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ABSTRACT: Shallow hole doping in small-diameter semiconducting carbon nanotubes
with a valley degeneracy is predicted to result in the resonant ionization of excitons into
free electron—hole pairs. This mechanism, which relies on the chirality of the electronic
states, causes excitons to decay with high efficiencies where the rate scales as the square of
the dopant density. Moreover, multiparticle exciton ionization can account for delocalized
fluorescence quenching when a few holes per micrometer of tube length are present.

SECTION: Spectroscopy, Photochemistry, and Excited States

or more than a decade, single-walled carbon nanotubes

(SWNTs) have shown unique transport, optical, and
mechanical properties, making them one of the most promising
systems for nanotechnology applications. The optical properties
of SWNTs have proven to be particularly intriguing because they
are dominated by strong resonances associated with bound
excitons. In particular, the GW-Bethe—Salpeter formalism"* for
understanding the optical properties of semiconductors has been
applied with great success to understanding the positions of the
peaks in the absorption spectrum of SWNTs.>~> Apart from the
absorption frequency spectrum, the exciton lifetime also plays a
critical role in determining the light emission efficiency of carbon
nanotubes for optical devices. As a result, there have been several
studies, both theoretical®® and experimental, on the lifetimes of
excitons.”'

An examination of these studies reveals certain discrepancies
between theory and experiment, leading to the conclusion that
the important problem of exciton decay is not understood. The
most fundamental exciton lifetime mechanism for optically active
excitons is radiative decay.® However, the calculated radiative
decay lifetime is found to be on the order of a few nanoseconds as
opposed to experimentally measured lifetimes of a few tens of
picoseconds.' !> Moreover, experimentally, it is found that only
about 1% of the decay of excitons is radiative, ruling light
emission out as a dominant mechanism."? In order to account for
low emission efficiencies, it has been shown that excitons can be
highly mobile along the tube backbone, with diffusion lengths
that can be hundreds of nanometers,'>**72! resulting in a large
probability that an exciton will encounter the tube end or a
quenching defect within it is lifetime. Besides low emission
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efficiencies because of high exciton mobilities, carbon nanotubes
have also been found to be hole-doped spontaneously by the
presence of the aqueous oxygen redox couple,”> molecular
oxygen,” and other redox species such as H,0,.”>** Therefore,
alternative decay mechanisms involving Auger decay with a free
hole® as well as a phonon-assisted process’ have been proposed
to account for chemically induced nonradiative decay channels.

We propose an ionization mechanism for the decay of excitons
into free electron—hole pairs, which is purely a result of the
Coulomb interaction. This mechanism is unlike the conventional
Auger mechanism and leads to the generation of four particles,
that is, two electron—hole pairs, instead of a single high-energy
hole. This eliminates the kinetic energy barrier involved in the
Auger decay and allows the process to occur for zero-momentum
bright excitons. The rate of decay from this mechanism is
calculated using a two-band model with parameters fit to match
prior calculations of excitons supported by experimental results.
Our investigation suggests that photoluminescence quenching
may occur when only a few holes per micrometer of tube length
are present.

In hole-doped SWNTs, photoexcitations can decay by the
Auger process where the exciton decays by transferring its energy
and momentum to a hole.® However, this mechanism requires
the exciton dispersion to intersect with the hole dispersion at an
energy comparable to the thermal energy so that both energy and
momentum can be conserved. This only leads to an efficient
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decay mechanism of dark excitons,® which have a larger effective
mass than the holes. Therefore, the conventional Auger
mechanism does not lead to decay of the zero-momentum
bright excitons that are created by the incident radiation. The
other mechanism that has been suggested for the decay of
excitons in doped carbon nanotubes is the phonon-assisted
indirect exciton ionization (PAIEI) mechanism.” Here, the
phonon provides the excess momentum needed for the
dissociation process. However, for low dopant densities, the
PAEIE mechanism leads to 2 lifetime that is too long to be
consistent with experiment,”® and in the high doping regime,
metallic screening may dominate and lead to bleaching of
transitions.>®

Given that the currently studied mechanisms are unable to
account satisfactorily for exciton dissociation in the low doping
regime, we consider a four-particle mechanism outlined in Figure
1, where we define a multiparticle exciton ionization (MEI). In
chiral carbon nanotubes, the electronic states arise from a mirror
symmetry of the K/K' valleys associated with the underlying
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Figure 1. (a) Exciton dispersions for a bright exciton (red line) and the
free electron—hole pair continuum (black line) in semiconducting
carbon nanotubes. £ is the exciton energy, and E, is the free electron—
hole pair gap where the exciton binding energy is given by Ej, = Qg — E,.
(b) Initial state of an electron—hole pair in the K valley, near k., ~ 0, that
makes up the bright exciton in (a). The arrow illustrates the initial
scattering of e, in a slightly doped SWNT with a hole pocket in the
otherwise filled valence band. The filled part of the valence band is
shaded blue, where Eg is the Fermi level. The exciton instantaneously at
one possible center of mass momentum in the K valley is composed of
the vertically separated electron—hole pair, e, and h;, in the K valley. (c)
The final state where e, nonradiatively decays from the conduction band
&, into the hole pocket near —k, leaving the hole h; at —k + g. At the
same time, another electron e, makes a transition from the filled valence
state at —k — g to the hole pocket near —k to conserve energy and
momentum in the K valley. This is an intravalley process denoted as 1.
Alternatively, e, makes a transition from the filled valence state at k — g
to the hole pocket near k to conserve energy and momentum in the K’
valley. This is an intervalley process denoted as 2. Energy is conserved as
the final electron—hole pairs have a total energy of €.
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graphene sublattices, which are energetically degenerate and
have opposite angular momentum on the quantized tube. Here,
an electron from an exciton makes a transition to the hole pocket,
defined by the Fermi momentum kg = 7ny/4, where ny is the
linear dopant density, in the K valley while another electron
makes a transition from the occupied valence band into the hole
pocket in the K’ valley. In Figure 1b, Eg, refers to the Fermi level
associated with the filled Fermi sea, shown as the shaded region.
Excitations above the Fermi sea are referred to as electrons, while
those below the Fermi sea are referred to as holes, and the phrase
hole pocket refers to the part of the valence band above Ej. that
supports electron-like excitations. The resulting process is a
decay of the exciton into a pair of electrons in the hole pocket
together with a pair of holes in the occupied valence band. The
interaction driving this scattering process is the screened
Coulomb interaction of the semiconducting tube.*® We are
assummg that we are at sufficiently low doping, kr & 10 —-107*
nm™’, so that the metallic screening can be 1gnored S Therefore,
we take the Coulomb interaction to be in the static limit, and the
calculated decay rate of the exciton is related to the strength of
the screened Coulomb interaction, which in turn will be
estimated from the exciton binding energy.

The initial exciton state with center of mass momentum K, in
the single band approximation can be written as

exc,K> qu df’ drh c,v,K0¢ q+(K /2)( )¢vq (K /2)(”}1)

¢'(r)e(r,)l0) O]

where ¢ are the conduction and valence band wave
functions for the carbon nanotube and ¢’ is the electron creation
operator on the lattice of carbon atoms on the nanotube acting
on the vacuum state 10).>” Note that the vacuum state |0} already
contains a hole pocket, so that the hole creation operator
By, - g—(Ky2)(r)e(r,)10) must vanish for k; in the hole pocket.
Strictly speaking, this implies that the corresponding Bethe—
Salpeter equation for the exciton wave function A_, ;. must be
viewed as a variational problem with the constraint that A,
vanishes whenever g + (K,/2) is in the hole pocket. However, for
the small sizes of the hole pocket considered here, this constraint
can be neglected.

The wave functions ¢, A,
been obtained previously from first-principles calculations.
Therefore, the exciton decay into multiquasiparticle states is
obtained by considering the Coulomb interaction perturbatively
on the exciton. The lowest-order Coulomb interaction processes
where an exciton decays into hole quasiparticles is shown in
Figure 1c. In terms of the state 10), the final state with a pair of
electrons at k, ,k. both in the hole pocket and a pair of holes at

ey

and the exciton energy €2 have
1-3

ky, ;kp,, in the occupied part of the valence band can be written as
oy Koy by k) = [, dr, dn, dn d () ()
& ()85, (1) 0 G )eln,)
c(r,,)10) @)

Asin the case of eq 1, the above definition of states only applies to
the wave vectors k;, ,k;, being outside of the hole pocket and
vanishes when either of these wave vectors is in the hole pocket.
For small sizes of the hole pocket, the phase space corresponding
to final states with these vanishing states, which must be
excluded, is small and may be ignored. The final multiple
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quasiparticle states must continue to have a center of mass
momentum k, +k, — ky, — k, =K, and also a total energy equal

- 8v(k’h;) - Ev(khz) = QS
of the exciton, Figure 1. Here, &,(k) is the valence band
dispersion of the highest valence band of the nanotube.
Neglecting the Fermi energies of the hole pocket (ie.
le (k. ) le (k. )] < €g), the final hole energies can be

approximated by Qg ~ —(¢,(k;, ) + £,(ky,,)). Because the thermal

to the excitation energy &,(k,,) + &,(k.,)

energy of the exciton is much lower than Qg (so that K, < Ik, ||
ky,|), we can further approximate ,(k;, ) ~ &,(k,,) & —€s/2 and
ky, &
eq 1 where the hole momentum g equals the final hole
momentum g = ky,, contribute to the decay process.

Including spin and valley degeneracy, there are a total of 12
processes in a chiral tube, 6 which are shown in Figure 2, related

—ky,. Furthermore in Figure 1, only states in the exciton in
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Figure 2. Schematic of the spin and valley degrees of freedom involved
in the proposed decay mechanism, where the spin is given by the straight
line and the valley by a curved line. An exciton at K or K', given by the
shaded oval, can decay via the Coulomb interaction V into two
electron—hole pairs in the three spin—valley configurations shown.
Similarly, the spin-opposite configuration of these process can happen,
giving a total of 12 possible decay channels.

by particle exchange to obtain the same final state starting from
the exciton. All of these processes are mediated by the screened
Coulomb interaction.”® Because k. & k,, are in the hole pocket

and are small, spin is not conserved when an electron—hole pair
is created in the same valley with the same spin configuration of
the exciton. Therefore, we only consider the cases where the
exciton scatters into an electron—hole pair in the same valley with
an equal or opposite spin configuration while the other electron—
hole pair is created in a different valley with an equal or opposite
spin configuration or the same valley with an opposite spin
configuration. Here, we assume that e; and h, arise from the
exciton and that an Auger process creates the pair e, and h,, and
we are in a low doping regime such that exciton binding energies
or band gaps are unperturbed. We can then assume k. , k, ~ kp <

g, and the decay rate using Fermi’s golden rule is written as

24nk2
qu IM(q)D(q) 3)

where the matrix element M(q) = (W VI(h0),(h0);(h—
q)(h,q)) and the density of free electron—hole pair states
(including spin and valley degeneracy) in the k-p approximation
is given by D(q) = 4(fwvglgl) ™' (¢* + o Using the exciton wave

MEI
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function A(q) and the Coulomb interaction V(gq), the square of
the matrix element can be expressed as

2

(2 k) )

where the e—h pair wave function overlaps I(u, _qluho)l It
upo)® = (1/4)q*/(¢> + ki) have been used from the k-p
approximation.

Given the small doping levels of the nanotube, we will restrict
ourselves to a simplistic two-band continuum model® to estimate
I'ypr. Within this approximation, the screened electron—hole
interaction is taken to be of the form V(q) = gU(lg/k,l) = gl,(Ig/
k.)Ko(lg/k,), where I; and K, are Bessel functions and g is a
coupling constant. Here, k, = 2/(3d) is the transverse
momentum quantum for the electrons on the nanotube, which
defines the free particle gap E, = 2hwgk,, where d is the diameter
of the nanotube. The two-band continuum Bethe—Salpeter
equation can be written in dimensionless form as

W1+ & —1-e)B®K)

= qu U(§)F(k; k + )B(k + q)

M(q)f* = A (q)V*(q)

©)

where the rescaled coupling constant is 4 = gk,/E;, the
dimensionless exciton binding energy is & = Eb/Eg, and k = k/
k. and § = q/k,. Here, the chirality factor

1+ kk,/k>

Flky k) = |1
v NN e

(6)

arises from the overlaps I{u, il )I{th, plig 1 )] in the k-p theory,
and we have used ()5 = E, + Ey, with E;, < 0. Moreover, it is clear
from the left-hand side of eq S that energy conservation requires
that (1 + k%)'/? — 1 = ¢, which gives the phase space restriction k

= [e(e+2)]"2. Similar to the Bethe— —Salpeter equation, we recast
the decay rate in eq 3 using the above-defined nondimensional
quantities such that

9dr*ni A velkIB(k)* U (k)*
VE + 1 7)

In order to estimate 'y, the dimensionless solution B(k) to
the exciton wave function and & are obtained from previous
calculations for the screened Coulomb interactions in nano-
tub~es.7 We find that for an effective dielectric constant of k = 3.3,
B(k) ~ (1 + 1.69k*)™"? and & ~ —0.23. This value of € suggests
that E, & —0.23E,, or for the prototypical (6,5) tube, E, ~
—370 meV for E, ~ 1.6 eV, which is consistent with experimental
estimates.”® Integrating both sides of eq S over k, we obtain 1 =
0.3S, which varies less than 10% upon changing the integration
range from k = 2 to 20.

Given the coupling constant 4 and k, eq 7 can be simplified to

(8)

which is valid in the low doping regime (ng & <10 yum™") where
dynamical screening of the Coulomb interaction is predlcted to
lead to small changes in the exciton binding energy.”® This
equation is the central result of our analysis, and we point out that
the rate scales as 13 as compared to n4 in the PAIEI mechanism.”
In order to compare this result to similar exciton—exciton
annihilation processes in a tube of length L, we define an Auger
constant such that A = vgd/L. For a small-diameter nanotube,

Tve =

Tye & andd
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such as the (6,5) tube with d = 0.75 nm, with an energy gap
within k-p of E; = 2Awvgk, = 1.6 eV, the Fermi velocity should be vg
~ 1.36 nm—fs . Therefore, for a single hole dopant in a 1 ym
tube, A ~ 1 nm—ps~’, which is nearly 3 orders of magnitude
smaller than estimations of similar exciton—exciton annihilation
processes.” This is easily understood from the phase space
restriction, outlined above, arising from energy conservation.
However, when compared to a phonon-assisted process (PAIEI),
Figure 3a, we find that MEI is much more efficient. In fact, for a
single hole dopant in a 1 ym tube, MEI is approximately 80%
more efficient than PATEL
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Figure 3. (a) Calculated decay rates for both the PAIEI” and MEI (eq 7)
mechanisms. (b) Calculated relative fluorescence quantum yields # for
the PAIEI” and MEI mechanisms as a function of hole density.

We now estimate the impacts of this model on fluorescence
quantum yields in nanotubes assuming no prior doping. Using eq
8 with the standard definition of the fluorescence quantum yield

I

r

rl_Fr+Fnr+FMEI

©)
where I', is the radiative decay rate and I, , is the nonradiative rate
before hole doping, we show a strong change in 77 as a function of
nq in Figure 3b for MEI as compared to that for the PAIEI
mechanism.” Here, I', = 5.5 X 10™* ps™ and I",, =2 X 107 ps~*
are taken from experimental results on undoped (6,5) tubes.”*°
Our model suggests that a few holes per micrometer of tube
length are sufficient to reduce the fluorescence quantum yield by
detectable amounts. Specifically, for a (6,5) tube with an
estimated 77 ~ 2.7%, one hole every d; ~ 260 nm could result in 77
= 1.35%. However, excitons in carbon nanotubes are highly
mobile, and by including an exciton diffusion length of I, & 200
nm,”! which is neglected in the above formalism, this quenching
range could be extended to approximately 2I, + d; ~ 660 nm,
resulting in the same 7 reduction. Therefore, this model suggests
that the multiparticle exciton ionization may be the dominant
mechanism of excitonic decay in shallow, doped, small-diameter
carbon nanotubes. Supportin§ our model, single nanotube
investigations by Heller et al.>* have demonstrated that single
reducing events within 900 nm of the tube length can qouench
photoluminescence by ~10%. Similarly, Crochet et al.** have
shown in long (6,5) tubes that reduction events can quench
fluorescence over micrometers of tube length. Such multiparticle
states can be expected to relax to the ground state by diffusion-
limited recombination processes that would result in power law
ground-state recovery kinetics.

In summary, we have demonstrated that excitons can be
effectively ionized in small-diameter SWNTSs even at relatively
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low dopant concentrations. This extremely efficient mechanism
is driven by both the particularly strong Coulomb interaction
experienced by charge carriers in quasi-one-dimensional systems
and the intrinsic chirality of the underlying graphene sublattice.
Also, these results may partially account for the exponential
quenching of SWNT emission in field effect transistor devices as
a function of gate voltage in the low doping regime."® Finally, we
emphasize that doping at low levels may be of interest for
photovoltaic applications where high exciton ionization rates
without the expense of bleaching optical transitions is desired.
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