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D
ouble-walled carbon nanotubes
(DWNTs) are intriguing materials
that exhibit properties intermediate

between those of single-walled carbon na-
notubes (SWNTs) and multiwalled carbon
nanotubes (MWNTs). These carbon nano-
materials formed from two concentric cy-
linders of graphene can be routinely
synthesized with outer-wall diameters be-
low 2 nm, and they exhibit band gaps that
are sufficiently large for use in field-effect
transistors.1-3 At the same time, DWNTs can
offer several of the beneficial properties
typically observed for MWNTs, such as im-
proved lifetimes and current densities for
field emission4 and high stability under
aggressive chemical,5 mechanical,6 and
thermal treatments.7 Recent efforts to de-
velop outer-wall selective functionalization
schemes5 also point to the use of DWNTs as
core-shell systems having pristine carbon
nanotube cores and chemically functiona-
lized nanotube shells for use as imaging and
therapeutic agents in biological systems.
Attempts to investigate and exploit the

beneficial attributes of DWNTs have been
hindered by their polydispersity. For example,
DWNTs are synthesized in heterogeneous
mixtures containing SWNTs and MWNTs
having three or more walls.8-10 Beyond
these variations in wall number, both DWNT
walls exhibit the samemodes of polydisper-
sity in diameter and electronic type ob-
served for SWNTs.11 Even though the
condition that the inner and outer walls of
DWNTs typically differ by∼0.34 nm (i.e., the
interlayer spacing of graphite) reduces the
degree of structural variability, DWNTs re-
main a considerably more complicated sys-
tem in which to confront the polydispersity
problem compared to SWNTs. Previously,
we have shown that density gradient
ultracentrifugation12 (DGU) can be used to

isolate DWNTs from impurity single-walled
and multiwalled carbon nanotubes.6 In a
DGU separation, polydisperse input nano-
materials, such as carbon nanotubes13 and
graphene,14 are driven by high centripetal
forces to isopycnic positions in a density
gradientwhere their buoyant densitymatches
that of the surrounding medium. Since the
buoyant density of surfactant-encapsulated
nanomaterials depends strongly on their
physical and electronic structure, DGU se-
parations improve nanomaterial homoge-
neity. In the case of DWNTs, this approach
can exploit the density contributions of
inner carbon nanotube walls to achieve
separation by wall number. Since our initial
report,6 DGU-based purification of DWNTs
has been reproduced by other groups,6,15,16

including a recent study by Huh and collea-
gues which described partial enrichment of
DWNTs by their electronic type.17

Herein, we report nearly complete isola-
tion of DWNTs having metallic or semicon-
ducting outer walls using cosurfactant DGU.
Optical absorption and Raman spectrosco-
py are used to validate electronic type
enrichment with the former indicating purities
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ABSTRACT Double-walled carbon nanotubes (DWNTs) can adopt four distinct permutations

arising from the electronic type (metallic or semiconducting) of their inner and outer walls. This

polydispersity limits the utility of DWNTs in applications such as thin film electronics. We

demonstrate that density gradient ultracentrifugation can be employed to address this source of

heterogeneity by producing DWNTs with well-defined outer-wall electronic types. Optical absorption

measurements of sorted DWNTs reveal outer-wall purities of 96% and 98% for sorted semiconduct-

ing and metallic samples, respectively. Electrical characterization of semiconducting and metallic

outer-wall DWNTs in thin film transistors directly confirms the efficacy of these separations, with

semiconducting DWNT devices yielding on/off ratios 2 orders of magnitude higher than comparable

metallic DWNT devices.

KEYWORDS: carbon nanotube . double . density gradient ultracentrifugation .
separation . sorting . purification . transistor
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of 96% and 98% for semiconducting and metallic
DWNTs, respectively. In agreement with previous
reports,6,15 only weak photoluminescence is observed
from the inner nanotubes of sorted DWNT suspensions
as a result of nonradiative exciton quenching by the
outer walls. Electrical measurements of thin film tran-
sistors (TFTs) produced from networks of semiconduct-
ing andmetallic DWNTs directly confirm the efficacy of
electronic type enrichment, with semiconducting
DWNT devices displaying on/off ratios greater than
1000, which is more than 2 orders of magnitude higher
than comparable metallic DWNT devices.

RESULTS AND DISCUSSION

DWNTs having outer walls of either semiconducting
or metallic electronic type were produced using a
multistep DGU separation strategy (see Methods and
Supporting Information). The starting material for
these separations was purified double-walled carbon
nanotubes (Unidym, Inc.) specified to consist of∼60%
double-walled species. Prior to high resolution DGU
sorting, this input material was dispersed in sodium
cholate (SC) and run through a density gradient se-
paration designed to achieve coarse separation of the
carbon nanotubes by wall number. This stage em-
ployed a gradient containing SC alone for efficient

diameter separation, and the nanotubes were placed
at the top of the density gradient region to encourage
them to sediment downward in the centrifuge tube to
their isopycnic points. As a result, most of the buoyant
small and large diameter SWNT species present in the
startingmaterial were captured in the upper regions of
the density gradient thereby allowing the denser
DWNT-enriched material to be harvested from the
regions below. The coarsely separated DWNT material
was characterized by optical absorbance spectroscopy,
which revealed clear semiconducting and metallic
absorption peaks at the energies expected for outer-
wall carbon nanotubes having diameters of ca. 1.5-1.6
nm (see dashed gray curve in Figure 1c). This DWNT-
enriched material was then incorporated into cosur-
factant gradients containing SC and sodium dodecyl
sulfate (SDS) similar to those previously used for the
separation of large diameter SWNTs by electronic
type.13,18,19

Cosurfactant density gradients containing a 1:4 SDS/
SC ratio and a 3:2 SDS/SC ratio were employed for
optimal isolation of semiconducting and metallic spe-
cies, respectively. For semiconductor-targeted 1:4 SDS/
SC ratio experiments, SWNT separations lead to a pair
of closely spaced bands inside the density gradient
whose positions, and hence buoyant density, do not

Figure 1. Separation of DWNTs by outer-wall electronic type. (a,b) Photographs of centrifuge tubes following DGU
separations of SWNT/DWNT mixtures targeted for semiconducting (a) and metallic (b) DWNTs. Four bands of carbon
nanotubes are identified in each separation and correspond to semiconducting andmetallic SWNTs and semiconducting and
metallic outer-wall DWNTs. (c,d) Optical absorbance spectra obtained from carbon nanotubes isolated during the first
iteration separations targeting semiconducting (c) andmetallic (d) DWNTs.Metallic DWNTs, semiconductingDWNTs,metallic
SWNTs, semiconducting SWNTs, and the coarsely enriched input DWNT material are shown as red, green, purple, blue, and
dashed gray curves, respectively. Spectra are offset for clarity. (e,f) Optical absorbance spectra obtained during successive
DGU iterations to produce semiconducting (e) and metallic (f) DWNTs. Asterisks mark absorption peaks attributed to inner
DWNT wall transitions. Sii (Mii) label ith order semiconducting (metallic) optical transitions of the SWNTs and outer walls of
DWNTs.Wavelength regions associatedwith semiconducting andmetallic SWNT andouter-wall DWNT transitions are shaded
red and green, respectively.
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vary strongly with SWNT diameter. The upper band in
these separations contains highly enriched semicon-
ducting SWNTs, and the lower band contains ∼67%
metallic SWNTs.13 Given the insensitivity to SWNT dia-
meter of these cosurfactant separations, we expected
that analogous experiments using partially enriched
DWNT material would lead to efficient separation of
the carbon nanotubes by wall number, with the
DWNTs reaching equilibrium at lower regions of the
gradient due to the density contribution of their inner
walls. Figure 1a displays a centrifuge tube following a
proof-of-concept separation using a starting carbon
nanotube solution containing both SWNTs and
DWNTs. Clearly visible are two pairs of colored nano-
tube bands arising from the single- and double-walled
species that are simultaneously separated by elec-
tronic type.
In 3:2 SDS/SC DGU separations, enrichment of me-

tallic SWNTs occurs concomitantly with isolation by
diameter and leads to the population of the more
buoyant regions of the density gradient with distinct
bands of diameter-resolved metallic species.18 The
semiconducting SWNTs, on the other hand, are found
in the densest portions of the gradient. As expected,
band pairing is also observed for metal-targeted se-
parations of the SWNT/DWNT mixture in a 3:2 SDS/SC
ratio as shown in Figure 1b. A green band consisting of
large diameter metallic SWNTs reaches equilibrium at
the lowest buoyant density, followed by a faint band of
metallic DWNTs a few millimeters below. Red bands
consisting of semiconducting enriched carbon nano-
tubes can be observed in the denser regions of the
gradient.
The coarsely enriched DWNTmaterial obtained from

the initial SC separation was then sorted using the
above cosurfactant combinations inside density gra-
dients in which the carbon nanotubes moved from
dense to buoyant regions during the ultracentrifuga-
tion. Absorbance spectra acquired from the four prin-
cipal bands of the semiconducting DWNT separation
are shown in Figure 1c (see Supporting Information for
additional absorbance spectra). The pair of bands
obtained from the SWNT region exhibit signs of elec-
tronic type sorting. The semiconducting SWNT fraction
has strongly suppressed first-order metallic transitions
(M11) as expected (see Supporting Information, Figure
S-1 for Kataura plot with DWNT transition wavelengths).
The other SWNT fraction displays relatively weak ab-
sorption peaks compared to the absorbance back-
ground, possibly as a result of SWNTs with small
average lengths17,20 or significant defect levels in this
fraction. Despite the attenuated absorption peaks from
these SWNTs, the M11 transitions appear to be en-
hanced compared to the second-order semiconducting
transitions (S22) and consequently suggest enrichment
ofmetallic species. The absorbance spectra of the DWNT
fractions show strong changes in the relative strengths

of the M11 and S22 transitions of the outer-wall nano-
tubes, as expected for electronic type separatedmaterial.
In addition, both fractions possess a characteristic ab-
sorption peak at ∼1200 nm that doping studies (see
below) indicate is due to the DWNT inner walls.
Absorbance spectra from the four principal bands of

the metallic DWNT separation are shown in Figure 1d.
As with the semiconducting-targeted separation, the
semiconducting SWNT and both DWNT fractions dis-
play clear spectroscopic evidence of enrichment by
electronic type due to changes in the strength of the
M11 and S22 absorption peaks. The DWNT fractions
also present the characteristic ∼1200 nm transition
arising from the inner walls. Themetallic SWNT fraction
exhibits suppression of S22 absorption as expected, yet
it also possesses a smaller peak-to-background ratio
compared to the other fractions.
Although the optical absorbance spectra of the

metallic and semiconducting DWNTs suggest electro-
nic type purities in excess of ∼90%, these DWNT
samples were iteratively separated in additional den-
sity gradients to enhance the degree of wall number
and electronic type enrichment. High purity semicon-
ducting outer-wall DWNTs (s-DWNTs) were obtained
using two additional DGU separations. The first of
these iterations was conducted in a 1:4 SDS/SC gradi-
ent and forced the nanotubes to move downward in
the gradient from lower to higher densities. This step
ensured that slowly sedimenting SWNTs that did not
reach their isopycnic points during the previous itera-
tion could be captured before they reached the band-
ing position of the best semiconducting DWNTs. In the
final iteration, the remaining metallic SWNTs and
DWNTs present in the material were targeted in a 3:2
SDS/SC gradient in which the nanotubes moved from
low to high densities in the gradient. Figure 1e presents
the optical absorbance spectra of the material isolated
from each of the above iterations. Over the three
iterations, there are clear signs of improvement in
degree of semiconducting DWNT purity as the S22
optical transitions increase in strength and the M11
transitions decrease in intensity. In addition, there is a
∼25% decrease in background absorption strength
between the second and third iterations (see Support-
ing Information, Figure S-2). The majority of this reduc-
tion is caused by the removal of the metallic SWNTs
having low peak-to-background ratios.
The metallic outer-wall DWNTs (m-DWNTs) were

isolated using an additional DGU iteration targeted to
remove residual metallic SWNTs. This separation em-
ployed a 3:2 SDS/SC gradient nearly identical to that
used for the final s-DWNT iteration. Absorbance spec-
tra from this separation reveal enhancement in the
M11 absorption strength coupled with a reduction in
S22 intensity (Figure 1f). Moreover, this treatment
resulted in a ∼20% reduction in background absorp-
tion from the elimination of metallic SWNTs.
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For SWNT samples, optical absorbance measure-
ments in aqueous solution are routinely used to de-
termine the percentage of semiconducting or metallic
species present in sorted samples.18 This analysis
involves integration of the area associated with semi-
conducting S22 and metallic M11 transitions in absor-
bance and comparison to an unsorted SWNT sample
having a statistical 2:1 ratio of semiconducting to
metallic chiralities. Assessment of the outer-wall elec-
tronic type purity of DWNTs in aqueous solution,
however, is complicated by the overlapping optical
transitions arising from the inner and outer DWNT
walls. In particular, substantial overlap exists between
theM11 (S22) transitions of the outer walls and the S22
(S11) transitions of the inner walls. The S11 excitations
of theDWNTouterwalls, which donot overlapwith any
inner-wall excitations, cannot easily be measured in
aqueous solution due to the strong absorption ofwater
in this wavelength range.
As a result of the above factors, the semiconducting

purity of the DWNT samples was assessed using thin
film absorbance measurements. The sorted DWNTs
and control samples of unsorted arc discharge SWNTs
were processed into semitransparent thin films using
vacuum filtration, transferred to glass substrates, and
characterized without any high temperature annealing
treatment (see Supporting Information for transparent
conductor measurements).21 Use of glass substrates
enabled the absorbance of the samples to be mea-
sured beyond 2400 nm, a range sufficient to detect S11
absorption from the largest diameter DWNT outer
walls (Figure 2, solid curves). The thin film absorption
spectra of the s-DWNTs and m-DWNTs both provide
further evidence of enrichment by electronic type. The
S11 absorption peaks of the outer walls of the m-
DWNTs are almost completely eliminated compared
to those of the s-DWNT outer walls. The S11 absorption
peak of the s-DWNTs also appears relatively weak
compared to that measured for the arc discharge
SWNTs. This effect is due to the overlap of the S22
outer wall and S11 inner-wall absorption features,
which increase overall s-DWNT absorption from ca.

850-1350 nm, and the normalization protocol applied
to the absorbance spectra (see Methods). All three
samples were then treated6 with thionyl chloride, a
common p-type dopant of carbon nanotubes.6,22 The
shifting of the Fermi level induced by doping strongly
modifies the optical absorption of the DWNT outer
walls (Figure 2, dashed curves). The S11 and S22
transitions of the DWNT outer walls and the SWNTs
are completely eliminated or strongly suppressed. As
observed previously for highly enriched DWNTs, the
transitions associated with the DWNT inner walls are
not as significantly attenuated by doping as a result of
the chemical and electronic screening effect of the
DWNT outer wall. Consequently, comparison of the
film absorbance before and after exposure to thionyl

chloride enables identification of excitations arising
from the DWNT inner walls. The absorption peaks
attributed to the DWNT inner walls are marked by
asterisks in Figure 2.
The electronic type purity of the sorted DWNTs can

be determined after measurements of the absorption
from the outer-wall S11 and M11 transitions and
identification of peaks arising from the inner walls.
For this calculation, the area under the S11 and M11
peaks was calculated by integration in energy-space
after background and inner-wall peak subtraction.
Comparison of these integrated areas with those mea-
sured for arc discharge SWNTs having a known 2:1
semiconductor to metal ratio yields the purity levels of
the sorted DWNTs. This analysis indicates outer-wall
purities of 96% for s-DWNTs and 98% for them-DWNTs.
Raman spectroscopy was used to assess the diam-

eter distributions of the DWNTs and determine the
extent of any electronic type enrichment of the inner
walls. Thin films of s-DWNTs and m-DWNTs were
probed using two laser lines: a 514.5 nm excitation in
resonance with metallic inner walls and semiconduct-
ing outer walls, and a 750 nm excitation in resonance
with semiconducting inner walls and metallic outer

Figure 2. Optical absorbance of semitransparent thin films
of (a) s-DWNTs, (b)m-DWNTs, and (c) unsorted arc discharge
SWNTs. Measurements on pristine and thionyl chloride
doped films are shown by solid and dashed lines, respec-
tively. Asterisks mark absorption peaks attributed to DWNT
inner walls.
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walls. Raman spectra obtained from the radial breath-
ing mode (RBM) region are presented in Figure 3. The
diameters of carbon nanotubes are related to their
RBM frequencies ωRBM, using the equation ωRBM =
218.2/dt þ 19.6 cm-1, where dt is the diameter of the
nanotubes specified in nanometers and the formula
constants were determined from measurements on
thin films of solution-processed SWNTs.6 Accordingly,
the RBM peaks in Figure 3 can be unambiguously
assigned to either the inner or outer walls of the
DWNTs. For the inner-wall species, RBMs are observed
under all four sample/excitation conditions. Since both
inner-wall semiconducting and metallic species are in
resonance under these conditions, this observation
demonstrates the inner DWNT walls are not substan-
tially enriched in a particular electronic type following
DGU processing. The diameter of the inner walls of
both sortedDWNTmaterials was found to be∼0.86 nm
on average, in agreement with previous measure-
ments on DGU-processed DWNTs.6

Comparison of the RBM intensity of the outer walls
yields further evidence of enrichment by outer-wall

electronic type. For s-DWNTs, excitation at 514.5 nm
efficiently excites the majority semiconducting outer-
wall RBMs, while a considerably weaker signal is ob-
served for the 750 nm excitation tuned to minority
metallic outer-wall species. As expected, the inverse
effect is detected in m-DWNTs. In addition, a sizable
shift in the outer-wall RBMs of both DWNT samples is
observed for the two excitation wavelengths. For the
s-DWNTs, the majority species excited at 514.5 nm
have a mean diameter of∼1.54 nm while the minority
species at 750 nm have a smaller mean diameter of
∼1.42 nm. Similarly, the majority m-DWNT species at
750 nm excitation have a mean diameter of ∼1.50 nm
compared to the larger diameter ∼1.71 nm species
observed under 514.5 nm illumination. We attribute
the outer-wall RBM signal detected from the excitation
of minority species to two sources. In agreement with
absorption measurements, some of the RBM signal is
due to impurity DWNTs of the opposite electronic type.
In addition, DWNTs possessing the majority outer-wall
electronic type and with diameters at the extremes of
the diameter distribution also contribute to the RBM
peaks. For s-DWNTs, the S22 transitions of smaller
diameter semiconducting carbon nanotubes are in
resonance with the 750 nm laser,23 and for m-DWNTs,
the M22 transitions of larger diameter metallic carbon
nanotubes are in resonance with the 514.5 nm laser.18

Raman spectroscopy was also performed on the
sorted DWNT films after treatment6 in H2SO4, a stron-
ger dopant than thionyl chloride, to ensure that the
RBM peaks arising from small diameter carbon nano-
tubes were associated with the inner walls of DWNTs
and not impurity SWNTs. Previous studies of H2SO4-
treated DWNTs24 and in situ Raman spectroelectro-
chemistry measurements25 have demonstrated that
the presence of the DWNT outer wall can decrease
the efficiency of charge transfer to the DWNT inner wall.
This effect is manifested as a reduction in the extent of
RBM quenching for DWNT inner walls compared to
SWNTs of similar diameter that are exposed directly to
the dopant. H2SO4 was chosen as the dopant since
previous measurements of small diameter SWNTs hav-
ing a similar diameter distribution to the DWNT inner
walls demonstrated nearly complete quenching of RBM
peaks after exposure to the acid.6 Following doping, all
samples showed nearly complete suppression of outer-
wall RBMs as shown by the dashed curves in Figure 3. In
contrast, the ∼1.0 nm diameter inner walls retained at
least 20% of their initial RBM intensity after doping. For
small diameter specieswith RBMsbeyond300 cm-1, the
H2SO4 has little effect on their RBM intensity. As the
signal from metallic inner walls has been shown to be
efficiently quenched by doping compared to semicon-
ducting inner walls having significant band gaps,25 we
attribute thesehigh frequencypeaks to semiconducting
carbon nanotubes with the main candidates being the
(6,5), (9,1), (7,3), and (8,3) chiralities.

Figure 3. Raman spectroscopy of thin films of s-DWNTs and
m-DWNTs at excitation wavelengths of 514.5 and 750 nm.
Spectra obtained from pristine and H2SO4-treated films are
shown with solid and dashed lines, respectively. RBMs
associated with the inner and outer walls of the DWNTs are
shaded red and blue, respectively. Inner and outer-wall
boundaries were determined on the basis of the observed
RBM frequencies and the expected ∼0.68 nm difference
between inner and outer-wall diameters. The maximum
RBM peak in each pristine DWNT spectrum is normalized to
the same intensity in all thepanels. The spectra of thedoped
DWNT samples are scaled by the same factor used to
normalize the corresponding pristine spectrum.
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Photoluminescence measurements were also con-
ducted on solutions containing individually surfactant-
encapsulated s-DWNTs and m-DWNTs. In agreement
with previous reports on DGU-derived materials,6,15

only weak fluorescence is detected from these disper-
sions, most likely as a result of efficient exciton energy
transfer to nearby DWNT outer walls having smaller
bandgaps.26 To assess the relative photoluminescence
intensity, a control sample consisting of∼0.9 nmmean
diameter semiconducting HiPco SWNTs27 was also
measured at a similar concentration to the DWNTs
(see Supporting Information). These SWNTs were iso-
lated using a cosurfactant DGU scheme to ensure
similar dispersion quality for both the DWNT and SWNT
samples. This additional processing via DGU was re-
quired for valid comparisons since the quantum yield
of SWNT dispersions has been shown to improve
substantially upon isopycnic fractionation.28 Figure 4
contains the near-infrared fluorescence detected for
the three sorted samples at an excitation wavelength
of 649 nm in resonance with both the (7,5) and (7,6)
SWNT chiralities. This wavelength was selected since it
produced the strongest fluorescence intensity from
the DWNT samples. Even at this wavelength, the
photoluminescence signal from the DWNTs is almost
2 orders of magnitude lower than that of the semi-
conducting SWNTs.
The existence of significant photoluminescence

from the inner walls of DWNTs has been the subject
of conflicting reports in the literature. While previous
studies of CVD-grown DWNTs isolated using DGU have
demonstrated sharply reduced photoluminescence
intensity from small diameter semiconducting carbon
nanotubes,6,15 other reports have noted strong emis-
sion from the inner walls of DWNTs.9,29-31 One such
study described the emergence of PL from the inner
walls of DWNTs formed by coalescence of C60 chains

inside nanopeapods.32 The source of these discrepan-
cies is unclear and suggests that future DGU studies of
alternative DWNT starting materials, such as those
derived from nanopeapods, are warranted.
The production of SWNTs with predominantly me-

tallic or semiconducting character has facilitated the
direct incorporation of SWNTs into thin films with
improved electronic properties.13,18,19,33,34 To directly
assess the effects of outer-wall enrichment on the
electronic properties of sorted DWNTs, we incorpo-
rated 96% pure s-DWNTs and 98% pure m-DWNTs
into nanotube network TFTs. In addition, compa-
rison devices composed of 96% pure semiconduct-
ing arc discharge SWNTs (s-SWNTs) having similar
∼1.5 nm mean diameters were fabricated and
characterized.
Submonolayer coveragenanotubenetworks (Figure5a)

were formed using vacuum filtration21 and transferred
to SiO2-capped silicon wafers bearing predefined
Au/Pd electrodes. Devices were measured using a
degenerately doped silicon back gate and had a range
of channel lengths L = {4,8,16,32} μm with a common
channel widthW = 250 μm (Figure 5b). Representative
IDS-VG curves with L = 16 μm for the three types of
devices are shown in Figure 5c. Although all three
devices have similar on currents, their off currents vary
by over 3 orders of magnitude with m-DWNTs and
s-SWNTs having the largest and smallest off currents,
respectively.
To statistically assess these variations in perfor-

mance, measurements of all three materials were
conducted on at least eight different devices for each
channel length. The width normalized conductance G/
W values compiled from these measurements are
shown in Figure 5e. The three types of devices exhibit
similar G/W for each channel length, which suggests
they all possess comparable nanotube network den-
sities. Device mobilities μdevice were also calculated
using the equation:35

μdevice ¼ L

VDSCox

gm
W

where gm is the maximum transconductance mea-
sured during the forward gate voltage sweep and Cox
is the gate capacitance. Cox was calculated using a
parallel plate capacitor model and is 3.45 � 10-8 F
cm-2 for the 100 nm thick SiO2 gate dielectric. The
mean device mobilities were comparable for the dif-
ferent source materials and ranged from ca. 3 to 6 cm2

V-1 s-1. With similar on currents and mobilities, valid
performance comparisons can be made among de-
vices made from the threematerials. m-DWNTs display
only a weak switching ratio Ion/Ioff of 2-6 under the
applied gate bias, which is similar to behavior observed
for metallic SWNT thin film FETs.13 In contrast, the
s-DWNTs exhibit average switching ratios over 2 orders
of magnitude higher for all values of L. The mean

Figure 4. Photoluminescence spectra of electronic type
separated DWNTs versus small diameter semiconducting
SWNTs excited at 649 nm. All three sorted samples were
produced using DGU to ensure similar proportions of
individually encapsulated carbon nanotubes, and all sam-
ples had similar concentrations. Inset: Photoluminescence
spectra plotted on a logarithmic scale. The fluorescence
intensity of sorted DWNTs is nearly 2 orders of magnitude
lower than semiconducting HiPco SWNTs.
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s-DWNT Ion/Ioff for each value of L progressively in-
creases from ∼300 at L = 4 μm to ∼2300 at L = 32 μm.
This behavior is expected as the probability of forming
a percolating path of metallic DWNTs between the
source and drain electrodes decreases as the separa-
tion between them increases.
Despite the improved performance of the s-DWNTs,

their switching ratios remain an order of magnitude
lower than those measured for comparable purity
s-SWNTs devices having L g 8 μm (Figure 5e). We
attribute this effect to two factors: additional screening
of the gate bias by the DWNT inner walls andmodifica-
tions of the s-DWNT transport properties caused by
interwall interactions. Previous measurements on FETs
fabricated from individual large diameter DWNTs have
demonstrated distinct IDS-VG characteristics for de-
vices having different inner and outer-wall electronic
type permutations as a result of the above factors.3,36 In
particular, these reports have shown only DWNTs
having semiconducting inner and outer walls exhib-
ited switching ratios exceeding 100, while semicon-
ducting outer-wall and metallic inner-wall DWNTs had
Ion/Ioff < ∼10. Hence, similar effects could be causing
higher off currents for these s-DWNT devices. Direct
application of the single DWNT transistor measure-
ments to our thin film networks would suggest switch-
ing ratios significantly lower than the ones we observe
here. This discrepancy is likely due to the smaller outer-
wall diameters of the sorted DWNTs (∼1.55 nm) com-
pared to those of the previous single DWNT studies
(g2.4 nm).3,36 The use of smaller diameter DWNTs
leads to increased outer-wall band gaps and decreases
the strength of interwall electronic coupling.36 Overall,
our s-DWNT-based FETs demonstrate figures of merit
sufficient for use in applications such as control35 and
logic37 circuitry. We expect that further performance
improvements can be obtained by using high-k gate
dielectrics tominimize nanotube screening effects and

with higher purity sorted DWNTmaterials having inner
and outer walls of semiconducting character.
Although the results presented here demonstrate

only separation of DWNTs by outer-wall electronic
type, the electrical behavior of these sorted DWNTs
in TFTs suggests there is weak but still sufficient
coupling between inner and outer walls to enable
isolation of all four DWNT permutations. For instance,
screening by inner metallic walls is likely strong en-
ough to induceminute changes in the encapsulation of
DWNTs by surfactants. Such variations can be resolved
using a combination of shallower density gradients
and longer centrifugation times compared to the ones
used here, as suggested by previous studies separating
SWNT enantiomers.38,39 Recent molecular dynamics
studies of surfactant interactions with SWNTs have
highlighted the possible role of surfactant molecules
inside SWNTs during DGU experiments.40 Extension of
this concept to molecules having filling affinity for
carbon nanotubes of a particular electronic type could
dramatically enhance separations according to the
DWNT inner walls. Furthermore, we expect that inner-
wall electronic type separations will be improved by
using DWNTs with larger diameters, as this should in-
creaseelectronic couplingbetween inner andouterwalls.

CONCLUSIONS

DWNTs having highly pure semiconducting or me-
tallic outer walls have been produced using DGU. A
multistage separation strategy was used to isolate the
double-walled material from single-walled species and
to generate DWNTs with semiconducting and metallic
outer-wall purities of 96% and 98%, respectively. The
enriched DWNT materials were characterized using
optical absorbance and Raman spectroscopy to con-
firm wall number and electronic type enrichment.
Photoluminescence measurements of the semicon-
ducting and metallic outer-wall DWNTs reveal weak

Figure 5. Characterization of s-DWNT, m-DWNT, and s-SWNT thin film transistors. (a) Atomic force microscope image of the
submonolayer s-DWNT network used in the devices. (b) Schematic illustration of TFT geometry. (c) Transfer (IDS-IG) curves of
representative s-DWNT, m-DWNT, and s-SWNT devices having L = 16 μm at VDS = -1 V. (d) Channel width normalized
conductance G/W for the three types of devices at different channel lengths. G/W is comparable for the devices and implies
they have similar coverage levels. (e) Switching ratio Ion/Ioff for the three types of TFTs as a function of channel length. The
solid curves present the mean switching ratios obtained from multiple devices; the dashed lines mark the maximum and
minimum switching ratios obtained for a given device geometry. Lines are drawn to aid the eye in panels d and e.
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emission from both samples and provide evidence of
inner-wall fluorescence quenching due to the DWNT
outer walls. Lastly, TFTs were fabricated from networks
of the sorted DWNTs and semiconducting SWNTs.
Comparison of these devices confirms that semicon-
ducting outer-wall DWNTs offer substantial improve-
ments in switching ratio compared to metallic outer-
wall DWNTs. However, semiconducting DWNT devices

do not perform as well as semiconducting SWNTs
likely as a result of gate screening and perturbations
to the DWNT electronic structure caused by the inner
wall. The results and separation methods presented
here should enable future studies of interwall inter-
actions in carbon nanotubes25 and encourage addi-
tional studies of charge transport in sorted DWNT
networks.

METHODS Coarse Wall Number Separation of DWNTs. Starting
carbon nanotube material (Purified Double-Wall Carbon Nano-
tubes from Unidym, Inc., batch number: DW411UA) was first
dispersed in 100mL of 1%w/v SC aqueous solution as described
previously.6 This polydisperse carbon nanotube mixture was
separated in iodixanol density gradients homogeneously
loaded with 1%w/v SC. A 15 mL linear density gradient ranging
from 25% to 40% w/v iodixanol was formed at the bottom of a
centrifuge tube using a linear gradientmaker (Hoefer SG15) and
the dispersion of carbon nanotubes was carefully added on top.
The resulting density gradients were centrifuged for 18 h at
32 krpm and 22 �C in an SW 32 Ti rotor (Beckman-Coulter).
Following separation, nanotube bands were extracted from the
centrifuge tube using a piston gradient fractionator (Biocomp
Instruments).

Isolation of Semiconducting Outer-Wall DWNTs. Semiconducting
outer-wall DWNTswere produced using three iterations of DGU.
In the first iteration, coarsely enriched DWNTs were injected
below a linear density gradient containing a homogeneous 1%
w/v 1:4 SDS/SC surfactant loading. This density gradient was
centrifuged at 41 krpm for 14 h at 22 �C using an SW 41 Ti rotor
(Beckman-Coulter). Following piston gradient fractionation,
semiconducting DWNT fractions were diluted by a factor of
approximately three into 1% w/v SC aqueous solution for
optical absorbance spectroscopy. The highest purity semicon-
ducting DWNTs from this stage were directly incorporated into
a second separation loaded with 1% w/v 1:4 SDS/SC with the
nanotubes initially positioned at the top of the linear density
gradient. After separation and optical characterization, the
remaining metallic carbon nanotubes were removed from the
second iteration semiconducting DWNTs using a final DGU
separation in 1%w/v 3:2 SDS/SC. Full DGU parameters including
gradient densities, layer volumes, centrifugation times, and
rotors are presented in Table S-1 of the Supporting Information.

Isolation of Metallic Outer-Wall DWNTs. Metallic outer-wall
DWNTs were produced using two iterations of DGU. In the first
iteration, coarsely enriched DWNTs were infused below a linear
density gradient containing 1% w/v 3:2 SDS/SC. This density
gradient was centrifuged at 41 krpm for 14 h at 22 �C using an
SW 41 Ti rotor. After fractionation, the resulting material was
diluted with 1% w/v 3:2 SDS/SC aqueous solution for optical
characterization. The highest purity metallic DWNTs were then
sorted using a density gradient containing 1% w/v 3:2 SDS/SC
with the nanotubes loaded at the top of the linear density
gradient region. Full DGU parameters including gradient den-
sities, layer volumes, centrifugation times, and rotors are pre-
sented in Table S-2 of the Supporting Information.

Carbon Nanotube Network TFT Preparation and Characterization. Per-
colating carbon nanotube networks were prepared using
vacuum filtration.21 Controlled volumes of sorted carbon
nanotube solution were filtered through mixed cellulose ester
(MCE) membranes (50 nm pore size, Millipore), and copiously
rinsed with deionized water to remove any residual surfactants
and iodixanol from the nanotube network.

Electrode arrays were prepared on degenerately doped
silicon wafers with a 100 nm thick dry thermal oxide layer
(Silicon Quest International) using photolithographic proces-
sing. An Au/Pd layer, approximately 30 nm thick, was deposited

onto the wafers followed by lift off to complete electrode
fabrication.

Nanotube networks on MCE were transferred to the pat-
terned wafers by placing them in direct contact with the
predefined electrode arrays and exposing them to an acetone
vapor bath, which initiated dissolution of the MCE membrane.
Three consecutive acetone liquid baths of at least 15 min each
were employed to complete dissolution of the filter membrane,
followed by a 15 min rinsing step in an ethanol liquid bath. The
deviceswere then annealed in air at 225 �C for 20min to remove
residual MCE and to improve nanotube-metal contacts. TFTs
were characterized with a Cascade Microtech M150 probe
station in ambient conditions using a pair of Keithley model
2400 digital source meters.

Normalization of Optical Absorbance and Raman Spectra. Normal-
ized absorbance spectra were obtained by scaling experimental
absorbance spectra to ensure their maximum absorbance
values were equal to 1 over the plotted wavelength range.
For doped thin film samples in Figure 2, the absorbance
normalization factor was calculated from measurements of
the pristine film and applied to the spectrum obtained from
the film after doping. An analogous normalization procedure
was used for Raman spectroscopy of pristine and doped DWNT
thin films as shown in Figure 3.

AFM Imaging. AFM images of the percolating carbon nano-
tube network were obtained using a Thermo Microscopes
Autoprobe CP-Research AFM. Images were acquired in tapping
mode using conical AFM tips (MikroMasch, NSC36/Cr-Au BS).
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