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ingle-walled carbon nanotube (SWNT)

semitransparent thin film networks

are being developed to provide an al-
ternative to transparent conducting oxides
(TCO) in electronic devices, such as organic
photovoltaics (OPV) and organic light-
emitting diodes (OLEDs)."? Previously de-
veloped SWNT networks have generally
consisted of a heterogeneous mixture of
nanotubes with metallic and semiconduct-
ing behavior with ratios of metallic/semi-
conducting tubes being ca. 1:2. Heteroge-
neous mixtures yield transparent electrodes
with optoelectronic properties comparable
to indium tin oxide (ITO) deposited on plas-
tic substrates.> However, the sheet resis-
tance and transmittance of these SWNT
films have yet to compete favorably with
TCOs on glass substrates.* The ease of low-
temperature processing SWNTs as thin films
and their potentially improved compatibil-
ity with other electronically active organic
thin film materials motivate research to fur-
ther improve their thin film optical and elec-
tronic properties. In order to fully realize the
potential of SWNT networks in organic elec-
tronic devices, it will be necessary to utilize
monodisperse networks that leverage the
electronic homogeneity of the film to
achieve optimal device performance.
Progress in the efficient separation of
SWNTs by electronic type now allows for
such an approach to be taken.>®

SWNTSs can be classified as either metal-

lic or semiconducting in behavior based on
the chirality of the tube.” However, because
SWNTs are 1-D in structure, the traditional
metal/semiconductor classifications are no
longer strictly valid. In particular, metallic
SWNTSs have a relatively small density of
states (DOS) at the Fermi energy when com-
pared to traditional bulk metals.? On the
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ABSTRACT In this report, we present a description of the optical and electronic properties of as-deposited,
annealed, and chemically treated single-walled carbon nanotube (SWNT) films showing metallic or semiconducting
behavior. As-deposited and annealed semiconducting SWNT films were significantly less conductive than metallic
SWNT films; however, chemical treatment of semiconducting SWNT films resulted in sheet resistance values as low
as 60 Q) - sq~ " in comparison to 76 L) - sq~" for similarly processed metallic SWNT films. We conclude that the
greater improvement of electrical conductivity observed in the semiconducting SWNT film results from the
difference in the density of available electronic states between metallic and semiconducting SWNTs. A
corroborative investigation of the change in surface work function and the chemical composition of SWNT films,
as revealed by X-ray photoelectron spectroscopy, is provided to support these conclusions and to give new
perspective to the formation of electronically homogeneous SWNT networks.

KEYWORDS: transparent electrodes - carbon nanotubes - Fermi
level - doping - work function

other hand, semiconducting SWNTSs can
have a larger density of electronic states
within the valence band, in comparison to
metallic SWNTs at a similar energy level.® A
full understanding of the effect of this de-
parture from a traditional classification of
metals and semiconductors has yet to be
achieved.
It has been shown that heterogeneous
films of metallic and semiconducting
SWNTs can be effectively p-doped via
chemical treatment with HNO; and SOCI,
for improved conductivity.'®" The opto-
electronic impact of doping, however, dif-
fers significantly between metallic and
semiconducting SWNT films as recently re-
ported by Blackburn et al.'? In their study,
films of monodisperse doped metallic
SWNTs were higher in electrical resistance *Address correspondence to
than similarly processed homogeneous net- ~ $9raham@gatech.edu.
works of degenerately doped semiconduct-  geceived for review August 13, 2009
ing SWNTs. This result is contrary to a con- and accepted February 02, 2010.
ventional understanding of metals and Published online March 4, 2010.
semiconductors but is consistent with a 10.1021/nn9010076
more fundamental appreciation of conduc-
tion through nanotube networks, as will be  © 2010 American Chemical Society
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Figure 1. (a) Optical transmittance spectra of as-deposited metallic and semiconducting SWNT films. Energy transitions at
S11, S22, and My; van Hove singularities are labeled. (b) (11,10) Semiconducting SWNT 1-D density of states with moderate
doping. Inset: Semiconducting film on glass substrate. (c) (10,10) Metallic SWNT 1-D density of states with moderate dop-

ing. Inset: Metallic film on a glass substrate.

demonstrated in this report. The goal of this work is to
present a lucid description of the optoelectronic prop-
erties of as-deposited SWNT films of metallic or semi-
conducting behavior and elucidate the impact of dop-
ing via chemical treatment on each electronic type.
Corroborative optical transmittance spectra, SWNT elec-
tronic band structure theory, and photoelectronic char-
acterization are provided to support the conclusions
presented.

RESULTS AND DISCUSSION

Optoelectronic Characterization of Homogeneous Metallic and
Semiconductor SWNT Films. SWNT solutions with greater
than 95% homogeneity by electronic type were pur-
chased from Nanolntegris and used to prepare trans-
parent SWNT films on glass substrates in a method simi-
lar to that described by Wu et al.’®* The SWNT film
electrical sheet resistance, Ry, was determined via the
transmission line method described by Jackson and
Graham.' Ry, of the as-deposited metallic SWNT film
was less than the Ry, of the as-deposited semiconduc-
tor film, with values of 135 and 465 Q) -sq~', respec-
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tively. The optical transmittance spectra for the as-
deposited metallic and semiconducting SWNT films
are shown in Figure 1a. The metallic SWNT film has a
transmittance at 550 nm of 70%, similar to the 72%
transmittance obtained for the semiconducting film.
Due to the characteristic absorption peaks of the two
SWNT electronic types, clearly evident in Figure 1, a sig-
nificant transmittance variation can be observed in the
spectral range most important to organic electronics
(i.e., 400—800 nm). The average transmittances over
this spectrum are 65 and 74% for the metallic and semi-
conducting SWNT films, respectively. The origin of the
absorption peaks is illustrated in Figure 1b,c, where the
electronic density of states versus energy from the in-
trinsic Fermi level, Ex;, are calculated and plotted for
SWNTSs with (n,m) chiralities of (11,10) and (10,10).”> The
selected SWNTSs have a diameter of approximately 1.4
nm and are representative of the diameter range of
semiconducting and metallic SWNTs present in the
SWNT networks used in this study. The (11,10) SWNT
shown in Figure 1b is a semiconducting SWNT, while
the (10,10) SWNT shown in Figure 1c is metallic in be-
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havior. Only the band structure below Eg; is shown for
clarity. The optical absorption peaks observable in Fig-
ure 1a are present due to electronic transitions between
mirror image van Hove singularities above and below
Eri.'® Interband energy transitions in semiconducting
SWNTs are referenced as S;; and S, for the first and sec-
ond van Hove singularities, respectively, and are la-
beled as such in Figure 1a, while the intraband transi-
tion in metallic SWNTs is labeled as M;;. Of particular
note is the diminished absorption of the S;; energy
transition in contrast to the absorption expected from
the semiconducting SWNT density of electronic states.
Also, plotted in Figure 1b,c are the probabilities
that a particular state is filled with a hole. The room
temperature hole occupation probabilities, P(p), are in-
dicated with a color gradient and are determined by

Plp) = 1 — f(E) (M

where the Fermi function, f(E), describes the probabil-
ity that a state at a given energy () is filled with an elec-
tron. Figure 1b,c illustrates a moderate doping level
that results in a Fermi energy shift of approximately
0.4 eV away from Eg;. A Fermi energy shift of this magni-
tude is estimated for the as-deposited semiconducting
film in Figure 1a to account for the initial level of bleach-
ing seen in the S;; absorption.

It has been shown that oxygen readily adsorbs on
the surface of SWNTs, resulting in oxidation of nano-
tubes and consequently an increase in the hole concen-
tration within the valence band of semiconducting
SWNTs.'”18 XPS was used to characterize the concentra-
tion and type of oxygen species within the SWNT film
(see Supporting Information). The reduced optical ab-
sorption of the S;; energy transition is in agreement
with other reports on the S;; sensitivity to adsorbed
oxygen.'” A moderate level of oxygen doping also ac-
counts for the appreciable conductivity of the semicon-
ducting SWNT film. It is expected that an intrinsic semi-
conducting SWNT film would be substantially more
resistive than our as-deposited films, as other reports
have shown.' In contrast, oxygen doping due to air ex-
posure was not sufficient to induce salient changes in
the absorption intensity of the M;; intraband transition
in the metallic SWNT film.

The optical transmittance spectra for chemically
treated metallic and semiconducting SWNT films are
shown in Figure 2a. Similar to the as-deposited SWNT
films, average transmittances of 65 and 73% over the
wavelength range of 400—800 nm are observed for the
metallic and semiconducting SWNT films, respectively.
Postdeposition chemical treatment was achieved via
immersion into HNO; followed by SOCI, (see Experi-
mental Section). The near complete bleaching of the Sy,
and S,; absorption peaks is indicative of hole doping
that is sufficient to shift the Fermi energy beyond the
second van Hove singularity in the valence band of
semiconducting SWNTs. As illustrated in Figure 2b, a
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Figure 2. (a) Optical transmittance versus wavelength for as-
deposited metallic and semiconducting SWNT films. (b) (11,10)
Semiconducting SWNT 1-D density of states with substantial dop-
ing. (c) (10,10) Metallic SWNT 1-D density of states with substan-
tial doping.
Fermi energy shift of approximately 0.8 eV from the in-
trinsic Fermi level would result in the occupation of
holes in both van Hove singularities such that few elec-
trons are present to transition to the mirror van Hove
singularity in the conduction band. A similar absorption
peak reduction at the M;; energy transition is not ob-
served in Figure 2a because of the energy differences of
the van Hove singularities in metallic and semiconduct-
ing SWNTs, as shown in the energy band diagrams in
Figure 2b,c. The first van Hove singularity in metallic
SWNTs is located approximately 0.9 eV from the Eg;,
compared to 0.3 and 0.6 eV for the first and second
van Hove singularities in semiconducting SWNTs, re-
spectively. The level of doping is not sufficient to shift
the Fermi energy in excess of 0.9 eV from E;, such that
a significant occupation of holes in the van Hove singu-
larity is achieved, as is illustrated in Figure 2c.

In contrast to the considerably lower conductivity
of the as-deposited semiconducting SWNT film in com-
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parison to the metallic SWNT film, chemical treatment
resulted in comparable electrical properties between
the two SWNT films. With final sheet resistance values
of 60 and 76 Q- sq~" for the chemically treated semi-
conducting and metallic SWNT films, respectively, the
doped semiconducting SWNT film was observed to
have a slightly higher electrical conductivity. A similar
trend of a doped semiconducting film exhibiting supe-
rior conductivity to that of a doped metallic was re-
ported by Blackburn et al.’? This result can be under-
stood by investigating the properties of individual
semiconducting and metallic SWNTs. As shown in Fig-
ure 1b,c, metallic SWNTs have few electronic states at
the Fermi energy, in comparison to bulk metals. This
feature of metallic SWNTs allows them to be doped in
such a manner as to shift the Fermi energy away from
its intrinsic location. Therefore, the electronic behavior
of a metallic SWNT more closely resembles the concep-
tual behavior of a bulk semiconductor with a nonzero
density of states in the “pseudo-band gap”. Also, as
shown in Figures 1b,c and 2b,c, there is a larger den-
sity of electronic states within 1 eV of E in semicon-
ducting SWNTs compared to metallic SWNTs at a simi-
lar energy level. The impact of the different electronic
band structures of metallic and semiconducting SWNTs
on electrical conduction may explain the unexpected
optoelectronic observations in Figure 2a and will be dis-
cussed in the section to follow.

Electrical Conduction in SWNT Films. Electrical conduction
in SWNT films can be modeled as a parallel network of
1-D conducting sticks.?® As the resistance along parallel
paths, Ry, is decreased, Ry, for the network is re-
duced, as would be expected in a conventional paral-
lel resistor model. The resistance along a particular con-
duction path, Rpath, in the film can be understood with
the simple model:

Rpath = Rswnt—swnt 1 Rswnr ()

where Rsynt—swnt and Rswr are the intertube and in-
tratube SWNT resistances, respectively. Many reports
have stated that conductance in SWNT networks is
overwhelmingly a function of Rsynr—swnt, due to the
large intertube resistance, which has been shown to
be orders of magnitude higher than the intratube
resistance.?’?2 However, these reports are based on
polydispersed SWNT networks, and in the case of pri-
marily homogeneous SWNT films, there are several fac-
tors that suggest Rswnt and Rsynr—swar are of closer
magnitudes. First, these previous reports are based on
near ballistic charge transport along carbon nanotubes,
with an approximate mean free path, \, on the order
of 1 wm. While these reports present best case resis-
tances, significant variability in the intratube resistance
has been shown.?® Furthermore, in SWNT networks, the
mean free path of a charge carrier is significantly re-
duced, due to the existence of defects on the surface.

\\&) VOL.4 = NO.3 = JACKSON ET AL.

The density of defects are considerably increased
through processes such as acid-based purification and
ultrasonication that are employed to achieve highly dis-
persed, homogeneous solutions of purified
nanotubes.?*% While X is not known for these films, it
is reasonable to expect it to be substantially lower than
values used in previous studies that compared Ry to
Rswnt—swnr- Also, as shown by Fuhrer et al., the
Rswit—swt for nanotubes of similar electronic type is 2
orders of magnitude lower than the Rsynr—swnt between
metallic and semiconducting SWNTs.26 Therefore, in
contrast to past comparisons of Rsynt tO Rswnr—swnT
SWNT films of homogeneous electronic behavior may
have values for Rsynr and Rswnr—swwr closer in magni-
tude, which merits investigation into the impact that
both have on the overall conductivity of the film.

Rswit—swwr is limited by a tunneling barrier between
nanotubes in electrical contact. As the density of charge
carriers, n, is increased in the SWNT film, local electric
fields are created at SWNT interfaces that can modify
the shape and height of tunnel barriers.'? Futhermore,
the hole doping process used in this study has been
shown by Barnes et al. to increase tunneling probabil-
ity in monodispersed SWNT films, thereby resulting in
lower Rswnt—swnt-2” A similar observation of reduced in-
tratube resistance after chemical treatment was ob-
served by Nirmalraj et al.?®

The governing electrical conduction of Rsynr can be
understood with regard to the general description of
conductivity of materials:

0 = neu 3)

where e and . are the electronic charge and charge mo-
bility, respectively. As a result of the chemical treat-
ment used to dope films in this study, holes were in-
jected into the valence band of SWNT films, yielding
p-type nanotubes.?’ As such, n is equal to the density
of holes, p, below the intrinsic Fermi energy, Ef. From
eq 3, it is expected that the conductivity of individual
SWNTs will be enhanced as either p and/or p are in-
creased. Thus, since both Rsynt and Rswt—swar €an be
decreased by the injection of additional p-type charge
carriers, hole doping SWNT films can reduce Ry, irre-
spective to which resistance dominates total
conduction.

The total density of holes is found by integrating
the density of holes per unit energy, p(E), over all ener-
gies below Eg. The value p(E) is equal to the product of
the density of states below Eg;, g,(E), and the hole occu-
pation probability, defined in eq 1. It follows that the to-
tal density of holes, p, is

p= [pOde= [Tg 0 ~ fEOME (@)

Examination of Figure 2b,c with respect to eq 4 sug-
gests that the doping process injects more holes into
semiconducting nanotubes than in metallic nanotubes,
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Figure 3. (a) Optical transmittance spectra of as-deposited and doped semiconducting SWNT films. (b) UPS spectra of as-
deposited and doped semiconducting SWNT films. (c) Optical transmittance spectra of as-deposited and doped metallic
SWNT films. (d) UPS spectra of as-deposited and doped metallic SWNT films.

given the estimated Fermi level position in the energy
band structure and the corresponding hole occupation
probability.

Impact of Chemical Doping. To confirm the level of hole
doping that occurs in as-deposited and doped SWNTs,
complementary ultraviolet photoelectron spectroscopy
(UPS), electrical sheet resistance, and UV—vis—NIR
spectroscopy measurements were carried out on repre-
sentative monodispersed SWNT films (Figure 3). The
UV—vis—NIR spectra of an as-deposited and doped
semiconducting SWNT film are shown in Figure 3a. As
expected, the sheet resistance is reduced from 408 to
136 Q) -sq~" after chemical treatment and the S;; and
Sy, optical transitions are bleached. In the UPS spectra
in Figure 3b, a shift of the low kinetic energy edge can
be seen after doping the semiconducting SWNT film,
which is indicative of an increase in the surface work
function (see Supporting Information).° A total surface
work function increase of 0.4 eV is observed in doped
semiconducting SWNTSs, which is similar to the ex-
pected Fermi level shift from bleaching of the S;; and
Sy, transitions from the transmission spectra in Figure 2.
These results are consistent with other reports that
show a shift in the Fermi level of SWNTs after
doping.'®? It must be noted that the surface work func-
tion determined by UPS measurements includes the
Fermi level position of the sample as well as any sur-
face dipoles created on the surface and is not the ion-
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ization potential of the SWNT film. Further discussion
is included in the Supporting Information.

Shown in Figure 3c are the UV—vis—NIR spectra of
an as-deposited and a doped metallic SWNT film. The
optical behavior of the small percentage of semicon-
ducting SWNTSs remaining in the metallic film suggests
that the initial Fermi level position is in a similar location
as the as-deposited semiconducting SWNT film. The
surface work function of an as-deposited metallic SWNT
film derived from UPS measurements in Figure 3d pro-
vides further verification of this observation. After dop-
ing via chemical treatment, the surface work function is
shifted by a similar amount as the semiconducting
SWNT film. This corresponds to a small reduction in
the absorption intensity of the M;; intraband energetic
transition derived from doping and a reduction in the
electrical sheet resistance from 212 to 124 Q) -sq~'. The
change in Ry, for the metallic SWNT film is consider-
ably smaller than the change in resistance seen for the
semiconducting film after doping. As illustrated in Fig-
ure 2¢, a Fermi level shift that does not exceed the en-
ergy of the first metallic van Hove singularity results in
substantially fewer holes, p, being injected into metallic
SWNTs in comparison to the total number of holes
gained by semiconducting SWNTSs. These results pro-
vide experimental support of the estimated shifts in the
Fermi level energy of the SWNT films due to doping,
shown in Figures 1b,c and 2b,c. Therefore, the observed
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Figure 4. (a) Optical transmittance spectra of as-deposited and annealed semiconducting SWNT films. (b) UPS spectra of as-
deposited and annealed semiconducting SWNT films. (c) Optical transmittance spectra of as-deposited and annealed metal-
lic SWNT films. (d) UPS spectra of as-deposited and annealed metallic SWNT films.

smaller sensitivity of Ry, of the metallic SWNT film in
comparison to the sensitivity of Ry, of the semiconduct-
ing SWNT film is consistent with the previous discus-
sion of the impact of increased charge carriers on the
magnitude of Rp.uh. Also, other studies have shown simi-
lar trends.>®

Impact of Annealing SWNT Films. In order to determine
the optoelectronic impact of oxygen adsorption on
the surface of the SWNTs in prepared films, as-
deposited SWNT films were annealed at 200 °C and
characterized. It has previously been established that
oxygen species adsorbed on the surface of SWNTs can
act as hole dopants in SWNT films.'>'° However, the
Fermi level shift induced by these dopants has not been
verified. Shown in Figure 4a,b are the optical transmit-
tance and UPS spectra of a semiconducting SWNT film
as-deposited and after annealing. After annealing, the
following is observed: (a) an increase in the S;; absorp-
tion peak in the film transmittance spectrum, (b) a shift
in the surface work function to a lower energy, and (c)
an increase in the sheet resistance of the film from 408
to 7496 Q) -sq . As supported by XPS measurements
(see Supporting Information), much of the adsorbed
oxygen dopants present on the as-deposited SWNT film
surface are removed during the annealing process.
Therefore, an increase in the S;; electronic interband
transition will be observed, as electrons replace hole
dopants in the valence band up to the first van Hove
singularity. Also, the surface work function decrease of
approximately 0.5 eV is consistent with a shift of £ to

\\&) VOL.4 = NO.3 = JACKSON ET AL.

higher energies due to the loss of hole dopants. Fi-
nally, because oxidation from adsorbed oxygen re-
sulted in the degenerate doping of semiconducting
SWNTs, Ry is increased by more than an order of mag-
nitude after annealing, as E: is shifted from within the
valence band to a level inside the energy band gap. A
similar trend of increased electrical resistance was re-
ported by Wu et al.’

The optical spectra of an as-deposited and annealed
metallic SWNT film are shown in Figure 4c. The sheet re-
sistance increased from 212 to 306 () -sq~". The metal-
lic SWNT film has a much smaller increase in sheet resis-
tance after annealing than the semiconducting SWNT
film, even though a similar change in work function is
observed (Figure 4d), along with a similar reduction in
adsorbed oxygen (Supporting Information). Unlike
semiconducting SWNTSs that contain an energy band
gap with no density of electronic states above the first
van Hove singularity, metallic SWNTs have a nonzero
density of states throughout the band structure and
therefore remain conductive even after annealing. UPS
measurements confirm that the surface work function is
similar for both annealed semiconducting and metallic
SWNT films with each reaching a value of ~4.1 eV after
annealing. The significant work function reduction in
both semiconducting and metallic SWNT films after an-
nealing is indicative of the considerable amount of
p-type doping in as-deposited SWNT films. Table 1 sum-
marizes the observed surface work functions for the

www.acsnano.org



TABLE 1. Summary of SWNT Film Surface Work Functions
Determined from UPS Spectra (Ry, in Parentheses)

metallic film (eV) semiconducting film (eV)

as-deposited 4502120 -5q7") 46 (408 Q2-sq7")
doped 50(124Q-5q7") 50(136 Q2-sq7")
annealed 41306 Q2-sq7") 4.1(7496 Q1 -sq7")

SWNT films analyzed in this study. Also included in the
table are the Ry, values measured for each case.

CONCLUSIONS

In summary, semiconducting and metallic SWNT
films were prepared, and their optoelectronic proper-
ties were compared, focusing on the properties that are
important for transparent electrode applications in or-
ganic electronics. The nanotube film composed of de-
generately doped semiconducting SWNTs exhibited
lower transmission losses in the optical wavelength
range most important to OPVs and OLEDs, in addition
to slightly higher electrical conductivity Without spe-
cific measurements at the individual nanotube scale, we
cannot definitively state that the semiconducting
SWNTSs are more conductive than metallic SWNTs after
chemical treatment. However, we can conclude that a
greater number of free charge carriers are injected into
doped semiconducting SWNTs than in metallic SWNTs
due to the distinct differences in their electronic density
of states. Photoelectronic spectroscopy, Ry, evaluation,
and UV—vis—NIR were presented in this work to pro-
vide experimental corroboration of this theoretical con-
clusion. Free charge carriers injected into SWNTs con-
tribute to nanotube networks with significantly high
electrical conductivity due to the decrease in electrical
resistance at both the intra- and inter-nanotube scale.
While this effect is most likely the dominating factor in

EXPERIMENTAL SECTION

Transparent SWNT films were prepared on glass substrates
using a method similar to that developed by Wu et al.’> Mono-
dispersed SWNT solutions of metallic and semiconducting
SWNTSs with =95% homogeneity by electronic type were pur-
chased from Nanolntegris with a SWNT diameter range of
1.2—1.6 nm. SWNT solutions were diluted and subsequently
vacuum filtered through mixed cellulose ester (MCE) membranes
with a diameter of 47 mm and a pore size of 100 nm. The MCE
membrane was then transferred to the desired substrate (either
glass or a gold foil), where the membrane was dissolved in suc-
cessive acetone baths, leaving behind the SWNT film on the
substrate.

Chemical treatment of the SWNT films was performed by im-
mersing the films into solution for 45 min. The films were first im-
mersed into HNOs;, removed, and carefully air blown dry, subse-
quently heated on a hot plate at 90 °C for 2 min to remove any
residual solution on the substrate, and then immersed into thio-
nyl chloride (SOCL,). After removing the film from the SOCI,
bath, the film was blown dry with air and heated on the hot
plate for 2 min at 90 °C. The final heating step was proven effec-
tive to eliminate optical transmission losses in the visible range
by preventing the soft haze that forms on the substrate from
SOCI, exposure. SWNT films exposed to chemical treatment are

www.acsnano.org

conductivity improvement via chemical treatment,
other authors have also contributed R, reductions to
surfactant removal and film densification.?

The results of this report suggest that the 1-D na-
ture of SWNTSs requires an unconventional approach to
maximize their utility in electronic devices. Not only is
the metallic absorption peak at the My; energy transi-
tion positioned in a spectral range most important to
organic electronics (~700 nm) but also it is not as sus-
ceptible to removal as are the Sq; and S, peaks in semi-
conducting SWNTs. As a result, SWNT films that con-
tain a large portion of metallic SWNTs will also exhibit
similar transmission losses in the visible spectrum as is
evident in the doped polydispersed SWNT films pre-
sented in other works.">'%"" Therefore, in contradistinc-
tion to traditional methods to achieve high conduct-
ing, visibly transparent electrodes that only attempt to
utilize metallic constituents, doped semiconducting
SWNTs may provide an alternative pathway to achieve
highly conductive films. However, as shown in this re-
port, the lower sensitivity of Ry, in metallic SWNTs to the
Fermi level position and surface work function suggest
that the electrical properties of metallic films will be
more stable than that seen in semiconducting tubes.
This stability may present unique application opportu-
nities for networks of metallic nanotubes. Data shown
from our study show that it is possible to create highly
conductive metallic nanotube networks over a range of
work functions, allowing the creation of a low work
function negative electrode in organic electronics.
Nonetheless, the separation of CNTs into homoge-
neous types provides clear advantages to the produc-
tion of highly conductive transparent CNT electrodes
which are difficult to obtain using heterogeneous films.

referenced as “doped” in this report. SWNT films not exposed
to chemical treatment are referenced as “as-deposited”.

SWNT films were annealed by placing in vacuum at 200 °C
overnight.

Sheet resistance (Ry,) of the SWNT films was measured us-
ing the transmission line method.' Silver metal was e-beam de-
posited on the films through a shadow mask to define fine metal
lines on the SWNT films. The spacing between the lines was lin-
early increased from 0.9 to 6.9 mm. Ry, was derived from the
slope, m, of the plot of the two-point resistance between adja-
cent lines versus line spacing using

R

sh
w

(5)

where w is the width of the metal line.

Optical spectra for each SWNT film were measured using a
Cary 5E UV—vis—NIR dual-beam spectrophotometer. Because
each film was deposited onto glass substrates, a glass reference
was used such that the spectra obtained provide an assessment
of the transmittance of the SWNT film.
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