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Transparent conductive thin films of single-wall carbon nanotubes (SWCNTs) doped with

organic dopant molecules encapsulated inside the SWCNTs are reported. Doping with

tetrafluorotetracyano-p-quinodimethane encapsulated within the SWCNTs improved the ratio of

direct current to optical conductivity in the SWCNT thin films by a factor of about 1.8. Thermal

stability of the improvement in electrical conductivity by encapsulation doping is investigated as a

function of annealing temperature. We found that encapsulation doping provides stable conductivity

enhancement in transparent thin films of SWCNTs compared to doping by adsorbed dopant

molecules outside the SWCNTs. VC 2012 American Institute of Physics. [doi:10.1063/1.3684811]

Transparent conductive thin films are widely used as

electrodes in organic electronic devices. Such films are typi-

cally made from doped metal oxides such as indium tin ox-

ide.1 However, due to rising material cost and the brittleness

of metal oxides, new materials for transparent conducting

films are urgently desired. Thin films of single-wall carbon

nanotubes (SWCNTs) have attracted much attention in

recent years as an alternative to metal oxide electrodes.2–5

Transparent conductive films of SWCNTs provide high flexi-

bility and ease of processing at low temperatures. Several

groups have demonstrated flexible plastic devices such as or-

ganic light emitting diodes6,7 and photovoltaic devices8,9

that use transparent electrodes made from SWCNT films.

Chemical doping is a promising technique to improve

electrical conductivity of SWCNT films. The conductivity of

SWCNT films can be increased by doping with adsorbed

dopant molecules such as acids4,5 and organic molecules10

on the walls of SWCNT. Geng et al. reported that HNO3

treatment reduced the sheet resistance of transparent conduc-

tive films by a factor of 2.5.4 In addition to improving elec-

tric conductivity, durability of carrier doping is also required

to employ doped SWCNT films for practical applications.

Several groups have reported stable doping of SWCNT films

by modification of the doping process10 and coating a passi-

vating layer on the SWCNT films.5 Jackson et al. reported

that improvement in electrical conductivity was stabilized by

coating a thin layer of conducting polymer on SWCNTs

films doped with SOCl2 and HNO3.5 However, further stud-

ies on improvements in durability of doping are required for

practical uses of transparent conductive thin films with doped

SWCNTs.

Introducing fullerenes11,12 and other organic molecules13

into the inner spaces of SWCNTs alters their electronic and

conducting properties. In one study, the p-type field effect

transistor behavior of SWCNTs was changed to be ambipolar

by the insertion of fullerenes into SWCNTs.14 Carrier doping

of SWCNTs was achieved by encapsulating dopant organic

molecules.13 Doping by encapsulation results in improved sta-

bility of doping states in air as compared with that by

adsorbed molecules, because the dopant molecules are pro-

tected from ambient air by the wall of the SWCNTs.

In this study, we have demonstrated transparent conduc-

tive thin films using SWCNTs doped with organic dopant mol-

ecules encapsulated within. Doping by encapsulated dopant

molecules is expected to yield stable conductivity enhancement

in transparent conducting thin films of SWCNTs. We investi-

gated the thermal stability of the improvement in electrical con-

ductivity by encapsulation doping.

The encapsulation of dopant molecules into SWCNTs

was achieved by a gas phase method.12 Tetrafluorotetracyano-

p-quinodimethane (F4TCNQ) was used as the dopant mole-

cule in this work. SWCNTs with an average diameter of

1.9 nm, synthesized by the enhanced direct injection pyrolytic

synthesis (eDIPS) method,15 were oxidized at 600 �C for

30 min in air. The treated SWCNTs and F4TCNQ molecules

were vacuumed at 2� 10�4 Pa and heated at 100 �C for 1 day.

The obtained samples were heated using a heat gun to remove

F4TCNQ adsorbed on the surface of the treated SWCNTs. A

control SWCNT sample was also fabricated via the above pro-

cedure without F4TCNQ. Thin films of F4TCNQ encapsulated

SWCNTs and control SWCNTs were prepared by spraying

their 1,2-dichlorobenzene dispersion on glass substrates using

an airbrush. Sheet resistance of the thin films was measured

by the four-point probe technique at room temperature. Trans-

mittance characteristics and surface morphologies of the films

were characterized by a spectrophotometer (JASCO V-570)

and a scanning electron microscope (SEM, Hitachi S-3000 H),

respectively. X-ray diffraction (XRD) was carried out using a

Rigaku x-ray diffractometer with a Cu-Ka x-ray source at a

total power of 1.2 kW. Raman measurements were performed

using a Raman spectrometer (JASCO NRS-1500 W) at room

temperature. The excitation line used for the Raman measure-

ment was 532 nm.
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XRD measurements were carried out to confirm the

encapsulation of dopant molecules into the SWCNTs.

Fig. 1(a) shows XRD patterns of the F4TCNQ doped

SWCNTs and the control SWCNTs. A distinct peak around

4� corresponding to the (10) peak of the SWCNTs bundle

structure was observed in the control SWCNT sample. On

the other hand, the (10) peak almost disappeared in the

doped SWCNT sample. It is well known that the intensity of

the (10) peak is sensitive to molecular encapsulation into the

SWCNTs.16 Therefore, such behavior provides evidence for

encapsulation of F4TCNQ molecules inside the SWCNTs.

The phenomenon of carrier doping by encapsulated

F4TCNQ molecules was confirmed by the Raman measure-

ments. Fig. 1(b) shows the Raman spectra in the G-band

region of the F4TCNQ encapsulated SWCNTs and the con-

trol SWCNTs. The doping behavior can be characterized by

the shift in the peak of the G-band. It is seen that the peak

position of the G-band shifted from 1594 cm�1 to 1605 cm�1

by encapsulation of the F4TCNQ molecules. This change is

consistent with a previous report of hole doping.17

Fig. 2 shows SEM images of the thin films of F4TCNQ

encapsulated SWCNTs and the control SWCNTs on glass

substrates. Both samples show similar bundle size and net-

work morphologies. Fig. 3 shows a plot of the transmittance

versus sheet resistance of thin films of F4TCNQ encapsulated

SWCNTs and control SWCNTs. The thin films of doped

SWCNTs show clear reduction in sheet resistance compared

to the control SWCNTs with similar transparency. In contrast

to the sheet resistance of 420 X/sq at 85% transmittance in the

control SWCNTs films, the sheet resistance of the doped

SWCNTs films was reduced to 220 X/sq at 84% transmit-

tance. A commonly used figure of merit for transparent con-

ductive thin films is the ratio of direct current conductivity

(rdc) to optical conductivity (rop). rdc/rop can be estimated by

curve fitting of a plot of the measured sheet resistance Rs ver-

sus transmittance T using the following equation:2

T ¼ 1þ 1

2Rs

ffiffiffiffiffi
l0

e0

r
rop

rdc

� �
: (1)

Here, l0 and e0 are the permeability and permittivity of free

space, respectively. By fitting the data in Fig. 3 with Eq. (1),

the ratio of rdc/rop was determined to be 5.5 and 9.9 for the

control and doped SWCNTs films, respectively. Doping with

F4TCNQ encapsulation thus improved the ratio of rdc/rop by

a factor of about 1.8.

We anticipated that stability of doping behavior is

enhanced by the encapsulation of dopant molecules. To

explore the durability of doping, the thermal stability of the

electrical properties of a F4TCNQ@SWCNT film was inves-

tigated by measuring the sheet resistance of the thin films

after annealing at various temperatures for 20 min in air.

We also characterized thin films of SWCNTs doped with

FIG. 1. (a) XRD pattern and (b) Raman spectra of the F4TCNQ-doped and

control SWCNT films. Intensity of Raman spectra is normalized at the peak

intensity of the G-band.

FIG. 2. SEM images of thin films of (a) SWCNTs encapsulating F4TCNQ

and (b) control SWCNTs.
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adsorbed dopant molecules on the sidewalls of the SWCNTs

(Refs. 4, 5, and 10) in order to investigate stability enhance-

ment by encapsulation doping. The SWCNT films doped

with the adsorbed dopants were fabricated by dropping a

F4TCNQ-chloroform solution onto the SWCNT films. Fig. 4

shows a SEM image of the SWCNT film doped with

adsorbed dopants. It is clearly observed that the SWCNT

film is covered with F4TCNQ. The SWCNTs film doped

with the adsorbed dopant showed a sheet resistance of 160

X/sq at 85% transmittance. Fig. 5 shows the change in nor-

malized sheet resistance of the thin films with 85% transmit-

tance doped by encapsulated and adsorbed F4TCNQ as a

function of annealing temperature. The slight decrease in

sheet resistance in both samples at around 100 �C may corre-

spond to desorption of the solvent from the thin films. The

SWCNTs film doped by adsorbed dopants shows a clear

increment in the sheet resistance by annealing at more

than 250 �C. Doping by encapsulated F4TCNQ molecules

was thus seen to provide higher durability in electrical

properties than that by adsorbed dopants. The thin films of

encapsulation-doped SWCNTs maintained their sheet resist-

ance at higher annealing temperature compared to those with

adsorbed dopant.

To confirm the relation between the change in sheet

resistance and the doping condition, we measured Raman

spectra after annealing at various temperatures. Fig. 6 shows

FIG. 3. Plot of the transmittance at 550 nm versus sheet resistance of the

thin films of F4TCNQ encapsulated (squares) and the control (circles)

SWCNTs. The solid lines indicate fitted curves using Eq. (1).

FIG. 4. SEM image of the SWCNTs film doped with adsorbed F4TCNQ.

FIG. 5. Plot of the sheet resistance of the thin films with 85% transmittance

as a function of annealing temperature. The sheet resistance is normalized at

the value before the annealing process. Sheet resistance measurements were

carried out at room temperature.

FIG. 6. Relationship between sheet resistance and peak position of the

G-band of the SWCNT films doped with (a) adsorbed and (b) encapsulated

F4TCNQ molecules.
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the relationship between the sheet resistance and peak posi-

tion of the G-band of the SWCNT films doped by adsorbed

and encapsulated F4TCNQ molecules at various annealing

temperatures. As shown in Fig. 6(a), the G-band peak posi-

tion of the SWCNT film with adsorbed dopant is

1606 cm�1 before annealing. The de-doping effect was

observed with annealing at more than 250 �C by the down-

shifting of the peak position of the G-band. The peak posi-

tion of the G-band was further shifted as the annealing

temperature increased. The change in the sheet resistance

was inversely proportional to the change in the G-band

peak position, which indicates the doping condition. On the

other hand, higher stability of doping behavior in the

SWCNT film encapsulation doped with F4TCNQ was con-

firmed by the dependence of the G-band peak position on

the annealing temperature, as shown in Fig. 6(b). The slight

de-doping in the F4TCNQ@SWCNT film occurred with

annealing at 350 �C as confirmed by the shift in the G-band

peak to 1603 cm�1. This phenomenon provides evidence for

higher durability of doping behavior in the SWCNTs with

encapsulation doping.

In summary, transparent conductive thin films were fab-

ricated using F4TCNQ@SWCNTs. Doping with F4TCNQ

encapsulation improved the ratio of direct current to optical

conductivity in SWCNT thin films by a factor of about 1.8.

Doping by encapsulated dopant molecules is expected to

yield stable conductivity enhancement in transparent con-

ducting thin films of SWCNTs. We found that encapsulation

doping provides stable conductivity enhancement in trans-

parent thin films of SWCNTs as compared to doping with

adsorbed dopant molecules outside the SWCNTs.

This research was supported in part by the Nitto Founda-

tion and the New Energy and Industrial Technology Devel-

opment Organization (NEDO).

1I. Hamberg and C. G. Granqvist, J. Appl. Phys. 60, R123 (1986).
2L. Hu, D. S. Hecht, and G. Gruner, Nano Lett. 4, 2513 (2004).
3M. Kaempgen, G. S. Duesberg, and S. Roth, Appl. Surf. Sci. 252, 425

(2005).
4H. Z. Geng, K. K. Kim, K. P. So, Y. S. Lee, Y. Chang, and Y. H. Lee,

J. Am. Chem. Soc. 129, 7758 (2007).
5R. Jackson, B. Domercq, R. Jain, B. Kippelen, and S. Graham, Adv. Funct.

Mater. 18, 2548 (2008).
6J. Li, L. Hu, L. Wang, Y. Zhou, G. Gruner, and T. J. Marks, Nano Lett. 5,

2472 (2006).
7E. C. Ou, L. Hu, G. Ching, R. Raymond, O. K. Soo, J. Pan, Z. Zheng, Y.

Park, D. Hecht, G. Irvin et al., ACS Nano 3, 2258 (2009).
8J. Lagemaat, T. M. Barnes, G. Rumbles, S. E. Shaheen, T. J. Coutts, C.

Weeks, I. Levitsky, J. Peltola, and P. Glatkowski, Appl. Phys. Lett. 88,

233503 (2006).
9M. W. Rowell, M. A. Topinka, M. D. McGehee, H. J. Prall, G. Dennler,

N. S. Sariciftci, L. Hu, and G. Gruner, Appl. Phys. Lett. 88, 233506

(2006).
10Y. Sasaki, H. Okimoto, K. Yoshida, Y. Ono, Y. Iwasa, and T. Takenobu,

Appl. Phys. Express 4, 085102 (2011).
11B. W. Smith, M. Monthioux, and D. E. Luzzi, Nature 396, 323 (1998).
12K. Hirahara, K. Suenaga, S. Bandow, H. Kato, T. Okazaki, H. Shinohara,

and S. Iijima, Phys. Rev. Lett. 85, 5384 (2000).
13T. Takenobu, T. Takano, M. Shiraishi, Y. Murakami, M. Ata, H. Kataura,

Y. Achiba, and Y. Iwasa, Nature Mater. 2, 683 (2003).
14T. Shimada, T. Okazaki, R. Taniguchi, T. Sugai, H. Shinohara, K. Sue-

naga, Y. Ohno, S. Mizuno, S. Kishimoto, and T. Mizutani, Appl. Phys.

Lett. 81, 4067 (2002).
15T. Saito, S. Ohshima, T. Okazaki, S. Ohmori, M. Yumura, and S. Iijima,

J. Nanosci. Nanotechnol. 8, 6153 (2008).
16J. Cambedouzou, V. Pichot, S. Rols, P. Launois, P. Petit, R. Klement, H.

Kataura, and R. Almairac, Eur. Phys. J. B 42, 31 (2004).
17A. M. Rao, P. C. Eklund, S. Bandow, A. Thess, and R. E. Smalley, Nature

388, 257 (1997).

063121-4 Kishi et al. Appl. Phys. Lett. 100, 063121 (2012)

Downloaded 27 Nov 2012 to 133.68.232.238. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1063/1.337534
http://dx.doi.org/10.1021/nl048435y
http://dx.doi.org/10.1016/j.apsusc.2005.01.020
http://dx.doi.org/10.1021/ja0722224
http://dx.doi.org/10.1002/adfm.200800324
http://dx.doi.org/10.1002/adfm.200800324
http://dx.doi.org/10.1021/nl061616a
http://dx.doi.org/10.1021/nn900406n
http://dx.doi.org/10.1063/1.2210081
http://dx.doi.org/10.1063/1.2209887
http://dx.doi.org/10.1143/APEX.4.085102
http://dx.doi.org/10.1038/24521
http://dx.doi.org/10.1103/PhysRevLett.85.5384
http://dx.doi.org/10.1038/nmat976
http://dx.doi.org/10.1063/1.1522482
http://dx.doi.org/10.1063/1.1522482
http://dx.doi.org/10.1166/jnn.2008.SW23
http://dx.doi.org/10.1140/epjb/e2004-00355-x
http://dx.doi.org/10.1038/40827

