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oping in carbon nanotubes (CNTs)
has been a serious scientific and
technological issue in transistor
applications.' * There are two current ap-
proaches to CNT doping. One approach is to
dope CNTs during synthesis through the
introduction of foreign atoms, such as boron
(p-type doping) or nitrogen (n-type doping),
allowing substitutional or interstitial impuri-
ties to be formed in the carbon network.?
This method is similar to that adopted in
conventional semiconductor technology.
Nevertheless, the CNT situation is different
because all of the atoms are exposed to the
environment. For instance, unstable nitro-
gen atoms located at the surface can be
easily oxidized under ambient conditions
such that they no longer behave as an n-
type dopant.® ® The second approach is to
dope CNTs after synthesis. In this regard, ion
bombardment has been attempted using n-
or p-type ionic dopants. This method is
technologically relevant; however, oxida-
tion problems occur when samples are ex-
posed under ambient conditions.’ One
method which utilizes this postsynthesis
doping is a chemical approach that involves
chemical adsorption to the CNT surface,
perhaps the most relevant technique for pro-
ducing a prominent doping effect on CNTs.
Chemical doping in CNTs involves charge
transfer between the adsorbates and the
nanotubes.'® Several dopants have been
introduced to dope CNTs using this techni-
que. For instance, AuCls, SOCl,, and NOBF,
were used as p-type dopants in which elec-
trons were extracted from CNTs into the ad-
sorbates, whereas viologen derivatives, -
nicotinamide adenine dinucleotide-reduced
dipotassium salt, and poly(ethyleneimine)
were used as n-type dopants in which elec-
trons were donated from adsorbates to
CNTs."" 7" The direction of electron transfer
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ABSTRACT The doping/dedoping mechanism of carbon nanotubes (CNTs) with AuCl; has been
investigated with regard to the roles of cations and anions. Contrary to the general belief that CNTs
are p-doped through the reduction of cationic Au* " to Au’, we observed that chlorine anions play a
more important role than Au cations in doping. To estimate the effects of (I and Au on CNTs, the CNT
film was dedoped as a function of the annealing temperature (100—700 °C) under an Ar ambient
and was confirmed by the sheet resistance change and the presence of a G-band in the Raman
spectra. The X-ray photoelectron spectroscopy (XPS) analysis revealed that the doping level of the
CNT film was strongly related to the amount of adsorbed chlorine atoms. Annealing at temperatures
up to 200 °C did not change the amount of adsorbed Cl atoms on the CNTs, and the CNT film was
stable under ambient conditions. Alternatively, (I atoms started to dissociate from CNTs at 300 °C,
and the stability of the film was degraded. Furthermore, the change in the amount of (I atoms in
CNTs was inversely proportional to the change in the sheet resistance. Our observations of the (|
adsorption, either directly or mediated by an Au precursor on the CNT surface, are congruent with the

previous theoretical prediction.
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is generally determined by the redox po-
tential difference between the CNTs and
adsorbates. The redox potentials have been
derived for nanotubes with different dia-
meters and chiralities.'> Because nanotubes
have van Hove singularities (VHSs) in the
valence and conduction band due to their
one-dimensional nature, extraction of elec-
trons from CNTs or donation of electrons to
CNTs does not occur continuously.'>

For instance, a typical strong p-dopant,
Au", has a reduction potential of 1.5 V with
regard to a normal hydrogen electrode. This
value is greater than the first and second
VHSs in the valence bands for CNTs with  xaddress correspondence to
diameters ranging from 1.0 to 1.5 nm, typi-  jingkong@mit.edu,
cal for arc discharge samples.'” Therefore, ~'e&young@skku.edu.
the first and second VHS electrons in the  Received for review October 22, 2010
semiconducting nanotubes are extracted to  and accepted December 23, 2010.
reduce Au*". The Au®" ions are sufficiently . .
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strong dopants to remove the first VHS in 10.1021/nn1028532
metallic nanotubes. As a result, the VHS-
related absorption peaks are suppressed.’’  ©2011 American Chemical Society
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Figure 1. (a) The change in sheet resistance with doping. The change in sheet resistance was defined according to 100(R; —
Rsi)/Rsi, where R, is the measured sheet resistance and Ry; is the initial sheet resistance of the pristine sample. The doped
sample was further annealed at different temperatures for 1 h under an Ar ambient. (b) Aging of samples with thermal
annealing for up to 50 days (lines for guideline): (P) pristine, (D) doped, (A) annealed, (nD) n days.

The strong charge transfer was also observed in Raman
spectra as a blueshift of the G-band peak and suppres-
sion of the electron—phonon interaction in the lower
energy side of the G-band."" Gold ions are usually
obtained by dissolving AuCl; powder in nitromethane
or deionized water.'®'"'* It is believed that Au*" ions
in solution play a key role in the extraction of electrons
from CNTs. It has been recently proposed that Au®"
ions theoretically act as a precursor for further Cl
adsorption in which the chemisorbed Cl ions extract
electrons directly from CNTs.'®

The purpose of this paper is to investigate the roles
of Au cations and Cl anions in solution in CNT doping.
In this study, single walled carbon nanotubes (SWCNTs)
were sprayed onto quartz film to form a thin film and
were further doped with AuCls solution in nitro-
methane. The samples were annealed at various tem-
peratures under an Ar atmosphere in order to observe
the effect of Cl atoms. The presence of Cl atoms was
observed using XPS. At 500 °C, Cl atoms were com-
pletely desorbed from CNTs, and the sheet resistance
was increased by 40% compared to that of the pristine
doped film. This implies that Cl rather than Au cations
adsorption plays an important role in CNT doping,
congruent with theoretical predictions.'®

RESULTS AND DISCUSSION

Changes in Sheet Resistance with Doping and Annealing.
Figure 1a shows the change in sheet resistance as a
function of annealing temperature. The sheet resis-
tance was normalized with respect to the pristine
sample in order to avoid ambiguity of the pristine
SWCNT films that had slightly different sheet resis-
tances. The pristine SWCNTs typically had a sheet
resistance of approximately 600 Q/sq at a transmit-
tance of 85%. By simply spin-casting the AuCls solution
onto the SWCNT film, the sheet resistance was reduced
by 94% compared to that of the pristine film. This
significant drop in sheet resistance was interpreted as
an extraction of electrons from CNTs due to the
reduction of Au>" to Au® so that p-type doping or hole
doping was invoked and the hole carriers concentra-
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TABLE 1. The Change in the Sheet Resistance Relative
to That of the Original Undoped Pristine Sample after
50 days (%) at Dif ferent Annealing Temperatures

condition 100 °C 200 °C 300 °C 500 °C 700 °C
after annealing —94.1 —708 —49.3 —403 —30.0
after 50 days —90.9 —64.5 =291 —199 —9.1
difference 32 6.3 200 204 209

tion was increased.'’ Annealing this sample at 100 °C
under an Ar ambient slightly decreased the sheet
resistance. The dedoping effect was observed with
200 °C annealing by increasing the sheet resistance
to 70%. The sheet resistance increased further as the
temperature increased. At 500—700 °C annealing, Cl
atoms were completely desorbed, and the sheet resis-
tance was reduced only 30—40% compared to that of
the pristine sample. Therefore, 60—70% of the sheet
resistance change was attributed to the Cl atoms.

The films annealed after doping were exposed to
ambient conditions for up to 50 days in order to test
the environmental stability, as shown in Figure 1b.
Annealing at temperatures up to 200 °C showed no
significant change in the sheet resistance (see Table 1).
This indicates that environmental stability was well
maintained during heating up to 200 °C. However,
the dedoping effect or increase in sheet resistance
becames more prominent at higher annealing tem-
peratures (300—700 °C), and the sheet resistance
increased gradually with aging, reaching approxi-
mately 20% after 50 days. This environmental instabil-
ity originates from the desorption of chlorine atoms
and the readsorption of moisture molecules from the
surrounding air.

Raman Spectroscopy at Different Annealing Temperatures.
To investigate the p-doping behavior, the SWCNT films
were characterized using Raman spectroscopy with a
laser excitation energy of 1.96 eV. In general, the
doping phenomena in Raman spectra is estimated by
the shift in the G-band peak position near 1590 cm™'
due to charge transfer,'"'® the change in the Breit—
Wigner—Fano (BWF) shape near 1545 cm” ' due to the
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Figure 2. (a) G-band and (b) G'-band in the Raman spectra of the doped SWCNT film after annealing at different temperatures.
The inset shows the peak position shift. (c) The relationship between sheet resistance and G-band peak position and (d) the
relationship between G'-band intensity and G'-band peak position at an excitation energy of 1.96 eV.
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Figure 3. (a) Compositional changes in various atoms extracted from the fitting of the related XPS peaks at different
annealing temperatures. (b) The relationship between chlorine composition and G-band peak position.

phonon stiffening/softening,”>?" and the intensity

change in the G’ band near 2700 cm™' due to the
change of the metallicity of the CNTs.*? The G-band
peak position shifted to 1597 from 1590 cm ™' with
doping (Figure 2a). The slight upshift of the G-band
peak by 1cm™"in the case of 100 °C annealing was also
consistent with the slight decrease in the sheet resis-
tance, as shown in Figure 2c. Alternatively, G-band
peaks were downshifted with high temperature an-
nealing at 300—700 °C, reaching nearly the same level
as that of the pristine sample.

The BWF line was significantly reduced with doping
and recovered to a similar level to the pristine sample
after high temperature annealing (Figure 2a). The
G-band and G'-band peak positions were upshifted in
congruent with the previous reports.""?>?° It is also
intriguing to observe that the changes in the peak
intensities are inversely proportional to those of peak
positions as shown in Figure 2b,d.*? The G’ band inten-
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sity was normalized with respect to the G band intensity
for all the samples in this work. All of these changes in the
Raman spectra were simply an indication of the doping
and dedoping phenomena related to the creation or
annihilation of CNT hole carriers. The change in the sheet
resistance was inversely proportional to the change in
the G-band peak position, as shown in Figure 2c.

XPS Analysis of the Doping/Dedoping Mechanism.
Although the change in the sheet resistance and peak
changes of the G- and G'-bands in Raman spectroscopy
with respect to annealing temperature were corrobo-
rated experimentally, the origins of such changes
remain unclear. The samples at different annealing
temperatures were characterized using XPS (see Sup-
porting Information S1). The atomic compositions of
Au*", Au®, Cl, 0, and N were determined by fitting each
core level spectra (Figure 3a and Table 2). The presence
of the Cl peak with a relatively high composition
greater than 10%, the most prominent peak among
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TABLE 2. The Compositional Changes in Au®>", Au®, and CI
Obtained from the Fitting of the Related XPS Peaks with
Various Annealing Temperatures

Au 4f fitting binding energy (eV)  l 2p fitting binding energy (eV)

(relative atomic percentage %) (relative atomic percentage %)

condition Au®4f,, Au®4f;, AwPT4f,, AT 4f, C2ps, C12P,
doped 847 88.4 86.6 90.6 198.4 200.1

(2.01%) (2.63%)  (1.40%) (1.52%)  (4.28%) (6.11%)
100 °C  84.6 88.2 86.8 90.7 198.3 200.7

(1.73%)  (1.90%)  (0.63%) (143%)  (4.08%) (6.60%)
200 °C 845 88.2 86.3 90.2 198.2 200.6

(1.93%) (2.31%)  (0.93%) (1.01%)  (3.33%) (6.50%)
300 °C 842 87.8 85.7 89.3 198.0 200.2

(211%)  (2.09%)  (0.50%) (0.62%)  (0.75%)  (1.40%)
500 °C  84.1 87.7 85.6 89.3

(231%) (2.37%)  (0.50%) (0.49%)  (0%) (0%)
700 °C  84.0 87.7 855 89.3

(2.26%) (2.35%)  (0.41%) (0.43%)  (0%) (0%)
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Figure 4. (a) The change in the Au 4f core level as a function
of the annealing temperature. (b) The peak position of the
Au 4f core level is shown as a function of the annealing

temperature. The position is related to the Au cluster size.

the adsorbate peaks, clearly implies the presence of Cl
atoms on the CNT surface. The proportion of Cl atoms
was slightly increased at 100 °C annealing, congruent
with the slight reduction in the sheet resistance
(Figure 1a). This small increase in the relative propor-
tion of Cl atoms is attributed to desorption of adsor-
bates that are physisorbed to the CNT surface. With
increasing annealing temperature, the Cl proportion
decreased rapidly, and Cl atoms were completely
removed at 500 °C. This implies that ClI atoms were
strongly chemisorbed onto the CNT surface. It has been
proposed that the positively charged CNTs due to Au>*
cation adsorption induce CI™ anion adsorption, result-
ing in the formation of a strong chemical bond be-
tween Cl and the CNT surface.® It is also expected that
electrons can be extracted from CNTs due to the higher
electronegativity of the Cl atom compared to that of
the carbon atom. This was again confirmed through a
strong correlation between the change in the Cl com-
position and the G-band peak shift (Figure 3b).

One intriguing issue associated with Cl adsorption is
the hygroscopic effect or moisture-favorable effect.'®??
At low temperature annealing, Cl remained unchanged
on the CNT surface. Since Cl atoms are associated with
moisture, no further adsorption of environmental ad-
sorbates is induced and high environmental stability is
maintained, as shown in Figure 1b. However, at higher
temperatures, the Cl atoms and environmental adsor-
bates were desorbed. As a consequence, the sheet
resistance increased and the environmental stability
was not maintained due to further continuous adsorp-
tion of environmental gases. The compositional changes
in the numerical data are provided in Table 2.

TEM Observations of the Au’ Cluster Formation. Another
intriguing change to note is the compositional change
in Au** ions. The composition of Au®*" cations was
gradually reduced up to 300 °C and was saturated at
higher temperatures, whereas the Au® composition
was conversely altered. The gradual decrease in Au*"
ions indicates that Au" ions were further reduced to
AW’ due to transformation of the unstable Au*T in
AuCl,” to a stable Au® cluster during Cl desorption
and/or the presumed desorption of Au*>" cations dur-
ing annealing.?* Transformation of the Au®>" peak to
Au®is clearly shown in Figure 4a. The Au®" peaks near
90.5 eV in Au 4fs;, and near 86.0 eV in Au 4f;,, were
diminished with increasing temperature. Figure 4b
shows the peak shift of Au®, in which the peak energy
continued to decrease as the annealing temperature
increased, implying an increase in Au® cluster sizes.?
To confirm this, TEM images were taken, as shown in
Figure 5. Small-size Au clusters with an average size of
7 nm were visible in the doped sample. The sizes of the
AW clusters increased with increasing annealing tem-
perature, with the Au nanoparticles reaching a size of
32 nm at 700 °C (Table 3). The melting temperature of
Au nanoparticles strongly relies on their diameters
owing to the surface free energy of the particle, which
induces a size dependence of the chemical poten-
tials.2® This is well established by Pawlow's theory:

T __ 4l _ (ps)m 1
Twe) ol o) [d

where T, is the melting temperature, p is a mass
density, y is the surface free energy, L is the molar heat
of fusion, and d is the particle diameter. The parameter
values used in this study were provided by Buffat and
Borel (ps and p; = 19 and 17.3 g cm > for the solid (s)
and liquid (1), respectively; ys and y, = 0.9 x 10° and
0.74 x 10° erg cm ™2, respectively; L = 5.38 x 10% erg
g~ "), where o signifies the bulk material. According to
this formula, Au nanoparticles with sizes smaller than
3 nm should melt at 500 °C. In other words, small Au
nanoparticles were expected to be melted easily within
our experimental temperature range, allowing them to
be incorporated into larger particles to form larger Au
nanoparticles.

KIM ET AL. VOL.5 = NO.2 = 1236-1242 = 2011 AFSJ\\I/AL]N}@ 1239

www.acsnano.org



() 200°C*

i(e)3OD;Ct
|

(b) Doped ™" *+. "+ 2.4 (€) 100 °C «.= L1t
. R ] o St
pe p Sy 2 e 4 2 5.
F (5 " 3 \\‘.“. £a S - : '~ .
o 8 . % ooy ‘5'5:;**”3_ R .'4."
{id . L - .
. t. e & i - -t
e o 5 g e 3 .
- . .
. = it ' a
C e 207 . ity il oo
e 2 i ger® .
i.\ '1. o o o
R | S o ) " .,:?
. L & o . t
\ o B : Al
¢ 0 S o TR e 54 o
4 a - s i
\ o, "N .:.‘ ¥ gonm g\, .
e % =

(fs00°ce .
. e e

‘e ; ‘e ;
8 ol Cp SR S 0 o
” o Pl . . =) . - X
. ot Cae . | - 3 . e o ‘ A >
. v - 7 ‘e 2
ST S ] ] ] B |
-~ » . ) .
e 5 * ~. o o . . AR .
- S . Y .’. - @ |
. Py - .
¥ o o ° L4 / ®
Te : P P N ol e ) g : 3
i . " .
.%.. ), i ° .. X . P
S e B ° *
100 nm R = 100 nm . 100 nm L] ~
P Y | L

Figure 5. TEM images of the related SWCNT films at various conditions: (a) pristine, (b) doped, (c) annealed at 100 °C, (d)
annealed at 200 °C, (e) annealed at 300 °C, and (f) annealed at 500 °C after doping. The scale bar is 100 nm.

I
TABLE 3. Gold Size Distribution at Different Temperature
Conditions

condition doped 100 °C 200 °C 300 °C 500 °C

size (SD) (nm)* 7(2) 8(2) 103) 23(18) 32(3)

2SD: standard deviation.

Proposed Cl-Associated Doping/Dedoping Mechanism. When
AuCl; is dissolved in a solvent, different ionic confor-
mation can be formed depending on the amount of
the coordinating agent. Water or acetonitrile preferen-
tially leads to a square planar geometry of AuCl,”.>*In
this study, we used nitromethane, a poor coordinating
solvent. It was understood that the following reactions
would occur in a manner similar to graphene doping:*’

Step 1:lonization of CNTs and Reduction of Au® " to Au®

2CNT + 2AuCl; — 2CNT*
+AuCl, ~ (Au I) + AuCl, ~ (Au lI) (1

3AuCl ~ — 2AU% 4 AuCl, ~ (Au i +2C1”  (2)
AuCl, ™ +3CNT — 3CNTH + AW +4C™  (3)

The uncoordinated AuCl,™ (Au ) easily disproportion-
ates due to its instability to form AuCl,~ (Au lll), Au®, and
Cl™. (Au I) and (Au lll) symbolize coordinated ions with
nitromethane solvent, which are not completely ionized.
CNTs could be p-doped via reactions 1—3. The doping
is progressed further via a neutralization process of

KIM ET AL.

charged CNTs with Clions. CNTs are more heavily doped
by donating electrons to Cl:
Step II: Neutralization of CNTs by Cl Anions
CNT" +Cl— — CNT—CI 4

or
CNT* +AuCly~ — CNT— AuCly (5)

With annealing at high temperature or dedoping, Cl
atoms can be detached directly from the CNT surface or
the Clatom in the AuCl, cluster can be partially detached.

Step lll: Desorption of C| Atoms and Dedoping Process

2CNT— Cl — 2CNT + Cl,t (6)

CNT— AuCly — CNT— Au + 2Cl,! (7)

Reactions 6 and 7 are the reverse reactions of 4 and 5.
Since the desorption process occurs due to high
temperature annealing, Cl gas is formed and evapo-
rates. Therefore, a lower doping effect in CNT is
expected due to the removal of a high electronega-
tive Cl species. During this desorption process, Cl or
AuCl, can still be attached to the CNT at low tem-
perature, although Cl is completely desorbed at high
temperature annealing. In high temperature anneal-
ing, Au® atoms are attached to the CNT surface and
agglomerate to form large clusters. CNT—Au is still
retained, even in high temperature annealing, and
contributes to a 30% reduction in the sheet resistance
compared to that of the pristine sample. The related
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Figure 6. Cl-associated doping/dedoping mechanism.

schematic for the Cl-associated doping/dedoping
mechanism is shown in Figure 6.

CONCLUSION

We have investigated the role of Au cations and Cl
anions in solution for AuClz doping on CNTs. We found
that the doping level of the CNT films is strongly
correlated with the amount of adsorbed Cl anions,
which was confirmed by the sheet resistance change

EXPERIMENTAL SECTION

Film Preparation. Purified arc-discharge SWCNTSs (lljin Nanotech
Co.,, Ltd., purity, 93%) with a mean diameter of 1.5 nm (range,
1.2—1.8 nm) and a typical length of a few micrometers were used
in this experiment. The SWCNTSs (2 mg) were added to 30 mL of
1,2-dichloroethane (DCE: anhydrous, 99.8% Sigma-Adrich) fol-
lowed by sonication in a bath type sonicator (RK 106, Bandelin
Electronic, Berlin, Germany) for 6 h.28 The solution was centrifuged
(Hanil Science Industrial Co., Ltd., Mega 17R) at 8000 rpm for 10
min. The supernatant of the resulting solution was sprayed onto a
quartz substrate (2 x 2 cm?) with an Ar gas brush pistol (Gunpiece
GP-1, Fuso Seiki Co., Ltd.) and was further heat-treated at 900 °C
for 1 h under an Ar atmosphere to avoid the solvent effect.?® This
sample was assigned as the pristine sample.

Doping and Annealing Procedure. Gold trichloride (AuCls: purity
99%, Sigma-Aldrich) powder was used in this study. The powder
was dissolved in nitromethane (Sigma-Aldrich) to a concentra-
tion of 20 mM. One 400 uL drop of the doping solution was
placed onto the SWCNT film. After a residual time of 30 s, the
solvent was spin-coated at 2500 rpm for 1 min (Midas System,
Spin 2000). The film was exposed to ambient conditions for
several hours prior to analysis. To investigate the effects of
chlorine on the doped-CNT film, the CNT film after doping was
annealed at different temperatures under an Ar atmosphere.
The CNTs were not damaged at annealing temperatures up to
500 °C.The sheet resistance of the CNT film was evaluated for up
to 50 days to evaluate the stabilities of CNT films under ambient
conditions.

KIM ET AL.

n nitromethane

Unstable AuCl, transfer to stable AuCl,

W at 500~700 °C

and the peak shift of XPS and Raman spectra. This is in
contrast to the general belief that only Au®" reduction
to neutral Au° plays a role in CNT doping. To confirm
this doping mechanism, the CNT film was heat-treated as
a function of annealing temperature (100—700 °C) under
Ar ambient. Cl adsorption plays more important role in
doping CNTs, while the reduction of Au*" to Au® plays
a role as an intermediate precursor to accommodate
subsequent Cl adsorption. The analysis was in good
agreement with the previous theoretical prediction.

Film Measurements and Electrical Characterization. The sheet re-
sistance was measured at room temperature using a four-point
method (Keithley 2000 multimeter). Raman spectroscopy
(Renishaw, RM-1000 Invia) with an excitation energy of 1.96 eV
(632.8 nm, He—Ne laser) was used to characterize the optical
properties of doped SWCNTs. X-ray photoelectron spectroscopy
(XPS, ESCA2000, VG Microtech, England) was performed to
determine the presence of residual material and the degree
of doping. HR-TEM (JEM 2100F, JEOL) was used to investigate
the Au particle after annealing at different conditions.

Supporting Information Available: The XPS spectra of doped
CNT samples at different annealing temperatures. This material
is available free of charge via the Internet at http://pubs.acs.org.
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