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We report on environmental effects on the optical properties of single-wall carbon nanotubes in a
gelatin-based composite material designed to foster their photoluminescence. We show that the
dielectric screening of excitons due to the surrounding medium is responsible for a sizeable shift of
the luminescence lines, which hardly depends on the tube geometry. In contrast, the temperature
dependence �from 4 to 300 K� of the luminescence is clearly chirality dependent; the first and
second excitonic lines shift in opposite directions with a magnitude that can be related quantitatively
to a strain-induced modification of the electronic structure due to an expansivity mismatch between
the nanotube and the matrix. © 2009 American Institute of Physics. �DOI: 10.1063/1.3116723�

I. INTRODUCTION

Single-wall carbon nanotubes �SWCNTs�, which consist
of a single enrolled graphene sheet, are natural prototypes of
quasiunidimensional objects and therefore have drawn con-
siderable attention in fields ranging from very fundamental
physics to industrial applications. As for optical properties
SWCNTs have demonstrated unique features such as unprec-
edented exciton binding energies,1,2 large nonlinear
susceptibilities,3 and emission/absorption spectra that allow
the assignment of each optical feature to a specific chirality.4

SWCNTs have also been successfully integrated in electro-
optical devices such as field-effect transistors for light emis-
sion or detection.5 However, since they are intrinsically made
of surface atoms, SWCNTs strongly and inevitably interact
with their environment. A dramatic illustration of this singu-
lar property is the total quenching of luminescence that oc-
curs when nanotubes aggregate into bundles6 or lie on a
substrate.7 This has hampered the development of optical
studies of nanotubes until an efficient way of producing iso-
lated nanotubes had been proposed.8 The most popular of
these methods for bulk samples is based on a chemicophysi-
cal insulation of nanotubes encased in micelles of surfactant
with possible further processing and integration in various
matrices such as polymers or gelatins.9,10 These composite
materials are of technological interest since they are much
easier to handle than solutions and allow to vary external
parameters such as temperature, strain, electrical gating, etc.

In this paper, we study the photoluminescence �PL�
properties of SWCNTs in a composite material optimized for
optical purposes. We show that even for such isolated nano-
tubes the environment plays a key role in their optical prop-
erties. The zero order effect is a sizeable shift of the reso-
nances due to environment-induced dielectric screening of
the Coulomb interactions together with a broadening of the

lines. When cooling the sample down to cryogenic tempera-
tures, we show that the expected intrinsic change of the elec-
tronic structure is completely masked by subtle environment-
induced effects: the thermal expansivity mismatch between
the nanotube and the surrounding matrix induces consider-
able stress which in turn modifies the electronic structure of
the tube in a way that is remarkably accounted for by calcu-
lations of uniaxial strain-induced changes of the band
structure.11,12

II. SAMPLES

The samples consist of a gelatin-based composite mate-
rial doped with HiPCO SWCNTs �purchased from Carbon
Nanotechnologies Inc.�. Isolated nanotubes encased in mi-
celles of surfactant are obtained following standard methods
based on ultrasonication in an aqueous solution of sodium
dodecyl sulfate �SDS� �1 wt %�.8 After ultracentrifugation at
200 000 g for 4 h, the supernatant is collected. As pointed
by several studies, this method gives suspensions strongly
enriched in isolated single nanotubes, but the suspension still
contains a non-negligible amount of small bundles.10,13 For
similar samples we estimated the relative amount of single
tubes to be of the order of 10%.10 We further incorporate
commercial dehydrated gelatin in the solution at 70 °C �10
mg/ml�. A little amount of this gelatin enriched solution is
dropped on a quartz substrate and dried at room temperature.

III. RESULTS AND DISCUSSION

A. Photoluminescence properties

Figure 1 shows that gelatin-based samples are an excel-
lent choice for optical studies of carbon nanotubes. The PL
efficiency of such a composite material remains comparable
to the one of the initial suspension over time, whereas a
simple deposition and drying of a drop of the initial suspen-
sion leads to a drastic quenching of the PL �more than onea�Electronic mail: christophe.voisin@lpa.ens.fr.
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order of magnitude� when the solvent is evaporated. This is
most likely due to a collapse of the micelles at high concen-
tration, which leads to reaggregation of the tubes into
bundles. In contrast the gelatin network is known to remain
highly hydrated14 and therefore preserves the micelle struc-
ture and the insulation of the nanotubes. Adding some gelatin
into a suspension of isolated nanotubes turns out to be one of
the most efficient methods published so far to obtain a solid-
state composite preserving the luminescence properties of
nanotubes. Furthermore, these samples can endure several
cryogenic cooling cycles without any deterioration of their
optical properties.

Figure 2 shows a typical PL excitation �PLE� map of a
gelatin-based sample doped with HiPCO nanotubes. Each
bright spot corresponds to the luminescence from the so-
called S11 excitonic level resonantly excited on the S22 exci-
tonic level of a given semiconducting nanotube family �i.e.,
defined by a pair of chiral indices �n ,m��. Following the
assignment scheme proposed by Bachilo et al.,4 we assigned
each spot to the chiral indices reported on the map. Addi-

tional chiral families are accessible in the same detection
range by tuning the excitation energy to lower values
�around 1.5 eV, not shown in Fig. 2�.

B. Dielectric screening

A comparison of the PL spectra of suspensions with
those of gelatin-based samples brings a striking evidence of
the high sensitivity of nanotubes to their environment. The
data displayed in Fig. 3 show a global redshift of the PL lines
of the nanotubes embedded in gelatin as compared to the
ones of the nanotubes in aqueous suspension. This corre-
sponds to a redshift of the order of 15�4 meV of the S11

exciton level. Data on the S22 levels were obtained by means
of PLE measurements on the same species and reveal a red-
shift of the same magnitude. Similar effects have been re-
ported upon changing the solvant of NT suspensions.15,16 We
interpret this effect as a consequence of the dielectric screen-
ing of the Coulomb interaction in the nanotube through its
environment due to the spill out of the wave function of the
exciton. Two main effects drive the exciton energy, i.e., the
direct Coulomb interaction and the self-energy. The former
tends to lower the exciton energy �binding energy� whereas
the latter leads to an enhancement of the bandgap. Theoreti-
cal and experimental studies have shown that the latter domi-
nates for SWCNTs.17–19 Therefore an increase in the dielec-
tric constant results in a redshift of the line.

Perebeinos et al.20 proposed a scaling law for the bind-
ing energy of the exciton �Eb��−� with �=1.4�, where � is
an effective dielectric constant. In the case of small diameter
nanotubes such as the present ones �dt�0.9 nm�, the main
contribution to the dielectric constant is the one of the
environment.20 Lefebvre and Finnie21 proposed to generalize
this approach for the self-energy �Es��−� with �=1�. There-
fore the change in the exciton energy upon a relative change
in the dielectric constant reads �E= ��� /����Eb−�Es�. The
binding energy for nanotubes in micelles has been previously
measured by two-photon PLE measurements and is of the
order of 380 meV for 0.9 nm diameter nanotubes.1,2 The
self-energy correction has been estimated by fine spectros-
copy analysis of a temperature-induced bandgap shift transi-

FIG. 1. �Color online� Temporal evolution of the PL intensity �logarithmic
scale� after deposition on a glass substrate of a drop of a suspension of
SWCNTs in water �black dots� and a drop of gelatin-enriched material �red
stars� at room temperature. The luminescence intensity of the gelatin-based
sample remains constant over time, whereas the luminescence of the sus-
pension is reduced by one order of magnitude when the solvent is evapo-
rated. The transient increase in the signal is likely due to a lens effect in the
drying drop changing the collection efficiency of the setup.

FIG. 2. �Color online� PL intensity at 10 K of isolated HiPCO SWCNTs
embedded in a gelatin matrix plotted as a function of emission and excita-
tion energies. By comparison to the semiempirical Kataura plot �Ref. 4�, the
PL spots are assigned to a given SWCNT chirality.

FIG. 3. �Color online� PL spectrum of isolated HiPCO SWCNTs in an
aqueous suspension �black dashed line� or embedded in a gelatin matrix �red
solid line� excited at 1.69 eV at room temperature. The data show a global
redshift of about 15 meV for gelatin-embedded nanotubes.

094323-2 Berger et al. J. Appl. Phys. 105, 094323 �2009�

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



tion and turns out to be of the order of Es�650 meV in
solution.21 From the experimental line shift observed in Fig.
3, we deduce that the relative change in the dielectric envi-
ronment �gelatin versus suspension� of the tube is of the
order of +15%.

Let us examine the possible origin of this modification
of the dielectric screening. The dielectric constant of interest
in this problem is the one probed by the exciton wave func-
tion in the very local environment of the tube. In view of the
large exciton binding energy in carbon nanotubes, one has to
consider an optical dielectric constant rather than a static
one.22 This quantity is difficult to estimate in a complex en-
vironment involving long-chain molecules in a disordered
medium. However we can estimate the upper and lower
bounds. Molecular dynamics simulations by O’Connell et
al.8 show that for nanotubes in a micelle the local environ-
ment of the tube within a distance of 1 nm �typical exciton
size1� is made of the close-packed alkyl chains of SDS mol-
ecules with a carbon density of the order of 30 nm−2. The
corresponding dielectric constant is of the order of 1.8.23

Note that due to the sharp density profile, the value is pre-
sumably significantly dependent on the molecular arrange-
ment. In the gelatin environment the molecular pressure from
the matrix can induce a densification of the micelle and con-
sequently an increase in the local dielectric constant. The
molecular dynamics simulations in Ref. 8 show that a mod-
erate rearrangement of the micelle structure can easily lead
to a 10% increase in the local density. The extreme case
would correspond to the dissociation of the micelles and di-
rect enclosure of the nanotubes in the hydrated gelatin ma-
trix. The dielectric constant of the latter is of the order of 2.3
�refractometric measurements24�. Compared to the suspen-
sion environment this corresponds to a relative increase in
the dielectric constant of the order of 25%–30% in qualita-
tive agreement with the spectroscopic estimate. From this
analysis we can deduce a quantity of practical interest: the
sensitivity of the exciton energy upon a change of surround-
ing dielectric constant, �dS11 /d�� ��=2�45 meV �obtained
for a typical dielectric constant of 2�.

C. Line broadening

Another consequence of the insertion of nanotubes in a
gelatin matrix is the broadening of the emission lines �cf.
Fig. 3�. The effect is especially clear for the �10,2� and �9,4�
lines, although the former is partially quenched by off reso-
nance excitation conditions due to the shift of S22 in gelatin.
In average the line broadening is of the order of 5 to 10 meV
that is up to 50% of the initial linewidth. As for S22 transi-
tions, our measurement is hampered by the large background
and an initial linewidth of the order 100 meV. We see no
significant extra broadening within a 10 meV experimental
resolution. The broadening of S11 transitions may be related
to several mechanisms. Bearing in mind that the PL lines
stem from an ensemble of nanotubes, the extra broadening
can be of inhomogeneous nature. The global redshift men-
tioned previously corresponds to an increase in the average
dielectric function of the environment of the tube, but local
variations can lead individual lines to deviate from the mean

position and result in an extra inhomogeneous broadening.
This would explain why the global redshift and the extra
broadening are of the same order of magnitude. Another type
of broadening mechanism especially relevant for nanostruc-
tures is related to environment-induced dephasing processes.
These latter may involve a more efficient coupling to the
phonon modes of the solid matrix �with respect to a liquid
surrounding� or the presence of fluctuating photoinduced
charges in the local environment of the nanotube. This latter
effect is well established for nanostructures embedded in
matrices25 and has been previously evoked to account for
spectral diffusion and blinking phenomema at the single
nanotube level.26

D. Thermal expansion

In contrast to suspensions, solid state samples such as
nanotube-doped gelatin samples allow low temperature mea-
surements. As reported elsewhere, in the very low tempera-
ture range �4–40 K�, these studies permitted to gain valuable
information about the exciton structure and the existence of a
low-lying dark state.10 In this study, we focus on the inter-
mediate temperature range and the shift of the S11 and S22

lines. Figure 4 shows a set of PL spectra for temperatures
ranging from 10 to 300 K. A clear spectral shift of the lines
�associated with a specific chiral family� is observed. How-
ever, in contrast to the previous graph �Fig. 3�, this is not a
global shift of the whole spectrum but a highly chiral depen-
dent shift; the amplitude of the shift strongly varies from one
line to another and even the sign of the shift changes. Table
I gives a summary of the line shifts observed when cooling
the sample down to 150 K for both the S11 and S22 �when
observable� transitions. Although a limited range of chiral
families is available, some clear trends show up: first S11 and
S22 systematically shift in opposite directions. Second, the
sign of the shift is related to the family type of the tubes:
nanotubes with q=n−m=1�mod 3� show a positive shift for
S11 �and negative for S22�, whereas tubes with q=n−m=
−1�mod 3� show a negative shift for S11 �and positivede for
S22�. Finally, the magnitude of the spectral shift clearly de-
pends on the chiral angle and is larger for smaller chiral
angles �close to zigzag geometry�. The magnitude of the
spectral shift of the S11 line as a function of the chiral angle

FIG. 4. �Color online� PL spectrum of isolated HiPCO SWCNTs embedded
in a gelatin matrix as a function of temperature. The excitation energy is 1.7
eV. The lower the temperature, the larger the PL intensity.
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is displayed in Fig. 5. It turns out to be proportional to
cos 3�. Similar effects have been previously reported for
polymer wrapped nanotubes or frozen suspensions of
nanotubes.9,27,30

Yang and co-workers11,12 have studied theoretically the
effect of uniaxial and torsional strain on the band gap of
SWCNTs. This study has been recently adjusted by Huang et
al.28 to account for the internal sublattice relaxation of the
graphitic structure in the case of uniaxial strain ��� and leads
to

dSii

d�
= 0.57q�− 1�i�1 + 	�3t0 cos�3�� , �1�

where 	 is the Poisson ratio and t0 is the electron hopping
parameter. This study turns out to be an excellent framework
to interpret our experimental results. Especially, the sign of
the spectral shifts reported here �including its dependence on
the tube family �q� and the transition number i �S11 versus
S22�� as well as the magnitude of the effect as a function of
the chiral angle ��� can be understood as a consequence of a
moderate uniaxial strain ��� applied on the tubes at low tem-
peratures.

Due to the large aspect ratio of the tube and the large
Young modulus mismatch between the matrix and the tube,
the thermally induced deformation of the tube is expected to
boil down to an almost uniaxial strain.29 In fact, our experi-
mental data confirm that the spectral shift observed for close
to armchair nanotubes is much weaker than for smaller chiral

angles, ruling out any significant torsional or radial strain
contributions. This effect is related to a thermal expansion
coefficient mismatch between the nanotube and the sur-
rounding matrix.30,31 The linear thermal expansivity is of the
order of �t=−5
10−6 K−1 for nanotubes,32 whereas for wa-
ter ice it is slightly negative below 60 K and varies almost
linearly from 0 at 60 K to �w= +4
10−5 K−1 at 200 K.33

Interestingly the observed spectral shift versus temperature
�cf. Fig. 6� shows a plateau between 4 and 50 K, which
corresponds to the temperature range where the thermal ex-
pansivities of water and nanotubes almost balance each
other. Conversely the thermally induced spectral shift in-
creases with temperature above 50 K as expected from the
increasing value of the matrix expansivity. For further quan-
titative analysis we focus on the range 150–300 K where we
fit the thermally induced spectral shift to a linear law. The
strain-induced spectral shift is deduced from that fit assum-
ing a full load transfer from the matrix and an average value
of the matrix expansivity of 4.5
10−5 K−1.33

We obtain: dS11 /d�= �dS11 /��dT��−3.6 eV for the
�10,2� nanotube and �0.8 eV for the �8,6� �cf. Table I�. We
estimate that the strain applied to the tube when the sample is
cooled down to 150 K is of the order of −7.5
10−3, which
corresponds to an applied pressure of 7.5 GPa if one assumes
a Young modulus of 1 TPa for nanotubes.34 Although the
absence of jumps or plateaux in the range 150–300 K sup-
ports the assumption that the load transfer is high, one cannot
exclude that little slips of the nanotubes relative to the matrix

TABLE I. Spectral shifts of the S11 line for several nanotubes under thermally induced strain. q stands for
n−m �mod 3�. �S11 stands for S11 �300 K�−S11 �150 K�. A negative strain is induced at low temperature.

Chirality q Chiral angle �S11 �meV� dS11 /d� �eV� �S22 �meV�

�10,2� �1 8.9 �27 −3.6�0.4 26
�9,4� �1 17.5 �20 −2.7�0.4 15

�10,5� �1 19.1 �13 −2.6�0.4 n/a
�8,6� �1 25.3 �6 −0.8�0.4 0
�7,6� +1 27 5 0.7�0.4 n/a
�8,7� +1 27.8 6 0.9�0.4 �6

∆

θ

FIG. 5. �Color online� Energy shift of the emission line of several nanotubes
when the sample is heated from 150 K through 300 K plotted against the
geometric parameter q cos�3��. This temperature change corresponds to a
positive strain of the order of 0.7%.

FIG. 6. �Color online� Emission energy �S11� of �10,2� nanotubes as a func-
tion of temperature. The excitation energy is 1.7 eV. The full red line is a
parabolic fit, whereas the black dashed line is a linear fit for the range
�150–300 K� used to estimate dS11 /d� �see text�.
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occur at the single tube level, which are smoothed out by the
ensemble measurement. Therefore the strain applied to the
tube is likely to be overestimated and conversely for the
strain-induced spectral shift.

These results can be compared with recently published
data obtained in experimental conditions where the strain is
applied in a different manner: either through the deformation
of a polymer matrix host35 or through direct mechanical
stretching of the nanotube.28 Since all those publications
agree on the linearity of dS11 /d� with the geometrical factor
q cos�3��, we can compare the magnitude of the effect by
measuring the slope �cf. Fig. 5�. The slope reported by
Leeuw et al.35 is of the order of 9 eV, whereas the one re-
ported by Huang et al.28 is of the order of 4.5 eV. Our own
value is 4.2 eV�0.5. According to Eq. �1� and using a com-
monly accepted value of 0.15 for 	 �Ref. 34� we deduce an
estimate of the C–C hopping integral of 2.2�0.3 eV. As
discussed above, due to possible imperfect load transfer, this
value is likely to be underestimated; however it is still in
good agreement with usual values found in the literature
�ranging from 2.4 to 3 eV�.36,37

We can further note that the absence of chiral dependent
spectral shift for gelatin samples �as compared to suspen-
sions� at room temperature contrasts with what is reported
for other polymers.9 This means that no sizeable stress is
applied to the tube from the matrix at room temperature,
which is consistent with the picture of a highly hydrated
material in which the micelle structure is preserved.

IV. CONCLUSION

To summarize, we have investigated the optical proper-
ties of carbon nanotubes embedded in a functional composite
material. This study brings evidence for the extreme sensi-
tivity of nanotubes to their environment. In particular, we
have shown that any possible intrinsic effect is overwhelmed
by extrinsic effects such as excitonic dielectric screening and
strain induced spectral shifts. The former leads to a redshift
of the excitonic lines upon an increase in the local dielectric
constant. The strain induced spectral shifts and their chiral
dependence reveal important information about the mechani-
cal properties of such composite material and their relation-
ship with the band structure of the nanotubes. Furthermore it
provides evidence for an efficient load transfer from the ma-
trix to the tube, which is of outmost importance for mechani-
cal reinforcement applications.
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