AN ABSTRACT OF THE DISSERTATION OF

Daniel McCulley for the degree of Doctor of Philosophy in Physics presented on March 12, 2020

Title;: Measuring the Electric Field Dependence of Photocurrent Quantum Yield in Suspended

Carbon Nanotube pn Junctions

Abstract approved:

Ethan D. Minot

In nanoscale materials, the Coulombic interaction between electrons are stronger than in bulk
materials. These stronger interactions, caused by confinement and reduced dielectric screening,
have interesting consequences for light-matter interactions. In carbon nanotubes (CNTs), strong
interactions can enhance the impact ionization process, and thus assist photocurrent generation in
CNTs. Conversely, the strength of the attraction between photo-excited electrons and holes can
hinder photocurrent generation by binding electrons and holes to each other. An understanding of
both impact ionization and electron-hole binding is needed to determine which will dominate the
system and under what circumstances. The central question of this research is whether high
efficiency photocurrent can be generated in a material that has strong Coulombic interactions
between charge carriers. In this thesis I explore the possibility of using electric fields to ionize
excitons and thereby access a regime where highly efficient photocurrent generation can be

achieved.



I begin by introducing simple theoretical models that explain the general features of CNT
optical properties. Increasing the complexity of the models reveals finer details of the system and
allows us to estimate the effect of electric field on the exciton energy state and ionization rate.

To maximize Coulmbic interactions between charge carriers, [ made fully suspended CNTs
by growing the nanotubes over a trench using a fast-heat chemical vapor deposition process.
Split-gate electrodes at the bottom of the trench are used create a pn junction in the nanotube by
applying opposite voltages to each gate, populating each half of the nanotube opposite-sign
charge. The devices form near ideal diodes, and the samples are remarkably clean. The same
design of CNT devices that I used are also used by our collaborators at University of Utah to
study strongly interacting transport phenomena at low temperature.

A number of computational models were used to quantify the CNT device parameters.
Working with Dr. Andrea Bertoni, we created and experimentally verified an electrostatics
model that calculates the electric field in the CNT pn junction and determines the intrinsic region
length. Experimental verification of the simulations was achieved using scanning photocurrent
microscopy. Simulations of the optical interference patterns near the nanotube were performed
using finite-difference-time-domain software to determine the number of photons absorbed by
the CNT. Dr. Vasili Perebeinos computed the effect of electric field on the excited states in
carbon nanotubes by solving the Bethe-Salpeter equation for a CNT exciton in a static electric
field.

Photocurrent spectra were measured around the S22 resonance on eight different CNTs over a
range of electric fields up to ~10 V/um. The spectra are processed to extract the photocurrent
quantum yield (PCQY) from the photocurrent peak. The PCQY increases with field in all cases,
and increases by a factor of 35 to a value of 1.85 electrons per photon in the largest diameter
CNT (with D = 2.8 nm). The same procedure was performed for the S33 resonance which shows
a weaker field dependence, but larger PCQY ~ 0.3 at low field.

The results show that the photocurrent quantum yield can exceed 100% at the S»2 exciton
resonance sufficiently large axial electric field and CNT diameter. This suggests that impact
ionization can coexist with efficient exciton dissociation when the electric field is ~10 V/um and
the CNT diameter is ~ 2.8 nm. We observed a different PCQY field dependence for S33 excitons.
A large fraction of S33 excitons autoionize at low fields, resulting in a high PQCY at low field.

We observe a gradual increase in PCQY with respect to field. The gradual increase is attributed



to reduced recombination of the free carriers by sweeping them out of the device more quickly.
To interpret our data we compared our experimental results with theoretical calculations of the
decay products of S2> and S33 excitons. This research serves as a framework that can be extended
to other systems with strong interactions, and motivates future work tuning the carrier interaction

strength to achieve high-efficiency photocurrent generation.
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1 Introduction

Strongly interacting quantum particles can give rise to novel behavior that are inaccessible
to weakly interacting systems. Prominent examples of such novel physics were discovered in the
early 1900’s, in which superconductivity' and superfluidity>* were observed by entering a
regime, accessible only at low temperatures, where interactions are strong relative to thermal
fluctuations. In these systems, resistance-free flow of quantum particles emerged from the
interaction-driven formation of composite bosons. It took more than forty years to formalize a
mathematical theory which adequately explained the initial observations of superconductivity,
resulting in the well known BCS theory in which the formation of cooper pairs is mediated by an
electron-phonon interaction.* With the ultimate goal of achieving room temperature
superconductivity, much larger interaction strengths are required. While we lack a
comprehensive model of high temperature superconductors, one possibility is the formation of a
superconducting state from electron-electron interaction physics.’ The study of superconductors
and superfluids remain active fields more than a century after their initial discovery,
demonstrating both the possibilities and the challenges that arise from strongly interacting
systems.

A more contempory example from the 1980°s is the fractional quantum Hall effect where
interaction-driven physics emerges as a result of confinement. In low-temperature, 2d-electron
systems the Hall resistance was found to take on integer multiples of a discrete value (the
quantum of resistance) which corresponds to quantized charge excitations.® This integer quantum
Hall effect can be explained using a non-interacting model, however, just two years later, in
higher quality samples and at lower temperature, a surpising result showed fractional charge
excitations (known as the fractional quantum Hall effect).” An explanation for the puzzling
results was proposed a year later where it was shown that the observations could modeled with
an interaction-driven formation of composite bosons.® This experiment opened the doors to a
multitude of experiments using confinement to induce strong electron-electron interactions.

Nanomaterials play an important role in the field of interaction—driven physics, where
structures with nano-scale features inherently confine electrons on the order of nanometers in at

least one dimension. Carbon nanotubes (CNTs) are a prime example of a material with extreme



quantum confinement. The width of the structure is approximately 1 nm, but the length can be
thousands of nanometers. Interaction effects are prominent even at room temperature because the
Coulombic energy scale of the system can be far greater than the thermal energy scale. In
addition to confinement, electrons in a fully suspended carbon nanotube experience very little
dielectric screening as there is no surrounding bulk material. CNTs host interesting electronic

properties and light-matter interactions, and can be challenging to model.

1.1 The role of interactions in carbon nanotube transport phenomena
The energy of electronic states in carbon nanotubes are modulated by the effects of strong
Coulomb repulsion. The distance of closest approach of two electrons in a suspended CNT gives

a characteristic energy scale of the Coulomb repulsion which is given by

_e? 100 meV (1.1)
6_47T66ffD me

for nanotube diameters in the range D = 1- 3 nm, and with an effective dielectric constant of
€eff = 3€9. The Coulomb energy scale can far exceed room temperature thermal energy scales
so the effects of stong interactions can be observed even at room temperature. Electrons in
metallic CNTs have been modeled as a Luttinger liquid,”'® and experiments find quantative
agreement for the power-law scaling of both the conductance with temperature as well as the
transconductance with voltage.!' At low temperature and low carrier density, electrons localize
to form a Wigner crystal state due to the dominance of Coulomb repulsion over kinetic energy of
the carriers.'?!* The plasmon frequencies of the 7 plasmons in single carbon nanotubes are
markedly different than in aggregated nanotube samples owing to Coulomb interacitons.'*!>
These examples demonstrate how repulsive Coulomb interactions substantially modify CNT
electronic transport.

Attractive Coulomb interactions share a similar energy scale to repulsion, which manifests
in both the electronic and opto-electronic properties of CNTs. In electronic experiments, an
interaction-driven energy gap is observed in CNTs with a nominally metallic band structure. The
nature of the gap is still uncertain. One possibility is the formation of a Mott insulating state,
which arises due to repulsive interactions. This state has been given considerable theoretical

9,10,16-19

consideration which is corroborated by experimental work.?° A recent alternative model

proposed that an excitonic insulating state forms.?! The binding energy of the excitons arises



from attractive interactions. In this model, excitons form in the ground state of the system which
leads to insulating behavior. Recent experimental work finds the diameter dependence of the gap

agrees more closely with an excitonic insulator model than the Mott insulating state.?

1.2 The role of interactions in opto-electronics

In addition to novel electrical phenomena, strong carrier interactions dramatically change a
material’s opto-electronic properties. In the presence of strong Coulomb attraction, stable
excitons can form at room temperature.??~2® Organic semiconductors are an example of such
systems which have achieved substantial commercial success functioning as LED displays. In
contrast to a crystal lattice, the systems behave as a collection of molecules, where photoexcited
carriers within the molecules experience strong excitonic effects and different relaxation
pathways.?” Similar effects are common in all nanoscale systems, where strong carrier
interactions are ubiquitous.

The performance of optoelectronic devices depends critically on the relaxation pathways
available to energetic charge carriers. Novel relaxation pathways that emerge in nanomaterials as
a result of interaction physics are of particular interest. A sought-after application of such
pathways is to circumvent the well known Schockley-Quiesser limit in future generations of

solar cells. In a traditional solar cell, a carrier excited from light with hw > E; (where Ej is the

band gap of the semiconductor) thermalizes down to the band edge and the excess energy (hw —

Ey) is lost to heat. Multiple exciton generation (MEG) is a pathway in which a high-energy

exciton decays into multiple low-energy excitons, sometimes referred to as a carrier
multiplication pathway. Such a process can harness the energy lost to heat and produce an
internal quantum efficiency greater than 100% (Illustrated in Figure 1.1). The efficiency limit of
a single junction cell with £, = 1.1 eV is 30% under 1 sun.?® With idealized multiplication
pathways, the ultimate efficiency shifts to 43%.2° Achieving a substantial increase in efficiency

requires a high probability of multiplication.



Figure 1.1 A schematic of a multiple exciton generation process. A high-energy exciton
created from light with hiw > 2E, decays into multiple low-energy excitons. Figure taken
from published work.>

The probability of MEG occuring in bulk materials is small, but the probability is enhanced
in nanomaterials. Measurements of internal quantum efficiency in PbSe and PbS quantum dots
(QDs) were found to outperform their bulk analogs.?! Experimental efforts have focused on
engineering MEG pathways in quantum dots to optimize performance for photovoltaic cells.*¢
Advances in QD device design have led to the experimental realization of internal quantum
efficiency greater than 100% when hw = 3E,.3" A high internal quantum efficiency doesn’t
necessarily mean a high power conversion efficiency. The excitons must separate and be
collected at the contacts before recombination due to competing processes (e.g. Auger
recombination).

Multiple exciton generation is a process which improves the efficiency of converting light
into electricity by multiplying the number of carriers. Another process that can accomplish this is
impact ionization which harnesses the kinetic energy of electrons and holes. In contrast to MEG
(where a high energy exciton decays into multiple excitons), impact ionization occurs when a
high energy electron in the conduction band excites an electron from the valence band to the
conduction band through momentum transfer.

Impact ionization is commonly studied in semiconductor diode avalanche breakdown.
Electrons in a region of high electric field accelerate and create additional electron-hole (e-h)
pairs via collisions. An avalanche of current begins when each created e-h pair becomes a

generator of additional e-h pairs and the diode breaks down. This effect is well characterized in



bulk systems.*>*! Impact ionization has already been harnessed in existing technology in
avalanche photodiodes to create highly sensitive photodetectors.***® In optoelectronics
experiments, impact ionization has been seen to boost the internal quantum efficiency of silicon
photodiodes when Aw > 7E,.** Impact ionization has been proposed as an alternative
explanation of the carrier multiplication seen in QDs.*’ Due to enhanced Coulomb interactions,
impact ionization may be accessible with lower electric field in nanomaterials, potentially

boosting the quantum efficiency of photodiodes in a different regime of electric field.*44647

1.3 Impact ionization and multiple exciton generation in carbon nanotubes

Carbon nanotubes offer unique relaxation pathways for energetic charge carriers from other
nanomaterials.*® Like quantum dots they are highly confined systems, but offer the new
possibility of long range electrical transport which allows for impact ionization.*” With the
possibility of both MEG and impact ionization, highly efficient photocurrent generation may be
possible. Over the last decade, optoelectronic experiments in CNTs have shown that carrier
multiplication is possible and that efficient photon to electron conversion can be achieved.

In 2009, Gabor et al. found signatures of multiple electron-hole generation in the
photocurrent from CNT photodiodes at temperatures below 60 K.>° Significantly, the signature
of multiple electron-hole generation was apparent at the CNT’s second optical resonance (Aw ~
2E¢). However, the authors did not quantify photocurrent quantum yield (PCQY). PCQY is
defined here as the number of electrons extracted as the photocurrent divided by the number of
photons absorbed by the intrinsic region of the CNT p-i-n junction.

Later, photoluminescence experiments on CNTs found multiple exciton generation at room
temperature when Aw = 3E,.°! In that work, the optical technique was sensitive to excitons, but
not sensitive to photocurrent. Sharp increases in electroluminescence have been observed at bias
voltages just below the threshold for avalanche breakdown in recent work.>? The observation is
attributed to impact ionization by excitons, providing evidence that impact ionization processes
in CNTs can efficiently convert current into light. Whether the reverse process of converting
light efficiently into electricity is possible remains an open question.

Early photocurrent measurements estimated the external quantum efficiency of CNT
photodiodes.>® The first optoelectronic measurement that quantified PCQY in a CNT photodiode
found ~ 3%.%* In that work, the CNT photodiode was excited at the first and second optical



resonances (S11 and S resonance. Aspitarte et al. used a different device geometry, and hw >
4FE, to show room-temperature PCQY ~ 30% (Sa4 and Sss optical resonances).>® ). Performing
photocurrent spectroscopy on the same device geometry, Chang et al. saw photocurrent increase
with the field of the CNT pn junction (but did not quantify the field or the PCQY).>® Using a
third device geometry, barrier-free bipolar CNT diodes, Wang et al. estimated room-temperature
PCQY as high as ~ 60% at the Si optical resonance.>” Kumamoto et al. used a combination of
photocurrent and photoluminescence from a suspended CNT under high bias (no pn junction) to
estimate PCQY ~ 60% at an electric field ~ 15 V/um (excitation at the S, resonance).’® The
experiments by Wang et al.’” and Kumamoto et al.>® suggest large axial electric field is critical to
achieving high PCQY in CNT photodiodes. Indeed, theory predicts a significant increase in
PCQY when axial field becomes strong enough to enable exciton dissociation and impact
ionization.>%%°

In this thesis I will show that large electric fields can substantially increase exciton
dissociation in CNTs. Key components of accomplishing this include quantifying the axial
electric field in the CNT, quantifying the PCQY as a function of axial field, and relating the
changes in PCQY to changes in exciton dissociation via computational modeling. Chapter 2
provides a basis for understanding the optical properties of CNTs by introducing a series of
simple models that capture the fundamental aspects of the physics and lead to tractable
calculations. Chapter 3 gives a background on the fully-suspended, dual-gated CNT device used
in the experiments. Chapter 4 shows the computational methods for determining the axial field in
the nanotube, the response of excitons in a CNT to an external electric field, and effect cavity
enhancement in determing the intensity of light on the nanotube. Chapter 5 presents the main

experimental techniques, the main results, and the interpretation.

1.4 Collaborative works not described in this thesis

I contributed to a number of projects that are not discussed in detail in this thesis. All of this
work is performed on the same fully-suspended, dual-gated CNT device. The projects listed
below explore the consequences of repulsive and attractive interaction physics on CNT

electronic (§1.4.1 and §1.4.2) and optoelectric (§1.4.3) properties.



1.4.1 Wigner crystal compressibility

This work involved a collaboration with Vikram Deshpande’s group at University of Utah.
Experiments completed at Utah determined the compressibility of the Wigner crystal by
measuring the energy required to add additional electrons to the nanotube. My main contribution
was supplying the suspended CNT devices. An additional contribution was identifying nanotube
chiralities using photocurrent spectroscopy, although Mitchell Senger performed much of that

work. This work was published in Physical Review Letters in 2019.%!

1.4.2 Studies of carbon nanotube band gaps

I worked on two projects related to the role of Coulomb interactions in carbon nanotube
band gaps. The first, led by Lee Aspirarte, employed multiple measurements techniques to
quantify the change in the nanotube transport gap in response to a change in dielectric
environment. The work started by attempting to coat nanotubes in solid dielectrics to screen
strong Coulomb interactions. Titanium dioxide was chosen for its large dielectric constant. The
coating of solid dielectric material introduced substantial electrostatic disorder in the CNT.5?
This understanding motivated the use of liquids to change the dielectric environment. Using
liquids introduced complications in electronic measurements, but ultimately was a success. In my
contribution, I immersed suspended CNTs in various liquids, and measured the transport gap
electronically from transport curves. This work was published in Scientific Reports in 2017.%

In later work, led my Mitchell Senger, the relationship between the transport gap and the
diameter of the nanotube was measured for a number of nominally metallic nanotubes. Initially,
it was thought that the interaction-driven gap in nanotubes is a Mott insulating state following
from the Luttinger liquid physics mentioned in §1.1. This picture has been called into question
with the proposal of an excitonic insulating state*! which is more closely supported by our data.

This work was published in 2018 in Physical Review B.*

1.4.3 Early photocurrent quantum yield measurements

Lee Aspitarte led the work performing the first photocurrent quantum yield measurements in
our suspended CNT devices.’® One requirement was a comprehensive understanding of the
energy bands along the nanotubes and at the contacts.®* One of my contributions to these projects
was sample preparation which included photoresist removal, ebeam evaporation, nanotube

growth via chemical vapor deposition, and wire bonding. I performed characterization of the



electronic transport properties which is described in §3.3. I also contributed to scanning
photocurrent imaging (process described in §5.1.1), and photocurrent spectroscopy

measurements (process described in §5.1.3). This work was published in Nano Letters in 2016.%



2 Carbon nanotube optical properties

This chapter will discuss a series of models of light-matter interactions in CNTs starting
with the simplest model of a mass on a spring and then considering increasingly complex
models. This model gives an estimate of the integrated absorption cross section. The precise
quantum mechanical theory of the optical transitions is complex. Sum rules express the
integrated absorption in a simple form, and agrees nicely with the simple classical model. For
information about the frequency and polarization dependence of the absorption, I consider a two-
state quantum mechanics model which further generalizes to Fermi’s Golden rule. I then go on to
discuss the role of confinement and extrernal electric field on the energy states of an exciton. The
combination of these models provides an approachable theoretical basis for light matter

interaction in CNTs in the presence of external electric fields.

2.1 Harmonic oscillator with a sinusoidal driving force

I’ll start by considering a fully classical model of a damped harmonic oscillator with a
sinusoidal driving force. Further information on this material can be found in Classical
Mechanics by John R. Taylor.> The goal of this section is to model the electron as a harmonic
oscillator and calculate its effective cross-sectional area for absorbing incident light. This simple
model captures some of the most essential behavior of system by considering only the most
important relevant quantities: electron motion in an electric field, and a mechanism for
dissipation. The equation of motion of a damped-driven harmonic oscillator can be written
generally as

5c'+l'+a)(2)x=
m

it) (2.1
m

where y is a damping coefficient, w, is the natural frequency of oscillation, and the driving force

can be described by F(t) = eE, cos wt. The wavelength is much larger than the electron’s

motion so the spatially dependent kx term is not included.

The first step is to calculate the work done by the drag force over one period, 7, is described by

T
T
W= fyv dx = fyvzdt = fyszz cos?(wt + ¢)dt = ya)zAzE (2.2)
0
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The rate that energy leaves the system is P = . The next step is to find the ratio of the light

energy flux to the energy absorbed by the oscillation to find the effective absorption cross
section. The energy flux of the light (energy/area/time) is given by

EZ
§ =2

= 2.3
27 (2.3)

where Z, = 3774 is wave impedance of free space. The absorption cross section is the ratio of

the absorbed power to the enrgy flux which is given by

w3A%Z
o(w) = 70_20 (2.4)
EO
The next step is to find the integrated absorption cross section over a wide frequency range
wiZ,
f o(w)dw = Y 02 9 f A’dw (2.5)
Eq
The amplitude of a damped oscillator with a sinusoidal driving force is described by a Lorentzian
of the form
()
A% = m . (2.6)
2 ) )/2 w 2
(wf — w?) + 2

The maximum amplitude when on resonance (w = wy) is

eEy\*
B = (20) @.7)
The FWHM of the resonance is
FWHM = % : (2.8)
The area under the curve is
f A2de = gFWHM Ay (2.9)

which gives a final expression for the integrated absorption of

e?Z,
fa(a))dw = =1%x10"°m?-rad-s7t. (2.10)

e

In the next section I will compare this number to the measured value as well as discuss the

fundamental nature that the integrated absorption cross section has in a system.
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2.2 Thomas-Reich-Kuhn sum rule and comparison to experiment

This section connects the ideas from the previous section to the Thomas-Reich-Kuhn (TRK)
sum rule. The TRK sum rule is a powerful predictor of absorption properties for a wide variety
of materials including nanoscale systems without needing to consider complex energy levels and

precise quantum mechanics. In SI units the sum rule is given by

2
fa(w)dw =%ZOZ% (2.11)

which, for a single electron, exactly matches the solution from the previous section. The TRK
sum rule states that the integrated absorption is a constant that depends only on the number of
charges in the system and their mass.%

To evaluate the sum rule and the simple model in the previous section I’ll compare it to a
familiar value. The measured absorption cross section of the graphene p, electron is typically
reported as ¢ = 7 X 10718 cm?atom™!. When integrating the absorption cross section per atom

over the full range energy states in the graphene p, orbital (~10 eV), the integrated absorption is
fa(w)dw =11 x10"°> m?-rad-s™?! (2.12)

which is in excellent agreement with the value of a single electron harmonic oscillator.
Furthermore, CNTs have a similar integrated absorption cross section to graphene despite major
differences in the absorption spectrum.5’

In summary, the simple models discussed earlier in this chapter which encorporate only
coarse details of the system can acurately describe general properties of the system. Now that we
understand the integrated absorption, in the next section I will discuss the finer structure within

the CNT absorption spectrum.

2.3 A semi-classical, two-state system

The zeroth order model discussed in §2.1 and §2.2 gave information about the total
absorption of CNTs and graphene. In this section I will introduce a basic model that incorporates
quantum mechanics. The model can be generalized from a single-particle system to include a
one-dimensional density of states and uncover further details of the CNT absorption spectrum.

Further information on this can be found in many quantum mechanics textbooks textbooks.®*"!
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In particular, the third volume of The Feynman Lectures on Physics has an excellent discussion
of two-state systems.

Consider the simple two-state quantum mechanics model shown in Figure 2.1.An electron is
initially in a state [1);) with energy E in an electric field, Eo. shown in Figure 2.1. The wave
function for the electron can be expressed as

PY(x, t) = cpy () e 1 +cp1p, (x)e' 2t (2.13)
where ¢ (t) is the probability amplitude for the electron occupying |,) and c, (t) probability
amplitude for the electron occupying [1),). Initally the system is in the state |,) and therefore
¢1(0) =1 and c,(0) = 0.

EZ
nwy \/\/~ Eo

0 El

Figure 2.1 Simple two-state system with an electron excited by light with energy Awy,
and electric field strength Eo from state 1, with energy E; to state 1, with energy Eo.

The Hamiltonian of the system is described by

2
H= P + V(x) + eEyx cos wyt (14)
2m

The wavelength of light is much larger than the atomic scale, and is approximately constant
across the atom (kx = 0).

Treating the field as a first order perturbation where H = H, + H', only H' has a time
dependence. Plugging (x, t) into the Schrodinger equation yields

L dp(x,t)
lh—dt

Taking the inner product of ¥, (x) and ¥, (x) with the Schrodinger equations gives two

= H'{(x, t). (2.15)

differential equations that govern the system

dC;Et) — CzeiAwt . eEOCOS ((ULt) . (1/)1 (x)lx . lpz(X)> (216)




13

dc,(t .
R ;t( ) = cre 89t - eEy cos(wit) - (P (1) |x - 1Py (x)). (2.17)
The solution for short timescales (¢, (t) = 1) and for w;, = Aw is given by
eE ; t Aw — t
e () ~ (fg) (1 (0) 1% - o (X))e A9V - ¢ - sinh (%) . @I18)
Therefore, the probability of being in [,) is
eEy\° ) (Aw — wp)t
€201 = Wi = (52 16 Glx - %, ()7 - 2 - sinb? (%) et
For very short timescales this can be further approximated to
eEg\* )
Wi ~ (50) 11 GOl %2 (N - - 880 — ) (220

Finally, the transition rate of the electron in response to a perturbation from light with energy

hwy, is given by

dt  \2h

The inner product (1 (x)|x - ¥, (x)) = M;, are the dipole matrix elements, which are

2
) b Gl 2 (268w = ). .21)

discussed further in the next section. To gain insight into CNT absorption I will treat the dipole
matrix element as a constant and generalize this result from a 2-state system to a system with

many transitions in the next section.

2.4 Fermi’s Golden Rule

The section generalizes the result from the previous section for a transition between two
states with energy £1 and E» to a transition from a state with NV states with energy difference AE.
Further reading on the derivation of Fermi’s golden rule can be found in textbooks.”®’> Many
prefer an alternative approach that requires less approximations.” Figure 2.2 shows the new

system which encorporates an energy band that has multiple states at each energy.
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AE

Figure 2.2 A depiction of a transition between states separated by an energy AE in a
semiconductor with parabolic valence and conduction bands labeled Ep, and E. respectively.

Taking the product of the number of states separated by AE with the transition rate and
integrating over AE will give the total transition probability, Wi, between any two initial and
final states separated by AE. The number of states separated by energy AE can be found from the
joint density of states, g,-(AE). For a system like a CNT, the one-dimensional joint density states
is given by

. 1
9, (AE) = — (2 (A;" )>2 (2.22)
where Ej is the band gap and m™ is the effective mass. The total transition rate between all of the

initial and final states separated by energy AE is given by

Wig = f gr(AE) Wi, (AE)dAE f 9r(AE) 6§ (AE — hw)dAE (2.23)
Eg Eg

which leads to the final expression for the transition rate between states separated by energy AE

Wi =

2
—IGIE - xIf) g, (hw) . 224)

This is a well known result that predicts the transition probability per unit length of an electron in
a one dimensional material. The qualitative features of the transition rate are strikingly different
from a 3-D material. Notably, the density of states diverges at AE = E; which are called Van
Hove singularities. These features have been observed in STM measurements, which measure

the density of states (not the joint density of states) of the CNT band structure.”
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This far the dipole matrix elements have been ignored and treated as a constant. They
have an important role in the absorption properties of the system. One immediate consequence of
the dipole matrix elements is a polarization dependent transition rate. Consider the symmetry of
the system shown in Figure 2.3. The matrix elements for light polarized on the x and y axis are
equivalent, but light on the z-axis are not expressed by

(ilxlf) = (ilylf) # (ilzlf). (2.25)

In summary, consideration of a two-state system resulted in a tractable mathematical
result that ultimately captured the effect of confinement on the electronic states and transition
rates in CNTs. In addition, it introduced a polarization dependence to the optical transition rate.
Another major effect of confinement is a change in electron-hole interaction strength. In CNTs
the interaction strength dominates over thermal energy and excitons play a major role in their

optical absorption. In the next section I’ll discuss bound states and excitonic effects.

Figure 2.3 The axes of the carbon nanotube.

2.5 Effect of confinement on electron energy states

In the following sections I’ll discuss the role of excitons in CNTs and how the light-matter
interations are dramatically changed due to the dominant role that excitons play in the system.
When the absorption of a photon creates an electron in the conduction band, a Coulomb
attraction to the hole left behind creates a bound state. Due to this interaction, the bound state has
a higher probability of formation than a free electron. Under the right conditions, the bound state
is stable under thermal fluctuations. Confinement plays an important role in determining the

energy states of the exciton.
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To show the effect that confinement has on the energy states, I’ll calculate and compare the
energy states in 3D and 2D. This calculation is taken from excercises in Optical Properties of
Solids by Mark Fox.”? The variational principle states that the energy state that minimizes the
energy will be the closest to the true ground state energy of the system. To be relevant to how the
ground-state energies of an exciton is modified, it makes sense to consider a normalized 1s

hydrogenic wavefunction of the form
3

1\2 T
(r,0,¢) = (—) exp (— —) (2.26)
§ §
where ¢ is the variational parameter. The Hamiltonian is given by
h? e?
H=-—V?- . 2.27
2u 4mer ( )
where p is the reduced mass. In 3D, the expectation value of the energy is given by
0 T 2T
(E) = f f f Y*Hyr?sing drdodg (2.28)
000

The calculation is made much easier by the fact that the wavefunction only depends on ». And
thus, the term Hi in the integral is given by

o = h? 6(261/)) e? —h2+h2 ez ] 1 ( r) 52
Y= 2ur? or " or 47161‘1'[)_ 2u? " uér  Amer|mé3 eXp & (2.29)

Therefore the energy is

(B = 41— _hzfoo T P L foo Far|= - (230
B nn§3 2ué? re r ué  4me re r - 2ué?  4med (2.30)
0 0

where the first integral is normalized to 1, and the second becomes £2 /4. Now using the
variational principle to minimize the energy with respect to &, the minimum is when &5, =

4meh? /ue? which corresponds to a minimum energy of
4

. S — 2.31
<E>m11’1,3D 2(47T6h)2 ( )
that has a radius of
4meh?
Tex = (2.32)

pe?
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The variational method gave exactly the same answer as the well known ground state E,; =

M€y

RH where Ry is the Rydberg energy with exciton radius is given by ag = al . This

me€ r
worked well both because we knew correct wavefunction from the start, and it happened to have
a tractable mathematical solution.

To show how the energy states change due to confinement, I will do the same procedure in

2D. in this case, the normalized wavefunction is
1

Y(r,0) = (?)2 exp (— g) (2.33)

I’m using V? in polar coordinates this time, noting the azimuthal symmetry which makes the
0y / 06 terms are zero. The value for Hy is now

o = h? 6( 61/)) e?  [(—h? N h? e? 534
v= 2ur or rar 47‘[67'1/)_ 2ué?  2uér  Amer v 2.34)

where the integration will only be over two-dimensions. Calculating the energy yields

oo 2T oo 2T
<ﬁ_ﬁ> j j Y*pdrdo. (2.35)

where first integral is normalized to 1 and the second becomes ? which yields the energy

32
(E) =55

h? e?
E) = — . 2.36
(E) T2 Inet (2.36)

2
Minimizing this with respect to & gives &pin = ZZ—ZZG which corresponds to
4

ue

<E>min,2D = - 8(7T6fl)2 (237)

which has a magnitude four times larger than the 3-dimensional case. A CNT is even more
confined than an exciton in three-dimensions. It follows that an even larger modulation in the
exciton energies is expected. Furthermore, charges in a CNT experience less dielectric screening
and the energy scales with € ~2. With this calculation in consideration and reduced dielectric
screening, excitons should play an important role in CNTs.

Due to the Coulomb attraction, the probability of forming a bound electron-hole pair is

higher than a free-particle transition. Exciton absorption peaks are readily observed in CNTs at
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room temperature because Eqx > kgT. Because of that, exciton features dominate the absorption

spectrum of CNTs.?

2.6 Ionization field of excitons

The central focus of this thesis is to understand how photocurrent generation efficiency
changes in response to external electric field. It is sensible to gain intuition by considering
familiar Hydrogenic exciton system. In an exciton, the field the electron feels from the hole is

approximately E.y/er therefore the ionization field is given by

EEX

Fi = .
€Tex

(2.38)

A quick estimate of the ionization field for a binding energy of Eoy = 250 meV with a radius
Tex = 2.5 nm suggests F;~100 V/um. This field is about ten times larger than we can achieve
experimentally (see Chapter 5.4), but we note that quantum tunneling will become significant at
a much lower electric field.

The exciton size, 7,4, is a function of the excition energy, E.. Therefore, we would like to
rewrite Eq as function of E_ex alone. For this purpose, consider the potential energy landscape

depicted in Figure 2.4 described by the equation

V(x) =— — Fyex (2.39)

4mex
where Fj is the field. The function described by Eq 2.39 has a maxima in the domain x > 0
which can be found from

dv(x)  e?

= —Fe=0. 2.40
dx 4mex? 0¢ ( )

Plugging the location of the maximum x = /zmeep back into the potential we find
0

3
=y R (2.41)

As the field increases, the height of the maximum decreases. We estimate that exciton ionization
will occur when the maximum crosses the exciton binding energy (as is depicted in Figure 2.4).

Setting Eq. 2.41 equal to E.y and solving for Fo gives



19

F = : (2.42)

Figure 2.4 A Coulomb potential with a DC electric field with the exciton binding energy
indicated.

Figure 2.5 shows the prediction of Eq. 2.42 (blue curve). More exact results using solutions
to the Bethe-Salpeter equation are shown for comparison (open cirlces and orange trend line).>
The estimated field from Eq. 2.42 has the correct quadratic dependence, and the correct order of
magnitude. However, Eq 2.42 is a factor 4 lower than the more exact results. The discrepancy
may be explained by a simplifying assumption made in deriving Eq 2.42: we incorrectly
assumed that exciton binding enery is unaffected by electric field. Section 2.7 shows that the
hydrogenic ground state energy becomes lower in the prescence of an electric field, which would
explain a larger ionization field.

So far the ionization field analysis has ignored the possibility of tunneling. The more exact
results calculated the probability that the electron tunnels from a tilted Coulomb potential. A

large fraction of S11 excitons are predicted to dissociate at ~10 V/pm if Eex ~ 200 meV.>’
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Figure 2.5 The estimated ionization field versus the exciton binding energy from the
simple model described by Eq. 2.42 (blue). The ionization field calculated using solutions
to the Bethe-Salpeter equation (circles) with a quadtratic fit (orange).>

2.7 Excitonic Stark effect

Analagous to a hydrogen atom, the energy levels of an exciton will shift when in an external
electric field. In this discuss I’ll treat the field as a perturbation in which the system has an

unperturbed Hamiltonian of

2 2

p e
=—— 243
0 2u  4mer ( )
which has ground state energies given by Eq. 2.31. The dipole moment is
d = —er. (2.44)

The perturbation Hamiltonian is the potential energy of the dipole, which for an electric field
in the z-direction is given by
H' =—-d-E =eFyz (2.45)
where Ey is the strength of the field. Therefore, the first order perturbation is

E“)=e%CBMH5)=equdwﬁz&¢deV (2.46)
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This integrates to zero since z has odd parity with (z) = 0 and the wavefunction squared has
even parity. Therefore, I’ll consider the energy of the second order perturbation which is given
by

[{1]z|n)|?
El - En '

n=2

E® = e?F¢}

From this, we expect the Stark shift to have a quadratic dependence on electric field. The
infinite sum is challenging to deal with exactly, therefore I will make some approximations to get
a rough estimate of the magnitude of Stark shifts to expect at the highest fields used in the
experiment (~10 V/pm).

Revisiting the parity of the hydrogenic states, for all of the odd values of n, (1|z|n) = 0. 'm
interested in estimating the magnitude of the Stark shift so I’'m going to make approximations to
evaluate the infinite sum. The dominant term in the sum will be the n = 2 state as they scale with
1/(E; — E,, ), therefore I will only consider that term. The other approximation I’ll make is that
the integral will be on the same order as the exciton radius and therefore

(1]zln) = rex.
To find the difference in the binding energies (E; — E;), I’ll rely on experimental results which
used two photon excitation to directly measure the energy difference the 1s and 2p exciton states.
They found (E; — E;) = 300 meV for nanotubes with a diameter of D = 0.77 nm and an exciton

radius 7., = 1.2 nm.?* All together this becomes

for a field Fy = 10 V/um. The nanotubes used in the experiments in this thesis have D =
2.5 nm. The energies are inversely proportional to diameter. If the exciton radius increases by
the same factor then the expected shift becomes E® ~ —5 meV. Section 4.2.1 discusses more

exact predictions of the Stark shift.
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3 Device background

This chapter describes the device geometry and fabrication process for dual-gated, fully
suspended CNTs. Figure 3.1a shows the main features of these devices. A single CNT is
suspended between source-drain electrodes and above two gate electrodes. Figure 3.1b shows an
SEM image of an actual device. The two gate electrodes are in the trench below the nanotube.
By applying opposite gate voltages (Vg1=-Vg2) a pn-junction can be formed in the CNT. This
device is the basis for the field-dependent photocurrent studies described in this thesis.

Suspended CNTs are grown over the trench using a fast-heat chemical vapor deposition
process (see §3.2) as the final fabrication step, which keeps them from being exposed to

photoresist and other chemicals during fabrication.

a)

Source Drain Vg
p

Figure 3.1 a) Schematic of split-gate electrode configuration creating a pn junction in a
CNT. The blue is SiO; and the grey is platinum. b) An SEM image of the suspended
CNT device.

3.1 Device dimensions

A 3-inch wafer of degenerately doped p++ Si is divided into approximately 200 die. The
p++ silicon can serve as a back gate and maintains conductivity a low temperatures (this layer is
not depicted Figure 3.1a as it is grounded during all experiments described in this thesis). Each
die has a total of 48 source electrodes. There are two drain electrodes that can each connect with
half 24 of the sources when a CNT bridges the gap. The common drain allows fast probing of the
chip, and using 48 growth sites means there is a high likelihood of finding quality nanotubes
after a growth (described further in §3.2). For high voltage measurements, there is a tradeoff

between probing speed and risk that a leakage between the drain and gate ruins multiple devices.
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The trench between the source-drain electrodes is 2.6 um wide. The top of the source-drain
electrodes is 650 nm above the top of the gate electrodes. The layer of SiO» between the source-
drain electrodes and the gates is 600 nm thick. The separation distance between the gate
electrodes is 500 nm. The actual chip dimensions can vary by 10 — 100 nm from the nominal
dimensions.

Oxide thickness and the separation distance between electrodes can be increased to reduce
the chance of leakage. One modification made for this work was to increase the separation
distance between the gate electrodes. In previous designs used by Lee Aspitarte, the gate
electrodes were separated by 250 nm rather than 500 nm. The trench separation distance was
increased from 2 um to 2.6 um. We chose not to make dramatic changes so that the nanotube

yield wasn’t impacted.

3.2 Nanotube growth

A square of iron catalyst (seen in Figure 3.1b) is deposited on top of the source and drain
electrodes 2 um from the edge of the trench by patterning a photoresist mask and evaporating 2
nm of Ti, 30 nm, SiO», and then between 0.6 — 3 nm of Fe. Several growth factors can influence
the diameter of the nanotubes including the growth gas composition” as well as the temperature
and and catalyst thickness.”®

The chip is placed inside of a one-inch diameter quartz tube within a tube furnace. Prior to
heating the furnace, the chamber is purged for 3 minutes with the growth gasses. The chip is left
in the cool region of quartz tube (outside the furnace) while the furnace heats to 800 °C. Once
the furnace reaches 800 °C, the chip is shuttled into the hot zone of the tube furnace and
annealed in H> gas for 1 minute (0.45 SLM) to chemically reduce the Fe catalyst. While the chip
is in the hot zone, the gases are switched to a 2:1 mixture of ethanol and methanol vapor carried
by Ar and H,.”” To create this growth gas, Ar is bubbled through reservoirs of liquid ethanol and
methanol (the ethanol and methanol are kept at room temperature). Ar is bubbled through
ethanol a rate of 0.15 SLM and Ar is bubbled through methanol at a rate of 0.3 SLM. The Ar +
ethanol vapor, Ar + methanol vapor are combined with H» flowing at 0.45 SLM. The total flow
rate of growth gases is 0.9 SLM. After 5 minutes, the gas flow is switched to 1 SLM Ar. The
chip is promptly shuttled back into the cool region of the tube.
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There are a few complications that can arise during the growth process. The growth process
works best if the reservoires of methanol and ethanol are kept between 1/3 to % full. Over or
under filling the reservoires can increse or decresase the nanotube yield (respectively). A log of
growth results is kept to keep track of the growth conditions and nanotube yield. The log
suggests higher humidity in the room decreases nanotube yield, therefore a plastic tent was
installed around the furnace with a dehumidifier inside to control the ambient humidity. Another
complication during growth is the accumulation of a white/blue residue on the metal contacts
after growth. A small amount of residue doesn’t seem to impact the device performance, but a lot
of residue can lead to low yield. Figure 3.2a shows an optical microscope image of a chip

without much residue and Figure 3.2b shows a chip with a lot of residue.

a)

R
39 40 42

Figure 3.2 a) Optical microscope image of an electrode surface after CNT growth without
much residue. b) Optical microscope image of an electrode surface after growth with
residue. The scratches on the contacts were made while probing the chip and are related to
the residue.

3.3 Transport Properties

The device depicted in Figure 3.1a can be used as either a field-effect transistor (FET) or as
a diode, depending on the operating conditions. First, consider the FET mode. The split-gates are
operated as a single gate (Vg1 = V). By meauring /sq as a function of V; the FET properties can
be examined. The /-V curve can be used to quickly find single CNTs and assess their quality.
The two main indicators of the device quality are the amount of hysteresis and the steepness of
the transition from off-state to the on-state. Figure 3.3a shows a typical distribution of CNT

FETs present on a chip after growth. The lack of hysteresis in the curves indicates they are
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suspended and not in contact with the substrate below. The resistance of the nanotube (at Vg = -
10 V) is typically in the range 10 MQ — 1 GQ which depends primarily on the contact resistance
but the CNT bandgap as well.

The shape of the I-V; curve provides information about the device quality. Figure 3.3b
shows ideal transistor behavior acting as a switch with a sharp turn-on, and little to no hysteresis
between forward and reverse traces. In the off state (V; ® —1 V) the current is limited by the lack
of carriers in the nanotube. As charge is added to the tube eventually a saturation current is

reached and the conductance will stop changing with gate voltage (V; < —10 V). In this regime

the current is limited by the contact resistance.
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Figure 3.3 a) The variety of FET transport curves (¥sa = 25 mV) that can be expected for
semiconducting CNTs on a good growth. b) An ideal CNT FET curve with a sharp turn-
on and minimal hysteresis. ¢) Simulated band-bending diagram for Vy < 0 (red) and V, >
0 (blue) for a CNT with Eg =0.53 eV.

The suspended CNT devices can also be operated as a diode, as shown in Figure 3.1a. When
Vo1 = -V, a pn-junction forms. The left side of the CNT electrostatically couples to the left gate,
doping it with holes. Similarly, the right half of the CNT becomes n-doped. The diode transport
properties can be characterized by measuring an /-Vsq curve, which can be understood through

the non-ideal diode equation given by
eVsd (3.1)
ISd = IO enkBT -1 )

where [y is the dark saturation current, kg is the Boltzmann constant, 7 is the temperature, and n

is the ideality factor. Figure 3.4 shows a typical I-Vsq for the device design shown in Figure 3.1a.

In forward bias there is an exponential turn-on whereas in reverse bias the diode displays
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rectifying behavior with only the dark saturation current present. The large n-type Schottky
barrier at the Pt contacts (in ambient environment) leads to dark saturation currents below the
measurement level of our system (< 1 pA).®* The ideality factor can range from 1 — 2. The CNT

diodes made in these experiments typically have n = 1.2, but can be in the range 1.0 — 1.4.
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Figure 3.4 a) The Dark /-Vsq curve of a suspended carbon nanotube pn junction with Vg
= -Vg1 =5 V. b) Simulated band bending diagram for Vg = -V =5V with E; =0.53 eV.

3.4 Device Stability

The growth process described in §3.2 produces an ultra-clean system, ideal for measuring
quantum transport phenomena. The devices can continue to perform for days to weeks after
growth.1:%3 While the system can remain ultra-clean, the transport properties will change over
time depending on the environment.®* Figure 3.5 shows data taken by Lee Aspitarte (a former
graduate student in the Minot lab) of a nanotube FET curve over time while left in vacuum.
Immediately after growth (Day O curve), the device has a fully p-type contact indicated by high
currents when doped with holes and currents below the noise level of system when doped with
electrons. After 15 days in vacuum, the nanotube shifts from a fully p-type contact towards an
ambipolar contact.

A possible explanation is that oxygen/surface adsorbates are removed from the contact when
the device is left in vacuum for several days which causes the work function of the metal
electrodes. When the alignment of the nanotube bands with the work function of the contact

changes, the relative sizes of the n and p-type Schottky barriers change. As the n-type Schottky
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barrier becomes smaller (and the p-type Schottky barrier becomes larger) the transport changes
from favoring p-type conductance towards ambipolar. Lee Aspitarte has done further work in
suspended nanotube devices studying the relationship between the transport properties of

nanotube pn-junctions and the work function of the contacts.®*

Conductivity (uS)

4

Vg (V)

Figure 3.5 The change over time of the CNT FET curve while the device is left in
vacuum and shifts from p-type toward n-type contact. This data was taken by Lee
Aspitarte and his published work discusses it in further detail.**

3.5 Exceptional properties of the suspended CNTs

The devices are stable enough that after shipping them through the mail they exhibit low-
temperature electron transport with phase coherence lengths greater than 2 pm. Our collaborators
in Vikram Deshpande’s group at University of Utah used the shipped CNTs to measure quantum
interference phenomena.®! They were able to observe Fabre-Perot oscillations as well as Sagnac
electron interference related to the nanotube structure.’®”® In some instances the CNT samples
were shipped back and forth between OSU and University of Utah, surviving multiple
shipments.

In more recent work, the Utah group was able to form a Wigner crystal and extract the

compressibility of the electrons in the crystal.®!

They accomplished this by measuring the energy
required to add an electron to the crystal. As more electrons are confined within the same amount
of space the addition energy increases. By calculating the change in addition energy with
increasing electron number they were able to extract the compressibility of electrons in the

crystal. While the collaboration has ultimately been a success, there were challenges maintaining
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sample quality. The next section describes the measures that were taken to address growth and

shipment complications.

3.6 Optimizing nanotube growth and shipment

Numerous CNT shipments failed to provide clean CNTs both from issues during shipment
and nanotube growth. This section describes what I learned about optimizing growth and
shipment of CNTs. Section 3.2 discusses many of the challenges associated with the growth
process. After addressing those challenges, the loss of nanotubes during shipment was the other
main difficulty.

CNTs were probed before and after shipment to determine if the devices die during the
process. During some shipments all of the devices were broken which motived a more secure
way to package the chips. The initial precedure was to tape the chips down in chip carrier,
vacuum pack the chip carrier, and ship it in a padded envelope. The chip carriers were packed in
foam within a box to prevents direct contact with the chip carrier during shipmentn which
showed improvement in the nanotube survival rate. The environment was also changed from a
vacuum seal to a nitrogen environment to improve the stability. The chip carrier was placed
within a ziplock bag and the bag was sealed around the end of the N> gun. The air was flushed
out by N> gas for 30 seconds before removing the N> gun and immediately sealing the bag
(careful to minimize exchange of air). We found that the dry nitrogen environment worked well
to preserve the quality of /sq vs Vg curves.

In summary, the humidity in the tent should be below 30% during growth, the chip should
show no major signs of residue on the surface, the chip carrier should be sealed in a nitrogen

environment and cushioned within a rigid container to minimize shock during transport.



29

4 Computational modeling

This chapter discusses three computational simulations used as part of the process I used to
determine the PCQY from CNT photocurrent spectra. The first is self-consistent electrostatics
simulations of the axial electric field (§4.1). The simulations were performed by our collaborator
Dr. Andrea Bertoni at CNR Nano in Italy. The second is solutions to Bethe-Salpeter equation
used to understand how the electric field influences the exciton decay dynamics (described in
§4.2). These simulations were performed by our collaborator Dr. Vasili Perebeinos in Dept. of
Electrical Engineering at SUNY Buffalo. The third are finite-difference-time-domain (FDTD)
simulations to determine how the intensity of light incident on the nanotube is modulated by
interference from reflections off the substrate surrounding the nanotube (§4.3). These

simulations were performed by Mitchell Senger in the Minot group here at OSU.

4.1 Self-consistent field calculations

The main focus of this thesis is to determine and discuss the relationship between the PCQY
and the axial electric field in the nanotube. The method of changing the axial electric field, F, in
the suspended CNT devices is by modulating the magnitude of the split gate voltages. The main
effect of increasing the gate voltage is to both increase the field and decrease the intrinsic region
length, Li, a key parameter in determing the PCQY.

Measurements of L; at low field are presented in §5.2.3 as well as in previous work by Lee
Aspitarte.”® At high field, however, L; is smaller than the point spread function of the laser spot.
Therefore, we used self-consistent electrostatic-field (SCF) calculations to find the relationship
between the Vi1, Vo, Vsd, and L;. In this section I describe the work done by Andrea Bertoni to
perform the SCF simulations

Briefly, the first step of calculation finds the electrostatic potential field without any CNT
connecting the source and drain electrodes. The voltages on the four electrodes and the cross-
sectional geometry of the device (shown in Figure 4.1 and Figure 4.3a) define the electrostatic
boundary conditions. The 2-d electrostatic potential field was calculated using a relaxation
algorithm to solve the Laplace equation. This zeroth-order solution is a first estimate of the
electric field at the center of the pn junction (grey dashed line in Figure 4.3d). In the next step of
calculation, the CNT is populated with charge and an effective 1-d mean-field simulation is used

to refine the results of the electrostatic potential model. This step is repeated many times until a
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self-consistent solution is reached. The final result includes the charge density along the length
of the CNT (Figure 4.3b), the band bending diagram (Figure 4.2 and Figure 4.3¢), and the
electric field at the center of the CNT (open circles in Figure 4.3d).

4.1.1 Self-consistent field calculation methods

As the first step, Dr. Bertoni calculated the electrostatic potential in the absence of the CNT,
Vex(r). Figure 4.1 shows the metallic surfaces (constant potential) that are used as boundary
conditions to calculate Vex(r). A numerical relaxation algorithm is used to solve the 2D Laplace

equation in a non-homogeneous dielectric environment given by

0 0 0 0 —0 41
— et | Ve 2) + - |eCo )| Ve ) = 0, @1)

where €(x, z) is the position-dependent relative permittivity of the dielectric environment.
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Figure 4.1 Cross sectional diagram of the dimensions used in the simulation. The metal
electrode thickness is 60 nm. Dotted lines represent the SiO in the device. We assume
translation symmetry in the third dimension.

After computing Vex«(r), the charge on the doped regions of the semiconducting CNT is
found by means of a self-consistent cycle as follows. First, the hole and electron concentrations,
ny,(x) and n,(x) respectively, are calculated from

m*kgT te — Ec(x)
= _ = -7 4.2
n,(x) =2 2 T_%( KT (4.2)
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n,(x) = 2 —m;kBT? 1 (—“ h_ EV(x)) (4.3)
2

where m* is the effective mass of electrons and holes, 7 is the temperature, p, is the quasi-
Fermi level for electrons, py, is the quasi-Fermi level for holes, and F, /, is the complete Fermi-
Dirac integral of order 1/2. For the semiconducting CNT, the relationship between m* and the

CNT band gap is approximated to be:

g (4.4)

Figure 4.3b in the next section shows the net charge (linear charge density) which is given
by
Alx) = e(nh(x) — ne(x)). (4.5)
At each point on the CNT, it is assumed that charge is spread uniformly around the
circumference of the CNT. This charge density, 1(x), generates an electrostatic potential Vin(r)
which modifies the total electrostatic potential in the self-consistent cycle. The latter potential
along the length of the CNT is given by
Viot (%) = Vext(x) + Vine(x). (4.6)
From V.. (x), the energy of the valence band edge, E, (x), and the energy of the conduction
band edge, E.(x), are found. In order to model the reverse-bias condition, the quasi Fermi level
for holes is pinned mid gap at the left electrode and the quasi Fermi level for electrons is pinned

mid gap at the right electrode which are given by the conditions

E,(x) = eVioe(x) _% 4.7)
E.(x) = eVipi(x) + %. (4.8)

Figure 4.2 shows the self-consistent band diagram at room temperature for E, (x) and E.(x) that
go together with Figure 4.3c. The split-gate voltages induce hole accumulation on the left side
and electron accumulation on the right side. An insulating intrinsic region is formed in the

central part, where the two bands show a linear dependence on the position.
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Figure 4.2 The energy bands along the length of the nanotube from SCF calculations. The
chemical potential for holes, un, is in equilibrium with the left electrode. The chemical
potential for electrons, e, is in equilibrium with the right electrode. We assume the middle
of the CNT is insulating.

4.1.2 Self-consistent field calculation results and discussion

This section presents the relationship between Vg, Vg1, Ve, Li, and F determined from the
SCF calculations. Section 4.1.1 gives details of the simulations methods. Figure 4.3a shows the
layout of the electrodes surrounding the nanotube and illustrates the electric field (orange lines)
created by the gate electrodes when Vg1 = -Vg.

Figure 4.3b shows the SCF calculation of charge density along the length of the nanotube
for different split gate voltages. The left side of the CNT is doped with holes and the right half is
doped with electrons. The region of zero charge in the center of the CNT corresponds to the
intrinsic region. The length of the intrinsic region length decreases as the split-gate voltages
increase. The next section describes constancy checks on the capacitance between the nanotube
and the gates that were determined by the simulation.

Figure 4.3c shows band bending diagrams for different values of V4. The slope of the band
edges in Figure 4.3c correspond to the axial electric field. The field in the center of the CNT, F,
is primarily determined by Vg1 = -Vg2. Figure 4.3d shows the maximum axial electric field as a
function of gate voltage for various source-drain voltages. The grey dashed line shows the
zeroith order approximation of the field without taking into accound how the charge on the

nanotube impacts the electrostatics. Note in Figure 4.3d that F'is almost unaffected by the typical
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Vsd voltages used in our experiment; the main effect of Vsqg <0 is to lengthen Li. In summary, the
results of the self-consistent field calculations are well described by the relationship

Vg —E,/e (4.9)
|~ |de—g/| when Vg4 < 0,

where Ej is the band gap of the CNT. Eq. 4.9 is plotted in Figure 4.3¢ (dashed lines) and

compared to the exact results of the SCF calculation (open circles).
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Figure 4.3 a) Schematic of the geometry used in the self-consistent electrostatic-field
(SCF) calculations. Electric field lines are sketched in orange. b) Calculated charge density
along the length of a CNT with E; = 0.5 eV. The gate voltages are equal and opposite (Vg1
= -Vg). All three curves are calculated with Vsq = 0. ¢) Calculated band bending diagram
(the edge of the valance and conduction bands) when Vg = =V, =6 V and E; = 0.5 eV.
d) The axial-component of electric field at the center of the CNT. The grey dashed line
shows the result of a zeroth-order calculation (assuming no charge on the CNT). Open
circles show the results of the SCF calculations. e) Open circles show the calculated value
of the intrinsic region length, L;. The dashed lines shows values of L; estimated using Eq.
4.9.

4.1.3 Extracting intrinsic region length from electrostatic modeling
Figure 4.4a illustrates the method for extracting L; from our SCF electrostatics simulations.

The linear charge density in the CNT, A(x), is plotted for various values of Vsg when Vg1 = -V =
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4 V. The charge density is considered near the center of the CNT in a limited range

—10e um™! < A(x) < 10e um™1. When 10e um™! > A1 > 1e um™1, 1 changes linearly with
respect to position. We extrapolate this linear relationship to the x-axis and thus define the edge
of the intrinsic region. Repeating this process on the right edge of this intrinsic region then

determines L;.
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Figure 4.4 a) The charge density along the length of the CNT. Linear fits (red) are extrapolated
to the x-axis to find the edge of the intrinsic region with Vg1 =4 V. The dashed line shows the
value is comparable to using a cutoff charge density of 1e pm™1. b) The calculated intrinsic
region length using different cutoff charge densities.

This extrapolation method is equivalent to setting a threshold |1| < 1e um™1! to define the
intrinsic region. Other threshold levels are considered in Figure 4.4b which shows the measured

1 and 0.01e pm™. Reducing the

intrinsic region lengths for a threshold of 1e um™1, 0.1e um~
threshold level reduces the calculated length of the intrinsic region. For the analysis of
photocurrent quantum yield (PCQY), a conservative estimate of L; is used that will not inflate
the values of PCQY. Therefore, the linear extrapolation method is used (Figure 4.4) which

results in the largest estimate of L;.

4.1.4 Cross-check of calculated charge density
To verify the validity of the results from the SCF calculation we consider the capacitance

determined by the calculation. Figure 4.5a displays the SCF calculation results for the charge
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density of the nanotube in a pn junction configuration at various gate voltage. Figure 4.5b shows
the maximum charge density on the p doped side of the nanotube. The maximum capacitance per

length can be found from the slope of the line which gives C;, = 2.7 aF/pm for the nanotube.
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Figure 4.5 a) The charge density along the length of the nanotube as a function of gate
voltage with Vsd =0 V. b) The maximum charge density in p doped portion of the nanotube
extracted from the SCF simulations shown in a).

An upper bound for the capacitance of the nanotube can be calculated using the simple case
of an infinitely long wire over a conducting plane. The capacitance per length of our actual
device will be less than that of an infinite wire because each side of the nanotube has some
coupling to gate on the other side. The potential, V, of a wire with charge density A can be found
by first using method of images to treat the conducting plane as a mirror charge and then using
Gauss’s law to find the electric field of the two charged wires. Integrating the field gives the

potential

4h
_AL-Inp (4.10)

2TEGE,

where 4 is the tube height, and D is the diameter of the wire. The capacitance per length is then

_ 2megE,
CL=""25" (4.11)

lnﬁ

For 4= 650 nm and D = 2 - 3 nm the capacitance is CL = 7.76 — 8.22 aF/um. The capacitance in

the SCF calculation is the same order of magnitude but lower as expected.
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A more realistic upper bound can be found through Coulomb blockade spectroscopy of
devices with a single back gate. For a single gate device with a 2 micron long CNT suspended
750 nm above the gates, we have measured the capacitance to be CL = 3.5 aF/um.® In this work
we are considering the capacitance of half of a split-gate device, therefore, we explicit slightly

lower capacitance than a full single gate device.

4.2 Computational modeling of excited states in carbon nanotubes

Modern computing power enables sophisticated approximations of many-body interactions
to model real systems with high accuracy. The GW approximation is the state of the art for
handling many-body interactions which treats the self-energy of electrons as dynamic unlike less
sophisticated approximations. Using the GW approximation in DFT to calculate the ground-state
electronic structure has been accomplished for many types of materials including crystals,
metals, nanostructures, and molecules.® Despite the power of these computational predictions,
the have clear limitations. A good example of which is that they do not accurately predict the
band gap. Nevertheless, this method has been extended beyond predictions of the ground state
system.

The frontier of calculations using the GW approximation is in combine DFT with the Bethe-
Salpeter equation to predict the dynamics of electronic excited states. This approach has
successfully been applied to the excited states of a wide variety systems including nanomaterials.
However, the calculations are computationally intentsive, and therefore it is limited to a subset of
the systems that can be modeled in the ground state.3! Large systems remain a major challenge
along with systems with highly localized electronic states or systems with large unit cells.®?
Carbon nanotubes are one of such systems that push the limits of computing power. The
accuracy of this approach continues to improve every year. As with any theory predicition, it is
most powerful when used in comparison to experimental data. Sections 4.2.1 —4.2.3 show
computed solutions to the Bethe-Salpeter equation for an exciton in a CNT in the presence of an

axial electric field which were performed by Dr. Vasili Perebeinos in 2019.

4.2.1 Shift in exciton absorption peak location with field
Solutions to the Bethe-Salpeter equation were used to predict changes in the absorption
spectrum of CNTs. Figure 4.6a shows the absorption spectrum around the S>> exciton resonance

at different electric field strengths. The calculation of the absorption spectrum is performed by
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applying Gaussian broadening to the solution of the Bethe-Salpeter equation for an exciton in a
static electric field along the CNT axis. Figure 4.6b show the average shift of the S22 exciton
resonance for eight chiralities. The peak positions for all eight CNTs show redshifts in response

to field with some nonmonatomic behavior. This calculation is compared to experimental data in

§5.3.1.
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Figure 4.6 a) The calculated absorption spectrum of a (20,16) CNT for difference values
of electric field strength. b) The calculated average Stark shift of the S22 resonance for eight
CNTs with different chiralities that are relevant to experiments discussed in chapter 5.

4.2.2 Calculation of change in carbon nanotube oscillator strength
In addition to the position of the absorption peak changing, the shape of the peak changes as
well. This section discusses changes in the peak area. The oscillator strength of an exciton

resonance in a CNT with a specific chiral index is calculated using the equation®’

f o.d(hw) =

Sii

— % 10718eV-cm?, 4.12
(» +7.5)D ev-an (4.12)

where D is the nanotube diameter and p is an integer indexing the optical transitions of both
semiconducting and metallic nanotubes (p = 2 for Sx and p = 4 for S33). The atoms per length

in the nanotube, Ny, is given by

_4m* +m® + 2nm) 4.13)
LT V3a, ’ '
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where (n, m) are the chiral indices of the CNT and a. = 0.14 nm is the carbon-carbon bond
length. The absorption cross section per atom, g, can be multiplied by Nj, to find an effective
absorptive width of the nanotube.

To verify that Eq. 4.12 is valid at large F', we calculated the expected absorption cross-
section spectrum as a function of F. For this calculation, we used the Bethe-Salpeter equation for
an exciton in the presence of a static axial electric field similar to the methods used by
Perebeinos and Avouris in 2007.%° Figure 4.7b shows that the oscillator strength decreases by

only ~5% at the highest fields used in our experiments.
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Figure 4.7 a) The calculated S22 absorption for a (20,16) CNT. b) The change in oscillator
strength with field found by integrating the peaks in a).

4.2.3 Change in spectral width of exciton peaks

While the oscillator strength does not change substantially with field, the peaks widths can.
If the width of a peak is lifetime limited, an increase in the peak width with field will correspond
to a lower lifetime. Figure 4.8 shows the calculated change in FWHM of the S»; absorption peak
as a function of field. From the calculation, we expect to see rapid oscillations in FWHM as a
function of F. We also expect the smallest diameter CNTs to be the least sensitive to field (CNTs
D and F). The sharp changes in FWHM with field could be due to the Franz-Keldysh
oscillations™ in the E1; continuum which overlaps in energy with the position of the $» exciton.

A comparison to data is made in §5.3.2.
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Figure 4.8 Calculated changes in the FWHM of the Sy, absorption peak as a function of
field for eight different CNT chiralities. The changes are relative to FWHM values of 13 —
22 meV. The chiralities shown here are relevant to the experiments discussed in the next
section.

Figure 4.9a shows the calculated changes in the Si1 absorption peak with field. Zero-field

broadening of [\, = 15 meV is added to our simulation to match previous measurements by

1'54

Malapanis et al.”* There is a monotonic increase in FWHM with field. Figure 4.9a shows the S11

absorption peak changing with field for the largest (left) and smallest (right) diameter CNTs in

the study.
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Figure 4.9 a) The calculated S11 absorption peak for CNT D and CNT E, the smallest and
largest diameter CNTs in the study. The changing color indicated the field increasing from
F =0 V/um (violet) to F = 15 V/um (yellow). b) The change in FWHM for the S11 peaks
shown in a).
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Figure 4.9b shows the change in the FWHM of the S11 peak for the same CNTs as Figure
4.9a. The predicted linewidth at fields larger 5 V/um suggests that the auto ionization broadening
is at least 1 meV, which corresponds to lifetime of ~200 fs. No experimental comparison to Si1
can be made as it lies outside the spectral range of the instruments, however the calculated peak
shape gives information about the field induced exciton dissociation process. This is
substantially lower than the estimated timescale of the non-radiative decay (Tnon-rad) discussed
throughout section 5. This theoretical result supports our assumption of fully ionized S11 excitons

contributing to the photocurrent.

4.3 Simulation of optical interference from back reflection

The intensity light hitting the CNT is a key parameter required to determine the PCQY.
Reflection of light from the substrate below the nanotube modulates the intensity. Commercial
software can be used to simulate the interference pattern above the substrate where the nanotube
is suspended.

A finite difference time domain (FDTD) simulation was used to determine the enhancement
of optical power caused by back reflection from the split-gate electrodes. Inputs to the simulation
included the device geometry, the dielectric functions of the device materials (platinum and
silicon oxide) and the profile of the incident light beam. The beam profile was either a focused or
defocused Gaussian beam profile coming from a numerical aperture that matches the microscope
objective used in our experiment. The optical power is determined at a position corresponding to
the center of the suspended carbon nanotube (CNT). The exact height of the nanotube could be
650 nm above the split gates (i.e. level with the top of the source and drain electrodes as shown
in Figure 3.1a) or slightly less than 650 nm if the CNT adheres to the side wall of the source or
drain electrode (Figure 4.10b). The best match between simulations and experiments was

achieved when CNT height is assumed to be 617 nm above the split gates.
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Figure 4.10 a) Cross sectional diagram of a CNT grown flat across the surface of the
electrodes. b) Cross sectional diagram of a CNT that has adhered to the side of the electrode
before crossing the trench

Figure 4.11a shows the boundary of the FDTD simulation as well as the Gaussian profile of

a plane wave propagated through a 50X objective with a numerical aperture of 0.55. Figure

4.11b shows the interference strength  (the enhancement of the incident power due to back

reflection) when the incident wavelength is 1630 nm. Figure 4.11c shows [ at the center of the

CNT when the incident light is either a focused beam and defocused beam. We also plot the

ratio, Bdef/Poc, Which we discuss in the next section. Due to uncertainty in the exact height of the

CNT, there is uncertainty in 3. Figure 4.11d shows the effect of changing the CNT height by £17

nm.
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incident on the electrode geometry. b) The optical interference strength, 3, at a wavelength
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The optical interference strength is affected by the separation distance between the split-gate
electrodes (Figure 4.11¢). The effect is most prominent when the wavelength is similar to the
size of the gap. The nominal gap size (from the photolithography mask) is 500 nm, but SEM
characterization shows that the gap can be as small as 350 nm. Figure 4.11e shows the effect of
changing the gap from 500 nm to 350 nm. The spectrum is most affected in the range 1.5 — 2.5
eV. For measurements in the spectral range of the S>> resonance, the uncertainty in B due to the
gap size is negligible.

Figure 4.12 shows a series of optical power enhancement simulations for a plane wave
incident on different device structures. The panels below Figure 4.12a are illustrations of each
interference simulation. The simplest simulation is a plane wave incident on a perfect conductor
(black curve). The reflectivity decreases when the dielectric function of platinum in used in place
of a perfect conductor (purple curve). The reflectivity decreases further and a phase shift is
introduced when a layer of SiO» is added on top of the platinum (blue curve). The full simulation

incorporates includes a gap in the middle of the electrodes (red curve).
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Figure 4.12 a) The change in optical power enhancement as different elements of the
similuation are included. b) Illustration of a plane wave incident on a perfect conductor
(corresponds to black curve) ¢) Illustration of a plane wave incident on a layer of platinum
(corresponds to purple curve). d) Illustration of a plane wave incident on a layer SiO; on top
of platinum (corresponds to blue curve). e) Illustration of a plane wave incident on layers of
Si02 and platinum with a gap in middle (corresponds to red curve).
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S Field dependence of photocurrent quantum yield

The relationship between the photocurrent quantum yield (PCQY) and the electric field is the
focus of Chapter 5. This chapter is adapted from our published work in Nano Letters.** Section
5.1 describes photocurrent measurements in CNT pn junctions, including the measurement of
spatial photocurrent maps and photocurrent spectra. Section 5.2 explains how PCQY is
determined as well as how each parameter involved is characterized. Section 5.3 discusses
changes in photocurrent spectra with changing electric field field. Section 5.4 presents the main
result of this thesis: the field dependence of the PCQY. Section 5.5 presents our interpretation of
the PCQY field dependence in the context of computed theoretical contributions (explained in

§4.2) from Dr. Vasili Perebeinos.

5.1 Photocurrent measurement of carbon nanotube photodiodes

In this thesis I use three measurement techniques to study photocurrent generation in CNT
pn junctions. The first technique is scanning photocurrent imaging discussed in §5.1.1. The
second technique, covered in §5.1.2, is measuring an illuminated /sq vs Vsq curve (also referred to

as an illuminated diode curve). The third technique is photocurrent spectroscopy described in

§5.1.3.

5.1.1 Scanning Photocurrent Imaging

Photocurrent imaging is performed by focusing the laser near a CNT pn junction and raster
scanning the surface. The photocurrent is recorded as a function of laser position. Figure 5.1
shows a photocurrent image of the CNT photodiode. The electrodes and axis of the carbon
nanotube are indicated in the figure. Photocurrent is only generated in the intrinsic region at the
center of the CNT which is smaller than the point spread function of the laser. This is evidenced
by the lack of elongation of the photocurrent spot along the axis of the nanotube. Optical
excitation of the p-doped and n-doped region does not lead to photocurrent because non-radiative

decay processes cause rapid recombination of electron-hole pairs in the doped regions.*%3
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Figure 5.1 Scanning photocurrent image of a CNT photodiode. The location of the source-
drain electrodes and the axis of the CNT are indicated.

Scanning photocurrent imaging can be used to measure the point spread function of the laser
and determine the optical intensity in the incident laser (described in §5.2.2). The spatial
photocurrent map can also be used to image the intrinsic region length. In Figure 5.1 the instrinic
region length is smaller than the PSF of the laser spot so it cannot be resolved. However, under
different gating conditions the intrinsic region length can be resolved. This process is described
further in §5.2.3.

5.1.2 Illuminated diode curve
5.1.2.1 General features

Figure 5.2 shows the /4 vs Vsa curve under illumination. In reverse bias, the photocurrent
increases linearly with source-drain voltage. The change in photocurrent with Vg corresponds to
a change in the intrinsic region length. §4.1 describes the relationship between Vi, Ve, Vsd, and
Liin detail. Linear extrapolations of the curves are indicated with dashed lines in Figure 5.2. To
understand the /s vs Vsq curve consider the simple model for intrinsic region length from §4.1.

L = |Vsd_F—Eg/e| .1)

The photocurrent is proportional to the intrinsic region length and quantum yield, n. The other
quantities affecting the photocurrent are assumed to be constant with Vg and Vg1 = -Veo.

Therefore,
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e o7 |V5d_F—Eg/e| (5.2)
where the bandgap, Eg, is the x-intercept. The bandgaps measured from experiments seem ~100
meV smaller than what is found from transport measurements. The source of the discrepancy
isn’t clear. The changes in slope can be understood as changes F' 77, which results in

di
pe I (5.3)
Vg F

This relationship provides a way to calculate 7 from the slope of the illuminated diode curve if

the field is known.
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Figure 5.2 Experimental measurement of photocurrent for a (20,16) CNT excited at the
S44 resonance (hw = 1.92 eV). Photocurrent grows linearly with Vsg when for Vs < 0.
Linear extrapolations of these curves intercept the x-axis at the Vsq = 0.4 V, corresponding
to the expected band gap of this CNT

5.1.2.2 Cross check for photo-conductance
The I vs Visa curve can be examined for evidence of a photoconduction mechanism. The
photocurrent increases linearly in response to a bias voltage. Therefore, we expect to see a non-
linear change in the reverse bias photocurrent if a photoconduction mechanism is present.
Figure 5.3 shows illuminated 7V curves for two CNTs at the S»> resonance. As discussed in
the main text, a linear increase in photocurrent is expected with increasing reverse bias as the

intrinsic region of the CNT elongates. To first approximation, the photocurrent quantum yield
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(PCQY) is independent of V4. Figure 5.3 shows lines of best fit (red dashed lines) based on Egs.
4.9 and 5.4 with n,, = constant. Our procedure for extracting PCQY from the experimental data
would give the same result for any Vsq between 0 and -0.5 V. It is worth noting in Figure 5.3 a
and b that, despite nearly identical experimental conditions, we see different curvature beyond

Vsa = -0.5 V which is not understood.
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Figure 5.3 a) [lluminated IV curve of a (22,11) CNT excited at the resonance S>> = 0.86
eV. b) Illuminated IV curve of a (23,12) CNT excited at the resonance s> =0.795 eV.

5.1.3 Carbon nanotube photocurrent spectroscopy

Photocurrent spectroscopy is a powerful tool that can be used to determine the precise
structure of a CNT, and therefore, its absorption cross-section.”>**”:% It is also useful for studying
the response of excitons with different energies to the external field. A representative
photocurrent spectrum is shown in Figure 5.4. The photocurrent is generated using a defocused
laser spot with an intensity of approximately 10 W/cm?. The optical intensity is sufficiently low
that photocurrent is linear with respect to laser power (see Figure 5.6a). The light source is a
supercontinuum laser with 320 MHz pulse rate (NKT Photonics). White light from the
supercontinuum is filtered by a double monochromator to give monochromatic light with a 5 nm
bandwidth.?” For photocurrent spectra in this thesis, a reverse bias is applied to the photodiode of
Vsa =-0.5 V unless otherwise stated. This bias is applied to elongate L; and increased the
photocurrent signal. The photocurrent and optical power can be monitored simultaneously to
allow accurate power normalization (discussed further in §5.2). The spectral peaks are associated

with excitonic resonances.?* In Figure 5.4 observed peak positions (black) are compared to peak
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position of the absorption cross section (blue), and are used to identify the chiral index.®® The
absorption cross section is found from an empirical model based on an atlas of CNT optical

properties.®
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Figure 5.4 Photocurrent spectrum (black) around the S», S33, Sa4, Sss, and Ses  exciton

resonances. The spectrum was obtained with Vg = -0.5 V and optical power ~ 10 pyW

spread over an area ~100 um?. The empirical absorption cross section of a CNT with chiral
index (22,14) and diameter = 2.56 nm (blue).®’

5.2 Calculation of photocurrent quantum yield

The photocurrent quantum yield (PCQY) is the ratio of electrons that get out of the device,
measured as photocurrent, to the number of photons that are absorbed within the intrinsic region
of the nanotube. Section 5.2.1 describes the process of extracting the PCQY from a photocurrent
spectrum. Counting the number of electrons getting out of the device is as straightforward as
measuring the current. The primary challenge of determining the PCQY lies in calculating the
number of photons absorbed. Sections 5.2.2 and 5.2.3 discuss the two most important parameters
used to find the number of photons absorbed: the photon flux and the intrinsic region length.
5.2.1 Extracting quantum yield from a photocurrent spectrum

The area underneath the photocurrent peak is proportional to the PCQY. To understand all

of the factors contributing to peak area, consider the integral of the i photocurrent peak,



50

f Iyed(hw) =e-n; - ®-Li- Ny, f o. d(hw) (5.4)
Sii Sii
where e is the electron charge, 1;; is the PCQY at the i exciton resonance, @ is the photon
flux, L; is the intrinsic region length, N is the number of atoms per length on the nanotube given
by Eq. 4.13, o is the absorption cross-section per carbon atom, and [ o.d(hw) is the oscillator
strength per carbon atom. The product (Ny, - [ o.d(hw)) can be found from the chiral index of
the CNT.%’

Figure 5.5 illustrates how Eq. 5.4 is applied to I,c(hw) measurements to determine the
PCQY. The CNT diameter is 2.51 nm and the photon energy is scanned over the S33 resonance
(hw = 4E;). The laser power (Figure 5.5b) is measured alongside the photocurrent. The power
is corrected for interference from the substrate below the nanotube to accurately show the power

incident on the nanotube (described in §4.3).
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Figure 5.5 a) Photocurrent spectrum around the S33 exciton resonance of a CNT with chiral
index (19,18) and diameter = 2.51 nm for Vg =-Vg =4V and Vsg =-0.5 V. b) The laser
power at the height of the nanotube. ¢) The intrinsic region length calculated using the SCF
simulations discussed in Section 4.1. d) The photocurrent peak corrected for photon flux
and the intrinsic region length. Further analysis details in Appendix A for Device J.

First, the photocurrent spectrum was measured at Vg1 = -Ve2 =4 V with a small reverse bias
applied to the device of Vsa =-0.5 V (Figure 5.4a). Next, a combination of SCF simulations and
photocurrent imaging were used to characterize L; (Figure 5.5¢). Section 4.1.3 describes how L;
is extracted from SCF simulations and Section 5.2.3 describes how values of L; determined from
photocurrent imaging are used to verify the electrostatics model. The photocurrent data was
divided by e - ®@ - L; (Figure 5.5d). Section 5.2.2 describes in detail how @ is characterized. Last,

the photocurrent peak (shown in Figure 5.5d) is integrated and compared with the expected
oscillator strength per unit length, Ny, |, 555 0¢ d(hw) . The integration was performed by fitting

the data with a Lorenztian. We use a Lorentzian fit to minimize the impact of the offset.
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For this CNT chirality Ni = 307.1 atoms/nm and f533 o, d(hw) = 1.63 x 10~ 8eV cm?

(further discussion of oscillator strength is provided in the §4.2.2). The PCQY is then given by

Ipc(R
Mag = ]%d(hw)/ Ny fac d(hw) | = 0.35. (5.5)

Sas Sas
The field dependence of the PCQY for this device is discussed in §5.4.
5.2.2 Determination of photon flux

The photon flux can be calculated from the relationship

p. -
= M(_)—Aiot, (5.6)

where Py is the laser power, Aspot 1S the effective area of the laser point spread function (PSF),
and fis the strength of interference from the substrate below the nanotube (discussed in §4.3).
After determining f, the remaining challenge is to find Aspot.

The effective area of the PSF for the focused laser spot, Aspot.foc, can be found from the
scanning photocurrent image (Figure 5.6b). Because the intrinsic region of the CNT photodiode

is much smaller than the laser spot, the photocurrent image samples the PSF. The spot area is

found by integrating the PSF

Agpot = fPSF(x, y) dxdy (5.7)

where PSF(0,0) = 1. The integral of Eq. 5.7 is calculated by fitting Gaussians to the

experimental data. For the simplest PSF, Aot can be calculated from a single Gaussian fit where

_ —x ¥ _
Agpor = | exp 7 - exp 57 dxdy = mab. (5.8)
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Figure 5.6 a) The typical photocurrent response as a function of laser intensity. The red
linear fit has a slope of 0.3 pA cm? W', b) A scanning photocurrent image sampling the
PSF of the laser spot. ¢) Cross section of the photocurrent image in b) along the dashed red
line along with a fit using the sum of three Gaussians (fit parameters in Appendix A: Device
A summary) d) Cross section of the photocurrent image in b) along the dashed green line
along with a Gaussian fit (fit parameters in Appendix A: Device A summary)

The photocurrent spot in Figure 5.6b has a more complicated PSF. To fit the PSF in Figure
Figure 5.6b, we used a single Gaussian along one axis (Figure 5.6d) and three Gaussians along

the other (Figure 5.6¢). The spot area is then given by

2
-y

Aspot = f exp ( W2 >
y

—(x — xo)z —(x— x1)2
| Ax,0 " €XP W—Z + Ay 1" €XP W—z + Ay 1 (5.9)

x,0 x,1
—(x - x—1)2
x,—1

Aspot = 7TWy,O(ax,OWx,O + Ay Wy + ax,—lwx,—l) (5.10)

which results in
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For the image in Figure 5.6b we found Aspot = 6.7 pm? (see Device A summary in Appendix A
for the fit parameters).

The protocol for measuring a photocurrent spectrum used a defocused laser such that Aspot >
100 pm?. This is done because, in the limit that L; << a, the photon flux is constant across Li.
For these large spot areas, photocurrent imaging was not feasible and we used a different
approach to find Aspor. We rely on the linear relationship between photocurrent and intensity
(Figure 5.6a). The linear response of the photocurrent signal implies that the ratio of
photocurrent to photon flux remains constant, which is given by

Ipc,foc _ Ipc,def
- 1]
cI)foc cI)def

(5.11)

where I foc and Ipc ger are the focused and defocused photocurrent respectively. Combining Eq.

5.6 and 5.11 we find that the area of the defocused spot can be calculated from

Baet - PO,def) ] (Ipc,foc

ﬂfoc ' PO,foc

Aspot,def = < > ’ Aspot,foc (5.12)

where Ps,./Pgyes 18 the ratio of laser powers for focused and defocused light, and S /S ger 1S the

Ipc,def

ratio of enhancement factors for focused and defocused light.
5.2.3 Imaging the intrinsic region length

The length of the intrinsic region, L;, can be measured in scanning photocurrent microscopy
(SPCM) images when L; is larger than the laser spot.>® This section describes the process used to
determine L; from scanning photocurrentes images such as in Figure 5.1. These measured values
of L; are used to verify the electrostatics model (from §4.1) at particular values of Vsq and Vg1 = -
Vea.

Figure 5.7 illustrates the process of extracting L; from a pair of SPCM images. Both images
were taken in an ambient environment at room temperature. The first image (Figure 5.7a) reveals
the axis of the CNT. The image is acquired by setting Vsa = 0 and Vg1 = - Vg2 = 0. Positive
current is generated at one end of the CNT by the electric field associated with the Schottky
barrier contact. Negative current is generated at the other end of the CNT by the other Schottky
barrier contact (electric field pointing in the reverse direction). The dashed lines in Figure 5.7a
correspond to the edge of the metal electrodes. The electrode edges are determined from the

reflection image (Figure 5.7¢) which was acquired simultaneously. The second SPCM image
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(Figure 5.7b) shows the photocurrent generated by the photodiode. A pn junction was established
in the center of the CNT by setting Vg1 = - Vg2 = 6 V. The intrinsic region is elongated by

applying a reverse bias Vsqa =-3V. Figure 5.7d shows a cross-section of the photocurrent image,

taken along the CNT axis.
a) b)
Electrode o La RS
(arb.) | ">,
80 0 R
0 o
-80 A 1 um
C) Height d)
(arb.) 0.0
" 02
Isd )
B L
-0.6
-0.8

-1.0

1 um

Position (um)

Figure 5.7 a) Scanning photocurrent image of the Schottky barriers at each contact with
Vsa =0 and Vg1 = Vg = 0. The axis of the CNT is indicated with a dotted line. b) Scanning
photocurrent image of an elongated photocurrent spot when Vsq=-3 Vand Vg1 =-Vp2 =6
V. ¢) An image of the reflected light from the scanning photocurrent image. The images
shows the edges of the electrodes (white) the gate electrodes (grey) and the gap between
the gate electrodes (black). d) A cross section of the photocurrent image shown in b)
along the CNT axis. The fit from Eq. 5.15 is shown in red for L = 0.9 um and a = 0.347
pum.

The photocurrent cross-section (shown in Figure 5.7d) is a convolution of the point spread
function (PSF) of the laser spot and the position-dependent quantum yield, n(x), of the CNT.

Along the axis of the CNT (the x direction), the PSF of the laser spot is treated as a Gaussian

given by
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2
f(x) = exp (— ?) (5.13)

We estimate 77(x) as a top-hat function

0 when x < —L;/2
n(x) = {770 when — L;/2 < x < L;/2. (5.14)
0 whenx > L;/2

The expected photocurrent profile along the axis of the CNT, I;4(x), is then a convolution

of f(x) and n(x)

L
X—> X+

I.q(x) < erf —erf .
sd( ) a (5.15)

To determine intrinsic region length from Figure 5.7d, we fit Eq.5.15, using L; and peak
current as fitting parameters. We note that Eq. 5.15 becomes indistinguishable from a Gaussian
when L; < a, therefore, fitted values of L; are only reliable for L; = 2a.

For PCQY calculations from a photocurrent spectrum (as is done in §5.2.1), the laser is
defocused. For the defocused laser, L; < a. In this regime, the intensity doesn’t change
appreciably across the intrinsic region, and it is more straightforward to calculate the PCQY as
Iq(x) < L.

Figure 5.8a and ¢ show the cross-sections of photocurrent images of pn junctions
corresponding to various Vg = -V and Vsq. Figure S11a shows the decrease in Lijas Vg1 = V2
increases. Figure 5.8c shows the increase in L; as |Vsq| increases. In both Figures, we not that the
width of the peak stops changing when L; < 2a, due to the spatial resolution of our microscope.
Figure 5.8d compares the fitted value of L; with the model described in §4.1.3 (Eq.4.9). We see
excellent agreement between experiment and modeling when L; > 600 nm, giving us confidence

in the electrostatics modeling.
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Figure 5.8 a) Cross sections of photocurrent images along the CNT axis for various Vg =
-Vg2. Vsa=-2 V for all 5 curves. b) Diode characteristics at the highest ratios of Vsa/Ve1 used
in (a). There is no reverse-bias break down. ¢) Cross sections of photocurrent images along
the CNT axis at various V. Vg1 =- V2= 6V for all 6 curves. d) Comparison of the model
in Eq. 2 of the main text (red) with experimental measurement of L; extracted from the
cross sections shown in (a) (black). The fitting procedure to find L; becomes unreliable
when Vg1 > 6 V (open circles), because L; is below the spatial resolution of the microscope.
The nanotube chirality is (17,12).

Examples of the images used to make the cross-sections are shown in Figure 5.9, where the

elongation of the instrinsic region can be seen when |Vs4| increases (the change from panel b to a)

and when Vg1 = -V decreases (the change from panel b to c).

10
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Figure 5.9 Scanning photocurrent images showing elongation of the intrinsic region when
|Vsd| increases or Vg1 = -V decreases. The scale bar is 0.5 um. Dashed lines indicate the
CNT axis.

5.2.4 Effect of angle on axial field
The angle that the CNT grows across the trench changes the electric field experienced by the
gates. Figure 5.10 shows a nanotube that has grown at a fairly large angle relative to the . A first
order estimate of the axial field in CNT is that it’s simply the component parallel to the axis of
the CNT. Therefore
Fy =Fycosf (5.16)
where F is the magnitude of the electric field, Fj is the axial component, and 6 is the angle

shown in Figure 5.10.

CNT \@|Fo

Contacts

Figure 5.10 Depection of a carbon nanotube grown across two electrodes at an angle 6
relative to the electric field, Fo.

The angle between the nanotube and contacts can be determined from scanning photocurrent
images. Figure 5.7a shows how the angle can be determined from scanning photocurrent
imaging. Table 5.1 shows the values of 8 for CNTs used in the study. The results shown in
Figure 5.15 are not corrected for the angle. The values can be corrected by multiply both the

field and the PCQY by cos 6 from the angles listed in Table 5.1.
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CNT A B C D E F G H J K
0 21° NA NA 13° NA NA 47° 22° 16° 23°

Table 5.1 The angles of the nanotubes relative to the electrodes for the CNTs used in the
study. The angle could not be determined for some CNTs, indicated as NA.

5.3 Photocurrent spectra in changing axial electric field

Now that we have established a method to find PCQY from a photocurrent spectrum (§5.2)
as well as a method to determine the axial electric field (§4.1) we have the tools to determine the
field dependence of the photocurrent quantum yield. Figure 5.11 shows a representative set of
photocurrent spectra at increasing axial field. The peak position, peak height, and peak width all
change in response to field. Section 5.3.1 discusses the change in peak position. Section 5.3.2
discusses the change in width.

Since we are interested in quantifying PCQY as we increase the split-gate voltages (i.e.
strengthen the axial electric field in the center of the CNT), the area of each photocurrent peak in
Figure 5.11 is integrated. The S22 photocurrent peak area increases by a factor of 6.5. In contrast,
the S33 and S44 peak areas decrease by a factor of 2.2 and 1.4 respectively. The dramatic increase
in peak area for S2> motivated a detailed study of the field dependence of the PCQY excited at

the S, resonance (discussed in §5.4).

5 IS T

T T T = 0 8 F T T T
s — - — 5 V=5V
22 33 V=1
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(HAJW)

i 1 1 T [1]= | 1 1 1 =
0.77 0.79 0.81 1.6 1.7 1.8 1.9
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Figure 5.11 Power normalized photocurrent spectrum around the S22, S33, and Si4 exciton
resonances of a CNT with chiral index (22,14) and diameter = 2.46 nm. The spectrum
was obtained with Vsq = -0.5 V and optical power ~ 10 uW spread over an area ~100 pm?
(see Device G summary in Appendix A for more details).
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5.3.1 Peak shifting

We propose that the observed spectral shifts of exciton resonances are caused by two
independent mechanisms. The first mechanism is the axial strain that is generated by the
electrostatic force pulling down on the CNT. The second mechanism is the Stark shift.

The magnitudes of the shifts are higher than expected from the Stark effect (see §4.2.1).
Shifts of alternating sign are consistent with axial strain from the electrostatic force pulling the
CNT towards the gates. Comparing the measured peak shifts to previous studies of strained
CNTs,3% we estimate that axial strain reaches ~ 0.2%. Theory work has studied an interaction-
driven diameter dependence of strain on the CNT absorption spectrum.’! This voltage-controlled
tuning of optical resonances is an interesting effect, and potentially useful for CNT-based
quantum-light sources.”? However, the effect is not central to the main focus of this thesis so it
discussed briefly.

We have studied the S>> resonance of 8 different CNTs. The CNT diameters range from 2.0
to 2.9 nm (the S22 energies range from 1.05 to 0.72 eV). As the split gate voltage is increased, we
track the spectral position of the S22 peak. The peaks shift upward or downward in energy
depending on the interplay between axial strain and CNT band structure.®® We independently
verified the CNT “family index” by performing chiral index assignment. Six CNTs are from the
family (n — m)mod 3 = 1, and two CNTs are from the family (n — m)mod 3 = 2 (see Figure
5.12a). The family index correctly predicts the direction of the peak shift.

Given a large sample of CNTs, the average spectral shift caused by axial strain should be
zero. CNTs with (n - m)mod 3 = 1 will exhibit strain-induced redshift, while an equal number of
CNTs with (7 - m)mod 3 =2 will exhibit strain-induced blueshift. Using our experimental data
(Fig. 4a of main text) we calculated the average spectral shift of all eight CNTs. The (n - m)mod
3 =2 family of CNT was weighted more heavily, because only 2 out 8 CNTs were from this
family. The weighted average (Figure 5.12b) shows a clear trend toward redshift. We expect that
strain should only cause a redshift, therefore we compared the average redshift to the average

shift expected from strain.
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Figure 5.12 a) S»; peak position as a function of axial electric field for eight different
CNTs with known chirality. b) The blue curve shows the weighted average of the Sx
peak shift for the eight CNTs discussed in the main text. The red curve shows the
calculated average Stark shift of the S22 resonance for the same eight CNTs. The grey
boundaries show the spread of peak shifts observed in the experiment.

There 1s good agreement between theory and the observed average shift. This agreement
supports our proposed interpretation that strain causes most of the observed peak shift, but the
Stark effect causes a small but noticeable shift towards lower energies.

5.3.2 Peak width

From computational modeling (§4.2.3), we expect the width of the exciton peak to change
with F (Figure 5.13d). Figure 5.13a shows the FWHM of the S>> photocurrent peak for the same
eight CNTs discussed in the previous section. For some CNTs in the study, the FWHM changes
as a function of the axial field (summaries of the data for each device are presented in Appendix
A).

The data and theory both show non-monotonic changes in FWHM, however the step size for
F in the experiment may be too large to resolve the sharp features present in the calculation. The
largest experimentally observed change in FWHM at high field (~10 V/um, shown in Figure
5.13c¢) is on the order of 10 meV which agrees with the calculation (Figure 5.13d).

The FWHM of the S22 photocurrent peak (at low F) is plotted as a function the peak energy

in Figure 5.13b. Based on previous work we expect a linear relationship between the FWHM
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(Tp) and the transition energy (Epeax)-*"** Liu et al. found I}, = 0.0388 - E,eqi. We find that our
measured FWHM values also follow a linear trend, but with overall smaller values of
[, = 0.02* Epeak (5.17)

as shown by the dashed line in Figure 5.13b.
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Figure 5.13 a) The FWHM of the S» photocurrent peaks at increasing axial field for the
eight different chiralities discussed in the main text. b) The FWHM of the S»> photocurrent
peak with an applied axial field of 4 V/pm. The dashed line is the relationship in Eq. S9.
¢) The change in FWHM of the S»> photocurrent peaks. d) Calculated changes in the
FWHM of the S>> absorption peak as a function of field for each chirality of CNT in the
study. The color coding in the inset of panel (a) applies to all of the panels.

5.4 Photocurrent quantum yield as a function of axial electric field

This section presents the field dependence of the PCQY, which is the main result of this
thesis. Figure 5.14 shows the PCQY extracted from a CNT at the S33 resonance using the process
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described in §5.2. The PCQY at low field (133 = 35%) is similar to previously reported PCQY at
S44 and Sss exciton resonances.”® As the field increases from 2.4 V/um to 8.5 V/um, however,
133 increases by more than a factor of 3 and begins to exceed 100% PCQY. The upward trend in
133 (F) suggests that even higher values of 77353 would be possible if our device could sustain
larger split gate voltages. This result suggests that room temperature carrier multiplication can be

achieved when hw =~ 4E,.
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Figure 5.14 a) The photocurrent spectrum at increasing gate voltage centered on the S33
exciton resonance of a (19,18) CNT with a diameter of 2.51 nm. b) The intrinsic region
length at increasing gate voltage. ¢) The photocurrent spectrum normalized by the photon
flux and intrinsic region length. d) The photocurrent quantum yield of the device versus
increasing axial field.

For efficient light-harvesting applications, the most intriguing possibility is carrier
multiplication when Aiw = 2E;. Therefore, I now want to focus on measurement of 17,5 (F). We
have studied the S22 resonance of 8 different CNTs. The CNT diameters range from 2.0 to 2.9 nm

(the S22 energies range from 1.05 to 0.72 eV).
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Figure 5.15. a) The photocurrent quantum yield at the S»> exciton resonance for 8 different
CNTs as a function of increasing axial electric field. Vsa = -0.5 V. Squares indicate
insufficient data to determine photon flux. b) The PCQY as a function of field for the same
8 CNTs plotted on a third axis against the S2; resonance energy.

For each CNT, we measured I,c(hw) and divided the spectra by e - @ - L; (see Appendix A:

Device A-J Summaries). The integrated spectral peaks were then compared with the expected
oscillator strength per unit length, Ny, |, 5, 0¢ d(hw). The resulting values of 1,, are plotted in

Fig. 4b. The n,,(F) curves have been sorted by Aw,, (the photon energy corresponding to S>> at
low F). When interpreting Figure 5.15, the Aw,, axis can be used as proxy for CNT diameter
(hw,, < 1/D) or exciton binding energy (hw,, X E}). We find the largest values of 7,, when
hw,, is small.

At low F, 5, = 0.03 - 0.05, in agreement with previous measurements of 77,5 . In the
smallest diameter CNTs (large hw,,), we find that 1,, increases modestly with F. In the larger
diameter CNTs (smaller Aiw,,), however, we find that 1,, increases as much as 35-fold. One
device exhibits 17,, = 1.7 (see Figure 5.15b and Figure 8.5). All curves get steeper at high field
suggesting that 17,, would increase further if our devices could sustain higher split-gate voltages.

The calibration process to quantify PCQY has multiple steps and we have attempted to
crosscheck the process as much as possible. First, we note that low-field PCQY agrees with
previous work.>* °¢ Second, when photocurrent spectra are normalized by [, the resonance line
shapes match the expected Lorentzian line shape. Third, our model for L; was verified by

photocurrent imaging and by measuring /,c vs. Vsq (Figure 5.8d & Figure 5.9). Fourth, we
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crosschecked the calculated values of F' by comparing the average spectral shift to the expected
Stark shift of Sz, resonances (§4.2.1). Overall, we estimate that our calibration process yields
PCQY values with ~+30% uncertainty. An additional source of uncertainty, which we cannot

mitigate with our experimental design, is uncertainty in the integrated absorption cross-section
J¢ 0c d(hw). Liu et al. measured [, o, d(hw) for more than 50 individual suspended CNTs.®’
22 22

Their measured values were distributed above/below the line of best fit by ~ +30%. We used
Liu’s line of best fit for our analysis, thus the overall uncertainty in our PCQY determination is ~
+40%. We note there is significantly less uncertainty associated with our measurements of the

relative change in PCQY as a function of F for a particular CNT.

5.5 Exciton dissociation pathways and timescales

The measurements of PCQY are interpreted by considering the relaxation pathways of S>>
and S33 excitons, and the expected field-dependence of these pathways (Figure 5.16). First,
consider the relaxation of the S>> excitons when F is too small to induce exciton dissociation. In
this low-field regime, 75, increases almost linearly with F (Figure 5.15). Kumamoto et al.
studied this regime in detail and proposed that free carriers are produced by spontaneous
dissociation of S>> excitons (Figure 5.16a). These free carriers are then converted to photocurrent
if the electric field sweeps out the free carriers faster than they form bound states.’® To verify
that Kumamoto’s model is applicable to our system Vasili calculated the decay products for
spontaneous dissociation of S22 excitons in an experimentally relevant CNT (Figure 5.16b).
Spontaneous dissociation occurs via either an electronic pathway or a phonon-mediated pathway,
with a branching ratio ~ 1:10 (the phonon pathway is about 10 times more probable).”® The
electronic pathway produces only free e-h pairs (e + 41).”>** The phonon-mediated pathway
produces a variety of products: free e-h pairs (e1 + 41, e2 + h1, e1 + h2), bound, and partially
bound excitons.”*** We solved the Bethe-Salpeter equation for the phonon decay
mechanism.”>** Our calculations for the experimentally relevant (20,9) CNT show that most of
the products of the phonon-mediated S>> decay pathway have electron-hole separation greater

than the bound S11 or Si2 exciton radiuses i.e. >> 2 nm (Figure 5.16b).
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Figure 5.16 a) Proposed pathways for relaxation of the S22 exciton at low field (no field-
induced exciton dissociation). Pathways that can lead to photocurrent (PC) are shown in
orange. White arrows represent free carriers that are swept out by electric field. b)
Computational modeling of a (20, 9) CNT. The model calculates the size distribution of
the e-h separation of the decay products of the S>> and S33 phonon decay mechanism. The
x-axis is the inverse size of the e-h separation using a two-particle wavefunction from the
Bethe-Salpeter Equation solution. Solid lines represent the probability of generating the
decay product with a certain e-h separation, and dashed lines represent the cumulative
probability. The leftmost peaks in probability correspond to free carriers (Le-h = 50 nm =
one quarter of the length of the simulated supercell). The rightmost peak for S>> decay
(about 40% of the total decay products) corresponds to fully bound Si; and Si> excitons
(Le-h = 2.5 nm). ¢) Possible relaxation pathways of the S, exciton at high field, including
field-induced dissociation of S11, S12, S21 and S», excitons

If S22 decay products are not swept out of the intrinsic region, they will likely reach the S1
exciton state. At low field, the S11 exciton can undergo either radiative recombination (Trag ~ 10
ns 849>9) or non-radiative recombination. To estimate the non-radiative recombination time in

our system, Tnon-rad, €XCitons are assumed to diffuse to the ends of the intrinsic region where end
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quenching occurs.®>%7 The typical length of the intrinsic region is Li & 100 nm, and the exciton
diffusion constant is approximately 10 cm?/s,% therefore, Thon-rad = 10 ps.

When F is sufficiently large, field-induced exciton dissociation may occur. There is previous
experimental evidence that S11 excitons can be dissociated by large electric fields. In that
previous work, electric field was applied perpendicular to the CNT axis.* In contrast, our
experiment uses axial electric field and carriers are kept inside the CNT. A theoretical
description of our system (at the perturbation level) predicts that the Si1 dissociation time is

given by>?

hF F,
Tdiss — m T exp (F) (518)

where E is the exciton binding energy and Fy is a characteristic field which scales with Ey. For
our CNT diameters, Ey ranges from approximately 130 to 160 meV,1% and Fy ranges from
approximately 60 to 80 V/um.>® S1; dissociation becomes significant when tdiss is short compared
tO Tnon-rad- EQ. 5.18 predicts that Tdiss < Tnon-rad When F exceeds 5 to 10 V/um (the field threshold
depends on Eb). The predictions of Eq. 5.18 are verified by solving the Bethe-Salpeter equation
for an exciton in the presence of a static axial electric field (§4.2). Both theoretical approaches
are consistent with our experimental observation that 7,, grows dramatically for larger diameter
CNTs when F exceeds ~ 8 V/um (Figure 5.15). We conclude that field-assisted dissociation of
S11 can explain much of the observed increase in 1,,. However, field-assisted dissociation is not
sufficient to explain 17,, > 1.

Our observation that 77,, may exceed 100% suggests that carrier multiplication can occur at
room-temperature in large-diameter suspended CNTs (2 2.6 nm) when F is sufficiently large (=
10 V/um). Previous authors have hypothesized that such carrier multiplication can be expected
from impact ionization.%®® However, it is difficult to reconcile momentum conservation with
impact ionization in the second subband of semiconducting CNTs.*” Our measurements, together
with previous evidence,® suggest that impact ionization models may have to incorporate
phonons (or additional carriers) to describe experiments. The details of S22 decay in the presence
of strong electric field has been the subject of additional theoretical work,®® and remains an open

question. Some possible pathways are illustrated in Figure 5.16c.
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Photocurrent quantum yield from the S33 exciton (Figure 5.14d) exhibits a different field
dependence than PCQY from S22. At low field, 133 is significantly higher than 77,, (~ 30%
compared to 5%) which may be explained by the spontaneous decay products of S33. Figure
5.16b shows that almost 100% of the products from the phonon-mediated S33 decay pathway are
free carriers. The electronic pathway for spontaneous dissociation of S33 also generates only free
carriers.® Therefore, it’s expected that 153 > 15, at low field, and as F is increased, 733 is
expected to grow and remain larger than 7,,.

In conclusion, when photons of energy ~ 2E; are absorbed in the intrinsic region of a CNT
photodiode, our data suggest it is possible to extract a photocurrent that corresponds to more than
one electron per photon. This high-efficiency process is observed by increasing CNT diameter to
= 2.6 nm, and increasing the axial electric field to 2 10 V/um (a regime of diameter and field
that have not been studied previously). Higher energy optical excitation (for example 533
resonant excitation) gives even higher PCQY. The observed diameter dependence of PCQY is
consistent with the diameter dependence of exciton binding energy (large diameter CNTs have
lower exciton binding energy). Interestingly, increasing diameter is also expected to reduce the
rate of impact ionization,*” however, our experiments suggest there are CNT diameters for which
rapid impact ionization can co-exist with exciton dissociation. Possible directions for future work
include the use of dielectric environment to tune the strength of the Coulomb interaction in the

CNT,®3 so that high-efficiency photocurrent generation could be achieved at lower electric field.
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6 Conclusion

We have demonstrated that, in carbon nanotubes (CNTs), the photocurrent quantum yield
(PCQY) can be increased by applying electric fields along the axis of the CNT. Furthermore, our
data shows that, for the largest diameter CNTs in our study, the PCQY can exceed 100%.

In Chapter 2, I introduced a series of models that are useful for understanding carbon
nanotube light-matter interactions in the presence of external electric fields. Fundamental
properties of the system were revealed by considering simple systems like a harmonic oscillator.
Finer details of CNT optical properties were uncovered by considering more advanced models
that incorporate quantum mechanics.

The general features of the dual-gated, suspended carbon nanotube device are discussed in
Chapter 3. I describe the growth procedure that can produce transparent contacts, form near ideal
diodes, and maintain their properties over several days.

The computation models discussed in Chapter 4 laid a foundation to quantify the PCQY.
First we used an electrostatics model to quantify the relationship between the voltages applied to
the device and the axial electric field. This model was later validated through comparison to
experimental observations of the instrinsic region length. Next, optically excited states in CNTs
were modeled using solutions to the Bethe-Salpeter equation. The model showed the changes we
expect in the CNT absorption spectrum in the presence of an axial electric field. We compared
these predictions to the observed changes in the photocurrent spectrum in Chapter 5. Finally, in
Chapter 4 a finite-difference-time-domain simulation was used to determine how the intensity of
light incident on the nanotube is modulated by interference from light reflected off of the
substrate below.

In Chapter 5, a method of extracting the PCQY from photocurrent spectra is laid out. Once a
method is established, the field dependence of the PCQY is calculated from a series of
photocurrent spectra taken with different electric fields. For light resonant with the S»> exciton
energy, we saw that the PCQY increased with axial field. The most dramatic increases in PCQY
occurred in the largest diameter CNTs. In one CNT, when the field changed from =2 —10
V/um , the PCQY changed by a factor of 35 and reached a value of n = 1.8. We saw that while
the PCQY of S22 excitons showed a strong dependence on the electric field, a less dramatic

change in PCQY was observed from S33 over the same range of fields.
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Theoretical modeling of the decay products from the S>> and S33 excitons was used to
interpret our data. The modeling showed that the decay products of S33 form almost exclusively
free carriers, whereas a large fraction of decay producs from S excitons form Si; and Si2
excitons. Our interpretation is that the electric field can increase the PCQY in two ways. The first
is by sweeping free carriers out of the device more quickly which increases the fraction of free
carriers contributing to the photocurrent. The second is by assisting in the dissociation of the
bound Si1 and Si2 decay product from excitation at the Sy exciton resonance. Furthermore, our
data suggests that in the presence of a large electric field impact ionization can coexist with

exciton dissociation in large diameter CNTs (D > 2.5 nm) when hw ~ 2Ej.
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Extended Data for Device A
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Figure 8.1 Device A Summary. a) Raw photocurrent spectrum of a (27,8) carbon nanotube. b) Laser power at the
height of nanotube. ¢) Photocurrent image of the nanotube. The power is P = 2.02 uW with B¢, = 1.07. d) The
photocurrent spectrum corrected for photon flux and intrinsic region length. e) The photocurrent quantum yield as a
function of the axial field at the center of the CNT. f) Cross sections along the photocurrent spot used to calculate an
area A = 6.7 pum?.
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Figure 8.2 Photocurrent spectrum normalized by the laser power at the height of the nanotube 34 nm below the
electrode (black). The product of absorption cross section per carbon atom and the number of atoms per length of a
(27,8) CNT (blue).

Wy,0 (M) a1 ax,-1 Wix0 (MM) Wx,1(Hm) Wix.-1(Hm)

1.49 0.29 0.32 0.88 0.89 0.93

Table 8.1 The fitting parameters for scanning photocurrent image cross sections for Device A. The extra
lobes in the photocurrent image are fit using three Gaussians. The total area under them is Ag. =
7TWy,O (Wx,o + ax,lwx,l + ax,—lwx,—1)~
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Figure 8.3 Device B Summary. a) The photocurrent spectrum of a (24,14) CNT. b) Laser power at the height of
nanotube at 34 nm below the electrode surface. ¢) Photocurrent image of the nanotube. The power isP =
8.36 W with B, = 1.14. d) The photocurrent spectrum corrected for photon flux and intrinsic region length. e) The
photocurrent quantum yield as a function of the axial field at the center of the CNT. f) Cross sections along the

photocurrent spot used to calculate an area A =5.4 um?.
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Figure 8.4 Photocurrent spectrum normalized by the laser power at the height of the nanotube 34 nm below the
electrode (black). The product of absorption cross section per carbon atom and the number of atoms per length of a

(24,14) CNT (blue).



Extended Data for Device C
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Figure 8.5 Device C Summary. Raw photocurrent spectrum of a (24,17) carbon nanotube. b) Laser power at the
height of nanotube at 34 nm below the electrode surface. c) Photocurrent image of the nanotube. The power is P =
23.1 uW with S, = 1.31. d) The photocurrent spectrum corrected for photon flux and intrinsic region length. e) The
photocurrent quantum yield as a function of the axial field at the center of the CNT. f) Cross sections along the
photocurrent spot used to calculate an area A =9.1 pm?2.
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Figure 8.6 Photocurrent spectrum normalized by the laser power at the height of the nanotube 34 nm below the
electrode (black). The product of absorption cross section per carbon atom and the number of atoms per length of a

(24,17) CNT (blue).

Wy,0 (HmM)

dx,1

ax,-1

Wx,0 (Mm)

Wx,1 (Hm)

Wx,-1 (Um)

2.38

0.20

0.17

0.99

0.84

0.94

Table 8.2 The fitting parameters for scanning photocurrent image cross sections for Device C. The extra
lobes in the photocurrent image can be well fit using three Gaussians. The total area under them is A, =
7TWy,O (Wx,o + ax,lwx,l + ax,—lwx,—1)~
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Extended Data for Device D
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Figure 8.7 Device D Summary. Raw photocurrent spectrum of a (20,9) carbon nanotube. b) Laser power at the height
of nanotube at 34 nm below the electrode surface. ¢) The photocurrent spectrum corrected for photon flux and intrinsic
region length. d) The photocurrent quantum yield as a function of the axial field at the center of the CNT.
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Figure 8.8 Photocurrent spectrum normalized by the laser power at the height of the nanotube 34 nm below the

electrode (black). The product of absorption cross section per carbon atom and the number of atoms per length of a
(20,9) CNT (blue).



Extended Data for Device E
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Figure 8.9 Device E Summary. Raw photocurrent spectrum of a (30,11) carbon nanotube. b) Laser power at the
height of nanotube at 34 nm below the electrode surface. c) Photocurrent image of the nanotube. The power is P =
1.63 uW with S, = 1.52. d) The photocurrent spectrum corrected for photon flux and intrinsic region length. e) The
photocurrent quantum yield as a function of the axial field at the center of the CNT. f) Cross sections along the
photocurrent spot used to calculate an area A = 5.4 um?.
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Figure 8.10 Photocurrent spectrum normalized by the laser power at the height of the nanotube at 34 nm below the
electrode (black). The product of absorption cross section per carbon atom and the number of atoms per length of a

(30,11) CNT (blue).
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Extended Data for Device F
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Figure 8.11 S25 Device F Summary. Raw photocurrent spectrum of a (20,10) carbon nanotube. b) Laser power at
the height of nanotube at 34 nm below the electrode surface. ¢) Photocurrent image of the nanotube. The power

is P = 5.6 pW with S, = 0.49. d) The photocurrent spectrum corrected for photon flux and intrinsic region
length. e) The photocurrent quantum yield as a function of the axial field at the center of the CNT. f) Cross sections

along the photocurrent spot used to calculate an area A = 5.5 um?.
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Figure 8.12 Photocurrent spectrum normalized by the laser power at the height of the nanotube 34 nm below the
electrode (black). The product of absorption cross section per carbon atom and the number of atoms per length of a
(20,10) CNT (blue).

Wy, (Mm) ax,1 ax,-1

1.66 0.25 0.16
Table 8.3 The fitting parameters for scanning photocurrent image cross sections for Device F. The extra lobes
in the photocurrent image can be well fit using three Gaussians. The total area under them is Agy . =

Wx,0 (MM) Wx,1 (Um) Wx,1 (Um)

0.79 0.69 0.68

Wy o (Ax,0Wx0 + Ay 1 Wyt + Gy 1 Wy _1)-
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Extended Data for Device G
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Figure 8.13 Device G Summary a) Raw photocurrent spectrum of a (22,14) carbon nanotube. b) Laser power at the
height of nanotube at 34 nm below the electrode surface. ¢) The photocurrent spectrum corrected for photon flux and
intrinsic region length. d) The photocurrent quantum yield as a function of the axial field at the center of the CNT.
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Figure 8.14 Photocurrent spectrum normalized by the laser power at the height of the nanotube 34 nm below the
electrode (black). The product of absorption cross section per carbon atom and the number of atoms per length of a
(22,14) CNT (blue).
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Extended Data for Device H
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Figure 8.15 Device H Summary. The photocurrent spectrum of a (20,16) carbon nanotube. b) Laser power at the
height of nanotube at 34 nm below the electrode surface. c) Photocurrent image of the nanotube. The power is P =
44.3 pW with S, = 1.05. d) The photocurrent spectrum corrected for photon flux and intrinsic region length. e) The
photocurrent quantum yield as a function of the axial field at the center of the CNT. f) Cross sections along the
photocurrent spot used to calculate an area A = 15.2 um?.
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Figure 8.16 Photocurrent spectrum normalized by the laser power at the height of the nanotube 34 nm below

the electrode (black). The product of absorption cross section per carbon atom and the number of atoms per
length in the nanotube (blue).



87

Extended Data for Device J
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Figure 8.17 Device J Summary Raw photocurrent spectrum of a (19,18) carbon nanotube. b) Laser power at the
height of nanotube at 34 nm below the electrode surface with B¢,./Baer = 1.62. ¢) Photocurrent image of the
nanotube. The power is P = 46.8 pW with B¢, = 1.41. d) The photocurrent spectrum corrected for photon flux
and intrinsic region length. e) The photocurrent quantum yield as a function of the axial field at the center of the
CNT. f) Cross sections along the photocurrent spot were used to calculate an area 4 = 4.92 pm?.
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Figure 8.18 Photocurrent spectrum normalized by the laser power at the height of the nanotube 34 nm below the
electrode (black) and the optical width of a (19,18) nanotube (blue)
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