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ABSTRACT. Techniques developed to measure the thermodynamic and electronic prop-

erties of a single metallic cluster with nanome_er-size dimensions are described. Using

these techniques, experiments that resolve the quantized energy spectrum of electrons in a
nanometer-size cluster of metallic atoms at room temperature have been performed. Studies

on the stability of the electron emission current from an individual nanometer-size duster

supported on a tungsten tip have been performed to learn more about the intrinsic stability
of these nanometer-size objects. The data show abrupt jumps between different emission

states that are revisited as time progresses. This phenomenon is attributed to a rearrange-

ment of the duster structure and/or orientation on the substrate and provides new evidence

of multiple 'isomeric' structures for small clusters of metallic atoms.

1. Introduction

The manipulation of atoms to fabricate nanometer-scale structures ultimately requires

an understanding of the size-dependent thermodynamic, electronic, and structural proper-

ties of discrete aggregates of atoms. The properties of these aggregates differ from bulk

properties and these differences will set limits on the stability and performance of struc-
tures fabricated at the nanometer length scale. In order to provide experimental information

about thes_ limits, techniques recently developed to measure the size-dependent properties

of clusters of atoms supported on substrates will be reviewed. Using these techniques, the

thermodynamic, 1-3 electronic, and electron emission properties of an individual nanometer-

size aggregate of atoms can now be probed.

A unique feature of the structures under study is that the influence of high applied
electric fields on the electronic conduction process can be performed in a natural way. This

is because the techniques rely on the study of electrons field emitted from an individual

cluster. To produce field en'fission, electric fields of order 109 V/m are required. In the

following paper, we describe a series of experiments conducted on the eiectronic properties
of small nanometer-size metallic clusters that provide information relevant to the above

stated goals. The studies summarized below provide a unique window into the electronic

I structure that is important at this length scale. _ _ ¢_,%_,__,
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2. Cluster growth and sample preparation

A description of the construction and operation of the multiple expansion cluster sotu'ce

(MECS) used in this study can be found in the literature. 4-s The clusters are grown as

aerosol particles in an inert gas and introduced into a vacuum chamber (10 -s Torr) to form

a cluster beam. In previous studies, cluster samples have been captured on amorphous

carbon substrates and analyzed by TEM. The isolated clusters studied in this way confirm

the ability of the MECS to produce metal clusters having an approximately spherical shape,
a controlled mean size, and a narrow size distribution. 4's This TEM size-determination

method has been used in conjunction with field emission studies to determine the mean
diameter and variance of the cluster-size distribution from which the clusters of interest are

sampled.

To study field emission from a single cluster, a tungsten tip is exposed to the cluster

beam and then transferred to a field emission chamber in a vacuum transfer cell at pressures

of ,,, 5 × 10 -8 Torr. 6 Experiments are performed in the field emission chamber at typical

pressures of _,, 2 × 10 -l° Torr. A schematic of the retardation/127 ° energy analyzer used

in these experiments is shown in Figure 1. The characterization and performance of this

analyzer is described elsewhere. _',8

3. Size-dependent field emission spectra from supported Au clusters

The ability to measure the energy distribution of electrons emitted from a single sup-
ported Au duster with a diameter of ,,, 1 nm was reported previously. 9 The observed

emission spectra provided good evidence that the quantized electronic states in an individ-

ual 1 nm diameter Au duster can survive when the cluster is supported on a W surface.

A resonant-tunneling model based on first-order perturbation by the applied electric field

was used to provide an estimate for the position in energy of the peaks observed in the

field emission spectrum. A reasonable account for the experimental observations was ob-

tained and a tentative identification of the cluster shell-levels responsible for the observed

structure was proposed. 9,1°

As the size of the cluster increases, a number of difficulties arise in applying this resonant

tunneling analysis. First, the effect of electric field penetration becomes less important since

the surface to volume ratio of the cluster decreases. If the electric field does not penetrate

the cluster significantly, the cluster-substrate interaction becomes the dominant perturba-

tion. This implies that as the cluster diameter increases, the field-dependent downward

shift in the electron energy spectra diminishs. Second, as the cluster size increases, in-

creased coupling between the cluster and substrate can be anticipated since the number of

cluster atoms in close proximity to the substrate increases. Since these effects are difficult

to include in the resonant-tunneling nuodel, a detailed, comparison between the measured

emission spectra and the model outlined in R.efs. 9 and 10 has not been attempted. Rather,

data on the size-dependent structure are presented to illustrate the capabilities of the tech-

nique and to illustrate any size-dependent trends that they reveal.

The emission spectra for several different cluster sizes are summarized in Figure 2.11

The data show that the electron energy distribution shifts toward the substrate EF with
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Figure 1: A schematic ofthe energy analyzer used in thesestudies.Electronsemitted from

a clusterdeposited on the apex of the tip are acceleratedtoward the firsthemispherical

electrodewhich is coated with a fluorescentscreen. Those electronspassing through the

probe hole in thiselectrodeare subsequentlydecelerateduntilthey reach the entrance slit

of the 127° velocityselector.This analyzer has an energy resolutionof 0.07 eV. Figure
reproduced from Ref. 7



Size-Dependent Energy Distributions
Au Cluster on W Substrate
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Figure 2: The size-dependentenergy distributionof electronsemitted from a Au cluster

supported on a W tip at room temperature. The observable features in the energy distri-

bution mirror the quantized electronicstructureof the supported Au cluster.The energy
distribution obtained from a clean ,_'_rtip provides a convenient method to determine the

Fermi energy of the underlying substrate.Figure reproduced from Ref. 11

increasingclustersizeuntilallstructureinthe distributionbecomes unresolvableforclusters

with diameters greaterthan ,,-,3nrn.

The positionin energy of the peaks in the energydistributionfrom an individualcluster

were reproducibleover a period of time spanning a few weeks. The heightof the peaks

changed when measured on a time scaleof a few hours, a fact attributedto the time-

dependent coupling ofthe clusterstatesto the substrate.I°Differentclusterswith the same

nominal sizedid not necessarilyexhibitidenticalemissionspectra,afactwhich indicatesthe

need to more accuratelydetermine the number of atoms comprisingeach clusterin future

studies.Similarvariationsin the tunnelingspectraofsingleclustershave been reportedfor

Si cloisterssupported on Au substrates.Is

For a 1.3 ± 0.5nm diameter cluster,a singleelectronemission peak was observed _ 0.2

eV below the substrateFermi level,indicatingthat the highestoccupied clusterstatewas

not pinned to the Fermi energy of the substrate.As the appliedfieldincreased,the peak
moved furtherbelow the Fermi levelof the substrate.

Two distinct peaks appear in the energy distribution from a 1.7 + 0.6 nm diameter

cluster and both shift to lower energies with increasing field. This shift with applied field
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Figure 3: A typical plot of electron counts vs. time from a nominal 2.6 nm diameter Au
cluster supported on the apex of a W tip. The abrupt changes in the field emitted current
is found to take place only between well-defined emission states.

provides a usefulway to identifyclusterstates9 and indicateswhether the discreteenergy

statesare relatedto the supported duster or to surfacestatesof the substrate.

For a 1.94-0.5nm diameter cluster,threepeaks are observed inthe energy distribution.

One peak islocatedat the Fermi levelofthe substrateand doel not shiftwith appliedfield.

The two other peaks are ,,_0.16 eV and ,,,0.40 eV below t.heFermi levelrespectively.

These two latterpeaks were fielddependent and are thereforeinterpretedas a signatureof

the duster states.Thus, forthisduster,we evidentlyobserve :notonly ballisticemissionof

electronsfrom the substratethrough the clusterbut alsoemissionfrom the two highest-lying

clusterstates.

When a clusterwith 2.3 + 0.6 nm diameter was deposited on the W tip two peaks

were again resolved.During thisdeposition,two well-separatedclusterswere observed on

the apex of the fieldemissiontip.The two-peaked structureobserved forboth clustersare

similaras shown in Figure 2. Both peaks are cluster-relatedstatesbecause theirposition

depends on the appliedelectricfield.The data shows thatthe peak at lower energyislarger

than the one nearer the Fermi level,a resultindicativeof a partiallyfilledupper energy

shell.

As clustersizeincreases,the discretestatesshould become more closelyspaced until

theirseparationissmallerthan the energy resolutionof our apparatus. This behavior is

observed in the spectrum obtained fora 3.2 + 0.8 nm diameter clusterwhere only one broad

peak was observed. This peak isbroader than the W fieldemil_sionenergy distributionfrom

the substrate,lt isnot clearwhat mechanism isresponsiblefor thisbroadening,but itis

likelya signatureof electronemissionfrom many closelyspaced clusterstatesthat can not

be resolvedby the energy analyzer used in thisstudy. The disappearance of structureat
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Figure 4: A typical plot of electron counts vs. time for field-emitted electrons from a
tungsten tip after desorption of the Au cluster.

the ,_ 3 nm duster size is in good qualitative agreement with model calculations presented
elsewhere.10,11,13

Finally,a representativeenergy spectrum isshown from a clean tungsten tip. This

spectrum was obtained aftera supported clusterwas thermallydesorbed from the tip.A

fitto thisdata using the standard theory of fieldemission14'Islocatesthe Fermi levelof

the substrateand provides a convenient referencecurve forintercomparisonof the cluster

emission spectra.

4. Structural Stability

The structuralstabilityof a supported duster in the nanometer sizerange isa question

that isstillunder considerabledebate° lthas been establishedfrom computer simulations

that a nanometer-sizeclusterhas many structuralconfigurationsthat are closelyseparated

in energy from the true ground state.These calculationspredictstructuresthat deviate

from the clustershape given by the classicalWinterbottom criterion16 which dictatesthat

minimization ofthe surfacefree-energydetermines the finalclustershape.

In contrast to these theoreticalcalculationswhich attempt to predicta well-defined

structuralstatefora nanometer-sizecluster,otherinvestigationshave postulatedthe pres-

ence of a new state,often referredto as the 'quasi-molten'state,as the equilibriumstate

for a small nanometer-size cluster.Ir-2°However, the high-resolutiontransmissionelectron

microscope (TEM) studiesofthisproposed clusterstaterequireselectron-beam irradiation

of the clusters,producing effectsby the high-energyincidentelectronbeam which are dif-

ficultto characterize.Despite arguments to the contrary,concerns regarding the roleof

the incidentelectronbeam in producing the observed 'quasi-molten'statehave not been



conclusively eliminated.

As discussed in the previous section, we have performed a number of experiments uti-

lizing electron emission from a nanometer-size cluster supported on the apex of a sharp

field emission tip. While it is not possible to achieve the spatial resolution necessary to

determine structural changes directly from field emission microscopy, fluctuations in the

field emission current do provide information about this important question. For instance,
it is well established that fluctuations in the field emission current from a sharp tip can

give useful information about the diffusion of intentionally adsorbed gaseous species. 21-23

We take advantage of this technique to study the stability of a nanometer-size object to

determine the inherent stability of a supported nanometer-size cluster. By following this

approach, we can obtain results without resorting to the bombardment of the supported

cluster by a flux of energetic electrons.

A prior_, any instability in the cluster structure should cause abrupt changes in the
total field emission current. This follows because of the exponential dependence of the

emission current on the local value of both the work function and the applied electric field.

Field emission can therefore serve as a very sensitive monitor to structural changes in cluster

shape and/or orie_tation on a substrate. It is important to realize that because of the small

radius of curvature of the cluster with respect to the field emission tip, electrons emitted

from one cluster only can be directed through the probe-hole of our energy analyzer, thereby

permitting a study of the structural stability of a single supported cluster.

The experimental procedures are similar to those described earlier. The major modifica-

tion occurs in the way data is acquired. The experiment was performed by first depositing

a Au cluster on the W tip from the cluster beam. Subsequent TEM images of a carbon

grid exposed to the same cluster beam showed a size-distribution that was characterized

by a nominal diameter of 2.6 + 0.8 nra. After deposition, the electrons emitted from the

supported cluster were directed into the probe hole of the energy analyzer. After measuring

the energy distribution of the electrons from the supported cluster, the bias voltage on the

fourth plate of the retardation section of the energy analyzer was fixed at a value that

maximized the electron count rate. This procedure minimized the effect of any small drifts

in bias voltage that may have occurred during the course of data acquisition.

A computer was programmed to accumulate the number of electrons emitted from the
cluster in time intervals of 0.5 seconds..Due to the large amount of data, an IBM 386

25MHz lap-top computer with 4Mb RAM was used as an auxiliary computer to store the

experimental data. The zero of time was set by adjusting the total field emission current

from the cluster to approximately 2 nA for a brief period of time followed by a return to
its nominal value of _0.5 nA.

In Figure 3, the field emission current striking the electron multiplier from the nominal

2.6 nm gold cluster during a time span of three hours is presented. At the beginning,

the rate of electron emission per 0.5 second time interval is maintained at _110 electrons.

After _ 12 minutes, the emission rate jumps to _ 160 electrons per half second and remains

stable for about 4 minutes. A discontinuity of emission rate occurs between these two stages.

Similar discontinuities can be observed during the first two hours of field emission and seem

to occur less frequently as the experiment progresses. Besides the discrete levels observed

in this spectrum, the emission rate was found to decrease in a somewhat continuous way
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Figure 5: The experimental distribution in count rate during the last 1200 ½-second time
intervals for field emission from the Au cluster shown in Fig. 3. The solid curve is the best
least-squares fit to a Poisson distribution with mean value of 42.

on one occasion (see Figure 3). For example, the emission rate of field-emitted electrons is

decreasing continuously from -_150 electrons to ,,,80 electrons per half second between the

,,_ 62nd minute and the ,,_ 85th minute of the data record. On only one occasion did the

emission rate drop to zero at -,_ 100 minutes after the experiment had begun.

From this data it is evident that abrupt changes are a characteristic of electron emission

from a supported duster in a high electric field. These abrupt changes occur between ,,_ 5

distinct emission states that have steady electron emission characteristics. Examination of

this data also shows that the time dependence of the field-emitted electrons can be classified

into a number of well-defined levels. It is likely that each level is associated with a different

configuration between the cluster and substrate. The electron emission, when studied in

this way, suggests that the cluster sequentially visits the same five configurations during
the three hour period of data acquisition.

A possible explanation which might account for the abrupt changes in the electron emis-

sion rate is related to sudden contamination by gas atoms in the ultra-high vacuum (UHV)

environment. In order to eliminate this possibility, the cluster was thermally desorbed

from the tip apex and an electron emission stability experiment was performed on electrons

emitted from a small region of the W tip alone. The results of this experiment are shown

in Figure 4, and demonstrate that the emission rate is quite stable with time. No abrupt

change in the emission rate is observed and the time dependence of the eniission current is

consistent with a gradual increase in the tip's work function due to slow contamination by

residual gas in the UHV chamber. On the basis of this data, contamination and diffusion

effects can be ruled out as a possible explanation of the data shown in Figure 3.

Probable explanaticns for the instabilities observed in this experiment can be suggested.
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Figure 6" The experimental distribution in count rate during the last 1200 ½-second time
intervals for field emission from the W tip shown in Fig. 4. The solid curve is the best
lea_t-squares fit to a Poisson distribution with mean value of 157.

For instance, electron tunneling resonance effects are known to influence field emission from

clusters, x° These effects determine the current enhancement factor for cluster field emission

and are strongly dependent on the coupling between the cluster and substrate. As a result,

the field emission rate will vary, accounting for the discontinuities in Figure 3. The resonance

tunneling enhancement factor can also be changed by rotating the cluster. One mechanism
that can be discounted is a diffusion of the cluster across the substrate. This would be

readily observed due to the high spatial resolution of the field emission microscope.

Ii. Statistical Analysis of Emission Bate

Further insight into each emission state can be gained by further analyzing the data

from one emission state using Poisson statistics. These statistics describe the probability
P(x,/z) of observing x events separated in time by a mean value r over a time interval t.

This distribution, which describes the fluctuation in the count rate for a process in which
emission occurs at random intervals, is given by

X

(1)

where/z = t/r is the average number of events observed in the time interval t. It is useful

to compare our experimental data from the individual cluster to the predictions based on
Poisson statistics.

Typical results of this comparison are shown in Figure 5 for emission from the Au

cluster and in Figure 6 for emission from the W tip. The solid lines in these Figures are the



least-squares fit to the count rate distribution based on Poisson statistics. It is difficult to

determine the quality of these fits to the experimental data by eye. Therefore, we use the

reduced X 2 test 24 to check the agreement between the experimental distributions and the

Poisson fits. The results are given in Table 1 and clearly indicate that while the likelihood

of fitting the Poisson distribution to the tungsten field emission data is better than 20%,

the two cases of electron emission analyzed from the cluster are fit with a likelihood of less
than 0.53_.

Table 1: Table comparing the experimental data to a fitted Poisson distribution using

reduced X 2 analysis. (a) The first 1415 samples of the count rate for field emission from
the Au cluster, (b) the last 1200 samples of the count rate for field emission from the Au
cluster, (c) the last 1200 samples of the count rate for field emission from the W tip after
the cluster was thermally desorbed, (d) the same as in (b), but assuming two closely spaced

i emission channels (hence two mean values) characterize electron emission from a supported
cluster.

I

I

i Number of Samples Bins Mean Value Reduced X 2 Probabilities

(a) 1415 61 107 2.0 less than 0.5%

(b) 1200 40 42 3.0 less than 0.5%

(c) 1200 50 15T 1.15 ~21%

(d) 1200 40 38,46 1.4 ,,-5%

i,

|1 Improvements in the fit of the cluster data occurs if the mean value of the Poisson

| distribution is split into two well defined values. Using the ad-hoc approach that emission

i! from one cluster state is actually fluctuating between two closely-spaced levels, a least

i. squares fit shows that a combined Poisson fit to the data acquires a 5% significance level
,m (see Table l(d)). This result suggests that the emitted current from the cluster is fluctuating
_; between two different emission channels at a rate comparable to the sampling time of 0.5

| seconds employed in these preliminary studies. By further exploiting this technique, non-

m obtrusive information about the stability of nanometer-size objects supported on substrates

. will be possible.

6. Summary and Conclusions

Experiments that measure the properties of individual nanometer-size clusters of atoms

have been described. By combining the Multiple Expansion Cluster Source and field emis-

sion techniques, the distribution in energy of electrons emitted from single Au clusters has
been studied as a function of cluster size. This data provides evidence that the qua_tized

cluster states survive the deposition process and can now be studied in a systematic way

" I,p



at room temperature.

We also summarize the evidence for the structural stability of a supported cluster ob-

tained by studying the electron emission current from a supported nanometer-size cluster

as a function of time. The data are interesting because they were taken without the need

for irradiation by a high-energy flux of incident electrons produced by a TEM electron gun.

Abrupt changes in the electron emission current suggest that a change in cluster shape or
orientation on a substrate occurs as a function of time. It is found that the electron emis-

sion level revisits values previously measured, indicating that changes in electron current

are due to structural fluctuations between well-defined cluster-substrate configurations.
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