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ABSTRACT

Resonant Raman spectroscopy of single carbon nanotubes suspended across trenches displays red-shifts of up to 30 meV of the electronic
transition energies as a function of the surrounding dielectric environment. We develop a simple scaling relationship between the exciton
binding energy and the external dielectric function and thus quantify the effect of screening. Our results imply that the underlying particle
interaction energies change by hundreds of meV.

The long-predicted presence of excitons with large binding = °

energies in carbon nanotubes (CNP)has been experimen- ] lg "

tally confirmed by recent two-photon experimefitd With 5 is5 -=-Run 1
binding energies of hundreds of meV and Coulomb energiesg_- ] E Runz
highly sensitive to screening due to the one—dimensionalg g%‘

nature of CNTs, one expects that the measured opticalg . gt -
transition energies should change significantly with changes *53 50 70 1500 180 211‘, 240 1= e 1B 1
in the dielectric environment. Yet experiments report varia- Raman Shift (cm') Raman Shift (cm1) Excitation (eV)

t|on_s on a scale of ]_ust a few tens of meV across dlele_ctrlc Figure 1. (a) Typical Raman spectrum taken in dry &t 742 nm
environments as different as CNT bundles in solution, excitation, near outgoing resonance of the G band. Lorentzian fits
micelle-encapsulated CNTs, and individual nanotubes sus-to the G, G;, and 1734 cm! Raman modes are shown in green,
pended in aif:l° Lefebvre et al. measured the photolumi- red, and blue, respectively. Inset: Lorentzian fit, shown in red, of

nescence (PL) emission from CNTSs freely suspended $n air the RBM Raman mode taken at 828 nm near incoming resonance.

. : _(b) Contour plot showing intensity of the RBM as a function of
and compared the results W'th the PL frpm micelle excitation energy and Raman shift. (c) REPs of the same data set
encapsulated nanotubes published by Bachilo ét Bly as in (b).

using family structure to correlate CNT species between the
two data sets, they were able to show average red-shifts of

. . . transition energyE,, of a given CNT as we change the
only 28 and 16 meV irky; andEz, respectively (wher, dielectric environment from dry Nto high humidity N to
is the optical transition energy associated with ilie

bband icell lati isinal IIwater. We present experimental evidence of dramatic un-
SE an ).’ UPOt':] m('j(.:; € e?capgu a |on,ta surprisingly sma derlying changes in those particle interaction energies that
change given the difierent environments. largely cancel each other, leading to the small variations in
In this work, we investigate the underlying reasons for

. L . i . observed optical transition energies, in accordance with the
this small variation of the observed optical transition energies. P g

: . picture described by Ando and Kane and MEle.
We follow the shift of the electronic energy levels as we Tvpical ¢ R . f sinal
control the screening of the Coulomb interaction in single ypical spectra from resonant Raman scattering of single

CNTs suspended across trenches. Specifically, we useCVD-grown CNTs suspended across trenéhase shown

resonant Raman spectrosconv (RRS) to probe the opticall Figure 1a. Details of the expe.riment hqve be'e'n presented
P Py ( Jtop P elsewheré3'“The Stokes scattering peak intensities for each
* Corresponding author. E-mail: swan@bu.edu. Raman active phonon mode appearing in the spectra are

T Department of Physics, Boston University. . e . .
* Department of Electrical and Computer Engineering, Boston University. plotted against laser excitation energy, resulting in the
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i g= In Water resonance condition.
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Raman Shift (cm) Excitation (eV) experimentally accessible range for this mode. Despite having
_ _ o _ only half of the REP for this Raman mode, run 2, which
Figure 2. (a) Contour plot showing normalized intensity of the \yas taken immediately after run 1, predicts the s&@mnes

G outgoing resonance as a function of both excitation energy and I, . .
Raman shift measured in dry,;N82% RH N, and immersed in run 1 to within 1 meV. In addition, the outgoing peak of the

water. (b) REPs of the data shown in (a). Plots are offset in the REP for the G tangential phonon mode for this CNT, shown
vertical direction for clarity. Data measured in dry ¥ shown in in Figure 2a,b (data taken concurrently with the data shown
blue squares with the accompanying REP fit shown with a solid in Figure 1), yields the samE,, as the RBM to within 2
b_'“‘?l ”rl‘e-i nDit:ewZﬁzu:gg irr;gzg@tisglk N'(“g) g‘n‘év?éirsﬂg esg‘;v‘i’rr]‘ @ meV. As expected, all modes vyield the safg for this
miar . .
:md ‘(ab)),/ resgpectively, but for tl;e 173XchRaman mode. CNT in dry N, E?z - 1'4.75i 3 meV. ) . )
The results of increasing external dielectric environment

In general, the REP will be double peaked from the combined on the E; for two different Raman modes from the same
resonances of the incoming and outgoing photons with the CNT are shown in Figure 2. The data clearly shows the
electronic structure of the nanotube, which are resolvable outgoing peak of the REP red-shifting with increasing
when the scattered phonon energy is greater than theexternal dielectric for both the Gand 1734 cm! Raman
broadening of the resonance. The radial breathing modemodes'® The measurements in water are noisier due to lower
(RBM) appears as a single peak, whereas the peaks of thesignal level as a result of perturbation of the wave fronts by
incoming and outgoing resonances of the tangential phononthe water-coverslip and coverslipair interfaces. Despite
modes, G and G,, are spectrally separated by virtue of their this, shifts in the resonance peak energies are clearly visible.
much larger phonon mode energies. By fitting a one-phonon High relative humidity N introduces a~10 meV red-shift
exciton-mediated REP line shapewe can determine the in Ez. Liquid water red-shift€,, by ~30 meV, similar to
electronic transition energ¥;, with which the photons are  the differences reported by Lefebvre efalable 1 shows
resonant. Here we udg to denote the excitonic transition tabulated results for two different nanotubes. Note the
associated with the— i interband transition. Together with  consistency in the observed shifts between each dielectric
the RBM, E; determines the CNT species. The data shown environment.
in Figures 1 and 2 are ascribed to a (12,4) nanotube. To use our results to quantify the effect of screening on

We measure REPs of individually resonant CNTs in dry the particle interaction energies in CNTs, we first must
N2 in an enclosed chamber, followed by adding water vapor discount other possible environmental influences on the
to the nitrogen with humidity measured with a hygrometer. electronic transition energies including temperafiré’
Finally, the sample is directly immersed in water and the mechanical strai#;?%?*and charge transfét.2° All mea-
experiment repeated a third time, all on the same singly surements were taken at room temperature and laser power
resonant CNT. The set of REPs yidfi for each phonon  kept sufficiently low to avoid heating of the CNT.
mode and dielectric environment and thus measure the shiftMechanical strain changes the-C bond lengths, which
in the electronic level with increasirg The shifts measured  shifts the energy levels of the nanotdib® and can lead to
by each phonon mode are all identical for the same CNT, asE; shifts depending on the type of strain (uniaxial, isotropic,
they should be. radial), —m)mod3 value, sub-band index, and chiral angle.

Single nanotube RRS is complicated by the need for high- But strain causes a change in the observed phonon ener-
precision positioning and high stability<@5 nm) during gies!”2021and we observed no changes in any phonon mode
spectral acquisition and changing laser frequencies, all at lowenergies (to withinr~1 cn?). A number of studies have
powers to maintain the CNT phonon bath at room temper- investigated charge transfer and its effect on transpgoft,
ature. Consistency in the measurements is demonstrated irbut it is difficult to separate the effect of charging from that
Figure 1b,c, where the REP of the RBM taken in dryis| of screening in such experiments. However, charge transfer
shown. The electronic resonan&g,, falls just outside our  has been shown to be associated with a change in the
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a) UNSCREENED  b) SCREENED dielectric constant, which is, again, a poorly defined quantity

Continuum_ ) in a heterogeneous environment. We assume that the
NP Continuum dependence of the effective Rydbergearis approximately
ﬂ the same, that isR' 0 1/e,?. The expression foi as a
Exciton_ 8GRI :EBind £ o 'E' Exciton function of z, has been solved numericattyand may be
I ﬂ'y approximated by a simplé O z# power law whergs ~
1 e fae. ! 0.4.
Eep FSAAN Eqr E optca Hence, by combining the scaling relationships between
VWA R, and e;, 4 and z,, and z, and ¢,, we derive a scaling
|Gs) __E;‘ ) ——K_c;. relationship between the exciton binding energy andVe

find that the exciton binding energy should scaleeggq [

Figure 3. Energy diagrams of the effect of the band gap (1/e§)/(1/e§ﬂ) or €,% wherea = 1.2. This is close to the
renormalization and exciton binding energies on the optical yalue 1.4 derived by Perebeinos et &r a higher dielectric
transition energy in (a) unscreened and (b) screened environmentsgirsnment where the heterogeneous nature of the dielectric
tangential phonon enerdy;?° and because, again, we environmen_t was not considered. Further, be_causeales
observe no changes in any phonon mode energies, we believd/ith the radius of the nanotubigand the effective Rydberg
that charge transfer is negligible, in agreement the diameter-IS independent of radius, the exciton binding energy therefore
dependent activation model proposed by Shim &t &hus ~ S¢@les asaina 0 Lr?¥ or 14°%, close to the previously
the primary mechanism for the observed shifting of the Published result €55
electronic transitions is screening of the particle interactions. We can now use these simple scaling relationships to

To model the effect of the changing external dielectric €xtract the effect of screening on the particle interaction
function on the particle interaction energies, the simple energies. By definition, the noninteracting single-particle
single-particle picture must be modified. The electron €nergy will not directly change with screening, and thus we
electron interaction energfscr, significantly increases the ~ May write AEopr = AEggr — AEging. Further Eser =
single-particle band gap, largely counteracting the effect of Egar/e2 andEsing = Egy /e, In our experimentg; ~ 4 for
the strong exciton binding energEsns, on the optical ~ graphite?®*initial ez = 1 (dry Np), and finale, = 1.3F =
transition energy? as depicted schematically in Figure 3a. 1.78 (in water). Having directly measuredto:and by using
This effect occurs for all sub-band. an unscreened exciton binding energy of 580 meV for

We consider the single-particle Hamiltonian with two- Nanotube (12,4)] we are able to extract values for the
particle interaction terms representing electretectron and ~ Screened exciton binding energy and for the screened and
electron-hole interactions, respectively, to determine the unscreened BGR energies. Note that this calculdted
optical transition energy measured in our experiment, i.e., €xciton binding energy is expected to be slightly sméller
Eopt = Esp + Escr — Esine. We seek to derive how those than that atEz, so the derived values are conservative.

two terms scale with changing external dielectrifscr Specifically, this analysis yields an exciton binding energy
should scale simply as™* for small electron wave vectors of ~290 meV after immersion in water, an unscreened BGR
near the zone centéDetermining the scaling of the exciton energy of~730 meV, and a screened BGR energy-af10
binding energy with external dielectric is more difficult. Most MeV. Thus large reductions in the exciton binding energy
theoretical work treats the dielectric function as a constant and BGR energy 0290 and~320 meV, respectively, lead
fitting parameter and, moreover, does not address the issud0 the small 30 meV red-shift measured in the optical
of the presence of two different dielectric materials, i.e., the transition energy, depicted schematically in Figure 3. Limita-
environment and the nanotube itself. Two works do, how- tions of our model include: the assumption of solid wires
ever, explicitly address excitonic binding in quantum wires rather than cylindrical shells in both quantum wire models,
of one dielectricey, in an external dielectrie;*1-32and serve  Published values of are used as fit parameters when applied
as the starting point of our model. In both papers, the to heterogeneous environments, and the value; @ not
Coulomb interaction is integrated over the lateral spatial Known precisely.

dimensions, leading to expressions for the axial, 1D effective We can also compare the exciton binding and BGR
potential. This potentialy’s (2), wherez is the electror energies at, = 1 for these nanotubes. Theory predicts that
hole separation, can be evaluated numerically and, for thethe BGR energy should be larger than the exciton binding
range of dielectric values of interest here, fit very well by a energy which also explains the so-called “ratio problénd”.
1/(z) + z) potential, wherez, is known as the cutoff  Indeed, we findEgs; — Egng ~ +150 meV, a BGR energy
parameter and removes the singularity at zero separationlarger than the exciton binding energyet= 1 by about
We find, for both models, over our range of dielectric values, 25% for this particular nanotube in an unscreened environ-
that z scales linearly with k. This is useful because the ment. Qualitatively, this result is fairly insensitive to the
exciton binding energy for this potential has been soffed. choice ofa, going as low ast-70 meV ato. = 1 or as high

Specifically, the exciton binding energy is given Bying = as+220 meV ato. = 1.4 ate,™ = 1.78.
RY/A?, where the quantum numbet is a complicated Although EZ55 is greater tharEg, 7, the change irEscr
function ofz, R}, is the effective Rydberg defined B¥}, = is not necessarily larger than the chang&gpg with small

uet2 h2e?, u is the exciton effective mass, andis the screening by virtue of their different scaling exponents. In
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Table 2. Particle Interaction Energies as a Function of the
Exciton Scaling Exponenty, the External Dielectrics,, and the
Change in the Optical Transition EnergyEopé

Eser  Esina Eger  Egina Eser  Egina

671 580 648 580 625 580 €,=1
a=1.0]| 377 32 364 326 351 326 | €,=1.78

294 254 284 254 274 254 AE

.3 >

752 580 /7730 580%, 707 580 €,=

a=12| 422 200 ||| 410 200 Y| 397 200 | €,=1.78
v s
330 290 \\320 290/ 310 290 AE
~ zZ

824 580 801 580 778 580 €,=
a=14| 463 259 450 259 437 259 | €,=1.78

361 321 351 321 341 321 AE

AEOpt = -40 -30 -20

( All energies in meV')

a An unscreened exciton binding energy of 580 el used as an

input parameter. The values below the line in each box show the changes

of the BGR and exciton binding energies with screening. Their difference
is AEop. The dashed circle highlights the numbers quoted in the text.

fact, our model predicts that values afgreater than 1.4
lead to negligible or even blue-shifts with small screening;
the initial red-shift measured in high humidity, Mdicates

(7) Maultzsch, J.; Pomraenke, R.; Reich, S.; Chang, E.; Prezzi, D.; Ruini,
A.; Molinari, E.; Strano, M. S.; Thomsen, C.; Lienau, Rhys. Re.
B 2005 72, 241402.

(8) Dukovic, G.; Wang, F.; Song, D.; Sfeir, M. Y.; Heinz, T. F.; Brus,
L. E. Nano Lett.2005 5, 2314-2318.

(9) Lefebvre, J.; Fraser, J. M.; Homma, Y.; Finnie, Appl. Phys. A
2004 78, 11071110.

(10) Moore, V. C.; Strano, M. S.; Haroz, E. H.; Hauge, R. H.; Smalley,
R. E.Nano Lett.2003 3, 1379-1382.

(11) Bachilo, S. M.; Strano, M. S.; Kittrell, C.; Hauge, R. H.; Smalley,
R. E.; Weisman, R. BScience2002 298 2361-2366.

(12) The measured nanotubes are presumed to be individual based on
several observations: (i) the low CNT density (SEM), (ii) the
measured values dfz, which are very close to published values
for individual CNTSs, and (iii) no indications of resonant modes from
other CNTs were found over the entire tunable range.

(13) Yin, Y.; Walsh, A. G.; Vamivakas, A. N.; Cronin, S.; Stolyarov, A.
M.; Tinkham, M.; Bacsa, W.; Unlu, M. S.; Goldberg, B. B.; Swan,
A. K. IEEE J. Sel. Top. Quantum Electro2006§ 12, 1083.

(14) Yin, Y.; Vamivakas, A. N.; Walsh, A. G.; Cronin, S.; Unlu, M. S;
Goldberg, B. B.; Swan, A. KPhys. Re. Lett. 2007, 98, 037404.

(15) Vamivakas, A. N.; Walsh, A. G.; Yin, Y.; Unlu, M. S.; Goldberg,
B. B.; Swan, A. K.Phys. Re. B 2006 74, 205405.

(16) Brar, V. W.; Samsonidze, M. S.; Dresselhaus, M. S.; Dresselhaus,
G.; Saito, R.; Swan, A. K.; Unlu, M. S.; Goldberg, B. B.; Souza
Filho, A. G.; Jorio, A.Phys. Re. B. 2002 66, 155418. Although
the origin of the 1734 cm' mode is still disputed in the literature,
the exact line shape used to fit the data is not critical because we are
looking for shifts inE; rather than the absolute value.

(17) Cronin, S. B.; Yin, Y.; Walsh, A. G.; Capaz, R. B.; Stolyarov, A;
Tangney, P.; Cohen, M. L.; Louie, S. G.; Swan, A. K.; Unlu, M. S.;
Goldberg, B. B.; Tinkham, MPhys. Re. Lett. 2006 96, 127403.

(18) Capaz, R. B.; Spataru, C. D.; Tangney, P.; Cohen, M. L.; Louie, S.
G. Phys. Re. Lett. 2005 94, 036801.

a monotonic decrease in the electronic exciton energy level (19) Lefebvre, J.; Finnie, P.; Homma, Phys. Re. B 2004 70, 045419.

with increasing screening and thus supports a value. of
less than 1.4. Table 2 shows the underlying variation of the

particle interaction energies predicted by the model as a

function of the external dielectric value, the scaling exponent,
and optical transition energy shifts. CNT 2 in Table 1 is

(20) Cronin, S. B.; Swan, A. K.; Unlu, M. S.; Goldberg, B. B;
Dresselhaus, M. S.; Tinkham, Mhys. Re. Lett.2003 93, 167401.

(21) Cronin, S. B.; Swan, A. K.; Unlu, M. S.; Goldberg, B. B
Dresselhaus, M. S.; Tinkham, NPhys. Re. B 2005 72, 035425.

(22) Shim, M.; Javey, A.; Kam, N. W. S.; Dai, H. Am. Chem. Soc.
2001, 123 11512-11513.

assigned as a (13,2) nanotube. It belongs to the same branch(23) Zahab, A; Spina, L.; Poncharal, P.; Marliere Rdys. Re. B 2000

(2n+m) and family as the (12,4) nanotube; thus the particle
interaction energies determined by the model are very similar.

In summary, we experimentally show a monotonic de-
crease in the optical transition energy with increasing
dielectric environment and derive a scaling relation between
the exciton binding energy and external dielectric. Our model
explains the small shifts despite large changes in the
underlying particle interaction energies. Further, we dem-
onstrate that the band gap renormalization energy is signifi-
cantly larger than the exciton binding energyeat 1.
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