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The electronic properties of FeCl3 intercalated single-wall carbon nanotubes were investigated using high-
resolution electron energy-loss spectroscopy in transmission and optical spectroscopy. The lowering of the
nanotube Fermi level is directly measured via electronic excitations from C 1s to empty carbon 2p states
derived from the doping. The charge induced disappearance of the optically allowed transitions is demonstrated
by the evolution of the optical absorption spectrum. In the loss function the appearance of a new feature can be
assigned to plasmon excitations. The optical properties of FeCl3 intercalated nanotubes are comparable with
those of fully potassium doped nanotubes. Upon annealing, the intercalant can be removed reversibly.

DOI: 10.1103/PhysRevB.70.205405 PACS number(s): 73.22.2f, 78.67.Ch

I. INTRODUCTION

Single-wall carbon nanotubes(SWCNT’s) constitute a
new class of materials, they exhibit semiconducting as well
as metallic behavior depending on their geometrical structure
defined by their chirality.1–4 Owing to their unique structural
and electronic properties, nanotubes could cover the full
range of properties important for technology. Nanoscale ap-
plications of compound materials in electronic devices,
nanosensors or as gas storage material are intensively ex-
plored. All these potential applications of SWCNT’s depend
upon the ability to modify their intrinsic properties by ma-
nipulating their structure and/or their electronic properties.
A promising route for modification of SWCNT’s is to add
electron acceptors or donors in a controlled manner, so-
called intercalation/doping.5–10 An alternative would be
chemical modification via substitution of carbon atoms
by e.g., boron11 or the addition of organic side-groups(so-
called functionalization),12,13 which leads to SWCNT’s
soluble in organic solvents and water, and could eventually
lead to the control of the nanotubes upon external stimuli.

From optical absorption studies of doped SWCNT’s
compounds,5,6 the disappearance of several absorption peaks
upon doping has been assigned to electron depletion from or
filling of specific bands in the semiconducting or metallic
tubes, and the results demonstrate that nanotubes support
amphoteric doping behavior. Furthermore, doping of
SWCNT’s by exposing them to potassium or bromine vapors
has been shown to decrease their resistivity by more than one
order of magnitude.7 This means that it is possible to tune the
Fermi level of SWCNT’s, and thus to modify their electronic
structure by changing their electronic density of states.10

However, physical quantities such as the exact position of
the Fermi level, have only been indirectly estimated from
experimental studies of intercalated systems.

In this contribution, we report direct measurements of the
distribution of previously occupied carbon 2p states which
are depopulated through the nanotubes’ reaction with an ac-
ceptor intercalant, FeCl3, using high-resolution electron

energy-loss spectroscopy(EELS) in transmission and optical
spectroscopy. Owing to the shift of the Fermi level into the
valence band, the suppression of previously optically al-
lowed transitions is clearly shown from the evolution of the
optical spectrum with increased doping. The appearance of a
new feature in the EELS spectrum can be assigned to plas-
mon excitations. The optical properties at full doping are
comparable with those in the fully potassium doped nano-
tubes. Upon high temperature annealing in vacuum, the in-
tercalant is removed and the doping behavior is almost com-
pletely reversible.

II. EXPERIMENT

SWCNT’s used for our studies were produced by laser
ablation and had a mean diameter of 1.37 nm.14,15Thin films
with an effective thickness of about 100 nm were prepared
by dropping an acetone suspension of SWCNT’s onto KBr
single crystals. After the KBr was dissolved in distilled wa-
ter, the films were transferred to a standard 200 mesh plati-
num electron microscopy grid. Firstly, the SWCNT films on
grids were heated up to 500 °C for several hours in ultrahigh
vacuum(UHV) to remove the organic contaminations in the
films. Doping was performed by a two-zone heat treatment
in a quartz tube.16 SWCNT films and FeCl3 were sealed
within a quartz tube at a pressure of 2310−8 mbar. For in-
tercalation, the nanotubes were held at 300 °C at one end of
the quartz tube and FeCl3 was evaporated from the opposite
end by heating it to temperatures between 100 and 280 °C to
control the doping levels. Applying 280 °C the highest dop-
ing level was reached. This is also revealed by saturation of
all changes as discussed below. The optical absorption mea-
surement were performed using a Bruker IFS88 system with
a resolution of 2 cm−1. The SWCNT films were kept in the
quartz tube for the measurements. After that, the quartz tube
was opened in a nitrogen atmosphere and the intercalated
SWCNT films were transferred into the measurement cham-
ber (base pressure 2310−10 mbar) of the purpose-built
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170 keV EELS spectrometer17 with the energy and momen-
tum resolution being 180 meV and 0.03 Å−1 for the low
energy-loss function and electron diffraction, and 300 meV
and 0.1 Å−1 for core-level measurements. All EELS mea-
surements are carried out at room temperature. The deinter-
calation is achieved by heating the sample up to 500°C in
UHV.

III. RESULTS AND DISCUSSION

A. Electron diffraction

In laser ablated SWCNT’s, the individual nanotubes can
coalesce into long crystalline bundles, arranged in a hexago-
nal lattice by van der Waals forces.18,19 In a bulk sample,
there is a mixture of nanotubes with different diameters and
lengths. From diffraction experiments, the intertube distance
and the mean diameter of SWCNT’s can be obtained.20–22

When nanotubes are exposed to FeCl3 gas, for an isolated
SWCNT, binding sites of the intercalant are located at the
external surface of the tube through physisorption or chemi-
sorption, and presumably in the interior of the tube if its ends
are open. In SWCNT bundles, it is considered that the inter-
calated species are located in the interstitial channels and the
lattice expansion depends on the tube diameter and the dop-
ant size.

Figure 1 depicts the electron diffraction pattern of the
FeCl3-doped SWCNT’s as compared with the pristine and
deintercalated ones. In the electron diffraction experiment,
the diffraction pattern at lower momentum transferq (less
than 2 Å−1) can be assigned to bundle diffraction, and that in
the higherq region is ascribed to in-plane contributions of
the graphene layers. From Fig. 1 it can be seen that the first
bundle peak of FeCl3 doped SWCNT’s completely disap-
pears due to strong lattice expansion and doping-induced dis-
order in the nanotube bundles; meanwhile, additional signals
assigned to FeCl3 appear in the spectrum, marked as stars. It
is generally assumed that evaporated FeCl3 enters the nano-
tube sample assFeCl3d2 dimers23,24which are platelets with a
lateral radius of about 6.1 Å and a vertical extension of about

1.5 Å. Due to the size of the dimers, bundles containing a lot
of SWCNT’s with diameters below about 1.2 nm cannot be
intercalated. This is in complete agreement with Raman stud-
ies of FeCl3 intercalated SWCNT’s with a mean diameter of
1.07 nm and a broad diameter distribution.23,24After heating
up to 500 °C, the nanotube bundle peaks are almost com-
pletely recovered(see top curve in Fig. 1), the slight differ-
ence to the pattern of pristine SWCNT’s can be assigned to a
larger disorder after the intercalation and deintercalation pro-
cess. However, from the point of our structural analysis,
FeCl3 doping behavior is reversible.

B. Core-level excitations

Information on the electronic structure of intercalated
SWCNT’s can be extracted from the analysis of the core-
level excitations at the C 1s excitation edge using EELS.
Transitions from the localized core states to emptyp orbitals
are probed. For the pristine SWCNT’s(see the dashed line in
Fig. 2), the spectral features correspond to transitions into C
2p-related (unoccupied) p! and s! electronic states. The
former are characterized by a nearly symmetric peak cen-
tered at around 285.4 eV and the latter start at 292 eV, which
are similar energies as observed for the analogous excitations
in graphite.25 In addition, the SWCNT spectrum closely re-
sembles an average of the in-plane and out-of-plane graphite
spectra due to the curvature effect and polycrystallinity.26

Due to the effect of the C 1s core hole in the final state, both
the p! and s! onsets are dominated by spectral weight re-
sulting from the influence of the core hole.25,27Therefore, no
peaks related to singularities of the density of states of the
different types of SWCNT’s are observed.

Figure 2 shows the C 1s spectrum of FeCl3-doped
SWCNT’s as compared to that of pristine SWCNT’s. Thep!

peak shows a similar shape as for the pristine nanotubes at an
energy of 285.5 eV, accompanied by a new structure be-
tween 283 and 285 eV(as indicated by the arrow). Since
FeCl3 is an electron acceptor, in the intercalated SWCNT
compound, charge is removed from the nanotube valence
band creating new empty states which were occupied before
intercalation. The C 1s excitation spectrum now includes

FIG. 1. The electron diffraction pattern of SWCNT’s with FeCl3

doping (bottom), the stars label the features arising with FeCl3 in-
tercalation. For comparison, the spectra of the pristine nanotube
(middle) and the de-intercalated one(top) are also shown.

FIG. 2. C 1s core-level excitations of pristine(dashed line) and
FeCl3-doped SWCNT’s(solid line). The arrow indicates the addi-
tional empty states due to doping. The inset shows the difference
between the spectral weight of doped and pristine nanotubes after
normalizing the two spectra at thep! states(Ref. 28).
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transitions into these emptyp orbitals localized on the car-
bon atoms giving rise to the new structure shown in Fig. 2.
Furthermore, there is a small shift of thep! peak to higher
energy, which is most likely due to an increase of the carbon
1s binding energy caused by the reduced net charge on the
carbon atoms due to FeCl3 doping.

Additional information about the charge transfer from the
valence band of the SWCNT’s to the FeCl3 molecules can be
derived from analyzing the spectral weight under the C 1s
excitation edge. As mentioned above, transitions from the
localized core states to emptyp and s orbitals are probed.
Although one has to take into account strong excitonic ef-
fects, the additional spectral weight can be attributed to tran-
sitions into former valence band states which have been de-
populated by the intercalation induced charge transfer. A
detailed analysis of the transferred charge can be extracted
from the difference in the spectral weight of the pristine and
the doped SWCNT’s. In analogy to FeCl3-intercalated
graphite,16 the onset of the new charge transfer induced peak
(CT-peak) can be taken as a measure of how much the Fermi
level has been lowered upon intercalation(see inset of Fig.
2). The resulting shift of the Fermi level is about 1.0 eV.
This is consistent with the shift of the Fermi level derived
from optical absorption measurements(see below). Further-
more, from the comparison between the intensity of the new
CT-peak and the total spectral weight of thep! states in the
pristine SWCNT’s a charge transfer of about 0.12e− per car-
bon atom can be derived. Thisp-type doping is similar to
n-type doped SWCNT’s compounds, where thep! intensity
decreases by about 10% in potassium doped samples with
C/K,8.29 Thus, we can conclude that withn- and p-type
doping of SWCNT’s one can reach the same doping level.

C. Valence band excitations

In a bulk sample, the SWCNT films contain nanotubes
with different diameters and chiralities, e.g., semiconducting
and metallic nanotubes, thus the experimental signal repre-
sents an average of their responses. Optical absorption spec-
tra of the pristine films clearly reflect this average with broad
absorption peaks.14,15 The first two peaks around 0.7 and
1.2 eV correspond to the first two interband transitions be-
tween the van Hove singularities in the electronic density of
states of semiconducting SWCNT’s. The peak at around
1.8 eV results from transitions between the first set of singu-
larities in the density of states of the metallic nanotubes. All
these features are superimposed on the low energy tail of a
broad absorption peak located at roughly 5 eV(assigned to
p-p! transitions). The depletion of electrons in the valence
band of FeCl3 doped nanotubes leads to a suppression of
previously allowed optical transitions as the initial states be-
come emptied, which is reflected in the optical absorption
measurements.

Figure 3 shows the evolution of the optical absorption
spectra with increasing FeCl3 concentrations as compared
with that of the pristine SWCNT’s(top curve) in the energy
range between 0.3 and 2.5 eV. With increasing FeCl3 inter-
calation the optical spectra show an intensity decrease of the
transitions related to the lowest interband transition of the

semiconducting SWCNT’ssE11
S d. Finally thisE11

S absorption
peak disappears. Increasing the doping level further, the sec-
ond sE22

S d peak becomes weaker, until it also completely dis-
appears. As a consequence of doping, eventually, all optical
transitions representative of the undoped tubes disappear. In
a simple rigid band consideration this corresponds to a shift
of the Fermi energy of at least 1.0 eV, since for the metallic
SWCNT’s the absorption peak related to the first optically
allowed transitionE11

M disappeared. After the disappearance
of the optical transitions, one new peak appears in the ab-
sorption spectrum at an energy around 1.1 eV. The energy of
this doping induced absorption feature increases with in-
creasing doping. Thus, this peak cannot result from interband
transitions as this would imply a constant excitation energy.
Instead, this peak can be assigned to the response of collec-
tive excitations of the introduced holes by FeCl3 doping.
Hence, it is related to a charge carrier plasmon which is
strongly damped and the actual plasmon energy as derived
from the EELS data shown below is roughly at the high
energy inflexion point(see the dashed arrow in Fig. 3).

Next, we turn to a more detailed analysis of the charge
carrier plasmon and the interband excitations by analyzing
an EELS measurements. EELS in transmission measured us-
ing low momentum transfers probes the optical limit, thus
the low-energy peaks in the loss function are due to collec-
tive excitations caused by optically allowed excitations.30

The disappearance of structures in the EELS spectra can thus
also be interpreted as the depletion or filling of electrons in
specific bands. Features that arise during the intercalation
process can be assigned to new, intercalation-induced
excitations.31,32

Figure 4 shows the loss function of saturation
FeCl3-doped SWCNT’s compared to those of pristine and
deintercalated samples within the energy range of 0.2–60 eV
at a momentum transferq=0.15 Å−1. The wide peak at

FIG. 3. The evolution of the optical absorption spectrum with
increasing FeCl3 doping. From top to bottom the doping level in-
creases. The arrow in the bottom spectrum indicates the doping-
induced optical peak. Dashed arrow points out the plasmon energy.
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around 6 eV is thep plasmon related top-p! excitations in
SWCNT’s, the other broad peak at 23 eV represents thep
+s plasmon resulting from the collective excitation of all
valence electrons.30 It can be clearly seen that in
FeCl3-doped SWCNT’s the upshift of thep+s plasmonis
about 2.6 eV and the downshift ofp plasmon is about
0.5 eV. In addition, the intensity of thep plasmon strongly
decreases upon doping. Fe 3p shallow core level excitations
are observed at 54.5 and 56.6 eV. Focusing on the lower
energy region below 3 eV, the peaks related to the above
mentioned optically allowed interband transitions completely
disappear, which is consistent with the optical data. An ad-
ditional peak appears in this energy region which can be
associated with the doping induced charge carrier(Drude)
plasmon, similar to the alkali-metal doped nanotubes.9,29The
most dramatic property of the new peak is a rapid loss of
spectral weight with increasing momentum transfer up to
0.3 Å−1, while this plasmon shows nearly no dispersion with
increasing momentum.

In order to obtain further information on the electronic
properties, the loss function of the fully FeCl3 intercalated
SWCNT’s has been analyzed within the framework of a
Drude-Lorentz model,9,29 where the loss function of the in-
tercalated SWCNT’s can be assigned to three main features,
a charge-carrier plasmon, one interband oscillator giving rise
to the p plasmon, and another oscillator for thep+s plas-
mon. These are sufficient to explain the optical properties of
the fully doped compounds(for details see Refs. 9 and 29).

The impact of the higher-energy excitations on the Drude
plasmon can be described by an effective screening with a
background dielectric functione`. This simulates the fact
that the higher energy excitations screen the charge carrier
plasmon which leads to a shift to lower energies as compared
to its unscreened value. The fitting analysis yields the dielec-
tric backgrounde`=7, the unscreened Drude plasmonEp
=3.33 eV, its dampingg0=0.52 eV, and the optical conduc-
tivity at the zero frequencys0=2868 S/cm. The inset of Fig.
4 shows the results of the fitting procedure in the energy
range of the charge carrier(Drude) plasmon. Compared to
fully n-type (alkali metal) doped SWCNT compounds, the
optical conductivity is very similar, which means thatn-type
andp-type doping can be carried out to the same level.

At last, by heating the doped sample up to 500 °C, the
loss function of pristine SWCNT’s can be recovered, as
shown in Fig. 4. The Drude plasmon disappears, the previ-
ously optically allowed interband transitions appear, the in-
tensity of thep plasmon is enhanced, and thep+s plasmon
downshifted. Consequently, the intercalation process can be
essentially reversed.33

IV. SUMMARY

In summary, studies of the structure, the unoccupied elec-
tronic states and of the optical properties of
FeCl3-intercalated SWCNT bundles using EELS in transmis-
sion and optical absorption have been presented. The inter-
calation modifies the bundle structure of SWCNT’s. In
FeCl3-doped SWCNT’s, the Fermi level shifts into the va-
lence band as reflected by the disappearance of optical tran-
sitions and the additional pre-peak in the C 1s core-level
excitations. At full doping a new, charge transfer induced
peak is observed in both optical and EELS data. The EELS
peak is assigned to the charge carrier plasmon which was
analyzed within a Drude-Lorentz model. The results indicate
that the optical properties of FeCl3 (p-type) doped SWCNT’s
are comparable to those of the fully potassium(n-type)
doped nanotubes. Upon heating, the structure and optical
properties of pristine SWCNT’s can be recovered.
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