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ABSTRACT

We studied the spectral diffusion and exciton fine structures of single-walled carbon
nanotubes (SWNTs) using single carbon nanotube spectroscopy. Two types of single
nanotube photoluminescence (PL) spectra were observed at temperatures below 50 K,
double peaks with spectral diffusion and a single peak without spectral diffusion. The
spectral diffusion occurring in the lower energy peak of the split PL spectrum is
associated with the quantum-confined Stark effect. Our observations suggest that
symmetry breaking caused by the strong local electric field enables us to observe the dark

exciton state below the bright exciton state in single SWNTs.
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Recently, the electronic properties of a single-walled carbon nanotube (SWNT) [1]
have attracted a great deal of attention, because the Coulomb interaction in the quasi-one-
dimensional (1D) system is strongly enhanced [2], which leads to the formation of
excitons with extremely large binding energies in the range of 200 to 400 meV [3,4]. The
exciton states of a semiconducting SWNT have complicated fine structures around the
lowest energy due to the degeneracy of k-space [5-8]. The electron and hole spin together
with two degenerate K and K’ valleys lead to multiple exciton states with odd and even
parity spin singlets. In a perfect SWNT, the optical transition from the exciton state with
an odd parity to the ground state is dipole-allowed (bright), while the other transitions are
optically forbidden (dark). Theoretical calculations predict an energy separation of
several meV between odd (bright) and even (dark) singlet states and mixing of the two
eigenstates when the crystal symmetry in a SWNT is broken [7]. The exciton fine
structures including the energy separation should be elucidated, because the exciton fine
structures  strongly affect the optical properties of SWNTs, such as the

photoluminescence (PL) quantum efficiency.

Progress in single object (molecule, quantum dot, or nanotube) spectroscopy has
allowed the discovery of inherent optical and electronic properties beyond ensemble-
averaged properties [9-17]. A slight energy level fluctuation can be sensitively monitored
through spectral jittering, i.e., spectral diffusion using a single object spectroscopy [9-12].
PL blinking and spectral diffusion have frequently been observed in semiconductor
nanocrystals (quantum dots) because zero-dimensional (0D) exciton states having

discrete energy structures plus large surface-to-volume ratio of nanocrystals are easily



affected by external perturbations. Spectral diffusion has also been observed in single
SWNTs [15-18], although details of the mechanisms, including an explanation of the
spectral diffusion in quasi-1D exciton systems, are not clear. It is possible that the
external perturbation causing spectral diffusion also induces symmetry breaking, thereby
modulating the electronic state. Therefore, clarifying the spectral diffusion phenomena
revealed by single nanotube PL spectroscopy provides new insight into exciton fine

structures in SWNTs.

In this paper, we report the exciton fine structures in SWNTSs determined using
single nanotube PL spectroscopy. We found that SWNTs could be classified into two
types based on the single SWNT PL spectra at temperatures below 50 K: those with a
narrow PL peak with an almost Lorentzian line shape and those with double PL peaks
accompanying spectral diffusion. The exciton fine structures are discussed based on the

characteristics of spectral diffusion.

The samples used in this study were spatially isolated SWNTs synthesized on Si
substrates using an alcohol catalytic chemical vapor deposition method [19]. The Si
substrate was patterned with parallel grooves, typically ~1 pm in width and 500 nm in
depth using electron-beam lithography. The isolated SWNTs grew from one side toward
the opposite side of the groove. Different samples were prepared by changing the growth
temperature and time. Single nanotube PL spectroscopy was performed on samples
grown at 750 °C for 30 s with a typical average luminescent SWNT number density of

~0.1 pm™.



Single SWNT PL was performed at temperatures ranging from 4.7 to 100 K using a
custom-built confocal microscope [20]. The SWNT samples were mounted in a cryostat
and excited with a He-Ne laser (1.96 eV). The laser light was focused on the sample
surface through a microscope objective. The PL signal from the SWNT was detected by a

30-cm spectrometer equipped with a liquid-nitrogen-cooled InGaAs photodiode array.

Figure 1(a) shows the normalized PL spectra of two typical single SWNTs at 40 K.
We classified SWNTs into two types, a single peak without spectral diffusion (type A)
and double PL peaks with spectral diffusion (type B) based on many single-nanotube PL
spectra. Both SWNTs in Fig. 1(a) show the same chiral index of (10,3), based on the
emission energies given in Refs. 21 and 22. The PL peak energy changes between each
single nanotube with a same chiral index due to the difference of the local environment
and so on. The emission energies of type A and type B are almost same at higher
temperature. The spectral line shape in type A shows a good fit to a single Lorentzian
function, as indicated by the solid line in the figure. Figure 1(b) shows the contour plot of
the temporal evolution of the PL spectrum with an accumulation time of 1 s. The peak
position dose not change for the observation time scale (>1 s) under continuous wave
(cw) laser excitation conditions, as is expected from the exciton lifetime of about 30 ps
[23]. The PL properties of type A SWNTs are stable from 4.4 to 90 K (not shown here).
These results indicate that the PL peak in a type A SWNT can be attributed to the

recombination of a quasi-1D exciton in the bright exciton state.



The PL spectrum of a type B SWNT has double peaks, as shown in Fig. 1(a), in
contrast to the single peak of a type A SWNT. The energy difference between the higher
and lower energy peaks is estimated to be of order of several meV, as discussed below in
detail. The two peaks do not simply come from two spatially isolated SWNTs in the same
excitation spot of ~ um?, because the density of luminescent SWNTs in this sample was
kept below ~0.1 um?”. Figure 1(c) shows the temporal evolution of the PL spectra of a
type B SWNT. Note that the PL peak positions change over several seconds, even under

cw laser excitation conditions, in contrast to the behavior of type A SWNTs [see Fig.

1(b)].

A PL peak fluctuation on order of several seconds is observed, which is attributed to
spectral diffusion (or spectral wandering). Figures 2 show the temperature dependence of
the temporal evolution of the PL spectrum of a type B SWNT. The PL peak positions do
not change with time at temperatures above 70 K, while there is obvious PL fluctuation
due to spectral diffusion is clearly observed at temperatures below 50 K. Note that there
is a strong correlation between the SWNT type and the spectral diffusion, i.e., the spectral
diffusion occurs with type B SWNTs, while distinct spectral diffusion is not observed
with type A SWNTs. As the spectral diffusion depends strongly on the temperature and
type of SWNT for the same sample, this spectral diffusion cannot be explained by laser

heating effects.

Figure 3 shows the temporal evolution of the PL spectrum of a type B single SWNT

at 40 K. The PL spectra clearly show two peaks [also see Fig. 1(a)], which are fit by



lower energy side Gaussian and higher energy side Lorentzian functions (solid lines) at

all times. We obtained the peak positions and linewidths of both peaks of the PL spectra.

Figure 4(a) show the higher and lower PL peak energies obtained by fitting analysis
as shown in Fig. 3. Although the energy difference of several meV between the two
peaks changes at times due to spectral diffusion, the energies of the higher energy peak
do not change and only the lower energy peak fluctuated. Figure 4(b) shows the temporal
evolution of the PL linewidth (full width at half maximum: FWHM) of the lower energy
peak based on the temporal evolution of about 200 spectra. The linewidth fluctuates over
time. These results indicate that the spectral diffusion is associated with the energy and
linewidth fluctuation of the lower PL peak in type B SWNTs. Figure 4(c) shows the PL
linewidth (FWHM) plots of the lower energy peaks of a type B single SWNT as a
function of the emission energy. The arrow indicates the position of the higher energy
peak corresponding to exciton recombination (0.9965 eV) in the bright state. Note the
finite energy gap of about 1.5 meV between the highest energy edge of the lower PL peak
and the bright exciton energy. There is also a strong correlation between the linewidth
and the emission energy, i.e., the linewidth increases sub-linearly with the emission

energy.

Let us discuss the spectral diffusion in SWNTs at low temperatures. Spectral
diffusion has been observed inherently in 0D systems of single dye molecules [9] and
colloidal and compound semiconductor quantum dots [10-12], because these spatially

confined electronic states are easily affected by local external perturbations such as



localized charges in the trap states. In contrast, the exciton states in quasi-1D SWNTs
extend along a nanotube axis, and the exciton motion has a degree of freedom along the
nanotube axis. Thus, local external perturbation should have little effect on the quasi-1D
exciton states. In fact, the PL spectrum of compound semiconductor quantum wire does
not show spectral diffusion [24]. Therefore, the spectral diffusion can be used as a
measure of the extension of the exciton wavefunction. The two types of PL spectra from
type A and B nanotubes without and with spectral diffusion imply that the difference

arises from the extension of the exciton states.

The spectral diffusion can be explained by the fluctuation of localized charges.
Localized surface charges in a SWNT in trap states, doped by impurities or defects
generate a strong local electric field, which causes a redshift in the exciton energy. This
shift, AE, is proportional to the square of the local electric field F arising from the
quantum-confined Stark effect [10,11].

AE o F?, (1)
The observed large spectral shift (diffusion) of several meV can be explained by a
variation in F. Furthermore, a small, fast, local electric field fluctuation, 3F, possibly
resulting from surface charge oscillations between trap states [10,11], causes small
spectral shifts [AE(F+0F)-AE(F)] and F-dependent PL line broadening. Therefore, the
total width of the spectral peak, AE from Eq. (1) is dependent on the spectrum shifts.

AE(F + 0F)— AE(F) o« F o \JAE. @

In Fig. 4(c), we plotted the predicted PL line broadening using Eq. (2). The experimental

results demonstrate the inherent square root dependence predicted from the quantum-



confined Stark effect. Therefore, the spectral diffusion of SWNTs is associated with the
quantum-confined Stark effect and a strong local electric field is unintentionally applied

to a type B SWNT.

Theoretical calculations predict that the exciton states around the lowest energy split
into even (dark) and odd (bright) spatial symmetry states [5-8]. The effcient PL occurs
only from the bright state of exciton, because the other states are perfectly dark in an
ideal SWNT in which nothing disrupts the spatial symmetry. Therefore, the PL from type
A SWNTs comes from the recombination of quasi-1D excitons in ideal SWNTs.
Conversely, Perbeinos et al. predicted that the wave function mixing redistributes
between two states in a locally disordered SWNT because of symmetry breaking [7,25].
Such mixing due to the symmetry breaking provides a finite oscillator strength in the dark
state, i.e. a partially dark state [25,26], which might lead to light emission from the lower
energy dark exciton. In this case, the two emission peaks from the bright and partially
dark exciton states can be observed at lower temperatures at which the thermal energy is
less than the splitting energy of the two states [27]. The strong local electric field that
gives rise to the spectral diffusion also breaks the symmetry of the SWNTs [27,28] and to
energy shift of exciton state due to the Stark effect. Therefore, the lower exciton PL
peaks observed experimentally with the accompanying spectral diffusion, from a type B
SWNT [see Fig. 1(a)] are attributed to the recombination of the excitons in partially dark
state in the SWNT. The PL intensity and its energy dependence of the drak exciton might
provide important information, however, at presnent it is difficult to understand these

quantitatively. Here, we focus on the energy seperation between the bright and dark



exciton. The energy seperation between two PL peaks during the spectral difussion (e.g.
about 6 meV in the top panel of Fig. 3) is determined by both the energy shift due to the
Stark effect and bright and dark exciton splitting. The estimated energy gap of 1.5 meV
in SWNTs with d=0.94 nm [see Fig. 4(c)] corresponds to the splitting energy of the
bright and dark exciton states, which is consistent with the theoretical calculation [7] and
the experimental result estimated from the temperature dependence of the PL intensity

behavior [27].

In conclusion, we studied exciton fine structures using single nanotube PL
spectroscopy. We separated SWNTs into two types based on single nanotube PL spectra
obtained at temperatures below 50 K; a single peak without spectral diffusion (type A)
and double PL peaks with spectral diffusion (type B). The single-peak PL spectrum arises
from quasi-1D exciton recombination in the bright exciton state. It was found that the
spectral diffusion occurs in the lower energy peak of the type B SWNT PL spectrum,
which is associated with the quantum-confined Stark effect. Our observations show that
the energy splitting between the bright and the dark exciton states is estimated to be about

1.5 meV for d=0.94 nm SWNTs.
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FIGURE CAPTIONS

Fig. 1 (Color online) (a) Normalized PL spectra of typical single type A and type B
SWNTs on the same sample at 40 K excited with He-Ne laser light. Solid line indicates
the results of fitting analysis assuming Lorentzian function. Temporal evolution of the PL

spectrum of (b) type A and (c) type B SWNTs.

Fig. 2 (Color online) Contour plot of the temporal traces of a single nanotube PL
spectrum (type B) from 10 to 70 K [assigned chiral index: (10,3)]. The detector

accumulation time was 3 s at 70 K and 1 s at temperatures below 50 K.

Fig. 3 (Color online) Temporal evolutions of the PL spectrum of a single type B SWNT
at 40 K. Solid curves indicates the results of fitting analysis assuming Gaussian and

Lorentzian functions.

Fig. 4 (Color online) (a) Temporal trace of the higher and lower energy peaks of the PL
spectra of single type B SWNT at 40 K. (b) Temporal trace of the linewidth (FWHM) of
the lower energy peaks. (c) The PL linewidth (FWHM) as a function of the PL energy.
The solid line corresponds to the square root energy dependence predicted from the
quantum-confined Stark shift using Eq (2). The arrow indicates the energy position of the

higher peak.
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