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ABSTRACT: Understanding of electronic and optical features of single-walled carbon
nanotubes (SWNTs) has been a central issue in science and nanotechnology of carbon
nanotubes. We describe the detection of both the positive trion (positively charged exciton)
and negative trion (negatively charged exciton) as a three-particle bound state in the SWNTs
at room temperature by an in situ photoluminescence spectroelectrochemistry method for an
isolated SWNT film cast on an ITO electrode. The electrochemical hole and electron dopings
enable us to detect such trions on the SWNTs. The large energy difference between the
singlet bright exciton and the negative and positive trions showing a tube diameter
dependence is determined by both the exchange splitting energy and the trion binding
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energy. In contrast to conventional compound semiconductors, on the SWNTs, the negative
trion has almost the same binding energy to the positive trion, which is attributed to nearly identical effective masses of the holes

and electrons.

B INTRODUCTION

The electronic and optical properties of single-walled carbon
nanotubes (SWNTs) have been the subjects of intense
investigation because of their importance in nanoscience and
for various promising applications." The optically generated
electron—hole pair in a 1-nm cylinder structure forms exciton
as the strongly bound state, such as the hydrogen atom (H),
due to the attractive Coulomb interaction.””* Since the binding
energy of an exciton has a high value of ~200—400 meV in
semiconducting SWNTs>® and of ~50 meV even in metallic
SWNTs” due to the strong quantum confinement in their one-
dimensional space, the stable exciton even at room temperature
dominates the optical properties of the SWNTs.®

Because of the strong Coulomb interaction, the formation of
a charged exciton, called a trion, has been expected in carrier-
doped SWNTSs. The trion is the three-particle bound state of a
doped carrier (electron or hole) and an optically generated
electron—hole pair, such as H™ or H,".” Since the trion has an
extra charge and nonzero spin, the trion physics has been of
strong interest especially in the field of spin manipulation, and
has been studied in various semiconducting materials and
systems like quantum wells and quantum dots.'®”"* Very
recently, the positive trion (bound state of two holes and one
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electron) was detected in the hole-doped SWNTs by chemical
doping at room temperature."> The experimentally estimated
binding energy of the positive trion at several tens of meV'>'*
almost agrees with the theoretically calculated one.'*™*® The
negative trion (bound state of two electrons and a hole) has
also been expected to be stable in the electron-doped SWNTs
according to the theoretical prediction.'*™'® However, the
negative trion in the SWNTSs has not yet been observed by
means of chemical doping using a dopant molecule (n-dopant).
This might be due to the fact that most of the well-known n-
dopants for SWNT's are unstable in nature and it is difficult to
realize a higher electron doping.'”” One of the possible
alternatives is an electrochemical technique for the electron
or hole doping.’®>* On the basis of an electrochemical
procedure, one can readily donate electrons or holes by
changing the Fermi energy of the materials. Hence, the
electrochemistry combined with optical spectroscopy is a
powerful tool for detecting the negative trion as well as the
positive trion.
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Figure 1. PL mapping of the film of the SWNTs on the ITO electrode at the electrochemical potentials of (a) 0V, (b) +0.7 V, and (c) —0.5 V. The
white-dashed circles indicate the new peaks that appeared after electron or hole doping. The peaks that appear at the excitation/emission energy
(eV) = 1.33/1.75, 1.02/1.70, 1.1/1.7, and 1.18/1.68 are the exciton peaks from the (9,1)-, (8,6)-, (9,4)-, and (10,2)SWNTs, respectively.

We here demonstrate, for the first time, the optoelec-
trochemical generation and direct observation of negative trions
as well as positive trions on the SWNTSs. Moreover, we found
that the electrochemically measured negative trions on the
SWNTs have almost the same binding energy as the positive
trions, which is attributed to nearly identical effective masses of
the holes and electrons on the SWNTs.

B EXPERIMENTAL SECTION

Materials and Sample Preparation of a Film Containing
SWNTs on an Electrode. CoMoCAT-SWNTs (CG-100) were
purchased from Southwest NanoTechnologies. For the in situ
electrochemistry combined with optical spectroscopy (hereafter, in
situ spectroelectrochemistry), a SWNT sample was added to a D,0
solution containing 0.1 wt % carboxymethylcellulose sodium salt (Na-
CMC, Kishida Chemical), then the mixture was sonicated (Ultrasonic
cleaner, Branson 5510) for 2 h followed by centrifugation at 150 000g
(Hitachi Himac CS 100GXL) for 10 h in order to exclude as many
residual bundles as possible. A hundred microliters aliquot of the
supernatant was dropped on a cleaned indium tin oxide (ITO)-coated
quartz electrode and then heated at ca. 100 °C to obtain a SWNT/Na-
CMC-modified ITO electrode. For the durability of the SWNT/Na-
CMC film on the electrode during the electrochemical charging and in
situ photoluminescence (PL) measurements, an aqueous poly-
(diallyldimethylammonium chloride) (PDDA, 20 wt %, Aldrich)
solution (S0 uL) was dropped on the film, and rinsed with distilled
water to remove the excess PDDA to obtain a film of SWNT/Na-
CMC/PDDA on the electrode, in which the Na-CMC and PDDA
form a poly ion complex that is not soluble in the aqueous
solution.””*®

Measurements. Atomic force microscopic image was measured
using an Agilent Technologies 5500 scanning probe microscope for
the SWNTs embedded in a CMC film on mica.

All the spectroelectrochemistry measurements in this study were
performed using the conventional three-electrode system, which
consists of an Ag/AgCl (saturated KCI) reference electrode, a Pt wire
counter electrode, and the modified ITO working electrode under an
Ar gas atmosphere.””*® The electrolyte solution is 0.3 M aqueous
NaCl containing 30 mM Na,HPO, (pH 8). For the in situ PL and near
IR absorption spectroelectrochemistry, we used a spectrofluorometer
(HORIBA JOBIN YVON, FL3-21) and spectrophotometer (JASCO,
V-570), respectively, both of which were equipped with a potentiostat
(TOHO Technical Research Co., PS-06). The SWNT/CMC-Na/
PDDA-modified ITO working electrode was vertically inserted in a
quartz cell, which has a light-path length of 10 mm. The cell was filled
with the electrolyte solution, in which the reference and counter
electrodes were placed so as not to interrupt the light path.

B RESULTS AND DISCUSSION

We measured an AFM image of the SWNTs embedded in the
films, and found that many SWNTs are individually dispersed
in the film since the height of the tubes is smaller than 2 nm
(see Supporting Information, Figure S1).

We first carried out in situ vis-near IR absorption
spectroelectrochemistry of a SWNT film on the electrode
(see Supporting Information, Figure S2);*"** however, the
detection of trions of the SWNTs was difficult because the
near-JR absorption peaks from the SWNTs with several
different chirality indices have similar band gaps that overlap
one another. Then, we used in situ vis-near IR PL
spectroelectrochemistry toward the goal. A clear PL response
from the SWNTs/CMC-Na/PDDA film on the ITO electrode
was detected (see Supporting Information, Figure S3). In this
study, the CG100-CoMoCAT SWNTSs were used so that we
could detect PL signals from the five different (n,m)SWNTs.
The negative- and positive-potentials were applied to the film
on the ITO electrode for donation of the electron and hole to
the SWNTs, respectively. Figure 1 shows the PL excitation
mapping before and after the electrochemical doping on the
SWNT film at room temperature. As shown in Figure 1la, the
PL mapping before the doping (0 V) shows the signals of the
E,, singlet bright excitons from mainly only five chiral indices of
the SWNTs including (8,3), (7,5), (7,6), (84) and (6,5). In
particular, the (7,5) and (6,5)SWNTs show predominant PL
intensities as seen in Figure 1a. We mainly focus on the change
in the PL spectra for these SWNTs.

First, we applied the potential of +0.7 V to the SWNT film
for the hole doping (for details about the electrochemistry of
the SWNTs embedded in a film on an electrode, see
Supporting Information, page S2). As shown in Figure 1b,
new peaks are observed below the emission energies of the E;;
bright exciton peaks of the (6,5), (7,5), and (7,6)SWNTs as
marked by the white-dashed circles. When we apply a positive
potential, the Fermi energy shifts down to the valence band of
the SWNTSs, which causes the oxidation. Here the oxidation
reaction means a hole doping process on the SWNT. The
excitation energies of the new peaks correspond to those of the
E,, bright excitons, and the emission energies of the new PL
peaks are in good agreement with the energies of positive trions
obtained by chemical doping reported by Matsunaga et al."
These experimental facts strongly suggest that the new PL
peaks in the hole-doped SWNT film (Figure 1b) arise from the
positive trions.
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Next, the negative potential of —0.5 V was applied for the
electron doping, in which the reduction process occurs and the
Fermi energy shifts down to the conduction band side. Here
the reduction reaction means an electron doping process to the
SWNTs. Figure lc shows that new peaks are observed below
the E;; exciton peaks of the (6,5), (7,5), and (7,6)SWNTs as
marked by the white-dashed circles, as well as in the case of the
positive electrochemical potential in Figure 1b. The appear-
ances of new peaks are closely related to the applied
electrochemical potential. Thus, we expect that a doped
electron forms a bound state with an optically generated
electron—hole pair in the SWNTs, similar to the positive
potential case.

To further investigate the new peaks observed in the PL
mapping depending on the electrochemical doping level, we
measured the PL spectra by varying the applied electrochemical
potential. Panels a and ¢, of Figure 2 show the PL spectra with
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Figure 2. PL spectra of the film of the SWNTs on the ITO electrode
under (a) positive potential (hole-doped) and (c) negative potential
(electron-doped) conditions. The PL intensity change in the exciton
peak as a function of the electrochemical potential for the
(7,5)SWNTs along (b) the positive direction for the hole doping,
and (d) the negative direction for the electron doping.

an excitation energy of 1.89 eV for the (7,5) SWNTs as a
function of the electrochemical potential on the positive and
negative potential sides, respectively. The E;; PL intensity
drastically decreases as the electrochemical potential increases
in the positive direction for the hole doping, and in the negative
direction for the electron doping. These results indicate that the
hole (electron) doping occurred in the (7,5)SWNTs by the
electrochemical method, because the PL intensity of the E;;
exciton decreases due to the state filling of the valence (or
conduction) band by the doped carriers, and/or the increase in
the doping-induced nonradiative decay rate.””** These effects
depend on the doped-carrier density. The decrease in the PL
intensity of the E;; exciton by the electrochemical doping is
similar to that by the doping of molecules with a high electron-
affinity such as F,TCNQ.”® Panels b and d of Figure 2 show the
PL intensities of the E,; exciton in the (7,5)SWNTs as a
function of the electrochemical potential on the positive and
negative potential sides, respectively. The E;; PL intensity was
found to drastically decrease around +0.55 and —0.4S V as the

electrochemical potential increased to the positive direction for
the hole doping, and to the negative direction for the electron
doping, respectively. The asymmetric behavior of the peak
intensity for the positive and negative potential is described in
the Supporting Information (page S3).

On the basis of the results in Figure 2b,d, the oxidation
potential E,, (reduction potential E,.4) corresponding to the
first valence band v, (the first conduction band ¢;) from the
Fermi level can be estimated from the positive electrochemical
potential voltage (negative electrochemical potential voltage),
in which the PL intensity drastically decreases. The sum of the
E..q and E, corresponding to the energy gap of the SWNTs is
consistent with the previously reported value (~1.18 eV).>”** It
should be noted that much higher electron (or hole) doping
can be realized in the electrochemical method than in the
chemical doping method using redox molecules from the
behavior of the completely suppressed PL intensity (for electric
field effect on the electrochemical experiments, see Supporting
Information, page S2).

We then focused on the change in the new peak below the
E,; exciton peak of the (7,5)SWNTs in the positive potential
range from +0.60 to +0.75 V. The result is shown in Figure 3a
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Figure 3. Normalized PL spectra of the film of the SWNTSs on the

ITO electrode under (a) positive potential (hole-doped) and (b)
negative potential (electron-doped) conditions.

in which the PL spectra were normalized by the E;; exciton
peak intensity of the (7,5)SWNTs. The relative intensities of
the newly appeared peaks (marked by arrow) drastically
increased as the positive electrochemical potential depending
on the hole-doping level increased above +0.60 V, while no new
peaks were visible below +0.60 V. The energy positions of the
new PL peaks and the quenching behavior of the PL intensity
by the electrochemical hole-doping are consistent with those of
the positive trion studied by the chemical hole-doping using
F,TCNQ," indicating that the new PL peaks, which appeared
by the electrochemical hole-doping, arise from the positive
trions (positively charged excitons) in the hole-doped SWNTs.

Figure 3b shows the change in the new PL peak below the
E,, exciton peaks in the negative potential range from —0.45 to
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—0.575 V. As similar to the behavior in the positive potential
range, the relative intensity of the new PL peak of the
(7,5)SWNTs drastically increased with the increasing negative
electrochemical potential above —0.45 V. The relative PL
intensity of the new peak was found to be sensitive to the
electron-doping level, and these energy positions were similar
to those of the positive trions in the hole-doped SWNTSs as
discussed below in detail (for the detected new peaks from
other different chiralities at positive- and negative electro-
chemical potential application processes, see Supporting
Information, Figures S4—S6). These experimental results
strongly indicate that the new PL peaks in the negative
potential range arise from the negative trions (negatively
charged excitons) in the electron-doped SWNTs. Knowing the
PL signals from the trions with both positive and negative
charges, we can discuss the energy relationship between the
positive and negative trion peaks. Panels a and b of Figure 4
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Figure 4. PL spectra with the excitation photon energies of (a) 1.89
eV, and (b) 2.16 eV at the electrochemical potential of —0.5 V (red), 0
V (black), and +0.7 V (blue). The three PL spectra were normalized to
clearly observe the trion peaks.

show the PL spectra at the nondoped (0 V), hole-doped (+0.7
V) and electron-doped (—0.5 V) conditions with the excitation
photon energy of 1.89 and 2.16 eV, respectively. The positive
trion peaks (blue arrows) at a hole-doped condition and the
negative trion peaks (red arrows) at an electron-doped
condition are observed at around 1.07 eV in the
(6,5)SWNTs and at 1.03 eV in the (7,5)SWNTs, as shown
in Figure 4, panels a and b, respectively. In both cases, the
energy positions of the positive and negative trions are very
similar to each other. The energy separations, AE* (AE™),
defined as the difference between the E,;; exciton and the
positive (negative) trion energy, are very high values of 140—
170 meV. The AE' is almost consistent with the value in
previous results by chemical p-doping'® and strong photo-
excitation experiments.

We measured the change in the exciton and trion peak
energies as a function of the applied electrochemical potential,
and the result is shown in the inset of Figure 5. The estimated
AE* (AE") exhibits almost no change with an increase in the

200

Y

50

AE", AE (meV)

" i | 1 L |
108,7 0.8 09 1.0 14
Diameter (nm)

Figure S. Diameter dependence of the AE*(AE™). The red circles and
blue squares represent the positive and negative trions, respectively.
The black line indicates the fitting result by AE*(AE™) =A/d + B/d,
where A and B are 49 + 5 [meV-nm*] and 65 + 5 [meV-nm],
respectively. The inset shows the energy positions of the E;; exciton
(X) and positive (negative) trion X*(X~) peak as a function of the
applied potential.

positive (negative) electrochemical potential. Figure S shows
the diameter dependence of AE" for the positive trion and AE~
for the negative trion of various chiral indices. Both AE" and
AE™ are found to exhibit a clear diameter dependence and
some specific patterns due to the family pattern that are well-
known electronic characteristics of SWNTs similar to the
exciton binding energy.>’ The diameter dependence of the AE*
and the pattern are quite consistent with those reported in
previous results,">'* which also indicates that the obtained AE~
in the electrochemical measurements are due to the negative
trions in the electron-doped SWNTs. The extremely high
energy separation, AE* (AE™), of 140—170 meV is attributed
to the trion binding energy and the singlet—triplet exciton
splitting. The strong electron—hole exchange interaction
originating from the short-range Coulomb interaction increases
the singlet exciton ener%y, while the triplet exciton energy in
the SWNTs is constant.”> Consequently, the exciton states have
a high singlet—triplet splitting that has a 1/d* dependence
according to the theoretical results.>> > The trion binding
energy is defined as the dissociation energy of the triplet
exciton and doped carrier (electron or hole). Assuming that the
trion binding energy is proportional to the inverse diameter 1/
d'® the tube diameter dependence of AE" (AE™) can be
reproduced as AE* (AE™) = 49/d + 65/ d* as shown in Figure
S, in which the coefficients are determined by the ﬁttin§
procedure and consistent with the theoretical calculations.'®?
Although there are some variations in AE* (AE™) due to the
family pattern, the fitted result indicated by the solid curve is in
good agreement with the experimental data.

We then discuss the difference between AE* and AE™. The
inset of Figure S shows that AE" for the positive trions is
almost the same with the AE™ for the negative trions within the
accuracy of a few meV, which is on the order of a few % for the
AE*(AE™) ~ 160—170 meV. As discussed above, the
AE*(AE™) is determined by the singlet—triplet exciton splitting
and positive (negative) trion binding energy. The obtained
almost identical values of AE" and AE™ indicate that the
positive and negative trion binding energies are almost same
values. This is in stark contrast to that in the compound
semiconductors. Indeed, in compound semiconductor quantum
structures, such as the GaAs system, the positive and negative
trions can be observed only at very low temperatures less than
20 K, and AE' for the positive trion and AE™ for the negative

dx.doi.org/10.1021/ja304282j | J. Am. Chem. Soc. 2012, 134, 1446114466



Journal of the American Chemical Society

trion have different values of ~25%,"" in which the singlet—

triplet exciton splitting is negligibly small and the AE™ (AE") is
dominated by the positive (negative) trion binding energy. The
trion binding energy due to the Coulomb interaction strongly
depends on the effective mass of the doped carrier (electron or
hole). The effective hole mass m,, for the SWNTs, however, is
slightly larger than the effective electron mass m,, and the mass
ratio m,/m, is ~1.06 for a 1-nm diameter tube, which was
obtained by the tight binding calculation.®® Rennow et al.
calculated the positive and negative trion binding energies of
the SWNTs as a function of the mass ratio, m;/m,.!” These
calculated results suggested that the positive trion binding
energy is only slightly higher than the negative one, but the
difference in the positive and negative trion binding energies is
expected to be less than a few meV for the mass raito my/m, =
~1.06. Our experimental finding, that is, the positive and
negative trion binding energies are almost the same within the
accuracy of a few meV, is quite consistent with the theoretically
calculated results."” This strongly supports the fact that this is
the first observation of negative trions in SWNTs at room
temperature by taking advantage of the electrochemical doping
method.

B CONCLUSIONS

In this paper, we described a very fundamental SWNT optical
feature, that is, the finding of both negatively and positively
charged excitons (negative and positive trions, respectively) in
the SWNTSs; namely, the presented in situ PL-spectroelec-
trochemical doping method successfully creates both the
negative and positive trions by controlling the applied
electrochemical potential to the electrode in the negative and
positive directions, respectively. We have revealed that the
binding energy of the negative trions is almost the same as that
of the positive trions. This result is due to almost identical
effective mass between the electrons and holes in the SWNTs.
The observation of both negative and positive trions strongly
ensures the existence of trions in the carrier doped-SWNTs,
and will allow progress toward spin manipulation in the
SWNTs.

B ASSOCIATED CONTENT
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Detailed description about electrochemical communication
between the SWNTSs and the electrode, electric field effect on
the electrochemical experiments and asymmetric behavior of
the PL peaks, AFM image of the SWNTs on a film, 3D-surface
PL plot and the electrochemical vis-near IR absorption and PL
spectra with changing the applied potential. This material is
available free of charge via the Internet at http://pubs.acs.org.
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