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ABSTRACT

Carbon nanotube field-effect transistors with structures and properties near the scaling limit with short (down to 50 nm) channels, self-aligned
geometries, palladium electrodes with low contact resistance, and high-k dielectric gate insulators are realized. Electrical transport in these
miniature transistors is nearly ballistic up to high biases at both room and low temperatures. Atomic-layer-deposited (ALD) high-k films
interact with nanotube sidewalls via van der Waals interactions without causing weak localization at 4 K. New fundamental understanding of
ballistic transport, optical phonon scattering, and potential interfacial scattering mechanisms in nanotubes is obtained. Also, parallel arrays
of such molecular transistors are enabled to deliver macroscopic currents—an important milestone for future circuit applications.

Single-walled carbon nanotubes (SWNT) have provided properties compared to those with thermally grown Sj&te
researchers with excellent model systems for elucidating insulatorst® In the current work, we show that semiconduct-
fundamental properties of quasi one-dimensional (1D) ma- ing carbon nanotubes represent the first exception in afford-
terials and have triggered interesting questions such as whaing nearly ballistic transistors with highdielectrics, opening
the ultimate 1D electronics (such as field-effect transistors, the door to ultrafast electronics since both ballistic transport
FETs) might be® Ballistic transport, a desired property for and highx dielectrics facilitate high ON-current that is
high performance electronics, has been demonstrated fordirectly proportional to the speed of a transistor.

SWNTs in the low bias regim&;2 but it remains unclear
whether it can be achieved in high-bias operations of gt sjigned S, D, and G structures that once represented an
nanotube transistors, especially in real devices for which

. . X ; ~ " important mileston¥ for CMOS technology. Our devices
Egg:}'g”% g;?;?;g%@mcesses such as dielectric depositiongqgist ofl ~ 50 nm long SWNTSs between palladium S and

It has b d that hiatdielectri iaht b D contacts, 8 nm thick Hf@high+« (« ~ 15) gate insulator
t has been suggested hat nigielelectrics Might be  formeq on top of SWNTSs by atomic layer deposition (ALD)
essential to future transistors due to high gate capacitance

low leak ¢ p dissinafibn at 90 °C,'8 and top Al gate electrodes (Figure la). Self-
oW [eakage currents, and power disspatioimowever, a alignment means that the edges of the S, D, and G electrodes
fundamental problem for conventional semiconductors is the

. . . : . —are precisely and automatically positioned such that no
degradation of electrical properties due to carrier scattering : S ; .

. . o : overlapping or significant gaps exist between them (Figure
mechanisms introduced at the higHilm —semiconductor 1a), This was made possible by two key steps. The first was
interface!® For example, silicon MOSFETs with deposited ' b y y SIEps.

high« dielectrics consistently display drastically inferior the _develqpment of ALD at 96C,® allowmg for deposition .
of high+ films on substrates patterned with a polymer-resist

* Correspondence to hdai@stanford.edu. PMMA.*® High-« dielectric “lines” (~8 nm thick, width

' Stanford University. ~50 nm, defines channel length, topped by Al gate metal

: Purdue University. (~50 nm thick) were first formed (as a gate-stack) by the

§ Division of Engineering and Applied Sciences, Harvard University. _ ’
I Department of Chemistry and Chemical Biology, Harvard University. lift-off method!® to cover SWNTs (Figure 1a). The second

We also demonstrate ultrashort molecular transistors with
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Figure 1. Self-aligned near-ballistic SWNT-FETSs. (a) Side-view schematic of a device. SWNTs were grown by chemical vapor d8position

on Si(F")/SiO, substrates. ALD of Hf@used tetrakis(diethylamido)hafnium (Hf[NEf) as precursor. For each of the 80 ALD cycles

(~0.1 nm/cycle) used, the purge times were 350 s after the Ol #bse, and 150 s after the Hf[NEtdose. The deposition of Pd was by

highly directional electron beam evaporation. For all of our measurements, the bottom gate (Si substrate) was grounded. (b) Scanning
electron microscopy (SEM) image showing the top view of a device. The nanotube appears faint under the thin Pd electrodes. (c) Current
vs top-gate voltage §s—Vs) for a device withL ~ 50 nm andd ~ 1.7 nm SWNT at different biase¥js). The devices were annealed in

Ar at 175°C for 5 min to obtain optimum Pd-SWNT contacts. PMMA passivatiamas used for the measurements. The annealing and
passivation treatment steps afforded up tebZold increase in the p-channel conductance of SWNT FETsly&)Vps characteristics

of the same device. Solid lines are experimental data and symbols are ballistic quantum simulation in (c) (symbols corr&sgend to

0.3 V) and (d). Parameters used in simulations (J. Guo et al., to be published): baBg-gap.5 eV (see Figure 2), SB height for holes

~ 0, and geometrical parameters identical to experiments.
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Figure 2. Cooling of self-aligned and near-ballistic highSWNT-FETs. (a) Conductanc&) vs Vg of aL ~ 50 nm andd ~ 1.7 nm

SWNT device recorded at different temperatures. Inset: resispgat the lowest conductance points in tBe-Vg curves at various
temperaturesT) fitted to In Ryax ~ Ec/2kgT, giving rise to a band gap &g ~ 0.5 eV for thed ~ 1.7 nm SWNT. (b)G—V; of the same

device at 4 K. The gate efficiency was= Ej/AVg(gap) = 0.6, estimated from the band gap of the tie= 0.5 eV and gap-width
AVg(gap) in thelps vs Vg curve in (a). The gate capacitance was = e/AVg(CB) ~ 4.3 aF from the Coulomb oscillation period
AVg(CB) = 37 mV from the inset in (b). The charging energy of the- 50 nm SWNT wass, = €%/Cs = €/(Cg/a) ~ 22 meV. (c) A
transmission electron micrograph (TEM) for a suspended SWNT (across slits in a nitride membrane) treated by AtdHfi@cess. The

data show that pristine nanotubes do not react with the precursors under ALD conditions to form a uniform dielectric coating. An occasional
defect site on the nanotube is likely to be responsible for the nucleation and growth the dielectric sphere seen.

key step takes advantage of native®@d (4—8 nm thick) insulating ALOs film on the Al gate and the directional
on the Al metal gaté® Pd metal (thickness 7 nm) deposited  deposition of thin Pd ensured electrical insulation between
in the region became divided by the highAl/Al ,O5 gate G, S, and D, but a series resistance~af.7 k2 existed
stack, forming the S and D Pélectrodes perfectly aligned for each of the S/D electrodes due to the thin Pd (7 nm,
on the two sides of the gate stack (Figure 1a,b). The width ~8 um, length~200xm). Our method is capable of
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Figure 3. Array of self-aligned and near ballistic SWNT-FETs connected in parallel. (a,b) SEM images of an array of FETs based on a
single nanotube. (c) Transfer characteristics of a device at various S/D bias voltages. The device consists of a single nanotube crossing
eight gate lines, resulting in an array of eight FETs. (d) Output characteristics of the same device showing #eoflBN state current.

The device was passivated with PMMA.

fabricating self-aligned p-type SWNT FETs with arbitrary lengthL ~ 50 nm, significantly below the mean free path
channel length. The self-aligned structure minimizes parasitic (mfp) of Lo, ~ 300 nm and_q ~ 1 um for elastic acoustic
capacitances and will be indispensable for high-speed operaphonon (at 300 K) and defect scattering, respectii®&lhe
tions. near-ballistic current appears high given that the SWNT
Our miniaturized self-aligned SWNT FETs with high-  lengthL ~ 50 nm is about three times the mfp lof, ~ 15
HfO, exhibit high peak transconductancég@ddVe)max ~30 nm for optical phonon scattering expected at high biasas.
uS per tube, maximum linear ON-state conductance@b6 Our simulations show, however, that when carriers lose
x 4 €/h and saturation current up te25 uA (Figure 1c,d). energy by optical phonon emission they are unlikely to return
The saturation current is the highest reached for any SWNT-to the source due to the reduced energy and the potential
FETs, notably under the lowest bias \¢fs ~ 0.4 V. The profile in the tube (J. Guo and M. Lundstrom, in preparation).
ON and OFF ratio for the SWNT (diametdr~ 1.7 nm) is Inelastic scattering events, therefore, have small effects on
lonlore > 10 at Vps = 0.3 V with a subthreshold swing of the DC current in semiconducting SWNTs several times
~110 mV/decade (Figure 1c,d). Despite the series resistancelonger than the inelastic scattering mfp. The near-ballistic
these characteristics collectively represent the best for nano-ransistors suggest that deposition of higtielectric films
tube FETSs. does not harm the room-temperature electrical characteristics
We have theoretically modeled the devices used in of SWNTs. When cooled, the p-channel conductance of our
experiments by solving Poisson’s equation in 3D for SWNT-FETs exhibited no significant temperature depen-
electrostatics and by assuming fully ballistic transBarith dence (Figure 2a) with the appearance of Fatitgro? type
zero Schottky barrier (SB) for holes at the Pd contagtsth of resonancetat K (Figure 2b), signaling ballistic transport
a series resistance of 1.Rkper S/D contact (due to thin  in the ohmically contacted p-channel (SB to p-channél
Pd) included in simulation (Figure 1c,d symbols), the result with PdY at low temperatures. No conductance lowering or
matches the experiment (Figure 1c,d, solid lines) well. The sharp random fluctuations due to weak localizaiétwere
experimental currents at the high-bias end are slightly lower observed. The n-channel also exhibited no significant tem-
than theory (Figure 1d), attributed to slight inelastic optical perature dependence until 100 K, below which Coulomb
phonon scatteringt~13 Even without correction for the series  oscillations (Figure 2b) due to single electron charging were
resistance, the maximum theoretical (truly ballistic) current observed, corresponding to a quantum dot confined by the
is only 20% higher than the measured current. These Schottky barriers (SB) at the Pd contacts to the n-channel
comparisons suggest that the experimental FET delivers DCof the SWNT (barrier height- band gagEy ~ 0.5 eV). The
currents close to the ballistic limit, consistent with the SWNT periodic Coulomb oscillations (Figure 2b inset) corresponded
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to a single dot, again indicating the lack of significant importantly, demonstrates for the first time that arrays of
disordering in the nanotube due to deposited highm. nanotube FETs can deliver macroscopic currents, which is

The ballistic and phase coherent transport at low temper-a critical step toward practical circuit applications.
ature is remarkable considering the deposited kigimaterial
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