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ABSTRACT

Single-walled carbon nanotubes (SWCNTS) are an intriguing photoabsorbing material for photodetectors
and photovoltaics due to their strong optical absorptivity, fast charge transport, solution processability, and
chemical stability. However, isolating electronically pure semiconducing (s-) SWCNTs from as-
synthesized mixtures of metallic (m-) and s-SWCNTSs remains a challenge. Over the last decade, a class of
polymers known as polyfluorenes has been shown to selectively wrap s-SWCNTSs in organic solvents like
toluene, allowing them to be isolated in solution at purities exceeding 99.98%. This simple, scalable, and
efficient one-step separation has led to breakthroughs in both fundamental physics and the performance of
s-SWCNT photovoltaics (PVs). s-SWCNTs are excitonic absorbers, and photoexcited excitons must be
dissociated at a type-11 heterojunction for efficient energy conversion. While exciton energy transfer along
the axis of the nanotube is very fast, diffusion in the radial direction is orders of magnitude slower. Due to
the poor out-of-plane exciton diffusion and the strength of their absorption bands, s-SWCNT films for PVs
are typically very thin, often less than 10 nm. In this regime, optical interference plays an important role in
determining device efficiency. Through modeling, | identify the optical spacing necessary to optimize
device efficiency, and fabricate devices with >1% power conversion efficiency for AM1.5G broadband
illumination, and >7% for near-infrared laser illumination. By studying s-SWCNT PV device
characteristics at low temperature, | obtain information about the recombination in s-SWCNT/Cg PVs, and
measure the offset energy between the donor s-SWCNT highest occupied molecular orbital and the
fullerene-Ceo acceptor lowest unoccupied molecular orbital, which sets the maximum open circuit voltage
in these devices. The outstanding challenge of poor power conversion efficiency in all s-SWCNT PVs to
date is attributed to poor exciton energy transfer within s-SWCNT films. | study the role of defects and
length on limiting device efficiency, and pairing with modeling, suggest nanotube length and defect
concentration regimes for improved device performance. Finally, using less harsh separation techniques, |

isolate s-SWCNTs with lower defect density to fabricate PVs with improved photovoltaic efficiency.
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CHAPTER 1: SEMICONDUCTING CARBON NANOTUBES FOR PHOTOVOLTAICS

STRUCTURE AND ELECTRONIC TYPE

Single-walled carbon nanotubes (SWCNTS) are atomically thin cylinders of sp2 carbon atoms a
few nanometers across, and have been the focus of intense study since their discovery in 1993. SWCNTs
are a significant electronic material of interest due to their high tensile strength,? impressive high
temperature and chemical resistance,® alongside their astounding electronic and optoelectronic properties,
including high charge transport mobility,* strong optical absorptivity,® and size-dependent band gaps.®
Further, SWCNTSs are solution-processable,” enabling a wide range of fabrication methods and product
applications.

Carbon nanotubes are a stunning example of the relationship between a material’s physical
structure and its electronic and optical properties. They may be described conceptually, and mathematically,
as rolled-up cylinders of graphene. (Figure 1-1A) Graphene is a sheet of atomically thin sp2-bonded

carbon, containing two atoms, located at (0,0) and (a,.,0) as its basis. The real-space basis vectors a; and

a, are
3. V3
a; = —X+—9 1-1a
a, acc<2x+ > 3’> [1-1a]
_ 3. V3
az = Qcc <§x - 73’) [1-1b]

where X and ¥ are the unit vectors in the x- and y-directions of the coordinate plane, and a is the carbon-

carbon distance (1.42A). The SWCNT structure is described by the rolling, or circumferential vector, ?,f
which connects the two carbon atoms that are overlaid to form the circumference of the nanotube, and the

chiral angle, 6:

Cp = na; + ma, [1-2]



2Zn+m )

0 = cos‘l(
2Vn? + nm + m?

[1-3]

The chiral angle ranges from 0° (m = 0), “zigzag,” to 30° (n = m), “armchair”. Individual chiralities of
SWCNTSs are designated by their (n, m) index, containing all the structural information about the nanotube.
The translation vector T is perpendicular to the circumferential vector, and points along the axis of the

nanotube:

. 2m+n\_, /2n+m\_,
7= J@- (5@ [1-4]
dp

where dj is the greatest common divisor of 2n + m and 2m + n. Finally, the number of atoms in the unit

cell of an (n, m) nanotube may be calculated:

_4(n* + nm +m?)

o= . . [1-5]

The electronic band structure of SWCNTSs is also dependent on that of graphene. Graphene is
notable for its unique band dispersion, in which, at six symmetric points in the first Brouillin zone, the
valence and conduction bands touch at a single wavevector, known as K-points. Graphene is therefore a
semimetal, and the cone-shaped dispersions are dubbed Dirac cones. Because the curvature of the bands is
zero, the effective mass of both electrons and holes is zero. Carbon nanotubes represent further confinement
of electrons, in which only certain wavevectors are allowed in the circumferential direction. If these
wavevectors cross the K-points in the graphene first Brouillin zone, the resulting SWCNT is metallic. If
not, the nanotube is semiconducting. Figure 1-1B contains an illustration of the first Brouillin zone of
graphene, with allowed wavevectors in a (7,5) carbon nanotube overlaid for illustration. Since none of the
wavevectors cross the K-points, the (7,5) nanotube is semiconducting. In general, a nanotube is metallic if
and only if n —m is a multiple of 3; otherwise it is semiconducting. Thus, 2/3 of all SWCNTs are

semiconducting, while 1/3 are metallic.
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Figure 1-1. (A) Real-space basis vectors a; and a, comprise a unit cell of graphene. SWCNTSs are
generated by defining a rolling vector (purple) defined by an (n,m) index pair. (B) The 1st Brillouin zone
of graphene is overlaid by allowed wavevectors (red) for a (7,5) nanotube. Since these wavevectors do not
intersect with the corners of the 1st Brillouin zone, the (7,5) nanotube is semiconducting. (C) The gap
energies (black) of s-SWCNTSs® are presented as a function of diameter, along with second transition
energies (red). (D) A schematic of the band structure (blue) and densities of state (red) for metallic and
semiconducting SWCNTS. The first two s-SWCNT optical transitions, Si; and Sy, are shown.

VAN HOVE SINGULARITIES AND S-SWCNT OPTICAL PROPERTIES

Since the electron wavefunction in s-SWCNTs is confined around the circumference, as in particle-
in-a-box energy levels, small diameters more strongly confine the electron, and raise energy levels. The
result is a bandgap that depends inversely on diameter; small diameter nanotubes have larger bandgaps, and
vice versa. Figure 1-1C displays a plot of s-SWCNT bandgap as a function of diameter. The s-SWCNT
species useful for solar applications have band gaps around 1 eV and diameters near 1 nm. Due to quantum
confinement in the circumferential direction, carbon nanotubes are one-dimensional materials containing
characteristic van Hove singularities in their densities of state (Figure 1-1D). A s-SWCNT has multiple

pairs of van Hove singularities, and it is electronic transitions between these states that dominate the optical



properties of the material. The first pair of van Hove singularities are denoted Si1, the second, Sz, and so
on. A typical optical absorbance spectrum of a (7,5) carbon nanotube solution is presented in Figure 1-2A.
Evident are sharp absorption lines near 1050 nm (S11) and 655 nm (Sz,). Absorption is dominated by Sii
transitions; other electronic transitions like Si2, Sz1, etc. are much weaker, because they do not conserve
angular momentum.? In addition, phonon-mediated absorption side bands,® denoted as S;i+X in Figure 1-
2A, are evident near 900 nm. m-SWCNTSs also absorb (M11) though their absorption lines are weaker and
broader, and are typically in the 450-550 nm range for m-SWCNTSs with diameters of ~1.0 nm. The presence
of m-SWCNT absorption peaks may be used to estimate the relative semiconducting purity of an ensemble,
though due to their weak, broad peaks, this technique is limited to measuring m-SWCNT fractions of a few
percent.10-11

Excitation of s-SWCNTs at any of their optical transitions produces an excited state that can
recombine radiatively, releasing a photon of energy S11,>*2 in a process known as photoluminescence (PL).
Since each nanotube (n,m) has a unique (Si1, Sz2) pair, varying excitation wavelength and observing
emission over a wavelength range that encompasses Si1 transitions produces a “map” with hot spots
corresponding to individual (h,m) chiral indices. An example PL map is shown in Figure 1-2B.
Photoluminescence is an important tool to use for characterizing solutions and films of s-SWCNTs, and

will be explored in greater depth in Chapter 2.
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Figure 1-2. (A) Optical absorption spectrum of a majority (7,5) s-SWCNT solution in toluene.'* The Si,
Su+X, Sz, and Sss transitions are evident at 1055 nm, 655 nm, and 340 nm, respectively. The peak near
400 nm is from the polymer (PFO-See Chapter 2) used to isolate the sample. (B) Photoluminescence map
of a different solution containing 15 species of nanotubes dispersed using sodium cholate in water. Peaks
appear at the unique points (Si11, S22) for each nanotube species present.




METALLIC NANOTUBES AND ELECTRONIC TYPE SEPARATIONS

To be incorporated into an electronic or optoelectronic device, a SWCNT ensemble must have high
electronic type purity. Spurious metallic SWCNTSs cause poor on/off ratios in transistors,'* and quench
excited states in photovoltaics.'® Therefore, it is vital to separate sS-SWCNTSs from as-produced mixtures of
s-and m-SWCNTSs. This challenge is not at all a trivial one; as discussed, the electronic type of s-SWCNTSs
is only distinguishable by the specific (n,m) chiral index of the nanotube. s- and m-SWCNTSs exist in all
diameter ranges, and in nearly all chiral angles. Several approaches have been developed to solve this
pressing problem. One approach for s-SWCNT transistor fabrication has nanotubes of both electronic types
deposited as the channel. Then, the s-SWCNTs are gated “off” and current is forced through the m-
SWCNTs, burning them out, leaving only s-SWCNTSs crossing the channel.*®*” However, this method is
produces non-uniform arrays, since the location of m-SWCNTSs is random. It is also limited to transistor
applications, though recently a carbon nanotube computer was realized utilizing this burn-out technique.
On the other hand, solution-phase techniques allow control over the electronic type purity prior to
deposition. Unfortunately, bare SWCNTSs exhibit very low solubility in nearly all solvent systems. One
approach to increase solubility is the covalent functionalization of the nanotube sidewalls with solubilizing
groups.81° However, this approach disrupts the sp2 character of the s-SWCNT sidewall, decreasing the
optical absorption,?® excited state lifetime,* and charge carrier mobility,?? all of which are vital for
photovoltaic applications. Non-covalent functionalization using surfactants in water,?* and polymers in
organic solvents,” 2* are therefore the focus of much of the current research. A remarkable opportunity is
afforded by select non-covalent functionalized systems in which surface coverage or chemistry vary subtly
from chirality to chirality, allowing separation of functionalized SWCNTSs by chirality or electronic type.?-
28 Specifically, a family of polymers known as polyfluorenes selectively wrap and solubilize s-SWCNTSs in
organic solvents like toluene.” 230 These polymers are vital to the large-scale separation of s-SWCNTSs that

is photovoltaic application-enabling, and will be discussed in further detail in Chapter 2.



S-SWCNT PHOTOVOLTAIC CELLS

The dramatic increase in solar power generation in the United States and worldwide over the past
decade has been driven by a significant increase in photovoltaic cell production capacity and a steadily
decreasing price-point for installed photovoltaics.3* While power generation is and will continue to be
dominated by inorganic materials like amorphous and crystalline silicon, gallium arsenide, and cadmium
telluride, for niche applications organic and other emerging photovoltaics may provide particular benefits
that inorganic materials cannot. Carbon nanotubes occupy a unique position among photovoltaic materials;
like inorganics, they are thermally and chemically stable,® and like organic materials they are strong
absorbers®? and may be solution-cast. Their especially strong absorption at the S transitions make them
attractive for single-wavelength photodetector and beamed power applications. Regardless of the specific
application, s-SWCNT photovoltaic cells operate as a type-Il heterojunction, usually incorporating an
electron acceptor like fullerene-Cgo. A schematic of the physical structure and of a s-SWCNT/Ceo type-11
heterojunction is given in Figure 1-3A, respectively. Like in many organic materials, an absorbed photon
in an s-SWCNT generates a bound electron-hole pair, or exciton, with binding energy Eg > kgzT.>® The
photogenerated exciton must diffuse to the heterointerface to be dissociated into its constituent hole, which
remains in the s-SWCNT film, and electron, which transfers into the electron acceptor. Bindl et al. showed
that exciton dissociation at the s-SWCNT/Cg interface is extremely efficient, approaching 100%.3
However, exciton diffusion to the heterointerface is very slow, limiting the thickness of s-SWCNT
photoabsorbing film to a few diffusion lengths, typically <10 nm. Once the exciton is dissociated, however,
the electron and hole are extracted under short circuit conditions as current (short-circuit current, I¢) , or
remain separated at open circuit conditions, developing a voltage (open-circuit voltage, V). An example

current-voltage curve is shown in Figure 1-3B.
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Figure 1-3. (A) A schematic of a sS-SWCNT/C60 heterojunction photovoltaic device. The device area is
defined by the overlap between the top electrode (Ag) and the bottom electrode (ITO). (B) An illustration
of a current density — voltage curve of a device under illumination. The fill factor, FF, current density at
short circuit (JSC), and open-circuit voltage (VOC) are denoted.

In a photovoltaic cell, the power output is the maximum of the product IV, which occurs at the
power point. The ratio of the power at the power point and the product -V, is known as the fill factor,

FF. The power conversion efficiency, np, is then expressed by

_ IscVocFF

o [1-6]

np

where Py, is the incident optical power. Often, the current is expressed as an area density, the short-circuit
current density, /5. The J¢. is the integral of the product of the number of photons impinging on the device,

@, at wavelength A, and the external quantum efficiency, EQE, at that wavelength:



Jse = f ®(1) EQE(A) dA. [1-6]

Usually, @(4) is taken as the solar spectrum, but for non-solar photovoltaic applications, @(1) can in
principle be any spectral distribution. Maximizing the current density, then, requires maximizing the EQE,

itself a function of several sub-efficiencies.

EQE = NabsNaif fMNdissNce [1-7]

The absorption efficiency, n,s, is equal to the fraction of impinging photons that are absorbed by the s-
SWCNT film. Naively, this fraction may be written in the form 1 — exp(—at) where « is the absorptivity
of the s-SWCNT film and ¢ is the film thickness; however, due to optical interference in the device, more
complicated methods are required to calculate this value. Chapters 3 and 5 will discuss some of these
methods in more detail; it is sufficient here to assume that a thicker film leads to more light being absorbed,
and a higher n4,s. On the other hand, the diffusion efficiency ;¢ strongly decreases as the s-SWCNT
film becomes thicker due to the generally poor exciton diffusion length in s-SWCNT films. Since the
dissociation efficiency n,4;ss and charge collection efficiency 7., are near unity,®* maximizing the EQE is
often a tradeoff between thin films with low 14, and high n4;¢¢ and thick films with high 74, and low
naifr- Chapter 3 explores the optimization of thin-film interference in s-SWCNT/Cg photovoltaic cells to
maximize the EQE, and therefore, ., ultimately achieving power conversion efficiency exceeding 1% for
the first time. Chapter 4 describes the behavior of s-SWCNT/Csgo devices under low temperature and
provides an estimate for the maximum open-circuit voltage in these devices. In Chapter 5 the controlled
addition of defects to s-SWCNTSs is paired with Monte Carlo simulations to describe barriers to efficient
exciton transport within these devices. Finally, in Chapter 6, | show that both EQE and FF can be improved
by controlling the method of s-SWCNT dispersal, using high-shear mixing in lieu of sonication, to increase

nanotube length and decrease exciton quenching at defects and ends.



CHAPTER 2: BINDING CONFIGURATION AND COVERAGE OF PFO oN CARBON NANOTUBES

Adapted from:

Shea, M. J.; Mehlenbacher, R. D.; Zanni, M. T.; Arnold, M. S., Experimental Measurement of the
Binding Configuration and Coverage of Chirality-Sorting Polyfluorenes on Carbon Nanotubes. J. Phys.
Chem. Lett. 2014, 5, 3742-3749.

The author contributed the majority of the experimental design, sample preparation, data analysis, and
manuscript preparation. The author recognizes Dr. Randy Mehlenbacher and Dr. Martin Zanni for their
contributions to transient absorbance measurements.

S-SWCNT SORTING

The implementation of SWCNTSs in many applications has been constrained by their electronic
heterogeneity.®® The presence of m-SWCNTs degrades the performance of devices requiring highly pure
semiconducting s-SWCNTSs. In solar cells these m-SWCNTSs quench photogenerated excitons, lowering
efficiency,’” and in SWCNT field effect transistors, they reduce the on-off ratio and increase power
consumption.® Even among pure s-SWCNTSs, the effect of diameter and chiral angle polydispersity on
device performance can be significant because s-SWCNT bandgap is roughly inversely proportional to
diameter. Wu et al. found that even a few percent of small-bandgap s-SWCNTs in an otherwise
monodisperse film of larger bandgap s-SWCNTs significantly degrade photovoltaic device performance.’
Therefore, it is vital to obtain highly pure s-SWCNTs with control over bandgap polydispersity for
electronic devices.

Several methods have been developed to separate s- and m-SWCNTs.3*® One of the most
promising methods for separation uses aromatic organic polymers as selective dispersants. As reported by
Nish et al.” and Hwang et al.,* polymers in the polyfluorene family selectively wrap and disperse specific
types of s-SWCNTSs in organic solvent. For example, a member of this family, poly(9,9-dioctylfluorene-
2,7-diyl) (PFO) was shown to have a particular affinity for the (7,5), (7,6), (8,6), (8,7), and (9,7) chiralities
of s-SWCNTs when dispersed in toluene, where (n,m) denotes the “chirality” and a linear combination of

graphene’s lattice vectors that is coincident with the SWCNT circumference.® In the PFO-mediated
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separation process, the polymer strands are believed to solubilize the normally-insoluble SWCNTSs by
wrapping around them, with alkyl side chains branching away from the SWCNTSs into the solvent.*® PFO
and similar polymers have been used to produce relatively high-purity (>99%) s-SWCNTs for transistors,**-
%6 photodetectors,'® 478 and solar cells.# 451

The factors that promote the selective wrapping of SWCNTs by PFO are not well understood.
Empirically, it is known that PFO readily wraps semiconducting near-armchair SWCNTs with diameters
near 1 nm;’ however, the reasons for these strong preferences are not immediately apparent. It is anticipated
that the selectivity is related to the PFO-SWCNT binding energy, which affects the wrapping geometry and
surface coverage of PFO on the SWCNT. Molecular dynamics modeling has been used to investigate the
binding energy, surface coverage, and conformation of conjugated polymers on different (n,m) chiralities
of SWCNTSs as a function of the polymer’s structure and sidechain length for PFO as well as other
conjugated polymers.“% 50.52-55 However, thus far few experimental measurements of these parameters exist
to confirm the modeling.

In this work, we experimentally explore the factors that lead to chirality and electronic type-sorting.
First, we measure the concentration of s- and m-SWCNTSs in dispersions of PFO-wrapped SWCNTSs as a
function of the concentration of PFO in the solution during ultrasonication and determine the efficacy of
electronic type-sorting. Second, we measure the coverage of PFO on s-SWCNTSs as a function of the PFO
concentration in solution and use this relationship to determine the equilibrium concentration for half
coverage, K,. Finally, we use photoluminescence anisotropy measurements to determine the wrapping

angle of the PFO around the SWCNTSs.

ENERGY TRANSFER AND PFO COVERAGE

Dispersed PFO-SWCNT solutions are analyzed by optical absorption spectroscopy to estimate s-
and m-SWCNT concentration, as a function of the PFO concentration in solution during ultrasonication,
which we will refer to as simply the “PFO concentration” in the remainder of this chapter. The optical

absorption is displayed as a function of wavelength for all PFO concentrations studied in Figure 2-1A. The
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peaks corresponding to the Sy transitions of the (7,5), (7,6), (8,6), (8,7), and (9,7) SWCNTSs are located at
1055, 1135, 1195, 1280, and 1345 nm, respectively. The absorption peaks corresponding to the second-
order Sy, transitions are located at 655 nm for the (7,5) and (7,6) SWCNTSs, 724 nm for the (8,6) SWCNT,
738 nm for the (8,7) SWCNTSs, and 798 nm for the (9,7) SWCNT. A broad background is seen in solutions
in which there was a high PFO concentration. We fit VVoigt line shapes to the five absorption peaks from
the (7,5), (7,6), (8,6), (8,7), and (9,7) SWCNTSs and integrate under the curves. We use the integrated carbon
SWCNT optical cross sections reported by Streit et al.> to calculate the SWCNT concentrations of each
chirality in the solution. The peaks observed between 500 and 600 nm at the highest PFO concentrations
are m-SWCNT My, absorption signatures.®” We estimate the m-SWCNT concentration from the area under
these peaks (see supporting information Section I).

The total concentrations of s- and m-SWCNTSs are displayed as a function of PFO concentration in
Figure 2-1B. The m-SWCNTSs are only detectable in the solution at the highest PFO concentrations. We
define the sorting ratio to be the ratio of s- to m-SWCNT in solution. At 5 mg/mL PFO, the sorting ratio is
barely better than 2:1, which is roughly the ratio of s-SWCNT to m-SWCNT in the starting material.
However, at sufficiently low PFO concentration, here, less than 1 mg/mL, there is no absorption signature
from m-SWCNT absorption, and the sorting ratio is greater than 90:1. The detection limit of 0.01 pg/mL
m-SWCNT is due to insufficient signal-to-noise ratio in the absorption spectra, and we expect the true s:m
sorting ratio is even higher as the PFO concentration decreases. Simple extrapolation below 1 mg/mL
suggests that there is good reason to expect that in the dilute PFO regime m-SWCNTs account for
dramatically less than 1% of SWCNTSs in solution. In addition, it is worth noting that the selectivity
decreases as the s-SWCNT vyield increases, thus there is a trade-off between these two characteristics. This
dependence of the sorting ratio on the PFO concentration implies that there is a difference in the PFO-
SWCNT binding energy between s- and m-SWCNTs and possibly a difference in preferred polymer
conformation on the SWCNTSs.

To learn more about the PFO wrapping coverage and binding configuration, we next perform

photoluminescence (PL) measurements. We measure the amount of energy transfer from the PFO to the s-
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SWCNTSs to quantify the PFO coverage on different (n,m) species, and we use polarization anisotropy data
to determine the binding configuration, using a Horiba NanoLog iHR 320 outfitted with input/output linear
polarizers. Excitation-emission photoluminescence (PLE) maps are constructed by varying excitation
wavelength from 300 to 820 nm and measuring PL emission over the range of 900 to 1400 nm. The solutions
are measured in square cuvettes with a 2 mm path length, and the emission is measured perpendicular to
the excitation. The spectra are normalized to the excitation beam intensity at each excitation wavelength
and corrected for the relative collection efficiency and photodetector responsivity at the emission
wavelength. In addition, we correct the spectra for absorption losses due to the moderate optical density in
the most concentrated solutions (see supporting information Section I1).

A representative PLE map, taken of the 0.5 mg/mL PFO dispersion, is shown in Figure 2-1C.
Peaks corresponding to the (7,5), (7,6), (8,6), (8,7), and (9,7) SWCNTSs are denoted on the map. The onset
of PL for all chiralities near 350 nm arises due to exciton energy transfer to the s-SWCNT from photoexcited
PFO molecules wrapping the SWCNT, where emission occurs at the respective S11.% We integrate the PL
over the region spanning the Sy, excitation range (550 to 820 nm) and Si1 emission range (1000 to 1360
nm), enclosed by the grey dotted line labelled “Sj2 exc.” in Figure 2-1C, and plot the total PL intensity in
Figure 2-1D as a function of PFO concentration. At low PFO concentration, the total PL intensity increases
linearly with the dispersed concentration of SWCNTSs (measured from absorption). However, interestingly,
at high PFO concentration, the total PL intensity begins to saturate, even as the dispersed concentration of
SWCNTs continues to increase. The PL intensity from each (n,m) species saturates similarly (see
supporting information Figure 2-S2). The PLE maps are corrected for reabsorption losses; thus, the PL
reduction cannot be assigned to a reabsorption effect. Importantly, the saturation of the PL begins to occur
at the PFO concentration where the absorption background rises and m-SWCNTSs begin to account for a

measureable fraction of the SWCNTSs in solution.



13

5 T L}
=~ B /"
- A
g 4 1 4 //‘ -
3 g e
E N %,, [ ] i
S 3 c =] | | e
2 T = s A
2 E E o1 n .
a2 s & S/ 3
< 1, 1§ © ,
< b o = e
o 112 (22} ‘A |
21 A E s 1
5 2118 D 4 E
0.2 o ]
01 |2 ——mmy e —r
A e e e . L .
Wavelength (nm) [PFO] (mg/mL)
: 1-0 T L
= 800 : . 9,7)* : S 1D -
£ = =4 . i 08 < i
£ 700 : (87) : T3 g kel
E= P x : < < 4
S (7,5) (7,6) 0.6 g 0.1 m 4
62 /
L 600 = [} /
g9 2 = -
: gt /
04 3
% 500 = gool, / 1
S 5 & a '
S 400 028 —
2 g B
- IS 01 1 10
300 - 0.0 }
1000 1100 1200 1300
[PFO] (mg/mL)

Emission Wavelength (nm)

Figure 2-1. (A) The optical absorbance spectra of the SWCNT dispersions in toluene for PFO concentration
of 0.05 mg/mL to 5 mg/mL (spectra are offset by 0.2 cm™ each). Note the increase in background and
metallic peaks near 500 nm as the PFO concentration increases. (B) The concentration of semiconducting
(black) and metallic (red) SWCNTSs are calculated by integrating the peak areas. (C) PLE map for the 0.5
mg/mL dispersion with features representative of the entire set of solutions. Peaks corresponding to the Sy,
of the (7,5), (7,6), (8,6), (8,7), and (9,7) SWCNTs are denoted. The peaks at 380 nm excitation are due to
exciton energy transfer from PFO to SWCNTSs. The grey dotted line enclosing the region labelled “S2; exc.”
represents the bounds on the integrated PL. (D) Integrated PLE spectra for the SWCNTSs plotted as a
function of PFO concentration in the dispersion. The PL at high concentrations saturates as m-SWCNTs
begin appearing in solution.

In addition, the polydispersity among s-SWCNTs begins to increase at the highest PFO
concentrations. While at PFO concentrations < 1 mg/mL, PL intensity is detected only from the (7,5), (7,6),
(8,6), (8,7), and (9,7) species, at PFO concentrations >1 mL/mL, weak signatures of the (6,5), (10,2), and
(9,5) species begin to appear in PLE maps (see supporting information Figure 2-S3). Moreover, signatures
of larger diameter nanotubes with Si; beyond 1400 nm are also observed in the absorption spectra (Figure

2-1A) for PFO concentrations > 1 mg/mL. (These signatures are beyond the spectral window characterized
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via PLE). Thus, at high PFO concentration, an overall decrease in selectivity is observed, not just between

s- and m-SWCNTSs, but among the species of s-SWCNTs selected, as well.
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Figure 2-2. (A) Photoluminescence from (7,5) (blue), (8,6) (red), and (8,7) (green) SWCNTSs as a function
of excitation wavelength for [PFO] = 0.5 mg/mL, normalized to the peak emission from the (8,6) SWCNT.
The PFO excitation appears as the peak near 380 nm and the peaks between 650 and 750 nm correspond to
the direct excitation of the SWCNTS’ respective Sz transitions. (B) Coverage of PFO on (7,5) (blue,
squares), (8,6) (red, circles), and (8,7) (green, triangles) SWCNTs versus PFO concentration. Curves are
fits to the Hill equation and used to extract the Hill coefficient n and K, (See Table 1).

Two phenomena may drive the decreased selectivity at the highest PFO concentrations. First, the
selectivity of PFO for the (7,5), (7,6), (8,6), (8,7), and (9,7) SWCNTSs at low PFO concentrations is well
documented; however, the selectivity may decrease at high PFO concentrations as the PFO is driven onto
other species of SWCNTSs with lower PFO affinity. For example, it may be possible for PFO to individually

disperse m-SWCNTSs, the (6,5), (10,2), and (9,5) SWCNTSs, or other (n,m) species at sufficiently high PFO
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concentration, depending on the (n,m)-specific binding affinity. Second, it may be possible to drive PFO to
bind to not just individual SWCNTSs, but bundles of them, at sufficiently high PFO concentration. The
composition of these bundles could potentially be as polydisperse as the raw, unsorted starting SWCNT
material. Three experimental observations are consistent with this latter case. The large background in the
absorption spectra observed for PFO concentration > 1 mg/mL is consistent with the absorption spectrum
of polydisperse bundles.>® Moreover, inter-nanotube energy transfer cross-peaks are evident at high PFO
concentrations as well (see supporting information Figure 2-S4). These cross-peaks are only possible when
different (n,m) species of SWCNTSs are in intimate contact with one another. Finally, the saturated PL
intensity can be attributed to the presence of m-SWCNTSs, which will predominately quench the PL from
bundles containing more than a few nanotubes (see supporting information Figure 2-S5).

Spectroscopic evidence of exciton energy transfer from PFO to SWCNTs has been reported by
Nish et al. in photoluminescence spectra.5® We use this phenomenon to determine the surface coverage of
PFO on SWCNTSs. We quantify the coverage by measuring the intensity of cross-peaks in the PLE maps at
excitation energies corresponding to the optical bandgap of the PFO and emission from the s-SWCNTSs.
Excitation spectra are compared in Figure 2-2A. Two prominent peaks are apparent: one at the PFO
absorption maximum near 380 nm and the other at the Sy, of the respective SWCNT. There is a small
overlap between the PFO absorption and the S33% of some of the (n,m) SWCNTSs; however, the overlap® is
generally small and subtracted before calculating the PFO surface coverage (see supporting information
Figure 2-S6). The ratio of the intensity of the PFO peak to the intensity of the Sy, peak is proportional to
PFO mass loading, y, times the ratio of the absorption cross-sections of PFO and the Sy, transition, as well
as factors relating to the Sx-Si1; relaxation efficiency and the PFO-Si; energy transfer efficiency (see
supporting information Section VII). Lebedkin et al. studied the S-Si; relaxation efficiency of PFO-
wrapped HiPCO SWCNTs and found relatively (n,m)-invariant relaxation efficiencies greater than 80%.%
Calculation of the PFO-S11 energy transfer efficiency is somewhat more difficult due to the preponderance
of free PFO in solution. However, we draw from experimental measurements conducted on porphyrin-

SWCNT complexes, in which the porphyrin-SWCNT energy transfer efficiency has been measured to be
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>99.9%, and the kinetics of the energy transfer are independent of chirality.®?%® Energy transfer in both
porphyrin-SWCNT and PFO-SWCNT complexes is believed to be a non-Férster, non-resonant process,
namely direct exciton transfer via wavefunction overlap, a process that is relatively bandgap-independent.
Additionally, for corroboration, we have performed ultrafast transient absorption spectroscopy, described
in the supporting information in Figure 2-S7. We observe that energy transfer from PFO to SWCNTSs
occurs within 500 fs. This rate is nearly three orders of magnitude times faster than the PFO fluorescence
lifetime of 410ps,* implying that the energy transfer efficiency is likely >99% and invariant with respect
to (n,m).

For the dissociation reaction PFO@SWCNT 2 PFO + SWCNT, the PFO acts as a ligand and the
SWCNT a macromolecule whose affinity for the PFO is dependent on environmental conditions such as
temperature and solvent, as well as materials parameters like chirality and electronic type. In addition, we
expect the SWCNT’s affinity for PFO to be dependent on the number of PFO strands already wrapping the
SWCNT. We calculate the mass loading y by multiplying the ratio of the PFO peak to the Sy, peak by the
ratio of absorption cross sections (see supporting information Section VI1II). We fit y to the Hill equation

for cooperative binding,%

Y =7 [( K )n + 1]_1 [2-1]

and extract constants yy, K4, and n. y; is the mass loading of PFO to nanotube when there is saturated,
presumably monolayer coverage. K, is the equilibrium concentration of PFO at which there will be half
coverage of the SWCNT surface. It should be noted that because the selective binding occurs during
ultrasonication, the extracted Ka likely reflects binding characteristics at this condition. We divide the mass
loading y by the calculated saturation mass loading y, to solve for 8, the fractional coverage of PFO on the

SWCNT surface.

gt [( Ka )n + 1]_1 [2-2]
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We plot 8 as a function of concentration for the (7,5), (8,6), and (8,7) in Figure 2-2B. The (7,6)
chirality was omitted due to the congestion of its Sy: transition with the toluene absorption peak near 1150
nm, and the (9,7) chirality was omitted due to its low abundance and poor PL signal-to-noise ratio. The best
fit lines for each SWCNT corresponding to equation [2] are plotted in Figure 2-2B, and the constants n
and K, are extracted from the fit. The saturation coverage y,, Hill coefficient n, and K, are presented as a
function of chirality in Table 1. We observe several trends. First, the SWCNTSs investigated all display n >
1, suggesting a positive cooperativity; the presence of a ligand encourages the binding of additional ligands,
provided there are still available binding sites, i.e. part of the s-SWCNT surface is still bare. This positive
cooperativity may be due to the zipping of the alkyl side chains of two adjacent PFO strands, as suggested
in molecular dynamics simulations by Gomulya et al.*° Second, K, is comparable among the three (n,m)
analyzed. We suggest that other (n,m) not well dispersed have a substantially larger Ka. Such SWCNTs
with lower affinity would be expected to have coverage curves that shift to the right. Because the solubility
of the PFO/SWCNT complex is intimately tied to the surface coverage of PFO on the SWCNT, a disparity
in the surface coverage between two species of SWCNTSs will give rise to selectivity for and the dispersion
of one SWCNT over the other. It is not surprising, then, that the K, of the three s-SWCNTSs studied here do
not significantly differ, since they are all well-dispersed by PFO. On the other hand, peaks corresponding
to other chiralities of low affinity SWCNTS, including m-SWCNTS, begin to appear in the absorbance and
PLE spectra at much higher PFO concentrations, suggesting that the Ka for these SWCNTSs is much higher.
The lack of PL from m-SWCNTSs and the absence of a full coverage versus PFO concentration curve for
the low affinity s-SWCNTSs preclude the precise quantification of K, for these species. However, we can
estimate that the Ka is at least an order of magnitude higher. For example, we can estimate Ka for
metallic/bundled SWCNTSs by noting that the dispersed SWCNT concentration versus PFO concentration
curve in Figure 2-1B is shifted to higher PFO concentration by about one order of magnitude. Thus,
assuming a similar relationship between coverage and solubility, we estimate Ka =~ 10 mg/mL for the

binding of PFO to metallic/bundled SWNCTs. We suggest that the K, measured for the (7,5), (8,6), and
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(8,7) SWCNTSs and estimated for m-SWCNTSs be a guide to improve the electronic type separation of

SWCNTSs.

Table 2-1. Mass loading at saturated coverage, Hill coefficient, and concentration at half coverage as a
function of (n,m) chirality. These assume an Sz, to Si relaxation efficiency of 80% and a PFO to Su1 net
energy transfer and relaxation efficiency of 80%. The effects of uncertainties in these efficiencies are
discussed in the supporting information.

SWCNT Vs n K,
(n,m) (PFO/CNT) (mg/mL)
(7,5) 365064 1.70+0.45 1.16+0.30
(8,6) 201+010 237+0.29 0.93+0.12
(8,7) 260+0.32 1.77+034 113+0.26

BINDING CONFIGURATION VIA PL ANISOTROPY

Next, we determine the binding angle of PFO on s-SWCNTs, a, from the anisotropy of the PL
energy transfer from PFO to SWCNTs. We illuminate the PFO-SWCNT dispersions with vertically (V)
and horizontally (H) polarized excitation beams and measure the PL emission through V and H polarization
filters. The measured PL intensity is specified by Ixy where X and Y denote the excitation and emission
polarizations, respectively. The PL anisotropy (r) is calculated using the relationship,

lyy — Glyy
Al 2-
() Iyy + 2Glyy [2-3]

where G is an instrument-dependent calibration factor accounting for the difference in the responsivity of
the emission side optics and detector to horizontally polarized light with respect to vertically polarized light.
G is determined according to the relationship G = Iy, /Iyy and is 1.08 for our setup. We measure the PL
anisotropy as a function of PFO concentration for both [PFO-excitation, S11 s-SWCNT-emission] and [Sz.
s-SWCNT-excitation, S11 s-SWCNT-emission]. The results are displayed in Figure 2-3A. The [Sz s-
SWCNT-excitation, Si11 s-SWCNT-emission] anisotropy is PFO concentration-invariant for all three
species of SWCNT, near the expected anisotropy of (r) = 0.40 for a system where the excitation and
emission transition dipoles align (i.e. both are parallel to the long axis of the SWCNTSs).™® On the contrary,

the [PFO-excitation, S11 sS-SWCNT-emission] PL anisotropy is significantly smaller, between 0.05 and 0.2
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depending on (n,m) and the PFO concentration, indicating that the excitation and emission transition dipoles
are not parallel in this case.

These data indicate that the PFO excitation dipole, fi, is not parallel to the long axis of the SWCNTSs,

D. The angle between the two vectors, §, is determined by (r) according to

8§ =cos™?! ’5(1‘)3+ 1. [2-4]

However, & does not directly specify the binding angle of PFO on the SWCNTSs, a, because /i is not parallel

to the polymer backbone vector, P (Figure 2-3B). The angle B between ji and P has reported values that
range from 21 degrees®® to 26 degrees®’. The three angles a, &, and B depend on one another according to
the relationship « = & + ; however,only « = & — f yields physically realistic binding angles.

We first evaluate the binding angle a at a low PFO concentration of 0.2 mg/mL, where we know from
Figure 2-2B that the coverage of PFO on the SWCNTSs is less than 10% and thus there is little cooperative
interaction among the PFO chains. In this limit, using a 8 of 23.5°, a is 12+2°, 17+2°, and 14+2° on the
(7,5), (8,6), and (8,7) SWCNTs, respectively. As the PFO concentration is increased, (r) decreases. For
example, for the (7,5) SWCNT, (r) is 0.2 at a PFO concentration of 0.2 mg/mL corresponding to an « of
12°; but, (r) decreases to 0.1 at a PFO concentration of 5 mg/mL corresponding to an « of 22°. For all three
(n,m) characterized, a similarly increases with increasing PFO concentration. This trend indicates that as
the coverage of PFO on the SWCNTSs increases and cooperative interactions among PFO chains increase,
the average binding angle increases. It may also be that as coverage increases the PFO adopts a more
disordered conformation. In addition, PFO wrapping bundles of SWCNTs may not be able to adopt a
favored wrapping angle, instead producing mixtures of angles depending on the bundle size and

composition.
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Figure 2-3. (A) The measured anisotropy for the PFO-SWCNT dispersions as a function of PFO
concentration for (7,5) (blue, squares), (8,6) (red, circles), and (8,7) (green, triangles) from direct excitation
of the SWCNTSs (open) and excitation of the wrapping PFO (filled). (B) The schematic of PFO wrapping a
SWCNT displaying the SWCNT transition dipole D (blue), the polymer backbone P (green), the polymer
transition dipole fi (red), the wrapping angle a, and the dipole angle 3, reproduced to the right. Inset: The
modeled anisotropy of the PFO-SWCNT system for exciting PFO and SWCNT emission following exciton
energy transfer. The line to the right is the calculated anisotropy for g = 26°, while the line to the left is
the anisotropy for g = 21°. Dotted lines are displayed for the measured anisotropies in (A) at PFO

concentration of 0.2 mg/mL.

Other groups have sought to model the PFO-SWCNT system and have found that the PFO wraps
the SWCNT in a regular helical fashion, however the binding angle predicted by simulations varies widely,

from nearly 0° “° to over 20°.% On the other hand, several groups have experimentally observed the helical
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arrangement of polymers other than polyfluorenes on the surface of SWCNTSs in both aqueous and organic
solvent systems. Deria et al. report chiral-selective ionic polymer wrapping of SWCNTSs with pitch length
10 nm.%8 Giulianini et al. characterized the poly(thiophene)-SWCNT system and discovered similar helical
wrapping patterns with relatively high wrapping angles giving rise to a pitch length of 5 nm.% For the
wrapping angles we measure here, we estimate pitches ranging from 7 to 14 nm. The similarity of wrapping
geometry between these different polymers indicates that a variety of polymer-SWCNT systems operate
under similar constraints. Experiments spanning dozens of conjugated polymers suggest that selectivity is
dictated by the dihedral angle and steric hindrance of the wrapping polymer on the surface of the nanotube.®®
Quantitative comparison between experiment and simulations are complicated by the fact that simulations
to date have incorporated much shorter PFO chains than are used our experiments. Simulation of inter-
polymer and polymer-SWCNT interactions, including solvents, over many periods may be necessary to
establish the configurations that are not sterically prohibited and to predict a characteristic binding angle
that matches experimental results. The specific relationship between the chirality and wrapping angle is
difficult to ascertain from the three SWCNTSs studied here, and should be a focus of future research.
Through optical absorption, excitation-emission  photoluminescence  mapping, and
photoluminescence anisotropy, we have described the binding configuration and surface coverage of PFO
on s-SWCNTs. Our data show that the coverage of PFO on a SWCNT can be modeled according to the Hill
equation. The Hill equation predicts a coverage of PFO that depends on the free PFO concentration in
solution during ultrasonication and the (n,m)-dependent binding affinity, which affects Ka (Eq. 2). At low
PFO concentration, we find that the PFO is ordered on the SWCNT surface with characteristic wrapping
angles of 12+2°, 17+2°, and 14+2° for the (7,5), (8,6), and (8,7) SWCNTSs, respectively, whereas at the high
PFO concentration the average wrapping angle increases. While Ka = 0.9 — 1.2 mg/mL for the (7,5), (8,6),
and (8,7) s-SWCNTs most readily dispersed by PFO, the Ka for (n,m) SWCNTSs not dispersed must be
considerably higher, and we infer that the Ka for metallic and bundles SWCNTSs is nearly an order of

magnitude larger (10 mg/mL).
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These findings can serve to better understand the chemistry and thermodynamics of the selectivity
of PFO-SWCNT binding and to confirm and guide computational modeling efforts. Practically, our data
are important because they indicate that the best semiconductor-metallic sorting occurs at low PFO
concentrations during ultrasonication, at which the PFO strands become more ordered on the SWCNT
surface and the surface coverage is low. These observations can guide the development of procedures for
isolating semiconducting SWCNTs for applications in electronics and optoelectronics where even

vanishingly small concentration of metallic SWCNTSs can lead to decreased performance.

SUPPORTING INFORMATION

s-SWCNT Separations.

SWCNTSs grown by the high pressure carbon monoxide (HiPCO) process (Nanolntegris Lot#R1-
831) are dispersed by a horn tip ultrasonicator (Fisher Model 500) at 64 W using a procedure similar to that
of Nish et al.” PFO (180 mg) was purchased from American Dye Source, Inc., (molecular weight of 53000,
polydispersity index of 2.5, Lot#13F002A1) and dissolved in 36 mL of toluene (Fisher) at 90°C until the
solution was clear and yellow-green. The 5 mg/mL stock solution was diluted into aliquots of 15 mL each
ranging in concentration from 0.05 to 5 mg/mL and allowed to cool to room temperature. HIPCO “mud”
(5.2 wt% solids) was added to each aliquot so each contained approximately 1.5 mg SWCNTSs. The
sonication took place in a stainless steel crucible to allow for efficient heat transfer in a water bath at 22°C
for 10 minutes. The temperature of the solution reached 30°C over the course of the sonication. Immediately
following sonication, the dispersions were opaque and black. The dispersed SWCNT slurries were
centrifuged at 300,000 g for 15 minutes to separate the amorphous carbon, catalyst particles, SWCNT
bundles, and unwrapped varieties of m- and s-SWCNTSs, which were collected in a pellet at the bottom of
the centrifuge tube. The top 90% of the supernatant was removed and set aside for analysis. The
supernatants ranged in color from clear and colorless for low PFO concentrations, to yellow-green for

moderate PFO concentrations, to grey-yellow for high PFO concentrations.
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Figure 2-S1. (A) Excitation-emission photoluminescence map of sodium cholate-dispersed carbon

nanotubes from HiPCO starting distribution. At least 15 distinct chiralities are observed.” (B) The
absorbance of the sodium cholate dispersed carbon nanotubes has a large background (red, dashed) and
many overlapping peaks. From photoluminescence data, no nanotube has an S,, transition below 550 nm,

and peaks in this region correlate with metallic nanotubes in solution.

Determination of metallic concentrations.

We dispersed 115 mg of the HiPCO starting material (Nanolntegris, Lot#R1-831, 5.3% SWCNT
by weight) in 15 mL of 0.1 mg/mL sodium cholate (Sigma) in deionized water using a Fisher Model 500
sonic dismembrator at 40% amplitude (64 W) for 10 minutes. The slurry was centrifuged at 300,000 g for
15 minutes to remove aggregates, and the supernatant was drawn off and saved for analysis. The solution
was diluted 20x before measuring optical absorbance and photoluminescence. The excitation-emission
photoluminescence map (Figure 2-S1A) shows the presence of at least 15 species of semiconducting single
walled carbon nanotube (s-SWCNT) with Si; ranging from 950 to 1350 nm and Sy, ranging from 550 to
820 nm.

The optical absorbance of the sample (Figure 2-S1B) contains the expected congestion of peaks in
the S1; and Sy, regions, in addition to a large background. The small peaks below 550 nm do not correlate

with any s-SWCNTSs in solution, so we attribute these to metallic nanotubes. We subtract a background of
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a
x—b

y= + Yo [2-S1]

where a, b, and y, are fit constants (see Figure 2-S1B, red curve) and integrate the resulting curve from 430
nm to 530 nm, where the majority of the metallic peaks exist. We also integrate the Si: transition region
from 900 to 1400 nm and define the ratio of the metallic integral to the semiconducting integral. Since
sodium cholate solubilizes s- and m-SWCNTSs roughly equally, we define the proportionality constant k as

follows:

J AmetardE _ Cmetal — 05 [2-S2]
[ AsemidE Csemi

k X

For our dispersion we find k = 1.77.

Next, we measure the absorbance of our PFO-dispersed nanotube solutions and measure the s-
SWCNT concentration in accordance with the text. To estimate the concentration of metallic nanotubes in
these solutions, we integrate the Mi; and Si; regions as in the sodium cholate solution. The metallic

concentration is then

f AmetaldE

: [2-S3]
f Asemi dE

Cmetar = Csemi X k X

Because of spectral congestion, this only provides a rough estimate for m-SWCNT concentration and m:s
ratio, but this rough estimate is sufficient for understanding how the m:s ratio decreases with decreasing

PFO concentration.

PL saturation as a function of chirality.
We integrate the PLE maps around each Sx/S1: peak (integrated over a +30 nm box in both exciton
and emission axes) for each species of SWCNT in Figure 2-S2. Each SWCNT species’ PL saturates

roughly equally with respect to [PFO].
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Figure 2-S2. Individual photoluminescence intensity for Sy, excitation, Si; emission for the three sS-SWCNT
species studied. (7,5) (blue, squares), (8,6) (red, circles), (8,7) (green, triangles) photoluminescence saturate

similarly.
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Figure 2-S3. At the highest PFO concentrations (A) 1 mg/mL, (B) 2 mg/mL, (C) 5 mg/mL, minority

SWCNTSs begin to appear, noticeably (6,5), (10,2), and (9,5). All the PLE maps are normalized to the (8,6)
peak.

Evidence for dispersion of SWCNT bundles.

We compare the excitation spectra of (7,5), (8,6), and (8,7) s-SWCNTs for the dispersions obtained
with [PFO] = 0.5 mg/mL and 5 mg/mL to seek signatures of increased energy transfer within solutions at
high PFO concentration. The excitation spectra are shown in Figure 2-S4. The arrow in (B) and (C) denotes

increased energy transfer from the (7,5) and (7,6) SWCNTSs to the (8,7) SWCNT. This increase is not
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attributed an increase in the optical cross-section of the phonon sideband (X) because the phonon sideband

in (A) remains unchanged. enotes increased energy transfer from the (8,6) and (8,7) SWCNTSs to the (9,7)

SWCNT.
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Figure 2-S4. Evidence for dispersion of SWCNT bundles. The arrows in these PLE excitation spectra
indicate increased inter-SWCNT energy transfer at higher PFO concentration. Specifically, (A), (B), and
(C) show excitation spectra of (7,5), (8,7), and (9,7) SWCNTSs, respectively, at both PFO concentrations of
0.5 mg/mL (black) and 5.0 mg/mL(red), normalized to the PL intensity measured for excitation at the S,,,

of the (7,5), (8,7), and (9,7) SWCNTSs, respectively.
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Figure 2-S5. We calculate the average PL per SWCNT as a function of bundle size. On average, most PL
comes from bundles of size <5 nanotubes.

Calculation of average PL per nanotube as a function of bundle size.

Since we expect bundles to be of roughly the same composition of the starting material, we use a

m-SWCNT concentration of 33.3%. On average, most PL comes from bundles of size <5 nanotubes. As

the number of nanotubes in bundles increases, absorbance will increase, but PL will saturate due to
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guenching of excitons photogenerated within the bundles. The average PL from a bundle is plotted in

Figure 2-S5 as a function of the number of nanotubes in each bundle.

Removing Ss3 contribution to photoluminescence.

Using the Sz and Ss; relative optical cross sections of Liu et al.,®! the Sy, transition energies of
Weisman et al.,® and the Ss3 transition energies of Haroz et al.,*® we calculate the absorption profile of each
chirality of SWCNT and compare the spectrum to the excitation spectrum extracted from the PLE maps.
Most of the Ss3 transitions do not overlap with the measured peak PFO excitation at 380 nm, and only the
(8,6) Ss3 has a significant overlap, and can be seen in Figure 2-S6. In the worst case for the lowest PFO
loading, the magnitude of the Ss3 absorption compared to the magnitude of the PFO absorption, at the

exciton wavelength of 380 nm, is 25%.
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Figure 2-S6. A typical excitation spectrum for (8,6) nanotube, with the contribution from the (8,6) Sss
transition (blue, dotted line) for comparison. At the peak PFO absorption, there is only very slight overlap
with the Sss.

Determination of ratio of PFO:SWCNT from PLE maps.
We quantify the coverage and mass loading of PFO on SWCNTSs, y, by measuring the intensity of
cross-peaks in the PLE maps. Excitation spectra are measured for emission at the SWCNT Si; of interest.

Two prominent peaks are apparent in the excitation spectra (Figure 2-2A): one at the PFO absorption
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maximum near 380 nm, with corrected intensity PLEFOS11 and the other at the Sy of the respective
SWCNT, with corrected intensityPL322,511,
Derivation of PL intensity corrected for self-absorption can be found in Appendix C. The relevant

equation is given as Equation 2-S3.

Aex Aem
1- exp(_Lerx) 1- exp(_LyAem).

PLcorr = PLypeqs [2'84]

where 4., and A.,, are the absorbance of the solution at the excitation and emission wavelengths,
respectively, and L, and L,, are the depths of the cuvette in the excitation (x) and emission (y) directions.

According to Eqg. S1,

§22-S11 _ ,, 522511
PLeorr = ¢pL PcoliCswceNTOs22 [2-S5]

where ¢3227511 js the quantum yield for the relaxation of an exciton from Sy, to Si; followed by radiative
emission, cgycnr IS the concentration of SWCNTSs at the Si; of interest in g - cm™3, and os,, is the Sy

optical cross section, in cm? - g~1. Likewise, according to Eq. S1,

PFO-S11 _ ,,PFO-S511
PLcorr = @pL PcotiCsweNTYOPFO [2'86]

where @5bF0=511 s the quantum yield for energy transfer of an exciton from PFO to the SWCNT followed
by radiative emission, apg is the PFO optical cross section, in cm? - g~1, and y is the loading of PFO on
the SWCNTs in g PFO / g SWCNT.

Eg. S2 and Eq. S3 can be combined to eliminate csy oy and solve for y to yield the following

expression:

PF0-S511 $22-511
_ PLcorr 0s22 PpL

V= S22-S11 PFO-S11
PLcorr OpFro Ppy,

[2-S7]

B ) P PFO-S11 )
Thus, to calculate the mass loading, y, we measure the ratio of the cross peaks %. We used literature
corr

values of 2.5 X 105 cm?-g! for oppe™ and 3.109,2.707, and 2.256 x 10% cm?-g”! for a5,,% of PFO-

wrapped (7,5), (8,6), and (8,7) SWCNTSs, respectively.
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Figure 2-S7. Normalized change in optical density of four nanotube species in solution. The rise time for
all are significantly shorter than the fluorescence lifetime of PFO, suggesting that energy transfer is very
efficient from PFO to s-SWCNT.

Transient Absorbance.

The output of a Ti:Sapphire regenerative amplifier (800 nm, 150 fs, 1 kHz) is divided into two
beams using the reflection from a piece of glass. The majority of the light, ~50 pJ, is focused into a 2 mm
thick b-BBO crystal (Eksma) to generate ~1 pJ of 400 nm light. The residual 800 nm light is filtered out
using a colored glass filter (Thorlabs). A white light supercontinuum is used as the probe. This is generated
by focusing <1 pJ of the 800 nm fundamental into a 4mm thick YAG crystal (DeLn Optics). The pump
probe time delay is controlled using a mechanical delay stage (Newport IMS400PP). We chop our pump
pulse at 500 Hz using a mechanical chopper (New Focus 3501). Both beams are focused onto the SWCNT
sample using a 12.5 cm focal length 30° off axis parabolic mirrors (Janos Technology). The probe spectrum
is dispersed by a 150 mm focal length spectrometer (Acton SP-2150) and recorded with an InGaAs
photodiode array (Princeton Instruments OMA-V:512-1.7). A spectral background for each time delay is

fit to a third order polynomial and subtracted.
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Energy Transfer Efficiency.

We estimate the PFO-SWCNT energy transfer efficiency using ultrafast transient absorption
spectroscopy. We excite the PFO at 400 nm and probe the transient absorption profile at the Si; of each
chirality of SWCNT. The rise time for each nanotube species is less than 500fs, which is roughly the
resolution of the measurement, and is independent of (n,m). The known fluorescence lifetime of PFO is

410ps, implying that the energy transfer efficiency is on the order of

n=1—N =1 _ 25 5 999 [S5]

TpFO 410ps

Therefore, in the main text we use an energy transfer efficiency of 1.00, and a subsequent relaxation
efficiency to Sy of 0.80 to yield an overall value of ¢5F0~511 = 0.80. We plot y as a function of the PFO

concentration in Figure 2-S8.
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Figure 2-S8. The relative mass loading of PFO on carbon nanotubes (7,5), (8,6), (8,7) is displayed as a
function of PFO concentration. The loading saturates at high PFO concentration and follows a Langmuir
adsorption isotherm with competitive binding.
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PFO:CNT Mass Ratio.

We fit the data to the Hill Equation®

Y=Y [( K )n - 1]_ [2-S9]

where y; is the saturated mass ratio, corresponding to full coverage, and extract the constants K, and n. The

plot in the text Figure 2-2B is the coverage 6, defined here to be

o= = [([PII?O])n N 1]_1 [2-510]

As we noted above, y; is dependent on the values we choose for ¢bF0=511 and 3227511 Importantly, K,

and n are unchanged upon varying @5F0=511 and 3227511 This is due to the fact that K, and n depend

only on the shape of the curve, and y; is essentially a scaling factor with no impact on the curve shape.

Fluorescence Anisotropy & Wrapping Angle.

The fundamental fluorescence anisotropy (r) is given by

(r)y = % (3cos?8—1) [2-S11]

Where § is the angle between excitation and emission dipoles. Then, solving for 6,

5 = cos™! /Sm; ! [2-512]

Since the angle & is the sum of the angle a between the polymer backbone and the nanotube long axis and

angle B between the polymer backbone and the polymer excitation dipole, then the nanotube wrapping

angle is given by

5rp+1 [2-513]

a= 38+ f = cos™?

-+
=
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The value of S is known to be between 21 and 26° from literature®®%’. Since § is in general fairly large, on
the order of 40°, a can take on values of <20° or >60°. The required curvature necessary for PFO to wrap
at 60° excludes this result as unphysical; therefore, we take the value @ = § — . We calculate the average

wrapping angle a as a function of [PFO] in Figure 2-S9 from the measured (r) data in the main text.
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Figure 2-S9. We calculate the average wrapping angle a from the measured (r) using Equation 2-S13 for
each of the nanotubes as a function of [PFO].
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CHAPTER 3: 1% SOLAR CELLS DERIVED FROM ULTRATHIN CARBON NANOTUBE

PHOTOABSORBING FILMS

Adapted from:

Shea, M. J.; Arnold, M. S., 1% Solar Cells Derived from Ultrathin Carbon Nanotube Photoabsorbing
Films. Appl. Phys. Lett. 2013, 102, 5.

The author contributed the entirety of the work.

CARBON NANOTUBE PHOTOVOLTAICS

Semiconducting single-walled carbon nanotubes are promising light absorbers for photovoltaics
due to their tunable bandgaps,® strong optical absorptivity in the near-infrared (NIR),” fast exciton and
charge transport,* solution-processability, and the potential for chemical and thermal stability.® There has
already been extensive work on incorporating carbon nanotubes into polymer and hybrid photovoltaic
devices in optically passive roles as electrode materials’>’* and as materials to aid in charge collection or
transport.”"® However, exploiting the optical absorptivity of carbon nanotubes in photovoltaic devices has
been more difficult, requiring the use of electronically type-sorted, semiconducting nanotubes to avoid
exciton quenching by metallic nanotube species and necessitating a means to overcome the nanotube
exciton binding energy.®® Bindl et al. have recently overcome these challenges and shown that excitons can
be efficiently harvested from type-controlled semiconducting carbon nanotube films by dissociating the
excitons into free charge carriers using donor / acceptor heterojunction schemes.® An internal quantum
efficiency (QE) for exciton dissociation and charge separation of > 80% is achieved using Ceo fullerenes as
photoexcited electron acceptors. Other schemes for harvesting excitons from nanotubes have been
implemented in preliminary photovoltaic devices.*® 5188 However, thus far, the photoresponse of those
devices has still arisen mostly from the non-nanotube components, with only limited success in exploiting

either the visible or near-infrared nanotube absorptivity for driving solar power conversion.
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In order to further increase the photoresponsivity arising from the nanotubes, Bindl et al. has
explored the optimization of the nanotube bandgap distribution and achieved an external QE as high as 34%
at the nanotube bandgap by using more monodisperse nanotubes. Here, we extend this optimization, using
even more monodisperse nanotubes, further increasing the external QE arising from the nanotubes, and
fully optimize layer thickness and optical interference effects to demonstrate for the first time solar cells
with > 1% power conversion efficiency in which the photoresponse arises predominantly from the nanotube

component.

DEVICE FABRICATION AND EVALUATION

In our approach, we extract (7, 5) semiconducting nanotubes from a powder of small diameter (0.7-
1.2 nm) nanotubes (Southwest Nanotechnologies, Lot# SG65i-L38) derived from cobalt molybdenum
catalysis of carbon monoxide disproportionation (CoMoCAT). The (7, 5) species are isolated by dispersing
the powder in a solution of poly(9,9-dioctylfluorene-2,7-diyl) (PFO) in toluene using a procedure adapted
from that of Nish et al.” The excess PFO is removed by repeated sedimentation and redispersion in
tetrahydrofuran, until a solution of less than 2:1 (w/w) PFO:nanotubes is obtained, which is then dispersed
in chlorobenzene. Removal of excess PFO from the nanotube solution has been shown to increase the
nanotube QE.®

Optical absorption spectra of the nanotubes in solution (diluted for measurement to 2 ng mL?) and
in a film (thickness approximately 7 nm) deposited by doctor-blade casting are compared in Figure 3-1A.
The strongest peak at 1055 nm corresponds to the first optical excitation (S11), €.g. the bandgap excitation
of the (7, 5) chirality, with minor contributions from the Si; of (6, 5), (10, 2), (7, 6), and (8,6) nanotubes at
1000, 1090, 1150, and 1200 nm, respectively. The peak at 655 nm corresponds to the second optical
excitation (S,) of the (7, 5) nanotube, with minor contributions from the S, of the (6, 5) and (7, 6) hanotubes.
The features from 300 — 450 nm are due to a combination of PFO absorption and the third optical excitation
(Ss) of the nanotubes. Importantly, the spectrum is free of metallic nanotube peaks near 500 nm. Metallic

nanotubes provide exciton quenching sites and are expected to drastically decrease the performance of
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nanotube photovoltaic devices.!” We used the Si; oscillator strength chirality dependence predicted by
Ando® to determine that (7, 5) nanotubes make up greater than 90% of nanotubes present. The broadening

of transitions from solution to film is consistent with previous investigations.®
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Figure 3-1. (A) Absorbance of solution (black, top) and approximately 7 nm thick film on ITO-coated glass
(red, bottom). The strong peak at 1055 nm indicates nearly monochiral (7, 5) nanotubes. Inset: Scanning
Electron Micrograph of a (7, 5) nanotube film on ITO-coated glass. Scale bar is 100 nm. (b) Intensity of
photoluminescence from solution (top) and film (bottom) on quartz as a function of excitation and emission
wavelengths. The strong, narrow peak at (1055, 660) is indicative of nearly monochiral (7, 5) nanotubes,
with small contributions by (6, 5) (1000, 570), (10, 2) (1090, 740), (7, 6) (1150, 670) and (8, 6) (1200, 710)
apparent in the solution photoluminescence. The photoluminescence arising from film exhibits limited
exciton energy transfer, most prominently from (6, 5) to (7, 5) at (1050, 590), and from (7, 5) to (7, 6) and
(8, 6) at (1200, 655).

Photoluminescence excitation emission maps (Horiba NanoLog iHR 320) are also measured to
confirm the nanotubes’ isolation in solution and the degree of coupling in thin film (Figure 3-1B). In
solution, photoluminescence emission predominantly arises from the (7, 5) nanotube, consistent with the

degree of monochirality observed in the absorption spectra. The absence of cross-peaks leads us to conclude
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that the nanotubes are well-dispersed, with insubstantial exciton transfer between nanotubes. In a film of
thickness approximately 7 nm, there is limited exciton energy transfer between nanotubes, predominantly
from the (6, 5) excitation to the (7, 5) emission, corresponding to the peak at (1055 nm, 575 nm). Also
evident is weak energy transfer from the (7, 5) nanotube to larger diameter, smaller bandgap nanotubes,
predominantly (10, 2), (7, 6), and (8, 6). We note that the trapping of excitons on small bandgap nanotubes
is expected to have a negative impact on short-circuit current density (Jsc), open-circuit voltage (Voc), and
power conversion efficiency (zr).1” Thus, limiting the concentration of small bandgap nanotubes even
further than that which has been achieved here will be important in future work.

The bilayer heterojunction devices are fabricated on UV-ozone treated, solvent-cleaned indium tin
oxide (ITO)-coated glass substrates (15 Q/o, Prazisions Glas & Optik) as described in more detail
elsewhere.® The nanotubes are deposited via doctor-blade casting, in which an 8 pL droplet of nanotube
solution is placed on an ITO substrate on a hotplate set to 110 °C and a steel blade is drawn across the
substrate approximately 500 pm above the surface. The process is repeated two to six times to tailor the
film thicknesses, and the films are subsequently annealed at 110 °C for 1 hour in N, atmosphere (< 1 part
per million O, and H,0) to remove excess solvent. The nanotubes form fibers 5 — 10 nm in diameter, lying
parallel to the substrate and are interwoven throughout each other. A layer of Ceo of tailored thickness is
thermally evaporated (107 Torr background pressure) on top of the nanotube film. Bathocuprione (BCP)
of thickness 10 nm and a 100 nm silver electrode are evaporated as the cathode. The active area of each
device defined by the cathode is 0.785 mm?,

In order to maximize the photoresponse arising from the nanotubes in the device stack, we optimize
the thickness of the Cego layer (tCao ) and of the nanotube layer. To assess the separate contributions of the

nanotubes and the Ceo to the photocurrent during the optimization, we measure the zero-bias external

guantum efficiency (QE) as a function of wavelength using a calibrated monochromatic light source from
375 to 1300 nm. The main effect of varying tcso is to alter optical interference within the device stack.

Because the nanotube layer is thin and the dominant internal reflection is at the BCP/Ag interface, we can
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closely approximate the interference at the nanotube/Ceo heterointerface, where excitons are most

efficiently harvested, using the procedure of Peumans et al.8 We expect the photoresponse to be maximized
at the Sz, S11+X, and Sy transition when tCeo is in the range of 40 — 60 nm, 60 — 80 nm, and 80 — 100 nm,
respectively.

Based on these guidelines, we fabricate actual heterojunction diodes with tc60 =50, 70, and 86 nm
and measure the external QE. The peak external QE at the S; transition of the (7, 5) nanotube at 1055 nm

increases from 22.1% to 34.0% to 43.5% as tCeo increases from 50 to 70 to 86 nm, respectively (Figure 3-

2). The peak external QE of 43.5% for the device with tC60 =86 nm is to our knowledge the highest reported

nanotube external QE in any device. The external QE at the S, transition at 650 nm concurrently decreases
from 19.0% to 12.5% and 7.6%, respectively. The external QE at the Si1 + phonon transition is 8 — 10% for
all three devices. The Ceo response is broad from 375 nm to its cutoff near 650 nm, with peak external QE

near 30% for all three devices. These trends are consistent with that predicted by the interference model.
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Figure 3-2. External QE from nanotube/C60 device stacks with Ceo thickness of 50 nm (blue), 70 nm
(green) and 86 nm (red) compared to the AM1.5G photon flux (black). The external QE is modulated by
the optical interference and depends strongly on C60 thickness.

The Jsc driven by the nanotube/Ceo device stacks under solar irradiation can be predicted by

integrating the product of the external QE and the solar photon flux. We separately quantify the contribution
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to Jsc by the nanotubes and the Ceo by comparing the external QE spectra of the nanotube/Ceo devices with
equivalent devices lacking a nanotube film. The external QE at 380 nm mostly arises from the Cgo. A peak
external QE of 8.7% at 380 nm is achieved with the architecture ITO/Ce/BCP/Ag compared with nearly
29% at the same wavelength in our best nanotube/Cso device. This discrepancy is due to a decrease the
efficiency at which excitons photogenerated in the Ceo layer are dissociated and harvested in the absence of
the nanotube film, which acts as a hole acceptor for the photoexcited Ceo. Scaling the external QE spectrum
from the Ceo-only device and subtracting it from the nanotube/Ceo external QE spectrum yields the
contribution from the nanotubes, alone, which is then used to estimate the nanotube contribution to Jsc.
This contribution is a conservative lower-bound due to neglecting the nanotube S; transition and the

possibility of over-estimating the Ceo contribution to the photocurrent in the ultraviolet/visible spectrum.
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Figure 3-3. (A) Optimization of external QE at A = 1055 nm as a function of the relative thickness of the
nanotube layer. Inset: Device Architecture: (1) ITO-coated glass; (2) (7, 5) nanotube film; (3) Ceo; (4) BCP;
(5) Ag. (B) Optimization of AM1.5G photovoltaic parameters Jsc (blue diamonds), Vo (red triangles), FF
(green circles), and #p (black squares) at 1.0 sun as a function of the relative thickness of the nanotube layer.
(C) Current density — voltage curves from the device exhibiting maximum power conversion efficiency in
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part (B) in the dark (black) and under AM1.5G 100mW cm2 illumination (red). (D) Photovoltaic
parameters, using the same symbols as (B), adjusted for and plotted against corresponding AM1.5G
intensity. #p = 0.95% and 1.02 % at 1.0 and 1.5 suns, respectively.

According to this analysis, the expected total Jsc under 1 sun AM1.5G is 4.11 mA cm?, 4,09 mA

cm?, and 4.21 mA cm as the Ceo thickness is increased from 50 to 70 to 86 nm and the fraction of Jsc
arising from nanotube excitons increases from 53% to 58% to 63%, respectively. We therefore use tceo =

86 nm in our devices in order to maximize the fraction of Jsc from the nanotubes and to maximize the total
Jsc. Unlike other devices*® 18182 jn which the carbon nanotube photoresponse has been secondary to other
materials and less efficient, here the photoabsorption by the nanotube phase is responsible for the majority

(63%) of the power conversion.
At a fixed tceo = 86 nm, we also optimize the nanotube film thickness, which we quantify by

measuring the optical density of the nanotube film in transmission. The peak external QE at the (7, 5)
bandgap of 1055 nm at first increases but then decreases with nanotube film thickness, with a maximum at
an optical density corresponding to a film thickness of roughly 5 nm (Figure 3-3A). The shape of the
external QE versus thickness curve can be understood by considering intra- and inter-nanotube diffusion-
limited exciton transport and optical losses.% 8 We also determine the photovoltaic parameters under a
simulated solar spectrum, as a function of nanotube film thickness (Figure 3-3B). A custom 2-source solar
simulator is used, which better reproduces the solar spectrum in the near-infrared than a single Xe lamp.
The Js, e, (Figure 3-3B) and the external QE (Figure 3-3A) are all maximized at a similar nanotube
thickness. Generally, the fill-factor (FF) decreases with nanotube thickness while no clear trend in Vo is
observed.

We further characterize the device at the peak of the #p distribution of Figure 3-3B, in Figures 3-
4C-D. The current-voltage characteristics in the dark and under 100 mW c¢m simulated solar illumination
are shown in Figure 3-4C. In the dark, the devices are diodes with rectification greater than 10° at +1 V.
The photovoltaic parameters, corrected to the AM1.5G spectrum, are characterized as a function of intensity

in Figure 3-3D. The Jsc is linear with incident power, indicating that our devices are not series resistance-
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limited in this irradiance range. The Voc reaches 92% of its 1 sun value at 30 mW cm?, and the FF is
relatively independent of intensity greater than 10 mW cm2. At 1.0 sun, Jsc = 4.10 mA/cm?, Voc = 0.370
V, FF = 0.63, and the AM1.5G 7p = 0.95%. At 1.5 sun, Jsc=6.40 mA/cm?, Voc = 0.380 V, FF = 0.65, and
the AM1.5G #p = 1.02%. The integrated external QE — AM1.5G intensity product predicts a Jsc = 4.20 and
6.50 mA/cm? under 1.0 and 1.5 suns, respectively, which are both within 2.0% of the measured and then
corrected Jsc, confirming the validity of the correction. In comparison, Bindl et al.** did not directly
measure an AM1.5G »p. However, we estimate an AM1.5G 7p of 0.70% by spectrally correcting their
external QE spectra and monochromatic power dependencies. Thus, we see a >35% increase in e by
improving the isolation of (7,5) nanotubes and optimizing optical interference within the device.

To better make the point that the majority of the power conversion arises from nanotube
photoabsorption in this work, we introduce a figure of merit, the nanotube-contributed power conversion
efficiency, ne.cnt, by multiplying the overall AM1.5G power conversion efficiency by the fraction of Jsc
arising from nanotube absorption. #p.cnt = 0.60% and 0.64% at 1.0 and 1.5 suns, respectively, as compared
to < 0.13% in other implementations.*® 518182 |t is also worthwhile to note that the peak #p occurs near the
linear regime of external QE versus nanotube film thickness, which suggests an internal QE within the
nanotube layer on the order of 85% in accordance with Bindl et al.3*

In summary, we show that due to their strong optical absorptivity, we can use a film of
semiconducting carbon nanotubes that is < 5 nm in thickness to drive meaningful photovoltaic power
conversion. By implementing highly monochiral (7, 5) nanotubes, optimizing the nanotube film thickness,
and tailoring optical interference effects in the device stacks, we achieve an external QE as high as 43% at
the nanotube bandgap at 4 = 1155 nm and a AM1.5G solar power conversion efficiency of 0.95% and 1.02%
at 1.0 and 1.5 suns, respectively. The nanotube photoabsorption drives > 60% of the power conversion. At
the time of publication this work represents the highest external QE, largest fraction of nanotube-
contributed Jsc, and the highest #pcnt that has been reported, thus far. The high internal QE suggests that

substantial improvements in efficiency will be possible by nanostructuring the heterojunction or
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implementing multiple layers to harness photoabsorption from more nanotube material and by better

controlling the anisotropy and dynamics of exciton migration.

SUPPORTING INFORMATION

SWCNT processing.

Poly(9,9-dioctyl-fluorene-2,7-diyl) (PFO) was purchased from American Dye Source (ADS329BE
Lot#12J046A1) and dissolved in toluene (Fisher Scientific, ACS grade) at the concentration of 2 mg/mL
while stirring at 80°C. Nanotubes were purchased from Southwest Nanotechnologies (Lot#SG65i-L38) and
mixed with the PFO solution in the ratio of 50 mg nanotubes : 50 mL PFO solution. 20 mL of fresh toluene
was added to avoid gelling of the nanotubes during sonication. The 70 mL of raw nanotube solution was
sonicated using a Fisher sonic dismembrator model 500 horn sonicator (400 Watts) at 40% amplitude for
30 minutes. The resulting dispersion was divided into six equal aliquots in ThermoFisher polyalomer
centrifuge tubes and centrifuged in a ThermoFisher WX Ultra series centrifuge at 41,000 rpm (300,000 g)
for 1 hour. The top 80% of supernatant from each centrifuge tube was collected and filtered through a
Millex SV 5 um PTFE filter. The entire process was repeated 8 times to attain roughly 450 mL of
supernatant. The combined supernatant was placed in a 500 mL round-bottom flask and was distilled under
vigorous stirring using a custom vacuum line at room temperature, in which the distilled toluene was
collected in a second flask held at 77K in liquid nitrogen. The resulting powder was green-blue in color and
contained PFO and aggregated but PFO wrapped nanotubes. This powder was dissolved in 20 mL of boiling
tetrahydrofuran (THF) and stirred until transparent. Upon cooling, nanotubes precipitated out of the
solution, as evidenced by dark blue wispy solids in the green solution. The hot solution was immediately
pipetted into Nalgene Oak Ridge teflon centrifuge tubes and centrifuged at 25,500 rpm (50,000 g) at 4 °C
for 3 hours. After this time, the supernatant, containing dissolved PFO, was drawn off. The nanotubes were
collected and dispersed in THF by micro-tip sonication at 10% amplitude, reheated until the solution was

transparent, and centrifuged for 3 hours. This process was repeated an additional two times, until the
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supernatant was clear and colorless. The nanotubes were collected and dispersed in 1 mL of chlorobenzene
using the microtip at 10% amplitude. The resulting concentration of nanotubes was about 0.1 mg/mL.
Finally, immediately before use, the nanotube solution was centrifuged for 15 minutes at 17,500 rpm
(30,130 g) in an Eppendorf 5430 centrifuge and the supernatant was collected and sonicated for 1 minute

using the microtip at 10% amplitude before doctor-blading of films.

Quantifying nanotube solution chirality composition.
We used the oscillator strength calculations of Ando et al. and the measured optical absorption

cross section for the (6,5) nanotube to estimate the chirality distribution in our nanotube solutions in
chlorobenzene. Table I below contains the relative oscillator strength, the calculated optical absorption
cross section, and the peak height and full width half maximum for each nanotube peak in the absorption
cross section, after a linear background subtraction. We estimate 6.9%, 90.4%, 1.2%, 1.2%, and 0.3%

composition, by weight, for (6,5), (7,5), (10,2), (7,6), and (8,6) nanotubes, respectively.

Quantifying nanotube film thickness.
In order to estimate nanotube film thickness, the absorbance of the film was measured and the

derivative dA/dA was calculated. The derivative of the absorption has a minimum and maximum on either
side of the nanotube Si; absorption peak at 1055 nm. At constant spectral width, the positive difference of
the maximum and minimum, denoted A(dA/d)), is proportional to the thickness and independent of a linear
background. This allows the determination of the thickness of nanotubes. We measured the thickness of a
nanotube film with A(dA/dL) = 0.03 to be 10 nm via profilometry, and extrapolated this result to estimate
the actual thickness of the nanotube films in our devices. The relative thickness A(dA/d\) = 0.01 associated
with the peak of the QE versus A(dA/d)) plot (Figure 3-4A) is equivalent to a < 5 nm thick film. The film
pertaining to the absorbance and photoluminescence data in Figure 3-1 has relative thickness 0.01 and a

calculated absolute thickness 6 —7 nm.
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Optical Modeling of Devices.
To model optical interference within the device stacks, we used the optical transfer matrix approach

of Peumans et al. and literature optical constants for ITO, C60, BCP, and silver. For a given device
architecture, we calculated optical intensity as a function of wavelength within the device stack. We
approximated the optical intensity within the nanotube layer of our actual devices by modeling an
architecture consisting of ITO / C60 / BCP / Ag. Using a nanotube-less model is necessary because the
optical constants of highly monochiral nanotubes have not yet been fully determined. With this said, the
nanotube-less models are excellent approximations to the real devices because our nanotube films are so
extremely thin. The optical intensity at the nanotube film (determined at the ITO / C60 interface in our
models) is overlaid with external QE in Figure 3-S1. The optical intensity is maximized near the E11,
Ell+phonon, and E22 transitions for 80-100 nm, 60-80 nm, and 40-60 nm, respectively, in the models,

closely matching experiment.
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Figure 3-S1. External QE of (7, 5) — Cgo devices with varying Ceo thickness (a) 50 nm, (b) 70 nm, (c) 86
nm compared to the model of the electric field intensity as a function of wavelength in the nanotube film.
Changing the Ceo thickness modulates the optical interference within the device stack, and changes the
contribution from Sy and Sz.

Calculation of nanotube-contributed Jsc.

To compare our data to other work, we formulated a measure of the contribution of nanotubes to
JSC, and by extension, nP. We estimated the contribution of C60 in our devices by overlaying the
nanotube/C60 external QE spectrum with the scaled C60-only devices from 540 nm to 800 nm, as shown

in Figure 3-S2. We applied the conservative assumption, neglecting the nanotube E33 transition
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contribution, that nearly all the external QE below 540 nm was due to C60. Multiplying this spectrum by
the solar photon flux, we were able to estimate JSC arising from the nanotubes, alone. In analyzing other
devices from literature, we either used the given estimation of nanotube external QE or estimated external
QE arising from nanotubes along similar parameters to our own. These spectra are compared in Figure 3-

S3. We subtracted the non-nanotube component from the external QE spectrum to estimate the nanotube

contribution to Jsc.
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Figure 3-S2. External QE of (7, 5) — Ceo devices from nanotubes (light grey) and Ceo (dark, hashed) as a
function of Ceo thickness of (a) 50 nm, (b) 70 nm, (c) 86 nm. Increasing the Cgo thickness increases the
proportion of nanotube-contributed Jsc from 53% to 58% to 63%, respectively.
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Figure 3-S3. The nanotube-contributed (light grey) external QE spectra of previously reported nanotube
devices compared to the non-nanotube contribution (dark grey hashed) from (A) the P3HT-nanotube
devices reported by Ren et al.®? (B) aqueous-processed (6, 5)-Cso devices reported by Jain et al.8! (C) silicon
nanocrystal-nanotube devices reported by Sverck et al.>! and (D) Ceo-nanotube devices reported by Ramuz
et al.*®

Solar Simulator.

A custom 2-source solar simulator was constructed using a tungsten lamp as a visible/near-infrared
source and a Newport xenon arc-discharge lamp as an ultraviolet/visible source. The xenon source was
filtered by a KG5 colored glass filter to remove the emission lines from xenon above 800 nm and combined
with the tungsten source using a 50/50 beamsplitter. The relative magnitude of the xenon contribution was
controlled by an iris, and the resulting spectrum, shown in Figure 3-S3 was measured using a
monochrometer and a Newport 818-UV calibrated detector. The efficiency of the monochrometer and
optics was measured using an AvaLight-HAL-CAL calibrated light source. The intensity of the beam was
measured using the Newport 818-UV calibrated detector with a calibrated 3 OD attenuator, and an Abet

Technologies RR-176-O NIST-calibrated silicon solar cell.
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Spectral Correction.

The photovoltaic parameters of the device were measured under our simulated solar spectrum
(Figure 3-S4) and then corrected to the AM1.5G spectrum using the procedure of Osterwaald.®” A spectral
mismatch factor M is defined as a function of the simulated spectrum Esiu, the solar spectrum Eger, the
measured responsivity of the reference silicon cell Rrc, and the measured responsivity of the device Run:

_ I B DRec WA f, Esy (DRyw (D)2 [3-51]
fab Ergr()Rpc(D)dA f; Eggr(DRyy(D)dA

Then, the current density of the unknown device under solar illumination Jy,,,. may be calculated as a
function of the current density of the unknown device under the simulated spectrum Jy ., of the reference
cell under simulated spectrum Jg,,, and of the reference cell under solar spectrum Jgc, .-

] _ ]UNSIM]RCREF [3'82]
UN, - .7
REF M .]RCSIM

A value of M close to unity signifies good spectral simulation. A representative value of M from our dataset
is 0.93. After determining the corrected Jsc, the FF and Voc at an equivalent current density were

interpolated from the measured FF and Voc versus Jsc under the simulated spectrum.

Power Density (A.U.)
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Figure 3-S4. Comparison of power density of the simulated spectrum (black) to AM1.5G solar spectrum
(red).
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CHAPTER 4: ENERGY OFFSET AND TRAP-LIMITED RECOMBINATION AT THE CARBON

NANOTUBE/Cs0 HETEROJUNCTION

Adapted from:

Shea, M.J., Wang, J., Arnold, M.S., Trap-Limited Recombination and Energy Offsets at the Carbon
Nanotube-Cg Heterointerface, Journal of Physical Chemistry C, In Submission

The author conceived of and carried out all experiments and data analysis. The author thanks Jialiang
Wang for his preparation of the (7,5)-enriched carbon nanotubes used in this study.

Despite the considerable research into s-SWCNT/Ceo devices, several challenges remain. The
current-voltage curves are not easily fit to the traditional modified Shockley diode equation under all
conditions, and the specific recombination mechanisms at the s-SWCNT/Ceo interface are unknown. In
addition, the energy gap between the s-SWCNT highest occupied molecular orbital (HOMO) and Ceo
LUMO, AEy,, is a vital parameter for modeling the maximum open-circuit voltage (V) attainable and is
presently unmeasured. Observations of carbon nanotubes at cryogenic temperatures to date have been
mostly limited to photoluminescence® and charge transport studies.* % Here, we explore the electronic
properties of the s-SWCNT / fullerene heterojunction at low temperatures to discern the physical processes

occurring in photovoltaic cells incorporating these materials.

MEASUREMENTS AT CRYOGENIC TEMPERATURE

s-SWCNTs are purified using a method modified from Nish et al.,” in which the aromatic polymer
poly(9,9-dioctylfluorene-2,7-diyl) selectively wraps semiconducting SWCNTs from a mixture of
semiconducting and metallic SWCNTs. CoMoCat-grown SWCNT soot (Sigma, SG65i) (0.5 mg mL™?) is
dispersed in a solution of PFO in toluene (1 mg mL) using a horn-tip ultrasonicator (Fisher model 500,
400W) at 40% amplitude for 20 minutes. The SWCNT-polymer slurry is centrifuged at 300,000g for 10
minutes and the top 90% of the supernatant is extracted and set aside. The pellet, consisting of unwrapped

or poorly wrapped SWCNTSs, is discarded. The supernatant is rotary-evaporated to concentrate it, and
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subsequently centrifuged again at 180,000g for up to 24 hours to remove excess polymer. The s-SWCNTS,
collected in a pellet at the bottom of the centrifuge tube, are dispersed into tetrahydrofuran using the
ultrasonicator at low (10%) amplitude briefly (typically <1 min). The dispersed s-SWCNT solution is
centrifuged again, and these steps are repeated several more times, until the ratio of the PFO absorbance
peak at 380 nm to s-SWCNT S, transition is nearly 1:1 (corresponding to approximately 50 wt%). Finally,
the s-SWCNTs are dispersed in ortho-dichlorobenzene at a concentration of approximately 50 ug mL™.

Patterned indium tin oxide (ITO)-coated glass substrates (Thin Film Devices, Inc., 15 Q/square)
are cleaned in successive baths of acetone, trichloroethane, and isopropanol, and exposed to UV-ozone for
10 minutes. Immediately, the s-SWCNT solution is spin-coated on the ITO at 2,000 rpm to form a thin
uniform film. Thicker films are formed by blade-casting, in a process similar to our previous work.** We
especially focus on films with sub-monolayer coverage, with s-SWCNT fibers spanning regions of bare
ITO. A representative scanning electron micrograph is shown in Figure 4-1A. We choose to focus on
devices fabricated from very thin films of s-SWCNTs (sub-monolayer) to eliminate effects of exciton
diffusion in thicker films and to therefore facilitate understanding of charge recombination and band
offsets.* 8 After deposition, the substrate is placed in a bath of hot toluene at 120°C for 1 hour to remove
unbound PFO or other contaminants from the film, and blown dry under N,. Fullerene-Ceo of thickness 60
nm is evaporated at 107 torr in an Angstrom Amod thermal evaporator, followed by 10 nm of bathocuproine
as an exciton barrier and protective layer. 120 nm of Ag is evaporated as a cathode through a shadow mask,
so that the region of silver-1TO overlap defines the active area of the device (0.0121 cm?). A diagram of the
cross section of the device is shown in Figure 4-1B.

Devices are immediately placed in a liquid helium cryostat (Janis ST-100) with optical windows
under vacuum (2x10° Torr) and cooled from 300 to 4.5 K in steps of 20 K, allowing sufficient time for
equilibration at each temperature, typically 15 minutes. We measure the external quantum efficiency (QE)
using a chopped monochromatic light source, calibrated photodetectors, and a lock-in amplifier, from 350

to 1300 nm. We measure current-voltage curves with a Keithley 2636A sourcemeter in the dark and under
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NIR illumination from a 50 mW, 1053 nm laser, using 6 different neutral density filters to achieve an

incident power range of 1.6 to 524 mW cm™.
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Figure 4-1. (A) (7,5) sS-SWCNTSs are deposited on ITO substrate via spin-coating. The s-SWCNTs are the
filaments covering the ITO grains, which are visible between s-SWCNT fibers. (B) Cross section diagram
of photovoltaic cells. The active area is defined by the overlapping silver and ITO regions and is 1.21 mm?2.

EXTERNAL QE AT LOW TEMPERATURE

Before examining charge recombination and energy offsets, we first study the external QE of the
s-SWCNT/Cgo photovoltaic cells as a function of temperature to gain insight into the energetics of exciton
dissociation at the s-SWCNT/Cq interface. The external QE is shown in Figure 4-2A as a function of
wavelength and temperature. The region of the spectrum corresponding to s-SWCNT excitation has several
features: Si1 transitions from (7,5) near 1050 nm and minority chirality s-SWCNTs (here, likely (6,5) at
1000 nm and (7,6) at 1150 nm), Sz, transitions near 650 nm, and the Si:-phonon sideband near 900 nm. All
of these transitions display only small changes with temperature over the entire temperature range of 300
to 4.5 K. The second region is dominated by absorption and exciton generation in Ce and extends from 700
nm to below 350 nm. We fit Gaussians to the Si1 and Sz peaks. An exponential Ceo absorption tail is

subtracted from the Sz, region (see Figure 4-S1) and a linear background is subtracted from the Si; region
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prior to fitting. The fit parameters, peak height, centers, and full width at half maximum, (FWHM) are
displayed in Figure 4-2B-D as a function of temperature. For both s-SWCNT transitions, the peak external
QE at S11 and Sz, only slightly decreases with temperature. The peak centers show a blue shift of 7 and 4
meV, and the FWHM decrease by 7 and 10 meV for the Si; and Sy, transitions, respectively. The fits for
Sz, are somewhat complicated by the Ceo background subtraction, and we believe that the apparent increase
in the Sz» FWHM near 200 K is likely an artifact of imperfect fitting of this background. The external QE
of the device at 420 nm is dominated by exciton generation in bulk Ceo and experiences a more significant

drop below 200 K from nearly 13% at 200 K to a minimum of 5.2% at 4.5 K.
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Figure 4-2. (A) The external quantum efficiency (EQE) is displayed as a function of wavelength for
temperature from 300 to 4.5 K in 20 K increments. (B) Peak external QE at three selected wavelengths
corresponding to Ceo (red circles) at 420 nm, s-SWCNT Si: (black squares), and s-SWCNT Sy, transitions

(blue triangles). (C) Peak centers and (D) full widths at half maximum (FWHM) are displayed as a function
of temperature.
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We first discuss the near temperature-independence of the s-SWCNT transitions in the external QE
spectrum. Previous studies have investigated the external QE of s-SWCNT solar cells as a function of
polymer concentration® and s-SWCNT chirality,® providing insight into exciton diffusion and dissociation
at s-SWCNT/Cg heterojunctions. Temperature-dependent measurements of external QE enhance
understanding of the energetics of exciton dissociation at the heterojunction. The external QE is the product
of four terms:

External QE = 14psMpiffNpiss Nec [4-1]

Here, 1455 is the fraction of photons absorbed by the s-SWCNT film; np; ¢ is the fraction of photogenerated
excitons that reach the interface; np;s is the fraction of excitons reaching the interface that are dissociated
into free carriers; and n¢ is the fraction of free carriers collected at the electrodes. The nearly temperature-
independent external QE suggests that each of the four terms is also highly temperature independent. Of
the four terms, 7p;s, is the most interesting. Among the other 3 terms, we expect that both np; ¢ and n¢¢
should be high because the s-SWCNTSs films are so thin that exciton and charge transport are not expected
to be limiting processes, and Figure 4-S2 shows that the transmission spectrum of a s-SWCNT thin film,
and thus 14,5, only weakly changes with temperature.

The exciton dissociation efficiency np;ss is proportional to kp;ss/(kpiss + K1oss) Where kp;qq iS
the dissociation rate and k;,,; comprises other loss mechanisms, chiefly exciton quenching at defects,?
exciton trapping on small-bandgap nanotubes,'” and interfacial recombination. In accordance with Ihly et
al., kp;ss may be described by Marcus theory,%

- M) [4-2]

kpiss = Aexp < 42k gT
where A is a pre-exponential factor, A is the reorganization energy, and AG is the change in Gibbs free
energy associated with exciton dissociation. Notably, since we do not observe an exponential dependence
of external QE, and therefore n,4;ss, ON temperature, either the value of k; ;s decreases commensurately

with kp;ss, which is unlikely, or kp,;¢ is only a weak function of temperature. A temperature-independent

kpiss is indicative of A2 and AG being of similar magnitude and opposite sign. Indeed, Ihly et al. estimate A
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and AG for the (7,5)/Cgo heterojunction to be 13327 meV and -110 meV respectively, predicting a nearly
temperature-independent k ;¢ consistent with our measurements. In contrast to the s-SWCNT transitions,
the Ceo transition in the external QE spectra does substantially decrease with temperature. It is known that
photocurrent in Ceo thin films is mostly generated via bulk ionization, as opposed to exciton dissociation,
in a process that is temperature-dependent,® explaining the significant decrease observed in the Ceo region

of the spectra below 200 K.

GENERATION, RECOMBINATION, AND CURRENT-VOLTAGE CURVES

We next examine the current-voltage characteristics of the s-SWCNT/Cg photovoltaic cells to gain
understanding of the charge carrier recombination mechanisms present in these devices. Careful study of
current-voltage curves yield estimates for the hole trap depth in s-SWCNT films and the offset energy
AEy; . We begin from a mathematical approach by deriving the diode equations from a treatment of charge
carrier balances at the interface. In Figure 4-3A we present a diagram of the relevant energy levels within
the device. We model recombination occurring at the s-SWCNT/Cq interface only. Initially we consider
the case where recombination proceeds between free electrons in the Cgo acceptor and free holes in the s-
SWCNT. The free carrier balance is

Ji JL
gd Ot g

0 [4-3]

where J is the current density, g is the fundamental charge, d is the distance across the interface, R is the
recombination rate at the interface, G, is the equilibrium rate of free carrier generation in the dark devoid
of applied voltage, and J, is the current density arising from exciton dissociation at the interface. The
recombination rate R = k,.ynp where k. is the free carrier recombination rate constant, and n and p are
the free electron and hole densities at the interface, respectively. At thermal equilibrium, the generation rate

is equal to the recombination rate, and G, = kyfneqpeq Where the subscript eq refers to the value of the

charge carrier density at thermal equilibrium. Rearranging and substituting into equation (3) gives
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] = qdkrf(np - neqpeq) —Ji- [4-4]

The free carrier concentration at the metal-semiconductor interfaces are described by

P,

Po = Ny fa(E,T) exp (— szT) [4-5a]
P

no = Ncf.(E, T) exp (— K) [4-5b]

where Ny and N, are the effective density of states at the valence band of the s-SWCNT and conduction
band of the Ceo, respectively. The functions f,(E, T) and f.(E, T) describe the effect of electric field E and
temperature T on the anode and cathode injection current, respectively, and are usually assumed to remain
near unity at low fields near room temperature.®* We proceed under this assumption, though we will return
to discuss its validity upon examination of the device operation at low temperature.

The population density of electrons and holes at the s-SWCNT/Ce interface is related to the built-
in potential Vy; = AEy;, — &, — @, where AEy; is the energy between the s-SWCNT donor highest

occupied molecular orbital (HOMO) and Cso acceptor lowest unoccupied molecular orbital (LUMO),

_ q8ent (Vi — V))
P = Po eXp( kT [4-6a]
Sc. (Vi =V
n = ny exp (_ L’”) [4-6b]
kT

where the fractions of the applied potential that drop across the s-SWCNT and Cy layers are §¢yr and &¢,
respectively. At equilibrium, there is no applied voltage, and

q 5CNTVbi> [4-7a]

Peq = Po €XPp <_ kpT

q0¢,,Vpi [4-7b]
neq = ngexp _kB—T

Substituting equations (5), (6), and (7) into equation (4) gives the following expression for the current
density through the diode with free carrier recombination only and is equivalent to the Shockley diode

equation. If the total applied voltage drops only across the semiconductor bulk (i.e. 8¢, + Scnr = 1), then:
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=15 (e (17) = 1)~ [4-8a]
Js = qdk,sNcNy exp (— A;{i;f) [4-8Db]

Typically, the current-voltage characteristics of photovoltaic cells are fit with the modified Shockley diode

equation to account for series and shunt resistances

V—-JR V—-JR
=i (e (- 25r2) 1) - - [4-9]

Here, J is the current density, Js is the reverse-bias saturation current density, which is temperature-
dependent, q is the elementary charge, V' is the applied voltage, R is the series resistance, n is the diode
ideality factor, kg is Boltzmann’s constant, T is the temperature, Rp is the parallel, or shunt, resistance, and
J;, is the generated photocurrent density.

Though it is widely used, the Shockley equation often poorly fits polymer and small molecule solar
cells and is not able to accurately replicate the forward bias current-voltage curve, especially at low forward
bias and low temperatures.®** Indeed, we observe difficulty fitting s-SWCNT/Cgo J-V characteristic curves
to the generalized Shockley equation in forward bias (see Figure 4-S3). Particularly at low temperature,
the ideality factor n becomes much larger than 2, which is unphysical for both Shottky-Read-Hall and direct
band-to-band recombination. The failure in fitting to the generalized Shockley equation suggests that
additional recombination mechanisms beyond free-carrier recombination must be relevant at the s-
SWCNT/Cg interface.

It is common to attribute the current voltage behavior in the low bias region to shunt resistance. %
" However, Giebink et al. have examined the current-voltage characteristics of two model devices with
fullerene-Cego as the electron acceptor and copper pthalocyanine or boron subphthalocyanine chloride as the
donor® and shown that the current-voltage curves for these devices are best fit by a model that considers
two different, parallel recombination mechanisms. The J-V behaviors predicted by this model are the same
as those produced by a circuit with two diodes in parallel, each with a distinct ideality factor and saturation

current density corresponding to a different recombination pathway. In Giebink’s work, the two
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recombination pathways are attributed to (i) the recombination of free electrons in the acceptor layer with
trapped holes in the donor layer and (ii) the recombination of free holes in the donor layer with trapped
electrons in the acceptor layer. As we will show, we are able to successfully fit the J-V curves in Figure 4-
3C to this two diode model. We follow Giebink’s derivation of recombination currents for trap-mediated
processes in the discussion that follows.%*

Including recombination at trap sites, the free carrier balance at the interface becomes

] ]_Lz

q_d - Rpt - Rnt + pr,th + Gnt,th + qd 0 [4'10]

Here, the subscripts pt and nt refer to hole and electron trap-dominated processes, respectively. We develop

the following expressions for the total current density:

J=Jpt ¥ Jne — 1 [4-11a]
]pt = qdkrpt(npt - neqpt,eq) [4-11b]
Jnt = qdkine (ntp - nt,eqpeq) [4-11c]

Here, the subscript t indicates trapped carriers. At each temperature and applied voltage, one of the two
recombination pathways will dominate. To determine which pathway dominates under particular
conditions, we relate the trapped carrier concentration to the free carrier concentration assuming an
exponential trap distribution.®® The number of trapped carriers depends on the temperature and density of

trap states and is described by

T
pt = NVt (Nﬁ)'rpt. [4-128.]
v
n T
T, -
ne = NCt (N—C> t [4 12b]

where Ny, and N, are the density of trap states in the valence and conduction bands, and Ty, and T, are
the trap temperatures for holes in s-SWCNT and Ceo films, respectively. Substitution into equations (6) and
(7) yields the following expressions for recombination current density, consistent with the derivation of

Giebink et al.®*



56

_ qv
]pt - ]Spt <exp <npthT> 1) [4-13a]
= ( ( v ) 1) 4-13b
]nt _]Snt exp nnthT [ . ]
where
am
Jspt = qdkypeNc Ny exp (— ﬁ) [4-14a]
B
At
Jsnt = qdkpneNee Ny exp 7/ [4-14b]
B

The terms a,, and a,; are energetic terms that closely follow AEy;, .

AE Toe —T
Ay = — 2+ L — Ao [4-154]
Nyt Tpt
AE Toe —T 4-1
LTk [4-15b]
nt Tnt
where
A(p = 6CNT¢C - 8C60d)a' [4'15C]
In these equations, n,,, and n,, represent two new ideality factors,
T,
pt
n t = [4-168.]
P 6e (Tpe =T)+T
Tt [4-16Db]

n =
M Senr(Tpe = T)+T
For clarity, we assign n,; and n,, to the low and high-forward bias ideality factors, respectively, though
the choice of carrier is arbitrary at this point. Thus, we write a modified two-diode equation with these

assignments in mind,

q(V —JRs) q(V —JRs) V—JR
] = Jspt <eXp <inBTS> - 1> + Jsne (exp (W) - 1) + R, >~ JL(V). [4-17]
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Figure 4-3. (A) Energy band diagram of the s-SWCNT/Cg photovoltaic cell under bias. The injection
barriers at the anode and cathode are @, and @, respectively. Interfacial trap states are represented by the
short lines in the gap. Recombination proceeds via two pathways, associated with two trap depths, and
possibly two carriers; for example, free electrons may recombine with trapped holes in the s-SWCNT film
at rate Ry, and free holes recombine with trapped electrons in the Ceo at rate R,,;. (B) The J-V characteristics
of ITO/Cg Schottky junction diode, and s-SWCNT/Ceo photovoltaic cells with varying thickness of s-
SWCNT, from the sub-monolayer (SML) used in external QE measurements to 20 nm. In all devices two
distinct slopes, each corresponding to a separate ideality factor, are observed, though the curves are offset
with increasing thickness. (C) The forward bias J-V characteristics of the sS-SWCNT/Cgo devices in the dark
over the temperature range from 300 to 4.5 K are plotted in 20 K intervals. (D) Ideality factors extracted
from fits to the two diode model, with n,,, and n,, fit (red) to equation (16). (E) Plot of nIn(Js) versus
1000/T for both diodes. The red lines are linear fits, and applying equations (14) and (15), allow 4Ey; to
be estimated as 0.81+0.10 eV.

IDEALITY FACTOR AND TRAP-LIMITED RECOMBINATION

We next compare the predictions of the model to experimental current-voltage curves at room
temperature (300 K). First, to understand the effects of sS-SWCNTSs on recombination pathways in the
device, we fabricate equivalent devices lacking the s-SWCNT film. The current-voltage curve of an ITO/Cg

device is shown in Figure 4-3B. We observe an exponential region, in which d(log/)/dV is linear, and a
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region at higher bias where series resistance dominates. In the exponential region, the slope d(log/)/dV =
1. We attribute this region to free carrier recombination of electrons in Ceo with holes in the ITO. We next
fabricate devices with increasing thickness of s-SWCNT film, from sub-monolayer films used in external
QE measurements, to thick, ~20 nm films (see Figure 4-S4 for SEM image and optical absorbance of thick
films). Current-voltage curves for these devices are also shown in Figure 4-3B. We note several features
of the current-voltage curves as the s-SWCNT thickness increases. First, d(logJ)/dV in the region from
0.4 to 0.7 V remains near 1, implying the free carrier recombination mechanism is the same in all cases.
However, the curve shifts to lower bias, consistent with a changing density of states Ny, N or recombination
rate constant k,.. The series resistance also increases in thicker films. On the other hand, at low bias (V <
0.4 V), the current density is significantly higher in devices containing s-SWCNTSs, even for sub-monolayer
films. Interestingly, d(log/)/dV is also linear in this region, although the slope is significantly lower,
corresponding with an ideality factor ~5 at room temperature. Though we have here focused on sub-
monolayer s-SWCNT films to avoid the potentially confounding effects of exciton diffusion in thick films,
we have observed many of the same behaviors in thick films as well (see Supporting Information).

We next measure the J-V curves for the sub-monolayer devices over the temperature range of 4.5
to 300 K (Figure 4-3C). We fit the J-V curves to equation (17) to understand the recombination mechanisms
responsible for each diode. The parameters n,;, n,¢, Jspe: Jsne, and Rg are fit for each temperature. The
ideality factors are presented in Figure 4-3D as a function of temperature. n,,; increases gradually from a
value of ~5 at 300 K to nearly 400 at 4.5 K, while n,; remains near unity until T < 100K below which it
too increases dramatically. The dependence of n,, and n,, on temperature is fit to equations (16a) and
(16b) where T, cyr and T; ¢, are the trap temperatures. We fit a trap depth of 150+5 meV (170050 K) for
hole traps in the s-SWCNT film. This trap depth is consistent with the presence of minority s-SWCNT
present in the film, predominantly (7,6) and (8,6), which have band gaps several hundred meV less than the
(7,5) nanotube majority. The traps could arise from other factors as well including sidewall defects or

impurities incorporated into the films. On the other hand, at extremely low temperatures, the ITO/Cgo J-V
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curves appear to contain two diodes as well, though at significantly lower current density (see Supporting
Information). Since two diodes are expected to appear whenever two distinct and asymmetric
recombination mechanisms exist, it is unclear whether this new ideality factor is due to recombination via
deep traps in Cgo, Or Some other mechanism, and should be the focus of future study.

The temperature dependence of n,,;, on the other hand, does not agree well with equation (16b),
which predicts that n,,;, remains near unity independent of temperature. A similar disagreement of model
with measurement was observed by Giebink et al. at the low temperature limits of their measurements.®
We implicitly made three assumptions in the derivation of equations (13-16) that may not be valid under
all conditions. First, the parameters §¢y7 and &¢,, are constrained by 8¢, + d¢cyy = 1. If this constraint is
relaxed, such that other sources of voltage drop exist within the device at low temperature, then equations
(16a) and (16b) are decoupled and both ideality factors are allowed to increase. In the case that & and
d¢,, are independent, we may estimate a much shallower trap depth of 13+2 meV (150+20 K). Second, we
assumed that the factor f(E, T) included in the description of carrier injection at the metal-semiconductor
interface in equations (5a) and (5b) was near unity; under high fields and low temperature, injection is
dominated by Schottky barrier lowering®® and injection via tail states.'® Finally, the number of free carriers
at the interface were implicitly assumed to be roughly equal to the total number of carriers given by
equations (6a) and (6b). This may not be the case at low temperature, where a significant portion of carriers
are “frozen” into traps. In equations (11a) and (11b) the diode currents /,,, and J,,, depend on np, and n.p,
respectively and are treated as independent. If the population of trapped holes far outnumbers that of free
holes, then n;p is no longer independent of np,, and the recombination rate of trapped electrons not only

depends on the electron trap temperature, but the hole trap temperature as well.

ENERGY OFFEST AT THE S-SSWCNT/Cso HETEROINTERFACE
Next, we estimate the interfacial energy offset by studying the temperature dependence of the

saturation current density. The products n, In Jg,; and ny; InJg,. extracted from the fits of the J-V data
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are plotted as a function of inverse temperature in Figure 4-3E. Lines are fit to the data in the high
temperature limit, where the modeled and measured ideality factors are in agreement. Using the fit slopes
of and equations (14) and (15), we solve for AE,;; = 0.81 + 0.10 eVand A® = 0.08 + 0.02 eV. The large
confidence interval is a result of the relatively large error bars on the fit values of /g, and Js,, (typically
>10%). Nevertheless, this method provides a measure of the energy offset that will be shown to be
consistent with that inferred from examination of the open circuit voltage. The calculated value of 4 is
consistent with our assumption that the contact barrier heights are relatively symmetric.

A second pathway to understanding the energy offset AEy,; is studying the open circuit voltage
(Voc) as a function of temperature. Since we are interested in exciton generation in the s-SWCNT film, we
illuminate the devices with a 1053 nm laser, corresponding to the Sy: transition of the (7,5) s-SWCNT, at
incident power density ranging from 1.6 to 524 mW cm and measure J-V curves. Since the excitation laser
is beyond the range of Cgo absorption, the only effect of the electron acceptor is the energy level of the
LUMO; all photovoltage arises from excitons generated in the s-SWCNT layer. However, the V. of an
equivalent ITO/Cg device may be measured using different excitation wavelength and is included in Figure
4-S6 in the supporting information. The dependence of V,, on temperature in s-SWCNT/Ce devices is
displayed in Figure 4-4A. V, increases with increasing incident power and decreasing temperature. In
addition, the incident power required to achieve a high V. decreases; at 4.5 K, the difference in V.
between minimum and maximum illumination (almost three orders of magnitude) is only 75 mV, whereas
at 300K, there is nearly 400 mV difference. For a single diode, it is known that the open-circuit voltage
follows a logarithmic dependence on current density,

1 lkB 1 ]SC
Vor = In=—=. 4-18
oc q ]S [ ]

In the case of two diodes, the V. is limited by the dominant diode at | = J¢.. At low illumination, and
therefore low J¢., recombination at deep traps dominates, and the slope of V. versus In J¢. is proportional
to n,.. At higher illumination and higher /s, recombination of free carriers at room temperature, or shallow

traps at cryogenic temperature, dominates, and the slope of V. versus In Js. is proportional to n,,;. This
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relationship is observed in Figure 4-4B. In addition to measuring V. versus In Js.-, we use equation (17)
and the fit parameters from the dark J-V characteristics of Figure 4-3C to model the expected V. for each
current density, and plot the results for T = 120, 200, and 300 K in comparison to the experimental results
for those temperatures. Once again, there are two regions each with a different characteristic slope. At high
Jsc, the slope corresponds to n,,.kgT/q. At low /¢, the slope is larger, and corresponds to n,,.kgT/q. This
two slope character is also present in the V-In J¢. plot for thick (~20 nm) s-SWCNT/Ceo devices. (Figure
4-S7). The quality of agreement between the V,, extracted from the dark characteristics and experimentally

measured V- further supports the physics underlying the model we have presented.
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Figure 4-4. (A) The open circuit voltage (V) is plotted as a function of temperature for all six incident
power densities. Vy increases with decreasing temperature to a maximum that is relatively power-
independent at 082 V. (B) Vy is plotted as a function of incident power.
Two distinct slopes are evident. At high J¢., the slope is proportional to n,,;, while at smaller incident power
the slope is proportional to n,,;. The V¢ predicted from the dark current characteristics are plotted as dashed
lines and display remarkable congruence with the experimental data measured under illumination.
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The maximum open circuit voltage V5#* of a cell is a subject of great interest in the organic PV
community. Understanding the origins of V¥ informs materials design to maximize efficiency and gives
insight into the fundamental mechanisms of operation of organic photovoltaic devices. We note that J, may
be approximated by Js- when series resistance is small, and n,;a,; = AEy; from equation (14). Then,
when J¢. is large enough for the V. to be limited by n,,;, equation (18) may be written

dk ., Nee N
q rntiVCt V). [4_19]

]SC

Equation (19) is equivalent to descriptions of the temperature dependence of Voc elsewhere.1%%1% |n

qVoc = AEy, — nnthTln(

general, J¢- < qdk,,:Nc: Ny, since the latter term represents the maximum recombination current possible
given densities of states N, and Ny,. As /s increases, the slope of the V- versus T decreases, as observed
in Figure 4-4A. Additionally, equation (19) predicts that the intercept of the fit to the linear region of the
Voc versus T plot is independent of incident power, and is equivalent to AEy;. We fit a line to the data and
extract AEy; = 0.86 + 0.02 eV, which compares favorably to the estimate of 0.81+0.10 eV from the
analysis of the dark J-V curves.

In conclusion, we characterize the behavior of carbon nanotube / fullerene-Cgo heterojunction
photovoltaic cells as a function of temperature. We show that the external QE arising from s-SWCNT films
is relatively robust with decreasing temperature, in contrast to the external QE from Cgo, Which decreases
significantly below 200 K. The temperature independence of the external QE points to nearly identical
values of the reorganization energy A and free energy gain AG for excitons dissociating at the s-SWCNT/Cgo
heterojunction. We probe the current-voltage characteristics of the devices in the dark and fit to a two diode
model, in which two different recombination pathways lead to two distinct ideality factors. We calculate
two distinct trap depths of 13+2 and 150+5 meV. By fitting the temperature dependence of the saturation
current density we estimate an interfacial energy gap of 0.81+0.10 eV. We also study the temperature and
incident power dependence of the open circuit voltage of the devices under NIR illumination. The V¢

saturates at 0.82 V at 4.5 K, and linear extrapolation to the V. at 0 K allows the estimation of the interfacial
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energy gap to be 0.86 eV, in agreement with that calculated from the temperature dependence of the
saturation current density.

Finally, we briefly discuss the implications of these results on the behavior of s-SWCNT/Ce
photovoltaic cells under solar illumination (100 mW cm) in the context of these conclusions. The high-
slope region of the Voc vs Jsc curve, corresponding to recombination mediated by deep trap states at the s-
SWCNT/Cg interface, is prominent only for incident power that is < 20 mW cm at 300 K. Thus, these
trap states in S-SWCNT photovoltaic cells are not expected to limit V. at room temperature. However, this
high-slope region shifts to lower incident power at lower temperature; and, we can infer that it shifts to
higher power at higher temperature. As a result, these trap states may play a role in limiting the V. and the
power conversion efficiency of s-SWCNT/Ceo heterojunction devices at the elevated operating temperature
expected in the field. Therefore, in future work, it will be important to identify the origin of these trap states

and to research materials processing approaches to eliminate them.

SUPPORTING INFORMATION
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Figure 4-S1. External QE of ITO/Cgs Schottky barrier photovoltaic cell at zero bias. The absorption tail
between 630 and 750 is fit to the exponential function shown. This function is scaled to the height of the
Ceo peak in the s-SWCNT/Ceo external QE spectrum and subtracted from the Sy, region before fitting.
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Figure 4-S2. Analysis of natural absorbance at Si: transition of ITO/s-SWCNT/Ce as a function of
temperature. The Sz, transition is obscured by Ceo absorption. (A) Peak height, (B) Peak Center, and (C)
Full width at half maximum (FWHM). Peak Center and FWHM are consistent with external QE (Figure
4-2). The absorption peak increases as temperature decreases, in contrast to external QE, which decreases

with temperature. Error bars are associated with Gaussian fits.
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model described in the main text.
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Figure 4-S4. (A) Scanning electron micrograph of a thick (~20 nm) film, in which grains of ITO are not
visible, in contrast to Figure 4-1A in the main text. (B) Optical absorption spectrum of the thick film on

ITO.
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Figure 4-S5. Modeled J-V curves for the parallel components of Cgo Schottky device, modeled by a single
diode with shunt resistor and s-SWCNT/Cso device, modeled by two diodes in parallel. The shunt resistance
Rp is sufficiently high to be a negligible contribution to the two-diode model. Therefore, we model equation
(3) in the text without parallel resistance.
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Figure 4-S6. JV curves of ITO/Cg devices in the dark.

66

S 10° - 300K

)

Current Density (mA/cm
o

— thick SWCNT/C,,
.| —— SML SWCNT/C,| | |
— ITO/C,,
10'5 U IR RS U S S S ST S S RS R SR 7 SPRET—T ST S U S SR WU U —— . S - PRI U TSI USSR SR R ——— |
00 05 1.0 15 20 25 00 0.5 1.0 15 20 25 00 05 1.0 15 20 25
Voltage (V) Voltage (V) Voltage (V)

Figure 4-S7. Comparison of JV curves at select temperatures. At sufficiently low temperatures, the ITO/Ceo
appears to exhibit two diode behavior. This may be due to a second, deeper electron trapping level that is

hidden by shunt resistance at room temperature. The thick films show a shifted diode, as at room
temperature in Figure 4-3B.
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Figure 4-S8. Open circuit voltage (Voc) of devices under 524 mW/cm? illumination (black, squares) from
Figure 4-4A in the main text, compared with thick s-SWCNT/Cgo devices (blue, triangle) at ~500 mW/cm?.
Both nanotube devices are illuminated with a 1053 nm laser. ITO/Cg devices illuminated with a 640 nm

laser show a Voc somewhat lower than the nanotube devices. According to our model, we expect this
corresponds to the difference between the C¢o LUMO and ITO work function.
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Figure 4-S9. Open-circuit voltage (Voc) versus short circuit current density (Jsc) on a semi-log scale. Thick
s-SWCNT films (~20 nm) were used to fabricate devices in the manner of the main text. The Voc — log Jsc
plot displays the same two-slope character described in the main text, consistent with two recombination
mechanisms. The slightly lower Voc for a given Jsc in the thicker devices is attributed to the increased series
resistance and decreased shunt resistance in these devices.
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CHAPTER 5: THE ROLE OF DEFECTS AS EXCITON QUENCHING SITES IN CARBON NANOTUBE

PHOTOVOLTAICS

Adapted from:

Wang, J. L.; Shea, M. J.; Flach, J. T.; McDonough, T. J.; Way, A. J.; Zanni, M. T.; Arnold, M. S., Role
of Defects as Exciton Quenching Sites in Carbon Nanotube Photovoltaics. Journal of Physical
Chemistry C 2017, 121, 8310-8318.

The author developed and executed the Optical interference and Monte Carlo simulations, and assisted
Jialiang Wang in the characterization and data analysis of experimental results. Jialiang Wang conducted
all reactions, fabricated, and characterized devices. The author acknowledges Austin Way for X-ray
photoelectron spectroscopy measurements and Jessi Flach, Dr. Thomas McDonough, and Dr. Martin
Zanni for their transient absorbance data used in this work.

EXCITON DIFFUSION AND THE LIMITS OF QUANTUM EFFICIENCY

The performance of s-SWCNT-based devices has been limited to date, with a solar power
conversion efficiency of less than a few percent* and a peak external quantum efficiency (QE) of less than
50%.2* Several studies have sought to understand the fundamental behaviors of excitons and charges in
these heterostructures,'-17 but the dominant factors that limit external QE are still poorly understood. It is
well known that photogenerated carriers in s-SWCNT layers are strongly bound as excitons with binding
energies of 0.2-0.3 eV.18-19 Bindl et al. have shown that this binding energy can be overcome in bilayer s-
SWCNT/Cgo donor/acceptor heterostructures with very thin (< 5 nm) s-SWCNT layers, in which an offset
in the lowest unoccupied molecular orbital (LUMO) energy between the two materials drives exciton
dissociation and electron transfer from the s-SWCNT to Ceo at the heterointerface with an internal QE of
>85%.110 Ihly et al. have recently confirmed this electron transfer QE and shown that it can be described
using Marcus theory.!

While an internal QE of >85% is excellent, high external QE devices will need to capture more
light, and thus drive excitons through thicker s-SWCNT layers to the heterointerface. Experiments show
that internal QE decreases with increasing s-SWCNT layer thickness because of the poor diffusion of
excitons to the heterointerface.''® Although excitons have long diffusion lengths along the long-axis of s-

SWCNTSs (typically > 100 nm),*2114 most s-SWCNTSs are oriented in the plane of the substrate in thin film
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devices, necessitating inter-SWCNT exciton transport for which the diffusion length is much shorter,
typically < 5 nm.84 106110 Models have identified that metallic SWCNTs and spurious small bandgap s-
SWCNTs might be factors that prevent long-range inter-SWCNT exciton transport.}'®> However,
experiments have demonstrated that the inter-SWCNT exciton diffusion length is short even when using s-
SWCNTSs that are > 99.9% semiconducting;!'° and, transient photobleaching and two-dimensional white
light spectroscopy data show that most excitons in s-SWCNT films are lost to recombination even before
they can become trapped on spurious small bandgap SWCNTS, suggesting that neither metallic nor small
bandgap SWCNTSs are primarily responsible for poor exciton diffusion to the heterointerface.16-118

The role of defects on exciton transport in s-SWCNT/acceptor heterojunction devices has yet to be
studied in detail. There are good reasons to expect that both sidewall- and end- defects on SWCNTSs play a
large role in limiting exciton harvesting efficiency. For example, it is known from photoluminescence
studies of isolated, individual s-SWCNTSs that defects covalently bonded to the sidewalls of s-SWCNTSs
can trap and quench excitons.!®12! | ikewise, studies have shown that the photoluminescence decay
dynamics of ensembles of s-SWCNTSs isolated in solution can be described by a stretched exponential
diffusion-limited contact-quenching model, in which the lifetime and population of excitons are dictated
by the diffusion of excitons to defects where they are quenched. The ensemble data indicate that solution-
processed SWCNTs (much like the SWCNTSs used in photovoltaic devices) may be riddled with exciton
quenching defects at a linear density as high as 8.3 um™, limiting the exciton lifetime to several
picoseconds.? 113

In this work, we systematically study the influence of defects on the performance of bilayer s-
SWCNTs/Cgo heterojunction photovoltaic devices via both experiments and modeling. First, we
intentionally add sp® sidewall defects to s-SWCNTs at varying concentrations via covalent diazonium
chemistry. The density of defects is estimated using Raman and transient absorption spectroscopy. Next, s-
SWCNT/Cgo heterojunction photovoltaic cells are fabricated and characterized. Second, a diffusion limited

contact-quenching Monte Carlo model is developed to assess the contributions of exciton quenching defects
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on exciton migration in bilayer s-SWCNT/Cso heterojunction devices under a wide range of scenarios that

cannot yet be experimentally accessed.
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Figure 5-1. (A) Relative length frequency distribution of SWCNT 1. Inset: Representative atomic force
micrograph of SWCNT 1 prior to functionalization. (B) Simulated probability distribution of segment
length for various defect densities, ng, if defects are added randomly to the measured distribution.

LINKING DEFECT DENSITY AND DEVICE PERFORMANCE

Estimating the defect density, nq.

To experimentally study the influence of defects on bilayer s-SWCNT/Cgo planar heterojunction
photovoltaic devices, diazonium chemistry is used to introduce aryl sp® sidewall defects to s-SWCNTSs at
five different densities by varying the concentration of the diazonium reactant during the solution-phase

functionalization described in the Experimental Methods section. s-SWCNT samples that have not been
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treated via diazonium chemistry are referred to as sample 1 in the discussion and figures, below, whereas
the five treated s-SWCNT samples are referenced as samples 2-6, in which sample 6 is the most defective.
Defects grafted via diazonium chemistry cluster on s-SWCNT sidewalls because the presence of one defect
lowers the local energetic barrier for the nearby grafting of additional defects during the functionalization
process. Of interest for understanding exciton migration in s-SWCNT photovoltaics are the density of these
defect clusters (ng) and the average length of the unfunctionalized segments of s-SWCNT in between the
defect clusters ((L;) = nz?). It is important to note that although not aryl-functionalized, sidewall defects
are still likely present on s-SSWCNT 1 as byproducts of synthesis and processing. The ends of s-SWCNTs
also quench excitons?® 122123 and thus the length distribution of the s-SWCNTs must be considered. The
length distribution of s-SWCNT 1 is measured by AFM (Figure 5-1A) to have a log-normal length
distribution with a mean and standard deviation of 451 nm and 0.56, respectively. The random addition of
defect clusters effectively sub-divides s-SWCNTSs into shorter segments, shifting the weight of g(Ls)
towards smaller Ls with increasing nq. The probability distribution functions, g(Ls), associated with these
length distributions are plotted in Figure 5-1B.

Raman spectroscopy and transient absorption spectroscopy may be used to provide measures of nq
and g(Ls). Figure 5-2A shows the Raman spectra for s-SWCNTs 1-6. The Raman defect ratio Ip/lg
increases with increasing reactant concentration. Previous studies of Raman scattering in graphene and
nanotubes have determined that nq can be estimated from Ip/lg according to the relationship,t2412°

Ip A(nm)™* [5-1]
Ig

ng = 1.5925 x 101% nm3
where 1 is the wavelength of the Raman laser. Equation (5-1) plotted in Figure 5-2B (red) along with the
experimentally measured values of Ip/lg (circles), which gives nq of 7.4, 9.3, 10, 19, 34, and 42 um'* for s-

SWCNTSs 1-6, respectively. (Figure 5-2B)
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Figure 5-2. (A) Experimental Raman spectra of s-SWCNT samples with various defect densities. The “D”
peak at 1310 cm™ increases with increasing diazonium reactant concentration. (B) Expected relationship
between Ip/lc and defect density, nq (see Egn. 5-1).

Transient absorption spectroscopy is used to provide a separate measure of ng and g(Ls) through
ensemble measurements of exciton decay dynamics in solution. Figure 5-3A shows the measured change
in optical density (AOD) of s-SWCNT 1-6 following a pump pulse, which tracks the exciton dynamics.

The dynamics follow the form of a stretched exponential, in which

AOD(t) = 0D, exp <— (é)) [5-2]

The fit characteristic time-constant, z,, is 3.23, 2.87, 2.71, 1.59, 1.36, and 1.30 ps for s-SWCNT 1-6,
respectively. This stretched exponential dependence is consistent with diffusion-limited defect-quenching
kinetics.?! 113 To relate 7, to ng, we first consider the diffusion-limited decay dynamics expected in a single

segment of s-SWCNT and then calculate the dynamics expected for an ensemble of segments. Following a
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short pump pulse, the population, ¢, of excitons in a single segment of s-SWCNT of length, Ls, is expected

to decay, to first order approximation, as

-m?Dt
0(t,Ls) = goe B . >3]
In this case, the population of excitons in an ensemble of length distribution g(Ls) will decay as
- —m2Dt
AOD(t) = 0D, [," g(Ly)e % dL. [5-4]

Using g(Ls) generated at various nq (see Figure 5-1) and an intra-SWCNT diffusion coefficient, D, of 8 cm?
st (which falls in the middle of the range of 6.0 to 20 cm? s™ reported in literature™* 22), we have used Eq.
4 to calculate the expected relationship between z, and ng, which is plotted in red in Figure 5-3B. The
experimentally measured values of z, are also plotted in Figure 5-3B (circles), giving ng of 6.9, 7.6, 8.0,

12, 13, and 14 pm* for s-SWCNTSs 1-6, respectively.
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Figure 5-3. (A) Experimentally measured differential absorbance of s-SWCNT solutions with various
defect densities, n,. The time constant , is extracted from the slope of the best fit lines, in accordance with

equation 2. (B) Simulated effect of random defect addition at density n, (see Figure 5-1B) on .
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Both the Raman and transient absorption data indicate an ng of approximately 7 um? in the
untreated s-SWCNT 1 sample. Both the Raman and transient absorption data also indicate that nq increases
with increasing aryl-functionalization, although the two methods disagree regarding the magnitude of the
increase. For example, the Raman data estimate that nq increases to 40 pmin the most defective s-SWCNT
6 sample whereas the transient absorption data estimate an increase to only 14 um. The actual nq likely
falls somewhere in between these two estimates because D-band Raman scattering from within the defect
clusters themselves likely artificially inflates measures of Io/lc and ng whereas the segment length may not
be truly random, skewing the relationship between z, and ng in the transient absorption calculation.
Regardless, both datasets show a monotonic increase in ng with diazonium reactant concentration, enabling

an opportunity to experimentally study the impact of defects on device external QE.
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Figure 5-4. Natural absorbance as a function of wavelength for each defect density studied. Notably the Si1
peak at 1050 nm decreases with increasing defect concentration. Inset: Scanning electron micrograph of a
representative film of s-SWCNTSs.

Device characterization.

The absorption spectra of s-SWCNT thin films prepared from s-SWCNT 1-6 are compared in
Figure 5-4. The distinctive absorption peak at 1055 nm corresponds to the first excitonic bandgap transition
(S11) of the (7,5) s-SWCNT. Features at 1000, 1150, and 1200 nm arise from the (6,5), (7,6), and (8,6)

species, respectively. The second-order (Sz2) transitions of the s-SWCNT species are visible near 650 nm.
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The rise in absorption at 390 nm is attributed to the PFO wrapping, which makes up 50% of the film by
weight.8* The absence of metallic SWCNT absorption features'?® near 500 nm confirms the high
semiconducting purity of the SWCNT films. Each film is the same thickness (~ 11 nm). However, we see
that the absorptivity at the S; transitions decreases with increasing aryl-functionalization, indicating that
optical cross-section decreases with increasing functionalization. We quantify the integrated Si: optical

cross-section for the aryl-functionalized s-SWCNTS, ai, by using the following relationship

JA11,dE

fo-ll,i dE = fAlldE

[ ondE. [5-5]

Where the subscript i denotes the functionalization reaction condition, [ A1 ; dE is the measured integrated
absorption at the Sy, transition of the functionalized s-SWCNTSs 2-6, [ A, dE is the measured integrated

absorption at the Sy transition of the unfunctionalized s-SWCNTs 1, and [ o, dE is the known integrated
Su cross-section for unfunctionalized s-SWCNTSs from Streit et al. The [ o, ; AE at the various reaction
conditions are compared in Table 5-1. The magnitude of the decrease in | 0,,; dE with increasing

functionalization density is important for understanding the measured external QE and determining the s-
SWCNT film thicknesses in the device studies, to follow.

Bilayer s-SWCNT/Cgo heterostructure devices are fabricated from s-SWCNT 1-6. A Ceo layer
thickness of 85 nm is chosen to maximize constructive interference!* € at the (7,5) Si1 while the thickness
of the s-SWCNT layer is varied from 0 — 25 nm. External QE spectra of devices with a s-SWCNT thickness
of approximately 5 nm are compared in Figure 5-5A. The external QE significantly decreases with
increasing aryl-sidewall functionalization, decreasing from 40% at the (7,5) S11 using s-SWCNT 1 to less
than 8% using s-SWCNT 6. The external QE at the (7,5) S1; is plotted as a function of s-SWCNT layer
thickness in Figure 5-5B. The external QE generally increases with increasing s-SWCNT layer thickness
up to about 5 nm, regardless of the degree of sp*-functionalization, but then decreases with further increase
in s-SWCNT layer thickness. The initial rise can be attributed to the increased capture of photons that is

achieved as the thickness of the s-SWCNT layer is increased, whereas the fall-off has been attributed to the
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absorption losses that are incurred from s-SWCNTSs deeply embedded in thicker layers beyond the inter-
SWCNT exciton diffusion length.

Only part of the decline of external QE with increasing functionalization density can be attributed
to the decreased optical cross-section previously noted in Figure 5-4. Figure 5-5C characterizes the peak
external QE at 1050 nm, normalized by the peak optical cross-section at 1050 nm, as a function of the ng
estimated by Raman spectroscopy. The external QE normalized by cross-section decreases by a factor of
2.5 when comparing s-SWCNT 1 with ng = 7 um™ and s-SWCNT 6 with ng = 40 um™. The external QE
normalized by cross-section significantly declines even for small changes in nq, for example decreasing by
a factor of 1.3 when increasing nq from 7 to only 9 um™ when comparing s-SWCNT 1 and 2. This strong
dependence of external QE on ng indicates that defect-induced quenching of excitons is a significant
limitation even in photovoltaic devices fabricated from s-SWCNTSs that have not been intentionally aryl-

functionalized, presumably because of defects introduced to the s-SWCNTSs via synthesis or during their

processing.
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Figure 5-5. (A) External QE as a function of wavelength for each defect concentration. Inset: Bilayer s-
SWCNT/Cgo device architecture. (B) Peak external QE at Si: as a function of film thickness. (C) The peak
external QE for each dataset is plotted versus the defect density, nq, calculated from Raman spectroscopy
in Figure 5-2B.
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Table 5-1. Summary of s-SWCNT parameters under different reaction conditions.

Raman n,° T TAn,* 0,,dE° EQE® o EQE/c
Sample [R]: [C]* I/l d () d Jou Q 11 QE/04,
(pm1) (ps) (um™)  (10*cm?eV g7t) (%) (10° cm* (1077 cm™2g)

1 0:1 0.037 7.4 3.2 6.9 3.88 40 5.05 7.9
2 0.1:1 0.047 9.3 2.9 7.6 3.17 26 4.37 6.0
3 1:1 0.052 10 2.7 8.0 3.03 21 3.69 5.7
4 22:1 0.097 19 1.6 12 2.52 16 3.32 4.8
5 1000:1 0.17 34 14 13 2.35 8.6 2.71 3.2
6 1784:1 0.21 42 1.3 14 2.06 7.1 2.26 3.1

4 Molar ratio between reactant and s-SWCNT carbon atoms during solution-phase grafting. ® Defect
density calculated from Raman result. ¢ Defect density calculated from transient absorption. ¢
Composition-weighted average integrated optical cross-section, including (6,5), (7,5), (7,6) and (8,6)
species. © Maximum EQE at (7,5) S11. "Peak optical cross-section at (7,5) Sii.

DIFFUSION LIMITED CONTACT QUENCHING MONTE CARLO MODEL.

Next, we implement a Monte Carlo model of exciton diffusion in s-SWCNT layers to independently
affirm that defect-inducted quenching of excitons is a significant limitation to s-SWCNT based photovoltaic
devices. We also use this model to assess the possible performance gains that might be obtained if longer
and/or more pristine s-SWCNTSs were to be experimentally realized and used in devices. To show that our
models closely mimic the behaviors of real devices, we first simulate the thickness-dependent external QE
as a function of nq. For these simulations, the exciton generation profile must be modeled, and for this, we
use the optical transfer matrix method of Peumanns et al.?® The real part of the complex index of refraction
is taken from Blackburn et al.*?” and the imaginary part is determined from the optical cross-section
measured in Figure 5-4. A SWCNT film of thickness t is modeled as a series of layers of thickness 2 nm.
The exciton generation rate in each layer is proportional to the optical field intensity at Si1 in each layer.
Excitons are generated on a SWCNT segment of length Ls, where Ls is consistent with the SWCNT segment
length distribution after the introduction of defects at a density nq (see Figure 5-1B). The introduction of
defect clusters is assumed to be a random process. Figure 5-6A displays a schematic of the simulation

conditions. Once an exciton is generated, it is able to (1) diffuse to and quench at a defect (red arrow in
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Figure 5-6A), with a characteristic time 7, = Ls*/m2D.%* We use a diffusivity of D = 8 cm? s to be
consistent with the transient absorption studies, above.!*® 128 The exciton may (2) dissociate at the Cgo
heterojunction, provided that the SWCNT is in contact with Cgo (yellow arrow). The top layer is always in
contact with Ceo, and in order to simulate interfacial roughness, each SWCNT layer below the top layer has
a decreasing chance of being in contact with Ce according to P(n) = exp(—a(N — n)) where nis the layer
number, N is the top layer, and «a is a free parameter we set to a value of 3 so that the fraction of SWCNT
exposed to Cgo is consistent with the bathochromic shift measurements of Ferguson et al.1%” Measurements
indicate that the dissociation time 7 is < 120 fs. . The simulations are not sensitive to 7, provided that 74
<< 14; therefore, we use a t; of 120 fs Finally, the exciton may (3) hop to an adjacent SWCNT with
characteristic time 7, = 1000 fs (blue arrow).'?1% Each SWCNT has between two and four neighbors,
one on the layer above (provided the SWCNT is not in the top layer), two in the same layer, and one below
(provided the SWCNT is not in the bottom layer). Excitons are allowed to move through the film until they
are guenched or dissociated, and the total number of dissociated excitons are summed to calculate the
internal QE for that layer. The external QE is the sum of the internal QE for all layers, divided by the
number of photons entering the device.

We calculate the external QE (Figure 5-6B) as a function of thickness for various ng ranging from
3.3 to 67 um, covering the range of ng measured via Raman and transient absorption spectroscopy. The
exact reproduction of the experimentally measured external QE curves is not realistic given the unknown
degree of defect clustering in experiments and other non-idealities such as the presence of small bandgap
impurity SWCNTSs,*! which are not present in the simulation. Nonetheless, the simulated QE closely
reproduces the experimentally observed trends. For example, the simulated external QE rises, peaks at a s-
SWCNT layer thickness of between 4-6 nm, and then falls — consistent with experiments (Figure 5-5B)
and reports from elsewhere.?® 3¢ 119 Moreover, increasing nq in the simulations significantly decreases the

peak external QE by reducing the average time an exciton lives before finding a defect and quenching.
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A particularly instructive parameter that can be extracted from simulations is the exciton harvesting
depth, Ly. Lw is the distance from the Ce interface at which the internal QE decreases by a factor of e. The
simulations indicate that Ly is only 3 nm for s-SWCNTs matching the characteristics of s-SWCNT 1 with
an average length of 451 nm and an ng = 7 um™. The short Ly is consistent with our previous transient

absorption studies, which have shown that excitons undergo inter-SWCNT transfer 1-2 times during their
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Figure 5-6 (A) lllustration of exciton transfer processes included in the diffusion limited contact quenching
Monte Carlo model. Excitons are generated on s-SWCNTs of random length and may quench at defects
with segment length-dependent characteristic time z,, dissociate at the Ceo interface with characteristic
time T4 = 120 f's, or transfer to other s-SWCNTSs with characteristic time T, = 1000 fs. (B) Simulated
external QE as a function of s-SWCNT thickness for five nq. (C) Simulated exciton harvesting depth. L,
as a function of average s-SWCNT length and defect density. The white circle represents an estimate of the
harvesting depth for the unreacted s-SWCNT 1 sample in this work.

Ideally, L should be similar to or exceed the absorption length, La, in high performance bilayer
devices. Wu et al. have estimated that for (7,5) s-SWCNTSs, La is 10 nm for monochromatic photodetector
applications and is 100 nm for broadband AM1.5G photovoltaics applications.*> We have used simulations
to predict how increasing both the average length of the s-SWCNTSs and decreasing nqg might increase Lu
from 3 nm to more closely match La in the range of 10-100 nm. Towards this end, Figure 5-6C displays
Ln as a function of mean s-SWCNT length and the added defect density, nqg. Contours corresponding to Lu
=5, 10, 20, 50, and 100 nm are displayed, in comparison to s-SWCNT 1, labeled by a white circle. Because

defects create additional segments, the contours roughly follow iso-(Ls) curves; for example, ensembles
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with average length and defect concentration 400 nm and 0.1 um™ exhibit the same L, as those with 10,000
nm and 2.5 um™ — in both cases yielding a L of about 10 nm. Accordingly, improving Ly is possible by
either increasing the average length of the initial distribution or decreasing the defect concentration.
However, due to end defects, decreasing defect density below the inverse of the average length provides
diminishing returns on improvement of L. Similarly, increasing average length above the inverse of defect
density only produces mild improvement of L. The simulations predict that, in the absence of other exciton
loss mechanisms, an Ly of 10 nm can be achieved by decreasing nq to 0.4 um™ with the current length
distribution, or increasing the average length to 1000 nm and decreasing the defect density to 1 um™. For
the larger Ly = 100 nm required to meet L, = 100 nm for AM1.5G harvesting, our model predicts that
average lengths on the order of 5 um and defect density as low as 0.2 um™ are necessary.

Both the experiments and simulations presented here indicate that current, state-of-the-art, solution-
processed s-SWCNT-based photovoltaic devices are limited by poor exciton harvesting efficiency because
defect-induced exciton quenching necessitates films that are <5 nm thick that are weakly absorbing.
Improving the exciton harvesting efficiency, and therefore device performance, should therefore focus on
decreasing this defect density, while also increasing the length of the s-SWCNTSs, so that thicker films can
be utilized to harvest more light. Both of these objectives might be met by decreasing dispersal sonication
time and/or power, development of less destructive de-bundling techniques such as shear-force mixing,**

improved crystallinity of as-synthesized s-SWCNT material, and/or post sorting defect repair.

SUPPORTING INFORMATION
Preparation of s-SWCNTSs.

Poly(9,9-dioctyl-fluorene-2,7-diyl) (PFO) wrapped (7,5)-enriched s-SWCNTs are prepared and
used to fabricate the s-SWCNT layer of heterojunction devices following procedures outlined in our
previous work.™ First, (7,5)-SWCNTSs are selectively isolated from as-produced heterogeneous powders of

s-SWCNTSs, using methods adapted from those previously developed by Nish et al.1?® PFO purchased from
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American Dye Source (ADS329BE Lot#15H006AL) is dissolved in toluene (Fisher Scientific, ACS grade)
at a concentration of 1 mg mL* by magnetic stirring and heating at 80 °C. Heterogeneous SWCNT powder
purchased from Southwest Nanotechnologies (Lot#SG65i-L55) is added to the PFO solution to form a 0.5
mg ml*t s-SWCNT and 1 mg ml* PFO mixture. Next, 70 ml of the above solution is sonicated using a
Fisher sonic dismembrator model 500 horn sonicator (400 W) at 35% amplitude for 20 minutes, in which
the vial of SWCNT solution is cooled by immersion in a water bath. The resulting dispersion is centrifuged
with a ThermoFisher WX Ultra series centrifuge at 41,000 rpm (300,000 g) for 10 minutes. The top 80%
of the supernatant is retained and filtered through a 5 um PTFE filter to remove undissolved impurities.
The s-SWCNT pellets that form at the bottom of each centrifuge tube are collected and mixed with fresh
PFO solution to repeat the above process 3 times. The combined supernatant is transferred to a 500 ml
round-bottom flask and distilled under a reduced pressure with a rotary evaporator (IKA® RV 10).

The resulting blue-green s-SWCNT powder is then collected and is rich in excess PFO. In order to
remove this excess PFO, the powder is dissolved in boiling tetrahydrofuran (THF) under magnetic stirring.
The dispersion is then centrifuged at 25,500 rpm (50,000 g) at 4 °C for 24 hours, which selectively pellets
s-SWCNTs, preferentially leaving free PFO in solution. The precipitated s-SWCNT pellet is then
redispersed again in THF by heating and mild tip sonication (10% amplitude, < 1 min) and centrifuged for
12 hours. This process is repeated for 4-5 cycles until the PFO to s-SWCNT mass ratio in the precipitate is
about 1:1 as assessed by absorbance spectroscopy using methods outlined in our previous work.® Finally,
the s-SWCNT powder is collected and dispersed in ortho-dichlorobenzene (ODCB) by using mild tip

sonication (10% amplitude, < 2 min). These s-SWCNTSs are named s-SWCNT 1.

Preparation of aryl-functionalized SWCNTSs (aryl-SWCNTSs).

Aryl functionalized SWCNTs are prepared with five different functionalization densities, via
solution-phase diazonium chemistry.*® In short, 20 ml of 1 pg ml* SWCNT 1 in ODCB is added into a
three-neck round-bottom flask equipped with a reflux condenser and is purged for 20 minutes by flowing

nitrogen. 4-nitroaniline (Sigma) is dissolved in 10 ml of acetonitrile (Fisher) and added to the above s-
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SWCNT dispersion. The concentration of 4-nitroaniline is varied from 2.3, 23, 510, 23000, to 41000 ug
ml in order to affect the density of aryl functional groups on the s-SWCNT sidewalls to create s-SWCNT
2 through s-SWCNT 6. After flowing nitrogen gas for another 15 minutes, isoamy!| nitrite (Sigma) is added
at a molar ratio of isoamyl nitrite:4-nitroaniline of 1.5:1. The reaction then proceeds in an oil bath at 60 °C
for 23 hours in dark conditions. Afterwards, the reactants are poured into 40 ml of dimethylformamide
(DMF) and centrifuged at 25,500 rpm (50,000 g) for 4 hours, which selectively pellets the s-SWCNTSs. To
remove excess diazonium, the precipitated aryl-SWCNTSs are redispersed in DMF by bath sonication and
centrifuged at 25,500 rpm (50,000 g) for 2 hours. This washing process is repeated for 4-5 times until the
supernatant turns colorless. The aryl-SWCNTSs are dried under vacuum and dispersed in ODCB using a

mild tip sonication (10% amplitude, < 2 min).

Characterization of thin film optical absorbance spectra.

Absorption spectra of thin films of s-SWCNTs are measured to quantify the reduction of the s-
SWCNT optical cross-section at the (7, 5) bandgap transition at 1050 nm that occurs with increasing
functionalization density.!** Thin films of constant thickness are created via the vacuum filtration
(Advantec) of a controlled concentration and volume of s-SWCNT solution. Al,O3 membranes (Anodisc
13, mean pore size: 0.2 um, diameter: 13 mm) are used as the filter. After the s-SWCNT film forms on the
membranes, DMF is added to the apparatus until the filtrate is colorless. The Al.O; membranes are then
etched in 1M NaOH solution to obtain freestanding SWCNTSs films. The films are transferred onto glass

substrates via floating transfer from deionized water and rinsed in three successive deionized water baths.

Microscopy.

The morphology of s-SWCNT thin films prepared via vacuum filtration and doctor-blade casting
(see below) are characterized using a LEO 1530 scanning electron microscopy (SEM) with an electron
beam energy of 3 keV. Atomic force microscopy (AFM) images are taken in tapping mode using a Bruker

Multimode 8 instrument and used to obtain the length distribution of the as-prepared s-SWCNTSs.
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Raman spectroscopy:

Raman spectra are collected at 1600 different points spread over a 40 um x 40 um area using a
Thermo Scientific DXRxi Raman Imaging Microscope with a A =532 nm, 1.4 mW laser focused to a spot
size of 700 nm. The spectra are collected with a measurement time of 0.025 s per spectrum and then
averaged over the entire area. Sidewall binding of aryl functional groups introduces sp® defect sites on the
sp? carbon network, which leads to the appearance of the symmetry-breaking, disorder-induced Raman
phonon mode (D peak, ~1300 cm™).1* The intensity of the Raman D peak with respect to the tangential
stretching mode of the sp? carbon lattice (G peak, ~1590 cm™), i.e. the Ip/lg ratio, is often used to quantify

the defect concentration of graphitic materials?> 3 and is of interest, here.

Transient absorption.

Transient absorption measurements are conducted using a custom two-dimensional white-light
spectrometer previously described elsewhere.!-18 Briefly, the 300 pJ per pulse output of a Ti:Sapphire
regenerative amplifier (800 nm, 150 fs, 1 kHz; Spectra Physics Spitfire) is split equally into pump and probe
beams. In both paths, the fundamental is attenuated by a combination of an iris and a neutral density filter
to ~1 W per pulse and focused into an undoped yttrium aluminum garnet (YAG) crystal to generate a
supercontinuum. The residual fundamental in the pump beam is spatially filtered out in a prism compressor
used to correct for temporal dispersion. Both the pump and probe pulses are ~100 fs in duration, as
determined by optical Kerr effect cross-correlation of the supercontinuum with the fundamental in CaF-.
The pump fluence is controlled to remain in the single exciton regime (~9x10% photons cm). The time
between the pump and probe pulses is controlled by a mechanical delay stage (Newport IMS600PP). The
polarization of the pump pulse relative to the probe pulse is set by a broadband polarizer (Meadowlark).
The pump and probe beams are focused in the sample solution with a f =5 cm, 90° off-axis parabolic mirror.
The transmitted signal, heterodyned by the probe beam, is dispersed with a 150 mm focal length

spectrometer (Acton SP-2150) onto an InGaAs photodiode array (Princeton Instruments OMA-V:512—-1.7).
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Transient absorption spectra are calculated by chopping the pump pulse at 500 Hz (Newport 3501) and

Ipump on

calculating AOD = — log- from shot-to-shot, where lpump onvof 1S the intensity of the dispersed probe

pump of f

when the pump is unblocked/blocked, respectively.

Fabrication of photovoltaic devices.

Devices are fabricated by closely following procedures established in our previous work. Briefly,
indium tin oxide (ITO)-coated glass substrates (15 Q/square, Prazisions Glas & Optik) are first cleaned
with acetone and isopropyl alcohol, followed by a short UV-o0zone treatment. Poly(3,4-ethylenedioxy-
thiophene) polystyrene sulfonate (PEDOT:PSS, Clevios Al 4083) is spin-cast on the ITO substrates at 4,000
rpm for 1 minute and annealed at 120 °C for 15 minutes in ambient. The s-SWCNTs are deposited via a
doctor blading technique, in which 8 pl of s-SWCNTSs in ODCB solution (~50 pg mlt) are dropped onto
the substrate on a hotplate set to 135 °C, and a steel blade is drawn across the substrate approximately 500
pm above the surface. The film thickness can be tuned by repeating the above process multiple times. The
resulting s-SWCNT film is annealed at 135 °C for 15 minutes in a nitrogen atmosphere and soaked in
boiling toluene for 30 minutes to remove excess PFO and other adsorbates. After drying in an air stream, a
85 nm thick layer of Ceo is deposited on the top of s-SWCNT film in high vacuum via vacuum thermal
evaporation, followed by 10 nm of bathocuproine (BCP). A 120 nm Ag film is deposited through a shadow
mask to define a circular cathode. The effective area of each device is 0.785 mm?, as determined by the Ag

electrode area.

Quantifying s-SWCNT film thickness in photovoltaic devices.

To determine the thickness of the doctor-bladed s-SWCNT films, an optical transmission spectrum
is collected from a 1 mm spot-size, immediately adjacent to each device. A broad polynomial background
is subtracted to remove the absorption from the ITO layer. The film thickness is then calculated by

integrating the total Si1 peak area for the (6,5), (7,5), (7,6) and (8,6) s-SWCNTSs and then using the optical
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cross-sections data of Streit et al.,*® adjusting for the relative contribution of each s-SWCNT species, and

the reduction in optical cross-section with increasing aryl-functionalization measured above.

External QE measurement.

The external QE is measured with a custom two light source optical setup. A xenon lamp equipped
with a KG5 colored glass bandpass filter to remove strong emission lines above 800 nm is used to provide
ultraviolet/visible light. A tungsten lamp is used to provide the visible/near-infrared light. These two light
sources are combined by using a 50/50 beam splitter and then passed through a monochromator. Long pass
filters are sequentially used to prevent excitation of the sample by higher energy multiples of the
monochromator output. We specifically use long pass filters with specific cut-offs of 420, 680, and 1090
nm, in addition to a near-infrared-specific grating for wavelengths greater than 1090 nm. The beam is
modulated via a mechanical chopper, and the intensity is quantified using Newport 818-UV and 818-IR
detectors, which are calibrated over the range of 300-1088 nm and 800-1300 nm, respectively. The device
photocurrent is measured using a lock-in amplifier, and divided by the photon flux measured by the

photodetectors to calculate the external QE.
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CHAPTER 6: IMPROVING PHOTOVOLTAIC PERFORMANCE BY AVOIDING HARSH SONICATION

Adapted from:

Shea, M.J., Wang, J., Flach, J.T., Zanni, M.T., and Arnold, M.S., Carbon nanotube length effects on
photovoltaic performance, In Preparation

The author conceived of and carried out experiments as well as analyzed data. The author recognizes
Jialiang Wang for Raman spectroscopy measurements, and Jessi Flach and Dr. Martin Zanni for their
measurements of transient absorbance.

SONICATION EFFECTS ON NANOTUBE LENGTH

While the efficiency of excited state (“exciton”) dissociation into free carriers at a s-SWCNT/Cgo
heterojunction is high,3 exciton diffusion between individual s-SWCNTs is slow. Due to the short excited
state lifetime of several ps, excitons only travel a few nm through the film before they are quenched at
defects or nanotube ends.” Recently, we have studied the effects of defect density on the peak external
guantum efficiency (EQE) of bilayer s-SWCNT/Cg photovoltaic cells using experiment and Monte Carlo
simulations.?® In that work, we intentionally and controllably added sp® defects via diazonium chemistry
and observed the deleterious effect of sidewall defects on external quantum efficiency (EQE). Here, we
show improved device performance associated with increasing average length and decreasing sidewall
defect density by controlling the processing methods used to isolate s-SWCNTS.

Most s-SWCNT isolation methods rely on tip sonication to achieve separation. Tip sonication is a
highly energetic process that is known to introduce sidewall defects on the s-SWCNTSs and decrease mean
length.*® Recently, shear force mixing (SFM) has been used to isolate s-SWCNTs, resulting in longer
ensemble lengths and increased photoluminescence (PL) quantum yields (QY).22 In this work, we compare
nearly monochiral (6,5) s-SWCNTs isolated via SFM and sonication, and incorporate them into
photovoltaic devices as the photoabsorbing layer. We find that the long s-SWCNTs isolated by SFM exhibit
increased external QE compared to shorter, sonicated ensembles, and show that devices fabricated with
severely shortened s-SWCNTs have lower EQE, as well as fill factor (FF) and open-cirucit voltage. We

compare the predictions of our Monte Carlo EQE model to defect densities obtained via transient
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absorbance and photoluminescence. This work illustrates the importance of choosing s-SWCNT isolation
methods that reduce sidewall defect density and increase length for efficient photovoltaic performance.

We prepare solutions of polymer-wrapped (6,5) s-SWCNTs using a method adapted from those of
Ozawa et al.*® and Graf et al.,**? in which the copolymer poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt-co-
bipyridine)] (PFO-BPy) and raw nanotubes are mixed in toluene solution and horn-tip sonicated for 10
minutes (“Moderate Sonication,”) or 1 hour (“Excessive Sonication”). In our previous work, we have
followed dispersion procedures closest to sample S. Alternatively, the mixture is shear force mixed to
isolate s-SWCNTSs. The resulting slurries are centrifuged to remove soot and large particles. The
supernatants were collected and successively precipitated in tetrahydrofuran to remove excess PFO-BPy as
in our previous work,® before finally dispersing the s-SWCNTSs in ortho-dichlorobenzene using mild, brief
(< 30s) horn-tip sonication. (See Supporting Information)

The length distribution of each solution was measured by atomic force microscopy (AFM) in which
a sub-monolayer of nanotubes was spin-cast onto clean SiO/Si wafers from a dilute (<1 pg/mL) solution
in toluene. Typical AFM images, and their respective length distributions, are displayed in Figure 6-1A.
The SFM dispersion contains significantly longer nanotubes, with a mean length of 1090 nm, compared to
480 nm for sample MS and 310 nm for sample ES. The normalized absorbance of each solution in toluene
is displayed in Figure 6-1B. Peaks correspond to (6,5) Si1 and Sy, transitions at 1000 and 580 nm,
respectively, as well as phonon side bands® at 850 nm. Other peaks correspond to minority chiralities in
solution, most notably (6,4) at 940 nm. The region between 1100 and 1200 is dominated by small
contributions from larger diameter nanotubes, but is complicated by the strong toluene absorbance feature
near 1150 nm, precluding precise quantification. However, the absorbance in this region is similar in all
three solutions, suggesting that large diameter impurity concentrations are not appreciably different in
solutions ES, MS, and SFM. We estimate that (6,5) nanotubes account for ~95% of the s-SWCNTs in

solution, with minority (6,4) and (7,5) nanotubes accounting for the balance.
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Figure 6-1. (A) Length distributions of solutions which have undergone excessive sonication (red),
moderate sonication (green), and shear force mixing (blue) measured by AFM. (right) (B) Optical
absorption spectra of s-SWCNT solutions in toluene offset by 0.1 units. The chirality distributions of the
three solutions are nearly identical, and contain 95% (6,5) nanotubes. The feature near 1150 nm is due to
convolution with an absorption peak of toluene.

LENGTH EFFECTS ON S-SWCNT EQE

We fabricate s-SWCNT/Csg photovoltaic devices using techniques described in our prior work.*
Briefly, solutions of s-SWCNTs are blade-cast onto clean ITO substrates, and fullerene-Cg is evaporated
as the exciton dissociating and electron transporting layer. Bathocuprione and silver make up the top
contact. We measure the EQE of these devices as a function of wavelength (Figure 6-2A) and nanotube
layer thickness. (Figure 6-2B) EQE peaks at the S11 of the (6,5) s-SWCNT near 1000 nm, and is modulated
by the Cgo thickness. We chose a Ceo thickness of 75 nm to maximize the optical intensity at the (6,5) S11.2*

8.8 The plot of EQE versus device thickness, measured by optical absorption using the cross sections of
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Sanchez et al., "¢ is observed to increase rapidly to a maximum, usually around 5 nm, then decrease slowly.
We attribute this behavior to the interplay between increasing optical absorbance in thicker films, and
decreasing exciton diffusion.®’ Short, defective nanotubes are known to reduce exciton diffusion length by
trapping or quenching excitons before they can reach the heterointerface and dissociate.'” 2° Devices
fabricated from the shear force mixed solution, which contains the longest nanotubes, display the highest
peak EQE, approaching 50%, which decreases to 38% and 28% as sonication intensity increases. Since the
starting material, chiral distribution, (Figure 6-2B) and polymer content (Figure 6-S1) of these films are
identical, we ascribe the improvement in EQE to the longer, lower defect density nanotubes purified by
shear force mixing. In addition, we observe that the slope of the EQE versus thickness in the thin film
regime is lower in the excessively sonicated sample, indicating that the exciton dissociation efficiency is
lower in this sample. Wang et al. note a similar trend in highly defective s-SWCNTSs, and attribute this
behavior to exciton quenching at nanotube ends and defects that occurs on faster timescales than even
exciton dissociation.?

In our previous work, we developed a model to describe exciton transport through a s-SWCNT film
and predict EQE as a function of defect density.?’ When we apply that model to the peak EQE observed in
Figure 6-2A, we predict that for EQE to drop by the factor of two that we observe, the total defect density
must increase by a factor of four. (Figure 6-S2) The total defect density n, is the sum of the number of end
defects n, and the number of sidewall defects ng. Since the number of s-SWCNT ends is inversely
proportional to the mean nanotube length, we expect that the density of end defects increases by a factor of
three in the shortest ensemble as compared to the shear force mixed sample. The model therefore suggests
that excessive sonication not only shortens nanotubes, but increases the number of sidewall defects as

well. 2
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Figure 6-2. (A) EQE as a function of wavelength for representative devices fabricated from solutions that
underwent excessive sonication (red), moderate sonication (green), and shear force mixing (blue). Inset:
Schematic of devices fabricated for this study. (B) Measured peak EQE at 1000 nm as a function of
thickness. The lines are guides for the eye. The maximum EQE occurs near 5 nm for all samples, but
decreases as processing intensity increases.

OPTICAL METHODS TO QUANTIFY DEFECT DENSITY

Precisely measuring the defect density, however, remains a challenge. We use Raman
spectroscopy, transient absorption, and photoluminescence to attain information about the defect density.
While Raman spectroscopy is often used to qualitatively identify defects present in carbon nanomaterials,
quantifying defect density using Raman is difficult when defects are sparse.?’ We measure nearly identical
Io/lg ratios of 0.04+0.01, 0.06+£0.02, and 0.05+0.01 for the excessively sonicated, moderately sonicated,
and shear-force mixed nanotubes, respectively. (Table 6-1) Even when the defect density is too low to

guantify via Raman, the effect on EQE is significant. Instead, we conduct transient absorbance (TA)
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measurements on the three solutions to observe the rate of exciton decay in each nanotube ensemble. The
measured change in optical density (40D) of a solution with optical density 0D, decays according to a

stretched exponential with characteristic time 7, according to the relation

1
2

AOD(t) = 0D, exp| — (i) : [6-1]

To

We fit equation (1) to the data in Figure 6-3A, and extract values of 7, of 4.2+0.1, 3.0+0.1, and 2.1+0.2 ps,
respectively. This behavior is consistent with diffusion-limited quenching kinetics, in which longer exciton
lifetime corresponds with fewer defects, longer lengths, or both.?: 123 When diffusion to, and quenching at,
defects is the dominant exciton recombination mechanism, and defects are randomly distributed, the exciton

population decreases according to

o

(t) = fo ng exp(—ngx) exp(—ngm?Dt) dx [6-2]

where n is the defect density and D is the diffusion coefficient.?!. Using a diffusion coefficient of 8 cm?/s,
and we estimate total defect densities (including ends) that decreases from 12.1+0.6 to 9.9+0.2 to 8.3+0.1
um™ as processing intensity decreases. Integrating equation (2) as a function of time gives a measure of the
relative photoluminescence quantum yield (QY), which matches favorably with the measured QY discussed
next.

Another approach to assess defect density is photoluminescence QY. We show photoluminescence
spectra of solutions excited at the (6,5) Sz, at 580 nm in Figure 6-3B. The photoluminescence is corrected
for absorbance and represents the relative QY of each solution. We observe a strong trend of increasing QY
with increasing length, also noted by Graf et al. for nanotubes separated using shear-force mixing.*? In
addition, we observe changing peak structure away from the main Si; emission peak, often attributed to
doping,**” phonon sidebands,*® or defects.’*® When normalized to the main Si; emission these peaks are
strongest in the shortened samples, suggesting that these samples have higher levels of defects and/or
doping, both of which are known to decrease exciton diffusion length in photovoltaic devices.!

Specifically, the X; peak, located roughly 1050 cm™ below the S11.24° may be used to identify the presence
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of defects associated with the defect-induced D-band with much greater precision than Raman
spectroscopy. (See Figure 6-S4) We find that the X1/S11 ratio decreases from 0.22 to 0.13 to 0.09 as the
processing intensity decreases. A summary of the optical and optoelectronic properties for each solution is
given in Table 1. While neither transient absorbance nor PL provide a direct measure of defect density,
both show that defect density is lowest in samples purified via shear force mixing, establishing a qualitative
link between EQE and sample preparation method.

In a recent report, Mallajosyula et al. described the performance of devices incorporating PFO-
BPy-wrapped (6,5) nanotubes in comparison to poly(9,9-dioctylfluorene-2,7-diyl) (PFO)-wrapped (7,5),
and suggested that PFO-BPy inhibits charge transfer within the device. Since the highest peak EQE we
measure here outpaces even the best PFO-wrapped (7,5) nanotube devices to date,** we believe that the
choice of wrapping polymer, once maximally removed, does not limit device performance. On the other
hand, we observe somewhat lower peak EQE from the (6,5) nanotubes of solution 2 in this study (~38%)
compared to the (7,5) nanotubes purified by the same method in our prior work (~43%).%* It is possible that
(6,5) nanotubes in the mixed starting material from which both PFO-BPY-(6,5) and PFO-(7,5) are isolated

are simply shorter or have more defects on average.

Table 6-1. Summary of s-SWCNT optical and optoelectronic properties.

Method Time | (L) Iofls  na(T.A) %dt SuPLQY  Xu/Su (PL) Eg’“é
(nm) (um?)  normalized relative (%)

sonication lhour | 310 0.04 12.1 0.56 0.62 0.22 28
sonication  10min | 480 0.06 9.9 0.79 0.72 0.13 38
shearforce 20 | 1090 0.05 83 1 1 0.09 50
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Figure 6-3. (A) Transient absorption of solutions 1, 2, and 3 in ortho-dichlorobenzene is plotted as a
function of tY2. Faster decay is indicative of shorter mean defect free paths for excitons. (B)
Photoluminescence spectra of toluene solutions of 1, 2, and 3 from excitation at (6,5) Sy at 580 nm.

LENGTH EFFECTS ON PV PERFORMANCE

Next, we measure current density versus voltage (J-V) curves for these devices under illumination
of a near-infrared light source with wavelength range 800-1200 nm. We chose this range to avoid
complication due to the absorbance of Ceo below 650 nm. Under this illumination, excitons are solely
generated in the s-SWCNT film, allowing us to study more carefully the role of preparation method on the
open circuit voltage (Voc) and fill factor (FF). We plot the FF and Voc versus log-Jsc for devices with s-
SWCNT thickness near the optimum (~5 nm) over a wide range of light intensity in Figure 6-4A-B. At all
Jsc, the devices from excessively sonicated s-SWCNTSs have lower FF. Though there is significant spread
in the data for the moderately sonicated and shear force mixed nanotubes, at low Jsc the devices from shear

force mixed nanotubes display higher FF and Voc. The Voc dependence on Jsc is given by
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VOC = nkBT ln (]i:‘), [6'3]

where n is the ideality factor, kg is Boltzman’s constant, T is absolute temperature, and J is the saturation
current density. Since the slope dV,/d(InJsc) is constant between device sets, the offset causing lower
Voc in device set 1 may be attributed to an increase in Js for these devices. Js may be expressed as a function
of the energy offset AEy; between donor highest occupied molecular orbital (HOMO) and acceptor lowest

unoccupied molecular orbital (LUMO),

AEHL)

Js = Jso exp (— iy T

[6-4]

where Jg is a temperature-independent term related to the density of states and recombination rate constant.
An increase in Jso or a decrease in the effective AEy; due to interfacial disorder or traps leads to an increase
in Js and a decrease in Voc. Though equation (3) is often cited in literature, it relies on the assumption that
photocurrent generation is constant with voltage. This is not always the case in real devices, as we next
show. The fill factor of photovoltaic cells under illumination depends on series and shunt resistance, as well
as charge generation, recombination, and collection. We plot the current density normalized to the short
circuit current density (Jsc) versus the voltage normalized to open circuit voltage in Figure 6-4C.(See
Figure 6-S6) The series resistance is consistently small, typically 0.5 to 2 Q-cm?; furthermore, the zero-
bias slopes are low, indicating that shunt resistance is large and does not vary between data sets. However,
under forward bias, we observe a significant difference in the normalized photocurrent between the three
devices. Devices fabricated with short nanotubes have photocurrent that significantly degrades as V

approaches Voc, giving rise to a poor fill factor in these devices.
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Figure 6-4. (A) FF and (B) Voc are plotted versus the log of Jsc for near-infrared illumination of devices.
(C) Normalized J-V plot showing decrease of forward bias photocurrent in short ensembles.

The relationship between the degradation of photocurrent under forward bias and the behavior of
excitons and free charges at donor/acceptor interfaces has been the focus of several recent studies. Giebink
et al. provide a description of voltage-dependent polaron pair dissociation efficiency which decreases
photocurrent under forward bias.** 1** When excitons reach the Cq interface, they form a transitional
polaron pair spanning the interface. Splitting the polaron pair into free charges is a dynamic process that
depends on the mobility of the charges and the local electric field. In short, higher mobility improves the
extraction of charges from the polaron pair, while the local electric field under forward bias may weaken
the driving force for dissociation, even reversing to favor recombination at sufficiently high bias. A similar
relationship between charge extraction and recombination was studied by Bartesaghi et al., who found that
the fill factor of a wide range of organic solar cells is related to the ratio of recombination to charge
extraction.’* Fill factor is highest when the ratio of recombination to charge extraction is small, and

mobilities are high. While we expect the electron mobility in Ceo to be independent of sS-SWCNT ensemble,
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the mobility of holes in the s-SWCNT film is decreased by the presence of scattering sites'*® in the form of
defects and tube-tube crossings?> 144 both of which are expected to increase in the short, heavily sonicated
ensembles.

In conclusion, we have used shear force mixing to separate monochiral (6,5) carbon nanotubes with
mean length 1090 nm, and compared to equivalent s-SWCNT solutions separated using tip sonication with
mean lengths of 480 and 310 nm. We observe that excited state lifetimes increase and photoluminescence
brightens as the length increases. In addition, we fabricate donor/acceptor planar heterojunction devices
using fullerene-Cgo as an electron acceptor and measure device characteristics for each s-SWCNT ensemble.
We find that peak EQE increases from 28% to 38% to 50% as average length increases from 310 to 480 to
1090 nm. Furthermore, we describe the effect of s-SWCNT length on fill factor and open circuit voltage,
and show that devices fabricated from short s-SWCNTSs exhibit decreased fill factor and open circuit
voltage. This work exhibits the need for long, pure, defect free s-SWCNTSs in photovoltaic devices, and
suggests that shear force mixing is a viable method for achieving higher EQE in s-SWCNT/Cgo photovoltaic

devices.

SUPPORTING INFORMATION

s-SWCNT preparation.

Solutions of (6,5) s-SWCNTSs were prepared using a method adapted from those of Ozawa et al.* and Graf
et al.,’® in which the copolymer poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt-co-bipyridine)] (PFO-BPy)
(American Dye Source, Inc.) is dissolved in hot toluene at 2 mg/mL. Raw nanotubes (Sigma, SG65i) are
added to the solution at 0.5 mg/mL. The mixture is horn-tip sonicated (Fisher Model 500, 400W) at 40%
amplitude for 1 hour (Sample 1) or 10 minutes (Sample 2). Alternatively, the mixture is shear force mixed
(Silverson L5M-A) at 10,000 rpm for 20 hours (Sample 3). Typical volumes were 70 mL for the sonicated
and 600 mL for the shear force mixed samples. The sonicated samples (1 and 2) were accumulated in 9
batches; the shear force mixed sample (3) was completed in a single batch. The resulting slurries were

centrifuged at 300,000 g for 10 minutes to remove soot and large bundles. The supernatant was collected
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and rotary evaporated to concentrate the solutions to 60 mL. Sample 1 was further centrifuged at 150,000
g for 20 hours, to remove long nanotubes, leaving very short nanotubes in the supernatant. The resulting
solutions were mixed with tetrahydrofuran (THF) at 1:1 and centrifuged for 24 hours, at which point the
nanotubes were collected from the pellet. These nanotubes were redispersed in THF and centrifuged three
more times, to remove excess polymer. The final ratio of the PFO-BPy to nanotubes is near 1:1. (See
Supporting Information) Finally, the nanotubes are dispersed in ortho-dicholorobenzene at a concentration

of roughly 100 pg/mL.

Photoluminescence.
Photoluminescence spectra were taken with a Horiba NanoLog Fluorimeter. The nanotube solutions were
placed in a microcuvette (2 mm path length) and excited at 580 nm. Emission spectra cover the region from

900 to 1500 nm.

Transient absorption.

Transient absorption measurements were taken using a home-built two-dimensional white-light
spectrometer, described in greater detail elsewhere.! Briefly, the output of a Ti:Sapphire regenerative
amplifier (800 nm, 150 fs, 1 kHz, 300 uJ; Spectra Physics Spitfire) was split into pump and probe beams.
A white light supercontinuum is generated on each path by attenuating the beams to ~1 uJ using a neutral
density filter and an iris and then focusing into a 4 mm thick YAG crystal. The polarization of the pump
beam was set parallel to the probe beams using a broadband polarizer (Meadowlark). The time delay
between the pump and probe pulse was controlled using a retroreflector on a mechanical delay stage
(Newport). A prism compressor was used on the pump beam path to cut out residual fundamental 800 nm
light and to correct for dispersion. Both the pump and the probe pulses were ~100 fs in duration. The pump
fluence is controlled to remain in the single exciton regime (~10* photons/cm?). The pump and probe pulses

were overlapped on the sample using a f=5cm, 90° off-axis parabolic mirror. The probe spectrum was
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dispersed with a 150 mm focal length spectrometer (Acton SP-2150) and recorded using an InGasAs
photodiode array (Princeton Instruments, OMA-V:512-17). The transient absorption signal was calculated

by chopping the pump pulse at 500 Hz (Newport 3501) and measuring the intensity of the probe when the

Ipump unblocked

pump is blocked/unblocked. We calculated AOD = —log on a shot-to-shot basis at each

Ipump blocked

time point in the transient absorption measurement.

Raman Spectroscopy.

Raman spectra are measured with Thermo Scientific DXRxi Raman Imaging Microscope with a 4mW laser
(A =532 nm) focused on a spot size of 700 nm. The spectra are collected at 100 points and averaged over a
10 um x 10 pum area. The intensity ratio between the disorder-induced Raman D peak (~1300 cm™) and
tangential stretching of sp? carbon lattice G peak (~1590 cm?) is used to compare the defect density of

SWCNTSs with different lengths.

Device fabrication.

Devices were fabricated on UV-o0zone cleaned indium tin oxide substrates by blade casting. Thicker films
were achieved by consecutive casting. Subsequently, devices were submerged in a toluene bath at 120°C
for 15 minutes to remove excess PFO-BPy. A 75 nm thick layer of fullerene-Cgo (Sigma) was thermally
evaporated at 107 Torr. 10 nm of bathocuproine was evaporated as an exciton blocking layer, and 120 nm
of silver was evaporated through a shadow mask as a cathode, forming circular devices each with an area

of 0.007854 cm?. External quantum efficiency was measured as detailed in our previous works. &
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Figure 6-S1. We deposit thin films of PFO-BPy wrapped (6,5) s-SWCNTSs on quartz and measure optical
absorption spectra. We fit peaks corresponding to the (6,5) S2> and PFO-BPy for each sample. The constant
S2/PFO-BPYy peak ratio indicates that PFO-BPy concentration does not significantly vary between samples.
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Figure 6-S2. Using the model described in our previous work,?® we plot the peak EQE versus the square
root of defect density. The model predicts that halving the EQE requires quadrupling the defect density.
Relevant parameters for this model are: D = 8 cm?s?, ;.4 = 1000 fs, 74;5s = 120 fs.
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Figure 6-S3. Raman spectrum averaged over 1225 points taken over 35%35 um?. The Ip/lg ratios for all
three ensembles are small, ranging from 0.04+0.01 to 0.06+0.02.
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Figure 6-S4. Example PL spectrum with assigned peaks!*° used for determining Xi/Su; ratio.
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Figure 6-S5. Spectral power density of the NIR illumination used to characterize Voc and FF. The spectrum
was generated with a tungsten incandescent lamp, 1150 nm short pass filter and 800 nm long pass filter.
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Figure 6-S6. Representative J-V curves for devices from solutions 1, 2, and 3 near 100 mW/cm?. The
intensity is approximated using a calibrated photodiode and the known spectrum of Fig S5.




102

APPENDIX A: MONOCHROMATOR

SECTION Al. HARDWARE

Beam Splitter Filter Wheel

Focusing Optics @
W \ / Beam Splitter
)Z( q:l I: Mono-
Lamp :| chromator :I | @

N\

Pinhole
D Cuvette
—
Xe Chopper Wheel @

Lamp

@ = Detector Position

Figure Al1-1. Diagram of monochromator setup with two source lamps, chopper wheel, and filter wheel

used for absorbance, reflectance, and external QE measurements.

All optical and optoelectronic measurements were taken with a home-built monochromator/two-
source solar simulator (See Appendix 3) setup, a diagram of which is shown in Figure Al-1. In this
apparatus, beams from the two light sources are combined with a 50/50 aluminum polka dot beam splitter,
and focused into the inlet slit of a Horiba Jobin Yvon MicroHR monochromator, with a USB interface
connected to the instrument computer (henceforth referred to as “MC-Hammer”) for user-defined
wavelength scanning. Light emitting from the output slit is nearly monochromatic, with full width at half
maximum between 5 and 8 nm. A chopper wheel cuts the light into an AC signal, controlled by the chopper
wheel frequency control module. Typical frequencies are between 340 and 350 Hz. The chopped light is
sent through an automatic filter wheel, containing four long-pass filters at 420 nm, 680 nm, 1090 nm, and

1600 nm. These filters are controlled through the software on MC-Hammer to automatically advance as the
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wavelength is scanned through their range. Long pass filters are necessary to prevent the doubles (or triples)
of the wavelength the monochromator is emitting from also being passed through the slit. The chopped,
filtered light is split using a second 50/50 aluminum polka dot beam splitter, with half being sent through a
1 cm cuvette holder, for absorbance of solutions, and the other half through an aperture for film
measurements of absorbance, reflectance, and external quantum efficiency. Signal is acquired using silicon
(“S1”), UV-sensitized silicon (“UV”), or germanium (“Ge”’) photodetector and a Stanford Instruments lock-
in amplifier. An Agilent L4410A multiplexer is used as an electronic switch for automatic multi-channel

scanning.

SECTION A2. SOFTWARE

MATLAB software is used to communicate with and control the monochromator, filter wheel, and
lock-in amplifier. A custom graphical user interface (GUI), based in part on a GUI written by Prof. Michael
Arnold, but heavily modified by the author, allows users to communicate with and control the entire
monochromator/filter wheel/lock-in/multiplexer system. The GUI allows users to save and load scan
methods, as well as automatically display derived values like absorbance, reflectance, or external QE during
the scan. Automatic batch processing allows the same (or different) scans to be repeated in loops, for time-

dependent measurements.

SECTION A3. MEASUREMENT METHODS

Absorbance.

Absorbance spectra of both films and solutions are taken in the same way. A reference scan, consisting of
a pure solvent, or plain glass/quartz substrate, is taken. Then, without changing optics or placement of
detector(s), the same scan is taken, but with the sample solution or film placed in the beam line. The
absorbance, A, of a material or solution is generally displayed in terms of “natural” absorbance, using the

natural logarithm to calculate A:
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4=-n(;)

where I is the current registered by the detector when the sample is in place, and I, is the signal from the
reference scan. Sometimes, absorbance is presented in optical density (OD); in this case, it is calculated

using the base-10 logarithm:

I
OD = — 10g10 (_)
Iy

Either way, the absorbance of a material is proportional to its mass density, or concentration, in the beam
line, and can be used to calculate the concentration in solution, or thickness on a substrate. (See Appendix

B: Peak fitting and concentration)

Reflectance.

Reflectance measurements require a slight change in detector orientation; in reflectance, the detector is
placed at a right angle to the monochromator outlet beam path. Light striking the sample is reflected into
the polka-dot beam splitter, and half of that beam is reflected into the detector. Due to the typically small
spot size and partial reflection at the beam splitter, reflectance measurements tend to be noisier than
absorbance. However, with careful control over the optics and detector position, information can be gained
through reflectance that is not accessible using absorption alone. Reflectance spectra are taken with two
reference scans. First, a mirror is placed where the sample will be, and a scan is taken. Then, the mirror is
removed, and the scan is retaken; this is the “blank,” and corrects for internal reflections within the system.
Finally, the sample scan is taken, and the reflectance R may be calculated:

-1,
Im_lb

where [ is the sample current, I, is the “blank” current, and I,,, is the mirror current. Reflectance is useful
when appraising optical interference within a device stack. (See Appendix F: Device Modeling)

External Quantum Efficiency.

External quantum efficiency (QE) is defined as the ratio of current to photon flux. To measure external QE,

it is vital to know the number of photons impinging upon the device. To do this, a calibrated photodetector
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is used. Si, UV, and Ge detectors that are factory calibrated are used to measure the current from the
illumination of a 1 mm diameter pinhole in the beam path. The pinhole and detector are moved around in
the beam path until a maximum current is registered on the lock-in amplifier. Finding a maximum prevents
accidental over-estimation of the external QE. A scan is taken over the range of calibration of the detector.
The detector ranges are listed in Table A-1.

Table A-1. Common detectors used in monochromator
measurements, along with calibration ranges.

Detector Name Abbrev. Min. cal. A Max. cal. A
(nm) (nm)
Silicon Si 400 1100
UV-sensitized silicon uv 280 1100
Germanium Ge 780 1800

If the device to be scanned has a larger wavelength range than any single detector, two detectors with
overlapping ranges may be used. Whatever the case, one or more reference scans are taken of the
illumination through the pinhole. Using the calibration file for the detector, given as responsivity R, in units
of A/W, the photon flux impinging upon the pinhole may be calculated:

- oA
" RhcA

where @ is the photon flux, I, is the detector current, A is the wavelength, h is Planck’s constant, c is the
speed of light, and A is the area of the pinhole. A 1 mm diameter pinhole has an area of 0.007854 cm?. If
two detectors are used, the flux for each is calculated, and the region of spectral overlap between the two is
used to normalize the flux, so that one continuous photon flux is calculated over the entire spectrum.
Normalizing the flux may be accomplished by scaling the smaller flux to the larger flux, so that if any error
exists, it will cause the underestimation of the external QE. Finally, the external QE of the device may be

measured:

I
EQE = —
Q s

where q is the fundamental charge, 1.6x10° C.
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APPENDIX B: PEAK FITTING AND CONCENTRATION

Accurately measuring the concentration of s-SWCNT solutions is vital to many aspects of this thesis;
therefore it is important to understand the methods involved. The optical cross section of a material, o,
often reported in units of cm?/g, is the ratio of the absorptivity and concentration:

a=oC
When a material’s absorption peaks shift or change shape based on the environment, often an integrated

optical cross section is used:

fadEszadE

Streit et al.>® measure the integrated optical cross sections in units of cm C*, using wavenumber v as the
variable of integration. As long as the variable of integration is in units of energy, this method may be used.
Absorbance spectra are converted into energy units and fit with voigt lineshapes for solutions, or gaussian
lineshapes for thin films, using the freeware Fityk. Sometimes, a background may be removed prior to
fitting; in this case, a “blank” film may be measured and the absorbance subtracted from the sample
absorbance. In either case, each peak is assigned to a nanotube (n,m) and the relevant cross section is
divided into the area of the peak to yield the concentration. For films, a density is required to calculate
thickness; in our work we have used a film density of 1.2 g cm™. Dividing by the density yields the
thickness:

_ JadE
pfodE
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APPENDIX C: PHOTOLUMINESCENCE

All photoluminescence spectra were obtained using a Horiba Nanolog Fluorimeter. When quantifying
photoluminescence, especially of dense solutions, it is necessary to account for the attenuated penetration
of both the excitation beam and the emission beam by the film itself. To apply the corrections, we calculate
the ratio of the PL intensity that would be expected in the absence of absorption losses, PLcorr, to the PL
intensity that is actually measured, PLmeas. We use measured absorption coefficients of the sample solutions
at the excitation and emission wavelengths to determine this ratio. The excitation beam propagates in the
x-direction and illuminates the sample solution with an incident intensity I, at the excitation wavelength.
The intensity within the solution drops off according to Beer’s Law,

I(x,y) = Io exp(—Aexx),
where A, is the measured natural absorbance of the sample solution at the excitation wavelength, and x is
the distance into the solution. The excited state distribution, D(x,y), will be proportional to the intensity of
the light,

D(x,y) = IpCOex €Xp(—AexX).
where a,, is the absorption cross-section of the emitter at the excitation wavelength and c is concentration.
The emitted and detected photon distribution, @(x, y), will be proportional to the excited state distribution,
according to a factor ¢p;which accounts for the PL quantum yield and another factor ¢.,;;which accounts
for the solid fraction of PL that is detected, according to

P(x,y) = lo@pLPconCOex €XP(—AexX).

The emitted photons of wavelength A.,,, will exit the solution, which has a measured natural absorbance of
Apm at 1., The fraction emerging from depth y (collection is along the y-axis) will be

f(¥) = exp(=Aemy).
The measured intensity of PL will be the integral over the depths L, and L,, in the directions parallel and

perpendicular to the excitation beam, respectively:



108

=L =Lx .
IPL,meas =1 f;}:o Y ;:0 Lo@pLPcotiCOex exp(_Aexx) exp(—Aemy) dy;

1—exp(~LyAey) 1—€xXp(—LyAem)

AEX Aem

IPL,meas = loQpCOey

Since the PL spectra are normalized by the intensity of the excitation beam, the I, term is already taken into
account, i.e. PLyeqs = Ippmeas/Io- The measured signal must be corrected by multiplying by the

reciprocal of the other side, yielding an equation for the corrected photoluminescence intensity.

Aex Aem
Meas 1—exp(—LyAex) 1-exp(—LyAem)’

PLcorr = @pLPcotiCOex = PL
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APPENDIX D: JV CHARACTERISTICS AND SOLAR SIMULATOR

SECTION D1. MEASURING JV CHARACTERISTICS

We use a Keithley 2636 sourcemeter to sweep voltage and measure current. For current-voltage
characteristics, the voltage is swept from -1.5 to 1.5 V (typical; +3 for some samples) and current at each
voltage is measured. The area of the device (0.007854 cm? for circular devices, 0.0121 cm? for rectangular
patterned devices) is divided into the current to yield the current density, usually expressed in units of
mA/cm?2, When a device is illuminated, an open circuit voltage (Voc) and short-circuit current density (Jsc)
is produced. The maximum power density (P2L$*) generated in a device is the maximum product of -J and
V under forward bias. The fill factor is the ratio of the maximum power density to the product of Voc and

JSCZ

Pmax

FF = out :
VOC]SC

The power conversion efficiency, np, is the product of fill factor, open circuit voltage, and short circuit
current density, divided by the incident power, P;,,

_ FF VocJsc

np P,

SECTION D2. SOLAR SIMULATOR

Broadband incident power that approximates the solar spectrum is vital to testing solar cell
characteristics under real-world conditions. Most commercial solar simulators use xenon arc discharge
lamps to generate a strong white light for solar simulation. However, xenon produces strong emission lines
in the near-infrared, which interfere with and may obfuscate characterization of nanotube absorption peaks
in the same region. Therefore, | developed and constructed a two-source solar simulator, using a tungsten
incandescent lamp to supply infrared, and a 350-750 nm bandpass filter in front of the xenon lamp to remove
unwanted near-infrared emission lines. The two light beams are combined in a 50/50 polkadot beam splitter,

and focused using a Galilean telescope lens arrangement onto a sample mount.
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APPENDIX E: CRYOSTAT

A Janis ST-100 Cryostat with 4 optical windows was integral to obtaining low temperature
measurements. The author rewired it to include up to 10 output channels, accessible using the L4421A

multiplexer. The channel positions in the 10-pin PCB internal port are labeled in Figure E1 below.

Inside Cryostat ! Outside Cryostat

Qutput Signals to Keithley, etc.

Figure E1-1. Schematic view of 10-pin PCB port, with external channel letters labeled.
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APPENDIX F: MATLAB PROGRAMS

Over the last 6 years, the author has written many MATLAB programs for data analysis, instrument control,

or modeling. The following list of programs will be made available through the University of Wisconsin.

Name

Absorption Analysis & Fitting

AutoPCE

Batch Abs and EQE fitting

Defect Modeling

Device Builder

JV Analysis

Monte Carlo Modeling

PLE Mapper

SolarSim

Monochromator Control Center

KE2636 Solar Control w/Multiplexer Plugin

Temperature Controller

PFO Wrapping Simulator

Version
Fits absorption spectra to gaussians and estimates 1.1
s-SWCNT concentration
Power conversion efficiency, Jsc, Voc, and FF are 2.1
generated from a JV curve in txt format.
Fits Absorption and EQE peaks to Gaussians and 1.0
reports the amplitude and integrated area
Adds defects randomly to nanotubes of known 1.0
length, resulting in length distributions used in
Chapter 5.
Suite of 4 GUIs used to build a film, vary one or 2.0
two parameters, calculate TARIQ matrix, and
evaluate EQE
A batch JV curve evaluation tool in the style of 1.0
AutoPCE
Uses TARIQ file output from TARIQ GUI 1.0
contained in Device Builder suite and known
parameters of the Monte Carlo model developed
in Chapter 5 to calculate IQE and EQE for a
device or set of devices.
Displays a PLE map from a text file and allows 1.0
inspection at various excitation/emission
wavelengths
Takes inputs of current from calibrated detectors 1.0
and outputs solar simulator spectrum
Control of monochromator, including 5.1
Absorbance, Reflectance, EQE, and Time-
resolved measurements
Keithley control with multiplexer plugin to 3.0
measure JV curves semi-automatically
Interfaces with temperature controller to 1.0
document temperature changes
Simulates the wrapping of PFO around carbon 1.0

nanotubes of known (n,m) and outputs a file for
LAMMPS input.
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