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Single-walled carbonnanotubes (SWCNTs)
have attracted tremendous attention
due to their extraordinary electrical,

physical, chemical, and thermal properties.
SWCNT networks have been recognized
as promising forms of nanomaterial for
transparent conducting films (TCFs), sen-
sors, and field effect transistors (FETs). To
realize high performance complementary
metal-oxide semiconductor (CMOS) appli-
cations, it is necessary to meet the prereq-
uisites for each transistor cell, that is, high
mobility, large on/off ratio, and desired
electrical type (n- or p-type property). Sev-
eral studies have endeavored to improve
the performance of FETs by a preferential
growth of semiconducting tubes, or a se-
paration of semiconducting SWCNTs using
various chemical processes, or by a direc-
tional growth or texturing of SWCNT net-
work channels formed by the self-assembly
method.1-4 Doping SWCNTs has been one of
the most important issues to be solved in the
fundamental studies and application of these
materials. SWCNTs exhibit p-type charac-
teristics under ambient conditions due to
an oxygenmolecule adsorption effect either
on the nanotubes or metal electrode.5-7 A
variety of approaches to control the electrical
properties of SWCNT FETs have been re-
ported, such as control by depositing or-
ganic or inorganic doping layers on the
SWCNT surface,8-12 by changing the work
function of metal electrodes,13,14 or by
atomic doping during the synthesis.15-17

For practical purposes, some requirements
for developing doping layers to control the
electrical properties of SWCNTs must be
taken into account such as (i) controllability
in the doping area, (ii) stability under ambi-
ent conditions, and (iii) compatibility with

Si-based device technologies such as top-
gate processes, etc. The electronic proper-
ties of SWCNTs doped using organic ma-
terial such as PEI (poly(ethyleneimine)),
PAA (poly(acrylic acid) ), NADH (b-nicoti-
namide adenine dinucleotide, reduced di-
potassium salt), and viologen were found
to be degradable over time under ambient
conditions.8-11 Furthermore, organic do-
pants are not temperature resistant even
at temperatures as low as 150 �C, which is
fairly low for device applications. Thus,
inorganic layers, such as metal or metal
oxide seem to be favorable in terms of
environmental and thermal stability. Sev-
eral studies on doping SWCNTs using car-
bon-free inorganic material have reported
that the doping mechanism can be under-
stood by charge transfer due to the differ-
ence of electron affinity between the
dopant and SWCNTs.15,18-20 However,
doping area selectivity and compatibility
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ABSTRACT By using carbon-free inorganic atomic layer involving heat treatment from 150

to 300 �C, environmentally stable and permanent modulation of the electronic and electrical
properties of single-walled carbon nanotubes (SWCNTs) from p-type to ambi-polar and possibly

to n-type has been demonstrated. At low heat treatment temperature, a strong p-doping effect

from Au3þ ions to CNTs due to a large difference in reduction potential between them is

dominant. However at higher temperature, the gold species are thermally reduced, and

thermally induced CNT-Cl finally occurs by the decomposition reaction of AuCl3. Thus, in the

AuCl3-doped SWCNTs treated at higher temperature, the p-type doping effect is suppressed and

an n-type property from CNT-Cl is thermally induced. Thermal conversion of the majority

carrier type of AuCl3-doped SWNTs is systematically investigated by combining various optical

and electrical tools.
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with further device processing involving heating still
remained a problematic issue.
In this report, we have demonstrated the environ-

mentally stable and permanent modulation of the
electronic and electrical properties of SWCNTs from
p-type to ambi-polar and possibly to n-type using an
inorganic atomic layer involving heat treatment from
150 to 300 �C. Conversion of these properties in doped
SWCNTs using AuCl3 as a strong p-type dopant has
been thermally driven by decomposition of AuCl3,
which generates the CNT chlorination reaction.
Through a systematic study using UV-vis-NIR spec-
troscopy, Raman scattering, X-ray photoemission spec-
troscopy (XPS), and electrical measurements, the
electronic and electrical properties of AuCl3-doped
SWCNTs are found to be modulated as a function of
temperature.

RESULTS AND DISCUSSION

Figure 1 exhibits the (a) UV-vis-NIR absorbance
and Raman spectra registered at the wavelengths
excitation of (b) 514 nm (2.41 eV) and (c) 633 nm
(1.96 eV) to investigate the evolution of the electronic
structure of the AuCl3-doped SWCNTs as a function
of heat treatment temperature. Spectra of pristine,
10mMAuCl3-doped SWCNTs, and 10mMAuCl3-doped
SWCNTs followed by annealing at 150, 200, 250, and
300 �C are stacked from bottom to top in Figure 1a-c.
As shown in Figure 1a, all van Hove singularity-related
transition peaks, that is, first and second electronic
transition from semiconducting (S) tubes (ES11 and
ES22) and first electronic transition from metallic (M)
tubes EM11, are clearly observed in the pristine SWCNTs.
When SWCNTs are doped with 10 mM AuCl3 without
heat treatment, all electronics transitions between van

Hove singularities completely disappeared resulting
from a strong charge-transfer from the SWCNTs to
Au3þ due to a large reduction potential of Au3þ.18 As
the heat treatment temperature increase, the ES22 and
EM11 transition peaks of AuCl3-doped SWCNTs are
recovered first, and the ES11 related peak is recovered
finally above 250 �C. From these observations, it is seen
that the doped SWCNTsmaintain strong p-type character
at 150 �C and the degree of p-type doping decreases
gradually above 150 �C.
Similar behavior has been observed also in resonant

Raman scattering spectra in Figure 1b,c. With the
diameter distribution of the SWCNT material used for
this study, at the excitation energy of 2.41 eV (1.96 eV),
only semiconducting nanotubes (both semiconduct-
ing and metallic tubes) are selectively excited from
SWCNT material, respectively, as shown in Figure 1b,c.
Metallic and semiconducting SWCNTs have been
found to exhibit different Raman lineshapes for the
high frequency Raman-active bands near∼1590 cm-1.
Early studies on ensembles of SWCNTs indicated that
for some laser excitations, the broadened asymmetric
G-band line shape was found to be Breit-Wigner-
Fano (BWF) resonance process,21 which was identified
with scattering from metallic tubes and involves an
interference between electronic and phonon scatter-
ing channels. The G-band was deconvoluted into three
narrow Lorentzian G-band components in semicon-
ducting (S) SWCNTs for 2.41 eV excitation, and two
narrow G-band components in S-tubes and a broad
asymmetric G-band component in M-tubes with BWF
line shape for 1.96 eV excitation. The strongest G-band
component at ∼1590 cm-1 is named as Gþ-band for
convenience. The fitting parameters, that is, peak
position and width of Gþ-band, and intensity of BWF
for 2.41 eV and 1.96 eV excitation energies are summarized

Figure 1. The (a) UV-vis-NIR absorbance spectra and the Raman spectra at an excitation of (b) 514 and (c) 633 nm of
as-prepared SWCNTs, AuCl3-doped SWCNTs, and doped SWCNTs after being annealed at various temperatures for 30 min
under Ar atmosphere. Spectrum from pristine, 10 mM AuCl3-doped SWCNTs and 10 mM AuCl3-doped SWCNTs followed by
annealing at 150, 200, 250, and 300 �C are stacked from bottom to top.
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in Table 1. As shown in Table 1, the Gþ-band of
AuCl3-doped SWCNTs is up-shifted by∼10 cm-1 from
1592 cm-1, and is broadened by∼24% (50%) for 2.41
eV (1.96 eV) laser excitation energy, respectively. This
is a typical phenomenon for p-doping effect for
SWCNTs.18,22 The up-shifted position and broadened
width of Gþ-band induced by AuCl3 doping is main-
tained up to 200 �C, which agrees well with UV-
vis-NIR spectra. Furthermore, the intensity of BWF
from M-tubes is observed to be reduced after AuCl3
doping and remains up to 200 �C. With higher anneal-
ing temperature above 250 �C, the position and width
of Gþ-band and the intensity of BWF from M-tubes
for doped SWCNTs are almost recovered to that of
pristine sample. The observation from the change in
Raman spectra evidenced that the p-doping proper-
ties of SWCNT networks are stable below 200 �C, and

vanish above 250 �C. To confirm this observation,
sheet resistance of the doped film has been tested
as a function of annealing temperature. Sheet resis-
tance after doping with AuCl3 is reduced by a factor 2.
The reduced resistance is maintained stably up to 200
�C and dramatically increased above 250 �C. (see the
Supporting Information). The lowered resistance of
SWCNT network film by AuCl3 doping originates in an
increased carrier density and reduced Schottky bar-
rier height between M- and S-tubes in the SWCNT
network.18 These p-doped statuses were preserved
up to 200 �C, which is in agreement with the results
from optical studies. This result confirms that the
doped SWCNT network film with AuCl3 has good
thermal stability in contrast to organic dopants.23

To understand the chemical environment change
and charge transfer mechanisms in the AuCl3-doped

Figure 2. XPS fitted (a) Au 4f and (b) Cl 2p core peaks of the AuCl3-doped SWCNTs annealed at various annealing temperatures.

TABLE 1. Various Parameters Obtained after Deconvoluting the G-band of the Raman Spectra: Position andWidth of Gþ

Peak at an Excitation Energy of 2.41 eV and Position andWidth of Gþ Peak and Intensity of BWF at an Excitation Energy

of 1.96 eV

Raman at 2.41 eV Raman at 1.96 eV

position of Gþ (cm-1) width of Gþ position of Gþ (cm-1) width of Gþ intensity of BWF

pristine 1594.3 6.94 1592.2 7.44 0.30
AuCl3-doped 1599.3 10.45 1603.9 9.21 0.04
doping and annealing at 150 �C 1600.7 10.45 1603.9 9.21 0.04
doping and annealing at 200 �C 1597.8 10.45 1603.9 9.21 0.04
doping and annealing at 250 �C 1594.7 7.60 1593.1 8.08 0.10
doping and annealing at 300 �C 1594.7 7.43 1592.8 7.44 0.25
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SWCNTs by heat treatment, an XPS study on doped
SWCNTs has been undertaken as shown in Figure 2.
Both Au 4f and Cl 2p core peaks are probed before and
after heat treatment. In the case of doped SWCNTs, the
XPS spectrum from Au 4f7/2-5/2 core level exhibits
three doublets associated with AuCl3 (86.7-90.5 eV),
AuCl (85.4-89.1 eV), and Au0 (84.4-88.1 eV), respec-
tively (Figure 2a lower).24,25 This suggests that Au3þ

ions are partially reduced to Auþ and Au0 due to
electron transfer from CNT since the reduction of
Au3þ is thermodynamically favored due to high redox
potential (see the Table 2). This agrees well with
the significantly weakened BWF line intensity, upshift
ofGþ-band inRamanspectrum, and the suppressionof the
transition band in UV-vis-NIR spectrum (Figure 1).18,26

In parallel, the XPS Cl 2p3/2-1/2 core peak is fitted into
three doublets attributed to AuCl3 (198.3-199.9 eV), AuCl
(198.6-200.0 eV), andphenyl-Cl (199.9-201.3 eV).24,25 By
combining theXPS results fromAu4f andCl 2p core peaks,
the chemical species on thedoped SWCNTs are likely to be
AuCl3, AuCl, Au

0, and phenyl-Cl (CNT-Cl). At increasing
temperature, the peaks associated with AuCl3 at Au 4f and
Cl 2p are gradually suppressed.
To track quantitatively the changes in the amount of

the adsorbed chemical species on the doped CNTs,

that is, AuCl3, AuCl, Au, and CNT-Cl, we systematically
registered the evolution of Au 4f and Cl 2p core peaks
as a function of annealing temperature. The tempera-
ture dependence of relative fraction (Rf) of each Au-
related species was measured and plotted as shown in
Figure 3a (here, Rf = XPS peaks area of the Au related
species/sum of total Au 4f area). The Rf of AuCl3
decreases while the AuCl and Au increase for higher
annealing temperature. However at the temperature
of 300 �C, the AuCl3 related peaks (Au 4f and Cl 2p)
disappeared completely. We assumed that the disap-
pearance of AuCl3 portion in doped SWCNTs annealed
at 300 �C is associated with decomposition and/or con-
version into AuCl and Au. Between 250 and 300 �C, the
suppression of the AuCl portion and the enhancement
of the Au0 relative fraction suggest that the remained
AuCl are thermally converted into Au, which agrees
with the decomposition of AuCl at about 289 �C.26 To
compare the amount of CNT-Cl and Au concentration,
we have plotted the relative peak intensity ratio of
CNT-Cl(Cl 2p) and Au0 (Au 4f) against the summation
of peak intensity of AuCl3 and AuCl as a function of
annealing temperature as shown in Figure 3b. Thismay
provide an insight on the dominant doping type in
AuCl3-doped SWCNTs at each temperature. Regarding
the Cl 2p peak, besides the change in the doublets
associated with AuCl and AuCl3, the fraction of CNT-Cl
increased with higher annealing temperature as con-
sequence of covalent fixation of the byproduct by
decomposition of gold chloride at the surface of CNT.
Finally, it exhibited an abrupt downturn above 250 �C,
and it is presumed that the chlorination reactivity is
decreased by a significant loss of AuCl3 and CNT-Cl is
decomposed by heat.

We have summarized the possible reactions deduced
from XPS analysis at each step in Table 2. At the initial
doping step, Au3þ is partially reduced by charge transfer
fromCNTs, producingAuCl andAu. Furthermore, residual
Cl ions may interact with doped CNTs for charge com-
pensation. During heating steps, the adsorbed AuCl3 is

Figure 3. (a) The temperature dependence of relative frac-
tion (Rf) of each Au-containing species at Au 4f and (b) the
relative peak intensity of CNT-Cl (Cl 2p) and Au (Au 4f)
against gold salts as a function of annealing temperature.

TABLE 2. Summary of Reactions at Each Step

step reaction products

doping step Au3þ þ 3e- f Au0 (s) (E0 = 1.498)a Au
Au3þ þ 2e- f Auþ (E0 = 1.401)a AuCl
Au3þ þ 3Cl- f AuCl3 AuCl3
CNTþ þ Cl- f CNT-Cl CNT-Cl

heating step AuCl3 f Au þ AuCl þ Cl2 (>160 �C)26 Au, AuCl
AuCl f Au þ Cl2 (>289 �C)26 Au
CNT þ AuCl3 þ Cl2 f CNT-Clb CNT-Cl

a Standard redox potential. b Chlorination reaction: Aromatic compounds can be
chlorinated by treatment with chlorine in the presence of a catalyst, most often iron.
However the real catalyst is not the iron itself, but the ferric chloride formed in small
amounts from the reaction between iron and the reagent. Ferric chloride and other
Lewis acids are often directly used as catalysts.27
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thermally decomposed intoAuCl, Au, andCl2.Of course, a
significant amount of Au3þ ions involved in CNT doping
will be thermally reduced at above 200 �C. Thermally
assisted chlorination of CNTs can occur in the presence of
AuCl3 and Cl2, which makes the movement of lone-pair
electrons of chlorine back toward the delocalized CNTs
because of resonance effect even with high electron
negativity of chlorine.27 This mechanism can explain
how the n-type doping characteristics of AuCl3-doped
SWCNTs can be thermally induced above 250 �C. At low
temperature, strong p-doping effect by charge transfer
fromAu3þ toCNTs is dominant.Withhigher temperature,
the gold species are thermally reduced and thermally
induced CNT-Cl bonds are finally formed.
Doping status and the majority carrier type of

SWCNTs induced by AuCl3 doping and heat-treatment
have been investigated by electrical measurement
carried out of SWCNT network transistors. Figure 4a
shows the gate voltage dependence (Vg) of drain
current (Ids) at each step of doping process, that is,
pristine (þ), 1mMAuCl3-doped (solid line), annealed at
150 �C (O), and annealed at 300 �C (b) for 30 min. The
annealing was performed under a vacuum with a
rotary pump with Ar flow. In Figure 4b, the transfers

curve of Al2O3 passivated SWCNT transistors with AuCl3
doping (b) and without doping (O) are compared. The
50 nm Al2O3 passivation layer, which can be also used
as top-gate dielectric, was formed by the atomic layer
deposition (ALD) method at 300 �C with trimethyl
aluminum (TMA) and water as the precursor and
oxidation reagent, respectively. The drain current (Ids)
versus gate voltage (Vg) curve was measured at the
drain voltage (Vds) = 0.1 V (Agilent 4156C). The transis-
tor with pristine SWCNT channel material exhibits
p-type behavior under air as reported previously (þ
in Figure 4a), due to oxygen adsorption effect on the
SWCNT surface. With p-doping by Au3þ ions, the on-
current level is increased by ∼20%. Interestingly, the
gating phenomenon has almost disappeared due to
the p-doping effect. Moreover, the I-V transfer curve
ends up with that of “artifact conductor” which was
found to be due to adsorption of water molecules by
AuCl3 salt.28 The work function change (Fermi level
shift) as a function of AuCl3 doping concentration was
systematically investigated by using ultraviolet photo-
electron spectroscopy (UPS).18 With 10 mM of doping
concentration, the Fermi level can be shifted to a lower
value by ∼0.15 eV. Above 10 mM, the Fermi level is
lowered below the highest valence band. Thus, com-
plete disappearance of the first electronic transition
from the semiconducting tubes (ES11) was observed by
UV-vis-NIR spectroscopy.18 At this point, further
studies including Hall measurement need to be done
to understand the relationship between the doping
level and carrier concentration, which is important for
process optimization and device fabrication.
Systematic studies of the doping effect on SWCNT

network transistors as a function of AuCl3 concentra-
tion, which may induce surface disorders resulting in
mobility degradation, are shown in the previous
work.28 With an increase in the doping concentration
from 0.1mMup to∼14mMof AuCl3, an increase in the
disorder induced band (D-band) intensity was ob-
served at concentrations as high as 10 mM. At the
concentration of 1 mM, the D-band intensity increase
was negligible. The calculated field effect mobilities as
a function of doping concentration based on the
transfer curve (gate voltage (Vg) dependence on drain
current (Id)) did not exhibit any consistent results. The
doping effect on the transport properties of SWCNT
network transistorsmay not be easy to understand due
to its complicated components to be considered such
as source/drain-carbon nanotube junction, gate oxide
and SWCNT interface, and tube-tube junctions, etc.
However, at the highest doping concentration (∼14 mM)
mobility has been dramatically increased even though
D-band intensity is shown to be enhanced. With large
doping concentration, themobility enhancement effect
due to increased carrier density seems to be dominant
over degradation by surface disorder creation. From
Raman studies and mobility change, surface disorder

Figure 4. (a) Drain current (Ids)-gate voltage (Vg) curve of
AuCl3-doped SWCNT network transistor: original (þ), 1 mM
AuCl3 doped (solid line), annealed at 150 �C (O), and
annealed at 300 �C (b) for 30 min and (b) gate voltage
dependence on drain current of pristine SWCNTs andAuCl3-
doped SWCNTs which are passivated by Al2O3 deposited
at 300 �C (drain voltage 0.1 V).
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induced by chemical doping seems to have a weak
relation to device mobility, or mobility degradation due
to surface disorder creation might be less dominant
overmobility enhancementby increased carrier density.
The on/off ratio of the AuCl3-doped SWCNT network

transistor is partially (or fully) recovered when an-
nealed at 150 �C (O) (300 �C (b)) for 30 min under
vacuum with Ar flow. The I-V measurements were
done under air. These results agree well with
UV-vis-NIR, Raman, and XPS results shown in the
previous section, that the p-doping status of AuCl3-
doped CNTs disappeared by heat treatment above
250 �C. The thermally induced majority carrier-type
conversion of AuCl3-doped SWCNT transistor was con-
firmed by comparing the passivation effect on the I-V

characteristics of undoped and AuCl3-doped SWCNT
transistors as shown in Figure 4b. The results for
Figure 4a,b are from different sets of SWCNT devices.
Thus, the doping level by the same AuCl3 concentra-
tion can appear to be different. The AuCl3-doped
SWCNT transistor with 50 nm Al2O3 passivation layer
clearly exhibits ambi-polar characteristics in contrast
with the undoped SWCNT transistor case which is
closer to the p-type. This observation agrees well with
XPS results shown in the previous section. The P-dop-
ing effect disappeared due to thermal reduction of the
gold species. Instead, an n-type doping effect from
thermally assisted chlorination of CNTs becomes im-
portant. Under ambient atmosphere, due to an oxygen
adsorption effect on the carbon nanotube surface,
electrons are trapped resulting in p-type character-
istics.6,7,29 By Al2O3 passivation on the AuCl3-doped
SWCNT network after annealing at 300 �C, adsorbed
oxygen molecules will be desorbed from the SWCNT
body and prevented from re-adsorption, which will
induce clear ambi-polar characteristics with high
n-current for AuCl3-doped SWNTs with in situ heat
treatment. It is an interesting result from the applica-
tion point of view that the polarity of SWCNT transistors
can be modulated by a AuCl3 doping conditions on
SWCNTs, that is, AuCl3 doping concentration and heat
treatment. More importantly, since the doping scheme
is based on carbon-free inorganic material, it has the
benefits of environmental stability and compatibility
with further device processing involving heat treat-

ment. To confirm that the n-type doping effect is
dominated from thermally assisted chlorination of
CNTs, not from charge transfer from Al2O3 layer, we
have performed several experiments.
In one experiment, we compared the Hall coefficient

(RHs) for an undoped and doped SWCNT network thin
film before and after 250 �C annealing. We clearly
observed that RHs is converted from a positive to a
negative value for a 10 mM AuCl3-doped SWCNT net-
work after 250 �C annealing (from þ0.000613 m2/C to
-0.00216 m2/C). In the case of undoped SWCNT net-
work, the RHs remains constant before and after
annealing at 250 �C (þ0.000613 m2/C). Even though
RHs values for the doped and undoped SWCNT net-
work are measured to be the same, the carrier con-
centration for the doped SWCNT network is found to
be several times higher than for the undoped SWCNT
network. This is consistent with Raman, UV-vis-NIR,
XPS, and I-V results. Finally, a negative Hall coefficient is
maintained at least for 6 months with slight degradation
(-0.00133m2/C), possibly due to thep-dopingeffect from
oxygen adsorption under ambient conditions.5-7 Differ-
ent from organic doping, chlorination of SWCNTs by our
approach is much more stable under ambient conditions.

CONCLUSIONS

By comprehensive studies using UV-vis-NIR, Ra-
man, XPS, and I-V measurements, we evidenced the
electronic and electrical conversion of AuCl3-doped
SWCNT network by thermal annealing. At low anneal-
ing temperatures, a strong p-doping effect from the
Au3þ ions to the CNTs due to a large difference in
reduction potential between them is dominant. How-
ever at higher temperature, the gold species are
thermally reduced, and thermally induced CNT-Cl
finally occurs. Thus, in the AuCl3-doped SWCNTs trea-
ted at higher annealing temperature, the p-type dop-
ing effect is suppressed and the n-type property from
CNT-Cl is thermally induced. We have demonstrated a
doping scheme that is environmentally stable and
compatible with further device processing and that
involves carbon-free inorganic material to modulate
the majority carrier type conversion from p-type to
ambi-polar, and possibly to n-type, by AuCl3 doping
conditions on SWCNTs.

EXPERIMENTAL SECTION
Method of preparing and doping SWCNT network thin films:

Arc discharge SWCNTs purchased from Iljin Nanotech Co., Ltd.
were used in this study. SWCNTs were dispersed in 0.1 wt %
NaDDBS aqueous solution using a bath sonicator (Bandelin
Sonorex, 240W for 10 h) and centrifuged to get awell-dispersed
solution. The SWCNT network thin films on silicon wafer were
sprayed using a solution (ncs-200, NCS co,. Ltd., Korea) and then
washed in 15% HNO3 solution. A AuCl3 solution of 10 mM was
dissolved in nitromethane and dropped onto the prepared

SWCNT films. After 30 s of residual time, the solvent was spin-
coated at 2500 rpm for 30 s to remove residual AuCl3 and
solvent. (Midas System, Spin 2000). The doped SWCNT films
were annealed at 150, 200, 250, and 300 �C for 30 min under Ar
atmosphere with a rotary pump.
SWCNT network transistor fabrication procedure:30 SWCNT

networkswere grownbywater-methane (CH4) plasma assisted
chemical vapor deposition at 450 �C on SiO2 (4000 Å)/Si
substrates using a direct photolithographic technique that
employed a simple mixture of ferrocene and commercially

A
RTIC

LE



YOON ET AL. VOL. 5 ’ NO. 2 ’ 1353–1359 ’ 2011 1359

www.acsnano.org

available photoresist. We have used 0.01 M of ferrocene in the
resist to obtain the density of 25 tubes per μm2with∼0.5 μmof
the nanotube length. Another photolithography process was
followed to form source (S) and drain (D) electrodes on the
arrayed SWNT network channels. Ti (100 nm) was used as the
electrode material. The SWCNT network was doped with 1 mM
AuCl3 solution and annealed at 150 and 300 �C for 30min under
Ar atmosphere with rotary pump. Successive introduction of
trimethyl aluminum (TMA) as precursor and water as oxidation
reagent was repeated to form the 50 nm Al2O3 layer by atomic
layer deposition (ALD) method at 300 �C with rotary pump
condition and Ar flow for purge.
Measurement: The doped SWCNT films before and after heat-

treatment were characterized by XPS analysis by using a
monochromatized Al KR radiation (1486.6 eV) (QUANTUM
2000, Physical electronics), and micro-Raman spectroscopy
(Renishaw InVia Reflex). Measurements of the sheet resistance
were carried out by four-point probe method (Keithley 2000).
I-Vg characteristics were measured with a parameter analyzer
(Agilent 4156C) using a probe station under ambient condi-
tions. The sheet carrier density, mobility, Hall coefficient, and
sheet resistance of graphene were measured by the van der
Pauw method using a Hall measurement (ACCENT semicon-
ductor UK/HL 5500PC) at room temperature, 0.3 T.

Supporting Information Available: The sheet resistance of a
doped SWCNT transparent conducting film as function of
temperature. This material is available free of charge via the
Internet at http://pubs.acs.org.
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