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Planar nanocontacts with atomically controlled separation
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We have developed a technology to reproducibly make gaps with distance control on the
single-atom scale. The gold contacts are flat on the nanometer scale and are fabricated on an
oxidized aluminum film that serves as a gate. We show that these contacts are clean and can be
stabilized via chemical functionalization. Deposition of conjugated molecules leads to an increase in
the gap conductance of several orders of magnitude. Stable current—voltage characteristics at room
temperature are slightly nonlinear. At low temperature, they are highly nonlinear and show a clear
gate effect. ©2003 American Institute of Physic§DOI: 10.1063/1.162331]7

An important problem in molecular electronics consistssticking layer of titanium is evaporated perpendicularly. The
of fabricating three-terminal devices with nano-objects. Sevsample is then tilted by 15° and the 15 nm thin gold link is
eral methods have been developeld. the mechanical ap- formed. Finally, the thick gold pads are deposited at 90°.
proach (scanning tunneling microscopy and break In the second major step, we slowly reduce the weak
junctiong piezoelectric control of the gap distance offerslink thickness using electrochemical etching in a bath of
great precision well below the atomic scale. TransportKAUCN; (0.1 mM of KAUCN,, 0.2 M of KOH, ard 1 M of
through small molecules have been measéfe@put imple-  KHCOs). As counterelectrode, we use a small piece of sili-
mentation of a gate is difficult. Electromigrationf gold ~ con (~20 mnf) covered with 100 nm evaporated gold. The
wires on top of aluminum or silicon gate is in that respectvoltage on this counterelectrod¥{g) sets the etching rate.
more promising and has shown impressive reifltsever- The electrodes are contacted using spring contacts, and only
theless, the electromigration method only provides statistica Small part of the gold electrodes 0.05 mnf) is dipped in
control with a low yield and no control on the atomic scale.the etching bath. During the etching process, the interelec-
Electrochemical deposition techniqi®<?2 enable, in prin- rode conductance is measured using-aw converter and a
ciple, control of nanogaps on the atomic scale with a higHOCk"” amplifier to detect the small ac responses. Gap resis-
yield, a necessary requirement for integration of moleculafaNCceS can be measured up to &.(Note that from compar-

devices in circuits. A disadvantage of electrochemical depo'—nlgdthehgap res&stance n rs],olunon andbaft(;r dryllngl, we con-
sition is the formation of relatively thick electrodes. GatingCu e that conduction enhancement by the solution is not

is then a problem if the smallest distance is far from theSIgn'llf;:::rgl.ectrochemical etching proceeds in two parts. We
substrate. . : . o

In this letter, we show that flat, stable contacts with as_ta_rtzjg%h'r:%/ tr'}'eheg(e)!(dcigtignr}lrger(]quceunrg/n;f(:EQSISZkV:':?sE set
separation ranging fro”? one atom up to a few nanomet_erg 41 HZ® and. the measured signal is fed through a high pass
can be made on aluminum gates. We use eIectrochemlc?ﬁter to remove the large dc etching current. After a few

etching of very thin gold films £ 15 nm) while monitoring : ! S

: S . minutes, the interelectrode conductance starts to drop signifi-

the conductance of the gap. Subatomic resolution is obtained .

: . . A ) . cantly. When the resistance reaches a value of abou®,3 k
with a high yield. After rinsing in demineralized water, the

: . . - Ve is changed to—1560 mV. The etching rate is now so
contacts are clean enough to be directly functionalized W'%B\EN that re?noval of a single atom from t?le gap region can

molecules containing thiol or sulfide groups. Measurement%e observed. Figure 2 shows one out of the 100 very similar
of I -V characteristics show that they then form stable con-

tacts for nano-objects.

Fabrication consists of two major steps: evaporation of a (a) . 48.‘11“.\ Au (60 nm)
thin gold link on top of an oxidized aluminum film and, .~ = ‘\- % l
secondly, electrochemical etching of the gold to form a nan-_|  Aud3mmh N\

ogap. In the first major step, we start with evaporating a
20-nm-thick, 600-nm-wide aluminum wire on an oxidized _|
undoped silicon substrateee Fig. 1L On top, we define two

lines (the electrodes separated by about 100 nm using
e-beam lithography in a two-layer resist. After resist devel-

opment, the evaporation sequence is as followst dir nm  FIG. 1. Device configuration@) Fabrication process by shadow evapora-
tion. The thinner central part is obtained by small-angle evaporation (15°
from vertica) of gold in the shadow of the resist bridgé) A SEM micro-

dElectronic mail: jan@qt.tn.tudelft.nl graph of a thin gold link sitting directly on aluminum oxide. Two thick gold

YChemistry and Physics of Condensed Matter, Debye Institute, Universitelectrodes connect the thin Au filiflink) to large pads that are used for
of Utrecht, Princetonplein 1, 3584 CC Utrecht, The Netherlands. contacting.
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FIG. 2. Gap currentupper graphand resistancdower graph versus etch- — Before z 11 vg=0V
ing time. Only the slow etching part, in which the gap is formed, is shown. 60 | g9
Ve is kept constant at- 1470 mV. The excitation bias was 10 mV with a -t Vg=-19V]
frequency of 5 I-_|z. For(>2000 s, the gap resistanc_:e shows an approxi- % By
mately exponential time dependence. The dashed lines correspond to a re- '120_1 05 0 05 1
sistance deviation equivalent to about 0.5 atomic length. Time indication ’ Bias (V ’
(to) has been added to characterize the last plateau length and the gap as (V)

opening. The current valuee2’h V indicates the conductance quantum. FIG. 3. () Room-temperaturé—V characteristic for a four-atom gap cov-

ered with 1-3 disulfobenzene. The increase in current is of more than two

traces of the current through the gap versus time. We finla,idenes nsetl v curves at 42 K fr o values of the gate volage.
that when the conductance is arouBg=2e?/h, the current  As can clearly be seen, the gap-eB00 mV can completely be suppressed.
trace becomes more noisy for a time span of atigutA  For all samples the deposition time was 24 h.
sharp decrease in the current follows and the gap current
starts to show large fluctuations. These observations suggesbdes with a SEM. Near the gap, we find grains that vary in
thattg is the typical time scale to remove the last gold atomsize between 15 and 8 nm. Smaller grains are not observed
from the contact. The noise that occurs after opening of theven at high resolution. The gap region is generally barely
gap remains after washing and drying. We attribute it tovisible, indicating an extreme shallowness compared to other
gold-atom motion on the surface. More details of the fabri-remaining parts of the thin gold linkwith atomic force mi-
cation process and the stability will be published croscopy we were also unable to resolve the height of the
elsewheré? end parts of the electrodesThis clearly indicates that the
An interesting feature of our data is that the etching rategeometry is planar and that the point of smallest gap distance
is reproducible even at the atomic scale. As shown in Fig. 2is directly on top of the aluminum gate. The use of aluminum
the gap resistance increases close to exponential with etchirg crucial: thin gold films on silicon oxide break during etch-
time after opening of the gap. Since tunneling is exponentiaing before atomic resolution is obtained. Experimentally and
in distance, this indicates an approximate constant etchintheoretically it has been shown that in ultrathin films on alu-
rate on the atomic scale. Moreover for all our samples, waninum oxide, gold atoms strongly bind to the negatively
find that the time span to open the gap to @ €quals~3t, charged oxygen sites, which may account for the greater
when starting from the sudden decrease of the current. A gagtability1®1°
with a resistance 1 G is estimatedl’ to be 3 atoms wide By measuring the gap resistance, we find that bare gaps
(~1nm), in agreement with our previous estimate thas  are stable on the scale of about one hour in ambient condi-
the time scale to remove one gold atom. We also find thations. Stability is drastically improved by functionalization
one timet, after the last atom removal, the resistance isof the surface by molecules with thiol or sulfide ends. As a
always close to 1 M. This value then corresponds to a gap test that the gaps can be used for transport measurements of
of one atom wide. Furthermore, as illustrated in Fig. 2, thesingle or a small number of molecules, we have dipped them
noise has an amplitude that corresponds to the motion dh millimolar ethanolic solutions of 1-3 benzene dithiol and
gold atoms over half an atomic distance 1.5 A), indicat-  oligo(cyclohexylideng-disulfides. Such molecules are rigid,
ing that atomic resolution is achieved. have 7 or o conjugation in the backbone and have gold-
After rinsing in water and drying the gaps, we have compatible thiol or sulphide end functiohs'®In all cases a
checked the gate at room temperature. We generally findlear increase of conductance is measured after deposition of
very small leakage currentsmaller than 10 pA at 1 V for the moleculesl -V characteristics are slightly nonlinear at
more than 50% of the samplesThe typical gate voltage room temperature, as illustrated in Fig. 3. In the case of
beyond which current starts to grow significantly 42 V. oligo(cyclohexylidenes bare gaps have initial resistances
Importantly, scanning electron microscof@EM) imaging that are too high to be measured in our setug I pA for
also indicates that the aluminum gates are not affected by thé=1V, see Fig. 3 The length of this molecule is 1.18 nm,
etching process. a distance comparable to that of 4 gold atoms in a row. After

We have studied the morphology of the thin etched elecdipping in the solution with the molecules, gaps of about 4
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atoms wide(to be more precise corresponding to 4t% We are thankful to R.M. Schouten for technical advice
show a resistance of 1 MQ. For slightly larger gaps corre- concerning electronics and L. W. Jenneskens for the provi-
sponding to 6—8, resistances of the order of 10(Mare  sion of the oliggcyclohexylidenes We also thank Alberto
reproducibly found. Morpurgo, Richard Deblock, Gilles Gaudin, Stefan Ober-
Several experiments have been performed to show thdtolzer, Monica Monteza, Sebastien Viale for discussions, and
transport through the molecules is responsible for theBert de Groot for technical assistance. This work was sup-
strongly enhanced current. First, we have dipped over 1@orted by the Dutch Organization for Fundamental Research
gaps in ethanol for more than 24 h and did not find anyon Matter(FOM).
decrease of the resistance. In addition, for gaps that are larger
than 2.5 molecular lengttso that two molecules facing each 1. Joachim, J. K. Gimzewski, and A. Aviram, Natuteondon 408, 541
other but attached to different electrodes do not toputie (2000. ' ' ’
resistance after dipping in the oligryclo hexylidenegssolu- 2R. H. M Smit, Y. Noat, C. Untiedt, N. D. Lang, M. van Hemert, and J. M.
tion is orders of magnitude largéire., >1 G(Q)). ,Ruitenbeek, NaturéL.ondor) 419, 906 (200). _
|-V traces have been measured over period of ten hoursgb;h‘;‘;;yg_' L]ét?g‘;lelr'lgﬂd ('fés%eéhpa”de’ J. W. Sleight, and M. A. Reed,
at room temperature, and we find that the stability is much«ya. Reed, C. zhou, C. J. Muller, T. P. Burgin, and J. M Tour, Science
better than bare gaps. Occasionally, sudden switchings occur278 252(1997.
indicating reconfigurations of the gold atoms contacting the°C- Kergueris, J.-P. Bourgoin, S. Palacin, D. Esteve, C. Urbina, M. Ma-
molecules. Furthermore, when kept in vacuum the resistanceg?gRa;iS?grfh“:loggﬁ'sr’”’D'_Dkgeséki?;’r?g le_sé)IE’\(,tzggr" M. Mayor, and H. v.
of the molecular nanodevice remains approximately the sameshneysen, Phys. Rev. Le@8, 176804(2002.
(over the time span of weeks "H. Park, A. K. L. Lim, A. P. Alivisatos, J. Park, and P. L. McEuen, Appl.
Preliminary measurements have been performed at IOV\Q? h%Z}kL e;\”l\?‘ ggiflli?f? , J. 1. Goldsmith, C. Chang, Y. Yaish, J. R. Petta
temperaturesl -V characteristics show gap-like curves, as M Rink’os.ki, J P. S?athn)g, H .D. AbranP. ’L. i\/Iche%, a'nd D. C .Raiph, ’
illustrated in the inset of Fig. 3. For the four samples studied, Nature(London 417, 722 (2002.
the same gap of 300 mV was found; for the three samples ®W. Liang, M. P. Shores, M. Bockrath, J. R. Long, and H. Park, Nature
with the gate connected, a clear gate effect has been olpo—(C"OQdE?aﬁ?NHf(Tz;OOi I. Phys. Letf2, 894 (1999
served(see inset of Fig. B Interestingly, the gate effect pre- 1, £ morpurgo, C. M. Ma"rﬁu'sy a)r/]d D. B. Robinson, Appl. Phys. L&,
sents unconventional featuréso saturation, nor periodicity =~ 2084(1999.
as observed in Coulomb blockadA systematic study of the *?Y. V. Kervennic, H. S. J. Van der Zant, A. F. Morpurgo, L. Gurevich, and
gate effect and the low temperature behavior is beyond thgL: P- Kouwenhoven, Appl. Phys. LeB0, 321 (200).
. . To perform the maximum resolution~( pA), the frequency has to be
scope of this letter and will be presented elsewhere. reduced to a few hertz at low etching current to minimize the influence of
In conclusion, we have made flat gold nanogaps with parasitic capacitances.
atomic precision. The fabrication process is compatible withi*Y. V. Kervennic, L. P. Kouwenhoven, and H. S. J. Van der Zimprepa-
aluminum gating technology and yields gaps that can readil)(sg""“gg)r're 3L, Maurice, F. Petroff, and A. VasseSurf. Sci.504 75
be functionalized with standard dithiol linkers. Once bound (5493, Pl n ’ ' o
chemically to rigid nano-objects, these gaps are stable fo¥A. Bogicevic and D. R. Jennison, Phys. Rev. L8, 4050(1999.
weeks. Our method is compatible with current on-chip tech-'E. P. A. M. Bakkers, A. W. Marsman, L. W. Jenneskens, and D. Van-
nology and provides a simple, fast, and reproducible techl-gﬁa\‘j\';e:\a;g:q' ;lnggwi/\?]:mﬁ’al\ghfﬁ' En%gétﬁizufo\?\?' Jenneskens. R
nique for the fabrication of molecular and few atoms based gieiter, 3. H. van Lenthe, M. Lutz, and A. L. Spek. J. Org. Ché&14584

nanodevices. (2000.
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