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ABSTRACT We propose bis(trifluoromethanesulfonyl)imide [(CF;S0,),N]~ (TFSI) as a transparent strong
electron-withdrawing p-type dopant in carbon nanotubes (CNTs). The conventional p-dopant, AuCl;, has several

drawbacks, such as hygroscopic effect, formation of Au clusters, decrease in transmittance, and high cost in spite

of the significant increase in conductivity. TFSI is converted from bis(trifluoromethanesulfonyl)amine (TFSA) by

accepting electrons from CNTs, subsequently losing a proton as a characteristic of a Bransted acid, and has an

inductive effect from atoms with high electronegativity, such as halogen, oxygen, and nitrogen. TFSI produced a

similar improvement in conductivity to AuCl;, while maintaining high thermal stability, and no appreciable change

in transmittance with no cluster formation. The effectiveness of TFSI was compared with that of other derivatives.
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ingle-walled carbon nanotubes

(SWCNTs) have potential applications

in soft electronic devices owing to
their unique electronic and mechanical
properties.'~* Nevertheless, various issues,
such as separation of either metallic or
semiconducting SWCNTs and control of
doping and metal-CNT contact, are still an
impediment to real applications.” 7 A series
of n-type and p-type dopants for CNTs have
been developed.® ' Alkali metals oxidize
easily under ambient conditions despite
their excellent electron-donating ability.'?
Poly(ethyleneimine) is a good n-type
dopant due to the presence of an electron-
donating amine group.’® Nevertheless, it is
easily oxidized again in air, and provides a
large leakage current, thereby reducing the
on/off ratio in transistors.”'® Recently, envi-
ronmentally stable viologen derivatives
and B-nicotinamide adenine dinucleotide-
reduced dipotassium salt were used for
n-type doping in CNT transistors.®® These
derivatives showed a high on/off ratio and
good environmental stability for up to a few
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months. Although p-type dopants are rela-
tively stable under ambient conditions due
to their oxidation potentials, some still show
environmental evolution. Simple ap-
proaches using acid solution reduce the
sheet resistance by removing unnecessary
surfactants and could also damage PET sub-
strate to make it hazy. The environmental
stability also has been an issue.' So far,
AuClz shows the best performance as a
p-type dopant owing to its high redox po-
tential."’ The sheet resistance of CNT films
has been decreased up to 90%.'" However,
AuCls has several drawbacks preventing its
applications to electronic devices, such as
transistors and flexible conducting films.
These include the high hygroscopic effect
that degrades the environmental stability
under ambient conditions, formation of Au
clusters on the CNT surface and the degra-
dation of transmittance and Au ions involve
the generation of impurity levels due to
strong chemisorptions to the CNT
surface.”"® Moreover, AuCl; is expensive
and is not a good choice for industrial appli-
cations. Therefore, another alternative ma-
terial without such drawbacks is desirable.
The choice of materials is limited due to
the required conditions of the dopant, such
as effective electron-withdrawing ability
with environmental stability, maintaining
high transmittance without agglomeration,
and low cost. Organic complex dopants are
normally inexpensive but environmentally
unstable. However, bis(trifluoromethane-
sulfonyl)imide [(CF3SO,),N]~ (TFSI) is a
strong electron-withdrawing group (EWG)
with environmental stability owing to its hy-
drophobicity, strong bonding character,
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Figure 1. (a) Color of the chosen powders: PTFSI, STFSI, TFSA, AuCl; from the left. The bottom panel shows the respective
solution dissolved in nitromethane (NM). (b) Schematic of spin-casting doping, (c) The change in sheet resistance after dop-
ing. (d) The transmittance for the pristine CNT and PTFSI-doped, STFSI-doped, TFSA-doped, and AuCl;-doped CNT on quartz

substrate.

and high transmittance.” TFSI contains high electrone-
gativity atoms, such as fluoro, sulfur, oxygen, and nitro-
gen, which induces local charge from adjacent materi-
als, known as an inductive effect.’®

In this study, a series of TFSI with different acid de-
rivatives were selected to examine their different dop-
ing ability on CNTs and compare the change of CNT film
in transmittance. The prepared dopant solution in ni-
tromethane was spin-casted onto a random network
SWCNTSs film. The sheet resistance after doping particu-
larly with TFSI decreased significantly to a similar level to
AuCl; and showed a negligible change in transmittance
while maintaining its environmental and thermal stability.

RESULTS AND DISCUSSION
The effectiveness of TFSI doping was compared
with that of the other acid derivatives. Three deriva-

tives with TFSI functional groups and AuCl; were used
for comparison. Figure 1a shows the color of the cho-
sen powders (PTFSI, STFSI, TFSA, and AuCl; from the
left, see Table 1 for notation). The PTFSI and TFSA pow-
ders were colorless, whereas STFSI and AuCl; have a
brown and dark red color, respectively, due to the pres-
ence of gold and silver. When dissolved in ni-
tromethane, a distinct yellow color was revealed in the
AuCl; solution and the STFSI solution became slightly
opaque due to the ions of metals. The dopant solution
was simply spin-casted on the prepared SWCNTSs film
(Figure 1b). The sheet resistance of the SWCNT films
was measured after doping to estimate the doping abil-
ity of each dopant. The sheet resistance of TFSA after
doping was reduced by 93.6% compared to the pris-
tine sample (600 (}/sq at 85% transmittance), which is
similar to 94.2% for AuCl; doping. The other types of

|
TABLE 1. Material Parameters of the Various Dopants: Nomenclature, Structure, Melting Point, and Price

Entry Nomenclature Structure M.P. Price (USD/1g)

s o 0

PTFSI N-phenyl-bls(trlf!uo‘romethane F3C—§\N,§—CF3 100~102 C 10.6
sulfonyl)imide o0
Silver bis(trifluoromethane T X

STFSI sulfonyl)imide F3C—§\r|‘r§—CF3 2488 C 100.2
Ag
i i 9 H X

TFSA Bls(trlfluor(;l:lni:lllanesulfonyl) CFy : —N—§— CF, 46~57 C 20.0

AuCl, Gold (I1I) chloride AuCl, 45~47°C 139.0
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TABLE 2. The Total Change in Sheet Resistance Relative to

the Original Value after 80 Days (%)

chemical PTESI STFSI TFSA Audl;
before annealing —78.1 —90.0 —93.6 —94.2
after annealing —709 —87.7 —922 —929
difference =12 —23 —14 —13

TFSI showed a relatively small decrease in sheet resis-
tance compared to TFSA, as shown in Figure 1c and
Table 2. The reason why they showed different levels of
reduction will be discussed later. Since TFSI has no opti-
cal absorption in the visible range, the decrease in trans-
mittance in the case of TFSA doping was negligible com-
pared to that of the pristine sample over a wide range of
spectra, as shown in Figure 1d.%° In contrast, the STFSI-
doped and AuCl;-doped sample showed significant deg-
radation in transmittance (0.8% and 8% at 550 nm) (Fig-
ure 1d) due to the existence of Ag and Au clusters formed
during doping. To clarify the change in transmittance,
the samples were observed by SEM. The most intriguing
feature of TFSI doping compared to AuCl; is the disap-
pearance of metal clusters. As illustrated in Figure 2a—e,
STFSI forms Ag particles after reduction, similar to AuCl;
doping. On the other hand, TFSA and PTFSI did not show
such particles. The formation of metal particles affects
the level of their light absorption and scattering signifi-
cantly. The decrease in transmittance in the case of TFSA
doping was negligible compared to that of the pristine
sample over a wide range of spectra, as shown in Figure
1d. This is certainly advantageous for TFSA compared to
its counterpart AuCls for applications to transparent con-
ducting films.

“Pristing " 2>

N

3

The environmental and thermal stability of CNT
film after doping is one of the important issues for com-
mercial application. The doped CNT film was further an-
nealed at 150 °C in air to test the thermal stability, fol-
lowed by exposure under ambient conditions for 80
days to test the environmental stability. Figure 3a
shows the environmental stability of the doped sample
left for up to 80 days. The sheet resistance increased
slightly with time regardless of the dopant type. In par-
ticular, high stability was maintained for the AuCl; and
TFSA cases. The TFSI anions were solvated with the re-
spective cations in solution. TFSI has strong electron-
withdrawing power and can easily extract electrons
from the adjacent SWCNTSs, and is stabilized by accept-
ing electrons from the CNTs. The binding energy of TFSI
relies on the type of cation, which will be discussed
later. After annealing, the sheet resistance of the an-
nealed sample (Figure 3b) increased initially but main-
tained high stability after 6 h with the exception of
PTFSI. Although TFSI was stable with an annealing at
150 °C, some of the TFSI functional groups were de-
tached during annealing, as discussed later. The sheet
resistance was increased further, albeit slightly, by leav-
ing the samples under ambient conditions for 80 days.

The doping effect was also clearly shown in the
G-band of the Raman spectra (Figure 4a,b).?' At an ex-
citation energy of 1.96 eV, the metallic SWCNTs (E;,)
were mostly excited in the pristine sample, as demon-
strated by the presence of a large Breit—Wigner—Fano
(BWF) line at the lower energy side of the G-band near
1590 cm™" in Figure 4a.?? The peak positions of the G*-
band of the dopants were upshifted. This change is con-

Figure 2. FE-SEM images of the films for (a) pristine, (b) PTFSI, (c) STFSI, (d) TFSA, and (e) AuCl; doped (20 mM) samples in nitromethane.
The surface morphology of PTFSI and TFSA except for STFSI and AuCl; remained clean after doping similar to the pristine sample. How-
ever, in the case of STFSI and AuCl; doping, the Ag and Au particles were clearly seen in red open circles.
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Figure 3. The change of sheet resistance value after doping, followed by thermal annealing at 150 °C for 1 h in air, and then
after 80 days under ambient conditions. Aging of the sample with time (a) under ambient conditions and (b) after thermal an-
nealing conditions. P: pristine, D: doped, A: annealed, 6H: 6 h, and nD: n days.

sistent with the previous report of the phonon stiffen-
ing effect by p-type doping.'"** To analyze the doping
effect on the metallic tube, The G-band was deconvo-
luted into 6 peaks: two metallic and four semiconduct-
ing tubes.'® As a consequence of electron transfer from
the CNT to dopant, the BWF component was also re-
duced in a similar manner to AuCls, particularly in the
case of TFSA."®?2 This increases the hole carrier concen-
tration in the CNTs, which increases the conductivity
or decreases the sheet resistance. Similar behavior was
also observed in the samples after annealing, as shown
in Figure 4b. The results are summarized in Figure 4c.
No significant change in the integrated metallic area of
the G-band after annealing was observed in the case
of STFSI, TFSA, and AuCls, as shown in the histogram of
Figure 4c. Interestingly, there is a strong correlation be-
tween the BWF component and the peak shift of the G-
band.?* This trend is in line with the trend of the sheet
resistance shown in Figure 1c. Despite the same TFSI

group that is shared in all acid derivatives, the amount
of charge transfer observed in the Raman spectra, and
as a consequence the change in sheet resistance, vary
with the type of cationic part. TFSA with a —NH group
easily loses proton and transforms to TFSI during elec-
tron acceptance from the adjacent CNT, which is a char-
acteristic of a Bransted acid.?>° In the case of STFSI
with —NAg, silver ions are detached during CNT adsorp-
tion similar to TFSA. These silver ions react further with
other CNTs (or different local sites of CNTs) and are
partially reduced to silver particles (see Figure 2). To
confirm this, atomic composition of Ag atoms in
STFSI was determined by fitting core level spectra
of each atom. After doping, about 90% of STFSI was
reduced to Ag atoms but about 10% of STFSI still re-
mained unreduced (see the Supporting Informa-
tion, Figure S1). Therefore, the interaction of CNTs
with TFSI becomes weaker due to the steric hin-
drance from AgN-CNT bonding and the amount of
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Figure 4. Raman spectra of the doped SWCNTSs after 80 days (a) before annealing and (b) after annealing. (c) Relationship
between the metallic areal intensity of the G band and the G’ band peak position. A laser with an excitation energy of 1.96

eV was used.
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Figure 5. XPS spectra of —CF; peak (a, b) after doping and (c, d) after thermal annealing at 150 °C for 1 h in air. Change in
the chemical composition plot after doping and after annealing for (e) nitrogen, (f) fluoro, and (g) sulfur atom.

electron transfer from CNTs to TFSl is reduced. This
increases the sheet resistance of STFSI film slightly
compared to that of the TFSA films.

The change in sheet resistance with dopant can be
explained in general by an analysis of the XPS data.
Charge transfer during adsorption of TFSI by CNT could
be monitored by nitrogen, fluoro, and sulfur in the
TFSI group. For example, the doping effect, which can
be represented by the N1s, F1s, and S2p peak shift, was
well observed in the case of STFSI (see the Supporting
Information, Figure 52).2”-?® However, XPS of the other
TFSI derivatives was not possible due to the low melt-
ing temperatures, as indicated in Table 1. C1s peak shift
in general indicates the Fermi level shift induced by
charge transfer.?” However, in this case, the CNTs and
dopants contained carbon atoms, making it ambiguous
in interpretation, as shown in Figure 5a. Instead, the
peak related to CF; was observed near 292 eV (Figure
5b).?® The peak intensity was highest in TFSA and low-
est in PTFSI, which again reflects the change in sheet re-
sistance in Figure 1c. After annealing, these peaks still
remained, even though the intensities of CF; were re-
duced consistently, as shown in Figure 5¢,d. Since the
TFSI group contains nitrogen, fluoro, and sulfur atoms,
these XPS peaks before and after annealing were ob-
tained and normalized to those before annealing, and
are plotted in Figure 5e—g. Although STFSI and TFSI
showed a similar decrease in atomic percentage after
annealing, PTFSI showed a larger decrease than the oth-
ers, revealing similar behavior for all atoms. This sug-

AN() voL4 = NO.11 « KIMET AL,

gests that PTFSI is detached more easily during anneal-
ing than the other types. In other words, the binding
energy of PTFSI on a CNT surface is weaker than that of
the others, whereas the binding energies of STFSI and
TFSA are similar.

The role of cations was confirmed in the FTIR spec-
tra. In the case of PTFSI-doped CNT, the phenyl group
peaks near 1400 (H bending) and 3000 cm ™' (H stretch-
ing) disappeared after doping (Figure 6a). Phenyl
groups interact by m—r stacking with the CNT surface,
which suppresses the related peaks.?® This weakens the
TFSI interaction with the CNT surface due to the steric
hindrance from phenyl—CNT bonding. As a conse-
quence, PTFSI detaches easily from the CNT surface dur-
ing annealing and has thus less doping ability, in agree-
ment with the doping ability shown in the previous
discussion. The peaks were broadened and shifted
after doping compared to the distinct powder peaks, re-
gardless of the dopants (Figure 6). This indicates com-
plicated charge transfer from the CNTs to the TFSI
group. In the case of the STFSI-doped CNT film, the
AgN peak near 1600 cm ™" disappeared after doping, in-
dicating the solvation of Ag ions. XPS revealed new
bonding peaks of C—N near 399 eV and C—N* near
401 eV, as shown in the inset of Figure 6¢.2%3" The —NH
peak near 3400 cm™" in the case of TFSA disappeared
after doping, as expected from Brgnsted acidic reaction,
again revealing similar C—N binding character to the
STFSI case. The doping ability of STFSI is slightly lower
than that of TFSA. It might originate from relatively less

www.acsnano.org
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Figure 6. FTIR spectra of (a) pristine CNT powder, (b) PTFSI powder, PTFSI-doped CNT film, (c) STFSI powder, STFSI-doped
CNT film, and (d) TFSA powder, TFSA-doped CNT film. The SO,, CF;, and SNS peaks are marked in the dotted lines.

reaction of solvated Ag with CNT, compared to the
complete Brgnsted acidic reaction in the case of
TFSA.

CONCLUSION

This study evaluated the feasibility of a new trans-
parent organic p-type dopant for carbon nanotubes,
which was thermally and environmentally stable with-
out degrading the transmittance with doping, while

EXPERIMENTAL SECTION

Film Preparation. Purified arc-discharge SWCNTs (lljin Nano-
tech Co., Ltd., purity: 93%) with a mean diameter of 1.5 nm
(range, 1.2 to 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-
Aldrich) followed by sonication in a bath type sonicator (RK 106,
Bandelin Electronic, Berlin, Germany) for 6 h. 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 on a quartz substrate (2 X 2 cm?) with an Ar gas brush
pistol (Gunpiece GP-1, Fuso Seiki Co., Ltd.) and further heat-
treated to 900 °C for 1 h under an Ar atmosphere to exclude sol-
vent effect.'® This sample was assigned as the pristine sample.

Doping and Annealing Procedure. Several doping materials were
chosen: N-phenylbis(trifluoromethanesulfonyl)imide
(CeHsN(SO,CF3),: purity 99%, Sigma-Aldrich), silver bis(trifluo-
romethanesulfonyl)imide (AgN(SO,CFs),: purity 97%, Sigma-
Aldrich), bis(trifluoromethanesulfonyl)amine (HN(CF5SO,),: pu-
rity 95%, Sigma-Aldrich), and gold chloride (AuCls: purity 99%,
Sigma-Aldrich) powder, as listed in Table 1. The basic anion unit
of organic molecules is the bis(trifluoromethanesulfonyl)imide
functional group (TFSI) with various cationic parts. These were
dissolved in nitromethane (Sigma-Aldrich) to a concentration of
20 mM. One 400 pL 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 be-

www.acsnano.org

maintaining similar doping ability to AuCl;. Among the
acidic derivatives of TFSI, TFSA was found to be the best
in terms of the binding energy and charge transfer. In
particular, TFSA showed no degradation in transmit-
tance while maintaining a similar improvement in the
sheet resistance to the AuCl; case. Therefore, this
dopant can be used in future CNT devices, such as
transparent conducting films and the thin film
transistor.

fore the measurements. To examine the thermal stability of
CNT film, the CNT film after doping was annealed at 150 °C for
1 h in air. The sheet resistance of CNT film was evaluated up to
80 days to evaluate the stability of CNT film under ambient
condition.

Measurement. The sheet resistance was measured at room
temperature with a four-point method (Keithley 2000 multime-
ter). Raman spectroscopy (Renishaw, RM-1000 Invia) with an ex-
citation energy of 1.96 eV (632.8 nm, He—Ne laser) was used to
characterize the optical properties of doped SWCNTSs. X-ray
photoelectron spectroscopy (XPS, ESCA2000, VG Microtech, En-
gland) was carried out to check for the presence of residual ma-
terial and the degree of doping. The surface morphology of the
film was observed by FE-SEM (JSM700F, JEOL) at 10 keV while si-
multaneous compositional analysis was obtained in energy-
dispersive X-ray spectroscopy (EDX) mode. To elucidate the func-
tional group on CNT after doping, CNT film and dopants were
characterized by Fourier-transform infrared spectroscopy (FTIR
spectroscopy, Bruker IFS-66/S). The FTIR samples of several dop-
ing materials were in the form of a powder that was ground with
KBr to make a pellet.
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