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Measurements of discrete electronic states in a gold nanoparticle
using tunnel junctions formed from self-assembled monolayers
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We present results from nanometer-scale tunnel junctions fabricated using organic self-assembled
monolayergSAMs) as tunnel barriers. Single junctions have resistances consistent with tunneling
through a single layer of molecules. In several devices, a gold nanoparticle nucleated within the
SAM barrier. Such samples allow a sensitive test of mechanical stability—some are sufficiently
stable to permit the observation of electron tunneling through individual electron-in-a-box states at
low voltages and mK temperatures. We also observe anomalous transport characteristics at larger
voltages, which may be due to the motion of the gold nanoparticle within the monolaye2000
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The process of self-assembly, when used in conjunctioffhe hole is formed using the process developed by Ralls
with lithographic techniques, has made it possible to studyet al.® which employs electron-beam lithography and
the properties of single molecules and chemically synthereactive-ion etching with a CH#O, plasma. The minimum
sized nanoparticles. By fabricating leads with nanometediameter of the bowl-shaped hole is 3—10 hietallization
separation, several groups have been able to perform tunné$ done following a procedure similar to that of Zhetial?
ing spectroscopy measurements on single semiconducting dio promote adhesion of the device to thgNsi membrane,
metallic nanocrystals passivated with an organic capping-10 A of Cr or Ti is first evaporated on the bowl side of the
layer!= Zhou et al. have studied devices in which self- sample(top of the sample in the inset of Fig). Then a 2000
assembled monolayefSAMSs) are used to create molecular A thick layer of Au is deposited to fill the bowl. After
diodes? More recently, Collieret al. have fabricated logic Vventing, the samples are placed in a 10 mM solution of
gates using a Langmuir—Blodgett fifiThe self-assembly SAMs (either 1,6-hexanedithiol, 1,8-octanedithiol, or
process provides great flexibility since one can tailor the3-mercaptopropionic acjdn isopropanol, and are left to re-
electronic properties of a device by choosing the desired@ct for 24 h or more. After the formation of a monolayer, the
molecule. samples are rinsed thoroughly with isopropanol and dried.

In this letter, we present measurements performed off © contact the top of the monolayer,20 A of Au is evapo-
devices fabricated using self-assembled monolayers as tufdted at a rate of 1.7 A/s, followed by 15 A of Ti to promote
nel barriers, and we explore the extent to which organic mol&dhesion. A 2000 A thick layer of Au follows.

ecules can be used as mechanically stable barriers. Mechani- Simple tunnel junctions have been fabricated using 1,8-
cal stability, or at least a controlled degree of mechanicaPctanedithiol21 devicesand 1,6-hexanedithidll4 devices

instability® will be essential in designing predictable and re-2S Parriers. In both cases the current-voltageV) curves
liable molecular-scale devices. Achieving stability is a chal-méasured up to 50 mV at 4.2 K are approximately linear,
lenge because many molecules are intrinsically flexible, and/ith d1/dV constant to within~149%. Analysis of -V char-
the time-dependent forces associated with single chargé”smer'suCS measured up LVgesa baff'er h¢|ght ranging
moving through nanometer-scale devices can be large. wiom 4 1o 5 eV (assuming that the barrier thickness is the

examine both single nanometer-scale tunnel junctions and
also double-tunnel-junction devices incorporating a gold T T T T
nanoparticle in a SAM barrier. The double-tunnel-junction i
samples are of particular interest because the barriers are
sufficiently stable in some devices to allow detailed spectro-
scopic studies of electron tunneling through individual
electron-in-a-box energy levels inside the gold nanoparticle
at mK temperatures. This is the first time this has been
achieved with a metal nanoparticle and SAM barriers. How-
ever, at larger source-drain voltages, we observe transport =~ 1
characteristics inconsistent with simple tunneling through
fixed electronic states. 0
The samples are fabricated in a vertical geometry, 10° 10° 107 108 10°
through a bowl-shaped hole in a low-stresg\Ngimembrane. Resistance (ohms)

Monolayer

# of Occurances

FIG. 1. Histogram of 1,8-octanedithiol tunnel junction resistances at 4.2 K.
¥Electronic mail: jrp20@cornell.edu Inset: Device schematic.
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FIG. 2. (@ 1=V curve for a device containing an Au nanoparticle with FIG. 3. Low-voltage transport characteristics for a Coulomb-blockade de-

1,8-octanedithiol barriergb) dI/dV-V determined by numerical differen- vice with 3-mercaptopropionic-acid barriers. Well-resolved tunneling reso-
tiation. The regularly spaced peaks di/dV indicate tunneling though a nances are observed. The lines indicate a Zeeman doublet. The conductance

single particle. Inset: Device schematic. curves are offset by 15 nS for clarity.

length of an octanedithiol molecute 1.45 nn. A histogram  likely due to direct tunneling through the SAM barrier.
of the resistances for the octanedithiol devices is shown in In nanoparticle tunnel junctions previously fabricated us-
Fig. 1. Nineteen of the 21 devices have resistances betweeng aluminum oxide tunnel barriers, tunneling via individual
300 k2 and 60 M. In the remaining two devices it is likely electron-in-a-box energy levels within the nanoparticle pro-
that a portion of the monolayer pulled away from the goldduced a fine structure of discrete resonancesiidV at mK
contact during cooldown, resulting in much higher resis-temperaturef>** In the SAM-barrier samples we also ob-
tances. The large resistances in all devices indicate that transerve similar resonances. Figure 3 show¥ anddl/dV-V
port occurs via tunneling, since metallic pinholes would givecurves at selected magnetic fields for a sample fabricated as
resistancess 13 k(). Based on the known packing density of described above with 3-mercaptopropionic acid forming the
thiol SAMs on gold surfaces~5x 10"* molecules/crf)®  tunnel barriers. The first few resonances beyond the tunnel-
and the area of the junction region, we can estimate a resisng threshold for each sign of bias can be identified as tun-
tance per molecule. The cross-sectional area for each bateteling through the same discrete states within the nanopar-
of nanoholes was determined by evaporating copper on botficle (in opposite directions with the relative positions in
sides of test sampldsvithout a tunnel barrigrand convert-  voltage giving a capacitance rati®/C,=1.02. Another sign
ing the point-contact resistance to an are¥ (using the that the resonances are due to tunneling via discrete quantum
Sharvin formula Rz(h/e2)27-r/(k§A)).9 This estimate has states within the particle, rather than a more exotic cause, is
been shown to be in good agreement with direct electrothe observation of Zeeman spin splitting as a function of
microscopy measuremeritgor the batch of samples in Fig. applied magnetic fieldwell resolved for the first tunneling
1, we find a diameter of-5 nm. Treating the molecules as state above thresholdAfter accounting for the capacitive
parallel resistors we calculate an average resistance per malivision of voltage across the tunnel junctions, we find an
ecule(for the nineteen lower resistance tunnel junctjdms-  effective g-factorg~ 1.5+ 0.1 for this Zeeman doublet. The
tween 30 M2 and 6 Q) for the 1,8-octanedithiol devices. A ability to resolve narrow tunneling resonances and also the
similar analysis for the 1,6-hexanedithiol samples yields aeproducibility of the spectra provide evidence that the nano-
resistance per molecule between 10Mnd 2 @). T. Sato  patrticle is not undergoing large-scale motion in the course of
and Ahmed have calculated the resistance of a single mothese measurements, because such motion is known to shift
ecule of 1,6-hexanedithiol to be 30 GQ..2 It is not surpris-  the nanoparticle stat¥sand would be expected to broaden
ing that the measured values are lower than theoretical preny tunneling resonances.
dictions due to the possibility of imperfections in the SAM This stability is not absolute, however. We occasionally
layer. observe large, sudden shifts in the threshold voltage required
In a small percentage of samples 2%) the results of to overcome the Coulomb charging barrier. It is because of
the sample fabrication were not simple tunnel junctions withsuch shifts that the tunnel spectra in Fig. 3 are not displayed
linear |-V curves, but rathet—V curves displaying evenly belonv 2 T or above 4 T. The negative differential conduc-
spaced Coulomb-blockade steps, characteristic of electratance visible betweer-4 and—5 mV is also unusual com-
tunneling through a single metal nanoparti¢kg. 2). In pared to devices with AD; barriers, and is most easily ex-
these samples it is likely that an Au particle nucleates on toplained as a voltage-dependent instability that shifts the
of the self-assembled monolayer during the Au evaporationCoulomb-staircase curve.
and then nearby dithiols diffuse to cover the nanoparticle.  Figure 4 shows data from a Coulomb-blockade device
The end result is a device with an Au nanoparticle connectethbricated with 1,8-octanedithiol. The capacitance ratig,
to two macroscopic leads via organic linker molecules. TheC,=2.04, for this sample is determined by measuring the

nonzero conductance in the blockade region in Fig. 2 igpeak widths as a function of temperature. From left to right,
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' ' ' y y y tunnel barriers. The single-junction devices give resistances

B gHef otk HE R using tunnel junctions formed from SAMs. With increasing
H-8-G-C-C-6¢C¢-¢-SH

MRS source-drain voltages, the nanoparticle-tunneling devices ex-
t t + + + hibit anomalous behavior as a function of magnetic field and
voltage. Further calculations are required to determine if this

300k, H=0T : ATTIETS _ ) . :

150'_#": " h and barrier heights consistent with tunneling through a single
< of ] layer of molecules. We have shown that it is possible to
£ 1,8-Octanedithiol h resolve well-defined electronic states in a metal nanopatrticle

@ 200 behavior is related to the “shuttle mechanism” proposed by
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