quantum

efficiency of about 10, an improvement of two to three orders of magnitude over the
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conventional ambipolar emission. This work comprises Chapter 4 of this thesis, and will be

discussed in detail.

There is another mechanism that can efficiently create electron-hole pairs in SWNTs,
namely, impact excitation of excitons. This process is analogous to impact ionization in bulk
semiconductors; a high-energy carrier goes through an inelastic scattering process to excite an
electron from the valence to the conduction band, thus producing an electron-hole pair. Since
only one type of carrier is necessary to impact-excite an electron, this type of emission can
happen in a unipolar device. The large exciton binding energy because of SWNT’s 1D structure
means that the product of this scattering process is mostly excitons, not free electrons and holes.
Perebeinos et al. found that the large Coulomb interaction in 1D results in a large enhancement
of exciton production in SWNTs, about four orders of magnitude greater than in bulk
semiconductors **. However, the process requires an initial electron with large kinetic energy

and therefore relies on the existence of a large electric field to accelerate the carriers.

The first observation of light emission by impact excitation was reported on single
SWNTs suspended over a narrow trench 7', where there was an abrupt change in the dielectric
constant between the substrate and the vacuum at a trench edge. It was found that the light
generated was about 1000 times brighter than in an ambipolar emission with comparable current,
dramatically illustrating the efficiency of impact excitation in SWNTs. Localized emission due
to high fields has also been observed at various heterogeneities that produce a potential drop,
such as a change in the environmental conditions (i.e., PMMA vs. air), local defects, nanotube
loops, and Schottky barriers. Emission from such localized spots was found to be more intense

than the ambipolar emission from the same device '*.

Marty, et al. further investigated the
dynamics of exciton formation and annihilation from unipolar emission, most likely from
Schottky barriers ®. These observations are of a fundamentally different origin than light
emission from blackbody radiation observed in bundled multi-wall nanotubes ™, or from
thermally excited carriers in metallic carbon nanotubes that can be understood by the Fermi

87, 88

distribution of hot (free) carriers In suspended metallic nanotubes used in hot carrier

emission experiments, the light originates from the center of the channel where the temperature

87, 89

is the highest™” ™, in contrast to the light generation from CNTFETs, in which the emission is

localized at Schottky barriers and other high-field regions.
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Finally, we note the observation of EL from carbon nanotube networks. An array of
many CNTs forming a thin film offers greater robustness than single-tube devices, and is more
reproducible and consistent because of statistical averaging among the tubes. Thin CNT films
and transistors made from such structures have garnered attention as a viable material in flexible

90-96

and transparent electronics component with high mobility . EL from a random network of

SWNTs as a transistor device was first observed by Adam, et al. by ambipolar recombination of

carriers °'.

The spectral analysis of the light emission revealed that it was preferentially
generated in the largest diameter tubes in the sample; they found that convoluting the density of
states and the Fermi-Dirac distribution of carriers reproduced the red-shift observed in the main
EL peak relative to the absorption peaks. Their calculations show that the largest diameter tubes,

though comprising only 4 % of their sample, dominate the EL spectrum.

The quality of CNTFETSs was greatly improved by Engel et al., when they combined 99%
purely semiconducting tubes produced by density gradient ultracentrifugation ** and a CNT self-
assembly technique from solution *°; they succeeded in fabricating FETs from highly aligned
CNT thin films with a high on/off ratio and a very low sheet resistance. The devices operated in
ambipolar transport regime, and the EL from this material was also found to emit mainly from
large-diameter tubes even at higher source-drain biases (Vps). They attribute this to the fact that
the current is carried preferentially in large-diameter tubes, and that excitons created in smaller-
diameter tubes can decay into large-diameter tubes before decaying radiatively. This same
material was used in the film LED experiment in this work that will be discussed in much more

detail later.

EL has also been observed from an array of aligned SWNTs grown on a quartz substrate.
It is possible to grow very straight and long carbon nanotubes that are aligned along a
crystallographic plane of quartz. Zaumseil et al. achieved an efficient injection of carriers by
using electrolytes instead of oxide dielectric, which enable a high capacitive coupling between
the gate and the nanotube array grown on quartz '°. They observed many ambipolar emission
spots at relatively low source drain voltage (|Vps| < 3 V) thanks to the efficient gating provided
by ionic liquids. However, the calculated light emission efficiency is quite low (~10°), although
this may be partly due to the limits of detection. Another problem is the presence of metallic
tubes in the array, resulting in high off-currents and poor on/off ratios. There is little control

over the metallic/semiconducting ratio and the diameter distribution of aligned nanotubes grown
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on quartz, which remains a significant challenge not just on quartz, but in any carbon nanotube
growth method. Therefore, the purified tubes employed by Engel, et al. and in this work are the

most promising in device application to date.

7. Problems with carbon-nanotube optoelectronics addressed in this work

While carbon nanotubes are attractive materials for nano-scale optoelectronics, their
practical use in application is still far from being realized, due to our limited understanding of EL
mechanisms and unresolved challenges associated with the operation of CNT devices. PL
studies have made some headway in understanding the excitonic nature of light absorption and
emission, but the observations are from higher transition energies because of the ready
availability of laser wavelengths in the visible range that is resonant with higher energy states,
and also due to the difficulty of detection in the near infrared range below the silicon bandgap.
In EL, lowest energy states are populated first, so the strongest emission is naturally from the E;
state. In addition, smaller-diameter CNTs (i.e., tubes with larger transition energies) create
higher Schottky barriers, which impede electronic transport, so a certain diameter is required for
electronic operation. We first tackled this problem by choosing just the right range of diameters
and by using a specialized infrared camera that allowed us to detect energies as low as ~0.6 eV
(see Methods). Chapter III analyzes transport and spectroscopic data thus obtained on the
intensity, spectral shape and polarization of emitted photons, with the aim of understanding the
characteristics of EL emission, such as carrier and phonon interactions, emission efficiency, and

energy threshold for creating excitons.

Other significant problems in analyzing EL emission are its very broad spectral shape and
the low emission efficiency. From the analysis presented in Chapter III, it will be apparent that
the very operating principle of single-tube CNTFET is the main contributor to broadening. The
broad spectral shape obscures different emission peaks and greatly reduces the signal-to-noise
ratio in spectra, making data analysis very difficult, if not impossible. We solved this problem
by creating p-n junctions constructed with single tubes, which is discussed in Chapter IV. By
doing away with high electric fields at contacts and controlling the p- and n- junctions

electrostatically, we were able to obtain narrow linewidths with high signal-to-noise ratios. A
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better control of injected carriers also resulted in a great improvement in emission efficiency. In
addition, we also compared emission from a p-n junction and from a CNTFET using the same

tube, which further provided evidence for broadening due to high electric fields in CNTFET.

From a practical point of view, single-tube devices have many shortcomings, such as the
non-uniform wavelength of emitted photons from different tubes, and the lack of robustness of
any single device. Since CNTs are actually a family of different structures which also come in
metallic and semiconducting varieties with different energy gaps, controlling the output
characteristics of a single-tube CNTFET or p-n junction is essentially impossible. Chapter V
presents results from carbon nanotube film LEDs made of many aligned tubes that had been
purified to be 99% semiconducting. Using such thin films made from almost-parallel CNTs has
several advantages. Firstly, electric current per tube is greatly reduced, making it unlikely that
individual tubes fail. And because of the presence of many tubes in a device, the device remains
operational even if a few tubes fail, and the overall emission characteristic changes little.
Secondly, statistical averaging leads to similar peak energy levels among devices for better
uniformity. And finally, the total light output from a film device far exceeds that from a single-
tube under similar operating voltages. For these reasons, CNT thin film devices are perhaps the

most promising in terms of practical applications.

The history of EL from CNT devices discussed in the previous section shows that there is
much we do not yet understand regarding emission mechanisms, and that there lies a great deal
of challenge before CNTs can be used in commercial optoelectronics. In the following pages,
we hope to contribute to a better understanding of EL emission from CNT devices and hence to

better techniques for employing CNTs in applications.
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Chapter I Methods

1. Materials

One of the most important characteristics of the CNTs for optoelectronic experiments is
their diameter distribution since the E;; transition energy depends inversely on the diameter.
Practically speaking, an appropriate distribution of diameters is required for the emission signal
to fit within the measurement energy window of about 0.55 eV to 1.2 eV. This energy range
approximately corresponds to the diameter range of 0.7 nm to 1.5 nm. The empirical data show
that the transition energy actually varies a great deal depending on the chirality, not just the

diameter ', so it is likely that the practical diameter range extends further.

Of the several standard ways to determine the CNT diameter, transmission electron
microscopy (TEM) is the most direct and accurate, but it cannot be conducted on a wafer surface.
Atomic force microscopy (AFM) has a measurement error of at least 0.2 nm (about 0.5 nm for
the AFM system that was available to us), too large a fraction of a CNT diameter to measure it to
any useful precision. A more promising approach is to use Raman spectroscopy to determine the
phonon frequency of the tube’s radial breathing mode (RBM), which is inversely proportional to
the diameter *’. However, Raman signals, especially the RBM signal, are very weak froma CNT
on a wafer surface (in contrast to suspended tubes), unless the laser excitation energy happens to
be in resonance with the CNT’s E33 absorption energy. This means that the excitation energy
needs to be tuned while searching for Raman signals, which is a very slow and labor-intensive
process. Given such limitations, it is not practical to determine individual CNT diameters in
advance, so the samples were chosen on the basis of their statistically-known diameter
distribution. Attempts to measure individual diameters by Raman spectroscopy afterwards were

not always successful.

Several reliable methods have been developed to produce different types of carbon
nanotubes (CNTs). For this work, the tubes used were grown using arc-discharge, laser-ablation
and chemical-vapor deposition (CVD) methods. Of the three methods, laser ablation and arc-
discharge produce bulk bundles of nanotubes in quantities of milligrams and even grams, while

the CVD method grows individual nanotubes directly on a SiO, surface from catalyst particles.
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The CNTs produced for this study were all known to be single-wall nanotubes (SWNTs) from

their prior characterizations %",

The arc-discharge method was the first one used in the discovery of CNTs > % It has
since been improved to produce long, aligned bundles of SWNTSs suitable for electronic and
optical experiments at the single-tube level '®°. Liu et al. successfully synthesized ropes of high-
quality SWNTs with the individual SWNT diameter of about 1.7 nm by creating a high direct-
current plasma arc between two graphite rods with appropriate metal catalysts (nickel and cobalt)
and a growth promoter (sulfur). The arc-discharge SWNTs used in this study were produced by
the same group at Shenyang National Laboratory for Materials Science, Institute of Metal
Research in China. Its diameter range was determined to be 1.8 nm to 2.2 nm by independent

TEM measurements of tubes from the same batch.

Similarly to arc-discharge, laser ablation produces bulk bundles of CNTs. This technique
utilizes continuous or pulsed high-intensity laser that ablates a carbon target containing metal
catalysts (nickel and cobalt). CNTs form as the laser-evaporated carbon condenses in a 1200 °C

furnace, and are then collected by an inert gas flow '*.

Van der Waals interactions cause the
formation of bundled ropes that consist of hundreds of SWNTs each. The laser ablation sample
used was synthesized at Rice University and consisted of the smallest diameter range of all the
samples used. Statistics using the TEM have shown the diameters to be 0.6 nm to 1.5 nm,
centered around 1.0 nm *®. Using this sample, a large-scale study of CNT field-effect transistor
(CNTFET) transport was conducted with three different contact metals, giving us a good
electrical characterization of back-gated CNTFETs and better understanding of the role of the

work functions of contact metals °.

While the previous two methods produce CNT bundles which require chemical
processing and sonication to be separated into individual tubes, the CVD approach allows for a
direct growth of clean, spatially-separated CNTs on the substrate. Catalyst particles dispersed in
solution are spun on a sample surface and heated in a tube furnace through which a hydrocarbon
gas flows. CVD eliminates the need for sonication to unbundle individual CNTs, avoiding extra
chemical and/or physical stress that could contribute to unwanted defects. Defects and chemical
residues can significantly affect the properties of CNTs and could complicate the interpretation

of experimental results. The CVD tube growth parameters had been tailored to grow small-
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diameter (< 2 nm) SWNTs at IBM T. J. Watson Research Center where all the devices were
fabricated.

CNT film devices were made from laser-ablation grown bulk nanotubes dispersed in a
surfactant (sodium dodecyl sulphate or SDS) solution. Via density gradient ultracentrifugation,
the sample was purified to ~99 % semiconducting CNTs with a narrow diameter range °°. The
average length of individual tubes after the processing was about 1 pm. Stripes of individual
tubes and bundles of ~10 pm width were self-assembled by a mechanical slip-stick process *°.
The SDS was subsequently removed by annealing at 600 °C for 60 seconds in argon. The
sample used for this work had been assembled and processed previously for a CNT film FET

study *°.

2. Device fabrication
i. CNTFETs

For single-tube devices, CNTs produced by laser ablation or arc-discharge method were
suspended in 1, 2-dichloroethane by sonication at a medium power setting for about 30 minutes,
which was found sufficient to separate CNT bundles into individual tubes. The resulting tubes
range in length from sub-micron to ~10 um, with the majority of them in the 1 to 5 um range.
The solution was drop-cast onto a highly p-doped Si wafer with a 100 to 300 nm thermally-
grown SiO, layer. After waiting about 30 seconds for tubes to adhere to the surface by van der
Waal forces, the extra solution was blown off by dry nitrogen gas. The solution concentration
was adjusted until the surface density of the nanotubes imaged with an SEM was determined to
be spatially separated, in the order of 10 CNT per 1000 pmz. While the spatial resolution of the
SEM does not approach nanometers, imaging at the accelerating voltage of 1 kV distinctly
scatters electrons off of CNT surface and enables us to determine the placement of individual

tubes.

Contact electrodes were written via standard electron-beam lithography. The distance
between electrodes is 1 pm. Ti= 0.5 nm/Pd = 20~30 nm/Au = 20~30 nm were deposited via e-

beam evaporation. The very thin Ti layer is used for adhesion and does not uniformly cover the
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surface, so the Fermi level of the metal depends on the work function of Pd, which is 5.22 eV
and is closer to the bottom of the energy gap for our sample. This makes the devices p-type
because holes have a much thinner and lower Schottky barrier than electrons. The devices were
annealed in argon or nitrogen at 220 °C for 10 minutes to improve contacts. The heavily-doped

silicon serves as the back gate (see Figure II-1 for a device schematic).

Figure II-1. Schematics of a back-gated CNTFET device. A CNT lies directly on
the SiO; layer (thickness 50 to 1000 nm) grown thermally on a p++ silicon wafer.
The source and drain contacts are separated by a distance of about 1 um. The
thickness of the layers is not to scale.

ii. Single-tube p-n diodes

The basic CNTFET design with added top split gates was used to create p- and n- regions
electrostatically (figure 2). For p-n junction devices, Ti=50 nm was used as the contact metal to
make the devices ambipolar, which is critical for efficient injection of p- and n- type carriers.

The work function of Ti, 4.33 eV ®, makes the alignment with Fermi level roughly mid-gap.

CNTs were grown by CVD at 900 °C with the catalyst of iron oxide nanoparticles
(diameters 3 to 4 nm) and ethylene gas as the feedstock. The process is similar to the one

developed at Columbia University '°'.

The tubes were grown on a highly p-doped silicon
substrate with a 200 nm-thick thermal silicon dioxide layer. The tube density was kept low (~1
CNT per 1000 um?) to keep the CNTs spatially separated for single-tube devices and to prevent

formation of nanotube bundles. After a Ti deposition by e-beam lithography for contacts, the
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devices were annealed in vacuum at ~100 °C and their FET characteristics were measured using
the highly-doped silicon substrate as the back gate. Devices showing clear ambipolar behavior

with a high on/off ratios (> 1 x 10°) were selected for further fabrication.

The top oxide is a 33-nm AL O3 layer deposited by atomic layer deposition (ALD) which
covers the entire sample surface. The dielectric constant of the ALD-deposited ALOs; was
determined to be € = 7.5 by C-V measurements. In addition to acting as a gate oxide, this layer
protects the tubes and allows for stable performance over a period of months. The top split gates
were fabricated by another round of e-beam lithography. The recombination region width is
about 1 um, with the gated regions between 1 pm and 2 pum wide. Another lithography step
defined windows over the large drain/source contact pads, and the Al,O; layer was removed by

diluted H3PO, at 55 °C.

Figure II-2. Schematics of a CNT p-n junction. The structure is very similar to
CNTFETs (Figure II-1), except the addition of the top Al,O; dielectric layer (~33 nm)
and the top gates. The source-drain distance used was typically 4 to 5 pm and the
space between the top gates was approximately 1 pm.

32



iii. Film p-n diodes

The design of the film p-n diodes is the same as the single-tube p-n junction (Figure 2),
except that there are multiple tubes and most of the tubes do not traverse the entire channel
length so that carriers have to tunnel from tube to tube. Using the same CNT films as described
in Ref. 99, we redesigned the gate stack to construct a split-gate configuration to create separate
p- and n-doped regions along the transport channel. First, we identified film FET devices with
clear ambipolar characteristics and the on/off ratio of at least 10°. We used e-beam lithography
to open 100 um x 100 um windows over the critical device areas. The existing single top gate
(Al and Au) and the Al,O3 oxide layer were removed by wet-etching in H;PO4. The lithography
to wet-etch process was repeated once to completely remove the Al,O; layer because the PMMA
layer tends to degrade after a time in the H;PO, solution. We followed this process by a very
brief rinse in a KI/I, gold etchant to remove residual gold particles, preserving only the CNT

films and the metal (Ti= 1 nm/Pd = 40 nm/Au = 20 nm) source and drain contacts.

A new layer of ALOs; = 33 nm was deposited over the same device area to serve as the
top gate oxide. The top split-gate pattern was then defined by another round of e-beam
lithography, and Ti = 35 nm was deposited by e-beam evaporation. The distances between the

top gates were 1 to 2 um, and the widths of top gates varied from 1.5 to 2 um.

After the first round of measurements, many of the Al,O; layers developed a significant
leakage when the voltage bias between a contact and a top gate exceeded 15 V. Subsequently,
the above process was repeated, but with a thicker Al,Os layer (50 nm). In order to lift off the
PMMA covered with a hard shell of 50-nm Al,O3;, the sample was exposed to UV light
(wavelength 252 nm) for 10 minutes in order to facilitate the breakdown of PMMA. The top
split-gate metal (Ti=15 nm) was patterned and deposited by e-beam lithography and e-beam
evaporation as before. The excessive processing seems to have degraded the film quality,

judging from the transport and luminescent properties after the second time.
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3. Experimental set-up

The optical path for detecting emitted light is schematically described in Figure 3. The
sample was mounted on a sample stage with silver paint in an MRR vacuum chamber equipped
with four probes. The stage and the probes were electrically connected to an Agilent 4145C
parameter analyzer for applying voltages and measuring currents. The vacuum level in the

chamber was typically 3 to 5 x 10° Torr.

Emitted light from samples was collected by a 10x, 20x or 50x Mitutoyo near-infrared
(NIR) objective lens mounted directly above the sapphire view port on top of the chamber. Light
then goes through a grating prism (GRISM) for spectroscopy, and/or through a linear polarizer
for polarized measurements. The field lens mounted before the camera is used to keep the light
path parallel through the GRISM and the polarizer. All the optical components are at ambient
temperature before the light enters the detector through the outer window. The short-pass filters

and the mercury-cadmium-telluride (MCT) chip inside the detector are cooled by liquid nitrogen.

For low-temperature measurements, a sample stage cooled directly by a small
continuous-flow liquid helium cryostat by MMR Technologies was used in conjunction with an
MMR K-20A Programmable Temperature Controller. The cold pad on the stage is equipped
with a resistor heater and a temperature sensor. Liquid helium is pushed by the pressure in the
dewar through a specially designed transfer line and into the cryostat. The sample stage can be
cooled to about 20 K, but when the probe needles (connected thermally to ambient temperature
through cables) are touching the sample, the temperature increases quickly and the practical low

temperature measurement limit is close to 90 K.
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Figure II-3. Schematics of the optics to detect emitted light. The light path is
indicated by the dotted line, which goes through various optical components (not to

scale).

Emitted photons were collected by a mercury cadmium telluride (MCT) camera
manufactured by Infrared Laboratories (Dewar 3592). MCT is a tunable semiconductor alloy
whose bandgap depends on the relative amount of cadmium. The 256 x 256 pixel PICNIC IR
array manufactured by Rockwell International was mounted in this detector and covers the
spectral range of 800 to 2500 nm. The IR detector must operate at low temperature (~77 K) in

order to minimize blackbody background radiation. In addition, short-pass filters with the cut-
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off wavelengths of 2150 nm, 2000 nm and 1800 nm were used to further improve the signal-to-
noise ratio. It was found that most pixels on the array saturate after two seconds of integration
with the 2150 nm filter. Hence, most measurements were taken with one-second integration time

per frame.

The optical system was calibrated for the spectral-dependent transmission or efficiency of
all optical components using a black-body source with a known temperature. Spectra were
measured by dispersing a point-source emission spatially with the GRISM, which was calibrated
by krypton and xenon light sources chosen for their strong spectral lines within the detection
window. The resulting wavelength resolution was better than 7 nm, with a systematic

measurement error no larger than 7 nm.

4. FElectroluminescence measurements

The electrical transport and light emission properties were all measured in vacuum (~5
%10 Torr) to avoid oxidation and burning of the devices at high current. Light emission
intensity as a function of applied voltage was measured by sweeping the applied voltage slowly
while the IR detector recorded photon counts frame by frame. The total sweeping time was
typically about two minutes. Current was measured simultaneously and was synchronized to the
photon measurement. Photon signals were integrated spatially from multiple pixels to account
for any de-focusing or movement of the stage during the measurement. Finally, the background
was subtracted from each frame against neighboring pixels without signals, and also linearly
against the beginning and end frames without any applied voltage to correct for any drifting in

the response of the chip.

For spectroscopy, it was often necessary to integrate the spatially (i.e. spectroscopically)
dispersed signal across many frames in order to obtain a reasonable signal-to-noise ratio. The
applied voltage was kept constant throughout the measurement period of tens to hundreds of
seconds, while light image frames with one-second integration time were continuously taken.
The current was also recorded throughout. Both the spectrum and the current were then
averaged for analysis, and the background was subtracted from the spectral data in a similar

manner as from the intensity data.
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Polarized measurements were taken with a linear polarizer, i.e. a Glan-Taylor prism in
the infrared, in the parallel section of the beam bath as indicated in figure 3. The polarizer was
rotated normal to the beam path to specific angles with respect to the tube orientation. The CNT
orientation was determined by an optical microscope (not shown in figure) using the metal

contacts as reference and comparing them to an SEM image of the device.

In low-temperature experiments, the sample stage was first cooled down as much as
possible (~20 K). For physical stability, the liquid helium transfer line was subsequently
disconnected from the stage in order to mechanically decouple the measurement system from the
environment. The probe needles were then lowered onto the contact pads, allowing the
temperature to rise and then stabilize around 90 K for the first set of measurements. Since in this
set-up, the temperature returns slowly to room temperature over several hours, it was possible to
contact probe needles to the contact pads periodically to take a measurement at a given
temperature. A resistor heater attached to the cold pad of the sample stage was used to raise the
temperature when necessary. Only the sample stage was cooled, while the rest of the optical

path remained at room temperature.
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Chapter III  Unipolar, High-Bias Emission

1. Introduction

Chapter I showed that both ambipolar and unipolar emission has been demonstrated with
CNTEFET devices ' "7+ 7% %% In a sense, ambipolar emission gives greater experimental
control; one can manage the relative electron and hole injection rates by setting the drain (Vps)
and the gate biases (Vgs) appropriately '*. In contrast, in the unipolar scheme we do not know

the electric field strength of an emission spot, or the distribution of carrier kinetic energy.

Nevertheless, certain features of ambipolar emission pose practical experimental
problems that make it less appropriate for our purposes; to study the electrically-induced
emission by investigating intensities and spectra from CNT devices and to build more efficient
and robust devices. In order to have a symmetric device with respect to both carriers, the Fermi
level needs to align mid-gap, and the device needs to be operated in the “off” state (i.e., at the
bottom of the “V” shape in the gate sweep; see Figure I1I-3 for example) with a large source-
drain bias in order to inject enough carriers. In addition, the radiative efficiency of electrical

excitation has been shown to be about 107 at best "°.

Because of the high blackbody background noise from the optical components at ambient
temperature (see Method), the long-wavelength limit of the detection window is around 2100
nm, or 0.590 eV. Ambipolar emission requires larger diameter tubes of at least 2 nm or larger
for sufficiently thin Schottky barriers, and the corresponding E;; energy is around 0.55 to 0.56
eV or lower ° which lies outside the detection window. In addition, a large source-drain bias
means a large stress on the device, leading to heating and/or oxidation/destruction of the device.
Since it needs to operate in the “off” state where Vs ~ Vpg/2, it is difficult to pass large enough

currents to obtain intensity-dependent spectra.

For these reasons, for this study the unipolar scheme was chosen where multiple electron-
hole pairs can be created from a single injected carrier type. Since only one type of carriers
needs to be injected, to facilitate transport the Fermi level of the metal can be aligned to either
the conduction or valence band edge. In order to obtain emission intensity comparable to that

from an ambipolar device, a larger bandgap tube and therefore a larger E;; energy can be used,
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bringing the lowest energy peak(s) into the detection window. The unipolar emission still
requires a high gate and source-drain biases to create a high field within the channel; the
emission threshold is typically in the order of 1 pA, often approaching the current carrying limit
of CNTs at higher intensities required for spectral analysis. High fields and possible heating

effects can become problematic, which we shall examine as part of the high-bias emission.

2. Experimental Results and Discussion
i. Unipolar Electrical Transport Characteristics

For spectroscopic studies, p-type CNTFET devices were created from laser ablation and
arc-discharge tubes with a contact metal with a high work function (Pd). Figure III - 1 shows the
drain current (Ip) versus the gate voltage (Vgs) of a typical p-type CNTFET device as the drain-
source bias (Vpg) is increased in equal steps from curve to curve. All curves show an “on”
behavior at a negative gate voltage, as the Schottky barrier becomes thinner for the valence band
and holes are injected into the channel (recall Figure I-8 in Introduction). The total device
resistance is in the order of ~10 MQ at on-state, which is typical for a small-diameter
semiconducting CNT device with Pd contacts *°. The large hysteresis in the DC measurement is
due to trap charges in silicon oxide, which is well known and was investigated recently in detail
by pulsed characterization '**. Our EL measurements were taken at a large enough gate voltage
to be outside the hysteresis region. Note that for low Vpg (-1 V), the ratio of Io/Ior is 4 to 5
orders of magnitude, but at a high Vpg the on-current saturates while the off-current increases so
the Ion/Iosr decreases as |Vpg| is increased from 1 V to 7 V, indicating that the Schottky barrier is

overcome somewhat even at the off-state at a higher [Vpg|.
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Figure III-1. Semi-log plot of drain current as a function of gate voltage at drain-

source biases of -1 V, -3V, -5V and -7 V. The dotted arrows indicate the gate sweep
direction.

In order to obtain sufficient signal-to-noise ratio, most of our light emission data is taken
at a high source-drain bias, so the electrical transport is typically near or in the saturation regime,
in the order of 1 to 10 pA. Taking measurements at saturation also makes the data more stable
and reproducible because the results are beyond the influence of charge traps in the substrate. A
typical saturation behavior of our devices is shown as a function of Vpg for different Vs values
in Figure III-2. Recall that for metallic SWNTs on a substrate, the saturation current is about 25
nA, while the saturation limit for semiconducting SWNTs depends on the diameter and work
function of metal contacts °® (note: large-diameter tubes have been shown to be similar to
55, 57),

metallic tubes Since we chose small-diameter (i.e., large Schottky-barrier)

semiconducting SWNTs for this study, the saturation current varies significantly from device to
device. Furthermore, since most of our devices are 1-2 pm long, acoustic phonon scattering

(mfp ~ 300-700 nm) and even defects could further reduce the saturation limit.
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Figure I11-2. Source-Drain sweep showing saturation at the current level ~1 pA. The
device is mostly ambipolar with a stronger n-branch (inset). The saturation behavior
is most clearly demonstrated when the device is in the “on” state (black squares).

It should be noted that the gate voltage dependence tends to change when the device is
subjected to high-bias. Most notably, most of them change from p-type to n-type after passing a
high current (Figure III-3). Although this phenomenon was not systematically investigated, the
change typically lasts for days to weeks in vacuum (~10° Torr) and gradually reverts to p-type,
suggesting that it is affected by adsorbed gas molecules from the environment.

Ohno et al. reported a similar change in transport from p-type to ambipolar after heating

at 100 °C in vacuum for 24 hours '*

. They attribute this change to the elimination of adsorbed
oxygen and the resulting change in interfacial dipole at the contact, which makes the Fermi level
align mid-gap. This is also consistent with previous observations where charge injection occurs
either directly into the traps in substrate or into the water molecules surrounding the nanotube

and the Si10, surface 106-108

In the current study, Pd was used as a contact throughout (with a very thin layer of Ti for

adhesion and capped with Au to facilitate electrical contact to the probes) because of its good
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wetting with CNTs °’ and a relatively high melting point. The maximum current at a saturation

gate voltage did not change significantly as a result of the change in Vs dependence.

In addition, annealing by passing a high current makes the device more stable, so that the
current characteristics are less noisy and more repeatable. Figure II11-3 shows an example of the
change from p-type to n-type FET as a result of passing a current close to 10 pA. Note that I11-3
(a) corresponds to the same parameters as in Figure I1I-2, but from a different device. The n-
branch in I11I-3 (a), 1.e., the positive gate voltage side, shows higher current than in I11-2, most
likely because of the larger tube diameter (see caption). All our measurements at high biases
were taken after a few rounds of high-bias (~10 pA) transport until the electric characteristics

became stable from sweep to sweep.
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Figure III-3. Change in transport from predominantly p-type FET (a) to n-type FET
(b). The sweep was conducted stepwise from -1 V to -7V as shown in (a), followed
by the same in (b). This is a larger diameter tube as indicated by the metallic-like
transport at Vps = -7 V, and by the electroluminescence spectra in which the E; peak
is not observable because it is outside the detection range (not shown).
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ii. Electroluminescence Intensity in the Unipolar Regime

Figure I1I-4 shows an example of EL intensity vs. photon energy as the drain bias is
decreased stepwise from -5.0 V to -8.0 V while the device was in an “on” state by keeping Vs at
-7 V. One large, broad peak is observed around 0.7 eV that seems to be comprised of three or
more different peaks (note the values 0.66 eV, 0.71 eV and 0.88 eV in the figure). The main
peak is identified as the emission from E;; excitons, given the known diameter distribution of the

24, 25

sample. It also agrees with theoretical predictions and previous two-photon spectroscopy

26-28

and photoconductivity experiments that show that the dominant transition is from the E;

excitonic state.

Referring to the PL work by Weisman et al. '°, this E;; value suggests a CNT diameter of
1.4 to 1.5 nm, which is on the small-diameter tail of the distribution for this sample which has
the average diameter of 1.8 nm. The precise (n, m) assignment is not possible from these data,
given the unknown shifts under electric field and/or high temperature, broadening and the limited
signal-to-noise ratio. Based on the comparison by Fritag et al. of PL and EL from a same tube
199 it is also likely that this E;, peak is already red-shifted from a field-induced doping by tens of
meV with respect to the PL peak for the same tube. If this is the case, the corresponding
diameter may even be slightly smaller. Most other devices from the same sample showed the

main peak closer to 0.6 eV and even lower, sometimes not detectable because of the detection

window cut-off (~0.56 eV), which agrees with the average diameter of 1.8 nm.

According to Ref. 18 and assuming the diameter of 1.45 nm, the energy gap (E,)and the
binding energy of E;; excitons for this SWNT are expected to be 0.95 eV and 0.23 eV,
respectively, giving the E|| excitonic transition energy of 0.72 eV '°, which is also in agreement
with the main peak position of this device within experimental uncertainty and differences due to
dielectric environment. Note that the free-particle recombination peak at 0.95 eV is not
detectable because the oscillator strength has been transferred to the excitonic E;; peak and

because of the large broadening that obscures smaller peaks.
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Figure III-4. (Main panel) Electroluminescence intensity as a function of emitted
photon energy taken at Vgs = -7 V and Vps =-5 V to -8 V in -0.5 V steps. Three
peaks are identified with their energy (0.66 eV, 0.71 eV and 0.88 eV), with another
very broad peak appearing above 1.2 eV. The fits are modified Lorentz distributions
(see text) to account for the asymmetry. (Inset) Intensity of light emission integrated
over intensity as a function of applied drain-source voltage (absolute value), shown
with a linear fit. There is a threshold voltage (~5 V) below which no light is
produced.

Figure I11-4 inset shows the total intensity integrated over E;; energy from the main panel
as a function of drain-source bias (Vps). The emission intensity extrapolated to zero from a linear
fit with respect to Vps shows that there is a clear threshold voltage (4.9 V for this device) for
light emission. This is most likely because of a combination of two effects: Schottky barrier and

the threshold field (i.e., threshold kinetic energy) necessary for exciton production. First, a
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sufficient drain-source voltage is necessary to overcome the Schottky barriers at the injection site,

and second, a high electric field must be created for exciton production.

Even when CNTFETs are in the on state, small Schottky barriers normally remain at
contacts and the I-Vpg characteristic is not completely ohmic, especially for a small-diameter
tube like the one shown in Figure III-5. In this device, which is made of the same SWNT as that
in Figure III-4 but from a different segment, a non-ohmic transport behavior is apparent. The
absolute value of the threshold voltage is below 2 V, followed by a linear -V region. A decrease
in slope occurs when the Vpg is between 3 and 4 V when the current approaches 10 pA, and then
the conductance picks up again above Vps = 5 V, a behavior similar to what was observed in
Ref. 54. The low conductance (i.e., the small I-V slope) and the non-linearity below 2 V can be
attributed to the resistance due to Schottky barriers. A very similar behavior is observed in the

opposite polarity as Vps is decreased from 0 V to -7 V, which indicates that the contacts are

symmetric in this device.

It should be noted that virtually ohmic behavior within a small Vpg range is possible by
choosing a larger-diameter semiconducting SWNT, appropriate choice of contact metals, and
possibly some annealing. There remains a small intrinsic quantum resistance between the bulk
contact and nano-scale SWNT (see Introduction and Ref. 59), but the resistance due to Schottky

barrier dominates for our devices at a small Vpg value because of the small diameter.
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Figure III-5. Drain current (Ips) as a function of applied drain-source voltage (Vps)
with the device “on”. Vpg was swept from 0 in both positive and negative directions.
The device is with the same SWNT as Figure I1I-4, but from a different pair of source
and drain contacts. The device channel length is the same as in Figure I11-4.
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By plotting the current as a function of Vps, we can estimate the threshold drain voltage
necessary to overcome Schottky barriers in this particular device, as in Figure III-6 for the data
corresponding to the spectra in Figure III-4, and from which a ~3.5 V threshold voltage is
inferred. The non-linear part as Vpg approaches zero was not recorded for this device, but is

expected to resemble the non-linear behavior at small Vpg in Figure I11-5.
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Figure III-6. Average current as a function of applied Vps from the same
measurement as in Figure III-4. Both have been converted to absolute values. The
dotted line is a linear fit and is extrapolated to zero current to show the threshold
voltage of ~3.5 V necessary to overcome the Schottky barrier.

Even though the current threshold is ~3.5 V, the light emission does not occur until [V pg|
=49V (see Figure III-4 inset), suggesting that the field strength does not immediately reach the
critical value for impact excitation. The field needs to be large enough to accelerate injected
carriers to a kinetic energy sufficient for exciton production. The threshold energy should at
least be equal to E;;, but actually it is higher by a factor of ~1.5 because of the energy-

. . 110
momentum conservation requirement

and can be relaxed somewhat depending on the
interaction with the environment such as the substrate '''. Details of the field at Schottky barrier
at various applied biases can be mapped by high-resolution photovoltage imaging ’°, which is
beyond the scope of this work. Given the channel length of ~0.5 pm for this device and the
estimated threshold drain voltage of 4.9 V, the onset field is at least 10 V/um, and most likely

higher because the potential drop is not uniformly distributed across the channel in the presence
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of Schottky barriers. This estimation is consistent with the field strength of 30 to 60 V/um for
the onset of emission has been suggested for 1D CNTs by energetic considerations and optical

phonon scattering length "'

Once the emission threshold field is exceeded, it is reasonable to assume that the
emission efficiency increases as the accelerating field is increased. In fact, as observed in
Figure III-7 showing the integrated EL intensity as a function of current, a reasonable fit to the
nonlinear behavior is obtained by using a polynomial function of the form y = a + bx>. While the
functional form of this fit cannot be discussed without knowing details such as the electronic
temperature (i.e. Fermi distribution of the charge carriers) and the potential profile at the
contacts, it still indicates that the emission is indeed more efficient at a higher Vpg, as the

accelerating field is increased.
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Figure III-7. EL intensity as a function of current. The best fit (solid line) is a
polynomial fit with the exponent of 1.98 and no linear component.

iii. Electroluminescence Spectra

To understand the characteristics of electrically-induced emission in greater detail, we
now move onto an analysis of the spectral shape. In particular, various peaks and their widths in
emission spectra give clues to different mechanisms that influence the emission process. First,

we examine the spectral width as a function of input power in order to elucidate the role of
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phonon temperature in broadening. Steiner et al. found phonon temperatures to be proportional
to input power ', and using this parameter also allows us to compare different devices with

different I-Vpg characteristics. The spectrum in Figure I11-4 is fit with a following equation,

AT +17(x —x)13

T = =) + (-x)

(Eq. 1IL1)

where x is the photon energy. Equation III.1 is a modified form of the Lorentz distribution to

account for asymmetry in the spectrum with the parameter n '"°.

I' 1s the equivalent of half-
width-at-half-maximum (HWHM) in the Lorentz function. Figure III-8 shows the FWHM as a
function of applied power calculated as the product of Vps and Ips. We find that a linear

function fits the data reasonable well.
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Figure III-8. Electroluminescence spectrum width as a function of power and a linear
fit (solid line), showing a minimum width at zero power of 170 meV for this device.
The vertical axis corresponds to FWHM(2I") from the fit shown in Figure I11-4, which
comes from Equation III.1.

One of the most salient characteristics of the spectrum is its broad width. In room-
temperature photoluminescence experiments, the single-tube width is significantly smaller than

ksT (=25 meV) "1 which agrees with the low acoustic phonon scattering rate in CNTs. One
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would expect the width to be comparable to kgT if the lattice temperature had a significant effect

on the carriers. On the other hand, electroluminescence typically shows much larger widths’""*

76.83.87.97. 109 1L 17 " yysuially a factor of few larger than PL. When FWHM vs. power is fit with a
linear equation and extrapolated to zero intensity (see Figure I1I-8), the minimum FWHM at zero
power is almost 7 times wider than 25 meV, i.e., 170 meV for this device. Other devices also
show a minimum width typically between 130 and 200 meV. Although Freitag et al. attribute
the fivefold EL broadening compared to PL in their data to high-temperature electrons and
phonons, they do not relate the broadening to the temperatures quantitatively. There are actually
several possible contributions to the width, such as tube heterogeneity, phonon scattering,
external electric field, exciton-exciton annihilation, electronic temperature, and blackbody

background, just to name a few. Some of these contributions are now discussed semi-

quantitatively.

The minimum width at zero power points to tube heterogeneity as one of the main
contributions to the large width. When only a single peak is used to fit the spectra, the sharpness
of the main peak is not reproduced by Equation III.1 (0.71 eV in Figure I11-4 (a)), and this is
always the case with any of our CNTFET EL spectra. This suggests that the “main peak” is
actually a combination of multiple peaks that are broadened and combined to form one very
broad shape, obscuring the contribution by each peak. By examining Figure III-4 (a) more
closely, one can observe at least three peaks, at 0.66 eV, 0.71 eV and 0.88 eV. While the 0.66
eV is most easily seen at Vpg = -7.0 eV, it gets obscured somewhat as |[Vpg| is increased. From
observations of double peaks in p-n junctions (see Chapter 1V), this lower-energy peak is
considered to be a weakly localized excitonic peak, possibly bound to local defect sites. This
double-peak feature is discussed in greater detail in the section on single-tube p-n junction diodes
where the peaks are observed more distinctly, but suffice it to say that this alone adds 50 meV
(i.e., the difference between the peak positions) to the total width, provided that the two peaks
are of comparable intensity. The energy difference was even higher in some devices, up to 65

meV.

It also needs to be noted that these peaks are unlikely due to the aggregation of multiple
tubes in a bundle. As explained in the Methods section, bulk tubes (which are originally
bundled) are sonicated for at least 30 minutes at a high power in dichloroethane before deposited

onto the substrate, which is sufficient to separate them into individual tubes, as we have rarely
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found multiple tubes bound together in numerous AFM measurements and some Raman
measurements of our devices. In contrast, very large widths are always observed and multiple
peaks are observed very commonly in back-gated devices, suggesting that these are basic

features that characterize single-tube, global-gate devices.

The small peak at 0.88 eV in Figure III-4, is observed in some devices, though not all.
This peak is interpreted to be the signature of an exciton-optical phonon complex. The peak

27, 118

from optical phonon scattering has been directly observed in photoconductivity and

. 2 46, 11
photoluminescence®- % 4¢- 11

experiments, and provides evidence for the excitonic nature of the
dominant lowest-energy peak observed from SWNTs. The energy separation from the main
peak (i.e., 0.88 eV — 0.71 eV = 0.17 eV) is somewhat smaller than the 0.18 eV observed in PL
studies. However, the main peak is a combination of 0.66 eV and 0.71 eV peaks and the
sideband is broadened from 0.88 eV toward lower energy (with possibly another peak around
0.85 eV), suggesting that the latter is also a combination of two optical phonon sidebands. Since
we observe two main excitonic transitions at 0.66 eV and 0.71 eV, each one can have its own

sideband due to optical phonon scattering.

The optical phonon sideband is also expected to be significantly broader than the main
peak because finite-momentum phonons are allowed to contribute to the final excitonic zero-
momentum state. The broad width of the absorption spectrum of optical-phonon sideband was
indeed observed in a photoconductivity experiment 2’, which is the opposite process of
electroluminescence. This peak also adds to the asymmetry of the spectral peak as the broad

“bump” between 0.8 eV and 1.0 eV.

Aside from optical phonons, exciton dephasing (i.e., changing of the k-state by inelastic
scattering with phonons) by acoustic phonons can lead to broadening, as in the case of
photoluminescence. Lefebvre et al. measured FWHM of PL spectrum on single SWNTs as a
function of temperature, and obtained the linear relationship FWHM = 2 + 0.025T where the
width is in meV and T is in Kelvin ', 0.025 meV K is the coupling constant between acoustic
phonons and excitons, which can be also expressed as 0.29 kg where kg is the Boltzmann
constant. This value reflects a FWHM of the PL spectrum that is significantly below the thermal
energy, kgT, at least down to 50 K, which is expected from the expected weak coupling between

acoustic phonons and excitons.
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Yoshikawa et al. subsequently obtained the proportionality constant for many SWNTs in
a PL experiment and found that this value is diameter-dependent '*°. They fit the FWHM values

to the equation

FWHM =21, + AT + B (Eq. 111.2)
exp(hw/ k,T)—1

where 4 and B are the coupling constants to low-energy and high-energy phonons, respectively.
For the temperature range they used (< 300 K), it was found that B is negligible (i.e., same as the
finding by Lefebvre above) and that 4 depends inversely on the tube diameter. They attribute
the contribution to the widths in their data to low-energy longitudinal acoustic (LA) and twisting
acoustic (TA) modes and rule out RBM phonons because of their higher energies. However, in
our case the diameter range is at least 50 % larger, and the RBM phonon of the d = 1.5 nm
SWNT has the RBM energy at the I" point of only about 20 meV (calculated from the diameter-
Raman energy relationship), well below room temperature. We do not have an estimate of the
coupling constant B, but given the “average” temperature between 650 K and 750 K (see the
following discussion) which is significantly above 20 meV, we proceed with the assumption that
RBM contribution is similar to that of lower energy phonons and contributes linearly with power

to the width.

It is reasonable to assume that in Lefebvre and Yoshikawa’s work, the phonon modes
were in thermal equilibrium, and that the temperature dependence was dominated by acoustic
phonon scattering (hw,. « kgT at room T, which is the highest temperature used in their
experiments). High energy phonon such as optical phonons (~180 meV) are not populated at
room temperature (see Figure -6 of the phonon dispersion relation in Introduction). Now we
calculate the effective temperatures of acoustic phonons and apply the linear relationship to

estimate their effect on broadening.

Steiner et al. measured effective temperatures of phonons under electrical bias and found
that different phonon modes are not at an equilibrium temperature because of decay bottlenecks,
and that each phonon mode’s temperature was proportional to the applied electrical power ''*.

They give the phenomenological expression

=T

i sub

+P/g; (Eq.1IL3)
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where i is the phonon mode, T, is the ambient (substrate) temperature, the applied
electrical power per unit length is P = [Vpg/L (L is the channel length) and g is a parameter that
depends on the phonon dynamics and the nanotube-substrate interaction. From a linear fit to
their data, Steiner’s group obtained the value gzzy = 0.11 W m™ K for RBM phonons. Note
that this is a phenomenological value and therefore includes all the mechanisms that determine
the phonon temperature. Using this value and Ty, = 300K, and applying it to Equation II1.2 with
| 120

an A value of 0.018 meV K (extrapolated from the data by Yoshikawa et a
widths of 13 meV at Vps =-5 Vup to 45 meV at Vps =-8 V, or 7 % to 15 % of the total width,

), we obtain the

respectively.

Note that “temperature” in this case is derived from the occupation number of a phonon
mode as measured by the anti-Stokes to Stokes Raman intensity ratio. Since temperatures of
different phonon modes are not at thermal equilibrium, there is no well defined lattice
temperature at a given power, but this is a more intuitive and useful construct when discussing

the energy exchange between hot carriers and phonons.

The acoustic phonon temperatures calculated as indicated above yield values ranging
from 710 K to 2500 K, the higher end of which is unreasonably high for carbon nanotubes. In
electrically-driven light emission experiments with suspended metallic or quasi-metallic SWNTs,
Mann et al. extracted the hot optical phonon temperature of up to 1200 K in the negative
differential conductance (NDC) regime *’. Our devices are on the substrate and NDC behavior is
never observed, so they should have a more efficient heat sink. Since hot optical phonon is the
dominant scattering mechanism as evidenced by the NDC of their device, it can serve as the
ceiling for the acoustic phonon temperature, meaning that it is very unlikely that our acoustic

phonon temperatures are as high as 2500 K.

There are also indications that Equation III.2 significantly overestimates the acoustic
phonon temperature under very high bias. In the study on phonon populations by Steiner et al.,
the high end of the power range was 40 W m', and the linear fit to the RBM phonon temperature
works only below 16 W m™". The temperature for electrical powers above 25 W m™ shows a

sign of saturation (Figure I11-9).
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Figure III-9. The temperatures of three different phonon modes as a function of
power measured by Steiner et al. K and G are zone-boundary phonons and optical
phonons, respectively. Notice the saturation-like behavior for acoustic phonons (red
squares) above 25 W m™. After Ref. 112.

Another clue that suggests temperature saturation in the higher bias regime comes from
EL spectra of the high-energy E;; peaks (~0.8 eV, see Figure III-10) from two of our CNTFET
devices. Judging from the energy of the main peak, the CNTs used for these have smaller
diameters than that of Figure III-4. When the main peak is fit as Lorentzian and the background
as blackbody, we can extract the temperature corresponding to the blackbody temperature that
results from the heating of the nanotubes, which, we assume, represents the “average lattice
temperature”. Blackbody radiation from CNT heating has been reported by several groups (see,

for example, Refs, *% 121122

). Although there is no well-defined lattice temperature in our case
because the phonons are not in thermal equilibrium, the kinetic energies of the carbon atoms
manifested as the populations of different phonon modes must have an average value. The
heating of the lattice results in the blackbody emission in the infrared. Although the dimensions
of CNTs are outside the thermodynamic limit for the traditional bulk blackbody, it was recently
shown that Planck’s Law explains well the blackbody emission intensity of multi-wall nanotubes
121 Therefore, we assume that this broad background is blackbody emission resulting from the
“average temperature” nanotube lattice and investigate the temperature of acoustic phonons at

power greater than 40 W m™.
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The main panel of Figure III-10 shows the spectra of a device with a high-energy E;;
peak that allows us to separate a broad background. The main E;; peak is seen on top of a
featureless background of the blackbody emission whose peak is well outside of the detection
window (0.3 eV at 700 K, for example). The inset shows that the “blackbody” temperature thus
extracted falls in the range between low- and high-energy phonons at low power, but it does not
increase significantly above 40 W m™”. Furthermore, the effective phonon temperatures
calculated using the g-values in Ref. 112 (see Equation III.2 above) are much higher than the
temperature extracted from the blackbody spectra (dotted lines in Figure I1I-10). Therefore, we
can assume that Equation II1.2 significantly overestimates the contributions from the acoustic
phonons to the widths except at the lowest-power limit (~45 W m™) of our data in Figure III-8.
It is instructive to extract the experimental background contribution to the width; when the
Lorentz width is subtracted, the background adds 17 to 48 meV to the total width for the four
spectra with the highest Vps. The three lower intensity spectra do not have a good enough fit to
estimate this contribution. The large contribution at the highest bias (i.e., 48 meV) most likely is
overestimated since it includes scattering by optical phonons, as seen by a red arrow indicating

the exciton-optical phonon scattering at 1.0 eV in Figure III-10.

Given the above considerations, we estimate the acoustic phonon contribution to the total
width to be about 20 meV at the lower end of our measurement (P =45 W m™) and postulate that
it increases only very moderately at higher power. It is unknown why acoustic phonon
temperatures level off over 40 W m™, but the bottleneck in phonon decay from high-energy to
low-energy phonons pointed out by Steiner et al. ''> may be a factor. Another strong possibility
is the appearance of new decay channels for energy dissipation, such as impact excitation of
excitons that give rise to EL. Perebeinos et al. calculated the rate of exciton production by
impact excitation and found that once the threshold energy is reached, the pair production is
expected to happen extremely fast (~ 1 f5) 8 This extremely efficient electron-hole pair
generation was also observed in a photocurrent experiment with a p-n junction 123 This is
especially interesting since the onset of EL seems to coincide with the beginning of the
temperature saturation behavior. The direct temperature measurement of phonon modes at very

high bias via Raman spectroscopy is yet to be conducted.
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Figure 111-10. (Main) EL intensity spectra at Vpgs of 9 V (lowest intensity) to 15 V
(highest intensity) in 1 V steps (empty symbols) as a function of energy. Solid lines
are fit functions that are linear combinations of Lorentz and black-body distributions.
The dotted line is the Lorentz function for the 15 V spectrum without the blackbody.
(Inset) “Blackbody” temperatures as a function of applied electrical power (black
circles). The blue and red dotted lines are the calculated effective temperatures of G-
phonons and RBM phonons respectively, as in Ref. 115.

Tube heterogeneity and phonon scattering described so far (i.e., at least ~70 meV of the
total 190 meV width at P =40 W m™) explain the constant floor value of the broadening, but not
its increase as a function of applied bias. The increase due to acoustic phonons seems to be
modest at best, as explained above; contribution from merging with the broader optical phonon
peak is also expected to be small because of the limited weight transfer to this side peak. Other
possible broadening mechanisms that increase with applied bias are the effect of longitudinal
electric field, the electronic temperature, and shortened lifetime of excitons by exciton-exciton
annihilation.

Perebeinos et al. theoretically investigated the effects of longitudinal electric field on the

124

absorption spectrum of SWNTs Using their formalism, we first calculate the broadening

from lifetime shortening by exciton ionization due to an external field. We estimate the size of
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the effect following Perebeinos’ formalism for the exciton dissociation rate as a function of
electric field F' (motivated by the solution to the hydrogen atom in an electric field),

I'(F)=4.1E, %exp( £ j (Eq. 111.4)

__0

F
where F, =1.74E;*m"? / eh, and mex. is a reduced exciton mass (m.’ = me' + my"). Here we
set me = my, from the symmetrical band structure in single-particle theory. We use E, = 0.23 eV
according to Ref. 18, and mexe = A/(2 vg *) where vg is the Fermi velocity (~10° m/s), and A
(~0.42 eV/d) is half of the single particle bandgap energy, yielding the Fy value of 108 V/um.
Using the value of Vpg from Figure 111-4 and assuming that most of the voltage drop occurs at
the Schottky barriers whose length into the channel is in the order of the substrate thickness '*°
(100 nm), we obtain I' values of 54 meV to 171 meV for fields ranging from 25 to 40 V/um,
respectively. Figure III-11 compares the calculated broadening due to the field ionization with
the experimental data to show that this effect can account for the change in width. The
broadening calculated is actually 12 % greater than the experimental data. However, there is
quite a bit of uncertainty in the length of the Schottky barriers, exciton binding energy, and
whether the fields are equally distributed between the source and the drain. In our best estimate,

we can conclude that the external field is a significant contribution to the spectral broadening.

When the recombination region is not subjected to very high fields, as in the case of
ambipolar devices or p-n junction devices, an external electric field can mix the wave functions
of exciton and the interband continuum states (i.e., free-carrier recombination) and still broaden
the spectrum. The wave mixing also transfers the oscillator strength from the first excitonic state
to the free-carrier state so that the latter grows as much as 400 % in strength at just 1/3 of the
critical field for full ionization, according to the simulation by Perebeinos et al '**. This type of

broadening will be discussed further in the chapter on p-n junction spectra.

56



03 _ v 1 M I v 1 v I v . 1 _
[ ]
[ ]
u
n
0.2 - .
[ ]
3 .
E [ ]
[ ]
= .
L 0.1 o s
[ ]
[ ]
®  Experiment
® Broadening due to ionization
0.0 T T T T T T y T T J
0 50 100 150 200 250

Applied Power (W m'1)

Figure III-11. Comparison between the experimental width (black squares) of the EL
spectra in Figure I11-4 and the broadening calculated from Equation III.3. Similar slopes
indicate that the field ionization effect can account for the change in width.

Having accounted for the double peak, acoustic phonons and broadening due to field
ionization, there is still about 60 = 10 meV of broadening that needs to be explained. This value
does not vary as a function of power; power-dependent broadening was already accounted for by
the field effect. One possible effect is electron heating. If we follow the linear power-
dependence demonstrated by Steiner et al., we arrive at extremely high electron temperatures, in
thousands of Kelvin at high power. However, as it has been discussed already, it is likely that
the phonon population saturates as the field increases over the impact excitation threshold.
Scattering with surface polar optical phonons of the substrate has also been shown to be

112, 126 . .
*“°. As a more realistic estimate, we can use

important as an energy dissipating mechanism
the temperature of 1200 K in a suspended metallic nanotube as the upper limit of the optical
phonon temperature, since this was observed in the NDC regime in Ref. 87. Steiner et al. also
found zone boundary K phonons up to 1500 K, and G phonons close to 1000 K on the substrate

"2 We do not observe NDC in our data (see the linear I-V in Figure III-6), so we assume that
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the optical phonon population is not saturated as in suspended tubes, with the temperature <

1200 K.

As the applied power is increased, the electronic temperature should rise, unless the
kinetic energy is dissipated via some other decay channel, which we claimed is the impact
excitation mechanism. We have already cited temperature saturation as its supporting evidence.
If the impact excitation mechanism is responsible for the lack of electronic temperature increase,
that should result in an increase in emission per injected carrier. Figure III-12 shows that
emission intensity per injected carrier (i.e., current) does increase almost to the third power as the
applied power is increased, indicating that the EL efficiency is much greater at a higher power.
If the 60 meV broadening is indeed due to electronic heating at a constant temperature, the figure
is much smaller than reported by Freitag et al. where a five-fold broadening has been attributed
to electronic heating. The difference, compared to our small electronic heating, is most likely
due to the partially suspended nature of their device. Optical phonon saturation has been known

to occur in suspended structures *’, leading to a higher electronic temperature in their device.
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Figure III-12. Integrated Lorentz peak intensity as a function of current. The fit
(solid line) shows that there is almost a cubic dependence on the current.

While the EL efficiency increase supports a constant in electronic temperature, it does not

guarantee it (electron temperature can still increase in the presence of a greater EL efficiency),
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and we still do not know the actual temperature. A direct measurement of the electronic

112
.

temperature, perhaps similar to the method used by Steiner et a , 1s needed to investigate the

degree of contribution to the broadening by electron heating.

Lifetime shortening due to exciton-exciton annihilation (EEA) also needs to be
considered. EEA is an interaction process between excitons in which the excitation energy is
transferred from one exciton to another, thereby annihilating the first exciton and making the

other exciton a higher-energy exciton (from E;; to Ex, for example). Evidence for EEA in

SWNTs has been observed in PL  '*" '*® and femtosecond absorption spectroscopy '>°; a

saturation in intensity and a sudden increase in the linewidth were observed in PL spectroscopy,

7

for example '*’. Unfortunately, there are too many unknowns (such as the exciton generation

rate by impact excitation and the optical phonon scattering rate) to evaluate quantitatively the
contribution by this process in our devices. However, the lack of saturation in E;; and Ej
intensity (Figure III-13 (a), inset) suggests that exciton-exciton annihilation is not a major

contributor to broadening. Since this is a very fast process (800 fs at the linear exciton density of

-1 127 33,34,78

2 um ) compared to the radiative exciton decay (10 to 100 ns at room temperature

130
)

) or
nonradiative decay due to phonons (20 to 200 ps ), if there is Auger-type decay of excitons by
another exciton, we expect to see its signature in the saturation of EL intensity, at least for the
E,; peak (exciton-exciton annihilation of E;; excitons can populate the E,; peak), which is absent

(Figure I1I-13 (a), inset).

Figure III-13 shows another device in which both E;; and E,, peaks are observed. As
before, we assign E;; based on the diameter distribution of the sample and the fact that it is the
main peak, and E,, from the position of the peak and the fact that it is the second dominant peak
in the spectra. Also, the E», peak intensity has a higher power threshold than E;;, as expected
(see III-13 (a) inset). The energy ratio of E» to E;; is about 1.8, similar to what has been
observed in PL, which has led to the “ratio problem” discussed in the Introduction. E,, peak is
broader than E;; peak, also expected from a calculation by Qiu et al 27, E,; transition is expected
to be much broader than E;; because of its coupling to the first free-particle continuum state.
The weak peak appearing at higher Vps between the E;; and E,; peaks is considered to be from
the E;» and/or E;; transitions for the reasons we now examine in the polarization of the EL

emission.
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Figure I1I-13. (a) Spectra from a device showing E;; and E», peaks around 0.66 eV
and 1.10 eV, respectively. The solid symbols are experimental data which are fitted
(lines) with a linear combination of two peaks from Equation II1.2. (Inset) Intensity
of individual peaks as a function of applied power. (b) Half widths of E;; and Ej;
peaks as a function of applied power.

iv. Observation of Polarization Effects in Electroluminescence Spectra

Polarization dependence of the absorption spectrum and emission in carbon nanotubes
has been studied both theoretically and experimentally. While it was initially thought under
single-electron theory that the absorption of “cross-polarized” light (i.e., perpendicular to the

long axis of the tube) should be strongly suppressed due to depolarization 131, 132

, a study
considering excitonic effects revealed that there is a prominent absorption peak for perpendicular
polarization, although it is still considerably weaker than in parallel polarization '**. For parallel
polarization (E;;, E, etc.), selection rules allow only transitions between same sub-bands, while

cross-polarized light couples with non-equal sub-band transitions (i.e., Ei2, Ea1, etc.) 32,
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The polarization dependence of light absorption and emission has been observed

experimentally in CNTs. Lefebvre et al. has conducted spectral studies of PL and PLE for

119, 134

different polarizations and EL emission intensity as a function of polarization has also

been measured experimentally " 7.

The results from the PL/PLE studies agree with the
theoretical prediction that light in parallel polarization couples strongly with the E;; and Ex;
transitions, while the E;, resonance is observed in transverse polarization, although it is much
weaker than the E; and E,, parallel resonances ' '**. A photocurrent study has also shown the
maximum excitation when the light is polarized along the direction of the nanotube >’ '*> 13°.
However, there has never been a spectral study of polarization dependence in EL, which we now

discuss.
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Figure I1I-14. EL intensity as a function of the angle between the tube direction and a
linear polarizer. The ratio of maximum (0 degrees) and minimum (90 degrees) is 3.4
which is extracted from the fit. The large error is mostly due to the instability of the
device.

Figure I1I-14 shows the polarization of emitted light intensity from a CNTFET. Because
the channel length is much smaller than the spatial resolution of the equipment, the light appears
as a point source and the polarizer transmits the component of the emitted light that aligns with
the filter direction. The cosine squared fit gives a maximum (at 0 degrees) to minimum (at 90
degrees) ratio of about 3.4, which is similar to the observation of polarization in EL first reported

by Misewich et al. in 2003 3. In terms of the degree of polarization (DOP), this translates to
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DOP = 1)/ (I + 1) = 0.77. As we have already seen, EL emission is dominated by the Ej;
transition, so the maximum at zero degrees agrees well with theory. It is not completely
suppressed at 90 degrees, which is also seen in single-tube PL and/or Raman *’, PLE ' '** and

27,135, 136
PC measurements.

Now we examine the spectra through a polarizer placed in either a parallel or a
perpendicular direction relative to the tube. The spectra in Figure III-15 are from the same
device as in Figure III-10, where blackbody background could be identified. The most
prominent characteristic of the emission is that the E;; peak is significantly polarized in the
tube’s longitudinal direction, as expected from theory. The analysis of E;; peaks (without the
blackbody signal) from this device gives the range of DOP from 0.67 to 0.76, depending on the
power (Figure III-15 (b), inset). The perpendicularly polarized component of the E; peak is not
zero; a detailed calculation of optical absorption for 29 different types of CNTs showed that the
absorption profile with respect to polarization is highly dependent on the actual tube chirality '*®.
Therefore, depending on the structure of this tube, there may be a relatively large perpendicular
component of the E;; emission. It is also possible that the optical alignment has an error of a few
degrees. Nevertheless, E;; emission in the perpendicular direction was significantly suppressed
for the E,;; transition in all the devices on which we conducted polarization-dependent

measurement.

It should be noted that the blackbody background is also polarized, with a large
component in the parallel direction (Figure I11-15). This is due to the 1D structure of CNTs, and
is consistent with the observation of incandescent emission from aligned multi-wall nanotubes by
Li et al. ®. They found that the emission from electrically heated nanotubes emits light that
matches the blackbody radiation spectra very well, and showed via classical electrodynamics that
electrons confined in a 1D structure emits light whose electric field vector is parallel to the
direction of the said structure. This agrees with our observation that the blackbody radiation

originating from the heating of the carriers and the nanotube lattice is also polarized.
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Figure I11I-15. EL spectra with a polarizer aligned along (a) and normal to (b) the tube
direction. Symbols are experimental data and solid lines are linear combinations of
Lorentz function and the blackbody spectrum, as in Figure III-10. (Inset) Integrated
intensity of Lorentz peaks (without background) as a function of power. The fits are
exponential functions.

As we have already seen in Figure III-13, there is evidence for the E;, (or combination of
E; and E;)) transition in some of our EL spectra when both E;; and E,, are observed. Since the
E i, state couples more strongly to the perpendicular field and the E;; and E,; states to the parallel
field, one should be able to observe the difference in relative intensities of these three peaks if
the polarization is changed. We examined under polarizer the device used for Figure III-13,
where there was a very weak emission peak about half way between E;; and E;, in the
unpolarized measurement. The results are shown in Figure III-16 (a) and (b), with just the E;»
peak extracted and normalized in panels (c) and (d). The E, transition is clearly more prominent
in the perpendicular polarization, though it is also seen very weakly in the parallel direction.
Also, the overall intensity is weaker than that of E;; or Ej, as the depolarization effect of the
perpendicularly polarized light causes the weak overall coupling between the E;, excitons and
the light emission.

A large blue shift in the position of E}, in optical absorption is expected theoretically '

'3 which has been observed in PLE experiments. Miyauchi et al. found a smaller exciton
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binding energy for perpendicular excitation than for parallel excitation, which is responsible for
the blue shift *°. On the contrary, in our data, no blue shift is observed in the E;, transition
(Figure I11-16 (b)). A theoretical work by Uryu et al. predicts a large blue shift of the E;, peak
that depends on the strength of the Coulomb interaction in SWNTs '**; their results show that in
the absence of a strong Coulomb interaction, E;; is close to (E;; + Ex)/2. In the PL
measurements in which large blue shifts were observed in transverse polarization, the tubes were
suspended structurally or kept in a surfactant suspension in order to reduce interaction with the
environment. In contrast, our devices are directly on the substrate, which significantly increases
the dielectric constant of the environment that screens the Coulomb interaction. In our analysis,
€ = 3.3 1s used which includes € = 3.9 of the silicon oxide substrate. This significantly reduces

the Coulomb interaction in the CNTs on substrate, which could account for the absence of a blue

shift of the E;, transition.

Lastly, E;, and E,; transitions are degenerate in the single-particle framework, but this no
longer applies if the asymmetry between valence and conduction bands are taken into account
0 Miyauchi et al. has found about a 100 meV difference between the two peaks in
perpendicular excitations *°.  However, as has been discussed, all excitonic peaks are
significantly broadened and we are not able to determine whether what we consider the E,

transition is actually a double peak consisting of E|, and E,; signatures.
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Figure IlI-16. EL spectra of the double-peak sample (same as in Figure I1I-13)

through a linear polarizer (a) aligned with and (b) perpendicular to the tube direction,

respectively. Note the arrow in (b) indicating emission from the E;, excitonic
transition. (c), (d) Normalized EL intensity from the same data as from (a) and (b)
with the E;; and E;; double-peak fit subtracted. Solid lines are lorentz fits. If there is
no solid line, a reasonable Lorentz function could not be determined.

65



3. Conclusions

We have examined the intensity and spectral shapes of EL from single-tube CNTFETs.
From transport measurements, it is seen that their electrical transfer depends on the control of
Schottky barriers at metal contacts. In agreement with an impact-excitation process of exciton
generation, a threshold behavior is observed at the EL onset. The very broad lineshape of the E;
transition is attributed to tube non-homogeneity, phonon scattering, electronic heating, and the
effect of external electric field in the longitudinal direction. There is evidence that phonon
temperatures (and with it, possibly electron temperatures) saturate at very high input power,

possibly because of the energy dissipation by the EL mechanism.

We have observed E;; and E,, peaks, defect-mediated E;; peak, and the E;; - optical
phonon side band complex. In polarized measurements, a clear suppression of E;; and E» peaks
is observed in the perpendicular direction. Conversely, we were able to observe the E,
transition for the first time in EL by investigating perpendicularly polarized component of the

emission.

Our data point to possible future explorations that include phonon and electron
temperature measurements, a more detailed investigation of the broadening mechanisms, and a
realization of better signal-to-noise ratio for superior spectroscopic data. While polarized EL
from CNT may have interesting applications in future nano-scale optoelectronics, there are many
issues, especially in carrier and phonon dynamics and their interactions, that still need to be

better understood.
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Chapter IV Narrow-Band Electroluminescence from a Single Carbon-Nanotube p-n
Diode

1. Introduction

In Chapter III, we have reported on the characteristics of EL from single-tube CNTFETs
with a single, global back gate in the unipolar, high-bias regime. As we have seen, all
electrically-driven CNT light-emitters with a single gate are operated under highly non-
equilibrium carrier and phonon distributions. In those devices, high electric fields and currents

71,85,87,97,117 .
, or an undesired

are either an essential requirement for the light generation process
side effect 7 7%, leading to high power requirements and low efficiencies. It is difficult to
determine the quantum efficiency of unipolar devices that operate by impact excitation since we
cannot determine the exciton generation rate, but the operative efficiency, defined as the number
of photons emitted per injected carrier, is comparable to that of conventional ambipolar
CNTFETs, i.e., 10° to 107. As a result of large applied power, the EL linewidths are broad (80—
300 meV, including the results presented in the previous chapter and in literature elsewhere),
obscuring the contributions of the individual optical transitions. One way to overcome the above

shortcomings is to use a p-n junction to create photons efficiently in a low electric field. In this

chapter, we discuss electrically-induced light emission from individual CNT p-n diodes.

P-n junction diodes are fundamental to today’s optoelectronic devices, such as photo-
detectors, light emitting diodes (LEDs), and lasers. The demonstration of light emission from
CNT p-n diodes is thus a fundamental step towards a possible technological use of CNTs as
nanometer-scale light sources. A realization of CNT p-n junction was first achieved by Lee et al.

as early as 2004 using embedded split-gate structure *.

As illustrated in Figure IV-1 (a), two
separate gate electrodes that couple to two different regions of a SWNT are used. One gate is
biased with a negative voltage, drawing holes into the channel, and the other gate is biased with a
positive voltage, resulting in an accumulation of electrons in that region of the channel. In this
way, a p-n junction can be formed between the two and the devices behave very much like
conventional semiconductor diodes. Indeed, Lee et al. showed that an ideal p-n junction

transport can be achieved with CNT p-n diodes **'.
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In a split-gate scheme, a new level of control over electrical carrier-injection in CNTs is
achieved, which allows device operation in a low-power-density regime (~0.1 W/m compared to
~10 W/m) with zero threshold-current, negligible self-heating, and high carrier-to-photon
conversion efficiency (~10™). In this way, we have found that the EL spectra are significantly
narrower (observable in our set-up down to ~35 meV) than those in previous studies, allowing
the identification of emission from free and localized excitons. This phenomenon was discussed
briefly in Chapter III and we now expand upon it with more detailed analysis that is made

possible by the narrow linewidth of each peak.

2. Transport characteristics of the single CNT p-n diode

In Fig. IV-1 (b) we present the IV characteristics of a single SWNT diode under two
different biasing conditions. The dashed green curve shows the drain-source current Ipg versus
drain-source voltage Vps when both gate biases are negative: Vgs; = Vgsz = -8 V. The tube then
behaves as a p-type resistor and a symmetric, almost ohmic conduction behavior is observed.
The deviation from a completely linear IV characteristic (dotted curve) at low Vg is attributed to
a voltage drop at the Schottky contacts between the metal electrodes and the CNT. This is
analogous to the non-linear I-Vpg observed in Schottky-limited CNTFET devices at a low bias,
as in Figure III-5. By applying gate biases of opposite polarity a p-i-n diode is realized. The
solid red line in Fig. IV-1 (b) shows the IV characteristic recorded with Vgs; = -8 V and Vs, =
+8 V. The device now clearly shows rectifying behavior. The corresponding bandstructure is

shown in Fig. IV-1 (¢).

We found that in short devices (channel length < 4 pm), the diode behavior is often
imperfect, with a leakage current on the “off” side. This happens because the formation of the
doped regions is incomplete, i.e., Schottky barriers are most likely extending partially into the p-
and/or n-doped regions. The solution is to either increase the channel length under the gates, or
to improve the coupling between the split gates and the nanotube by employing a thinner and/or

a higher-x dielectric.
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Figure IV-1. Device structure and electronic characteristics. (a) Schematic drawing
of the CNT infrared LED. (b) Electrical device characteristics for different biasing
conditions. Solid red line: Vgs; =-8 V, Vgso =+8 V; The CNT is operated as a diode
and shows rectifying behavior. Dashed green line: Vgs; = Vgsa = -8 V. The CNT
behaves as p-type resistor. The silicon bottom-gate was grounded during the
measurements. (c) Bandstructure of the CNT diode when it is biased in forward
direction (Vps > 0). Electrons and holes are injected into the intrinsic region and
recombine partially radiatively and partially non-radiatively. After Ref. 11.
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3. Electroluminescence mechanism and characteristics

The left image in Figure IV-2 (a) depicts the infrared emission from a device when the
gate electrodes are biased at Vgs; =-8 V, Vgso =+8 V and a constant current of Ipg = 240 nA is

driven through the SWNT. As discussed in the previous chapter, electrically excited light

73, 76 71, 85

emission from semiconducting CNTs can be produced under ambipolar or unipolar
operation. In the former case, both electrons and holes are injected simultaneously into the tube
and their radiative recombination generates light. In the second case, a single type of carriers,
1.e. either electrons or holes, accumulate kinetic energy in a high-field region within the device to

. . . 1. 84
generate excitons by means of impact excitation ' %**

. The fact that no light is emitted when
our devices are operated under unipolar conditions (Vgsi = Vgs2 = -8 V; hole current) — right
image in Fig. IV-2 (a) — shows that they are ambipolar light-emitters. This is the behavior we
would generally expect an LED to exhibit. It is essential when fabricating devices that the back-
gate sweep show a good ambipolar behavior (not shown), i.e., both types of carriers must be
injected into the channel efficiently, in order for the devices to show this type of emission. Since
the recombination rate in the ambipolar case is limited by minority carriers, this gives additional

evidence for the ambipolar nature of our observation.

Figure IV-2 (b) shows that the emission intensity is proportional to the current (i.e. carrier
injection rate), which also confirms that the device is operating as an ambipolar emitter. Recall
that the EL intensity from impact excitation in unipolar emission grows as the second to third
power of the current, as the increased field makes the exciton generation more efficient (Figure
I1I-12). Moreover, the emission threshold with respect to the current is zero, and the signal is
still detectable at Ips as low as ~10 nA in many of our devices. This is in contrast to all previous
EL studies " "* " \where typically two orders of magnitude higher current levels are required
to obtain light emission of comparable intensity. Moreover, the voltage drop across the intrinsic
region is in the order of the bandgap (~1 V; see Figure IV-1 (c)), and therefore also 5—10 times
smaller than in other devices, resulting in an up to 1000 times smaller power dissipation overall.
Under typical operation conditions, we estimate a power density of only ~0.1 W/m in the tube,
compared to 10-100 W/m in other devices. It is hence clear that the CNT diodes are operated in
an entirely different regime from all other electrically-driven CNT light-emitters to date. In fact,

the power density is comparable to what is typically used in photoluminescence (PL)
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experiments °, and thermal heating, which strongly influences the EL of metallic as well as

semiconducting SWNTs *’, does not play a role.
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Figure IV-2. Identification of the light emission mechanism. (a) The upper plane is
an SEM image of a CNT diode. The lower plane is a surface plot of the infrared
emission. A microscopy image of the device (not shown) was taken under external
illumination in order to verify that the emission is localized at the position of the
CNT. Infrared emission is observed at the position of the tube when the device is
operated as a LED (Vgs) =-8 V, Vgs2 = +8 V; left image). In contrast, no emission is
observed when a unipolar current of equal magnitude is driven through the nanotube
(Ves1 = -8V, Vgso = -8 V; right image). (b) Integrated EL intensity as a function of
current. The linear fit indicates that the mechanism is threshold-less and that the
emission is proportional to the carrier injection rate. (c) EL spectrum of a SWNT
diode at Ips = 200 nA. The red line is a Lorentz fit. After Ref. 11.
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After calibrating our detection system against the infrared emission from a known black-
body emitter and taking into account its collection efficiency, we estimate an EL efficiency of
~0.5-1 x 10 photons per injected electron-hole pair. Given a radiative carrier lifetime of 10—
100 ns in CNTs **** "8 we obtain a non-radiative lifetime 7. in the order of a few picoseconds.
This value is smaller than what is typically observed in PL measurements *° (~20-200 ps).
However, our value for 7; appears reasonable because of the interaction with the environment
and a higher concentration of carriers, both of which cause an increase of the non-radiative decay

141
rate .

In normal PL measurements, the tube is suspended while our tube is directly on a Si0;
substrate and is covered by a layer of ALD-deposited Al,Os, for the estimated dielectric constant

of s =5.7.

Fig. IV-2 (c) shows the spectrally dispersed emission of a SWNT diode at Ips = 200 nA.
It is composed of a single, narrow peak centered at ~0.635 eV, with a spectral width of ~50 meV.
Note that this is much narrower than the widths discussed in Chapter III. Based on a correlation

between the EL results with PL and Raman data '* '

, we assign the EL peak to emission from
the lowest-energy bright exciton state E;; in the CNT. The E;; designation is also consistent
with the known diameter distribution of the sample (see also the discussion of E;; peak

assignment in Chapter III).

Now we touch on the double-peak feature in emission spectra that was observed in many
CNTFETs (Chapter III) and also evident in some of CNT diodes. We now have much narrower
linewidth which allows us to analyze these two peaks quantitatively. In Figure IV-3 (a) we
present the results obtained from another device. Besides the dominant emission at ~0.755 eV
(labeled X), a weaker luminescence band is observed at ~65 meV lower energy (LX). We can
rule out the possibility that X and LX are originating from two separate tubes in a multi-walled
CNT. The small energy spacing translates into a diameter difference which is much less than
twice the graphite lattice-plane distance. In order to further confirm that both emission peaks do
not stem from a small bundle of CNTs, we characterized the tube by resonance Raman
spectroscopy and atomic force microscopy (AFM). In the Raman measurements, we tune the
excitation laser energy between 2.0 and 2.5 eV, i.e. across the E3s-range that corresponds to the
diameter-range of our CNT sample. Only one single radial-breathing-mode (RBM), centered at

orpMm ~ 200 cm'l, was observed, from which the CNT diameter is determined to be 37 4, =
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248/wrpm ~ 1.24 nm for this tube. From the AFM cross-section we extract a similar diameter.
Those measurements, and the fact that double-peak spectra similar to the one in Figure IV-3 have
also been observed in other devices, support our claim that both emission features originate from

a single SWNT.

The two peaks in Figure IV-3 cannot be identified as the E;; exciton transition and the
E;1 continuum. The exciton binding energy that we estimate for a 1.24-nm-diameter tube
embedded in Si0,/ALL O3 (ger ~ 5.7) 1s Ep ~ 0.12 €V 24, i.e. almost twice as large as the observed
splitting. More importantly, the continuum transition carries only a small fraction of the spectral
weight ** (see also Figure IV-5). We can also exclude phonon-assisted emission, because of the
different current-dependencies of the two peaks. Phonon assisted peaks are also not expected to
be of comparable intensity to the main peak, and the energy separation does not correspond to
any phonons that would couple strongly to excitons.

Low-energy satellite peaks have repeatedly been observed in PL measurements and have

) ) . 129, 130, 143-14
been attributed to localized exciton states 2% 130 143145,

We thus assign the peak X to “free”
exciton emission and LX to emission from weakly localized excitons. It is not possible to
determine from our optical measurements the physical mechanism of the exciton localization. It
might be due to environmental fluctuations, leading to the formation of quantum-dot-like states,
or brightening of intrinsic dark CNT states at structural defect sites. We note that in one of our
devices, the low-energy emission feature LX was initially not present, but developed after

stressing the tube by passing a high current through the device. This observation also supports

the assignment of LX to emission from a defect site.
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Figure IV-3. Electroluminescence spectra. (a) EL spectrum of a CNT diode recorded
at different drain-source currents Ips between 30 and 230 nA. Gate biases of Vgg1 = -
9 V and Vgs; = +9 V were applied. The data can be fitted well with two Gaussians
and, at low currents, we extract widths of ~45 meV (FWHM) for the individual
contributions. Besides the strong exciton emission (labeled X), a weaker satellite
peak at lower energy is observed (LX). It is attributed to localized exciton emission.
(b) Comparison between EL spectra at two different gate biases (normalized). Solid
green line: Vgs1 = -7 V, Vgs2 = +7 V; dashed grey line: Vgs1 =-9 V, Vgs2 = +9 V.
The spectral width of the -/+ 7 V measurement is only ~35 meV (FWHM). (c) Red
symbols: The free exciton emission (X) shows an approximately linear increase with
current. Green symbols: Localized exciton emission (LX). The EL saturates as the
current exceeds ~100 nA. The EL versus current dependence shows no threshold
behavior (see also Figure IV-2 (b)). The dashed lines are guides to the eye. (d) Same
as (c), but for a different device. After Ref. 11.

Figure IV-3 (c) depicts the current dependence of the X and LX emission intensity as

extracted from Figure IV-3 (a). The free exciton emission X shows a linear increase with current
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(see also Figure IV-2 (b)). This is in contrast to previous studies of EL from CNTs '+ 73-76- 887

o7 LT " which exhibit current thresholds of >1 pA for light emission. The CNT diodes thus
constitute threshold-less nano-scale light-emitters. The localized exciton LX also rises linearly
at low currents but saturates as the current exceeds ~100 nA. Saturation of exciton emission in
CNTs is a characteristic signature of Auger-mediated exciton-exciton annihilation 7> '*% 14,
which is known to be strongly enhanced in tightly confined 1D systems '*’. It sets in when more
than one exciton is present in the tube, i.e. when the electron-hole pair injection rate Ips/2q (q is
the electron charge) exceeds the inverse carrier lifetime 7.'. Therefore, 7. = 2q/100 nA ~ 3 ps,
which is in agreement with the t; estimated from the EL efficiency above. The sudden
saturation further suggests that T4"* << 11, with 14™* being the LX—LX annihilation lifetime.
From the absence of any noticeable X saturation, on other hand, we expect the X—X annihilation
lifetime 14~ to be much longer than ;. In fact, following Ref. '*’, we estimate (E, = 0.12 eV, E,
= 0.755 eV + Eu) 1a~ ~ 12 ps. The fact that the emission from defect sites is of comparable
strength as the emission from the rest of the tube further points toward a strong exciton
nucleation (i.e. locally increased exciton density) at the low-energy defect sites. Figure IV-3 (d)
depicts the results from another device. A similar behavior is observed, but the onset of
saturation now occurs at higher current (~250 nA), suggesting a higher concentration of defects
in this tube. This is also consistent with a ~2 times stronger LX emission as compared to X
emission at low currents. It might also be interesting to investigate the photon statistics of the
LX emission using a time-resolved technique, since it is believed that exciton localization plays

an important role in the generation of quantum light from CNTs '%.

Upon decreasing the gate bias voltages from -/+ 9 V to -/+ 7 V, the doping in the CNT p-
and n-regions decreases and so does the infrared emission intensity (for same Vps). However, as
shown in Figure IV-3 (b), we also observe an even further reduction of the spectral width. We
now extract a linewidth of only ~35 meV (FWHM). This value is ~2 to 8 times smaller than what

. . 71,73,76,85,87,97, 111, 117
has been reported in all previous EL measurements to date " "> "™ """ 7" """

, and approaches
that typically observed in room-temperature PL ® (~25 meV). Figure IV-4 shows more detailed
statistics of X and LX peaks from another double-peak device. From IV-4 (b), the slope of the
fit for both X and LX widths extrapolate to ~ 30 meV at 0 V drain-source bias, comparable to the

values above. The increase in width with Vps is roughly equal in magnitude to the increase

75



observed by increasing the Vgs values, although a large uncertainty in both peaks does not allow

us to draw conclusions from quantitative analysis.
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Figure IV-4. Characteristics of a two-peak CNT p-n junction device. The dotted
lines are a linear fit for each peak in both figures. (a) Peak positions for X and LX
peaks as a function of Vps. The X position changes less than 1 meV per 1 V in Vpg.
(b) FWHM for X and LX peaks as a function of Vps. The difference between the
slopes is not statistically significant.

Figure IV-4 (a) shows the change in peak position for X and LX as Vpg is increased. We
see that there is little change for X (AEx/AVps = - 0.8 = 0.6 meV/V), whereas LX red-shifts
somewhat with respect to Vps (AELx/AVps = -4.5 = 1 meV/V). Red-shifts of PL and EL peaks
as a result of drain-induced doping was also observed by Freitag et al. '%. This is analogous to
the red-shifts of Es3 excitation energy observed under gate field in Ref. '**. Doping within the
channel is thought to change the dielectric screening between electrons and results in bandgap
renormalization and a change in exciton binding energy. According to the study by Walsh et al.
using different dielectric materials (¢ = 1 to 1.78), the increased screening results in the reduction
of both of these effects, leading to the combined effect of tens of meVs in red-shift for the E»

" 149
transition .

A similar effect was observed by Steiner et al. for the Ej; excitation energy
reduction of up to 20 meV at [Vgs| = 4 V, corresponding to the induced charge density of |p| =
0.2 e/nm '**. The red-shift for E;; is expected to be slightly smaller, '*° but the effect should also

be an over all reduction in transition energy and by the same order of magnitude. In fact, Freitag
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et al. also observed a linear red-shift in E;; emission corresponding to |p| = 0.25 e/nm at [Vps| = 6

109
Vo

As seen in the schematic in Figure IV-1 (c), the recombination region is un-gated and is
therefore undoped. We are keeping the back gate at 0 V and we attempt to inject both types of
carriers at roughly equal rates in order to maximize the emission, so to the first approximation,
the total charge carrier density is kept zero, leading to the absence of a peak shift for the “free-
exciton” peak. On the other hand, we observe the total red-shift of 23 meV for the LX peak.
Using the scaling relation between AE; and A|p| derived from the PL data in Ref. 109, we obtain
the local charge carrier density increase of Alp| = 0.19 e/nm, comparable to the global gate effect
observed by Steiner et al. and Freitag et al. mentioned above. While we presently do not know
the physical details of the localization potential, this information may help eliminate certain
types of local fluctuations in future study. In addition, emission peak shift in EL has never been
investigated systematically. Our devices show no E;; peak shift for the free excitons, which
should enable future studies to explore the effect of dielectric environment and of electrostatic
doping in EL. In fact, we have some preliminary data (not shown) showing that tuning the
global back gate could change the E;; emission intensity in EL from CNT p-n junction by up to

an order of magnitude.

In Figure IV-5 we compare the ambipolar emission from a diode with the unipolar
emission from a back-gated field-effect transistor (FET) made out of the same (long) SWNT.
The FET emission amplitude is ~ 4 times smaller than the emission from the diode, although Ipg
is 12.5 times higher. It is also much broader (~180 meV) and exhibits a slightly asymmetric
lineshape, consistent with our unipolar emission characteristics from Chapter III. The FET
device was operated in the reverse bias regime, with Vgs < 0 < Vpg and [Vgs| > [Vpg|. (See
Figure IV-5 inset for the schematic band structure of the operating condition.) In this regime,
holes are the majority carriers and generate electron-hole pairs by impact excitation. Most
electron-hole pairs are generated at the peak field Fy.x near the drain electrode (see inset) and we
estimate a lower limit of Frax > Vps/tox ~ 25 V/um, where we use the gate oxide thickness 7, as
the screening length '*>. When estimating the contribution of different broadening mechanisms
to the emission linewidth we find that, under those biasing conditions, the dominant contribution

is due to mixing of exciton and continuum states in the high electric field.
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We claimed in Chapter III that in the unipolar case discussed, the lifetime shortening due
to the field ionization was the dominant mechanism for the bias-dependent part of broadening.
Using the same formalism and the values d = 1.4 nm and F = 25 V/um, the effect of ionization is
estimated to be 38 meV, which comprises only a small fraction of the 180 meV width observed
in this case.

124 of the field dependence of the optical

The inset of Figure IV-5 shows a simulation
absorption of a 1.4 nm diameter tube. At zero field (0 V/um; green line), as it is approximately
the case in the CNT diodes, there is no absorption in the energy range between the E;; exciton
and the onset of the weak band-to-band absorption. The absorption and hence the emission are
dominated by the E;; excitonic transition. In the FET (25 V/um; red line), however, due to the
high electric field, the exciton wavefunction mixes with the band-to-band continuum, which
leads to spectral weight transfer from the excitonic peak to the continuum. The band-to-band
absorption moves into the forbidden region and merges with the E;; exciton peak, resulting in a
strongly broadened, asymmetric lineshape. At 25 V/um, the simulated absorption extends over
an energetic range of more than 150 meV. Due to the high electron temperatures in those
devices ¥, we expect the emission spectrum to be of comparable width as the absorption.
Additional broadening mechanisms, such as field ionization already discussed, Auger

79,129, 146 115,120

recombination and phonon broadening , will increase the width even further.
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Figure IV-5. Comparison between ambipolar and unipolar light emission. Green line:
EL of a CNT diode. Red line: EL emission from a FET device. The upper curve is
offset for clarity. Both devices undergo the same processing steps with the only
difference being the absence of top-gate electrodes in the FET. Inset: In the FET
emission measurements, biases of Vps = +5 V and Vgs = -20 V were applied to the
drain- and (silicon) back-gate electrodes, respectively. An electric field of >25 V/um
occurs near the drain electrode. FElectron-hole pairs are generated by impact
excitation. Green line: Calculated absorption spectrum of a 1.4 nm diameter tube (e
= 6.0) at zero field. X is the exciton transition, FC denotes the band-to-band (free
carrier) transitions. Red line: Calculated absorption spectrum for a field of 25 V/pm.
After Ref. 11.
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Let us finally comment on the efficiency of the CNT LEDs. Measurements of the PL

) . . .
.79 .1 x 102, whereas in our devices we obtain at

efficiency of SWNTs yielded values up to
most ~10™ photons per injected electron-hole pair. This difference of about two orders of
magnitude can be understood by taking the following two factors into account. First, only a
fraction of electrically induced electron-hole pairs possesses the right spin to populate radiative
singlet exciton states; [1+ 3-exp(A/kT)] times as many populate non-radiative triplet states (k is
the Boltzmann constant, 7= 300 K, and A is the singlet-triplet splitting). Using literature values
3334 for A, we estimate that this effect reduces the efficiency by about an order of magnitude.
Second, the short non-radiative lifetime leads to an efficiency reduction by another order of
magnitude. Possible routes for improving the efficiency hence would be brightening of the

triplet states — for example, by adding magnetic nanoparticles '** — and/or suspending the CNT to

increase the non-radiative lifetime.

4. Conclusions

P-n junction devices were created with single carbon nanotubes using top split gates that
electrostatically control spatially-separated p- and n- regions. The transport shows a clear
rectifying behavior when the gates are biased in opposite voltages. Compared to conventional

& 74, the p-n junction thus created

ambipolar devices as seen in devices with a global back gate
and controlled emits light much more efficiently and at low input power, leading to a narrow

linewidth that approaches that of photoluminescence.

The narrow spectra allow us to analyze emission characteristics in greater detail than was
previously possible. In some devices, two peaks associated with the E;; transition were
observed, separated by ~65 meV. We assign the higher-energy peak to free excitons and the
lower-energy peak to weakly localized excitons. The latter may be bound to local potential
fluctuations, such as defects. As we increase current, we observe a saturation of emission
intensity from such localized excitons, suggesting a higher exciton density and a local
annihilation mechanism by exciton-exciton interaction. We also observe no shift in the free
exciton peak, which indicates a constant local charge density as expected in the recombination

region of the p-i-n structure. Conversely, the lower-energy peak red-shifts with increased
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current, suggesting a local increase in the charge density and an accompanying increase in

screening.

We were also able to compare unipolar emission and emission from a p-n junction from
the same tube. The unipolar emission shows a characteristic spectrum that was discussed in
Chapter 111, i.e., an inefficient emission and a large width with a slightly asymmetrical shape.
Since ionization by the external field (which explained the broadening at a very high bias
employed in Chapter III) only accounts for a small fraction of the total width, we calculated the

' 124 The effect transfers some of the

wave function mixing by Franz-Keldysh oscillation
oscillator strength to the free-carrier interband transition and mixes this state with the excitonic
wave function. The calculated result reasonably reproduces the experimental spectrum (Figure

IV-5, inset).

While the efficiency was two orders of magnitude greater than what has been observed
from conventional CNTFETs, it is still about two orders of magnitude lower than what has been
reported in photoluminescence. This is attributed to the fact that unlike photo-excitation,
electrical excitation populates dark E;; excitons as well as bright excitons, and that the non-
radiative lifetime is comparatively short because of mechanisms such as exciton-exciton
annihilation and the interaction with the substrate and the top dielectric. Nonetheless, a
suspended, bottom-gated CNT p-n junction should be able to show improved the efficiency. Our
work also marks an important step toward realization of nano-scale device application in carbon

nanotube optoelectronics.
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Chapter V.  The Polarized Carbon Nanotube Thin Film LED

1. Introduction

In the previous chapter, a light-emitting CNT p-i-n junction was demonstrated with a
single CNT. Such a device is a basic photonic building block and paves the way for application

"1 The possibility of using a single CNT device as a

of CNTs in nano-optics and photonics
quantum light source has also been explored '°'. The high quantum efficiency of our devices
made it possible to produce narrow emission lines that in turn enabled us to analyze individual
emission peaks in detail. While the single-tube LED has such advantages when studying the
underlying physics of electrical emission, the likelthood of a device failure is understandably
high. Moreover, light output is limited by the maximum current a single CNT can carry. Small-
diameter CNTs (d ~1 nm), when aligned at mid-gap with the Fermi level of the metal, have a
typical device resistance in the order of 1 to 10 MQ, which sets the current level at a few
hundred nanoamperes at normal operating voltages. The operating drain-source and gate
voltages are mostly limited by the breakdown of the gate dielectric and cannot be increased
beyond a certain level, typically a few volts in the geometry used. One solution is to increase the
number of channels so that the total current-carrying capacity is increased while the load per tube

is decreased. This reduces the probability of a tube failure, and even in the event of a single tube

breakdown, the device can continue to function.

Consequently, the light emission properties of CNT films and networks '*°”*° have been
attracting recent interest beyond single CNT applications. CNT films can be readily assembled
from solution and allow for the possibility of scaling up both the current and the amount of light.
In addition, CNT films achieve more consistent and stable output among devices by “averaging-
out” the heterogeneities of individual CNTs. Furthermore, self-assembled and highly aligned
arrays with many CNTs in parallel are expected to preserve the polarization provided by the one-
dimensional character of individual CNTs. Since emission and absorption of light that is
polarized parallel to the long axis of a CNT occurs with higher efficiency, an aligned CNT film

could be a promising building block for future laser applications.
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In this chapter, we report on the realization of a light emitting p-i-n diode from a highly
aligned film of semiconducting carbon nanotubes that emits light in the near-infrared spectral
range. A split gate design similar to the single-tube CNT diode allows for tuning both the
rectifying electrical behavior of the diode and its light generation efficiency. The CNT film
diode produces light that is polarized along the device channel, a direct consequence of the high
degree of CNT alignment in the film that reflects the polarization property of the 1D nature of

individual tubes.

2. Physical characteristics of CNT films and top-gated devices

We deposited CNT thin films on a Si(p++)/SiO,(100nm) substrate from a suspension of
99% semiconducing (arc discharge) carbon nanotubes with diameters ranging from 1.3 to 1.7

nm, separated by density-gradient ultracentrifugation **.

With this desposition technique, CNTs
align in parallel at the contact line between the solution and a vertically immersed planar
substrate. The slip-stick motion of the contact line during evaporation produces periodic arrays
of regular CNT thin film stripes that cover a large area of the substrate, each stripe having a
width of about 10 um and a height of 1 to 8 nm, depending on the degree of CNT bundling (see
Figure V-1 (c)). The CNT stripe formation relies solely on self organization without the need for
etching or lithography to obtain the patterns. These CNT films have been extensively
characterized by optical and electrical techniques as well as by SEM and AFM (see Ref. 99 and

Figure V-1). Further details on the assembly technique and its mechanism are available in Ref.

99.

We first contacted sections of a stripe by source and drain electrodes (Ti= 1 nm/Pd = 40
nm/Au = 20 nm, Figure V-1 (a) ), and then deposited 30 to 50 nm of Al,O3; by means of atomic
layer deposition. Ti top gates (thickness: 15 to 35 nm) were then defined by e-beam lithography
and deposited by e-beam evaporation (Figure V-1 (b) and V-2 (a)).
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Figure V-1. (a) SEM image of self-assembled CNT stripes, one of which is
contacted with metal contacts. The two L-shaped objects marked “S” (source) and
“D” (drain) are the electrodes. The middle stripe appears brighter because of local
charging from the metal under the SEM beam. The length of the black scale bar
corresponds to 10 um. (b) AFM image of a fabricated top-gated device. “TG1”
and “TG2” denotes the top gates. (c) Height profile of an ungated section between
“TG1” and “TG2” from (b).

As sketched in Figure V-2 (a), the operating principle of diode is the same as in single-
tube diodes (Chapter IV); the top gates control the electrostatic doping of the CNT film segments
underneath to create a p-n junction. Applying different voltages to the gates creates p- and n-
doped segments and a recombination region in-between with a potential drop (~1 pum, see Fig.
1(b)). The channel length L¢ between the source and drain contacts varied from 4 um to 10 pym
and exceeds the average CNT length of around 1 pm in order to avoid shorting the channel with
residual metallic nanotubes. The channel length was found to be critical for having a good
on/off ratio when the back gate is swept, even though the amount of metallic tubes was only 1 %
(details in Ref. 99), since metallic tubes contact metal much better. In order to avoid creating
short circuits in the device with metallic tubes, Lc needs to be significantly greater than the
average CNT length, which means that electronic transport along the channel relies on
percolation instead of direct conduction between the drain and the source. Figure V-2 (b) shows
an SEM image of a CNT film diode with Lc = 10 pm. In the following, we investigate the

electrical transport behavior of the devices thus fabricated.
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Figure V-2. (a) Schematic illustration and (b) scanning electron microscope image of
CNT film diodes with split top gates (TG1 and TG2). The white scale bar on lower
left is 5 um long.

3. Transport characteristics of the CNT film diode

As we saw in the case of the single-tube CNT diode, good transport behavior is critical
for efficient light emission. This is not surprising since the radiative recombination rate of
excitons in CNTs is much smaller than the non-radiative recombination rate. Here, we discuss
electronic transport of CNT film devices with top-split gate to confirm that they do indeed

behave as diodes.

The electrical transfer characteristics of two devices with different channel lengths (4 pm
and 6 pm) are shown in Figure V-3 (a) and (b). We see that the fundamental requirement for
CNT diode construction, namely the ambipolar behavior upon gate-sweeping, is satisfied in these

devices. The almost symmetric, ambipolar transfer characteristics of the devices indicate that
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both electrons and holes can be injected into the channel with similar efficiencies. We also see
that there is much less noise in current compared to single-tube devices under similar conditions
(compare to Figure III-3, for example), because multiple channels cancel fluctuations from
individual tubes. The sheet resistances was found to be around 1 MQ/o and the on/off current
ratios is about 100 for Vps =1 V. The performance is somewhat degraded both in conductivity
and in the on/off ratio compared to the global bottom-gated devices in Ref. 99. This is partly due
to the fact that the global gate covers the entire device channel while our split gates have only
partial channel coverage. More significantly, we re-used the same material, and re-processing
the same film multiple times degrades the performance by introducing defects and impurities. It
has also been observed in single-tube devices that applying high bias seems to damage CNTs.
The D-line (i.e. defect induced; see Introduction) intensity from Raman measurement in a single
tube increases after we applied high bias/current repeatedly. In addition, as described in Chapter
IV, we have observed that the defect-bound E;; peak developed after measurements in a single

CNT p-n junction.
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Figure V-3. (a, b) Source-drain electrical current transfer as a function of the top-gate
voltage measured for CNT film diodes with a channel length (a) Lc=4 pm and (b)
Lc=6 pm, respectively, where Vi = Vi1 = Vrga. Vrg was swept in both directions,
resulting in hysteresis that is typical in on-substrate CNT devices. The bottom gate
was floating. After Ref. 152.
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The decreased on/off ratio at a higher Vps is thought to be analogous to the higher off-
current for single-tube devices (see Figure III-1 and III-3, for example), which is due to the bias-
assisted tunneling though Schottky barrier at the injection site at “off-state” Vrg. As for the
effect of the channel length, we observe that as L¢ increases from 4 to 6 um, the split gate effect
becomes more pronounced and the attainable on-current decreases. This is similar in principle to
the observation of an increasing on/off current ratio and a decreasing on-current with increasing
Lc in devices made out of the same film but equipped with a single global top gate *°. The on-
current decrease is simply a function of overall channel resistance, which comes from diffusive
transport under percolation and a channel length greater than the electron scattering length. The
inferior on-off ratio of the shorter channel arises from the incomplete turn-off due to a small
residual amount of metallic tubes in the film. The effect and the probability of a (at least
partially) short-circuit created by metallic tubes decrease as the entire channel length is

increased, leading to a better off-state in Figure V-3 (b) than in (a).

Now we examine transport by applying a differential voltage between V1g; and Vrg; to
see if they operate as p-n junction diodes. In Figure V-4 (a) and (b), we show the electrical
output characteristics of the same two devices (with different channel lengths) already shown in
Figure V-3 above. We swept Vps between -10 V and +10 V while keeping the split gate
voltages at specific values. First, we focus on the transport when it is forward-biased, i.e.
positive Vpg in this case in the right half of each figure. By stepping up voltages of opposite
polarity to the two split gates from 0V/0V (black) to -10V/+10V (magenta), we observe that the
forward-biased transport becomes more efficient for a given Vps. It is also interesting that the
increase in current is more prominent for the longer-channel device as the split gate voltage
difference is increased. For example, compare the differences in Ipg at maximum Vpg between
the minimum split gate (0V/0OV, black) and the maximum (-10V/10V, magenta) between the
panels. The 4 pm device shows only a factor of two increase in current from 16 pA to 32 pA
(Figure V-4 (a)), but the 6 um devices sees an increase greater than an order of magnitude from
1.9 pA to 20 pA (Figure V-4 (b)). As we saw in the ambipolar top-gate sweeps of the same
devices, the longer diode has a better on/off ratio, which means that we can control the
accumulation of p- and n-doped carriers more effectively. Hence, it is reasonable that the

longer-channel device has a better diode behavior.
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In the reverse direction (i.e., negative Vpg in this case; the left half of each panel in
Figure V-4), split gate voltage has the opposite effect, namely suppression of electronic transport
resulting from the increase between the top gates. This is precisely what is expected from a
diode that is reverse-biased (unless it is in the avalanche regime). At OV/0V, it works more like
a regular resistor, although the effect of Schottky barriers is evident at small Vpg from the
nonlinearity of Ips-Vps near zero. As the voltage between the split gates is increased in
magnitude, the device becomes more resistive. Again this effect is more pronounced in the
longer-channel diode with a better on-off ratio. In summary, by increasing the potential drop
between the split gates, we obtain a gradual improvement of the rectifying behavior in the CNT

film diode.
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Figure V-4 (a, b) Electrical output characteristics measured for the same devices as in
Figure V-3 (a, b), respectively. In the forward bias direction (marked “Forward”:
positive Vpg), the electrical output increases as a function of the difference between
the two split gate voltages from 0V/OV (black) to -10V/10V (magenta).(potential
drop), while the output is generally suppressed in the reverse direction (marked
“Reverse”) as a function of greater split-gate voltage. After Ref. 152.

We should emphasize here that we use the terms “forward bias” and “reverse bias” as

they are used in conventional p-n diodes. Indeed, we applied drain-source and split-gate voltages
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following that convention and observed that “forward” and “reverse” biases create p-n junction
and a diode behavior that we expect from just such biasing schemes. However, potential
fluctuations in conduction and valence bands in these devices are far more complex than in a
standard p-n diode, and we do not expect the almost ideal behavior that is observed in p-i-n
diodes made of single CNTs '"**8! In the present case, multiple CNTs with different diameters
and chiralities are contacted, with many of them bundled, and charge carriers have to overcome
various tube-to-tube contacts in order to cross the channel. Also, the height of Schottky barriers
between the metallic source/drain contacts and the CNTs are highly variable between the tubes
as external electric fields are applied because of different diameters and varying quality of
individual contacts *°. Nevertheless, if the voltage range is restricted to moderate values of Vpg
between -5 V and +5 V, for example, the CNT film diodes can be operated more closely as
rectifiers, as shown in Figure V-5 for CNT film diode with two different channel lengths, 6 pm
and 10 um. In the reverse direction, the current flow is very limited, although not completely
suppressed. Again, we see that the attainable on-current is smaller, but the rectifying behavior is

slightly better (i.e., the suppression is more complete) for the longer-length device.
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Figure V-5. Examples of two diodes with rectifying characteristics for CNT film
devices with (a) Lc= 6 um and (b) Lc= 10 um. The vertical axis scales are different
between the two.
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4. Electroluminescence characteristics of the CNT film diode

Next, we discuss the EL properties of the CNT thin film devices. In general, the radiative
decay of excitons is responsible for light emission in CNTs. Excitons can be electrically
generated in CNTs via (i) simultaneous injection of electrons and holes that form excitons and
radiatively recombine (giving rise to threshold-less ambipolar electroluminescence), or (ii)
accelerating electrons or holes to energies sufficient to create excitons, i.e., the so-called impact
excitation (giving rise to unipolar electroluminescence with threshold characteristics) '''. By
using a p-i-n design, we aim to improve the control of simultaneous injection of electrons and
holes in order to increase the efficiency of the threshold-less ambipolar electroluminescence,

making the CNT film a more efficient light emitter.

Figure V-6 (a) and (b) show images from optical reflection and an EL signal detected by
the infrared camera, and an overlay of the two images (c,d) to demonstrate that the signal is
coming from between the top gates. Given enough input power (power Pg= Ips - Vps), we find
that the devices emit infrared light in both non-diode mode (unipolar) and diode mode
(ambipolar). Since the top gates are covering the areas near contacts (Figure V-2 (b)), we can
only detect signals from between the top gates, as shown in Figure V-6 (d). Compared to single-
tube FETs, we find that even unipolar devices luminesce in the middle part of the channel as
opposed to near contacts. While Figure V-6 (d) may hint at a more localized emission character
for the ambipolar emission (red line and symbols), the limited spatial resolution does not allow
us to draw any conclusions on the differences between unipolar and ambipolar emission from the
spatial data. Given the distance between the top gates (~1 um) and the EL peak wavelength (~2

um), we are at the theoretical resolution limit.

Does a film LED produce more light than a single-tube LED? Figure V-7 compares the
total light output from the two different types of devices under the same source-drain bias.
Clearly, the overall light output of the film LED is far superior to that of the single-tube LED,
showing that we can indeed “scale up” carbon-nanotube devices in terms of light emission. At
Vps = 10V, the single tube and the film are carrying 350 nA and 18 pA, with the light output
yield of 4900 and 76000 in arbitrary units, respectively. On the other hand, this translates to
14,000 a.u. of emission per pA for the single-tube device versus 4,200 a.u. per pA for the film.

It is not surprising that the single tube diode is a more efficient emitter; after all, the CVD-grown
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tube has been subjected to much less chemical processing, and it does not rely on percolation for
conduction. But we can never achieve significant total light output with the single device
because we cannot pass more than about 1 pA of current without destroying the tube itself.
Ideally, parallel single-tube devices with good quality, long small-diameter CNTs that are almost
exclusively semiconducting would be ideal for the maximum light output, but there is much
technical challenge before such a device can be constructed. Our parallel-tube, percolation-

driven devices are the best CNT electrical emitter to date in terms of total light intensity.
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Figure V-6. Spatial characteristics of EL from a 4-um CNT light emitting diode
taken at the same sample position. Note that the device dimensions are close to the
resolution limit (~1 pm) of the optical measurement due to both the wavelength of the
detected light and the pixel size. (a) Reflected image of a device showing the source
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function of source-drain voltage.

and drain pads (marked “S” and “D” respectively) and the top gates (marked “Vrg,”
and “Vrg2”). (b) EL signal from the same device as in (a). (¢) Combined image of
(a) and (b), showing that the EL signal is located between the two top gates. (d)
Spatial cross sections of a reflection as in (a) against a unipolar and ambipolar
emission signals across the device channel. The two top gates (lateral spacing = 1
um) can be recognized as double-peak feature. Detectable EL emission originates
from the device area between the two split gates (unipolar: split gate voltages off;
ambipolar: split gate voltages on).
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Figure V-7. Light output characteristics (spectrally integrated EL intensity) of both a
CNT thinfilm LED (red circles) and a single-tube diode (black squares). Both
devices are biased in the forward mode. The corresponding split gate voltages
Vr161/Vra, are -5V/+5V for the film device and -20V/+20V for the single-tube device.
After Ref. 152.

Figure V-8 (a) shows the EL intensity of a device integrated over wavelength as a

electrical transport characteristics of the same device. We see from the Ips—Vps curves that this
device has the same type of top-gate dependence as the devices in Figure V-4. In the forward-
bias direction (i.e., positive Vps in Figure V-8 (a)), we observe a substantial increase of light
intensity up to a factor of 16 for a fixed Vpg as we increase Vrgi/Vrg: from 0V/OV to +5V/-5V.
In the reverse-bias direction, despite the high currents achieved (see the negative Vpg side in

inset Figure V-8 (a)), we only observe relatively weak electroluminescence if we increase |Vps|.
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As a reference, we plot in the inset of Figure V-8 (a) the



We also note that the onset of the forward-biased emission coincides with the current onset,
while the onset of the reverse-biased emission lags behind the current onset. This is discussed in
more detail for V-8 (b) inset below, and additionally in the investigation of electroluminescence

width.

It should be noted that we do not observe a significant influence of the split gate in the
intensity characteristics of the emitted light in the reverse direction; on the negative Vpg side, the
intensity is almost identical for all the split-gate settings at any given Vpg value. Although there
is a potential drop between the top gates, the field created by the Vrgs biasing does not appear to
be greater than the impact excitation threshold, since there is little dependence on that parameter.
In contrast, a single-tube device operated as a unipolar emitter shows a clear dependence on
bottom global gate voltage (not shown), which is reasonable because the light generation
depends of the degree of band bending at contacts that controls the carrier injection rate (see
Figure IV-5 inset for schematics). From such split-gate effects and the differences between the
forward and reverse biases, we can conclude that the CNT film device functions as a light-

emitting diode.
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Figure V-8. (a) EL intensity and corresponding drain-source current characteristics
(inset) as a function of source-drain voltage. The associated top gates voltages
V161/V1ae are denoted in the inset. Positive Vpg indicates the forward-bias direction.
(b) Electroluminescence intensity plotted as a function of electrical power
Per=Vps-Ips. Experimental data points are represented by symbols (open symbols:
forward bias, solid symbols: reverse bias), the lines represent best fits to the
experimental data points. The corresponding top gate voltages V1gi/Vrg: are also
indicated. (Inset) The zoom reveals the threshold behavior. After Ref. 152.
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In order to investigate whether the light generation efficiency is improved by the use of a
p-n junction, we plot in Figure V-8 (b) the integrated EL intensity as a function of the injected
electrical power, Pg = Ips - Vps for several voltage configurations. With the device biased in the
reverse direction, we obtain linear power dependency with almost identical slopes, independent
of the split gate voltages applied (Figure V-8 (b), solid blue and red circles). Again, we see little
effect of the split gates in the reverse mode. If the device is biased in the forward direction
(Figure V-8 (b), open squares), we observe that the slope of the intensity curve is steeper than the
curves in the reverse mode. This indicates a greater efficiency with which the device generates

light when biased in the forward direction.

More importantly and perhaps more interestingly, if the split gate voltages are tuned from
0V/0V to +5V/-5V and the device is swept in the forward direction, we observe a strong increase
of light generation efficiency (Figure V-8 (b)). The power dependence can be captured
adequately by fitting a quadratic form to the data points. The somewhat greater-than-linear
power dependence observed might be due to either higher order electrostatic field contributions
(across the junction) or higher order excitonic effects (in the CNTs); the investigation of both
effects is beyond the scope of this study. At Pz, = 150 uW, the light generation efficiency has

increased by a factor of 4 as compared to the reverse mode.

We found that the “forward” bias is more efficient than in “reverse” bias, even without
split gate voltages applied. Here, “forward” and “reverse” simply refer to the polarity of Vpg as
in Figure V-8 (a); since the top gates are not biased, there are no p- and n- segments created, at
least in theory (there may be some residual doping of the substrate, as is typically evidenced in
the hysteresis discussed in Chapter III). By switching the source and the drain, we find that the
efficiency changes significantly; compare the 0V/0V curves in Figure V-8 (b), for example. This
effect is associated with built-in non-uniformities of the CNT film and the potential profile of
individual devices. We found that a certain level of asymmetry almost always exists in the
electrical transport behavior (see for example the transport at 0V/0V, solid red circles vs. open
green squares, in Figure V-4 (b)), making devices operate more efficiently for a certain choice of
(source/drain) bias conditions. This is not surprising since the respective carrier injection rate
from each contact depends on the details of the tube-metal interfaces. Although the diode
behavior was also observable in the non-ideal source/drain choice, we consistently chose the

better source/drain assignment for diode in order to observe the split-gate effect more clearly.
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We attribute the observation of the improved light generation efficiency in the forward
mode to an enhancement of ambipolar recombination in the intrinsic CNT film segment. The
threshold characteristics of the device are consistent with our interpretation. While the CNT film
diode generates light virtually threshold-less in the forward mode (see inset Figure V - 7(b)), it
displays the threshold behavior when biased in the reverse mode. This could be interpreted as an
impact excitation signature; however, in the present case, high fields are expected to be next to
the contacts where the top gate is blocking the light, while the light generation is in the middle of
the channel. Exciton diffusion length in CNTs has been estimated to be about 100 to 200 nm by
various groups, with the largest estimate being 1 pm using mostly time-resolved

. . 1 153-1
photoluminescence techniques ' % 1931,

It is not yet clear what parameter(s) affect the
differences among the groups. Nonetheless, the emission region on our sample is at minimum a
factor of few longer than the diffusion length, so excitons created at contacts would not
contribute to the emission observed from these devices. By comparing to single CNT diodes
attaining conversion efficiencies in the order of 10™ photons per electron-hole pair (exciton) ',
we estimate that the conversion efficiency of the CNT film diode is lowered by at least one order
of magnitude. This result can be understood by considering that: (i) the CNT film diode is a
percolation device relying on non-ideal nanotube-nanotube contacts; (ii) the CNT material has a
much higher defect density because it has been solution-processed and (iii) the presence of
remaining metallic nanotubes in the film effectively quench light emission due to non-radiative

157

energy transfer.  Techniques such as aligned CVD with preferential growth for

5

semiconducting tubes '°* may provide solutions to these problems in the future. However, the

long radiative lifetime and the existence of a lower-energy dark exciton are basic properties of

33, 34

excitons in carbon nanotubes , and overcoming the competing decay processes poses a

significant challenge in improving the efficiency of CNT-based LEDs beyond a certain limit.

5. Investigation of Electroluminescence Spectra

We also measured EL intensity as a function of emitted photon energy to further explore
the characteristics of emission. Figure V-9 shows EL spectra for forward (a) and reverse (b)
biases from the same device. Recall that forward bias shows a more efficient ambipolar

recombination behavior from the p-n junction than in the reverse bias. We kept the top gate
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biases constant at -5V and +5 V, and stepped up the Vps in the positive (a) and negative (b)
directions to induce the two different modes similar to Figure V-8. We fit Gaussian distributions
to the spectra to extract the peak positions and the widths under the assumption that the emission
comes from a collection of multiple tubes with a distribution of diameters. As we shall see in the
following, the emission is not a simple reflection of the diameter distribution; however there is
still a multiple-tube effect and the Gaussian function fits the emission profile quite adequately

(Figure V-10 (b), inset).

The device emits electroluminescence in the near infrared with a maximum spectral
intensity at about 0.58 eV in the forward direction and 0.60 eV in reverse. There was no
measurable peak shift observed as the input power was increased. Given the diameter range of
1.3 nm to 1.7 nm and referring to the Kataura plot "°, the intensity peaks are at the lowest edge of
the E;, energy range for the sample, in agreement with Ref. 97. As Engel et al. suggests °°, this
is expected since larger diameter tubes have smaller Schottky barriers which is critical for carrier
injection, and excitons efficiently relax into lower-energy states in large-diameter tubes % '%.
Adam, et al. found a similar effect in their carbon-nanotube network FETs operated with a global
gate °’. An efficient energy transfer mechanism, Forster Resonance Energy Transfer, has been
suggested as the major contributor because of the aligned orientation of dipoles between exciton

10 Qian et al. obtained the maximum transfer rate of 0.5 ps™ in their

donors and acceptors
DNA-wrapped CNT sample "*°, which is even faster than the nonradiative decay rate in our
single-tube LEDs (a few ps). As we saw in the AFM profile of our sample (Figure V-1 (c)), the
tubes are largely in bundles; furthermore, most of our tubes are in good alignment with each
other (Figures V-1 and V-2), making the Forster interaction a very likely mechanism responsible

for the observation of energy peaks at the lowest-energy edge of our diameter range.
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Figure V-9. Electroluminescence spectra of a CNT film light emitting diode with
channel length Lc= 4um biased in (a) forward (ambipolar) and (b) reverse (unipolar)
mode. The device used was the same as in Figure V-8. The top gate values used
were Vrgi = -5 V and Vrg, = +5 V. The same symbols and colors are used for
relatively comparable Pgp between (a) and (b). (c) Comparison of forward
(ambipolar) and reverse (unipolar) mode, respectively. The electrical parameters
during data acquisition are Vigi = -5V, Vrga=+5V, Vps= 10 V, PgL. = 104 pW
(forward mode) and Vrgi =0 V, Viga=0 V, Vps= -6 V, Pg. = 152 uW (reverse
mode).
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In the previous study which examined global bottom-gated transistor behavior from the
identical raw material *°, EL and PL intensity maximum of another device was found at 0.64 eV.
Referring to the empirical Kataura plot by Weisman et al. '°, we see that different chiralities for
the same diameter could easily differ in emission energy by about 100 meV in this diameter
range. If only a limited number of tubes are involved in emission, as discussed above, statistical
averaging between samples is limited; the difference of 40 meV in peak positions between
devices is entirely possible. Since we do not have enough spatial resolution to identify the tubes
participating in emission (let alone determine diameters and chiralities of those tubes), it is not
possible to make any meaningful conclusions based on the comparison between the two unipolar
emission peaks, other than suggesting that that number of tubes involved in conduction and

emission may be small.

On the other hand, the ambipolar and unipolar emissions in our data are from the same
device and from the same measurement session, which makes them more directly comparable.
Figure V-9 (c) compares normalized intensities of the two modes. In addition to the small
difference in the maximum intensity energies, we see that in forward bias, there is a greater
spectral weight of higher-energy emission. This was not observed in reverse bias, even when the
intensity was comparable (when the intensity is increased, the broadening obscures the
difference somewhat, but there is no feature around 0.65 eV). This would not be the signal from
exciton-optical phonon coupling, since the optical phonon energy is about 180 meV, much larger
than the signal-main peak separation observed. The difference in energy suggests the separation
between the defect-bound and the “free exciton” states in single-tube CNT diodes. While it may
seem unlikely that one observes spectral features in electroluminescence signal from such an
ensemble of CNTs with a range of diameter and various chiralities which undoubtedly lead to a
wide range of E,; transition energies '>. However, existing literature on tube-tube energy
transfer suggests that the long channel length ensures that lower energy states dominate, since
energy relaxation to tubes with lower-energy E;; states happens very fast, within 3 ps. In that
case, it is reasonable that the defect-bound states and free-exciton states can show up as two

peaks at least to some extent.

We have seen during single-tube LED measurements that the lower-energy, defect-bound
state sometimes appears after the tube has been stressed with higher levels of current. The films

devices have already gone through higher-current measurements and “recycling” from previous

99



measurements (i.e. additional chemical processing), so the dominant peak (around 0.60 eV) is
assumed to be from the defect-bound states. For current film LED spectra, we took the spectral
data in forward bias first, followed by the reverse bias involving higher currents, which would
explain that the free-energy states are still observable in the spectra for the former during which
up to 10.4 pA was passed through the device. By the time the second spectral measurements
were conducted, there was hardly any emission from free-exciton states, although there was still

a hint of it around 0.65 eV at a higher intensity (Figure V-9 (b)).

Figure V-10 shows the widths (FWHMs) of the same spectral data as a function of
applied power and of emission intensity. The devices were operated in three different modes; as
a split-gate diode LED, as a resistor (i.e., no applied gate voltage), and as a global back-gated
FET. We found that the Gaussian functional form fits our data well (Figure V-10, inset), from
which to extract the widths. There are several features in the plots that distinguish the emission

behaviors of film devices that we can compare to spectral characteristics of single-tube devices.

First, the overall widths are much larger than in single-tube LEDs in which we achieved
the smallest width observed in carbon-nanotube electroluminescence. Film LEDs are
constructed of tubes with a range of diameters and are operated at much higher overall power, so
the larger width is not particularly surprising. The single-tube LED is constructed from a clean
CVD-grown nanotube and is operated at the level 0.01 W/m. The film device is fabricated with
many chemically-processed nanotubes deposited onto a substrate and requires at least 100 times
larger power input to observe luminescence with the same sensitivity. This means that we do not
have sufficient data at the lower end of the power range to extrapolate the behavior of
luminescence intensity in film devices to that of single-tube devices. Since one of the objectives
of constructing the film LED is to scale up the light output of nanotube-based devices rather than
to elucidate fundamental principles of the emission process, the comparison between the single-

tube and film LEDs is not particularly useful.

Consequently, we discuss here some of the mechanisms that are relevant to the spectral
width in film devices, with an emphasis on the effect of the electric field, which was found to be
the dominant source of bias-dependent broadening in single-tube FET emission. Figure V-10 (a)
shows a width of ~135 meV for the FWHM in the film device operating as a single-gate FET at
the input power of 250 W/m. Let us recall that the FWHM was about 300 meV at the same input

100



power for a single-tube unipolar FET emitter (Figure I1I-8). In the film device, there is a brief
rise in width to ~ 50 W/m, followed by a more or less constant width, even up to a power input
of 500 W/m. This trend does not depend on the operating mode; top gate biasing has little effect

on the way the width increases as a function of power.

Given the fabrication and operation of the film device, we can safely assume that some of
the mechanisms discussed in Chapter III are also at work here. In Chapter III, we estimated that
about 70 meV was due to tube heterogeneity and phonon scattering at a power as low as 40 W/m,
of which at least 20 meV is due to temperature-dependent acoustic phonons. We do not have
enough data points to extrapolate the width reliably to zero power, but the minimum width is at
least 100 meV (see Figure V-10). We assume that the degree of tube heterogeneity should be
comparable to that of single tubes (i.e., the same raw material and similar fabrication processes).
The effect of high-energy optical phonon scattering, which result in multiple-peak effect that

contribute to overall width, should be less film devices, since current per tube is much lower.

Since exciton-exciton annihilation does not seem to play a significant role in single tube
devices, it is unlikely that it plays a role here where we have even smaller exciton density per
channel. While we do not have information on the current load per channel, it is undoubtedly
much smaller than on a single-tube device carrying the same magnitude of current. Therefore,
other effects such as temperature-based broadening and exciton-exciton annihilation effects, both
of which do not make a significant contribution to the width in a single-tube device, should also

be quite limited.
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Figure V-10. Full-width at half maximum of electroluminescence spectra as a function
of (a) applied power and (b) light emission intensity. The device was operated in the
diode (red squares), resistor (blue circles) and single-gate FET (black triangles) modes
by changing top-gate voltages. The inset in (b) shows the example of a typical
Gaussian fitting with data taken with the device operating in the global gate FET mode
(V161/V162 = +5V/+5V) at the drain-source bias of 12 V. The data correspond to
Figure V-9 (c). The widths were extracted by fitting the Gaussian function on each
spectrum. Since the spectral peak is near the edge of the detection range and widths
depend sensitively on the peak position, the average peak position was determined first
and used as a fixed peak position (no statistically significant peak shift was observed)
before the fittings were performed.

We attribute the small and rapid rise in width we see at a low power (up to ~50 W/m) to
the multiple-tube effect. While Adam et al. found that only 4 % of the largest diameters
contribute to emission in carbon-nanotube network FETs, our parallel-tube film FETs, with
distinctly separate channels, are statistically more likely to involve a somewhat wider range of
diameters that participate in conduction. We can think of a parallel-tube film as a collection of
many networks, each with a limited number of tubes. Depending on the degree of bundling, the
conducting path in any given channel can involve smaller-diameter tubes in the emitting region
than the largest diameter tubes in the sample. To find the distribution of conductive paths would
require a statistical analysis of devices made with different widths from the same film (since the
film thickness varies), which is beyond the scope of this study. However, the very rapid rise in
the width seen at low electrical power can be attributed to this effect. At the lowest bias/power,

only the paths with largest diameter tubes can contribute to conduction. As the source-drain bias
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is increased, contacts to smaller diameter tubes become transparent so they can carry current and
emit light as well, which adds to the spectral width. This explanation also agrees with the fact
that the Gaussian distribution fits the spectra better than the Lorentz function. Once all the
possible channels are participating in conduction, there is little temperature effect and other

mechanisms do not increase the width further, so the width saturates fairly quickly.

Perhaps more remarkably, we observe that the width saturates above a certain input
power, above ~ 50 W/m, regardless of the operating mode. We saw in single-tube unipolar
CNTFETs that there is significant broadening due to field-induced ionization in the
recombination region. Compared to the single-tube CNTFET operated as a unipolar emitter that
requires a high electric field (e.g. 25 to 40 V/um) for exciton production, the film LED has a
much lower field in the emitting region, i.e., in the middle of the channel. This broadening effect
was estimated to be 60 meV at the low end of the field (Figure III-11). The first-order
approximation gives the maximum field of less than 7 V/um due to the split gates; this of course
is zero if different voltages are not applied to the gates. Given the device geometry, the middle
of the channel is about two orders of magnitude farther away from the contacts than from the top
gates, so the field changes little when the drain bias is increased. This can explain why the
overall width is much smaller than in single unipolar devices, even when the film is operated as a
regular FET. Furthermore, bias-dependent broadening is practically non-existent because there
is no change in electric field between the gates, leading to the observed saturation behavior. The
width is slightly greater for split-gate mode, where there does exist a small field (~7 V/um as
estimated above). Thus, the spectral width in the film device operated in different modes gives

strong evidence for the field-induced broadening explained in Chapter II1.

Even when the film device is operated as a global-gate FET (the black triangles in Figure
V-10), the emission mechanism itself is still ambipolar recombination in the middle of the
channel, where the field is too small for exciton production by impact excitation. Figure V-11
shows the emission intensity as a function of current for the three different modes. It shows
clearly that much higher total current is required in the unipolar operating mode (black triangles),
because it is the number of the minority carriers that limits emission by recombination. Since
emission originates mid-channel, where the field is small, the overall width is much smaller than
in unipolar single-tube devices, where exciton production and recombination occur in high fields.

The width is comparable to those of the other two operating modes, since broadening
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mechanisms are the same for different operating modes, other than the small field that exists

between the top gates in the diode mode.
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Figure V-11. Total electroluminescence intensity as a function of current, i.e., injected
carriers. The intensity is extracted as the area of the Gaussian fit (see Figure V-10,
inset). The graph shows that the emission originates from carrier recombination that
requires a higher total current in the unipolar mode (black triangles) in which the
number of minority carriers per unit current is small. Emission per current is
comparable for split-gate and zero-gate modes because the ratio of majority to minority
carriers is similar. See Figure V-10 captions for procedural details of fitting Gaussian
function.

Finally, we investigate the polarization dependence of the electroluminescence emission
of the CNT film diode. Based on SEM (see Figure V-1 (a)) and Raman imaging, individual
CNTs (mostly in bundles) forming the film have been measured to lie almost parallel, within a
range of 5° with respect to one another *°. Since single CNTs are known to emit light that is
strongly polarized in the direction of their long axes, we expect that the high degree of CNT
alignment in the film translates into a pronounced light polarization effect. We inserted a linear
polarizer in the optical path (Figure II-3) and measured the transmitted intensity as a function of
the angle between the tube direction and the polarizer. We should point out that this measures
the polarization property of the light itself, not the intensity as a function of the collection angle

with respect to the device position and orientation, as in the dipole radiation. Based on the
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numerical aperture of the objective lens, we are collecting in the solid angle that covers about 4%

at 90-degree angle to the tube direction.

Figure V - 12 clearly shows that the electroluminescence is linearly polarized in such a
way that intensity maxima are obtained if the transmission direction of the polarizer is aligned
with the CNT direction. The cosine-squared fits reveal intensity ratios Imay/Imin (i.€. ratios with

polarizer at 0°/180° over 90°/270° in Figure V-12) close to 3.5. The degree of polarization is of

73,87 7

. . . . 1
the same order as those obtained in electroluminescence , photoluminescence and Raman "

135,136

as well as photoconductivity measurements performed on single nanotubes, demonstrating

the extraordinary level of alignment in the CNT film.

We did not observe any statistically significant difference in the degree of light
polarization when the CNT film diode is operated in the reverse mode (see Figure V-12 (b)).
This is not unexpected, since the polarization dependence of the -electroluminescence
measurement reflects the nature of exciton recombination rather than exciton creation. Since we
do not observe light emission from the CNT-metal-contacts that are covered by the metallic gates
(see Figure V-6 (d)), the polarization dependence in both forward and reverse mode reflects

solely the alignment of the CNTs in the “active area” between the split gates (see Figure 1).
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Figure V-12. Polarization dependence of the electroluminescence intensity from a
CNT thin film diode in the (a) forward mode and (b) reverse mode (Vps=10V for
both (a) and (b)) for two different split gate settings Vrgi/Vrg2 (solid symbols:
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experiment, solid line: cosine squared fit). Imax/Imin is the ratio of the intensity
maximum to the minimum from the fit. The overall intensity is much higher for the
reverse mode (note the scale) because of the high current at the same Vps (e.g. Figure
V-8 (a) inset). The total intensity difference as a function of the top gate is smaller
for the reverse mode, in agreement with Figure V-8 (a). The CNTs forming the film
are aligned along the 0° — 180° marks.

6. Conclusions

We have realized polarized light-emitting diodes from highly aligned, separated
semiconducting carbon nanotube films that show tunable light generation efficiencies and
threshold-less light emission characteristics. Additional improvement in device performance can
be expected by superior enrichment of the solution-processed CNT. Reduction of metallic tubes
in the raw material will enable shorter device channels for better transport, or even eliminate
percolation altogether, which means one can create devices equivalent to single-tube CNT LEDs
in parallel. Also, avoidance of excess chemical treatment and processing will decrease the defect

concentration of the CNT material and help to further improve the light generation efficiency.

106



Summary

There have been intense research efforts on carbon nanotubes ever since their discovery
because of their unique physical, electronic, and optical properties. Their small size is ideally
suited for use in nano-scale electronics, and their nearly perfect one-dimensional structure has
interesting consequences in their electronic and optical characteristics, which were discussed in
Chapter I. However, despite the considerable progress that has been made in the field, there are
still many unanswered questions regarding their properties and emission mechanisms, especially

in electroluminescence.

Although carbon nanotubes are a direct bandgap material, their radiative decay rate is
quite low, limiting their usefulness in optical applications. = The dominant mechanism of
nonradiative decay has been the subject of debate, but it most likely depends on many variables
(such as the tube species, environmental effects, temperature, doping, etc.), and therefore
depends on the kind of experiment performed. Indeed, we found that a combination of multiple
mechanisms seems to account for the very broad lineshape observed in the typical EL emission.
In particular, the data on bias-dependent broadening agrees well with the exciton ionization
model that points to high electric fields at emission sites as the origin of the broadening. We also
observed emission from E;; and/or E,; states, which do not couple to photons in parallel
polarization to the direction of the nanotube axis and is therefore not normally observed in PL.
Our observation clearly shows that the emitted photons from these states are polarized in

transverse direction to the nanotube axis.

We improved the emission efficiency considerably by fabricating single-tube p-n junction
diodes made from long, small-diameter semiconducting carbon nanotubes. It circumvents the
problem of high-fields by using the ambipolar emission scheme with a split-gate configuration
that effectively controls space-dependent carrier concentration. The emission was found to be
threshold-less with respect to current with an efficiency at least two orders of magnitude greater
than in conventional CNT emitter, and the narrow linewidth yielded a much superior signal-to-
noise ratio in the spectra, allowing us to explore the details of different peaks. In particular, we
observed defect-induced localization of excitons about 65 meV below the free exciton state,
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which may further be contributing to the low emission efficiency rate The saturation of
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emission observed at higher current hints at an annihilation of these localized excitons, possibly

by exciton-exciton interaction.

Finally, CNT film diodes were fabricated using a thin film of purified and aligned CNTs.
Although the efficiency is limited in these devices because they rely on percolation for carrier
transport, it showed a clear rectifying behavior and a very strong threshold-less emission that is
tunable by the top gate. The polarization of the emission from film diodes was comparable to

that of single tube CNTFETs.

Going forward, there is much that still needs to be addressed in electroluminescence from
carbon nanotubes to understand its fundamental physics.  For example, temperature
measurements of phonons by Raman spectroscopy during transport could yield more precise
information on relative populations of different phonons, although Raman spectroscopy from a
single tube on a substrate is notoriously difficult. The situation can be improved by suspending
CNTs across a trench to decrease signal quenching by the substrate, but the device would in turn
be far more likely to fail from high temperature and oxidation. Another problem with this
method is that the dielectric environment would no longer be the same (i.e., it changes the
bandgap, excitonic binding energy and the phonon relaxation pathways), so the results would
need to be interpreted with care to be applicable to on-substrate devices. Nonetheless, suspended
CNTs are a promising structure for investigating their basic physics, especially in optics, because

of the CNT’s extreme sensitivity to extrinsic effects.

Another area that needs further exploration is the effect of external electric fields on the
luminescence process. Electric fields all along the channel can be measured directly using
photocurrent, which would provide a much more accurate estimate of its effects on exciton
production and on broadening. The challenge is that the spatial resolution of such measurement
is limited by the spot size of the excitation laser " soa significant improvement in the technique
is needed to map out the details of Schottky barriers and other potential fluctuations along the

channel.

From the applications point of view, the CNT film diode is perhaps the most promising
type of device. The averaging effects that arise from using many tubes lead to reliable, robust
and consistent performance. Advances in CNT purification techniques can create raw materials

with even lower percentage of metallic nanotubes and perhaps even a very narrow range of
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diameters. Such CNTs, aligned and contacted so that each channel is comprised of just one tube
instead of a series of tubes, could combine the benefits of the single-tube and film diodes and
create efficient nano-scale light sources with high output in the near-infrared that would prove

useful in many technological applications.
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