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ABSTRACT

Local effects of multiple electrostatic gates placed beneath carbon nanotubes grown by chemical vapor deposition (CVD) are reported. Single-
walled carbon nanotubes were grown by CVD from Fe catalyst islands across thin Mo “finger gates” (~150 nm x 10 nm). Prior to tube growth,
several finger gates were patterned lithographically and subsequently coated with a patterned high-k dielectric using low-temperature atomic
layer deposition. Transport measurements demonstrate that local finger gates have an effect that is distinct from that of a global backgate.

Considerable effort has been focused on incorporating single-global coupling of all topgates. More recently, experimental
walled carbon nanotubes (SWNTSs) into nanoscale analoguesvork has also indicated that it is possible to gate spatially
of solid-state electronic devices. SWNT transistors have beenlocalized sections of a nanotube devié&his work focused
realized! 3 as have nanotube circuits exhibiting more subtle specifically on gate control over room-temperature SWNT-
features such as Coulomb charging and the Kondo €fféct.  based field effect transistors fabricated using random nano-
To fully explore the richness of nanotube device physics, tube deposition, however.
independent control of relevant physical parameters is In this letter we report a technique for achieving local
required. Many of these features may be controlled by control of CVD-grown nanotube conduction via multiple
electrostatic gating, in which the SWNT device is capaci- electrostatic gates. Device fabrication is based on growth of
tively coupled to one or more nearby gate voltages. SWNTs from Fe catalyst and takes advantage of two notable
There have been a number of recent advances in gatingprocessing features: (1) thin Mo “finger gates®150 nm
of SWNT devices, including the use of Al backgates with wide), robust against the CVD process, are defined litho-
thin oxide layers;® the use of highe dielectrics? metallic graphically, allowing nanotubes to be grown across them;
side gate$? liquid-phase electrolyte solutiodsand external ~ and (2) a high-« dielectric layer is patterned by photoli-
scanned gate3-14 However, a technique for implementing thography and a liftoff procedure using low-temperature
local gating via standard lithography in devices utilizing atomic layer deposition (ALD)! Transport data from a
chemical vapor deposition (CVD) nanotube growth has not nanotube device fabricated in this manner indicate that the
yet been presented to our knowledge. In previous work, effect of individual finger gates is qualitatively different from
nanotube devices with multiple electrostatic topgatesa that of a global backgate.
metallic gate underneath the nanott?oeere fabricated to Devices were fabricated on doped Si wafers wigini of
produce multigate devices, including OR logic transistors. thermally grown oxide as a base substrate, allowing the
In these cases, however, data appeared consistent with &onducting Si to be used as a global backgate. Before
nanotube growth, sets of five parallel Mo finger gates roughly
* Corresponding author. 150 nm wide and< 10 nm thick, spaced by-400 nm,
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Figure 2. Scanning electron micrograph showing liftoff-patterned
ALD oxide mesa edge (middle) showing Ti/Au wires on top of
the mesa (upper left) and Mo wires running underneath the patterned
ALD (bottom).

nm Fe was deposited using thermal evaporation. The
rectangles were oriented in rows on either side of the Mo
finger gates and served to locate the Fe catalyst to promote
nanotube growth across the underlying finger gates. A
standard CVD recipe using methane as a carbon source was
employed for tube growtff, after which SWNTs crossing

the finger gates were located using an atomic force micro-
scope (AFM)! Finally, SWNTs were contacted with Ti/
Figure 1. (a) Schematic of finger gated devices. Mo gates (150 Au contact pads to complete the devices (Figure 1b). Typical
nm wide x 10 nm thick) were defined lithographically on a Si/  device dimensions (between contacts) wer& &m. Atomic

SiC, substrate and subsequently coated wiftb nm of HQ, grown force and (post-measurement) scanning electron microscopy
by low-temperature ALD. Nanotubes were grown across these local d that the fi .
gates by CVD and contacted with Ti/Au electrodes. Not to scale. ENSured that the finger gates were continuous.

(b) Atomic force micrograph of nanotubes grown across Mo finger ~ Transport measurements were madet & using a dc
gates and contacted (far left and far right) by Ti/Au leads. Note voltage biasy = 10 mV, and measuring dc curreht? Data
that one finger gate passes directly underneath the nanetuétal are presented for a single device (Figure 3); similar behavior
g(r)g tlz(l:)tél,:gog\slsirzntdr:gatfxtthe location of the nanotube. Finger gates was observed for other devices. Conducta®e; 1/V, was
measured as a function of voltages applied to various finger
extending approximately 1Qém in length (Figure 1a) were  gates and the backgate. Sweeping the backgate with the
patterned using electron-beam lithography liftoff and depos- finger gate voltages held fixedt & V produces rapidly
ited using electron-beam evaporation. Larger Mo lines varying, reproducible fluctuations i® as a function of
connected to the fine Mo gates were then patterned with backgate voltageys (Figure 3b). TheG(Vg) data show that
photolithography liftoff. the SWNT is likely metallic, as there is no significant trend
Mo was chosen for its tolerance to the high temperaturesin conductance peak height as we move from positive to
and reducing atmosphere used in CVD processing, combinednegative values ofs. The rapid fluctuations are presumably
with reasonably low resistivity in thin-film form. Similar ~due to Coulomb blockade resulting from quantum dots
conclusions favoring Mo for this purpose were reached defined by scattering centers along the tube, although it is
independently in ref 18. Thin gate metallizatiorn 0 nm unclear if the scattering centers are innate or caused by the
thickness) was used to avoid bending defects created by apresence of the underlying finger gates. The lack of sym-
nanotube “draping” over raised contattdVe found that 5 metry within the Coulomb fluctuations is consistent with the
nm films of Mo exposed to CVD processing vanished, while presence of multiple quantum dots in series. The backgate
thicker layers remained intact (minuss nm). Thus, metal ~ seems to couple to all of these dots simultaneously and is
that was exposed to the CVD environment always included capable of rearranging charges between the ots.
a sacrificial layer of~5 nm. Sweeping the voltage on individual finger gates produces
After fabrication, the finger gates and their connections qualitatively different behavior in the conductance. In this
were covered by 25 nm of HfQ deposited using low- case, we observe smooth changesias a function of all
temperature ALD and patterned using photolithography and of the finger gate voltages (Figure 3a). One of the gates (F5)
liftoff. 17 The dielectric layer was patterned to form large exhibits a broad resonance feature. Setting a single finger
mesas that covered the finger gates but left the contactsgate to a nonzero voltag®, with the other finger gates
exposed, as shown in Figure 2. Next, rectangular patternsheld at zero again yields rapid fluctuationgG{Vg), but with
(~1um x 5 um) were defined in a poly(methyl methacryl- different overall amplitude, consistent with t&Ve) from
ate) (PMMA) layer using electron-beam lithography, antl Figure 3a acting as an overall smooth envelop&s(¥g).
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Figure 3. Transport measurements taken from the device depicted in Figure 3. All data taken at 4 K. (a) Conductance as a function of
various finger gate voltages. Each trace represents the effect of a single finger gate swepéfxoro —4 V while all others, including

the backgate, are set to 0 V. Gate F2 showed significant leakage akeve ¥V and so was not included in these plots. (b) Charging

effects observed by sweeping the Si backgate. Traces are displayed for two different voltages on finger gate F4, which changes the overall
magnitude of the rapid fluctuations without changing the qualitative structure. (c) Color plot of conductance as a function of backgate
voltage (&) and common finger gate voltage {Mi.e., all finger gates swept together) indicating an additive effectgpaid . Color

scale shows conductance in unitsedh. (d) Comparable color plot showing conductance as a functiongadind asinglefinger gate at

Ve with other finger gates set to ¥ 0.

Examples ofG(Vsg) for two settings ofVg on F4 are shown  on a reduced voltage scale (as expected given the distances
in Figure 3b; similar behavior was observed with other finger and dielectric constants). Thus, although the effect of the
gates. individual finger gates is spatially localized along the nano-
The qualitative difference between the effects of the tube, the area of influence appears to be larger than that de-
backgate and finger gates suggests that the finger gates adined by the physical dimensions of the finger gates. When
to locally tune the transparency of the aforementioned the gates are utilized simultaneously, the collective area of
scattering centers. This picture is supported particularly by influence encompasses the entire device.
the nonmonotonic (resonant-like) behaviorG{iVes). Local As a direct comparison, Figure 3d shows corresponding
scatterers have previously been linked to the formation of plots when sweeping just one of the finger gates with the
intratube quantum dots?32*and have been observed by other finger gates held at O V. In this case, there is no additive
scanned gate measureméfits' and electrical-force micro-  effect evident between finger gate and back gate, even over
scopy?® Additonally, gate F1, located under the SWNT-metal an expanded range &f-. Horizontal slices of the 2D plot
contact could be tuning the transparency of the tunnel barrier show roughly the same behavior@{Vr) as observed atg
formed at the metainanotube interface. If the finger gates = 0V in Figure 3a (ignoring switching noise), while vertical
were instead having a global effect and coupling to the entire slices show that oscillations iG(Vg) persist for all values
tube device, one would expect Coulomb-blockade phenom- of Ve,
ena very similar to those caused by sweeping the backgate, In summary, we have demonstrated a method for local
though perhaps on a different overall voltage scale. gating using finger gates beneath a catalyst-grown single-
Figure 3c shows device conductance as a function of bothwall nanotube. The fabrication process takes advantage of
backgate and finger gate voltages for the case where all fingerrobust Mo finger gates and liftoff-patterned dielectric films

gates are swept together. Fluctuation&{ivg) with Ve =0 deposited by low-temperature atomic layer deposition. Future
V previously described appear again but now evolve applications of the technique reported include fabricating
continuously into oscillations irG(Vg) with Vg = 0 V, multigate nanotube FETs or quantum dots with independent

demonstrating the approximately additive behavior between control.

Vg andVe when all finger gates are swept. Evidently, when

all finger gates are swept, they together do produce an Acknowledgment. We thank J. S. Becker for her help
effective global gating effect much like the backgate, albeit with ALD and D. J. Monsma for many helpful discussions.
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