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We have observed that photoemission from single-walled carbon nanotubes saturates in intensity as the
excitation intensity increases. Each emission peak arising from specific-chirality tubes exhibited a

saturation value independent of the excitation wavelength, suggesting an upper limit on the exciton
density for each nanotube species. We developed a model based on diffusion-limited exciton-exciton
annihilation, which allowed us to estimate exciton densities in the saturation regime. The estimated
densities were found to be still substantially smaller than the expected Mott density.
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Optical processes in 1D semiconductors are affected by
strong Coulomb interactions and have been the subject of
many theoretical [1-4] and experimental [5-11] studies.
Early studies of lasing in semiconductor quantum wires
[5,6] stimulated much interest in the properties of high-
density 1D excitons, or correlated electron-hole (e-h) pairs,
especially in their stability against biexciton formation,
band-gap renormalization, and dissociation. Although it
has been established that excitons in quantum wires are
stable up to very high densities (105-10° cm™'), unan-
swered questions remain. An insulating exciton gas is
expected to become unstable at high densities and even-
tually transform into a metallic e-h plasma at the Mott
density, where the interexciton distance approaches the
exciton size. At what density gain should appear and
whether a clear Mott transition exists in 1D systems are
open questions [2-4,7-11].

Single-walled carbon nanotubes (SWNTs) [12] have
recently emerged as novel 1D solids. The exciton binding
energies reported for semiconducting SWNTs are very
large (~400 meV [13,14]) compared to typical GaAs
quantum wires (~20 meV [2,6]). Despite much recent
progress in understanding their basic optical properties,
only a limited number of studies have been performed
under the condition of high carrier or exciton densities
[15-17]. In particular, there have been no reports quantify-
ing exciton densities in relation to the Mott density.

Here we describe detailed characteristics of photolumi-
nescence (PL) and photoluminescence excitation (PLE)
spectra of SWNTs at high exciton densities. Although PL
intensity rapidly saturated with increasing pump fluence,
PL spectra were stable, indicating that there is no band-gap
renormalization, screening, or dissociation into an e-h
plasma. However, we observed broadening and eventual
complete flattening of PLE spectra at high laser intensities.
We show that this originates from strong exciton-exciton
annihilation (EEA) that provides an upper limit for the
exciton population in the lowest-energy (E;;) state. Our
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model, taking into account exciton diffusion in EEA, al-
lowed us to estimate exciton densities from the saturation
curves. The estimated densities for the highly saturated
regime were on the order of 1 X 10° cm™!, which is more
than 1 order of magnitude smaller than the expected Mott
density and explains the observed stability of PL spectra in
the saturation regime.

The sample was prepared by ultrasonicating CoMoCAT
SWNTs in D,O with 1 wt% sodium cholate for 1 h, fol-
lowed by ultracentrifugation at 111000 g for 4 h. Only the
upper 50% of the supernatant was collected. Through this
procedure, SWNT bundles were effectively removed. The
solution was held in a 1-mm-thick quartz cuvette. The op-
tical density in the E,, region was below 0.2, which helped
avoid inhomogeneous excitation and reabsorption of PL.
Our tunable excitation source was a 1 kHz, ~250 fs optical
parametric amplifier (OPA) pumped by a chirped pulse
amplifier (Clark-MXR, CPA2010). The OPA beam was
focused onto the sample with a spot size of 300-400 wm.

Figure 1(a) compares two PL spectra. The black solid
curve was taken with the OPA tuned to 654 nm (or 1.90 eV)
with pulse energy = 29 nJ, while the red dotted curve was
obtained using a weak (100 W) cw laser with a wave-
length of 658 nm. It is seen that the relative intensities of
different PL peaks [labeled by their chiral vectors (n, m)]
are drastically different between the two curves. The inset
confirms that the two spectra coincide accurately when the
OPA pulse energy is kept low (300 pJ). Figure 1(b) shows
PL spectra for pulse energies of 1 nJ (curves 1 and 7), 4 nJ
(2 and 6), 10 nJ (3 and 5), and 30 nJ (4). The (7,5) peak is
dominant at low fluences while the (6,5) peak becomes
dominant at high fluences. It is important to note that the
different curves were taken in the order of no. 1 to no. 7.
The near coincidence of the pair of curves at 1, 4, and 10 nJ
demonstrates that the observed changes are reproducible
and are not caused by any laser-induced permanent change
in the sample. We also reproduced a similar power depen-
dence in a dried film, showing that the power dependent
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FIG. 1 (color online). Pump-intensity-dependent PL spectra.
(a) Black solid curve: spectrum obtained with OPA (654 nm,
29 nJ). Red dashed curve: spectrum obtained with a cw laser
diode (658 nm, 100 wW). Inset shows that the two spectra
coincide when the OPA pulse energy is very low (300 pl).
(b) Change of PL spectra versus OPA pulse energy between 1
and 30 nJ (in the order of no. 1 to no. 7). Curve 4 corresponds to
the highest fluence (~1.3 X 10'* photons/cm?).

changes are not an artifact caused by the fluidic nature of
the sample. Finally, note that the PL intensities tend to
saturate at high laser fluences, while their peak positions do
not change at all and linewidths increase only slightly (by
~15% from curve 1 to 4).

Figures 2(a)-2(c) plot integrated PL intensities for (6,5),
(7,5), and (8,3) tubes, respectively, versus pump fluence
with pump wavelengths of 570, 615, and 654 nm. The
E,,-resonant wavelengths of these tube types are 570,
647, and 673 nm, respectively. The integrated PL inten-
sities were obtained through spectral decomposition as-
suming 50% Lorentzian + 50% Gaussian, while keeping
the peak positions fixed. Figure 2 indicates that saturation
starts at a lower (higher) fluence when the sample is
resonantly (nonresonantly) excited. The unexpectedly
fast saturation of the (7,5) peak with 570 nm excitation
(which is nonresonant) is likely due to its proximity to the
phonon sideband at 585 nm [18]. The solid curves and the
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FIG. 2 (color online). Integrated PL intensity versus pump
fluence for (6,5), (7,5), and (8,3) SWNTs. Pump wavelengths
were 570 nm (circles), 615 nm (squares), and 654 nm (triangles).
The error bars account for +5%. The solid curves and the dashed
curves are fitting by Eq. (3) and (4), respectively.

dashed curves are theoretical fits to the experimental
curves based on our model to be discussed later.

Figures 3(a)-3(d) show PLE maps taken with various
pump fluences. The step size for the pump photon energy
was 20 meV. The lowest fluence data [Fig. 3(a)] is essen-
tially the same as that taken with low-intensity cw light.
However, as the fluence is increased [Figs. 3(b)-3(d)], the
E,, excitation peaks gradually broaden and eventually
become completely flat at the highest fluence (1.2 X
10'* photons/cm?); i.e., PL intensities become indepen-
dent of the excitation wavelength. The corresponding PLE
spectra are shown in Figs. 3(e)-3(h) for three PL wave-
lengths at 983, 1034, and 1125 nm.

To provide further insight into the nature of the observed
broadening and flattening of PLE spectra, we performed
absorption measurements in the E,, region using OPA
pulses. Figure 4 compares two transmission spectra mea-
sured with fluences of 1.0 X 10'? photons/cm? (linear
regime) and 1.0 X 10'* photons/cm? (saturation regime),
respectively, and a transmission spectrum taken with weak
cw white light. It is clear from the figure that the E,,
absorption peaks do not exhibit any broadening and shifts
even in the saturation regime, strongly suggesting that

037401-2



PRL 102, 037401 (2009)

PHYSICAL REVIEW LETTERS

week ending
23 JANUARY 2009

(é)l ————
—_ o
250 1.2x 102 em™-
= ’5)
=] % —6—983 nm
o ~3-1034 nm
s 1or —&-1125nm 7]
= 5
2 05} R
.9 £ = g Y00
c o
e R e
- 5.0(f .
2 1.2x10" em?
Saof £ 18 -
o)
< 5 3.0 E
() > g O Be
~ =220+ i $55553|
> g [ mmgmmmmmmfz %mmm i
5 2 1.01»«=‘*'“’°°E3 - 0]
qC) E -AAAMMA AAAAAAAMA“A"A*AMAAA
L 0.0 H+——+—+—+++—++++—+
S ®w 75 (g) 13 o]
XS] 2 °F 4.1x10" cm™
8 5 I ]
E g s0fF 3
w0 L
=) o0
® L 8 ]
§2.5_mmmmmm%mmgmma mﬂﬁmmmmmmw
g ::AAMMAAAMAAAA,AAAAMMAMMAA&
0.0
@ 10
£ 197
S 8
e L
G
=
% I ,;z:'zz!":.;zm!":!’“’*“‘!izi
g 2 -_:AAA.AMAAAMAAAAAMAMMAMAA-AAJE
oL~ | T T SR NS
950 1000 1050 1100 1150 2.2 2.0 1.8

Emission Wavelength (nm) Excitation Energy (eV)

FIG. 3 (color online). Evolution of PLE data with increasing
pump fluence: (a) 1.2 X 10'2, (b) 1.2 X 10'3, (c) 4.1 X 10'3, and
(d) 1.2 X 10" photons/cm?. (e)—(h) PLE spectra corresponding
to (a)-(d) at PL wavelengths of 983 nm (circles), 1034 nm
(squares), and 1125 nm (triangles). The magnitude of experi-
mental error for the 1125 nm case is comparable to or slightly
smaller than the size of the triangle marks.

these intensities are not high enough to cause light-induced
nonlinear effects such as state (or phase-space) filling on
states in the E,, range.

We interpret these observations as results of very effi-
cient EEA [17,19]. We assume that the formation of E;
excitons occurs in a very short time scale (e.g., ~40 fs
[20]), shorter than our pulse width (~250 fs). Thus, they
accumulate in E; during and right after photocreation of
e-h pairs. However, the number of excitons that can be
accommodated in the £, state is limited by EEA. As the
exciton density n, approaches its maximum value, EEA
begins to prevent a further increase by efficiently removing
excitons nonradiatively, explaining the PL saturation.
Since EEA serves as a bottleneck for the exciton density,
the PL intensity becomes insensitive to whether the exci-
tons were created resonantly or nonresonantly and inde-
pendent of the pump wavelength. Namely, at very high
pump fluences, the PL intensity is determined not by how
efficiently excitons are created but by how many Ej;
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FIG. 4 (color online). Transmission spectra measured with
high-fluence =~ OPA  pulses (filled  circles, 1.0 X
10" photons/cm?; open circles, 1.0 X 10'* photons/cm?) com-
pared with a transmission spectrum taken with a weak cw white-
light beam (dashed line).

excitons can be accommodated within a particular type
of SWNT as well as by the relative abundance of that type of
SWNT in the sample.

We have developed a model to deduce exciton densities
n, from the PL saturation curves. Existing EEA models
[17,19] assume an annihilation rate « n2, a probability of
finding two excitons at the same position. However, its
validity becomes questionable when one deals with high-
density excitons in 1D where the dynamics and/or size of
the excitons are expected to influence the annihilation rate.
We introduce a dimensionless exciton population (0 =
< 1) defined as { = NI, /L, where N is the number of
excitons in a SWNT, L is the SWNT length, and [, is the
characteristic length scale each exciton “occupies” in the
SWNT. In a static limit, /, should simply be the exciton
size. However, recent experiments have indicated the im-
portance of exciton diffusion [21-23]. In particular, Cognet
et al. [23], via micro-PL studies on single micelle-
suspended SWNTs of various chiralities, found that exci-
tons diffusively traverse a substantial distance (~90 nm)
within their lifetime. Therefore, we assume that [, is de-
termined by the diffusion length and any two excitons
formed within /, undergo EEA.

The essence of our model is described as follows (the
complete details and validations are given in Ref. [24]): A
1D space of length L is considered where N segments of
length [, have populated without overlapping each other
(i.e., NI, <L). The probability for a new segment (of
length [,) entering the system not to overlap with any of
the N existing segments, p(N), is given by

o= (-0 )

We also assume that an exciton promoted to a higher
energy level as a result of EEA returns to the E;; level
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with 100% probability due to ultrafast and efficient
E,,-to-Eq; relaxation; i.e., two excitons become one ex-
citon through EEA. In this case, the expectation value of
the increment of N by the addition of the new segments,
(AN)y, is equal to p(N) in Eq. (1). Therefore, in the
instantaneous limit where the initial creation of excitons
occurs within a very short time before EEA follows, the
relationship between the number of initially created exci-
tons N, and resultant N is described by a differential
equation of dN,/dN = 1/{AN)y [=1/p(N)].

This differential equation, based on N = Ip; = ¢{{ and
Ny « Iymp = 29 (cy, ¢y, coefficients; Ipp, Iyymp, PL and
pump intensities), is expressed with { and ¢ as

dy _ 1
i (1-0f1 =% -~

2

The Taylor expansion of the denominator of Eq. (2) and
elimination of higher-order terms of /,/L result in a dif-
ferential equation of only { and . Finally, the integration
yields the solution for the instantaneous limit as

v :é{Ei(l : {

and similarly, the solution for the steady-state limit corre-
sponding to cw excitation [24] is obtained as

‘/’zlize"p<1f§) [fz%"”zl%]' “

The actual experimental situation is somewhere between
those two limits but closer to the former. Equations (3) and
(4) are implicit equations relating Ipy, and 7, in terms of
their respective dimensionless parameters, { and /. They
contain no fitting parameters other than the two linear
scaling factors ¢; and ¢, and simply become a linear
relationship (¢ = {) in the low density limit ({ — 0).
The solid curves and the dashed curves in Fig. 2 are fits
to the data by Egs. (3) and (4), respectively, showing good
agreement. The values of { were obtained through this
analysis for respective data points shown in Fig. 2.
Finally, the exciton density can be obtained through n, =
l/1.. Using [, = 45 nm (one half of the excursion range
defined in [23]), we estimated n, for (6,5) to be 1.7 X 109,
1.3 X 10°, and 1.1 X 10° cm™! for excitation with 570,
615, and 654 nm, respectively, at a fluence of 1.02 X
10'# photons/cm? in the instantaneous limit. These den-
sities are still much smaller than the expected Mott density
nt (~7X10% cm™!, assuming exciton size ~1.5 nm
[25]), which can explain the stability of PL (Fig. 1) in
the saturated regime. On the other hand, the densities of
as-created e-h pairs before undergoing EEA are estimated
to be 1-2 X 10° cm~! in the cases of resonant excitation,
which is similar to n}. These observations appear qualita-
tively different from GaAs quantum wires where PL satu-

) - Ei(l)}, 3)

ration is not obvious until the formation of biexcitons and
an e-h plasma [11]. Highly efficient and rapid EEA in
SWNTs, which is consistent with the reported absence of
biexciton signatures [26], is probably the direct reason for
such characteristic differences.

In summary, we have studied PL. and PLE spectra of
SWNTs at high exciton densities. Complete flattening of
PLE spectra and clear PL saturation were observed, indi-
cating the existence of an upper density limit. We devel-
oped a model that reproduced the observed saturation
behavior and allowed us to estimate exciton densities,
which remained more than 1 order of magnitude lower
than the expected Mott density and explained the stability
of PL spectra in the saturated regime.
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