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ABSTRACT: Carbon nanotubes (CNTs) are appealing candi-
dates for solar and optoelectronic applications. Traditionally used
as electron sinks, CNTs can also perform as electron donors, as
exemplified by coupling with perylenediimide (PDI). To achieve
high efficiencies, electron transfer (ET) should be fast, while
subsequent charge recombination should be slow. Typically,
defects are considered detrimental to material performance
because they accelerate charge and energy losses. We demonstrate
that, surprisingly, common CNT defects improve rather than
deteriorate the performance. CNTs and other low dimensional
materials accommodate moderate defects without creating deep
traps. At the same time, charge redistribution caused by CNT
defects creates an additional electrostatic potential that increases
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the CNT work function and lowers CNT energy levels relative to those of the acceptor species. Hence, the energy gap for the ET is
decreased, while the gap for the charge recombination is increased. The effect is particularly important because charge acceptors tend
to bind near defects due to enhanced chemical interactions. The time-domain simulation of the excited-state dynamics provides an
atomistic picture of the observed phenomenon and characterizes in detail the electronic states, vibrational motions, inelastic and
elastic electron—phonon interactions, and time scales of the charge separation and recombination processes. The findings should
apply generally to low-dimensional materials, because they dissipate defect strain better than bulk semiconductors. Our calculations
reveal that CNT performance is robust to common defects and that moderate defects are essential rather than detrimental for CNT

application in energy, electronics, and related fields.

B INTRODUCTION

Gradual depletion of fossil fuels leads to a significant energy
crisis worldwide. In this context, the utilization of solar energy
to generate fuels or electricity has attracted much attention for
the management of future energy generation. A solar or
photovoltaic cell is a device that converts the energy of sunlight
into electricity.'~° It is important that solar cells satisfy the
following three key attributes. First, absorption of light should
lead to the generation of electron—hole (e—h) pairs.” Second,
a photoinduced charge separation should occur at the interface
between electron-donor and electron-acceptor materials.*”"*
Last, the separated charge carriers should be extracted to an
external circuit."’ Because charge transfer occurs downhill in
energy, every charge-transfer step diminishes the achievable
voltage. The e—h recombination leads to charge losses and
reduces the current. Efficient solar cell performance requires
that the charge separation and extraction are significantly faster
than the recombination.

In the past decades, major attention has been paid to the
fabrication of new, simple, and cost-effective photosensitizers
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for the utilization of solar energy into environment friendly
electricity."*™'® In this regard, metal-free carbon-based
materials are promising for both light-absorption and charge
transport.r/'18 Carbon nanotubes (CNT) have become a
;19,20 )
popular choice among various carbon allotropes and
derivatives. CNTs have demonstrated utility in many areas,
including hydrogen storage technology,”"”” field emission
devices,”** sensors,25’26 nanoelectronic devices,”**”** and
solar cell devices.””””™** In particular, small diameters and
large aspect ratios of CNT's render them ideal one-dimensional
: 33-35 :
quantum wires, a great asset for solar cells. Depending on
the energetic alignment of the highest occupied molecular
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orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) levels of the photosensitizing partners, CNTs can
serve as either electron acceptors or electron donors.

Perylene derivatives represent a novel class of compounds
having high photo and chemical stability.**"** In this context,
perylenediimide (PDI) is a widely utilized molecular building
block, because it shows exceptional optoelectronic properties
and stron% absorption in the visible region of the solar
spectrum.” The extended aromatic system with a fused five-
ring 7-system makes perylenes suitable for 7—z stacking in
particular with the CNT z-backbone.*”*' It is well recognized
that when PDIs are adsorbed on the CNT surface through
m—n stacking, the resulting hybrids exhibit many attractive
optoelectronic properties.*”** Supramolecular construction of
donor—acceptor conjugates has established itself as a superior
approach, because of its relative simplicity and the possibility
to interchange the donor and acceptor entities with relative
ease.**™*° Furthermore, this approach is nondestructive, as it
preserves the intrinsic structure and electronic features of
CNTs at the interface.*”*® In these hybrids, CNTs function as
electron donors, while PDIs serve as electron acceptors,
promoting charge separation by electron transfer (ET) from
CNTs to PDIs. Although the transfer of electrons from
photosensitizers into semiconducting CNTs acting as electron
acceptors is well established, the use of CNTs as electron
donors is still scarce. The CNT/PDI composites constitute
one of the few examples.

Recently, Tsarfati et al. investigated a composite, in which a
PDI is noncovalently immobilized onto a CNT.*" The charge
transfer from CNT to PDI was reported to take 2—4 ps, while
the charge relaxation to the ground state required a time
period of below 50 ps. Excited-state photoinduced dynamics at
heterojunctions between (6,5) CNTs and two PDI-based
electron acceptors was investigated by Kang et al.*’ They
demonstrated that photoinduced charge transfer produces
long-lived charge-separated states. The charges recombined
across the interface on time scales ranging from several
picoseconds to microseconds. Donor—acceptor supramolecu-
lar hybrids based on CNTs and PDIs were studied by Guldi
and co-workers.”” The charge transfer from the donor CNT to
acceptor PDIs occurred within 10 ps. The excited charges
recombined within 200 ps. The photoexcited charge separation
in CNT/perylene composites was investigated by Ehli et al,
who demonstrated long-lived excited states after intersystem
crossing, forming radical ion pairs at the interface.”! Hedstrom
et al. showed the spin-dependent e—h recombination between
Re'(CO);(py)(bpy-Ph) and PDI. Spin-allowed e—h recombi-
nation is much faster (~50 ps) than the spin-forbidden one
(~65 ns).”” The experimental time scales for the charge
separation and recombination differ significantly because of the
diversity in composite geometries, the nature of the
interactions, and the nonadiabatic (NA) couplings between
the donor and acceptor states.

The presence of defects in CNTs can significantly alter their
properties.”>* In the past, emphasis has been placed on the
role of defects in accelerating charge carrier losses.””*° In
comparison, the influence of defects on the photoinduced
excited-state charge separation dynamics in CNT-based
composites is nearly unexplored. However, the presence of
defects in CNTSs can play significant roles in controlling the
charge-transfer dynamics when CNTs are coupled to suitable
acceptors.

6650

Herein, we investigate the ET and e—h recombination
dynamics of CNT/PDI heterojunctions with and without
defects. Employing the recently developed methodology
combining real-time self-consistent-charge density functional
tight-binding (SCC-DFTB) with NA molecular dynamics
(MD),”’™*° we demonstrate that common CNT defects,
including the 7557 and Stone—Wales (SW) defects, have a
strong positive influence on both processes. This fact is
surprising, because defects are commonly regarded as charge
recombination centers, and significant efforts are dedicated to
defect passivation and elimination. The conclusions drawn
from the reported simulations apply to CNT-based composites
in general and to other types of defects, as long as they create
no deep trap states. The analysis shows that defects on CNT
sidewalls perturb CNT electronic structure, leading to an
accumulation of charge that creates an additional electrostatic
potential and increases the CNT work function, lowering CNT
energy levels relative to PDI. Because the molecular electron
acceptor level is designed to reside inside the CNT band gap,
the energy gap for the ET is decreased, while the energy gap
for the e—h recombination is increased. As a result, the ET is
accelerated, and the e—h is slowed, increasing charge
separation, decreasing charge recombination, and improving
the material’s performance. The ET becomes 5- and 2-fold
faster in the presence of the 7557 and SW defects, while the e—
h recombination is slowed by 2 and 4 times, respectively, as
compared to the pristine composite. The accelerated ET is
rationalized by a stronger NA coupling between the donor and
acceptor states in defect containing composites and activation
of additional vibrational modes. The lowering of the e—h
recombination rate is primarily due to a weaker NA coupling,
increased energy gap, and decreased participation of low
frequency vibrations. Both rapid charge separation and slow
recombination are essential to achieve high photon-to-electron
conversion efficiencies in solar cell devices. The findings can
apply to other types of donor—acceptor hybrids based on low
dimensional materials, which, in contrast to traditional bulk
semiconductors, are capable of accommodating defects
without creating deep mid gap charge trap states.

B RESULTS AND DISCUSSION

The present work focuses on the photoinduced ET and e—h
recombination dynamics at a CNT/PDI hybrid. Particular
attention has been paid to the role of CNT defects (Figure 1a)
in the excited-state dynamics. Two common defects, the 7557
and the SW, are introduced into the sidewall of the (6,5) CNT
in the CNT/PDI hybrid. A photon absorption by the CNT
results in multicomponent excited-state dynamics at the
interface, as shown in Figure 1b. ET proceeds from the
conduction band (CB) of the CNT to the PDI LUMO,
generating an e—h pair in the CNT/PDI composite. In the
presence of CNT defects, the charges can get trapped and lose
mobility, if the trap states are energetically deep inside the
CNT band gap. Mobile charges are extracted by the
corresponding transport layers in a solar cell, while trapped
charges eventually recombine by nonradiative relaxation to the
ground electronic state. Efficient solar cell performance
requires that the rate of charge separation is much faster
than that of e—h recombination.

PDI is embedded onto the CNT surface by weak 7—x
stacking. Introduction of the 7557 defect results in swelling of
the z-surface, while the SW defect creates a dip in the CNT
sidewall. Hence, to achieve an effective 7—x interaction, PDI
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Figure 1. (a) The 7557 and SW defects in the (6,5) CNT. The 7557
defect arises from insertion of a C, dimer into the six-member
benzene ring and creates a bulge on the CNT surface. It creates two
pentagon and two heptagon rings. The SW defect is a C, rotation
within the ideal hexagonal lattice of the CNT. It also creates two
pentagon and two heptagon rings, but without the bulge. (b)
Schematic of the energy levels involved in the photoinduced charge
dynamics at the CNT/PDI heterointerface. An e—h pair is generated
in the CNT upon photon absorption. The excited electron then is
transferred from the CNT CB to the PDI LUMO. Following the
charge separation, the e—h pair may undergo recombination across
the interface. The 7557 and SW defects do not create deep mid gap
trap states, but they change the CB and VB alignment relative to the
PDI LUMO (Figures 2 and 3).

bends around the 7557 defect site, while PDI moves away from
the SW defect site, as shown in Figure S1. The calculated
energies of interaction between the CNT and PDI show that
all CNT/PDI hybrids are thermodynamically stable (Table
S2). Because side wall defects disrupt z-electron conjugation of
the CNT, and since the CNT—PDI interaction proceeds
through n—7x stacking, the defective hybrids are slightly
destabilized relative to the pristine system. The composites
remain stable at 300 K, with their z-stacking intact (Figure S2).

The concentration of sidewall defects in CNTs can be
quantlﬁEd bY (Ndefect/Natom) X 100 Where Ndefect and N, atom
denote the number of defects and total number of atoms in the
pristine CNT, respectively. The systems under investigation
contain one defect per 364 atom unit cell of the (6,5) CNT.
Thus, the defect concentration is 0.274% for both defects.
Defect concentration is significantly lower in experiments. For
instance, using the intensity ratio of the D and G bands in the

Raman spectra, Vinten et al. showed that the defect density for
the pentagon—heptagon defect pair is 2.3 X 107 defects/
carbon, or equivalently 1 defect per 4.4 X 10° carbon atoms.*
Calculations provide similar estimates.”’ It is impossible to
achieve comparable defect concentration in an atomistic
simulation, because it would require thousands of electronic
structure calculations on systems composed of one-half a
million atoms. Our study describes a situation in which the
molecular species is adsorbed close to a defect site. We
demonstrate that, in such a case, the common defects are
favorable rather than detrimental for the charge separation and
recombination processes in solar energy applications. This is
an important finding, because it is assumed typically that
defects provide the main mechanism of charge and energy
losses. We also characterize the situation in which the
molecular species are adsorbed on defect-free parts of CNTs.

The key factors governing the excited-state dynamics include
the relative energies of the charge donor and acceptor states
and the localization of the corresponding wave functions. The
offset between the CNT band edges and the PDI HOMO and
LUMO represents a type-II heterostructure, which is preserved
in the presence of the two defects (Figure 2). MD simulations
demonstrate that the type-II alignment is maintained at 300 K.
The driving force for the ET is measured by the energy gap
between the CNT CB and the PDI LUMO. The driving force
should overcome the exciton binding energy (EBE), which is
the measure of Coulomb attraction between e and h in the
CNT. Experimental EBE for the (6,5) CNT is in the range of
0.20—0.40 eV depending on the dielectric environment of the
medium.®>*® At 300 K, the canonically averaged band offset
for the ET is 0.269 eV in the pristine system and is slightly
decreased for the CNTs with the defects (Table 1). It is
important to note that the 7557 and SW defects perturb the
CNT electronic structure only moderately. Neither defect
creates a mid gap trap state, nor do the defects change
significantly the value of the band gap.

The charge densities of the key orbitals, including PDI
LUMO, CNT valence band maximum (VBM), conduction
band minimum (CBM), and CBM+1, involved in the charge-
transfer dynamics of the CNT/PDI composites are shown in
Figure S3. The charge densities of the VBM, CBM, and CBM
+1 states of pristine CNT are fully delocalized. On the other
hand, the defects moderately localize the CBM and VBM
charge densities, with the largest localization observed for the
VBM in the composite with the 7557 defect. The CBM+1

(a) pristine (b)

7557 (c) SW

— CNT
= PDI

PDOS

| I A 1 |

ﬂ L M

-2 -1 ’ -2 -1 0

1 2 -1 0 1 2
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Figure 2. Projected density of states (PDOS) of the interacting CNT and PDI systems in (a) the pristine CNT/PDI composite, and the composite
with (b) 7557 and (c) SW defects. All the composites show type-II band alignment, with the HOMO of the combined system corresponding to the
CNT VBM and the LUMO localized on the PDI. Of note, the CNT DOS is larger than the PDI DOS. The nature of the CNT van Hove
singularities and the PDI discrete energy levels is preserved in the combined system. The van Hove singularities are perturbed only slightly by the
defect. The chemical environment and hence the electronic features of the CNT are unaffected by the PDI, implying that the interaction between
the PDI and the CNT remains noncovalent in nature.
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Table 1. Simulated Averaged Band Offset/Gap, Root-Mean-
Square NA Electron—Phonon Coupling, Decoherence, and
Relaxation Times for ET and e—h Recombination in the
CNT/PDI Hybrids

band

offset/ NA time

ap coupling  decoherence  scale

process systems feV) (meV) (fs) (ps)
ET pristine 0.269 2.73 26.2 10

7557 0.207 49.03 28.1 1.8

SW 0.253 7.56 23.4 5.9
e—h pristine 0.483 1.83 6.2 137
recombination 7557 0.520 149 47 231
SW 0.555 0.83 7.6 548

charge density remains delocalized even in the defective CNTs.
The LUMO is fully localized in PDI for all composites. The
localization of the VBM of the CNTs with the defects near the
PDI facilitates interaction of the CNT and PDI s-electron
subsystems and favors rapid ET from the CNT to PDI. In
comparison, delocalization of the CBM charge density over the
defect-free CNT disfavors charge transfer to PDI in the
pristine composite.

The CNT and PDI are noncovalently attached by van der
Waals force of attraction, and a local electrostatic interaction is
present between the CNT and PDI due to an asymmetric
charge distribution. The Mulliken charge distribution analysis
reveals that the Coulomb interaction is stronger in the systems
containing defects than in the pristine composite, and the
trend is 7557 > SW > pristine. The additional electrostatic
potential increases the material’s work function and shifts the
energy levels of the defective composites down in energy64
(Figure 3). The charge distribution of the pristine CNT is
perturbed by the defects (Figure S4), the CNT electrostatic
properties change more than those of PDI, and the CNT
energy levels are shifted down relative to PDI's LUMO (Figure
3). The larger shift of the CBM energy as compared to the
LUMO rationalizes the decrease of the band offset for the ET

! = CBM+1
0.269 0253 } CBM
| 3 |
0.207
~Z Ty FLumo
>
>
= 0.483 0.520 0.555
=
= I}
} VBM
pristine 7557 SW

Figure 3. Schematic of the key energy states involved in the charge
separation and recombination dynamics in the composite systems.
The energy levels are shifted to lower energies in the presence of
defects, due to stronger electrostatic interactions and increased work
functions (Table S1). The downshift is larger for the CNT states
because of the CNT defects. As a result, the energy gap for the charge
separation decreases, favoring fast ET, while the energy gap for the
charge recombination increases, favoring longer-lived charge-sepa-
rated states.
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in the defected composites (Table 1). This phenomenon
favors efficient charge separation. At the same time, the larger
shift of the VBM energy relative to the LUMO increases the
energy gap for the e—h recombination, extending the lifetime
of the charge-separated state.

The favorable change in the energy gaps to facilitate faster
charge separation and slower charge recombination relies on
the fact that the defects create only a moderate perturbation to
the CNT properties. Defects creating deep mid gap trap states
can accelerate charge separation, but they will also accelerate
the recombination. The 7557 defect reduces the CBM-—
LUMO gap for the ET more than does the SW defect (Table
1), because generally it perturbs the CNT properties more
significantly. At the same time, the SW defect increases the
LUMO-VBM gap for the e—h recombination more than does
the 7557 defect, because the 7557 defect perturbs the VBM to
a larger extent than does the SW defect (Figure 3) and lifts its
energy.

The shift of the CNT energy levels by the defects is
corroborated with the work functions reported in Table SI.
Calculated with DFT, the work functions follow the trend
7557 > SW > pristine. Thus, the additional electrostatic
potential arising due to perturbation of the CNT electronic
system by the defects is strongest in the 7557 system, and the
electrostatic lowering of the CNT VBM and CBM levels
relative to the PDI LUMO is more significant.

The photoinduced charge separation and recombination at
the CNT/PDI interface occur by nonradiative transitions, and
therefore these processes are strongly coupled to vibrational
motions. Both elastic and inelastic electron—vibrational
interactions play important roles. Elastic scattering randomizes
phases of the electronic wave functions that in turn leads to
loss of quantum coherence, whereas inelastic scattering is
responsible for loss of electronic energy as heat during the
charge-transfer processes. Thus, to gain a deeper insight into
the dynamics, knowledge of charge—phonon interactions is
crucial in this context.

For a particular system, not all the vibrational modes are
available for coupling to the electronic subsystem during the
photoinitiated excited-state dynamics. Fourier transforms
(FTs) of the energy gaps between the donor and acceptor
states, known as the influence spectra or spectral densities,
characterize the phonon modes coupled to the electronic
subsystem. Figure 4 presents the data for the ET process, while
Figure S gives the influence spectra for the e—h recombination
in the three composites. The high-frequency phonon mode at
1750 cm™ is due to C—C stretching in the CNT, well-known
as the G band.*® The strong peak at 1550 cm™" is due to the
in-plane C=C stretching motion of the PDI aromatic core.’®
The less dominant peaks around 1600—1650 cm™" are ascribed
to the C=O phonon vibration of PDL®" Low frequencies
under 500 cm™' arise from radial breathing modes (RBM) of
CNT>"%® and substituent-assisted plane distortions of the PDI
core.”” The high-frequency phonon modes in the range of
1500—1800 cm™" drive the ET process. Only these modes are
seen in the signal for the pristine system (Figure 4a). Defects
break the CNT symmetry and introduce and activate other
modes, in particular in the lower frequency range (Figure 4b
and c). The incorporation of an extra C, dimer and the C,
rotation perturb the z-surface of the CNT, creating local
vibrational modes in the RBM frequency range. Coupling of
the wider range of vibrational modes increases the NA
coupling and accelerates the ET process (Table 1). Both high
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Figure 4. Fourier transforms (FTs) of the energy gaps between the donor and acceptor states involved in the photoinduced ET in the (a) pristine,
(b) 7557, and (c) SW composites. The ET is driven by high frequency phonons that are capable of accommodating larger amounts of energy lost
during the process. The defects activate additional modes in the lower frequency range. (d) The ET dynamics at the CNT/PDI interface. Shown
are evolutions of populations of the photoexcited states. The 7557 and SW defects accelerate the ET by factors of 5 and 2, respectively.
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Figure S. Fourier transforms (FTs) of the energy gaps between the donor and acceptor states involved in the e—h recombination dynamics in (a)
pristine, (b) 7557, and (c) SW composites. A broad range of vibrations participate in the recombination process. While higher frequency modes can
accommodate larger amounts of electronic energy and have higher velocities that enter the NA coupling, lower frequency modes have a stronger
influence on the e and h wave functions and produce larger nuclear gradient matrix elements. The defect deactivates some of the higher frequency
phonons and generally makes the electron—phonon coupling weaker (Table 1). (d) The e—h recombination for the systems under consideration.
Shown are evolutions of populations of the charge-separated states. The 7557 and SW defects extend the lifetime of the charge-separated states by

factors of 2 and 4, respectively.

and low frequency vibrations are involved in the e—h
recombination process (Figure 5). While the ET process is
too fast to allow significant contributions from the slow
vibrational motions, the e—h recombination takes a much
longer time. The slow out-of-plane motions that perturb the 7-
electron systems of the CNT and PDI and modulate their
overlap play important roles during the recombination.

We compute the decoherence time as the pure-dephasing
time of the optical response theory, by applying the second-
order cumulant approximation.”’ The pure-dephasing func-
tions are fitted with Gaussians y = exp(—0.5[t/Tgecon)’) to
obtain the decoherence times, 74, reported in Table 1. The
decoherence times are longer for the ET than for the e—h
recombination. The 7557 defect extends coherence for the ET
process and shortens it for the recombination as compared to
pristine CNT, but the SW defect shows the opposite trend.
The duration of coherence present between pairs of states
influences the carrier dynamics. However, other factors such as
the NA coupling, energy offsets and gaps, and participating
phonon modes have a stronger influence than does the
coherence time, making the systems with defects perform
better than the pristine system. Overall, the decoherence time
scales for ET and e—h recombination for defects are
comparable to those for the pristine structure. All these facts
favor faster charge separation and slower recombination,
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because faster decoherence leads to slower dynamics, as
exemplified by the quantum Zeno effect.”’

The ET from the photoexcited CNT to PDI proceeds
through a NA transition between the CBM and LUMO. The
results of the NAMD simulations of the ET process are
presented in Figure 4d. The decay curves are fitted by a linear
combination of the Gaussian and exponential functions, y = A
exp(—t/7op) + (1—A) exp(t/7,)% and the reported time
scales are the weighted averages of the two time constants, 7 =
ATy + (1 — A)Ty,. Photoexcitation of the CNT in the pristine
composite leads to ET to the PDI with a time constant of 10
ps. This agrees with the recent experiments reporting the
charge-transfer time of below 50 ps in (6,5) CNT/PDL’* The
defects accelerate the transfer by a factor of 2—35, with the 7557
defect having a stronger influence. The accelerated charge
separation arises as a result of several factors. The CBM—
LUMO energy gaps decrease because the CNT CBM shifts
down in energy due to both increased work function (Table
S1) and modest localization of the CBM around the defects.
Both factors lower the CBM energy. The NA coupling for the
CBM~—LUMO transition increases in the composites contain-
ing the defects (Table 1). Lowering of the energy gap
contributes to the increased NA coupling. Other factors
include localization of the CBM near the defects that provide
adsorption sites for the PDI molecules (Figures S3 and S4)
and additional coupling of low frequency vibrations to the NA
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transition (Figure 4). Cumulatively, all of these factors play
positive roles, favoring efficient charge separation and leading
to improved device performance.

The e—h recombination constitutes the primary source for
the undesired energy and current losses, limiting device
performance. Not only a rapid charge transfer between donor
and acceptor is required to enhance the efficiency of a solar
cell, but also slow and delayed e—h recombination is highly
desired. The results of the NAMD simulation of the e—h
recombination shown in Figure 5d have been fitted to the
exponential function y = exp(—t/7) to obtain the recombina-
tion time constants summarized in Table 1. The 137 ps time
obtained for the pristine composite provides a good match
with the experimental result (630 ps).”” The defects slow the
recombination by a factor of 2—4, to 231 ps for 7557 and 548
ps for SW. The influence of defects on the carrier relaxation
dynamics can be traced by the following factors. The defects
increase the CNT work functions (Table S1), shifting the
CNT energy levels down, and hence increase the gap between
the PDI LUMO and the CNT VBM (Figure 3). The increased
gap leads to slower relaxation, according to the exponential gap
law.” The defects suppress participation of the low frequency
modes in the e—h recombination dynamics. Parts b and ¢ of
Figure S show much weaker signals in the 250—500 cm™
frequency range as compared to part a. The increased energy
gap and decreased number of active vibrational modes lead to
smaller NA coupling in the defective composites (Table 1).
Thus, in addition to the faster ET, the 7557 and SW defects
favor slower e—h recombination. Both phenomena assist in
improving the performance of photovoltaic and electrooptic
devices.

B CONCLUSION

By combining the time-domain SCC-DFTB method with
NAMD, we have investigated the ET and e—h recombination
in the CNT/PDI nanohybrids. The simulation explored the
role of CNT defects (7557 and SW) in the photoinduced
excited-state dynamics. The time scales obtained for both the
ET and the e—h recombination events nicely corroborate with
the recent experimental observations. The simulated ET time
scales for the pristine, 7557, and SW defect systems are 10, 1.8,
and 5.9 ps, respectively. The charge redistribution induced by
the defects enhances the local electrostatic interaction and
increases the CN'T work function. As a result, the defects lower
the donor—acceptor energy gap for the photoinduced ET, and
thereby the NA coupling becomes stronger, and the ET rate
increases as compared to the pristine system. The accelerated
ET is also favored by the involvement of a broader range of
vibrational modes in the defect presence. On the other hand,
the e—h pair recombines in the pristine system within 137 ps,
while the 7557 defect extends the charge lifetime nearly by a
factor of 2 to 231 ps. The SW defect slows the recombination
even more, enhancing the carrier lifetime to 548 ps. Defects
increase the energy gap for the e—h recombination, as
compared to the pristine system, because the CNT VBM is
shifted toward a lower energy relative to the PDI level. In
addition, the defects deactivate low frequency vibrations
involved in the recombination. By weakening the NA coupling,
the defects suppress the nonradiative e—h recombination and
promote longer-lived charge-separated states. Chemical inter-
actions are enhanced by defects, and many molecules,
polymers, and other acceptor species tend to bind near defect
sites. The obtained conclusion that common CNT defects
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favor charge carrier separation and slow charge carrier
recombination in CNT composites is very important for
solar energy applications. By establishing the detailed atomistic
mechanism of this phenomenon, the study suggests that the
conclusion may apply to defects in other low dimensional
materials that can accommodate defect-induced strain and
avoid creating localized mid gap charge traps that are common
in traditional bulk semiconductors.
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