© 2000 American Institute of Physics. Reprinted with permission from Applied Physics Letters 77, number 24, pages 4037-4039.
APPLIED PHYSICS LETTERS VOLUME 77, NUMBER 24 11 DECEMBER 2000

Single-electron transistor made of two crossing multiwalled carbon
nanotubes and its noise properties
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A three-terminal nanotube device was fabricated from two multiwalled nanotubes by pushing one
on top of the other using an atomic-force microscope. The lower nanotube, with gold contacts at
both ends, acted as the central island of a single-electron transistor while the upper one functioned
as a gate electrode. Coulomb blockade oscillations were observed on the nanotube at sub-Kelvin
temperatures. The voltage noise of the nanotube single-electron trafSEMmas gain dependent

as in conventional SETs. The charge sensitivity at 10 Hz wad® “e/\Hz. © 2000 American
Institute of Physicg.S0003-695(00)05150-0

Carbon nanotubes are currently being investigated as exf nanometers above the surface. Gold contd8& nm
traordinary realizations of one-dimensional quantum wiresthick), in a two-probe configuration, were fabricated on top
Due to their mechanical robustness, they are freestandingf the nanotubes wita 3 nmsticking layer of chromium. In
even at the smallest diameters of around 1 nm. From thaddition, a planar gate electrode was placegu®from the
point of view of technological applications, nanotubes arenanotube. The noise measurements were performed using a
proposed as building blocks of future molecular-scale elecSR 570 current amplifier and a HP 3561 A spectrum
tronic devices. Single-electron transistaiSETY are one analyzer.
possibility, since the Coulomb blockade has been observed An AFM image of the contacted crossing nanotubes is
especially in devices made from single-walled nanotubeshown in Fig. 1. The lower nanotube had a room-temperature
(SWNTS, 2 while in multiwalled nanotube@MWNTs) only  resistanceRszq =71 k(, while the two-point resistance
very few results have been reporteHield-effect transistors over the crossing was:10 M(}, a value significantly higher

based on Semiconducting nanotubes have been demonstratﬂwn those found for the resistance between Crossing metallic
made both from SWNTs and SWNT ropts. SWNTs? Furthermore, the zero-bias resistance increased to

Recent'y, COI”nS, Fuhrer, and ZéIMeported electrical ~1 G() below 4 K. According to zero-bias resistances at low

noise measurements at room temperature on both individud¢mperatures, the lower tube is metallic while the upper one
and networked SWNT samples. They found exceptionall;}s semiconducting. In this letter, we describe the transport
large 1f noise which was proportional tt%. This kind of properties of the lower tube as the islar)d in a SE'!’ while the
noise is generally ascribed to resistance fluctuations. In cortPPer tube has been used as a highly proximate gate
ventional SET devices, the fl/noise is ascribed either to €l€ctrode.

resistance fluctuations at the tunneling barfiensto back- Figure 2 displayd -V curves measured at temperatures

ground charge fluctuatiofisThe latter can be distinguished Tom 300 K down to 150 mK. A Coulomb blockade develops

since the noise caused by charge fluctuations is gain depefftlly only at sub-Kelvin temperatures, with a gap of about 1
dent, that is, follows the gate modulation. In this letter, weMV @t 150 mK. In the Coulomb blockade regime, the poten-

report on a nanotube-SET device made of two crossiné'al of the nanotube could be modulated employing either the

MWNTSs. One of these tubes exhibited Coulomb blockade,de"c’ign‘"‘ted gate electrpde or the upper qanotube. Figure s
while the other one was used to gate the nanotube. The noi&?ows the source—drain currenis a function of the bias

properties of this MWNT were measured in the CoulombvOltageub and the gate vpltggb’g. F.igure.3 glearly por-.
blockade regime trays Coulomb blockade within the slightly inclined rhombic

regions.A priori, symmetry is expected since the fabricated

The carbon nanotubes were synthesized using the ar%:u—MWNT contacts have approximately the same overla
discharge method, and the nanotube material deposited onto bp y P

a piece of Si/Si@wafe with Au alignment markers. After size. Furthermore, from the shape of the Coulomb oscilla-

e . tions in thel vs V, curves, it is concluded tha®;=R,,
deposition, suitable tubes were located. The selected tubes 9 1o

o WhereR; andR, are the junction resistances at the opposite
15 nm in diameter, had the Iength; L5 ar'ld. 2.3um for ends of the nanotube. We estimate the corresponding capaci-
the upper and lower tubes, respectively. Originally, the tube§ances from Fig. 3 a€,=0.32 fF andC,=0.22 fF. We get

were separated by a few micrometers. To make a cross, tt}gr the charging energyE,=23e%(C,+Co+Cyypd =0.14
c— 2 ube/ 7 Y-

shorter tube was moved on top of the longer one according tﬂwev, where we estimate the nanotube self-capacitance as
the atomic-force microscopéAFM) manipulation scheme Coupe=5X10"7F
ube .

described in Ref. 9. Only one end of the upper tube was in

i : The gate modulation period was measured A¢
contact with the surface, while the other end was a few tens. 4

40 mV using the planar gate electrd@g. 2, inset. This
corresponds t€;=4x10" 19F, a value clearly smaller than
dElectronic mail: markus@boojum.hut.fi the nanotube self-capacitance. A Fourier analysis of the gate
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FIG. 1. (Color) AFM image of the fabricated multiwalled nanotube device.
The lower tube has gold contacts at both ends, while the upper tube has on
one end contacte(t the bottom of the image

modulation curves also revealed only one period, indicating
the existence of only one island. Particularly, this impliesFiG. 3. (Colon Current of the nanotube SET as a function of gate voltage
that the lower tube is not electrically split into two parts Vy and bias voltageJ,. The Coulomb blockade is clearly seen in the
separated by a tunneling junction at the point of crossing"emPpic regions in the center.
with the upper nanotube, where considerable mechanical
forces between the tubes are known to eXist. the measured current noiggaccording to the formula
The modulation period was much smallexV,=4.0 P
mV, with the upper ngnotube as the gate. We ceglculate the Gn=Cqln/(I/Vy). @
gate capacitance to the upper tube @g=e/AV,=4  We obtain as the minimum charge noise at 10 He1® 4
X107 F. The present configuration with a crossing nano-e/VHz (usingi,=1 pA, dl/9Vy=3.5 nA/V), which corre-
tube as a large-capacitance gate electrode is useful in certasponds to a typical value for a metallic SET device. Assum-
SET applications for reducing cross talk between the gatég equal background charge noise for the two nanotubes, we
and the other electrodes. Furthermore, since the voltage ga@stimate that 20% of the measured noise comes from the
of a current-biased SET i€,/C,, such a construction al- upper tube. Compared with the gain variation, the modula-
lows for devices with high-voltage gaif. tion of the noise is imperfect in two ways. First, the noise
We also measured the noise characteristics of our nandglisplays a more irregular behavior with abrupt changes as a
tube device as a charge detector. The current noise was meanction of V. Second, the dip in the middle of the noise
sured over one period of the gate modulation cuatea bias ~ curve, corresponding to a zero-gain point at a maximum in
of U,=0.4 mV), starting from a point of minimum current, current, is clearly rather shallow. Thus, this point exhibits a
moving over the point of maximum curre(@.35 nA to the  significantly larger noise level than the left and right minima
next point of minimum current. The noise measured at théalso with zero gain One possibility is the presence of an-
output of our SET device had approximately af dower  other, current-dependent, noise mechanism in addition to the
spectrum. The 1/ noise at 10 Hz over one gate modulation charge fluctuations amplified by the SET. In fact, we have
period is shown in Fig. 4. As expected for a SET, the noiseneasured the noise outside the Coulomb blockade regime for
level varied with the gain of the nanotube device. a large range of currents. At room temperature the noise
The input equivalent charge noisg is obtained from
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FIG. 4. Current noiseif) measured over one modulation period of the gate
FIG. 2. Current—voltage characteristics of the lower tube at different tem-voltage in the regime of the Coulomb blockade. The bias voltatg (vas
peratures. Inset: gate modulation of the currenfTat150 mK andU, 0.4 meV. Arrows indicate points of maximufap arrow$ and minimum
=0.4 mV. (down arrows$ gain.
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