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All the carbon atoms of a single-wall carbon nanotube (SWNT) are in the surface
layer. Thus, SWNTs suffer from strong interaction with the surrounding environment.
When an SWNT is suspended between mesa structures, the interactions with the substrate
and other nanotubes are minimized, and the nanotube is directly exposed to ambient
gas. Semiconducting SWNTs suspended in space exhibit intense photoluminescence,
and their optical transition energy depends on the state of molecules absorbed onto
the SWNT surface. Therefore, gas molecule adsorption/desorption can be probed by
photoluminescence analysis.

1. Introduction

Single-wall carbon nanotubes (SWNTs) exhibit chemical stability and mechanical
strength, owing to their stable carbon-carbon bonds, and features specific to the one-
dimensional structure, which makes them attractive as building blocks for nanoelectronic
and nanophotonic devices.” Semiconducting SWNTs have a direct band gap, and
thus light emission from electron-hole recombination should occur. However, SWNTs
lying on a substrate surface, as well as SWNT bundles, show almost no luminescence.
This means that an SWNT, whose constituent carbon atoms are all in the surface layer,
is strongly affected by the surroundings, and the electronic transitions are modified.
By contrast, individual SWNTs dispersed in solution® or suspended between mesa
structures, emit a bright band-gap photoluminescence (PL).®) Thus, the isolation of
SWNTs by minimizing their interaction is a key to extracting the intrinsic optical
properties of nanotubes. Since suspended SWNTs do not come in contact with substrates
or any surrounding medium and exhibit intense and sharp PL peaks,® suspended SWNTs
are ideal for PL measurement and the determination of optical properties.

Lefebvre et al. first observed the effects of environment on PL excitation and emission
energy by comparing the PLs of seven chiralities between air-suspended and micelle
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(sodium dodecyl sulfate: SDS)-wrapped SWNTs.® They found that the optical transition
energies of SDS-wrapped SWNTs redshift by an average of 28 meV for emission and
by an average of 16 meV for excitation compared with those of air-suspended SWNTs.
The origin of the optical transition energy shift is dielectric screening by the nanotube’
s surrounding environment. Dielectric screening has two opposite effects: a decrease in
Coulomb self-energy (electron-electron interaction) and a decrease in exciton binding
energy. Since the self-energy is larger in magnitude than the exciton binding energy,
the overall energy decreases, i.e., a redshift is predicted theoretically.®) Experimentally,
Ohno ef al. examined the dependence of excitonic transition energy on the environmental
dielectric constant by immersing suspended SWNTs in various organic solvents.© For all
organic solvents, both the emission and excitation energies of nine chiralities redshifted
relative to those of air-suspended SWNTs. These results are in good agreement with the
theoretical calculations by Miyauchi et al.?

In gas ambient, the PL emission peaks of suspended SWNTs rapidly change at
approximately 40°C.® Transition temperature shows a clear diameter dependence:
transition temperature increases with emission wavelength, which is proportional to tube
diameter. This phenomenon is interpreted in terms of molecule adsorption/desorption.
Here, we focus on the molecule-induced transitions of PL energies. This is of interest
for the application of molecular sensing as well as for the basic study of molecule
adsorption/desorption on a nanosurface.

2. Photoluminescence of Suspended SWNTs

The preparation procedures for suspended SWNTs are described elsewhere.® A
scanning electron microscopy (SEM) image of an SWNT suspended between silica
pillars is shown in Fig. 1. Since suspended SWNTs tend to form bundles, a short growth
time (5 min) in chemical vapor deposition was used to prevent bundle formation. A PL
excitation (PLE) map is a two-dimensional plot of PL excitation and emission spectra
(Fig. 2). The peak in the PLE plot represents the optical transition energies between 1D
singular peaks of semiconducting SWNT, and can be used for determining the chiral
indices of SWNTs.09 In Fig. 2, a single PL peak is seen, indicating the existence of

Fig. 1. SEM image of a SWNT suspended between silica pillars.
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Fig. 2. PLE map for an SWNT suspended between silica pillars.

a single SWNT between a pair of pillars, and the peak corresponds to an excitation of
1.6 eV and an emission of 0.96 eV. By taking into account the energy shift between
suspended SWNTs and micelle-wrapped SWNTSs,(!) the chiral index of the SWNT is
identified as (9, 7).

In PLE mapping, the excitation energy range is determined by the light source. For
the imaging of a single SWNT, a light power range of 1-5 mW is necessary. Thus, a Ti:
sapphire laser (700-1,050 nm) is commonly used. The wavelength range corresponds
to the excitation energy between second 1D singularities of nanotube electronic
structures with a diameter of 1 nm or larger. For the excitation of nanotubes with smaller
diameters, a wavelength range of 500-700 nm is necessary. The emission wavelength
is in the near-infrared regime, > 800 nm. An InGaAs photodiode is typically sensitive
to the 1,000—1,600 nm wavelength range, which corresponds to emission for nanotubes
with diameters ranging from 0.9 to 1.3 nm. A diode array with 512 or 1,024 channels is
used for rapid spectroscopic imaging.®

Because of the one-dimensionality of nanotubes, photoexcitation and photoemission
show strong polarization dependences. Both excitation and emission have a maximum
for excitation laser polarization parallel to the nanotube axis. A square-cosine
dependence has been reported.('? This is due to the polarization-dependent selection
rule of optical transitions between 1D singular peaks. For polarization parallel to the
tube axis, optical absorption between subbands with the same angular momentum are
allowed. When used, transverse-light polarization induces a transverse polarization in
the nanotube, which has a shielding effect on electric field.'® Thus, the absorption and
emission intensities are always weak in the perpendicular direction.

The actual scheme of optical transitions in nanotubes is different from the simple
single-particle picture. Since excited electrons and holes are confined in a one-
dimensional nanotube, they interact strongly, forming hydrogen-atom-like binding states,
or excitons.!¥ Thus, the transition energies are different from those expected from the
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simple single-particle picture. In the excitonic excitation picture, the transition energy
is the sum of the band gap and exciton binding energy (attractive interaction between
an electron and a hole), which are affected by dielectric screening by the nanotube’s
surrounding environment.

3. Gas Adsorption Effect

At temperatures higher than room temperature, the PL emission peaks of suspended
SWNTs rapidly change at approximately 40°C in gas ambient and vacuum.® Transition
temperature shows a clear diameter dependence: transition temperature increases with
emission wavelength, which is proportional to tube diameter. Transition temperature
also depends on the ambient gas species. It is higher for air and nitrogen than for
helium. When different gases were successively introduced into the chamber at a fixed
temperature, dynamic changes were observed (Fig. 3).®) A PL emission peak was blue-
shifted in helium, but was redshifted in air or nitrogen. By changing the gas atmosphere,
the peak are shifted back and forth reversibly.

These phenomena are interpreted in terms of molecule adsorption/desorption. The
pressure change also induces a similar transition. The transition behavior of PL peaks
was quantitatively examined using a pressure-controlled chamber.'> The ethanol gas
pressure dependences of the PL emission peak from the same suspended (9,8) SWNT
measured at various temperatures are shown in Fig. 4. The emission peak wavelength
shows similar ethanol gas pressure dependences at these four temperatures, and transition
pressure increases with increasing temperature. Below the transition pressures, emission

Fig. 3. Photoluminescence dynamics after the introduction of various gases. Temperature was
fixed at 37°C.®
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Fig. 4. Ethanol gas pressure dependences of emission wavelength at various temperatures for a (9,
8) SWNT.0

peak energy remains constant regardless of ethanol gas pressure and temperature. On the
other hand, above the transition pressures, emission peak wavelength slightly increases
with increasing ethanol pressure. The ethanol pressure dependence of PL peak energy
with the rapid energy shift is quantitatively described by the adsorption and desorption of
ethanol molecules on the SWNT surface based on the modified Langmuir model.('® In
this model, the interactions among adsorbents are considered as well as those between
an adsorbent and the surface. The adsorption rate v, of gas molecules on the surface is
expressed in the standard form

P

v, = W(l—@, (1)

where P, m, and 0 are the pressure, mass, and surface coverage of gas molecules,

respectively. For the desorption rate v_, the interaction between adsorbents is taken into
account:

E+zwb )6,

V_=Vv,exp (* T

2)

where v, is a proportional constant, £ is the desorption energy at zero coverage, z is
the number of neighboring molecules, and w is the lateral interaction energy between
adjoining adsorbents. The tube diameter dependence of desorption energy is assumed
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to be E'= E, — A/d, where d is the tube diameter, 4 is a constant, and E| is the desorption
energy of ethanol on graphite at zero coverage (29 kJ/mol).(7 At the critical pressure P,
which is the pressure corresponding to the critical coverage 6, = 0.5,

P, 1-6 Ald— (E,+zw0,)

c

N | 2

c

where P, = vy(2nmk)'?. The transition pressures of four different chirality SWNTs are
measured at various temperatures from 23 to 29°C. Figure 5 shows the relationship
between 1/T and transition pressure. When 4 and P, are 29 kJ nm/mol and 2.2 x 10°
Torr/K'? respectively, the experimental data agree with the fitting lines. The temperature
and tube diameter dependences of the transition pressure P, are thus described in terms of
the curvature effect of desorption energy.

In air ambient, suspended SWNTs show rapid energy shifts when sample temperature
changes.® From experiments using water vapor, we have confirmed that this transition
is due to water molecule absorption onto or desorption from the suspended SWNTs in
air. Therefore, the emission and excitation energies measured in air correspond to those
of water-molecule-wrapped SWNTs. The emission and excitation energies measured
below the transition pressures are the intrinsic optical transition energies of SWNTs.
Figure 6 shows the emission and excitation wavelengths, which were measured in air®'®

Transition pressure (Torr)

Fig. 5. Temperature and diameter dependences of the transition pressures of four chirality
SWNTs. The dashed line is a fitting line based on eq. (3).09
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Fig. 6. Emission and excitation energies of suspended SWNTs in air (open circles) and vacuum (filled
circles).(®

and vacuum (below the transition pressure). All the PL peaks of suspended SWNTs
measured in vacuum blue-shift relative to those measured in air. The average emission
and excitation energy shifts are approximately 25 and 47 meV, respectively.

The dynamic transition observed by changing the ambient gas at a fixed temperature
shown in Fig. 3 is also explained by the water molecule desorption. Because water
molecules existed on the chamber wall, water adsorption occurred even when dry gases
were introduced. Since adsorption rate is inversely proportional to the square root of
molecular mass (eq. (1)), helium has a higher adsorption rate than water, air, and nitrogen
at a fixed temperature and pressure. This results in a smaller water molecule coverage in
helium than in air or nitrogen. Thus, the transition temperature in helium is lower than
that in air or nitrogen.

For SDS-wrapped SWNTs, the energy difference between air-suspended and SDS-
wrapped SWNTs depends on the chiral angle and type of SWNT, which is explained by
uniaxial strain generated by the surrounding SDS. For gas adsorption, no such chirality
dependence was observed.®!'> Therefore, the type-dependent optical transition energy is
specific to wrapping by large molecules.

4. Conclusions

Suspended SWNTs emit intense photoluminescence, reflecting the electronic
excitation and emission between 1D singular peaks. Optical transitions are strongly
affected by the surrounding environment, even by the adsorption of molecules.
Photoluminescence intensity shows a rapid transition with the adsorption or desorption
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of condensed molecules on the nanotube surface. The transition shows a clear diameter
dependence, reflecting the effect of curvature on desorption energy. Thus, the adsorption/
desorption dynamics on the nanosurface can be probed using photoluminescence. These
features of SWNTs may be useful for sensing applications.
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