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Biexciton in carbon nanotubes

L. Colombier,"? J. Selles,’? E. Rousseau,"? J. S. Lauret,® F. Vialla,* C. Voisin,* and G. Cassabois!?*
Y Université Montpellier 2, Laboratoire Charles Coulomb UMRS5221, F-34095, Montpellier, France
2CNRS, Laboratoire Charles Coulomb UMRS5221, F-84095, Montpellier, France
3LPQM-ENS-Cachan, 61 avenue du Président Wilson, 94285 Cachan Cedex, France
4 Laboratoire Pierre Aigrain, Ecole Normale Supérieure, UPMC, Université Paris Diderot,

CNRS UMRS8551, 24 rue Lhomond 75281 Paris Cedex 5, France
(Dated: July 17, 2012)

We report the observation of the biexciton in semiconducting single-wall carbon nanotubes by
means of nonlinear optical spectroscopy. Our measurements reveal the universal asymmetric line-
shape of the Fano resonance intrinsic to the biexciton transition. For nanotubes of the (9,7) chirality,

we find a biexciton binding energy of 106 meV. From the calculation of the x®® nonlinear response,
we provide a quantitative interpretation of our measurements, leading to an estimation of the char-
acteristic Fano factor q of 743. This value allows us to extract the first experimental information on
the biexciton stability and we obtain a biexciton annihilation rate comparable to the exciton-exciton

annihilation one.

PACS numbers: 78.67.Ch, 71.35.-y, 78.47.nd

Single-wall carbon nanotubes (SWNTSs) are one-
dimensional nanostructures where the Coulomb inter-
action between the charge carriers strongly affects the
opto-electronic properties. In semiconducting SWNT's
the first elementary excitation consists in the creation of
an electron-hole pair with a huge binding energy, reach-
ing several tenths of eV [1-3]. Compared to epitaxially
grown semiconductor quantum wires [4], the binding of
the so-called exciton is strongly enhanced in SWNTs, so
that the optical response of SWNTs at room temper-
ature is fully governed by the excitonic quasi-particles.
As a matter of fact, their understanding is of great inter-
est both from a fundamental point of view and for the
development of carbon-based optoelectronic devices.

The recent observation of charged excitons in SWNT's
[5] has brought the first experimental piece to an inten-
sive debate initiated by theoretical studies of the binding
of excitonic complexes and their stability in SWNTs [6-
10]. The binding of one electron-hole pair and a hole
(electron) in a positive (negative) trion, or the binding of
two electrons and two holes in a biexciton have been pre-
dicted with energies as large as half to few hundreds of
meVs, reminiscent of the non-perturbative exciton bind-
ing in SWNTs. However, the counterpart of the strong
Coulomb correlations in SWNTs is the existence of ef-
ficient Auger processes that drive the population relax-
ation dynamics [11, 12]. The evidence of trions by means
of photoluminescence spectroscopy in chemically-[5] or
optically-[13] doped SWNTSs has indeed demonstrated
that these processes do not hinder the observation of ex-
citonic complexes. Moreover, it was suggested that lo-
calization effects may play an important role for keeping
radiative yields high enough for detecting their photolu-
minescence signal [13]. On the contrary, there is so far
no evidence for a biexcitonic signature in the optical re-
sponse of SWNTs, thus raising fundamental issues on the
difference between the excitonic complexes made of three
(trion) or four (biexciton) charge carriers.

In this paper, we report the observation of the biex-
citon in semiconducting SWNTs by means of nonlinear
optical spectroscopy. Our measurements reveal the uni-
versal asymmetric lineshape of the Fano resonance of the
biexciton, with a biexciton binding energy of 106 meV in
SWNTSs of the (9,7) chirality. Our experiments consist
in pump-probe spectroscopy under continuous-wave (cw)
excitation in a SWNTs gelatin sample at 10K, where the
biexciton manifests as an induced absorption resonance,
higher in energy than the trion one. The identification of
the biexciton is performed in a dual pump configuration
where an additional excitation laser is directly tuned in
resonance with the biexciton. The calculation of the (%)
nonlinear response allows us to perform a quantitative
interpretation of our measurements and extract a char-
acteristic Fano factor q of 74-3. This value brings the first
experimental information on the Coulomb coupling effi-
ciency between the biexciton and the continuum of free
electron-hole pairs.

The exploration of the biexciton optical response is
performed by means of optical nonlinear spectroscopy. In
Fig.1(a), we display the energy level diagram of the exci-
ton and biexciton states, and the pump-probe scheme im-
plemented for our measurements. Under resonant excita-
tion of the fundamental S;; excitonic state, labelled | X),
the pump laser of energy Ep opens an absorption chan-
nel for the probe laser at an energy detuning Ey;ope — Ep
given by the binding energy of the biexciton state labelled
|X X). As pointed out in the pioneering work of Maruani
and Chemla [14], the biexciton level diagram is a model
system in semiconductor physics for the observation of
a Fano resonance. This effect arises from the quantum
interference between two transitions that are further cou-
pled by a specific interaction. In the case of the biexciton,
the absorption of one photon from the exciton state | X)
leads either to the formation of a biexciton | X X), or to
the excitation of the bound electron-hole pair to a state
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FIG. 1. Energy level diagram displaying the biexciton (a)
and trion (b) transitions probed in our nonlinear optical ex-
periments. Ep and Ep2 stand for the energy of the first and
second pump lasers, respectively, Eprove for the energy of the
probe laser, and «p is the biexciton annihilation rate charac-
terizing the Coulomb coupling efficiency between the biexci-
ton state | X X) and the Si1 continuum of free electron-hole
pair states |eh).

|eh) belonging to the S11 continuum of free electron-hole
pairs (Fig.1(a)). The coupling between the |XX) and
|eh) states is the biexciton annihilation process. A Fano
resonance leads to an asymmetric lineshape, as observed
in our measurements and quantitatively analyzed at the
end of this paper. Before the presentation of our exper-
iments, we further comment on the existence of a non-
linear signal for the trion state, labelled X*, as recently
reported in Ref.[13]. In Fig.1(b), we see that under reso-
nant excitation of the exciton state | X), the pump laser
may also open an absorption channel for the probe laser,
at an energy detuning Fp,ope — Ep given by the trion
binding energy, if the electron-hole pair of the exciton
has dissociated and if one charge carrier has left the nan-
otube. The existence of an ionization process is thus a
strict requirement to the observation of the trion tran-
sition in optical measurements performed in nominally
undoped SWNTs [13]. The experimental data presented
in the latter study further suggest the localization of the
trion in order to prevent its migration to photo-induced
quenching sites, detrimental to the radiative properties
of this excitonic complex. In summary, while both ex-
citonic complexes give rise to induced absorption, which
manifests as a negative signal in differential transmission
experiments, we stress that in the case of the trion, the
nonlinear signal is of extrinsic nature whereas it is intrin-
sic for the biexciton.

Our sample consists of isolated SWNTs synthetized
by laser ablation of a doped graphite target, and em-
bedded in a gelatin, following the procedure described in
Ref.[15]. The optical characterization displayed in Fig.2
is performed by photoluminescence spectroscopy of our

carbon nanotubes gelatin sample at 10K. The excitation
is provided by a cw Ti:sapphire laser and the detector
consists of an InGaAs photodiode-array. Following the
approach introduced by Bachilo et al., we assign each
peak in the two-dimensional map of the photolumines-
cence signal intensity to a given chiral species [16]. In
the spectral domain explored in our nonlinear measure-
ments, the optical response is dominated by the (12,5)
and (9,7) chiralities. While the Syy excitonic transition
has approximately the same energy of 1.53 eV for both
chiralities (Fig.2), the S1; excitonic transition is centered
at 0.85 and 0.95 eV for the (12,5) and (9,7) SWNTs, re-
spectively. The inhomogeneous linewidth in emission is
about 45 meV.

1.797

1.687

Excitation energy (eV)

1.467 4
0778  0.828  0.878 0928 0978  1.028
Detection energy (eV)

FIG. 2. Two-dimensional map of the photoluminescence sig-
nal intensity in the carbon nanotubes gelatin sample at 10K.
The (12,5) and (9,7) chiralities dominate the optical response
in the spectral domain investigated below by nonlinear optical
spectroscopy. The vertical (red) arrows indicate the energy
Ep of the first pump used in Fig.3. The horizontal (white)
arrows indicate the energy Fps of the additional second pump
used in Fig.4 (see energy level diagram in Fig.1).

Our optical nonlinear measurements are based on dif-
ferential transmission experiments in a spectrally re-
solved cw pump-probe configuration, adapted from the
spectral-hole burning setup previously used for the study
of exciton-exciton [17] and exciton-phonon [18] interac-
tions in SWNTs. Our original nonlinear technique relies
on a cw laser excitation, that leads to the selective ex-
citation of SWNTs of a given chirality in ensemble mea-
surements. The probe laser is an external-cavity semi-
conductor laser of energy Epope tunable from 0.74 eV to
0.84 eV, with a spectral width below 100 ueV. The pump
laser is a semiconductor distributed feed-back laser of en-
ergy Ep, where Ep is either 0.83 eV or 0.93 eV. The use
of these two excitation energies allows the exploration of
energy detuning F,..pc — Ep ranging from -190 meV to
+10 meV. Note that for Ep=0.83 eV (left vertical red
arrow in Fig.2), the pump laser is resonant with (12,5)
SWNTs, while for Ep=0.93 eV (right vertical red arrow



in Fig.2), the pump laser excites SWNTs of the (9,7)
chirality.
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FIG. 3. (a) Differential transmission AT /T of the probe laser
at 10K, as a function of the energy detuning Eprore — Ep
between the probe and first pump lasers. Ep=0.83 eV for
the right part (blue dots), and Ep=0.93 eV for the left one
(red squares) (see Fig.2). The solid (black) line is a fit of
the experimental data. Inset: expanded view of the biexciton
line after subtracting the linear background and the induced
absorption signal of the trion (described in the text). The
dashed line is a fit of the experimental data in the Lorentzian
limit (g=+o00). (b) Temperature dependence of the differen-
tial transmission AT /T for Ep=0.93 eV, between 10K and
50K (the spectrum at 25K is shifted by +0.2 for clarity). (c)
Pump power dependence of the nonlinear signal amplitude for
the X X line (blue squares), and X* line (red triangles).

In Fig.3(a), we present our differential transmission
measurements at 10K, for which the excitation density
of the pump is 15 kW.cm™2. When Eprope — Ep~0,
our measurements are performed in a degenerate con-
figuration where nonlinear spectral-hole burning occurs
within the SWNTs ensemble [17]. As discussed in details
in Ref.[17], the differential transmission signal AT/T
exhibits positive values, corresponding to the photo-
bleaching of the fundamental Si; excitonic transition.
This component has an amplitude of 2x10~* and it is su-
perimposed on a negative signal, which corresponds to a
residual nonresonant photo-absorption which magnitude
smoothly increases for larger negative detuning. The
footprints of excitonic complexes appear when exploring
energy detuning Fp,ope — Ep ranging from -90 meV to
-190 meV. We observe two negative lines, with an ampli-
tude of the order of few 1072, that correspond to pump-
induced absorption, as expected for the biexciton and
trion states (Fig.1). The resonances appear at energy
detunings Eprope — Ep of -150 meV and -106 meV, and
we show below how they can be attributed the trion X*
and the biexciton X X, respectively.

The first point deals with the values of the binding
energies. In (9,7) SWNTs, Matsunaga et al. and San-
tos et al. reported a trion binding energy of 135 meV [5]

and 130 meV [13], respectively. In our case, we measure a
slightly larger value of 150 meV. This 15-20 meV redshift
of the trion line is similar to the one reported in Ref. [15]
for the exciton line when comparing SWNT's in an aque-
ous suspension and in a gelatin matrix. Assuming that
the trion binding energy follows the same scaling law in
e~ 14 as the exciton one [1] (where € is the effective di-
electric constant of the nanotube environment), this cor-
responds to a relative change of the dielectric constant of
the order of 10%, as in Ref. [15]. Besides, recent theoret-
ical calculations have predicted a smaller binding energy
for the biexciton than for the trion, with a ratio ranging
from 0.7 to 0.85 [10]. From our experimental data, we
obtain a value of 0.71, in agreement with the predictions
of Ref.[10]. Experimental measurements as a function
of temperature further support our interpretation. The
induced absorption line at -106 meV displays the same
temperature dependence in terms of broadening and am-
plitude as the excitonic photo-bleaching line [21], which
was the focus of Ref.[18]. The strong similarity between
the biexciton and the exciton is also observed in semi-
conductor quantum dots, and it indicates the correlation
of the thermally-assisted broadening processes involved
in the genuine biexciton-exciton cascade [19]. On the
other hand, the amplitude of the nonlinear signal de-
creases more rapidly with temperature for the trion than
for the biexciton, as shown in Fig.3(b). Following Ref.[13]
concluding to the presence of specific localization effects
for the detection of the trion emission signal, we interpret
this phenomenology as due to a thermally-assisted carrier
escape, resulting in a partial neutralization of the nan-
otube which reduces the pump-induced absorption signal
at the energy of the trion. Finally, as far as the pump-
power dependence is concerned, we observe in Fig.3(c)
that the magnitude of the XX line displays the same sub-
linear increase as for the photo-bleaching of the excitonic
transition [17]. This is what is expected for the biexci-
ton induced absorption which scales like the density of
photo-generated excitons [20]. On the other hand, the
trion nonlinear signal exhibits again a different behav-
ior with a merely linear dependence (Fig.3(c)) similar to
the variations of the trion photoluminescence signal in
the all-optical generation measurements of Ref.[13]. All
these facts strongly support the assignment of the lines
in Fig.3(a) to the trion and biexciton complexes.

In order to further confirm the identification of the
pump-induced absorption line at -106 meV as due to the
biexciton, we have experimentally tested a fundamental
difference between the trion and biexciton states in terms
of energy. The trion is an elementary excitation of a car-
bon nanotube with a residual charge carrier, and its en-
ergy is given by the exciton energy lowered by the trion
binding energy. The biexciton is an elementary excita-
tion of a neutral nanotube, and its energy is on the con-
trary twice the exciton energy lowered by the biexciton
binding energy (Fig.1). In other words, in the context
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FIG. 4. (a) Differential transmission AT/T of the probe

laser at 10K, as a function of the sum of the probe en-
ergy Eprope and Ep=0.93 eV. (Inset) Differential transmis-
sion AT/T spectrum in the biexciton spectral range, with
(open blue circles) and without (full red squares) the addi-
tional pump laser at an energy Ep2=1.76 eV. (b) Deforma-
tion ¢ of the differential transmission AT /T spectrum as a
function of the energy Eps of the additional pump laser. The
dashed line is a guide for the eyes of Lorentzian form.

of our nonlinear experiments, the energy of the biexci-
ton quasi-particle is given by the sum Ep,ope+Ep, which
is about 1.76 eV, while for the trion, the quasi-particle
energy is simply given by Ep,ope, which is of the order
of 0.78 eV. On the basis of this marked difference, we
have tried to perform a resonant excitation of the biex-
citon around the energy of 1.76 eV. More precisely, we
have carried out additional nonlinear measurements in an
original dual-pump configuration where a second pump
laser is used to resonantly excite the biexciton at an en-
ergy Epo spanning the sum E,op.+Ep of the probe and
first pump laser energies (Fig.1(a)). The second pump
laser consists either of a cw Ti:sapphire laser with Epg
ranging from 1.47 eV to 1.76 eV, or of a HeNe laser of
energy Eps equal to 1.96 eV. We have studied the dif-
ferential transmission AT /T spectrum with (open blue
circles, inset of Fig.4(a)) and without (full red squares,
inset of Fig.4(a)) the additional pump laser, as a func-
tion of its energy Epo, for a constant excitation density
of 1.5 kW.cm™2. As shown in the inset of Fig.4, there
is a sizeable modification of the nonlinear signal inten-
sity. In order to carefully characterize the variations of
the differential transmission AT/T spectrum with Epo
we have evaluated d, defined as the absolute value of the
deformation of the nonlinear spectrum in the biexciton
spectral range [21]. As seen in Fig.4(b), ¢ displays a

systematic variation as a function of Eps with a maxi-
mum recorded value at the energy of the biexciton, and
no other resonance that would correspond to the X* line
or to the Sqy excitonic state centered at 1.53 eV (Fig.2).
This latter observation rules out any trivial effect related
to the density of additional excitons photogenerated by
the second pump laser. In fact, the variation of § with
Eps is not correlated to the excitation spectrum of the
photoluminescence signal of the (9,7) SWNTSs, as seen
from the horizontal (white) arrows in Fig.2 indicating
the energies Eps of the second pump laser. On the con-
trary, the deformation § is found to be maximum pre-
cisely when Eps matches the expected value of 1.76 eV
of the biexciton (Fig.4(a)), thus confirming the identifi-
cation of the biexciton in our nonlinear experiments. As
far as the physical processes involved in our dual-pump
nonlinear experiments are concerned, several interpreta-
tions are under consideration. In a perfect nanotube,
the direct one-photon excitation of the biexciton is sup-
posed to be forbidden [9]. However, any breakdown of
this selection rule due to the nanotube deformation or
the presence of defects can lead to a direct photogener-
ation of biexcitons, competing with the pump-induced
absorption process. A more straightforward way of mod-
ifying the biexciton spectrum is the direct dipole-allowed
photogeneration of free electron-hole pairs at the energy
of the biexciton. This mechanism is expected to perturb
the Coulomb coupling between |XX) and |eh) respon-
sible for the biexciton annihilation. This interaction is
at the heart of the Fano resonance profile of the biex-
citon, which is the focus of the last part of the paper.
The identification of the biexciton being confirmed by our
dual pump nonlinear experiments, we eventually proceed
with a quantitative analysis of the biexciton asymmetric
lineshape.

As demonstrated by Maruani and Chemla in bulk
CuCl and CdS semiconductors [14], biexciton in semi-
conductor materials provide a text-book example of a
Fano resonance. The quantum interference between the
two competing pathways (Fig.1(a)) is highly sensitive to
the Fano factor ¢ which characterizes the interaction be-
tween the final states and which controls the Fano reso-
nance asymmetry. In the context of biexciton in SWNTs,
the Fano factor ¢ is determined by the Coulomb cou-
pling (denoted vp in Fig.1(a)) between |XX) and |eh)
responsible for the biexciton annihilation. In order to
evaluate the Fano factor ¢, we have performed the the-
oretical calculations of the nonlinear signal detected in
our pump-probe measurements. In the framework of the
x®) nonlinear response developed in Ref.[14], we have
computed the theoretical differential transmission AT /T
spectrum in the case of an inhomogeneously broadened
absorption line [21]. A phenomenological negative back-
ground linearly increasing with detuning and a negative
Lorentzian line for the trion were added to our x® cal-
culations, which intrinsically account for the excitonic
photo-bleaching around zero detuning and for the biexci-
tonic pump-induced absorption around -106 meV. With



this procedure, we reach a good agreement with our ex-
perimental data (Fig.3(a)). In particular, we fairly repro-
duce the asymmetric lineshape of the biexciton (Fig.3(a),
inset) from which we extract a Fano factor g of 7+3. The
consideration of negative values of ¢ leads to an asymmet-
ric profile with a low-energy tail, which is inconsistent
with our measurements systematically showing a high-
energy tail, i.e. positive values of ¢ (Fig.3(a), inset). As
far as higher values of ¢, the limit g=+oc consists in a
vanishing coupling to the continuum, resulting to a sim-
ple Lorentzian model without any Fano effect. This limit
corresponds to the dashed line in the inset of Fig.3(a),
which represents the best fit of our experimental data
when varying the slope of the background and the width
of the trion line. Actually, finite positive values of ¢ are
mandatory in order to account for the asymmetry of the
biexciton spectral profile (Fig.3(a), inset). Finally, we ob-
tain an excitonic homogeneous linewidth I'x=114+2 meV
and a comparable one for the biexciton I'y x=114+2 meV,
thus ruling out any significant difference in the coherence
relaxation dynamics of the exciton and biexciton states.

The situation is assumed to be, on the contrary, rad-
ically different for the population relaxation dynamics
since the radiative yield of the biexciton has been so far
too low for the detection of any photoluminescence signal.
The lack of evidence for a biexciton photoluminescence
signal raises fundamental questions on the biexciton sta-
bility [6, 7, 9, 13] in the context of the strong efficiency
of Auger processes in SWNTs [11, 12]. In fact, our eval-
uation of the Fano factor provides a unique way for an
estimation of the biexciton annihilation rate yg. Accord-
ing to the 1/L scaling law in one-dimensional systems,

we rewrite yp as %, while the rate of the exciton-exciton
annihilation process is written as 'yA:% [11]. From the
expression of the Fano factor, q:% Wp%'yB’ where px x
and p.p are the dipole moments of the two competing

pathways (Fig.1) and p is the joint density of |eh) states,
we deduce B~ 1 ps~!.um [21]. In a first approximation,
this value is identical to the typical A one for exciton-
exciton annihilation, ranging from 0.24 to 2 ps~!.um [22-
24]. As a matter of fact, our analysis surprisingly reveals
that the Auger processes responsible for the biexciton an-
nihilation have an efficiency comparable to the exciton-
exciton annihilation one. In our SWNTs with a length of
the order of 500 nm, we obtain a biexciton annihilation
time of about 0.5 ps, to be compared to the ps-time scale
of the exciton-exciton annihilation [11, 12]. However, al-
though Auger recombinations of exciton and biexciton
occur on similar temporal scales, the former results in a
remaining exciton with a lifetime in the nanosecond range
while the latter leads to the irreversible decay of the biex-
citon state. This gives a new insight for understanding
the current absence of a photoluminescence signal from
the biexciton in the prospect of its future detection in
emission.

In conclusion, we have reported the observation of
the biexciton in semiconducting single-wall carbon nan-
otubes. Our measurements reveal the universal asym-
metric lineshape of the Fano resonance intrinsic to the
biexciton transition. For nanotubes of the (9,7) chirality,
we find a biexciton binding energy of 106 meV. The cal-
culation of the x(3 nonlinear response allows us to per-
form a quantitative interpretation of our measurements
and extract a characteristic Fano factor of 7+ 3. We
find that the biexciton annihilation process has the same
efficiency as the exciton-exciton annihilation one, thus
raising fundamental questions for the quest of a biex-
citon photoluminescence signal and the evidence for a
biexciton-exciton quantum cascade.
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