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A common feature of the single-walled carbon-nanotube field-
effect transistors fabricated to date has been the presence of a
Schottky barrier at the nanotube-metal junctions'™. These
energy barriers severely limit transistor conductance in the
‘ON’ state, and reduce the current delivery capability—a key
determinant of device performance. Here we show that contact-
ing semiconducting single-walled nanotubes by palladium, a
noble metal with high work function and good wetting inter-
actions with nanotubes, greatly reduces or eliminates the barriers
for transport through the valence band of nanotubes. In situ
modification of the electrode work function by hydrogen is
carried out to shed light on the nature of the contacts. With Pd
contacts, the ‘ON’ states of semiconducting nanotubes can
behave like ohmically contacted ballistic metallic tubes, exhibit-
ing room-temperature conductance near the ballistic transport
limit of 4e’/h (refs 4-6), high current-carrying capability
(~25 pA per tube), and Fabry—Perot interferences® at low tem-
peratures. Under high voltage operation, the current saturation
appears to be set by backscattering of the charge carriers by
optical phonons. High-performance ballistic nanotube field-
effect transistors with zero or slightly negative Schottky barriers
are thus realized.

Transparent electrical contacts made to metallic single-walled
carbon nanotubes (SWNTs) have revealed them to be ballistic
conductors that exhibit two units of quantum conductance 4e*/h
(Rq= h/4e* = 6.5kQ)*°. Carrier transport through the valence
and conduction bands of a high-quality semiconducting SWNT
could also be ballistic, presenting an opportunity to realize ballistic
field-effect transistors (FETs) based on molecular electronic
materials. However, such effort has been hampered by non-ideal
electrical contacts made to semiconducting SWNTs. Previously,
thermionic emission current and associated barriers between Ni
contacts and SWNTs” have been reported for materials grown by
chemical vapour deposition (CVD). Recently, significant Schottky
barriers (SBs) have been found in SWNT-FETs (with Ti contacts
and laser-oven nanotubes)'~. Thermionic emission and tunnelling
are involved in transport across the SBs, which limits the ON state
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conductance of nanotube FETs to be well below the 4¢*/h limit
(Gon = 0.001 X 4e?/h for laser tubes'™; and
Gon = (0.05 — 0.3) X 4e*/h for CVD tubes’'°) at room tempera-
ture. At low temperatures, quenching of thermionic currents causes
semiconducting SWNT devices to be about 10-100 times more
resistive than at room temperature”'"'?,

A solution is presented here to eliminate or greatly suppress SBs
at metal-nanotube contacts. We find that for Pd-contacted, long,
semiconducting SWNT devices (length L =3 pm, diameter
d = 3 nm, Fig. 1a) with back gates (SiO, thickness ., = 500 nm),
the room-temperature ON state conductance through the valence
band (VB) is up to Gon = 0.1 X (4e*/h) (Ron = 60kQ, Fig. 1b).
For short channel nanotubes at room temperature (L = 300 nm,
Fig. 1a), Gon = (0.4 — 0.5) X (4¢*/h) (Ron = 13kQ, Fig. 1c). For
long SWNTs, the ON state p-channel conductance exhibits metallic
behaviour between room temperature and ~200K, and typically
shows a downturn in G oy upon further cooling (Fig. 1b inset). The
short nanotubes do not show such downturn, and the average Gon
monotonically increases as temperature T decreases to ~50K
(Fig. 1d), below which pronounced oscillations with Fabry-Perot
type of interferences® appear in the G versus gate voltage (V) data
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Figure 1 Pd-contacted long (L = 3 um) and short (L = 300 nm) back-gated SWNT
devices formed on the same nanotubes on Si0»/Si. a, A scanning electron microscope
(SEM) image (left) and atomic force microscope (AFM) image (right) of a representative
device. CVD synthesis for SWNTs and device fabrication were as described previously?>2¢,
except that Pd was used to contact nanotubes. The catalyst used here gave a wide
range of nanotube diameters (1.2 — 5nm)®. Ti/Au metal bonding pads were used to
connect to the Pd source (S) and drain (D) electrodes. (We note that Pd electrodes tended
to be soft and not robust against electrical probing). The devices were annealed in Ar at
225°C for 10 min after fabrication. The thickness of SiO, gate dielectric was

tox = 500 nm, except for the devices in Fig. 4 with ¢, = 67 nm. AFM topographic height
measurements were used to determine the diameters of SWNTSs. The electrical data
shown here were recorded with the devices placed in vacuum. b, G (at low S-D bias V)
versus gate voltage Vg for a 3-pm-long SWNT (d =~ 3.3 nm) device recorded at various 7.
Inset, Go versus T for the device. ¢, Gversus Vg for a 300-nm-long tube section on the
same tube as for b at various 7. Differential conductance d//dVys versus Vgs and Vgs
(inset, measured by a lock-in technique) at 7= 1.5K shows a Fabry-Perot>-like
interference pattern (bright peak G = 4e%/h, dark region G = 0.5 x 4e2/1). Note that
in certain Vg regions, the pattern appears irregular, a phenomenon also seen for
Fabry-Perot interference in metallic tubes®. d, Goy versus T for the L = 300 nm
semiconducting tube down to ~50K.
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(peak conductance ~4e*/h) (Fig. 1lc inset). This corresponds to
ballistic transport in the p-channel of semiconducting SWNTs. The
metallic behaviour of the ON states of semiconducting SWNTs and
Gon approaching 4e’/h strongly suggest nearly SB-free contacts
made to nanotubes.

Because SBs are sensitive to the contact metal work function ¢
(ref. 1), we have carried out in situ modification of ¢ py by utilizing
the phenomenon that exposure of Pd to molecular hydrogen
reduces its work function at room temperature'’. Figure 2a shows
that a SWNT-FET exhibits decreased p-channel conductance and
increased n-channel conductance when exposed to H,. This result is
consistent with increased SB height for hole transport, and lowered
barrier height for electron transport, due to reduced ¢pq (ref. 1)
caused by dissolved hydrogen'. The original pure Pd-contacted
SWNT-FETs exhibit metallic behaviour for p-channel conduction
(Fig. 2¢), and highly linear conductance at low V4, (Fig. 2d). After
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Figure 2 Properties of the metal/semiconducting-SWNT contacts as influenced by in situ
metal work-function modification. a, Linear G — Vg for a SWNT-FET (L = 3 pm)
before and after the pure Pd contacts were exposed to various concentrations of H,.
Note that no change in any of the device characteristics was observed for Ti/Au- and
Mo-contacted tube FETs when exposed to hydrogen. b, Schematic ON state (for
p-channel) band diagrams for the device under various H, concentrations, depicting the
development of SBs to the valence band for higher [Ho] and lower ¢ py (caused by
dissolution of Hy in Pd). The symbols in the diagrams (solid circle, square and triangle)
correspond to those used in a to label the ON state gate voltages. ¢, G gy versus T for
the device with pure Pd contacts before exposure to Ho. d, /45 — Vg curves for the
device in ¢ under various V4 at room temperature. e, G oy versus 7 for the same device
asin ¢ and d after exposure of the Pd electrodes to ~10% H,. Both the p- and n- channel
(data not shown) exhibit non-metallic behaviour, indicating mid-gap SBs to both valence
and conduction bands with lowered ¢ pq by Ha. f, /45 — Vg5 curves for the device in e
under various V g at room temperature exhibiting typical SB-FET behaviour with inflection
points in the curves. The plots in d and f clearly show the presence and absence of a SBin
the two cases (with and without H, exposure) respectively.
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hydrogen modification of the Pd contacts, the p-channel of the
device exhibits non-metallic behaviour (Fig. 2e), and inflection
points (typical of SB-FETs) are observed in the Iy, — Vys charac-
teristic of the device (Fig. 2f). These results suggest that higher SBs
are formed to the p-channel of nanotubes with lower ¢ pq (Fig. 2b).
The strong dependence of SB height on ¢ p4 indicates the absence of
appreciable interface states between SWNTs and Pd, and little or no
Fermi level pinning'*. We find that high-¢ metal is not sufficient for
forming transparent contacts to SWNT VBs. When experimenting
with Pt with a high ¢ of 5.7eV (>¢pq=5.1€V), we find that
Pt-contacted devices exhibit lower p-channel conductance and
non-metallic behaviour for the ON states. This may be attributed
to the poor sticking or wetting interaction between Pt and SWNTs,
opposite to Pd (refs 15, 16). High-¢ metal and high-quality metal—
tube interfaces are thus both important for low contact barriers to
the VBs of semiconducting nanotubes.

The transport properties of Pd-contacted SWNTs depend on
nanotube diameter and length. For Pd-contacted SWNTs with
d=1.7nmand L = 275nm, Roy = 32k can be obtained (Fig. 3a
inset). For SWNTs with d < ~2nm, SBs at the Pd contacts are
significantly low, but their elimination is more difficult (bandgaps
of SWNTs oc 1/d). Reducing the nanotube channel length from 3 pm
to 300 nm always lowers Ron by up to about 20 times, a trend
observed for various diameter SWNTs (Fig. 3). Transport in
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Figure 3 Geometry/transport-property relations for Pd-contacted semiconducting
nanotubes. a, Gversus Vys fora d = 1.7 nm SWNT (L = 3 um) contacted by Pd at room
temperature. Inset, data for the same tube with L = 275 nm. b, Goy for several d = 1.5
to 4.5 nm semiconducting SWNTs with lengths of ~300 nm and ~3 pum. Note that for
our tube FETs with ¢4, = 500 nm SiO, gate insulators, the threshold voltages (V1) for
the short devices tend to display a large shift (~5V) to the more positive Vs side from
those of corresponding long devices (see a main panel versus a inset, and Fig. 1b versus
Fig. 1c). This is attributed to the fact that the screening length in the quasi one-
dimensional semiconducting nanotube devices is of the order of gate-dielectric
thickness?’~2°. For short channels, this can lead to effectively p-doping of the nanotube
(L = 300nm < tg) and thus the V shift. Scaling of the gate dielectric for the current
devices is essential to scale the screening length and to minimize the variation of V1
with channel length. Indeed, the short (~300 nm) and long (3 wm) Pd-contacted tube
FETs with %, = 67 nm show only small V7 shift (<1V, see Fig. 4a versus Fig. 4c,
reproduced with over 30 such devices).
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L = 300 nm tubes (of all diameters) is close to ballistic (R oy down to
1.5 X h/4e® = 10kQ at room temperature). Acoustic phonons (twis-
tons) could account for the extra resistance'’, and quenching of these
phonon modes at low T leads to Goy approaching 4e*/h and the
observed metallic state, with clear manifestation of phase coherent
resonances’. The higher Roy for longer tubes suggests additional
scattering along the length of long nanotubes. However, the precise
nature of the scatters on the long semiconducting SWNTS is elusive,
and could be due to structural defects, mechanical bending or
chemical inhomogeneity. For long tubes, the upturn in the ON
state resistance at low T is attributed to weak localization due to
these defects, causing the deviation from metallic behaviour'”'.
Figure 4 shows the detailed transistor data for long- and short-
tube devices respectively with Pd contacts and back gates
(tox = 67 nm for these FETs). Both devices exhibit Ion/Iopr = 10°
(Fig. 4). The maximum ‘on’ state current reaches Ipg, = 25pA
(current saturation at this level has been observed with metallic
tubes previously'), about 4 times higher than achieved previously
for CVD semiconducting tubes’ (highest Ion = 4 pA for SB tube
FETs'>?). The current normalized by the width of the tube reaches
~7,000 pA pm ™", A key goal in transistor scaling is to maximize the

saturation drain current for short channel and low voltage
devices*"?*, and SB-free SWNT-FETs could be a promising
approach to reach this goal. Negative SB-FETs will further enhance
current delivery capability*', and may be possible with nanotubes
due to the lack of significant Fermi level pinning at the contacts
(based on the current work and ref. 14).

We now turn to the issue of how the Pd-contacted nanotube
transistors operate and compare them with SB-FETs'~ (operation
involves gate modulation of the SB width) and metal-oxide-semi-
conductor FETs (MOSFETs*"*, operation involves gate modulation
of carrier density in the channel). For the ON states of our SWNT-
FETs at room temperature, the short tubes can be considered as
nearly ballistic channels (Ron = 10kQ2) while the long tubes are
diffusive channels (Ron = 37 k). For the OFF states, the large Ion/
Iopr = 10° suggests that large thermal activation barriers exist to
limit the OFF state currents. In between the ON and OFF states, the
subthreshold swing is S = 150 mV per decade for the long tube and
S = 170mV per decade for the short tube. The value of S is a
sensitive function of different device geometry parameters, but the
value observed here falls closer to the S versus &/t,, (e is the
dielectric constant) curve for MOSFETs than that for SB-FETs
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Figure 4 Room-temperature electrical properties of high-performance SWNT-FETs

(tox = 67 nm). a, Transfer characteristics for a d = 3.5nm and channel length ~3 pm
SWNT with pure Pd contacts. Goy = 0.17 X 4e2/h (R = 37 k) under Vg = 1mV
and Vgs = —8V. b, lgs — Vg versus Vg for device in a. The curves (with circular
symbols) labelled 1 to 8 correspond to Vs = —0.5to —7.5V in steps of 1V. The solid
lines are calculated from the square-law model for MOSFETS to fit the experimental curves
1-5. ¢, Transfer characteristics for a device with channel length L = 300 nm formed on
the same tube as ina and b. Goy = 0.65 X 4€2/h (Ron = 10k®) under Vs = 1 mV
and Vg = —8V. The current measured at Vg = 100 mV for the OFF state is ~1 pA, as
the hole current is limited by a body barrier in the valence band. The electron current,

limited by a SB to the conduction band, must be less than 1 pA, and to limit electron
current to such a small value, a SB height of ~0.35 eV is needed by simple analysis. Since
the sum of the electron- and hole-barrier heights is the bandgap (~0.3 eV for this tube), a
slight negative SB for the holes is found to be about —0.05V. d, /g5 — Vgs versus Vg
characteristics for the short tube device in ¢. The curves labelled 1 to 9 correspond to 0.5,
0,—05,—1,—-15 -25,-35, —4.5and —5.5V, respectively. Note that the devices
shown above were passivated by PMMA to eliminate hysteresis upon sweeping Vys back
and forth®. This allowed for more precise determinations of /1. The devices in Fig. 3 were
also passivated by PMMA.
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(~800 mV per decade predicted for the SB case?). These results plus
the high ON state conductance (Goy up to 0.65 X 4e?/h at room
temperature) strongly suggest SB-free MOSFET operation of nano-
tube transistors.

We have analysed the 3-pm-long tube FETs by using the MOSFET
square-law model for diffusive transport™ (the gate capacitance was
obtained by solving the two-dimensional Poisson equation). The
output characteristics can be well explained by the model for
Vg = — 2.5V (Fig. 4b with fit data in solid line) and a hole
mobility of u, = 4,000 cm?V 's7! is deduced. However, when
the device is in highly ON states under V4 < —2.5V, we observe
significant deviation of its characteristics from the square-law
model (Fig. 4b) in the high-current regions of the I3, — Vg, curves.
The saturation current Ig,, (When Ing,, > 10 pA) grows slower than
expected from the square-law model as more negative V, is applied,
especially when I'pg, approaches ~25pA (Fig. 4b). Similar beha-
viour is well known for silicon MOSFETs when velocity saturation
due to optical phonon scattering of high-energy carriers occurs, and
the device changes from a square-law to linear dependence with gate
voltage”. In light of the earlier observation that in metallic tubes,
the current starts to saturate at ~10pA and fully saturates at
~25pA due to optical or zone-boundary phonon scattering'®, we
suggest that a similar phenomena may be occurring at high currents
(>~10pA) in our nanotube FETs. That is, high current flows in
‘turned-on’ semiconducting nanotubes are also limited by optical
phonon backscattering (this effect has not been observed in earlier
tube FETs with maximum currents at ~7 p.A; see, for example, refs 9
and 10). We expect that nanotube channel length scaling below the
optical phonon scattering mean free path (~100 nm)'" could lead to
ballistic transport in the high-current regime, and further enhance
the current delivery capability of nanotube FETs.

We have also analysed our short tube FETs by the square-law
model, and found that the diffusive transport model completely
fails to reproduce the device characteristics. This is an expected
result, because transport in the short nanotubes is close to ballistic.
Preliminary analysis based on a ballistic MOSFET model'®** leads to
good but non-ideal fitting of the experimental data. Further
theoretical work is needed to model the detailed behaviour of
nanotube transistors near the ballistic transport regime. O
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Photonic bandgap structures use the principle of interference to
reflect radiation. Reflection from photonic bandgap structures has
been demonstrated in one, two and three dimensions and various
applications have been proposed'™. Early work in hollow-core
photonic bandgap fibre technology’ used a hexagonal structure
surrounding the air core; this fibre was the first demonstration of
light guided inside an air core of a photonic bandgap fibre. The
potential benefits of guiding light in air derive from lower Rayleigh
scattering, lower nonlinearity and lower transmission loss com-
pared to conventional waveguides. In addition, these fibres offer a
new platform for studying nonlinear optics in gases®. Owing
largely to challenges in fabrication, the early air-core fibres were
only available in short lengths, and so systematic studies of loss
were not possible. More recently, longer lengths of fibre have
become available’® with reported losses of 1,000dBkm™". We
report here the fabrication and characterization of long lengths
of low attenuation photonic bandgap fibre. Attenuation of less than
30dBkm ™" over a wide transmission window is observed with
minimum loss of 13 dBkm™" at 1,500 nm, measured on 100 m of
fibre. Coupling between surface and core modes of the structure is
identified as an important contributor to transmission loss in
hollow-core photonic bandgap fibres.

We use a stack and draw method for the fabrication of photonic
bandgap fibre (PBGF)>’. In this process, a preform consisting of
stacked capillaries is built and then reduced to an intermediate-
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