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Schottky-barrier formation at nanoscale metal-oxide interfaces
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Isolated, nanoscale~5.0–20.0 nm diameter! Cu clusters on a reduced TiO2 ~110! surface exhibit the initiation
of the Schottky effect. Apparent height changes of isolated clusters occur in scanning tunneling microscopy
imaging as bias conditions are changed. This apparent height change is directly related to current flow through
the cluster-oxide interface barrier. Further, depletion zones along the substrate surface adjacent to the clusters
exhibit the same bias dependence indicating that changes are associated with local band-bending, analogous to
that of macroscopic Schottky barriers. Barrier-height variations with cluster size and with applied voltage are
quantified. When compared to models of edge effects in finite-sized systems a direct correlation between
geometry and barrier formation is made.@S0163-1829~97!05511-2#
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INTRODUCTION

The properties of metal-semiconductor interfaces h
been a major theme of solid-state physics for many ye
The relevance to device development in both high-sp
computing and electronics applications, as well as in op
electronics, has made a quantitative understanding of in
face electronic structure imperative. Presently, device in
gration technology requires uniform device performance
the length scales below 1mm. At these sizes, substrate im
perfections can yield wide variation in interface, junctio
and depletion zone characteristics.

One macroscopic characteristic of a metal-semicondu
interface is the formation of a Schottky barrier~SB! and the
related depletion zone extending into the semiconduc
Though a complete understanding of SB formation has b
elusive, it is well known that even on continuous, thick film
there is a wide variation in barrier heights at the interfa
Several comprehensive studies on Schottky-barrier he
~SBH! variations at nonideal interfaces exist, but few addr
phenomena on the nanometer size scale. Sullivan emplo
numerical simulations and TEM to characterize inhomoge
ities at interfaces.1,2 Submicrometer patches with low SBH
embedded in a continuous film of high SBH were shown
have been averaged in the macroscopic measurements.
has summarized the effects of nanometer scale irregular
with specific geometries concluding that a detailed kno
edge of the potential near edges is necessary to unders
size effects.3–5 Several groups have applied ballisti
electron-emission microscopy~BEEM! to the study of SBH
inhomogeneities. Palm, Arbes, and Schulz have shown
randomly distributed defects at the interface appear as a
of low-effective SBH in BEEM images.6 Hecht et al. have
shown BEEM images of Au/GaAs~100! with nanometer-
sized domains with SBH variations of more than 0.04 e7

Finally, Stiles and Haˆmann theoretically addressed the pro
550163-1829/97/55~15!/9792~8!/$10.00
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lem of different interface structures in SBH measureme
made with BEEM. However, these results must be int
preted in the limit of infinite, continuous contacts.8 Thus,
nanometer-scale spatial variations in SB formation are ub
uitous but not yet well understood.

One approach to addressing this issue is to prod
nanometer-scale metal-semiconductor contacts and mak
cal determinations of contact potentials. The copper meta
zation of TiO2 ~110! presents an interesting case in Schottk
barrier formation because a wide degree of variability
surface stoichiometry can be accommodated by
transition-metal oxide. Full interfacial-barrier formation o
materials with wide band gaps~3.0 eV in this case! can re-
quire significant band bending and field penetration into
substrate. While initial studies of Cu film growth on TiO2
~110! suggested Stranski-Krastanov growth,9,10 there now is
convincing evidence that the film growth of Cu on TiO2 is
Volmer-Weber-like, indicating a small interaction betwe
metal overlayer and the substrate and the potential for
formation of small metal clusters. This system has been s
ied using a variety of surface analytical probes. Diebo
Pan, and Madey11 have shown that Volmer-Weber growt
occurs at low coverages using secondary ion-mass spec
copy and x-ray photoemission spectroscopy. Thibado
Bonnell12,13 applied scanning tunneling microscopy~STM!
to Cu films grown on TiO2 ~100! showing the existence o
clusters, as did Novak.14

In this work, the formation of interface barriers betwe
nanometer Cu clusters and TiO2 ~110! are examined to de
termine the factors contributing to their development. T
tunneling behavior and local surface structures of TiO2 ~110!
are among the better understood of transition-me
oxides.15–17 Voltage-dependent STM imaging of TiO2 has
not been reported and is indeed rare in transition-metal
ides. In the present work, the voltage-dependent contras
isolated copper clusters is quantified and related to the e
9792 © 1997 The American Physical Society
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55 9793SCHOTTKY-BARRIER FORMATION AT NANOSCALE . . .
tronic properties of the interface between the copper and
oxide. Changes in the apparent height of the clusters at
ferent biases are shown to be related to changes in the
conductivity through the cluster-oxide interface. This co
ductivity is, in turn, related to the bias of the interface re
tive to the contact potential, due to band bending at the
terface. We find the contact potential to be size depend
not reaching the macroscopic Schottky value until the clu
diameter exceeds 25 nm. Further, a simple model for ba
formation which is dominated by edge effects at these s
scales is proposed.

EXPERIMENTAL PROCEDURES

The surface stoichiometry, electronic structure, a
atomic structure of transition-metal oxides are extrem
sensitive to processing and thermal history. The reproduc
preparation of stepped, ordered surfaces requires ca
quantification. A method of producing a surface which, wh
imaged by STM, shows steps of approximately 0.33 nm
atomically flat terraces was developed.

Preparation of TiO2 „110…

Standard analysis, sample preparation, and metal dep
tion were carried out in an ultrahigh vacuum~UHV! system
with a typical base pressure of 5310210 torr. Residual gas
analysis~Anavac! of the UHV system showed that the pr
mary composition of the background gas was H2, with trace
amounts of H2O. Partial pressures of all other gases we
below 1310211 torr and were considered insignificant for th
time scale of these experiments. During operation of
Knudsen deposition cell, vacuum pressure rose to
1029-torr range with a small increase in the H2 and H2O
partial pressures detected. Generally, the metal source
operated only when the substrate was at temperatures a
300 °C, further reducing the likelihood of surface contam
nation.

The substrate was cut from a single-crystal boule of N
doped TiO2. The dopant level was 0.01% by weight to allo
sufficient conductivity for tunneling and the crystal appe
deep blue. With substantial bulk reduction, the crystal
comes gray. Orientation to within 0.5° of the~110! surface
was verified using Laue diffraction. The surface was p
ished with a 0.03mm grit and ultrasonically cleaned in ac
etone and methanol. All heating was done with ane2 beam
heater from the back of the sample so that no electr
stimulated desorption would occur from the face that was
be imaged. The surface temperature was measured using
K-type thermocouples placed on either side of the sam
and calibrated with optical pyrometry. A short sputter a
anneal cycle was carried out to clean the surface. When
aged with STM this surface exhibited no steps or atom
scale features. After several cycles of 500 eV Ar1-ion sput-
tering ~between 15 and 60 min! and annealing at 600 °C
~between 15 and 60 min! a flat surface with 0.33 nm step
could be obtained reproducibly. The method for produc
this surface is similar to that used by other researche18

This procedure was carried out on four different substra
cut from the same boule. In every instance, STM ima
revealed a stepped surface structure. Core-level and vale
band x-ray photoemission spectroscopy showed that the
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gree of reduction at the surface was below the detection lim
its of the XPS spectrometer. There were no traces of Ti31 or
Ti21 in the spectra and emission from gap states was with
the noise.

STM images were acquired in constant-current mode u
ing a commercially available instrument~Park Scientific!.
Typical imaging setpoints were 1.5–3.0 V with a current o
0.5 nA. In all cases, the surfaces were imaged with mechan
cally formed Pt-Ir tips. Tunneling-spectroscopy measure
ments acquired on the terraces of these surfaces showe
slight rectification as seen in Fig. 1. The tunneling spectra o
stepped surfaces were generally distinguishable from tho
taken on heavily reduced~annealed above 800 °C for 60 min
without sputtering! both in Fermi-level position and in shape.

In an effort to quantify the effect of H2 adsorption from
the background gas, the stepped surface was imaged ove
6-h period, during which the vacuum composition was mon
tored. Under the conditions of our system, the surface o
clean TiO2 ~110! exhibits significant contamination~likely
H2 adsorption! after 4 h exposure to the vacuum at room
temperature. This contamination appears as indistinct clou
like features decorating the step edges initially and coverin
the step in time. The diameter of the cloudlike features wa
approximately 1.0 nm. The surface could then be cleaned
flash heating to 500 °C for a few seconds and the imag
return to the stepped structure described above.

Cu deposition

Copper was deposited onto the surface under a variety
conditions, using a custom-built Knudsen cell with 99.98%
purity copper and tungsten heating filaments. The source-t
sample distance was approximately 5.0 cm. Coverage w
estimated by measuring the temperature~using thermo-
couples and optical pyrometry! of the cell and using pub-
lished sublimation rates to estimate the flux. The cell wa
aligned such that the incident-mass flux was parallel to th
surface normal, ensuring a relatively homogeneous depo
tion across the surface. Uncertainty in the metal coverage
estimated to be 0.5 ML. Cell conditions were constant fo

FIG. 1. Tunneling spectrum acquired at a setpoint of21.5 V
and 0.5 nA, on a flat terrace away from deposited metal or ste
edges.



t
a

9794 55D. L. CARROLL, M. WAGNER, M. RÜHLE, AND D. A. BONNELL
FIG. 2. Constant-current images of the surface after a 2-ML deposition of Cu at a substrate temperature of 300 °C acquired a21.5 V
and 0.5 nA.~a! 50350 nm2 area of an agglomerated region with the black to white scale 5.0 nm.~b! 50350 nm2 area acquired over an are
of low-mass density with a black to white scale of 2.3 nm. Note the difference in cluster size and distribution homogeneity.
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each deposition; therefore error in the metal coverage e
mate is expected to be systematic.

The deposition of 1–2 ML of Cu onto oxide surfaces su
as TiO2 ~110! at room temperature is known to result
three-dimensional clusters.11 Figure 2~a! shows a 50350 nm2

image of the close-packed regions. Cluster diameters ra
from 10 to 20 nm with heights of approximately 5 nm. Sim
lar to results of copper deposition on SrTiO3,

19 most of the
copper clusters appear to have aggregated into domain
randomly close-packed clusters while others seem pinne
areas with low-cluster density. Thus, on these length sca
the morphology is clearly inhomogeneous. Figure 2~b!
shows a 50350 nm2 region of low-metal density that is im
mediately adjacent to the edge of the agglomerated dom
Clusters of approximately 5–20 nm@Fig. 2b shows only the
smaller clusters# occur in a random distribution over the te
race. It is important to note, however, that some cluster
the regions of low mass density are sometimes quite mo
while others seem pinned to the surface.

RESULTS AND DISCUSSION

Images of areas with high cluster density, in which t
clusters have agglomerated, exhibit little dependence on
polarity of the tip bias used to acquire the image; howev
where the clusters are clearly isolated and distinguisha
from each other, there is a strong polarity dependence in
measured size of the cluster.

Bias dependence in nanostructure morphology

The effect of sample-tip bias on apparent cluster size
shown in Fig. 3. A comparison of the same cluster acqui
at two different samples-to-tip biases is shown in cross s
tion, by scanning the same line twice and alternating
polarity between each scan. While the magnitude of the t
neling current is constant, line scan A was acquired with
ti-
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current flowing into the sample at a bias of 1.5 V, while f
line scanB, the current was reversed with a bias of21.5 V.
Note the change in apparent height~contrast with respect to
the background plane!. This effect was observed on all im
ages of isolated clusters; however, it was not observed on
agglomerated region.

To quantify the effects of voltage on the morphology
the isolated clusters, the surface plane was identified by
pixel average over an area without steps. This plane was
used for reference in cross-sectional analysis of the clus
Randomly chosen cross sections through the cluster ce
were extracted from the image and the maximum heig
with respect to the surface plane determined. In each c

FIG. 3. Line scans of a single-isolated cluster acquired at
different bias voltages with the feedback used in constant-cur
mode. Solid line was acquired at 1.5 V and 0.5 nA. The curr
flow is from tip into sample. Long-dashed line was acquired
21.5 V and 0.5 nA. The current flow is from sample into tip. Ze
height represents the location of the ‘‘real’’ surface, determined
pixel average. A depression on either side of the cluster is obse
in all the data.
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the values reported are the average of at least ten mea
ments. Cluster diameter was determined in a similar man
using the intersection of the extracted-cluster profile with
surface plane as the location of the ‘‘physical interface.’’ T
estimated measurement error in the height measurement
0.01 nm and in the diameter measurement was 0.1 nm
the roughly 30 clusters discussed here, three changed
overall shape and position during the measurements. In t
instances, though no evidence of ‘‘tip change’’ was o
served, it is assumed that the clusters were sufficiently
bile to be affected by the tip and were ignored. Con
quently, it may be that our study is weighted toward clust
with strong interface interactions.

Tip-displacement effects

Several factors can lead to an apparent height change
sample-tip bias in STM images. The difference in appl
bias implies a variation in the set-point conditions for tu
neling. This effect can have two consequences: electro
effects imposing a change in sample-tip separation and
metric effects resulting from resolution loss due to an
creased imaging height. The magnitude of these effect
observed contrast can be estimated using the tunneling s
trum taken on the TiO2 ~110! terraces and are discussed b
low.

The change in height from the TiO2 plane imposed by the
difference in the density of states at given tunneling voltag
is approximated by applying the tunneling equation:

I;Vrs~0,E!exp@21.025f1/2W# ~1!

which relates the tunneling voltage~V, the voltage applied
between the tip and the sample!, density of states of the
surface evaluated at the tip for the electron energyE
[rs(0,E)], tunneling barrier~f!, and the tunneling-gap width
(W).20 Using 0.5 nm as an initial guess at the tunnel-g
width, 5.65 eV for the work function of Pt,21 4.8 eV for the
electron affinity of TiO2~x!,22 a trapezoidal approximation t
the vacuum-barrier shape, and the values61.5 V and21.3/
10.5 nA from Fig. 1, relative values forrs(0,E) can be
found. This can be carried out for each voltage to estim
the change inW due to the change inrs~0,E! as seen in the
tunneling spectra. Thus we getDW50.0260.01 nm, which
represents the total change in the tunneling-gap width o
the TiO2 planes when the tunneling voltage is shifted fro
11.5 to21.5 V. This approach cannot be used to estim
changes while the tip is over the metal cluster because
tunneling gap will be affected by the cluster-oxide interfac
barrier. However, inverse photoemission and photoemis
show that the density of filled and unfilled states is the sa
at 11.5 and21.5 V.23 Therefore, the change in tunnelin
conditions~i.e., the change in tunneling voltage from11.5 to
21.5 V! over copper results in little, if any, change in t
position due to the bulk-band structure of the copper. T
effect, due to purely electronic-structural differences in
substrate at the different voltages, is shown schematicall
Fig. 4. Since the distance that the tip must move inz as it
travels from surface to metal changes, the apparent heig
the cluster must change by 0.0260.01 nm.

The geometric effect of changing sample-tip separat
must also be taken into account since it results in a chang
re-
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the observed corrugation amplitude of surface features.
observed corrugation-amplitude change according to S
et al.24 is given by the expression:

D/D05exp$2p2/a2~R1W!/k%, ~2!

where 2p/a is the reciprocal lattice vector of longest Fouri
component,R is the tip radius~2.5 nm!, W is the tunneling-
gap width from the TiO2 surface,k

25(2mf)/h2, m is the
electron mass,h is Planck’s constant divided by 2p. Reason-
ing that the formula of Stollet al. can be applied to the
longest Fourier component of the features of interest
assuming a Fourier component the size of the cluster g
an estimate of total change in apparent height
DWtotal50.0360.01 nm. Underestimating the tip radiu
yields a conservative estimate of the effect; if the tip size
larger, the effect is even smaller. Therefore, the maxim
change in the measured height of a given cluster, due to b
the electronic and geometric consequences of the differe
in tunneling conditions~at voltage shifts of around 3.0 V!, is
of the order of 0.05 nm. Any change larger than this must
attributed to other factors.

Apparent cluster size

The observed cluster-height changes supersede the a
estimate by nearly an order of magnitude and are stron
dependent on the total voltage variation in the two imag
Figure 5 shows the dependence of apparent height chang
voltage (DV) for a cluster diameter of 13.0 nm. Clearly, th
effect of the contact between the cluster and the subst
must be taken into account. The configuration is schem
cally illustrated in Fig. 6 which labels the relationships b
tween the energies of the tip, Cu cluster, and semiconduc

FIG. 4. A schematic diagram of the relative sample-tip sepa
tion on the TiO2 and over the metal cluster. The effects of a chan
in setpoint are illustrated by the dashed line.

FIG. 5. The apparent change in height as a function of to
voltage change.
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substrate electrons when the tip bias is negative with res
to the cluster-substrate system. The doped TiO2 is ann-type
semiconductor; therefore ideally, with no external bias,
interface potential isfcopper2xrutile50.85 V, in the Schottky
limit.25 As shown in Fig. 6, when the system is biased,
Fermi levels are offset byV1 at the tunnel junction andV2 at
the interface, since a measurable current in the STM imp
transport through the vacuum barrier (W) and across the
depletion region of the substrate (d). When the interface is
biased, the resulting band bending gives an ‘‘effective b
rier’’ to current flow that is voltage dependent. Thus, tunn
ing out of the substrate, out of the cluster, and into the
~forward bias! results in an interfacial barrier which i
smaller than the contact potential. A reverse bias, tunne
into the cluster and into the substrate, increases this effec
barrier slightly and reduces the interface transmission pr
ability. The effective interfacial barrier to current flow
voltage dependent. The contact potential at the interface
material parameter and is not voltage dependent; though
we will show later, this contact potential is not fully
Schottky barrier in the classical sense, we draw the ana
in a manner similar to the references cited above~i.e., the
onset of Schottky contact behavior!.26 The tip moves away
from the surface of the cluster in the forward-bias condit
and toward the cluster surface in the reverse-bias cond
to maintain a constant tunneling current as measured by
STM feedback system. The apparent height changes of
clusters with bias correspond to differences in the copp
substrate interfacial-depletion region under the forward-
reverse-bias conditions. Further, as in any Schottky diod
is expected that an increase in the magnitude of bias cha
would increase the total amount of band bending and, c
sequently, the total change in effective barrier between
two voltages. This is observed in that the apparent cont
change of the cluster increases with the size of the volt
swing. This is equivalent to saying that the total voltage d
over the cluster-substrate system (V11V2) is the applied
voltage of the STM (V) and that the total tunneling gap
the sample-tip separation plus the depletion zone (W1d)
~see Fig. 6!. When the voltage is shifted from11.5 to21.5
V the value ofW1d must remain constant except for th

FIG. 6. Band-level diagram of cluster imaging as a two-s
tunneling process. The diagram shows the condition in which e
trons flow from the tip into the sample, or reverse bias of the in
face.
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minor adjustment due to differences in band structure d
cussed above. Thus, ifd is increased,W must decrease an
vice versa. The change inW is measured as a change
apparent height of the cluster.

In addition to an apparent cluster height change, the c
tour of the surface near the cluster is voltage dependent.
apparent depression is the response expected in a regio
pleted of carriers as would be the consequence of a local
interfacial barrier. The barrier height at the interface can
estimated by measuring the lateral depletion zones near
cluster. Again referring to Fig. 3, these cross sections of
15.0 nm cluster show depressions adjacent to the clu
edges. Recall, the line scans were acquired at sample b
of ~1! 21.5 V; therefore the interface is~reverse! forward
biased. The fact that the size of this apparent depression
function of voltage indicates that it is an electronic effe
rather than a topographic feature and results from a cap
tive coupling between cluster and tip. The contour of th
region lies below that of the plane far from the cluster. If t
shape of the contour on the surface is assumed to be th
the depletion zone, the contour can be fit and integrated
find the volume. Using the ‘‘abrupt-junction approx
imation’’ 26,27 and a majority carrier density of 1018/cm3

~specified by the crystal-dopant concentration!, the forward-
biased interface barrier effective height is 2.2 mV and
reversed-biased barrier effective height is 22.0 mV. Aga
as stated above, the effective height of the interface barrie
this case refers to a barrier to current flow based on the w
of the depletion zone under bias. It can be related to
contact potential through some choice of transport model
macroscopic systems, this value is typically associated w
the Schottky barrier height minus the applied bias at
interface~Feffective5FSchottky2V2!. However, since the effec
tive barrier heights above are given for the forward- a
reverse-bias conditions of the contact, the contact poten
associated with the interface lies somewhere between t
values.26

Apparent height changes and lateral depletion regions
also strongly dependent on the cluster diameter, as show
Fig. 7. The smallest particles exhibit apparent height chan
of nearly 0.2 nm, larger than that predicted to result fro
changes in sample-tip separation as discussed above.
general trend of this dependence was observed when the
voltage shift was61.0,61.5 ~as shown!, and61.8 V.

Edge effects

Edge effects have been characterized in SB inhomoge
ities for some geometries, including strips and circu
patches of low SBH interfaces imbedded in an interface
high SBH.1 Though this is exactly the inverse of the syste
under study, the same physical intuition may be appli
Again, in this study, the analogy to the classical Schot
barrier is made. For simplicity, the term ‘‘effective barrier
is used to describe the barrier to current flow at the me
semiconductor interface and is distinct from the contact
tential. In the present case, the electric-field density bene
the cluster varies laterally across the interface. Near disc
tinuities of the interface, the field density should be large d
to the edge of the metal film. At the center of the cluster,
field density should be similar to that of an infinite plane
charge.28 Therefore, band bending near the edge of the cl
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55 9797SCHOTTKY-BARRIER FORMATION AT NANOSCALE . . .
ter should be greater. Because the Fermi level of the clu
and the electron affinity of the semiconductor are fixed re
tive to each other across the interface, more current will fl
through the edges of the structure. This situation is simila
that of ‘‘leakage’’ currents in ultra-large-scale integratio
capacitors.27 To estimate its effects in STM imaging o
nanoscale contacts, we note that the field density, and
the contact potential at the interface must vary smoothly. T
interface is partitioned into two separate regions, an are
low-contact potential associated with the edge of a clus
Fring , and an area of high-contact with the center of t
cluster,Fcenter. In contrast to the above-mentioned situatio
the effective low barrier height derives from the finite si
and is taken to be the mean value of the smoothly vary
function of the barrier height at the edge.4,29 The contact
potential in the center of the cluster is that associated w
Schottky-barrier development in an infinite, continuous fi
of copper on TiO2 ~110! ~i.e., f2x!. Assumed implicitly is
that the cluster behaves as a metal and when unbiased
Fermi levels of the cluster and the substrate match. The r
tive contributions of the two different areas in the over
current flow through the region is the sum of the current fl
through a small annulus around the edge of the cluster
that through the center of the cluster as shown in Fig. 8.
relative magnitudes of the contact potentials a
Fcenter.Fring , Fcenter5const for 0,r,R2d, and Fring
5const forR2d,r,R, whereR is the radius of the contac
area, andd is the part of the radius associated with the a
nulus. This is equivalent to saying that the manifestation
the lower contact potential at the edge will be a sma
depletion region and thus a higher current density across
part of the contact. The effective depletion regions associa
with these contacts are taken to have the same geom
dependence as does the potential-barrier distribution, tha
distinct depletion depths are associated with the center
the annulus regions. Since this does not take into accoun
complexities of the potential at the edge of the cluster
seems reasonable to expect that any error in the approx

FIG. 7. Apparent height change as a function of cluster dia
eter. The four points shown forDV53.0 V, represent ten dat
points with several points overlapping. The three from theDV52.0
V, represent eight different data points with some points overl
ping. These data were collected for heights measured at 1.5
21.5 V and a tunneling current of 0.5 nA. Similar functional d
pendences are seen for a voltage shift from 1.0 to21.0 V.
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tion should be associated with the value chosen ford. The
interest here is how the area of the annulus in which t
edge-related effects occur, contributes to current flo
through the interface as a function of cluster diameter. E
pressing the ratios of partitioned areas to the total area
terms of the above variables:

Aring

Atotal
5
2d

R
2

d2

R2 ,

Acenter

Atotal
512

2d

R
1

d2

R2 . ~3!

WhenR becomes large, the proportion of the ring area to t
total area becomes vanishingly small and the area of
center dominates, as expected. Assuming that the curr
through all partitions of the cluster-semiconductor interfa
must add to equal the total current through the vacuum g
of the STM, an upper bound on the edge effect as a funct
of cluster radius can be derived. The current through
system, by charge conservation, is therefore related by

@AringJring1AcenterJcenter#5Vrs~0,E!exp@21.025f1/2W#,
~4!

whereJ ~V2 , contact potential,T525 °C! is the current den-
sity, V is the voltage applied between the sample and tip,V1
is the voltage dropped across the vacuum barrier,V2 is the
voltage dropped across the cluster-semiconductor interfa
Ai is the area of respective partitions of the interface,f is the
average work function of the Cu cluster and the Pt-Ir tip55.0
eV, and rs(0,E) is the density of states at energy 2eV1
evaluated at the tip center. Implicit in this expression is t
assumption that no ballistic transport takes place through
cluster and into the semiconductor. This assumption is m
because the magnitude of the current is much larger than
of typical BEEM experiments, in which ballistic transport i

-

-
nd

FIG. 8. A schematic representation of the model for edge effe
in the measured barrier height. The cluster area in contact with
substrate is divided into two regions; a ring of low-contact potent
and a central area of higher-contact potential. The low potentia
due to edge effects in the field near the edge of the cluster.



ee
T

ag
n

i

ip
n

en
ug
To
s

ec
a

he
or-
d
tly
g
-

ec-
as
is
ate.
te
.e.,

size

k
ion
e
at

de-

-
ic

9798 55D. L. CARROLL, M. WAGNER, M. RÜHLE, AND D. A. BONNELL
the primary mechanism. Figure 6 shows the relation betw
these parameters and the total voltage applied by the S
Rearranging terms:

W5
ln$@AringJring1AcenterJcenter#V

21r21%

1.025f1/2 . ~5!

The negative sign is lost by taking the sense of the volt
and the current to be positive. In this experiment, variatio
in the apparent height~vacuum gap width! with voltage are
the measured quantities. Writing the height difference
terms of local conductivities, whileGi5J1/V:

dW

dV
5

1

1.025f1/2 F Gring8 Aring

GringAring1GcenterAcenter

1
Gcenter8 Acenter

GringAring1GcenterAcenter
G . ~6!

The derivativeGi8 is taken with respect to the sample-t
applied voltage. The conductivities are assumed to be fu
tions of the applied voltage through dependences onV1 and
V2. No specific form has been specified for the current d
sities though, the standard equations for current flow thro
a potential barrier would be a good first approximation.
emphasize the geometric dependence, the denominator
written in terms of effective properties and Eq.~1! is substi-
tuted for the areas:

dW

dV
5
Gring8 Aring

GeffAtotal
1
Gcenter8 Acenter

GeffAtotal
5
Gcenter8

Geff

1
2d~Gring8 2Gcenter8 !

RGeff
1

d2~Gcenter8 2Gring8 !

R2Geff
. ~7!

Note that the first and third terms are positive while the s
ond is negative. This picture yields the intuitive result th
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the variation in the tunneling gap~between tip and cluster!
with voltage is proportional to the sum of the ratios of t
partitioned areas to the contact areas multiplied by their n
malized ‘‘differential conductivities.’’ Therefore, observe
height variations in the STM image with voltage are direc
proportional to the ratio of the areas of different SBH. Fittin
the data in Fig. 7~dashed lines! to the equation for the geo
metric dependence of the apparent height change,d52.65
and 1.67 nm for voltage changes of 3.0 and 2.0 V, resp
tively. The fact that the magnitude of the edge effect,
indicated by the size ofd, increases with voltage change
consistent with an increase in band bending in the substr
The relative values of differential conductivities also indica
that the edge effect is larger at the larger voltage; i
Gring8 /Geff is 0.02 at 2.0 V and 0.27 at 3 V while
Gcenter8 /Geff is 0.82 at 2.0 V and 2.45 at 3.0 V~3% at 2 V but
over 10% at 3 V!. At the limit of large cluster sizes the
apparent height change becomes independent of cluster
at the value associated withGcenter8 /GcenterAtotal. The implicit
assumption thatdÞf (r ) implies that the model may brea
down at very small cluster sizes and, in fact, the funct
diverges asR→0. While it might be tempting to consider th
physical implications of the function minimum, it occurs
length scales sufficiently small~,3 or 5 nm! to question the
validity of its application in that range.

In order to examine the voltage dependence in more
tail, simple relations for current are put into Eq.~5!. If trans-
port through the depletion region~i.e., across the metal
semiconductor interface! can be expressed as thermion
conduction,

J5A*T2exp@qF ring /kT#exp@qV1 /kT# ~8!

then ~in the forward-bias condition!:
dW/dV5~1/1.025f1/2!$~q/kT!21/V%exp@q~Feff2Fcenter!/kT#1~2d/R!„$~q/kT!~12F ring8 !21/V%

3exp@q~Feff2F ring!/kT#2$~q/kT!21/V%exp@q~Feff2Fcenter!/kT#…1~d2/R2!

3„$~q/kT!21/V%exp@q~Feff2Fcenter!/kT#2$~q/kT!~12F ring8 !21/V%exp@q~Feff2F ring!/kT#… ~9!
ight
g-

t it
pen-
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nd
where the Schottky barrier at the edge~Fring! and the effec-
tive ~average! Schottky barrier for the system~Feff! are con-
sidered to be functions of voltage. It is likely that changes
the SBH of the ring are algebraic in functional form. Thus,
the applied voltage gets large, the exponents of this equa
will dominate. At lower voltage, whereFring can be consid-
ered nearly constant~or very weakly dependent onV!, the
terms with the prefactor$@q/kT(1-F ring8 )#21/V% will have a
positive exponent and the terms with$(q/kT)21/V% will
have negative exponents. Further, at lower volta
Feff2Fcentershould be small; however,Feff2Fring should be
nearlyFcenterdue to the increase field density at the clus
edge. This point is also clear from the decreasing valued
at lower voltages. Therefore, the terms with a positive ex
nent will dominate the functional behavior of the system
n
s
on

s

r

-
t

low voltages. The voltage dependence of the apparent he
change, shown in Fig. 6, is a monotonically increasin
function of V. If Fring is a linear function ofV then
dW/dV;(C1/V)exp@C2V# where theC’s are constants.
This equation is shown with the data in Fig. 6 to show tha
represents a reasonable description of the voltage de
dence.

CONCLUSIONS

Voltage-dependent contrast in STM images has been u
to quantify local barrier formation at nanoscale metal-ox
interfaces which have been described in terms of class
Schottky-barrier formation. The electronic characteristics
nanometer-sized contacts under effective-forward- a
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reverse-bias conditions are mediated by the effects of fi
size in these systems. The reduction of the measured co
potential relative to that of an infinite plane can be direc
related to the contributions of current flow through the ed
of the nanostructure. For larger clusters these edge effect
proportionally smaller. A simple geometrical model whic
considers the ratios of areas and effective different
conductivities captures trends observed in height variati
as a function of cluster size. Contact-potential formation
systems of this size scale with adjacent depletion zones
implications to substrate-mediated cluster-cluster inter
pl

.

pl.
te
act

s
are

l-
s
n
as
c-

tions, surface wetting, and homogeneity in device fabri
tion.
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