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Amphoteric doping of single-wall carbon-nanotube thin films as probed
by optical absorption spectroscopy
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We have separately probed the doping behavior of semiconducting~S! and metallic~M! single-wall carbon-
nanotube~SWNT! films, by optical absorption and dc resistance~R! measurements. Either electron acceptors
(Br2 , I2) or donors~K, Cs! were used as dopants with controlled stoichiometry. Disappearance of absorption
bands at 0.68, 1.2, and 1.8 eV, and concomitant decrease of R by doping have been attributed to electron
depletion from or filling to specific bands in S- or M-SWNT’s, demonstrating their amphoteric doping behav-
ior. Changes in the electronic properties are discussed in terms of the charge-transfer mechanism in the
framework of the rigid-band model.@S0163-1829~99!02743-5#
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I. INTRODUCTION

Owing to their unique structural and electronic properti
single-wall carbon nanotubes~SWNT’s! constitute a new
class of materials that could contribute to the developmen
novel nanoscale electronic devices.1–6 Since the control of
valence electrons is crucial in any of such device appli
tions, their doping behavior is one of their most importa
solid-state properties that must be elucidated

Indeed, the doping of SWNT was originally studie
through dc resistance and thermoelectric power meas
ments as well as Raman spectroscopy.7–10While these works
pioneered the possibility of controlling SWNT’s valenc
electrons, the information thus obtained was essentially
averaged one and the change in any specific electronic s
could not be directly identified. Because all the SWN
samples investigated so far have inevitably been mixture
the semiconducting and metallic phase, it has been virtu
impossible to separate the doping behavior of the form
from that of the latter. In this context, there is still a pauc
of information on the nature~semiconducting or metallic!
and electronic states of SWNT’s that undergo charge tra
fer.

In the present contribution, we have clarified these iss
by the measurements of the change in optical absorp
spectra of SWNT thin films induced by bothp-type (I2 , Br2)
andn-type ~K, Cs! doping. It should be stressed that, diffe
ent from conductivity and Raman measurements, optical
sorption can detect changes in some specific electr
states.11 Disappearance of several absorption peaks by d
ing has been attributed to electron depletion from or filling
specific bands in the semiconducting or metallic phase, d
onstrating their amphoteric doping behavior. Emergence
new peaks is interpreted as arising from doping-induced
tical transition involving high- or low-lying electronic state
Furthermore, the simultaneous measurements of the ch
in absorption and in dc resistance for controlled stoichio
etry demonstrated their close correspondence, yielding
unambiguous interpretation about the doping effec
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Changes in the electronic properties of SWNT films are p
sented and discussed in terms of the charge-transfer me
nism in the framework of the rigid-band model.

II. EXPERIMENTS

SWNT samples were synthesized by the electric arc
charge method using Ni/Y catalyst.11 The raw material con-
sists mainly of carbon nanotubes, with a significant quan
of carbon particles and traces of the catalysts. From the1g
breathing mode in Raman scattering, the transmission e
tron microscope and scanning tunnel microscopy~STM!
measurements, the diameter of individual nanotubes w
found to be distributed from 1.2 to 1.6 nm with variou
chirality.

SWNT’s films were prepared by dispersing the raw m
terial in ethanol and then by spraying on top of predepos
Au electrodes~for 4-probe dc resistance measurements! on
quartz plate~for optical measurements! using an airbrush.
The obtained films showed reasonably good optical qua
and low resistivity~in the range 431022–431023 V cm!.

To carry outin situ doping while simultaneously record
ing optical absorption and dc resistance, we used a two-z
quartz vacuum vessel equipped with electrical connectio
SWNT samples and doping sources were positioned far a
from each other to prevent direct coating. Doping was c
ried out with Br2 ~300 K!, I2 ~320 K!, K ~500 K!, and Cs
~470 K! in gas phase at indicated temperatures, wherea
the optical and electrical measurements were performe
300 K in situ.

The stoichiometry (CMx) of the doped samples, essenti
in the forthcoming discussions, was determinedin situ at
each doping step~where C stands for carbon atom,M for
dopant atom, andx their ratio!. It was deduced by measurin
the increase in the mass of SWNT film accompanying d
ing using a quartz crystal microbalance. To calcula
x5(mM /mC)(MC /M M), we implicitly assume that the
samples are only consisting of carbon SWNT’s, admitte
the main source of uncertainty of the estimated compositi
13 339 ©1999 The American Physical Society
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@wheremC and MC (mM and M M) stand for the mass an
molecular weight of the SWNT’s~dopant!, respectively#.

III. PRISTINE SWNT FILMS

As shown in Fig. 1~for x50), the optical absorption
spectrum of a pristine SWNT film is essentially the same
that already reported and analyzed by Katauraet al.11 They
established that the main features at 0.68, 1.2, and 1.8
superimposed on the broad absorption band centere
around 5 eV~not shown! derive from the bulk properties o
SWNT. Furthermore, by comparing with calculated peak
sitions based on the zone folding method,12 these features
were assigned to optical transitions between Van Hove
gularities of the density of states~DOS! of SWNT. Specifi-
cally, the features at 0.68 and 1.2 eV were unambiguou
attributed to electronic transitions between pairs of singul
ties in semiconducting SWNT’s (vs

1→cs
1 and vs

2→cs
2 , re-

spectively!, whereas the feature at around 1.8 eV came p
dominantly from the first pair of singularity (vm

1 →cm
1 ) in

metallic SWNT’s. At energies higher than 2 eV, the abso
tion features are less resolved and consequently their as
ment to specific electronic transitions are unsecured.
above-mentioned assignments are consistent with STM s

FIG. 1. ~a! shows the evolution of the optical absorption spec
of SWNT films for various stoichiometry CMx (M5Br, Cs!. The
entire set of spectra for CCsx is offset for clarity with a short line
indicating the 0 level.~b! shows the absorption spectra for strong
doped samples. * indicates features coming from the quartz and
noise from the spectrometer.
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ies of individual SWNT’s,13 as well as with high-resolution
momentum-dependent electron-energy-loss spectrosc
~EELS! experiments of bulk SWNT’s.14

IV. DOPED SWNT FILMS

Now that the origin of each absorption bands is est
lished, we can directly and systematically study how t
electronic states of semiconducting and metallic SWNT’s
affected by doping with typical electron donors~K, Cs! or
electron acceptors (I2 , Br2) for various stoichiometry.

Figure 1 shows the progressive changes of the opt
absorption spectra when doped with Br2 and Cs, respec-
tively. A remarkable observation is the sizable decrease
the intensity of the absorption bands at 0.68 eV withou
significant change of the features at 1.2 and 1.8 eV, at
initial stage of the doping~typically for x,0.005) irrespec-
tive of the nature of the dopants. Subsequent doping~typi-
cally for x,0.04) leads to a dramatic depletion of bo
bands at 0.68 and 1.2 eV without a substantial alteration
the band at 1.8 eV. In this range of stoichiometry (0,x
,0.04), we have observed neither a shift of the absorp
bands nor an appreciable increase of the absorption b
ground, again for all dopants. In this context, Fig. 2 spec
cally displays the variation of the normalized intensity
several absorption peaks (I x /I x50) at 0.68, 1.2, and 1.8 eV
versus stoichiometry CMx (M5Br, Cs!. A reasonable state
ment is that (I x /I x50) only at 0.68 and 1.2 eV show a con
siderable decrease with increasingx. Since this simplistic
analysis ignores that the absorption features are broad an
some extent overlapping with increasing energy, we refr
from further quantitative analysis. We note that essentia
the same changes were observed for I2 and K doped
SWNT’s.

At high doping level ~typically for x.0.04), only
achieved with Cs and Br2, all the above-mentioned feature
almost completely vanish~Fig. 1!. In this range of stoichi-
ometry we stress that the absorption feature at 1.8 eV
completely smoothed out. Moreover, two important chan
were detected at this doping level: the gradual increase of
absorption background and the emergence of new band
approximately 1.07 and 1.30 eV as clearly evidenced
stoichiometry at CBr0.15 and CCs0.10, respectively~Fig. 1!.
Their origins will be discussed separately.

The optical absorption band at 5 eV~assigned top plas-
mon! gained intensity and broadened without significan
shifting with increasing the dopant concentration, irresp
tive of the nature of the dopants~not shown and not analyze
in this paper!.

These results are in good agreement with a recent re
on purified and chemically modified SWNT in CS2 solution
doped with I2 or Br2 ~Ref. 15! and EELS experiments on
K-doped SWNT.16 With all these well corresponding result
it can be concluded that the observed changes in the op
absorption spectra upon doping reflect the inherent prop
of SWNT’s.

A remarkable observation here is that SWNT films dop
with either electron donors~K, Cs! or electron-acceptors (I2 ,
Br2) show very similar changes in optical absorption spec
This is the direct experimental demonstration of the amp
teric behavior of both the semiconducting and meta

he
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FIG. 2. ~a! and ~b! Normalized intensity of the absorption peaks (Ix /Ix50) at 0.68, 1.2, and 1.8 eV and the normalized dc electri
resistivity (Rx /Rx50) for various stoichiometry CMx (M5Br, Cs! at 300 K. The dashed lines are guides to the eye.~c! DOS calculated in
a tight-binding model for~10,10! metallic and~12,8! semiconducting SWNT’s. The energies~eV! correspond to allowed electronic trans
tions between Van Hove singularities of the DOS. Ef is the Fermi level atx50.
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SWNT’s. We stress that this was made possible by us
optical absorption spectroscopy, which can separately pr
their intrinsic properties.

To illustrate the above and also the forthcoming disc
sions, we assume an ‘‘ideal sample’’ consisting only of o
type of semiconducting and one type of metallic SWNT
with chirality index ~12,8! and ~10,10!, respectively. These
were deliberately chosen because their calculated DOS@Fig.
2~c!# accounts for most of the electronic transitions obser
in the optical absorption spectra, except for their broaden
Because the position of singularity peak depends on the
diameter and chirality, which have considerable distributi
and also because in solid state intertube interaction ca
additional band dispersion,17,18 the experimentally observe
absorption bands are inevitably broad.

A straightforward interpretation of the experimental r
sults can be derived by invoking a charge-transfer mec
nism within the framework of the rigid-band model, by ana
ogy to carbon graphite intercalation compounds.19 By
choosing the nature of the dopant~K, Cs, I2 , Br2) and by
controlling the stoichiometry, we have been able to tune
electron transfer so that the Fermi level (EF) coincides with
specific bands~or distribution of bands! of DOS of semicon-
ducting and metallic SWNT’s. In the case of a strong el
tron donor such as Cs, the charge transfer occurs to spe
electronic states of the semiconducting and metallic SWN
in the following sequence: first tocs

1 and then tocs
2 of the

same semiconducting SWNT and finally tocm
1 of the metal-

lic SWNT @Fig. 2~c!#. Accordingly, the absorption bands als
deplete with the same sequence: first 0.68, then 1.2,
finally 1.8 eV. In the case of a weak electron donor such
K, the charge transfer occurs and affects predominantly
electronic states of semiconducting SWNT, consistent w
the depletion of the band at 0.68 and then at 1.2 eV, wit
the doping level achieved in the present work. A simi
explanation can be applied to I2 and Br2 doping, where elec-
trons are depleted from the highest occupied energy lev
g
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V. DOPING-INDUCED ABSORPTION

We have observed the emergence of doping-induced
tical transitions at around 1.07 and 1.3 eV for Br2 and Cs
doping, respectively, but their origins are still open to spe
lation. We propose a tentative interpretation for Br2 doping.
The fact that the feature at 1.07 eV emerges at relatively h
doping concentration indicates an involvement of a cha
in the first valence band of metallic SWNT (vm

1 ). This is
supported by the observation that the absorption featur
1.8 eV ~attributed to thevm

1 →cm
1 transition! disappears at

high doping level. A change in the semiconducting band
involved, would emerge at much lower doping level@Fig.
2~c!#. The depletion ofvm

1 should enable new optical trans
tions from deep-lying valence bands tovm

1 , explaining the
experimental results. A similar explanation can be applied
Cs doping~filling of cm

1 ). The discrepancy of the band pos
tion ~1.07 and 1.30 eV for CBr0.15 and CCs0.10, respectively!
might be an indication of the asymmetry of the electron
structure of SWNT’s, if the rigid-band model is valid.

The increase of the absorption background upon dop
does not originate from the metallic coating~this effect oc-
curs for both Cs and Br2 doping! or the degradation of the
optical quality of the SWNT sample~this effect is reversible!
but does reflect important contribution from low-energy ele
tronic transitions and also from free-carriers absorption~or
Drude behavior!. Further work in the IR range is necessa
to elucidate its origin, but it is beyond the scope of t
present paper.

VI. CORRELATION WITH RESISTANCE CHANGE

Next, we further inquire into the consequences of t
charge-transfer properties and the changes in electr
states, by performing dc electrical resistance measurem
concurrently with those of optical absorption, as a functi
of doping concentration. The normalized dc resistan
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Rx /Rx50 ~Fig. 2! invariably decreases with increasing th
doping concentration~for x,0.04) irrespective of the nature
of dopants, consistent with an increase of the carrier dens
The behavior ofRx /Rx50 parallels that of the optical absorp
tion (I x /I x50) at 0.68 and 1.2 eV, but not that at 1.8 eV. W
have established a striking correlation between (Rx /Rx50)
and (I x /I x50 , for x,0.04) as demonstrated in Fig. 2, yield
ing unambiguous interpretation about the charge trans
These results altogether suggest that the changes inRx /Rx50
~transport properties! upon doping are largely governed b
the changes in the electronic properties of semiconduc
SWNT’s.

The wayRx /Rx50 change with the doping concentratio
is qualitatively different for the weak and the strong dopan
While Rx /Rx50 decreases monotonically and saturates in
case of K and I2, it goes through a minimum and signifi
cantly increases in the case of Cs and Br2 doping. Further
analysis of our results shows that this minimum coincid
qualitatively with the disappearance of the absorption ba
at 1.8 eV, the rise of the new features~at 1.07 and 1.30 eV!
and of the absorption background, as clearly demonstrate
the case of Br2 and Cs doping. This minimum occurs fo
stoichiometry corresponding approximately to CCs0.040 and
CBr0.044. It is worth noting that, in this range of stoichiom
etry, a phase transformation was theoretically predicted
the case of K doped SWNT crystal.20 These results con-
jointly suggest that the complex behavior ofRx /Rx50 is re-
lated to the changes of both the electronic and the cry
structure of SWNT’s. Grigorianet al. noticed similar behav-
ior for SWNT mat doped with K and Cs based on resistiv
measurements.10

VII. REVERSIBILITY OF DOPING

Finally, we briefly discuss the reversibility o
intercalation/deintercalation cycles for I2 and Br2 doping.
For I2, the vanished absorption bands at 0.68 and 1.2
almost perfectly restored after deintercalation by annea
under vacuum. This suggests that semiconducting SWN
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can undergo reversible charge transfer with no apprecia
damage to its electronic structures. For highly Br2 doped
SWNT’s, the vanished absorption bands are only partia
restored with considerable broadening after annealing at t
peratures as high as 573 K under vacuum. This indicates
irreversibility of the charge transfer, probably deriving fro
strong interaction between Br and SWNT’s.

VIII. SUMMARY

In summary, we have separately probed the doping
havior of semiconducting~S! and metallic~M! single-wall
carbon-nanotube~SWNT! films, by optical absorption and d
resistance~R! measurements. Either electron acceptors (B2 ,
I2) or donors~K, Cs! were used as dopants with controlle
stoichiometry. Disappearance of the absorption bands
0.68, 1.2~assigned to semiconductor SWNT’s! and 1.8 eV
~assigned to metallic SWNT’s!, and the concomitant de
crease of R by doping were attributed to electron deplet
from or filling to the specific bands in S- or M-SWNT’s
demonstrating their amphoteric doping behavior. S- a
M-SWNT’s undergo charge transfer in a specific sequen
first 0.68, then 1.2, and finally 1.8 eV, depending on t
nature and concentration of the dopant. Changes in the e
tronic properties were discussed in terms of the char
transfer mechanism in the framework of the rigid-band mo
el.The present results provide important information
further understanding of SWNT’s basic properties as well
for its applications to electronic devices.

Note added. During the preparation of this manuscript, w
came to know about the work of Petitet al.21 In the latter
work Li1 doping was carried out in tetrahydrofuran solutio
with several radical anions, and for Br2 and I2 doping in gas
phase, in very good agreement with one part of our opt
absorption results. However, the compositions were not e
mated nor was the correlation with the electrical resistiv
considered, essential for the discussion of the doping beh
ior of SWNT. Here, we have filled the gap by an exhaust
and systematic study.
*Author to whom correspondence should be addressed. F
181-298-54-6232. Electronic address: kazaoui@nimc.go.jp

1S. Iijima, Nature~London! 354, 56 ~1991!.
2T. W. Ebbesenet al., Nature~London! 382, 54 ~1996!.
3L. Chico et al., Phys. Rev. Lett.76, 971 ~1996!.
4S. T. Tanset al., Nature~London! 386, 474 ~1997!.
5M. Bockrathet al., Science275, 1922~1997!.
6S. Saito, Science278, 77 ~1997!.
7R. S. Leeet al., Nature~London! 388, 255 ~1997!.
8A. M. Rao et al., Nature~London! 388, 257 ~1997!.
9L. Grigorianet al., Phys. Rev. Lett.80, 5560~1998!.

10L. Grigorianet al., Phys. Rev. B58, R4195~1998!.
11H. Katauraet al., Synth. Met.103, 2555~1999!.
12R. Saito, G. Dresselhaus, and M. S. Dresselhaus,Physical Pro-
X: prties of Carbon Nanotubes~Imperial College Press, Singapore,
1998!.

13J. W. G. Wildoeret al., Nature~London! 391, 59 ~1998!.
14T. Pichleret al., Phys. Rev. Lett.80, 4729~1998!.
15J. Chenet al., Science282, 95 ~1998!.
16T. Pichleret al., Solid State Commun.109, 721 ~1999!.
17Y. K. Kwon, S. Saito, and D. Tomanek, Phys. Rev. B58,

R13 314~1998!.
18P. Delaneyet al., Nature~London! 391, 466 ~1998!.
19M. S. Dresselhaus and G. Dresselhaus, Adv. Phys.30, 139

~1981!.
20G. Gao, T. Cagin, and W. A. Goddard III, Phys. Rev. Lett.80,

5556 ~1998!.
21P. Petitet al., Chem. Phys. Lett.305, 370 ~1999!.


