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Metal-nanopatrticle single-electron transistors fabricated
using electromigration

K. I. Bolotin, F. Kuemmeth, A. N. Pasupathy, and D. C. Ralph?
Laboratory of Atomic and Solid State Physics, Cornell University, Ithaca, New Yark 14853

(Received 14 October 2003; accepted 9 February 2004

We have fabricated single-electron transistors from individual metal nanoparticles using a geometry
that provides improved coupling between the particle and the gate electrode. This is accomplished
by incorporating a nanoparticle into a gap created between two electrodes using electromigration, all
on top of an oxidized aluminum gate. We achieve sufficient gate coupling to access more than ten
charge states of individual gold nanopartic(és-15 nm in diameter The devices are sufficiently
stable to permit spectroscopic studies of the electron-in-a-box level spectra within the nanoparticle
as its charge state is varied. @004 American Institute of Physic§DOI: 10.1063/1.1695203

Single-electron transistofSET9 made from metals are molecule transistor$'® Then we create nanoparticles,
important for their use as electrometers, and also becaugermed by self-assembly, by evaporating Au on top of the
they enable fundamental studies of charge transport ibbroken lines and into the gap with the substrate at room
metals'~® For many applications, it is desirable to minimize temperature. For most samples we evaporate 20 A of gold at
the size of the central metal island within the SET, so as t®.6 A/s, which produces particle diameters of 5-15 nm as
increase the charging energy, optimize the electrometer sefeasured with a scanning electron microsc(peM) [(Fig.
sitivity or spatial resolution, or raise the maximum operating1(b)]. When measured immediately after the evaporation, ap-
temperature. If the island is made smaller than about 10 nraroximately 25% of the junctions show a drop of resistance
diameter, it is also possible to use such SETs to probe indinto the M) range, indicating that a nanoparticle may be
vidual “electron-in-a-box” quantum states within the metal bridging the gap. This procedure has the virtue of producing
nanoparticlé. SETs with metal islands smaller than 10 nm hanoparticles separated from the gate electrode by only 2—3
have been fabricated previouS? but the gate capacitances NM of aluminum oxide, giving excellent coupling between
were so small (10 F in Ref. 9 and<10~2° F in Ref. 10 the partlc_le and the gate. Fmally theldewc_es are.protected by
that it was difficult to adjust the charge on the island by morefVaporating 100 nm of aluminum oxide prior to air exposure.
than one electron. Here we describe a technique to make We cool the finished devices to 4.2 K and measure their

metal-nanoparticle SETs with gate capacitances of ordefU/Teni-voltagel=V) curves as a function of gate voltage
10 '8 F, sufficient to tune the number of electrons in a nano-(VG) [see Fig. 1c) for circuit conventiong More than 50%

particle by more than ten. We use these devices to study th%f the de_vices that_s_how a decrgqse in resistance during the
evolution of the electron-in-a-box level spectrum in gold nanoparticle deposition step exhibit Coulomb-blockade char-

nanoparticles as the electron number is changed one by on%Cte“St'CS[F'gs' 4a) and 2b)]. Fits to the orthodox theory

Our fabrication technique builds upon work in which of COU'P”?b blockad® yield goqd agreemer{tF{g. 2a)]

electrical contact was made to single nanoparticles without ghe_varlatlon ofd|/dV as a function oV andV is shown

ate electrod@ 23 and to networks of particles in the pres- 1. 19 20), for a range o large enough to span several
g f . b PreS- «coulomb diamonds.” The presence of only one positive
ence of a gat&? We start by using photolithography to define
a 16-nm-thick Al gate electrode with 2 nm of Ti as a sticking
layer, on top of an oxidized Si substrate. The gate electrode
is deposited with the substrate at liquid nitrogen temperature.
The Al is warmed overnight to room temperature while in 50
mTorr of O, and then exposed to ditNext we use electron- ﬂ
beam lithography and liftoff to fabricate Au wires with a
thickness of 16 nm and a minimum width of 100 nm on top ©)
of the gatdFig. 1(a)]. After cleaning the Au wires in oxygen |
plasma, we submerge the chip in liquid helium and break the
wires using electromigratiotf a source-drain bias is slowly
ramped up until the wire breaks and the conductance drops
suddenlyt’ In most cases this happens at a bias-df V and
results in a gap about 5-10 nm wide after the sample is

warmed to room temperatufBig. 1(b)]. A similar process of i, 1. (a) Top-view SEM image of the device geometry, with gold source

electromigration has been used recently to make singleand drain electrodes on top of an oxidized aluminum géie Expanded
view of the region outlined with a white rectangle(®. A 10 nm gap made
by electromigration is visible, along with deposited gold nanoparti¢tss.
¥Electronic mail: ralph@ccmr.cornell.edu Circuit schematic for the Au-nanoparticle SET.
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= = 0 FIG. 3. Gray-scale plots afl/dV as a function o/ andV, displaying the
> > discrete electron-in-a-box level spectra within a gold nanopartideice
% % 3), measured with an electron temperature less than 150 mK and zero mag-
(O] ] netic field. Panelsa), (b), and(c) represent spectra for different numbers of
05 10k electrons in the same nanoparticle. Paiiielcovers the gate voltage range

from —95 to — 110 mV and(c) the range from-180 to — 195 mV. Insets:
Energy-level diagrams illustrating the tunneling transitions that contribute to
line « for different numbers of electrons on the particle.
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Bias Voltage (mV) Bigg Vo,gge (’;ﬁv, periment, we took 24 dewce_s thrqugh the full fab_rlcanon
[ [ — process except for the step in which the nanoparticles are
0 0.5 1.0 0 100 200 deposited. These samples never showed Coulomb-blockade
difdV (nS) difdV (nS) characteristics.
FIG. 2. (a) Coulomb staircasé—V curve for a gold nanoparticle SETe- In- prior WOI’!(, tnnel junctions containing individual
vice 1) at 4.2 K, along with an orthodox model fibffset for clarity. (b) metal na_nOpart'CleS ha\{e _been used tO_ measure the
I-V curves for device 1 at 4.2 K, for equally spaced values/gf. (c) “electron-in-a-box” states inside the nanoparticle, and these
Gray-scale plot ofll/dV as a function ofVg andV for device 1 at 4.2 K. experiments have been a rich source of information about
Eleven degeneracy points separating twelve different charge states are vi s : i : _
ible within a 2 V range oW . (d) Gray-scale plot oflI/dV as a function of Blectronic interactions within metaEis".Havmg a more effec

V¢ andV for device 2 at 4.2 K, showing “Coulomb diamonds” as well as V€ gate_ W9U|d Cc_’ntri_bUte greatly to these types of studies,
several abrupt changes in the background charge of the SET islarglias by enabling investigations of how the spectra change as elec-

swept. trons are added to a nanoparticle, and also by giving in-
creased control over nonequilibrium excitatiGAsNext we
and one negative slope for the tunneling thresholds versugemonstrate that our SETs are sufficiently stable to allow
Vs indicates that transport is indeed occurring through ameasurements of the electron-in-a-box spectra, and we
single nanoparticlé! The gate capacitand®; is determined  present initial studies of how these spectra depend on the
from the spacing Vg between the degeneracy points whereelectron number.
dl/dV is nonzero a¥/= 0. For device IFigs. 2a)—-2(c)], the In order to resolve electron-in-a-box quantum states, we
spacing between neighboring degeneracy points is 180 m\¢ool samples in a dilution refrigerator with filtered electrical
so C;=¢e/(180 mV)=0.89 aF (-5%). This is an order of lines so that the electron temperature is less than 150 mK. In
magnitude greater than gate capacitances achieved prewig. 3 we examine a device with paramet&g=2.0 aF
ously in metal nanoparticle transistdrhe ratiosCp/Cg Cs=19aF, andCp=2.2aF. Low-temperature plots of
and Cg/Cg for the drain and source capacitances are themll/dV versusVg andV reveal a fine structure of lines be-
determined from the slopes of the tunneling thresholds veryond the tunneling threshold that correspond to tunneling via
sus Vg,?? yielding for device 1Cp=2.4aF andCg excited quantum states within the nanoparticle. Figure 3
=1.3aF (10%). Figure 2c) demonstrates that 12 differ- shows three sets of spectra. In paf@| the lines running
ent charge states within this nanoparticle can be accessed pwrallel to the line labeledv correspond to transitions in
varying Vg within the range*1 V. We should note that the which an electron tunnels off the nanoparticle to decrease the
scan in Fig. Zc) is somewhat atypical in that there are very total number of electrons from some valNeto N— 1. Panel
few discontinuities in the gate-voltage dependence, correth) displays a more negative range \6§ where transitions
sponding to sudden rearrangements in the background charffem N-1 electrons toN—2 are visible. Finally, the levels in
near the particle. The diamond plot in Figd®, from device  panel(c) correspond toN—2 to N— 3 transitions. The most
2, is more typical. striking aspect of these three plots is that the pattern of ex-
The yield given by our fabrication process is that 15%-—cited states is extremely similar. The only significant differ-
20% of all devices exhibit gate-dependent Coulomb block-ence can be seen in the line labeledt the threshold for
ade. The gate capacitances are typically 0.3—2.0 aF and thienneling. In panel(@) line « is strong, in panelb) it is
source and drain capacitances are 1-10 times larger, yieldimgesent but its conductance is decreased by approximately
charging energies between 15 and 50 meV. As a control ex45% and in(c) the line is absent. This behavior can be un-
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derstood in a simple way by assuming that the energy levels The authors thank A. R. Champagne and J. E. Grose for
in the nanoparticle are spin-degenerate, and Mhatorre-  helpful discussions. This work was funded by the NSF
sponds to an even number of electrons. In this casediime  (DMR-0244713 and through use of the Cornell Nanoscale
panel(a) corresponds to transitions in which either one of theFacility/NNUN) and by the ARODAAD19-01-1-0541).
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