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Coulomb barriers and adsorbate effects in scanning tunneling microscopy
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Even in ultrahigh vacuum most surfaces studied by scanning tunneling microscopy (STM) and
especially the STM tip are coated by adsorbates containing localized states. These localized states
adjacent to the tip exhibit very small effective capacitances. For these small capacitances the
Coulomb charging energy e /2C of an electron is large compared with the thermal energy kT even
at room temperature. As a result, a Coulomb barrier shows up as the reduced tunnel current in-
creases I ~ V for eV(e /2C. Spectroscopic I( V) data were analyzed for Nb and Au samples at
different temperatures and tip-sample distances for wet-etched W tips. The I( V) characteristics re-
vealed a Coulomb barrier in the resonant tunnel channel. Direct tunneling, which decreases more
rapidly with tunnel distance, does not show this Coulomb barrier. The resonant tunnel channel
shows that the Coulomb barrier seems to be related to the adsorbate (H&O?) at the W-WO3 tip dom-
inating tunneling under these circumstances. This explains the often reduced barrier height or
atomic resolution in STM measurements.

I. INTRODUCTION

Refined lithographic and low-temperature techniques
allow the fabrication of devices whose behavior is affected
by the capacitive charging energy of a single electron. '

In comparison to the early work on granular films
with large random arrays of low-capacitance tunnel junc-
tions, the smail junction devices permit the study of
quantum-mechanical phenomena without complications
arising from collective actions. On the other hand,
rigorous quantum-mechanical approaches "have led to
a better understanding of the behavior of small junctions
in the limit of small capacitances as well as to the predic-
tion of a variety of interesting phenomena related to the
quantum mechanics of such mesoscopic systems. How-
ever, in scanning tunneling microscopy (STM) it is still
not clear if the charging blockade occurs between plane
and tip being empty or via localized states of adsorbates
or oxides, as found for planar junctions. ' There it was
found that in the resonant tunnel channel a Coulomb bar-
rier shows up.

We will show in the following that in the case of an
STM the Coulomb barrier occurs in the resonant tunnel
channel, "which in parallel plane approximation is given
by

j aT(d) nMnL, exp( ted) . —

I ( V) =2C V /vreR, V « b, V =e /C .

At higher voltages a linear asymptote

I ( V) = ( V —6 V/2 ) /R, V ))b, V

(1.3)

(1.4)

is reached with R as resistance and AV the displacement
from the origin. Above, C denotes an effective charging
capacitance, which has to be distinguished from an
overall tip-plate stray capacitance as determined by usual
ac-bridge measurements. C originates in the tip-to-plate
volume being described by d as tip-plate distance and S as
an effective area. This yields

(1.5)

the barrier N =Ec—EF is more appropriate than the de-
cay away from the plane exp( —ter). Resonant tunneling
is largest, for wave function amplitudes from both elec-
trodes being equal at the localized site. Thus states adja-
cent to the tip dominate resonant tunneling and most im-
aging in STM is done in the resonant tunnel channel via
states adjacent to the tip.

The theoretical analysis of Averin and Likharev' indi-
cates that the I ( V) characteristic is modified by a
Coulomb blockade at low voltages showing for k T
((e /2C a reduced increase:

j,(d) ~ nMexp( —2tcd) . (1.2)

The direct tunnel channel decays much more rapidly
with barrier width d,

for the tip-plate capacitance and

1 1 1

e Teo 2(1+rT/RT) (2rT+rTIRT)
(1.6)

In these equations" nl is the density of localized states,
n~ the density of states at the metallic banks, and

a.=+2m (Ec E~)/A', —

a mean decay constant for the wave function of a tunnel-
ing electron in the barrier. For a tip of small radius
RT (5 nm, like for localized states, the three-dimensional
decay of the wave function 1Ir exp( vr) (Ref. 11) in—to

s =Roexp(2~d), (1.7)

where Ro ~ 1/5 holds. Resonant tunneling j~T 1/R~T
[Eq. (1.1)] is accompanied by an efFective capacitance

for the capacitance of a localized state rT in front of a
sphere ("tip") of radius Rr. Direct tunneling j, [Eq.
(1.2)] is accompanied by the capacitance Cs [Eq. (1.5)]
and a resistance in the parallel-plane approximation,
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Car =aCs + 1(P/C +y /Cz. ) (1.8)

2

=0.112 eV .
Cs

(1.10)

As indicated in Eq. (1.8) the charging energy in resonant
tunneling is smaller than that given in simple parallel
plates. But for states close to the tip, i.e., small rz, the
charging energy is high due to the large asymmetry a = 1.
These states carry most of the resonant
tunnel current due to the equal amplitude from the tip
( ~exp[ ~(Rz. +r—r)]/(Rz+rr)) and plane
( ~ exp[ —x(d rr ) ] ) and—thus their Coulomb barrier will

show up. For comparison with experiments we make use
of the dominant exponential dependencies of the tunnel
currents on distances in Eq. (1.1), where the capacitance
depends roughly like 1/d on tip-plate distance. Thus,
logarithmic plots of Rs or R = I/(I/R~r+ I/Rs) versus
1/C are used in the following.

In this paper, we report local spectroscopic STM mea-
surements on niobium and gold samples by electrochemi-
cally etched W-tips at various temperatures. ' '

II. EXPERIMENT

The samples have been cut from polycrystalline foils.
Large grains in the order of 100 pm diameter were ob-
tained by performing the usual ultrahigh vacuum anneal-
ing procedures. The details of the Nb-sample prepara-
tion are described in Ref. 13, where it is reported that Nb
is coated by Nb&05 (=2 nm) exhibiting an effective bar-
rier height of N =0. 1 —0.9 eV, and by an adsorption layer
( —OH, —COH, . . . ) in excess of 2nm thickness. These
ten monolayers' have been found as equilibrium for
Nb20~ (Ref. 13) after 1 day in 10 -Torr UHV at 300 K.
Dry Nb2O5 or Au surfaces have about 2-to-4 monolayers
of adsorbates under similar UHV conditions. The elec-
trochemically etched W-tip is coated' by 1 —3-nm am-
photeric WO3 (W-OH) whereby OH groups H20 or hy-
drocarbons are bonded like in the case of Nb2O5. ' '
Thus, in our STM system (=10 Torr vacuum or He ex-
change gas with a purity corresponding to about 10
Torr), ' in particular at lower temperature due to cryo-
pumping, a much thicker adsorbate layer () 5 nm) covers
the sample and tip. Thus in STM measurements the tip
necessarily steers in this adsorbate contamination.

The experimental setup consists of a compact STM

describing the fact that a charge at rz- induces a small
charge at the plane (C~) and a large charge at the tip
(Cz), where the latter induces its counterpart (Cs) at the
plane. For example, a=0 and @=@=0.5 holds for
parallel-plane geometry for states in the middle of the
barrier. ' For increasing asymmetry rr/d~OCC = I=P
and y (( I is predicted in Eq. (1.8). C~ given by

1/C =1/fe„pe04(d —rr)]
is the capacitance relative to the plane of the localized
state at rz- in front of the tip. As an estimate for the tip-
plane capacitance Cs we assume &S =2 nm =d yielding
for e„=20,

which was mounted in a helium cryostat. All measure-
ments have been performed in a helium exchange gas at-
mosphere at normal pressure. Rough positioning of the
tip was done from outside the cryostat with a difFerential
screw mechanism. Fine positioning, i.e., variation of the
tip-to-sample distance as well as of the actual lateral
probe position, has been achieved in the usual manner us-
ing a piezotube scanner. The time constant of the STM
feedback electronics could be adjusted in a way that
thermal drift and low-frequency vibrations are compen-
sated, while full I( V) characteristics (=nA) are swept at
a frequency of about 1 kHz. '

III. RESULTS AND DISCUSSION

Figure 1 shows a typical result for the niobium sample
at a temperature of 300 K. The low-voltage nonlinearity
Eq. (1.3) of the I( V) curve is clearly seen in Fig. 1(a). At
higher voltages the characteristic becomes linear and
barrier-induced effects at eV =N are not observed up to
about 0.9 eV, i.e., 4&0.9 eV holds. This linear depen-
dence is made obvious in a plot of the dynamic conduc-
tance dI/dV in Fig. 1(b). At sufftciently high voltages
[V) b, V, Eq. (1.4)] the dynamic conductance becomes
constant and is dominated by the tunneling conductance
1/R given by Eq. (1.4). An additional feature revealed by
Figs. 1(b) and 1(c) is the existence of a shunt conductance
1/R, which corresponds to a finite initial slope of the
I( V) characteristic in Fig. 1(a). It has been confirmed by
static measurements that this shunt conductance is not
an artifact of the measurements, e.g. , resulting from
phase-lag effects, but is a reproducible feature of the STM
junctions. As discussed below and indicated by its tern-
perature independence, R,, is related to direct tunneling
[Eq. (1.2)]. In Figs. 1 and 2 the I(V) curve for the Nb
sample at 77 and 4.2 K. are shown. Using the asyrnptotes
shown in Fig. 1(a), the charging capacitance C from Eq.
(1.3), as well as the resistance R, can be determined. It is
confirmed by Fig. 2 that the predicted low-voltage quad-
ratic behavior coincides well with the experimentally
recorded curve.

The I ( V) characteristics shown in Figs. 1 and 2 reveal
that at low voltages STM tunneling is hindered by a
Coulomb barrier (or blockade). This Coulomb barrier
seems to be a general effect occurring at widely different
resistances, temperatures, and electrode materials for our
W tips. Such a Coulomb barrier has also been found for
a planar tunnel barrier' in the resonant tunnel channel.
Thus we claim that resonant tunneling via localized states
is the site for the Coulomb barrier, as in NbzO~ (Ref. 11)
or a-Si. ' In line with resonant tunneling is the scatter of
R and C in Figs. 3—5 around the indicated mean value
being related to statistical changes of the localized states
carrying the tunnel current.

The above separation 1/R = I/Ra&+ I/Rs (Fig. 1)
has even quantitatively all the properties of resonant and
direct tunneling proposed in Eqs. (1.1) and (1.2). This is
shown in Fig. 3 by R being much smaller than Rs so that
the plot log, 0R =log, DR~r ~ ~d versus log, oRS ~ 2~d has
to yield a straight line with slope 0.5 as found in our ex-
periments. This slope 0.5 is also showing up in the
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work-function measurement dI /dd yielding with Eq.
(1.2) 0.9 eV as barrier height @.' At 0.9 eV the current
does not show any increase proving this barrier height. "
In contrast, the use of Eq. (1.1) yields 4& = 3.6 eV
=4X0.9 eV being in line with standard work functions.
This shows that also in earlier STM measurements' reso-
nant tunneling was the dominant tunnel channel.
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FIG. 2. Experimentally recorded I(V) curve (solid line) in
comparison with theoretical points for the niobium sample at 77
K. The theoretical points are calculated without any adjustable
parameters according to Eqs. (1.3) and (1.4) (Ref. 10).
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FIG. 1. (a) I( V) characteristic recorded with a tungsten tip
on a niobium sample at 300 K. The parallel asymptotes are in-
dicated f'or reference. (b) Corresponding dynamic conductance
dI/O V. (c) Dynamic conductance for the same sample at 4.2 K.

Figure 3 shows that for Nb and Au samples and 300
K~ T~4.2 K identical R~ are obtained despite widely
differing R values. This confirms our point of view that
Rz is describing direct tunneling and 2~d the barrier.
Then Fig. 3 indicates for Nb that RRT is much smaller
than Rz and increases with T, in contrast to Au. Both
observations are explained by NbzO& coating Nb and con-
taining low 4& channels (& 1 eV), which enhance I/RaT
locally and showing a conductance decreasing with in-
creasing temperature. ' In contrast Au adsorbates have
a uniform barrier and a resonant tunnel conductance in-
creasing with temperature which is explainable by inelas-
tic tunneling. '

The question is now, where are the localized states
coming from causing the observed resonant tunneling?
In planar junctions resonant tunneling is dominated by
states in the middle of the barrier because of equal ampli-
tudes from both electrodes. "' In contrast in STM,
states adjacent to the narrow tip carry most of the reso-
nant tunnel current as discussed above. The electro-
chemically etched W tip is coated by 1 —3-nm WO3-W-
OH (Ref. 16) bonding H&O and hydrocarbons. The shape
resonances of these adsorbates are the most likely candi-
dates for states carrying resonant tunneling as found in
secondary electron emissions of Nb&05-NbOH. '

For such states rT adjacent to the tip Eq. (1.8) gives the
appropriate Coulomb barrier, where a and 13 approach 1

with asymmetry. The charging energy e /CRT increases
with d mainly by aC, ~S/d with a small S &2 nm be-
cause it is due to an adjacent image charge. This de-
scribes Figs. 4 and 5. For a quantitative discussion
log, oR,, versus 1/CRT for Nb-Nb@05-adsorbate-WO3-W
is plotted in Fig. 4 showing roughly the same linear ~d
versus 1/CRT dependence for 4 and 77 K, only for 300
K, 1/CRT becomes larger. This 1/CRT increase from 4
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to 300 K is likely a consequence of the reduced density of
the adsorbates above 100 K causing an e, reduction.
Comparing Fig. 4 with Fig. 5 one realizes that logIOR,
changes by 1 order of magnitude for roughly 1 order
change of 1/CRT. In contrast in Fig. 5, logloR changes
less than 1/CRr like in Refs. 1 —3, confirming our point
of view that only logIpRg ~2Kd is a measure of the tip
sample barrier.

The above consistent picture relating most of imaging
in STM to resonant tunneling via states adjacent to the
tip is supported by the measurements of Kirk. ' He
showed in addition to resonant tunneling yielding a
Coulomb barrier that organic molecules adjacent to the
tip enhance the tunnel current and yield steps in dI/dV.
These steps at excitation energies of the molecule prove
the opening of a new tunnel channel, which cannot be ex-
plained by standard inelastic tunneling. We propose that
these "inelastic resonant tunnel channels" are due to in-
elastic processes being determined by the shape reso-
nance showing a large overlap with tip wave functions
yielding resonant tunneling, as observed. '

surface states, but rather is a fundamental physical phe-
nomena of tunnel junctions with a sufficiently small in-
herent capacitance. The actual Coulomb charging of a
single electron is related to resonant tunneling via local-
ized states adjacent to the tip in the tunnel barrier. This
fact sheds light on the tunnel time or capacitance discus-
sions. In the present study —as is often the case in STM
and atomic force microscope (AFM) measurements —the
interelectrode spacing is filled by oxides, hydroxides, and
adsorbates. Under the different states in the barrier elec-
tron attachment states bonded to the tip like W-OH-
HOH, are the prominent cause for this resonant tunnel-
ing. This atomic tip sharpening by resonant tunneling
may yield good scanning operation with atomic resolu-
tion, whereas the I(V) spectroscopic operation is dis-
turbed by the Coulomb barrier. This was confirmed re-
cently by dry Pt-Ir tips showing better I( V) results. ' It
is obvious that these adsorbates play a crucial role in the
AFM and its irreversibilities, because the acoustic energy
transferred from sample to cantilever via adsorbates
(capillary forces) dominates over, e.g. , van der Waals
forces.
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