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ABSTRACT

Polarized photoluminescence excitation spectroscopy on individual SWNTs reveals not only the longitudinal and transverse E;q, E, and Ejp
ground-state excitons but also excited excitonic states including the continuum. When heated, SWNTs are known to undergo a bandgap shift
transition (BST), which effectively changes the nanotube dielectric environment. Here, we show that the entire spectrum of excitonic resonances
blue shifts under this transition, with excited states showing larger shifts, approaching 100 meV for a 1 nm diameter nanotube. The excitonic
binding energy, Coulomb self-energy correction, and dielectric shift under the BST are estimated. Analysis of this blue shift reveals the

dominant effect of dielectric screening on SWNT excitonic states.

The optical properties of semiconducting single-walled
carbon nanotubes (SWNTs) are dominated by strongly
bound excitons, with binding energies several hundreds
of millielectronvolts. The binding energy has been esti-
mated in a number of recent experimental reports,' with
two-photon absorption providing clear experimental evidence
for excitons in SWNTs.>? Recently, we made an extensive
study of photoluminescence (PL) excitation (PLE) spectra
at the single nanotube level, and a number of absorption
resonances weaker in intensity than E,, were identified. For
polarization perpendicular to the nanotube axis, the lowest
transverse excitonic resonance (E|;) and related excitonic
states were identified and their (n,m) dependencies deter-
mined.”> Two longitudinal excitonic resonances directly
related to the PL peak E); (i.e., the lowest bright exciton)
were also observed. A simple inverse diameter dependence
connected those resonances to Ejj.

Prior to that, we discovered that, upon heating ensembles of
SWNTs, the E}; peaks undergo a bandgap shift transition (BST),
a dramatic and relatively sudden blue shift of almost 30 meV.°
Changes in PL intensity suggested that the energy Ei
changed as well. Another group reported what is essentially
the same effect by increasing laser power and thus heating
the SWNTs.” Very recently, the same effect has been
observed by controllably adsorbing and desorbing ethanol
molecules from the surface of SWNTs.® We explained the
BST as occurring when molecules desorb from the nanotube
surface. The change in dielectric screening due to desorption
can explain the entire shift. Here, we use the BST to change
the dielectric environment for individual SWNTs and track
the effect of the change on all excitonic levels. The
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measurements reinforce our interpretation for the origin of
these resonances, provide insight into the physics of the
Coulomb interaction in SWNTs, and yield information about
the dielectric environment.

Theory shows that excitonic energies depend strongly
on the strength of the Coulomb interaction.”!3 Experi-
mentally, this was demonstrated early on by comparing
luminescent samples in air ambient versus surfactant solu-
tion.'* These measured energy shifts are now understood to
arise from dielectric screening from the surrounding ambient.
There are many reports of such shifts due to change in
ambient such as those due to different solvent types,"
different degree of bundling,'® or different moisture levels.!”
In all cases, the observed energy shifts can be explained by
the reduced Coulomb interaction (or equivalently increased
dielectric screening) when a dielectric medium surrounds the
nanotube, or in the case of the BST, when molecular
adsorbates are present, for example, water adsorbed on the
surface. Here, we use the BST as a simple way to change
the Coulomb interaction and shift previously identified
optical transitions.

Sample preparation is similar to our previous reports. Briefly,
a Si0»/Si substrate (1 gm SiO,) covered with a thin Co film
(~1 nm, e-beam evaporated) is patterned with trenches using
photolithography, e-beam metal deposition, and wet chemistry.
SWNTs are grown by chemical vapor deposition with acetylene
as the carbon source. For the precise sample preparation recipe
used, the yield of suspended SWNTs is low, and the likelihood
of bundle formation is minimized. In addition, bundles of
SWNTs have specific spectral signatures in PLE,'®! and no
such spectral features were observed for any of the SWNTs
studied here.



Each suspended SWNT was imaged in PL and found
to be isolated, straight, and greater than 10 um long. Some
nanotubes were suspended over several supports, and on
the support, the PL intensity dropped to zero. Polarized
PLE spectra are obtained from imaging these individual
SWNTs and integrating the PL intensity for the entire
length of the nanotube for ~2 nm wavelength steps of a
tunable Ti:sapphire laser (700—1050 nm). For each
SWNT, a PLE spectrum is acquired for longitudinal
excitation polarization (laser polarization parallel to the
tube axis) and transverse excitation polarization (laser
polarization perpendicular to the nanotube axis). Since the
SWNTs were imaged in PL, their orientation was known,
and furthermore since they were so straight, essentially
pure longitudinal or transverse excitation was possible.
Also, for each nanotube, a PL emission spectrum is
acquired to obtain the emission wavelength. PL and PLE
peak pairs (Ey;, Ey) were then used for (n,m) assignment
and to deduce the SWNT diameters (d).?°

Each SWNT (over 20 in this work) was measured in two
states. One state is “air ambient”, which is the normal state
for suspended SWNTSs, and corresponds to the state in which
the nanotube is coated with atmospheric adsorbates. The
second state is the “after BST” state, for which the sample
stage temperature is ramped to 450 °C under N, ambient
(nitrogen flowing at 2500 sccm) and the measurement is
performed while maintaining nitrogen ambient. This is the
“desorbed state”. Nanotubes are metastable in the “after
BST” state, and the return to the “air ambient” state occurs
over several hours in air. As in the original paper,® it was
also possible to obtain spectral information intermediate to
the two states, though no such data is explicitly shown here.

Many peaks are observed for each SWNT, so to enumerate
them, we adopt the following labeling convention. The lowest
bright excitonic peak, that is, the PL peak, is labeled E;;°
where the superscript 0 indicates a ground state. Except
where necessary, we suppress the superscript, thereby
reverting to the conventional notation, Ej;;. The lowest
transverse PLE peak, which is typically also the strongest
transverse peak is labeled E},°, with the zero having the same
meaning and being suppressed except where necessary.
Likewise, the E»° peak is the strongest longitudinal PLE
resonance, the ground-state of the E,, exciton, and with the
subscript suppressed reverts to the conventional notation. The
E; " related excited states we then enumerate in order Ej,!,
E\%, E ... These states can be viewed as analogous to the
familiar hydrogenic spectrum with the series E1,°, E1,', E|%,
E\,... being analogues to the s, p, d, f,... states. The
continuum state, an ionized Ej; exciton, or equivalently a
free electron—hole pair derived from the E,; band, is labeled
Ey®. The E;® appears as a shoulder about 50 meV above
E)? and is distinctly visible for several species (see Sup-
porting Information in ref 5). From previous experimental
work,”? it is expected that this continuum should appear as a
shoulder and not a peak and this helps reinforce the
assignment. This notation supersedes our previous,’ provi-
sional notation in which E;,! was labeled LI and E;;% was
labeled LI*. The states of all other bands are readily
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Figure 1. Photoluminescence (left) and polarized photolumines-
cence excitation (right) spectra of a ~50 um long (10,6) SWNT.
(a) Spectra in air ambient before bandgap shift transition (BST).
Longitudinal excitation is plotted in red, transverse in blue. The
PL peak is labeled E,°. The PLE peaks are labeled Ey!, Eq2, E12°,
and E». The shoulder in the PLE is labeled E;;*. The inset is a
PL image of the single suspended SWNT. (b) Spectra before
(dashed lines) and after (solid lines) the BST for the same (10,6)
SWNT. The magnitude of the shift for each peak is indicated.

enumerated with the general notation E;", with i,j related to
band index and n related to the excitonic series.

Figure 1 shows PL and polarized PLE data from a 50 um
long (10,6) nanotube, before and after the BST. Figure la
shows its PL emission spectrum and the longitudinal (red)
and transverse (blue) PLE spectra. All peaks are labeled as
above. The inset is the spatially resolved PL image, where
the dark segments arise from PL quenching where the
suspended nanotube contacts the supporting silicon dioxide
mesas. Figure 1b shows the PL and PLE spectra after the
BST. The air ambient peaks are also shown as dotted lines,
and the magnitude of the shift of each peak is labeled. The
BST is a reversible process, and furthermore, there was no
significant change in luminescence efficiency between the
air ambient and post-BST states. All peaks are blue shifted.
The excitonic ground states shift by a small amount: the £},
emission energy is blue shifted by 27 meV, the dominant
E5, absorption resonance is blue shifted by 34 meV, and the
dominant transverse resonance, £, blue shifts by 35 meV.
By comparison, the excited states shift two to three times
more, with Ey;' shifting 69 meV and E;? shifting by 85 meV.
A similarly large shift is seen for E,;*, although it is less
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Figure 2. “Kataura plot” showing the energy before (arrow tail)
and after (arrowhead) the BST for all investigated excitonic bands.
All shift up, but with a band dependent magnitude. The mean shift
for each band is indicated in the text.

clearly defined, partly because it is a shoulder not a peak,
but mainly because it starts to overlap with Ey, for the (10,6).
This is the case for most SWNTs under investigation here.
As will be explained below from theory supported arguments,
the response to dielectric change is greater for excited
excitonic states compared with ground excitonic states.

This example highlights a new phenomenon of great
interest from a fundamental physics perspective. In Figure
1, while E;;?> appears at slightly lower in energy than E)»
under air ambient, it appears above E; after the BST. From
the point of view of assigning the peaks, this provides clear
evidence that they are distinct in origin. Importantly, it
demonstrates that the excitonic bands can be tuned to
degeneracy simply by controlling the dielectric environment
surrounding the nanotube. This is especially interesting for
the case of £, (the exciton continuum) approaching E», as
we can expect different relaxation dynamics when the bands
are pushed together or apart.

Figure 2 shows a “Kataura plot” compiling all of the data
obtained in this work. Each arrow represents a given
resonance and its shift under the BST for a single SWNT
for which the diameter has been deduced from (E;, E2»).
The tail of an arrow marks the energy of a resonance under
normal ambient conditions while the tip marks its energy
after the BST. Within a given band, the arrows have globally
the same, or at least very similar, magnitude. On average,
for the ground states, we measured shifts of 23 4+ 6 meV
for Ei1, 29 = 3 meV for Ex», and 32 & 7 meV for E},, while
for the excited states the shifts were 69 4+ 4 meV for E;'
and 75 £ 9 meV for E;%. The magnitude of the shift for
E\® was similar to E% though there were too few clear
data points to report a meaningful average. The scatter seen
in Figure 2 originates from inhomogeneous broadening
within a given (n,m) species (similar to ref 5). Because of
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Figure 3. Connection between excited excitonic states E;;' and
E11? and the ground-state exciton Ej,%, for both air ambient (red)
and after the BST transition (blue). The energy difference between
each excited exciton resonance and the ground-state exciton PL
peak is plotted versus inverse SWNT diameter. The energy
difference scales linearly and extrapolates to the origin. The
continuous black lines are best fit lines (see text). Although few
data points are available, the continuum states E;® are also plotted
and appear to scale the same way.

this scatter, it was not possible to establish the existence of
a chirality dependence for these shifts. The physical origin
of the inhomogeneous broadening still remains to be identi-
fied. However, it is neither increased nor decreased signifi-
cantly upon the BST, indicating that the adsorbates involved
in the BST are not the origin of the inhomogeneous
broadening.

Previously, we showed that E;;' and E;;?> (then labeled
L1 and LI") were connected to E;; by a simple diameter
dependence.’ A similar plot is presented in Figure 3, this
time before and after the BST, and including also the position
of the Ej® shoulder. The y axis is calculated from the
difference in energy between the excited excitonic state and
the ground-state PL emission energy (E1,°). The x axis is
the inverse nanotube diameter as determined from the (72,m)
assignment from the PLE map. The simple linear inverse
diameter dependence is preserved after the BST. In the post-
BST state, the slopes are greater by 10.8 4= 0.6%. The slopes
are 467 £+ 5 meVenm for E;;' and 610 £+ 8 meV-nm for E; ;2
in the air ambient state and 519 + 9 meV-nm for E;,' and
674 4 10 meV-nm for E;,? after the BST. The E;,® shoulder
appears to follow this linear scaling with a similar increase
of slope after the BST, but the small number of data points
available and their greater uncertainty makes this less clear.

A physical understanding of the origin and magnitude of
this energy shift can be obtained from the excitonic picture.
Excitonic energies are the result of two nearly equally
important Coulombic contributions, the self-energy which
increases the bandgap and the excitonic binding which
decreases it. The self-energy accounts for interaction between
particles of like charge. It produces a blue shift of the single
particle energies without otherwise significantly altering the
details of the spectrum. This is illustrated in Figure 4a where
the single particle van Hove singularity illustrated in panel
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(i) is shifted upward by the self-energy correction, repre-
sented by 2, as illustrated in panel (ii). A larger Coulomb
energy (i.e., a lower dielectric constant) leads to a larger self-
energy correction and to a larger blue shift. The excitonic
correction (X) on the other hand accounts for the attractive
interaction between an electron and a hole. Its effect is quite
significant in SWNTS, so as to produce both quantitative and
qualitative changes to the density of states and thus to the
oscillator strengths as compared with the free particle picture,
as illustrated in panel (iii). The set of self-energy corrected
free electron—hole bands (E|;*, E»®,...) split into a series
of discrete bands lower in energy than this continuum.
Compared with bulk semiconductors where excitonic cor-
rections are small, the spectral weight for SWNTs is strongly
shifted from the continuum to the lowest bright exciton (E;°).
The (ground state) exciton binding energy (E,=E;;° — E;,°)
increases as the strength of the Coulomb interaction increases
(i.e., as the dielectric constant decreases), but its magnitude
is smaller than the self-energy correction. Consequently, both
corrections lead globally to a blue shift of the excitonic peaks
with respect to the single-particle energy.’ Overall, an
increase of the strength of the Coulomb interaction leads to
a blue shift of all spectral features.

The effect of Coulomb interaction on excitonic bands is
more pronounced for bands closer to the continuum where
excitonic corrections are small and self-energy dominates.
This is the origin of the larger shift observed for the excited
excitonic resonances (Ey;' and E;;?) compared with the
ground-state resonances (E;, Ex, and Ej,). This reinforces
the assignment of the experimentally observed peaks labeled
E' and E;;? to the second bright exciton state and third
bright exciton state, respectively.

To be more explicit in relating our experimental findings
to previous theoretical work, in Figure 4b, we have replotted
the theoretical results from Ando et al.,>?* where the energy
of excitonic resonances (labeled with the current assignment)
are plotted versus U, the strength of the Coulomb interaction,
which is inversely proportional to dielectric constant. All
bands increase rapidly in the small U range and increase
more slowly when U is large. For any U, the excited
excitonic bands (E;', E{;2,...) including the continuum E;;®
always show the greatest slope, while E}; and E», have very
similar, much smaller shifts. On the other hand, E;, with
weaker excitonic corrections has intermediate shifts between
E;” and E,; and E,. Experimentally, the BST reduces the
dielectric constant (¢) or equivalently increases the Coulomb
interaction strength (U). If A represents the change under
the BST, the measured average shifts from smallest to largest
appear in this order: AE;|® = AE»" = AE\,° < AE' <
AE%. This order is in agreement with Figure 4b. However,
there is a discrepancy for E|,, where the theoretical model
predicts a significantly greater shift. While E;,° in the
experiment has the largest shifts among ground-state exci-
tons, the magnitude of AE/,? is only slightly larger than AE)°
and AEZZO.

It seems impossible to obtain an exact match between
experiment and the work of Ando et al. On the basis that
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Figure 4. Effect of Coulomb interaction (a) on the optical spectrum
of semiconducting SWNTSs. Qualitative representations of the optical
density of states (DOS): (i) single particle picture (that is, without
Coulomb interaction), (ii) with Coulomb self-energy only, (iii) with
self-energy and excitonic interactions. (b) Energy of the excitonic
states as a function of the strength of the Coulomb interaction (U).
The graph was obtained using the theoretical results from refs 9
and 23 (y,= 2.6 eV, L = 1.24 nm, and a cutoff energy of 5).

Ex°, E\° and E;|® are close in energy, we found in our
previous report that U = (.2 provided a fair agreement with
the positions of all observed peaks.” However, it is not
possible to quantitively account for the peak positions before
and after the BST and the shift between them. As shown in
Figure 4b, E,° and E»,° depend only weakly on U for U =
0.2. Furthermore, while the prediction that E,° is close to
E" does match the expectation, the slope of the E;,° versus
U curve is too high to match experiment.

Although the model of Ando agrees in a general qualitative
way with our data, and in this way reinforces the assignment
of PLE resonances and the interpretation of the BST
transition, it apparently does not agree in a rigorous,
quantitative way. One possible explanation is that modeling
the nanotube as embedded in an environment parametrized
by a single dielectric constant is overly simple. For example,
it may be more accurate to have a surface dielectric constant
to account for screening at or near the surface of the nanotube
and a bulk dielectric constant to account for distances further
away. A surface dielectric constant would be expected to
change drastically during the BST. Furthermore, since excited
excitonic states are more delocalized than ground states, they
are likely to sample an inhomogeneous dielectric environ-
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ment differently. In any case, it is likely that the calculations
were never intended to be accurate to the level of precision
which is now accessible to experiment.

The exciton binding energy is a quantity of special interest.
The E,; exciton binding energy is defined as Ez = E;,* —
E°. The continuum E|;* is not very precisely measured here
but in general was ~50 meV above E;;%. We thus get Ep =
E> — E;\° + 50 meV. Using the linear relationships derived
from Figure 3, Ep = 725 meV for a 1 nm diameter SWNT.
This number and the inverse diameter scaling agree well with
theoretical prediction. Capaz et al. reported 672 meV-nm/d
to first order for E,, using ¢ = 1.846.2! Jiang et al. predict a
binding energy of 1 eV for a (6,5) with ¢ = 1, which when
scaled for diameter would then correspond to ~800 meV
for a 1 nm nanotube.'> Both models predict a chirality
dependence for the binding energy which was not observed.
Theoretically, however, the chirality dependence becomes
weak for larger diameter nanotubes and appears to be within
the scatter of our experimental data.

These values of exciton binding energy are significantly
larger than those deduced from transient absorption,! two-
photon luminescence,>* Raman scattering,* or photocurrent
spectroscopy,>? which fall in the range of 350 to 500 meV
for a 1 nm diameter nanotube. The origin of this difference
is likely to be the stronger dielectric screening in those cases,
arising from the surfactant solution or from the SiO,
substrate.

It is possible to estimate the change of the dielectric
constant during the BST. Pereibenos et al. proposed a power
law scaling Ez U € ® of the exciton binding energy with
dielectric constant.'' Under power law scaling, the relative
change in the exciton binding energy is proportional to the
relative change in dielectric constant, with the constant of
proportionality being the scaling exponent (i.e., AEy/Eg =
—0Ael/e). Pereibenos et al. predict that oo = 1.4. Using the
10.8 £ 0.6% change of in the exciton binding energy (Ep)
in the present experiment, we calculate a corresponding 7.7
=+ 0.4% reduction in the dielectric constant (&) after the BST.
Other calculations suggest different scaling exponents, for
example, the results in Figure 3 of Ando are better fit with
o = 1 which would increase this value to 10.8 + 0.6%. By
estimating Eg for nanotubes in solution at approximately 425
meV and using the estimated post-BST exciton binding
energy at 725 meV, the same argument for o. = 1.4 predicts
an approximately 30% difference in dielectric constant for
nanotubes in solution as compared with post-BST nanotubes.

It is also of interest to estimate the magnitude of the self-
energy correction (X). If we assume, similar to the exciton
binding energy, that the magnitude of the self-energy
correction scales as a power law (i.e., ~ [ €P), we obtain
a direct relationship between the two quantities, AEy/Ep =
o/f-AZ/Z. To leading order, it was proposed that the scaling
exponent for = should be § = 1,'7 a scaling consistent with
the classical Coulomb interaction energy. With the relative
change in the exciton binding energy AE/Ep = 10.8 £ 0.6%,
the change in self-energy A = AE||® = AE;> =75+ 9
meV-nm/d (since E;;? is close to the continuum and is
spectrally well defined, we use it instead of E;;*), and the

1894

scaling exponents o = 1.4 and f=1, the self-energy term is
estimated to X = 980 £ 170 meV-nm/d. This value is larger
than the exciton binding energy of Ez = 725 meV for a 1
nm diameter nanotube. Presumably, the nanotubes measured
after the BST would be closest to the state with ¢ = 1.

This argument above does not require knowledge of the
actual value of the dielectric constant but rather depends on
the scaling relationship and its exponent. There is no
experimental measurement available yet for either o or 3. It
is interesting that for a = f (e.g., for classical Coulomb
scaling in which oo = 8 = 1) the calculated self-energy and
exciton binding energy are the same here, to within experi-
mental precision. However, it is expected that the exciton
binding energy should be less than the self-energy term,
which is the case for o = 1.4 and S = 1, for example.

In this work, we have shown how ground state (E,;, E,
and Ej) and excited state (E);', E;%, and E;®) optical
resonances of individual SWNTs of diameters ranging from
d = 1.1 nm to 1.4 nm blue shift under the BST, a transition
understood to occur when atmospheric adsorbates are des-
orbed. The ground states shift by ~30 meV while the excited
states shift by a factor of 2—3 or more. With the assumption
that the BST blue shift is caused solely by a change in
dielectric constant, we conclude that the shifts are in
qualitative agreement with theoretical prediction. The exciton
binding energy after the BST, that is, for ¢ closest to 1, is
725 meV for 1 nm diameter nanotube, and this number scales
inversely with diameter. This is an 11% shift compared with
SWNTs in air ambient. Scaling arguments with plausible
values of scaling exponents suggest that the change in
dielectric constant under the BST is approximately 8% and
that the self-energy correction to the single particle picture
is approximately 1 eV.

Since excitonic peak positions can be tuned widely,
opportunities arise both for fundamental studies as well as
potential applications. Given the larger spectral shift of
excited states, SWNT sensors based on optical absorption
into excited excitonic states can be expected to have greater
sensitivity than those based on excitonic ground states.
Furthermore, the PLE spectrum of excitonic states is a kind
of fingerprint of the SWNT dielectric environment.

While this experiment provides information on optical
properties of SWNTs, it also has implications for electronic
transport in SWNTs and the understanding of SWNT field
effect transistors (FETs). Charge transport occurs through
the continuum band, demonstrated here to be very sensitive
to changes in the Coulomb interaction strength. In SWNT
devices, the dielectric environment changes drastically along
the length of the nanotube, as there are, typically, segments
of the SWNT on oxide or metal or even suspended in air.
Because of the self-energy correction, the transport bandgap
should be strongly modulated in SWNT FETs. Furthermore,
since the continuum band blue shifts markedly through the
BST, transport characteristics of nanotube FETs should be
sensitive to the BST.
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