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Negative differential resistance due to single-electron switching
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We present the multilevel fabrication and measurement of a Coulomb-blockade device displaying
tunable negative differential resistan@¢DR). Applications for devices displaying NDR include
amplification, logic, and memory circuits. Our device consists of two AlDjlislands that are
strongly coupled by an overlap capacitor. Our measurements agree excellently with a model based
on the orthodox theory of single-electron transport. 1899 American Institute of Physics.
[S0003-695(199)00607-5

Single-electron tunneling devices offer a means to ma“electron box.”® The two islands are also coupled by a
nipulate individual electrons. Their advantages of small sizéarge mutual capacitan€®,,, but electron tunneling between
and low power dissipation have stimulated a number of prothe islands is forbidden. Additional control is provided by
posals for their use in some future generation of computatiotuning gate voltage¥y; andV,, which determine the elec-
technology* yet relatively few such circuits have been mea-trostatic potentials and charge states of the islands. The cur-
sured. Many techniques exist for creating single-electron derent through a solitary SET depends both upon the bias volt-
vices, including the use of scanning probes to manipulate thage across its terminals and the gate voltage. In our setup the
nanometer scale structures necessary for room temperatusT feels an additional effective gate voltage due to the
operation. These structures have so far been limited to planaharge state of the electron box. Whenever a single extra
layouts, which severely restrict possible circuit architectureslectron tunnels into the box, there is a discontinuous change
because voltage gain becomes difficult to achieve and wirén charge onC,,, resulting in a jump in the effective gate
crossing is impossible. The most widely used fabricatiorvoltage felt by the SET and consequently a jump in the cur-
technique, electron beam lithography, allows one to buildent.
multilayered circuits that can circumvent these problems. The NDR mechanism is as follows. The SET is tuned so
E-beam lithography, however, has a minimum resolution othat it conducts at low,, while the box is in Coulomb
~10nm; consequently, single-electron effects can usuallplockade. Wherv, is increased past some threshold voltage
only be observed at low temperature {K) in devices built and overcomes this blockade, an electron tunnels into the
this way. Up to now, technologically oriented research hadox and becomes trapped. Due to the mutual capacitance
primarily focused on the further miniaturization of basic Cr, this extra electron increases the electrochemical poten-
components, while ignoring the fabrication and testing oftial of the SET and pushes it into Coulomb blockade, de-
more complex circuits. We feel it is worthwhile to consider creasingl. In other words, the addition of a single extra
low-temperature prototypes of these circuits to estimate thelectron to the box switches the SET from “on” to “off.”
usefulness of their future high-temperature counterparts. Simulations(described beloyvhave shown thaCy, should

In this letter we report on a multilayer circuit consisting
of two strongly coupled Al/AlO, islands fabricated using

electron beam lithography and measured at low temperature. (a) ‘l/b

The circuit demonstrates negative differential resistance 1

(NDR) due to the tunneling of a single electron into one of

the islands. Device applications of NDR—including amplifi- v Al | | I|_V
cation, logic, and memory—have been extensively discussed

in literature regarding resonant tunnel diodeSingle- C,

electron NDR has heretofore been predicted in systems of
multiple islands, where electrostatic repulsion between elec-
trons in different islands regulates the source-drain currént.
Our circuit offers the advantage of requiring only two is-
lands, rather than six arranged in a zig-Zam,four in a ring
geometry’

The equivalent circuit diagram of our device is shown in
Fig. 1(a). The left island forms a single-electron transistor
(SET), allowing a currentl to flow between the voltage
sourceVy, and ground. The right island, however, merely FiG. 1. (a) Schematic circuit diagram of the device. Electrons flow from

traps charge entering from the source, and so acts as a&nurce to drain through the left island, while the right island forms an “elec-
tron box.” (b) SEM photograph of the multilevel device, with two Al{&,
islands coupled to each other by an underlying Au layer. The islands’ po-
3Electronic mail: hadley@qt.tn.tudelft.nl tentials can also be tuned using gate electrodes in this layer.
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be approximately larger than the junction capacitance in or-
der to see the effect. Junction capacitanCe®f 0.2-0.3 fF

are possible in AI/A|O,, the material of choice for most
single-electronics experiments. Such a high valuegfis
difficult to achieve in a planar, single-layer desfgMuch
higher capacitances are attainable by overlapping circuit el-
ements, which requires multilevel fabrication.

Figure Xb) shows an scanning electron microscopy
(SEM) photograph of our device, consisting of an Al island
layer (medium gray and an underlying Au gate layélight
gray), with a thin intermediate SiO layer providing electrical
insulation. The tunnel junctions are formed at the corners of

the islands where they meet the pointed ends of the leads.
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Three sections of the gate layer are visible; the two structureg. 2. Typical data sweep showing both NDR for positive bias and en-
extending from the left and right sides are the tuning gateshanced differential conductance for negative bias, both due to single-
while the central dumbbell-shaped structure undenappinqlectron switching in the electron box island. The electron temperature is
both islands forms the mutual capacitoy,. 7 mi.

The device was fabricated on a silicon substrate with a
250 nm thermally oxidized top layer, and patterned usinghe differential conductancel/V,, is plotted in gray scale
standard electron beam lithography with a high resolutiors @ function oy, andVg;. Here we see diamond-shaped
pattern generator in a double layer pohethylmethacrylaje ~ Coulomb blockaded regionnarked by ‘1=0"), fractured
(PMMA) resist. The bottom gate |ayer was formed by evapoby the discrete Charging of the box. Black regions represent
rating 5 nm of Ti and 20 nm of Au perpendicular to the NDR, while white represents enhanced differential conduc-
substrate surface. Directly after liftoff the whole sample wast@nce. _ _ _ o
covered with a 32 nm insulating SiO layer. To ensure good The electrostatlc_potentlals of a two—lsland_cwcwt may
step coverage, SiO was evaporated under four perpendiculgf €xpressed analytically in terms of the applied voltages,
angles oriented 30° to the substrate surface normal. The i€h€ charge state of each island, and the capacn_a?n@em—
lands, leads, and contact pads were written in a new bilayeieduently, the slopes of the various thresholds in Fig), 3
of PMMA after aligning the electron beam pattern generatoCombined with similar measuremertsuch as by sweeping
to Au markers defined in the gate layer. A pattern generato g2), allow us to fully characterize the capacitor network of
alignment resolution of 50 nm or less is necessary to produck'® device. The junction capacitances were all approximately
good results. The tunnel junctions were formed using thé-S fF» While C, was estimated to be 0.64 fF. Using our
standard technique of double angle shadow evaporation (%St'mat?d capacnances, we hav_e carried out S|mu|_at|ons_of
Al through the resist mask, oxidizing the Al between € device using a master_ equation approach c_omlbmed with
evaporation§.Contact pads were coupled to the gates by O.éhe orthodox t_heory of single-electron tunpelﬂr?gl. The
pF overlap capacitors. To protect the junctions from highs'mUIat'on of Fig. 8) showsdl/3Vy, as a function ok, and
voltage static discharges, the leads were shunted on-chip by
12 pF overlap capacitors. 0.3 ?

The device was measured in a stand¥td-*He dilution 02 & ="
refrigerator at a base temperature of 4 rfgfectron tempera- :
ture ~27 mK). An external magnetic fieldfd T was ap-
plied to suppress superconductivity. From high-bias mea-
surements, the total tunneling resistances of the SET and the
box were determined to be 7 and 13Mrespectively. Hav-
ing verified that all the junctions had finite tunneling resis-
tances, the leads were connected as in Hig. No leakage
current through the SiO insulating layer was detected.

A typical measurement of the currehtis a function of
source-drain bia¥,, is plotted in Fig. 2. The device clearly
demonstrates NDR in the bias range of 110—43Q with a
peak-to-valley ratio in excess of 30. A more precise determi-
nation of this ratio is difficult, however, due to an enhance-
ment of low-frequency noise around the NDR onset, possibly
caused by thermally activated charge fluctuations in the box.
Figure 2 also shows enhanced differential conductance at
Vp~—70uV. This feature is due to a mechanism similar to
NDR, but where the trapping of an extra electron in the boxFIG L @G e oot opl /v Crction o andVe - showi

. 9. (a) Gray scale plot O as a runction o an , Showin
SUdEIj'erlr;IprDulgsi:gztelJI‘S(;E-?:l;t’log)(acsmlf?er?jbbgl?ucr:?lcgj]ethe gate volt _the tunability o); the NpDR qnse(b!;ck). The peri_odici%;_of thg SE_T is 13.5 _
mV. (b) Master-equation simulation of the device, using capacitances esti-
ages. The dependence V¥, is shown in Fig. &), where  mated from multivariable fitting of the features (a).
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Vg1, assuming a temperature of 25 mK. It correctly repro-coming. Our measurements also demonstrate the strong
duces the position and character of the features in K&, 3 influence that the introduction of a single electron can have
with only minor variations. We similarly found excellent on the conductance of a small island of charge—an effect
agreement between experiment and simulation wkigh  that will only gain importance as the present trend of tran-
was swept. sistor miniaturization proceeds apace.

Simulations show that the magnitude of NDR gradually

decreases with increasing temperature, vanishing when The authors acknowledge useful input from Paul

McEuen, K. K. Likharev, and Caspar van der Wal. This re-

sz} e’Cp . o search was supported by CHARGE, Esprit Project No.
4 C,C,—Cy, 22953, and by Stichting voor Fundamenteel Onderzoek der
Materie (FOM).
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