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Self-Sorted, Aligned Nanotube
Networks for Thin-Film Transistors

Melburne C. LeMieux,* Mark Roberts,* Soumendra Barman,* Yong Wan Jin,?

Jong Min Kim,? Zhenan Bao*

To find use in electronics, single-walled carbon nanotubes need to be efficiently separated by
electronic type and aligned to ensure optimal and reproducible electronic properties. We report the
fabrication of single-walled carbon nanotube (SWNT) network field-effect transistors, deposited
from solution, possessing controllable topology and an on/off ratio as high as 900,000. The
spin-assisted alignment and density of the SWNTs are tuned by different surfaces that effectively
vary the degree of interaction with surface functionalities in the device channel. This leads to a
self-sorted SWNT network in which nanotube chirality separation and simultaneous control of
density and alignment occur in one step during device fabrication. Micro-Raman experiments
corroborate device results as a function of surface chemistry, indicating enrichment of the specific
SWNT electronic type absorbed onto the modified dielectric.

mechanical properties in single-walled

carbon nanotubes (SWNTs) (7, 2) contin-
ues to advance applications, including flexible
electronics (3, 4), biosensors and biochemical
sensors (39), and solar cell technology (6). Despite
enormous progress toward the potential applied
uses of SWNT devices, such applications will not
be realized unless fundamental issues concerning
the controlled reproducible placement, align-
ment, and separation based on chirality and/or
diameter can be solved.

Accurate orientation of SWNTs has been
achieved from high-temperature growth (7), and
on a limited scale, at ambient conditions with
diverse approaches including dielectrophoresis
(8), gas-flow (9), evaporating droplet (10, 11),
and absorption affinity patterns (12, 13). As a
more realistic route for integration, researchers
have recently turned to random nanotube net-
works that are easily absorbed or deposited from
solution to form two-dimensional (2D) nanotube
films (4, 9, 14, 15) as the active semiconducting
layer in SWNT network thin-film transistors
(Fig. 1A). However, these devices suffer from
poor on/off ratios due to the presence of both
semiconducting and metallic tubes intrinsic to all
SWNT synthesis methods. Although metallic
SWNTs may serve as high-performance inter-
connects (/6), they lead to high off current and
shorted transistors. The metallic SWNTs may be
burned off after fabrication (/7), but this addi-
tional processing step is neither well controlled
nor scalable.

Our goal is to move beyond random nanotube
films to submonolayer SWNT networks with

The combination of superior electrical and
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controlled topology in which chirality, alignment,
and density may be tuned or sorted, ideally dur-
ing fabrication. We took SWNT solutions and
spincoated them onto piranha-cleaned silicon
wafers with a 300-nm dry thermal oxide (/8)
modified with various silane monolayers chosen

for their relative ease of surface modification and
the variety of chemical functional groups avail-
able (Fig. 1). Independent of the solvent volatility
used for deposition, if the SWNT solution is
spincoated on bare (unmodified) SiO,, no nano-
tube absorption occurs. To control absorption char-
acteristics, we functionalized the SiO, dielectric
surface with amine- and phenyl-terminated silanes
(Fig. 1). The thickness of the amine and phenyl
surfaces, measured by ellipsometry, was 0.7 and
0.4 nm, respectively, and root mean square (RMS)
surface roughness (79) did not exceed 0.2 nm
(table S1), indicating uniform monolayers.
Aminosilanes are used because they enhance
the absorption of nanotubes (20) and improve the
performance of isolated SWNT thin-film tran-
sistors (TFTs) as sensors (27). Furthermore, the
pioneering work by Papadimitrakopoulos has
shown selective absorption of amines toward
semiconducting SWNTs (22, 23). However,
theory (24) and experiment (25) have shown that
aromatic molecules like the phenyl-terminated
silane used here interact and bind selectively to
metallic SWNTs. The selectivity is attributed to
the fact that SWNTs are extended m-electron
systems that can interact with other m-electron
systems via 1t-1t stacking. This is expected to be
stronger with the metallic nanotubes because of a
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Fig. 1. Schematic of the SWNT TFT fabrication and structure. The dielectric (300-nm SiO, on a heavily
doped Si gate) is functionalized by either an amine-terminated (A) or phenyl-terminated (B) silane. The
SWNT solution is subsequently dispensed onto the spinning self-assembled monolayer—modified
substrate and dried, followed by source (S) and drain (D) gold electrode deposition. Shown here is the
top-contact device structure, although similar results are obtained in bottom-contact layouts where
source and drain electrodes are deposited before spin assembly of the nanotubes. Upon spincoating,
AFM tapping-mode topography images (10 um by 10 pum, z scale = 10 nm) of the nanotubes applied
under identical conditions on amine (top) and phenyl (bottom) surfaces reveals that density and
alignment, represented by histogram (® is angle, in degrees, of variation from an arbitrary direction)
below the corresponding AFM images, are a direct function of surface chemistry.
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larger polarizability relative to the semiconduct-
ing nanotubes (§). An unresolved question, es-
pecially relevant for device applications, is whether
this selectivity can be translated to interactions
at surfaces.

Qualitatively, spincoating the SWNT solution
on the various silane-treated surfaces under the
same conditions resulted in the tube density
being substantially modulated by surface chem-
istry. As determined from atomic force micros-
copy (AFM) images (10 um by 10 pm) (Fig. 1)
taken at random locations on the wafer (except
at the center of the wafer), the absorption density
of the isolated SWNT was higher on amino-
silanes (8 to 10 per um?) than on the phenyl sur-
faces (1 to 2 per um?). This is expected on the
basis of simulation results (24) that found that the
highest equilibrium absorption energy of an NH,
group with SWNTs, regardless of chirality, is
0.57 eV, almost three times as strong as that of
phenyl groups, which is ~0.20 eV. Upon spin-
coating, the average alignment over the entire
wafer (2.5 cm), as measured by AFM images
(10 um by 10 um) (Fig. 1), indicates that at any
location, ~71% of the SWNTs are aligned within
+10% of an arbitrary axis, with a slightly higher
degree of alignment observed on the amine sur-
face as compared to the phenyl surface (histo-
grams in Fig. 1). The hydrodynamic flow, which
has been shown to efficiently align nanoparticles
on a drying surface (26), appears to be markedly
enhanced by the spinning wafer and effectively
aligns the nanotubes as the solvent evaporates
and thins (/0). The degree of alignment can be
tuned on the basis of spin-assembly conditions
(fig. S1). The alignment is radial from the center,
with the only unaligned area being the portion
concentric with the vacuum chuck on the spin
coater (~2 mm in diameter on a 12.7-mm-diameter
wafer) (fig. S2). No alignment was observed
when the SWNTs were deposited by wafer soak-
ing or dropping the solution followed by spinning
(fig. S3). Spincoating conditions (volume, rate)
could be controlled so that nearly the same SWNT
density was absorbed onto amine and phenyl sur-
faces for comparing the resulting electronic and
micro-Raman spectroscopy analysis.

To determine whether and how different sur-
face functionalities affect the electronic response
of the SWNT thin-film transistors, we performed
electronic testing and micro-Raman mapping in
the channel region of the TFTs over random sub-
strate locations. The SWNT TFTs on aminosilane
surfaces exhibit p-type behavior with on/off
ratios as high as 900,000 and without any post-
processing or device level burn-off (/7), indicat-
ing that the nanotube network is composed
primarily of semiconducting nanotubes (Fig. 2,
A and B). The average on/off ratio for working
devices was ~200,000, and leakage current was
in the picoamp range with no dependence on
applied gate voltage. Field-effect mobility (27) of
the TFTs on amine surfaces ranged from ~0.5 to
6 cm?/V-s (fig. S4). Overall, 38% of the 80
devices tested on amine surfaces had on/off ratios
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Fig. 2. (A) Plot of all measured devices showing the mean + SD of source/drain current (Ips) as a
function of gate voltage (V) for SWNT TFTs on an amine-terminated surface showing high on/off ratio
in devices with current-flow direction parallel to hydrodynamic flow direction. Because the
hydrodynamic flow is radial from the center of the substrate during spincoating, the working devices
have current-flow primarily along this direction. Perpendicular to flow, the devices are insulating
because a percolating network is suppressed (inset). (B) Typical plot of /ps as a function of V for the
SWNT TFT on amine-terminated surfaces. A slightly positive threshold (V; ~ 0.7 V) is associated with the
transistors as a result of oxygen doping. (C) Plot of all measured devices showing the mean + SD of /ps
as a function of Vg for SWNT TFTs on phenyl surfaces showing a high “off” current and a low on/off
ratio. Error bars in (A) and (C) represent the SD in the transfer curves. (D) Uniformity of the spin-
assisted assembly method over a ~2-cm bottom-contact device substrate demonstrating scalability. The
plot is superimposed on a device wafer (digital image) with the highlighted shaded circle indicating
high (uncontrollable) concentration of SWNTs that is found only in the very center of the wafer (see
supporting online material). The top plot represents the maximum “on-current” for one typical wafer,
and the bottom plot compares mobility and on/off ratio as a function of test location on the wafer.

of >100,000, 69% had ratios of >10,000, and
more than 95% had ratios of >100 on bottom and
top contact devices possessing a channel length
of >15 um (78). Even at a smaller channel length
of 10 um, an average on/off ratio approaching
10,000 was maintained (fig. S5). Although
amines can slightly modulate SWNT doping lev-
els, the on/off ratio is not affected (27). Similarly,
we confirmed that the high on/off ratios were not
due to dedoping by amine groups, because the
drop-and-spin samples with the same SWNT den-
sity on the amine surface showed no selectivity
and a low on/off ratio (fig. S3).

SWNT TFTs fabricated on the aromatic sur-
faces with the same density, however, always led
to conducting devices, and all devices had on/off

ratios of less than ~2, indicating that the phenyl
surfaces are dominated by metallic nanotubes.
Figure 2C shows the averaged transfer curve.
The resulting error bars are relatively high due
to different levels of “off-current” that averaged
around —6.0 x 10°°, which are five to six orders
of magnitude higher than those of the off-current
on the amine surfaces. Furthermore, the overall
higher source/drain current (/pg) maximum “on
current” for the phenyl surfaces, as opposed to
the amine surfaces, may be another indication
that the phenyl surfaces are dominated by me-
tallic nanotubes because of the higher current-
carrying capacity. This pronounced difference in
the electronic nature of the SWNT networks on
the two surfaces is observed down to very short
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Fig. 3. (A) Micro-Raman spectra at 1.96-eV excitation showing RBMs
compiled from 12 point maps from at least five different locations of the
SWNT network on each surface. All spectra shown here were normalized
to the 303-cm™? silicon peak; the peaks below 120 cm
arises from silicon. (B)
Corresponding G-band compilations at 1.96 eV of each surface shows
a marked downshift and broadening of wg- band from the SWNTs on the

noise, whereas the peak at ~225 cm™

channel lengths of 2 um, approaching the length
of the SWNTs in this study and indicating a high
degree of separation (fig. S6).

To identify tube types (28, 29) absorbed on
each surface, we performed micro-Raman map-
ping over large areas of each sample surface in
device channels by using two excitation energies
and correlating observed resonant radial breath-
ing modes (RBMs) with chirality using a Kataura
plot and a relation between diameter and RBM
developed by Dresselhaus er al. for isolated
SWNTs on SiO, (29). We used 1.96- and 1.58-eV
excitation because most SWNT tubes in this work
had a relatively large average diameter but narrow
distribution (1.4 + 0.4 nm as determined by AFM),
and should be resonant at these energies. The di-
ameter distribution of arc-discharge nanotubes
is known to be quite narrow, more so than that of
tubes produced by HiPco and chemical vapor
deposition (30), allowing this multi-excitation
micro-Raman experiment to be highly reliable
and thorough. In particular, the 1.96-eV line is
resonant with metallic SWNTs (£™},) and semi-
conducting SWNTs (£533) in a nearly 50/50 ratio
(Fig. 3A) and is best suited for separation analysis.

RBM analysis (Fig. 3A and figs. S7, S8, and
S10) from compiled spectra shows that tubes ab-
sorbed on both surfaces possess the 170-cm !
peak because this corresponds to the average
diameter of our arc-discharge SWNTs (fig. S5)
(31). However, this semiconducting band is
clearly much stronger on the amine surface, in-
dicating enrichment of these tubes on amine, as is
the 145-cm ' semiconducting peak that is also
observed in the reference sample (fig. S7), but
completely suppressed in the nanotube network
absorbed on the phenyl surface (Fig. 3A).

In contrast, there is strong enrichment of the
200-cm ' peak corresponding to metallic SWNTs
on the phenyl surface that is nearly nonexistent
on the amine surface. Moreover, the 190-cm ™'
(metallic band) peak on the phenyl surface, near-
ly identical in intensity to the 170-cm ' peak, was

260
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almost completely eliminated from the amine
surface. The corresponding G band (Fig. 3B and
figs. S9 and S11) from the nanotube network on
each surface differs substantially, indicating that
the electronic nature of the absorbed nanotubes is
very different. Whereas the amine is character-
ized by two (G and G") relatively sharp peaks,
on the phenyl surfaces, there is a strong down-
shift of the G band accompanied with a distinct
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phenyl surface (blue trace) resulting from metallic SWNTs as compared
to the amine surface (red trace). The full width at half-maximum of the
G~ band is twice as high on the phenyl surface as compared to the amine
surface. (C) Raman spectra at 1.58-eV excitation showing RBMs
compiled from each surface. The phenyl surface (blue trace) is enriched
with metallic nanotubes, whereas the amine surface (red trace) is
enriched with semiconducting nanotubes.
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Relativistic Spin Precession
in the Double Pulsar

Rene P. Breton,* Victoria M. Kaspi,1 Michael Kramer,? Maura A. McLaughlin,3'4
Maxim Lyutikov,® Scott M. Ransom,® Ingrid H. Stairs,” Robert D. Ferdman,’:®

Fernando Camilo,® Andrea Possenti°

The double pulsar PSR J0737—-3039A/B consists of two neutron stars in a highly relativistic orbit
that displays a roughly 30-second eclipse when pulsar A passes behind pulsar B. Describing this
eclipse of pulsar A as due to absorption occurring in the magnetosphere of pulsar B, we
successfully used a simple geometric model to characterize the observed changing eclipse
morphology and to measure the relativistic precession of pulsar B's spin axis around the total
orbital angular momentum. This provides a test of general relativity and alternative theories of

+0°.66

gravity in the strong-field regime. Our measured relativistic spin precession rate of 4.77°74-¢s
per year (68% confidence level) is consistent with that predicted by general relativity within an

uncertainty of 13%.

trophysical bodies, making the study of its

gravitational interaction an important chal-
lenge (7). Spin interaction manifests itself in dif-
ferent forms. For instance, we expect the spin of
a compact rotating body in a binary system with
another compact companion to couple gravita-
tionally with the orbital angular momentum (rela-
tivistic spin-orbit coupling) and also with the spin
of this companion (relativistic spin-spin coupling)
(2, 3). Observing such phenomena provides im-
portant tests for theories of gravity, because
every successful theory must be able to describe
the couplings and to predict their observational
consequences. In a binary system consisting of
compact objects such as neutron stars, one can
generally consider the spin-orbit contribution act-
ing on each body to dominate greatly the spin-

S pin is a fundamental property of most as-
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spin contribution. This interaction results in a
precession of the bodies' spin axis around the
orbital angular momentum of the system, be-
havior we refer to as relativistic spin precession.

Although relativistic spin precession is well
studied theoretically in general relativity (GR),
the same is not true of alternative theories of
gravity, and hence quantitative predictions of de-
viations from GR spin precession do not yet
exist (4). For instance, it is expected that in al-
ternative theories relativistic spin precession may
depend on strong self-gravitational effects; that
is, the actual precession may depend on the
structure of a gravitating body (4). In the weak
gravitational fields encountered in the solar sys-
tem, these strong-field effects generally cannot
be detected (5—7). Measurements in the strong-
field regime near massive and compact bodies
such as neutron stars and black holes are required.
Relativistic spin precession has been observed
in some binary pulsars [e.g., (§5—10)], but it has
usually only provided a qualitative confirmation
of the effect. Recently, the binary pulsar PSR
B1534+12 allowed the first quantitative measure-
ment of this effect in a strong field, and although
the spin precession rate was measured to low
precision, it was consistent with the predictions
of GR (11).

Here, we report a precision measurement of
relativistic spin precession using eclipses observed
in the double pulsar (12, 13). This measurement,
combined with observational access to both pul-
sar orbits in this system, allows us to constrain
quantitatively relativistic spin precession in the

strong-field regime within a general class of grav-
itational theories that includes GR.

PSR J0737-3039A/B consists of two neutron
stars, both visible as radio pulsars, in a relativistic
2.45-hour orbit (12, 13). High-precision timing
of the pulsars, having spin periods of 23 ms and
2.8 s (hereafter called pulsars A and B, re-
spectively), has already proven to be the most
stringent test bed for GR in the strong-field
regime (/4) and enables four independent
timing tests of gravity, more than any other
binary system.

The orbital inclination of the double pulsar
system is such that we observe the system al-
most perfectly edge-on. This coincidence causes
pulsar A to be eclipsed by pulsar B at pulsar
A's superior conjunction (/3). The modestly
frequency-dependent eclipse duration, about
30 s, corresponds to a region extending ~1.5 x
107 m (15). The light curve of pulsar A during
its eclipse shows flux modulations that are
spaced by half or integer numbers of pulsar
B's rotational period (/6). This indicates that the
material responsible for the eclipse corotates
with pulsar B. The relative orbital motions of
the two pulsars and the rotation of pulsar B thus
allow a probe of different regions of pulsar B's
magnetosphere in a plane containing the line of
sight and the orbital motion.

Synchrotron resonance with relativistic elec-
trons is the most likely mechanism for efficient
absorption of radio emission over a wide range
of frequencies. In the model proposed by Lyutikov
and Thompson (/7), this absorbing plasma co-
rotates with pulsar B and is confined within the
closed field lines of a magnetic dipole truncated
by the relativistic wind of pulsar A. The dipole
magnetic moment vector makes an angle o with
respect to the spin axis of pulsar B, whose ori-
entation in space can be described by two an-
gles: the colatitude of the spin axis with respect
to the total angular momentum of the system,
6, and the longitude of the spin axis, ¢ (see
Fig. 1 for an illustration of the system geometry).
Additional parameters characterizing the plasma
opacity, y; the truncation radius of the magne-
tosphere, Rp,e; and the relative position of
pulsar A with respect to the projected magneto-
sphere of pulsar B, z,, are also included in the
model (/7).

We monitored the double pulsar from De-
cember 2003 to November 2007 with the Green
Bank Telescope in West Virginia; most of the
data were acquired as part of the timing ob-
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