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Effect of Moderate Electropulsing on Nb Multiterminal Transport Bridges
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We investigate targeted and localized material modifications produced by electropulsing of Al-capped
Nb microbridges with a multiterminal configuration. The affected regions of the Nb/Al bilayer termi-
nals are revealed by an in-lens secondary-electron detector in a scanning electron microscope and by
Kelvin-probe force microscopy, both suggesting a decrease in the work function in the modified areas. In
contrast, the affected areas are neither apparent through an Everhart-Thornley secondary-electron detector
nor through atomic force microscopy, which indicates little morphological change in the microstructure.
In addition, we demonstrate that the extent of the electroannealed regions is strongly influenced by the
terminal geometry. These results are captured by complementary finite-element modeling, which permits
us to estimate that a threshold temperature of 435 ± 35 K is needed to induce material modifications.
These findings provide further insights into the subtle modifications produced by gentle electroannealing
of Nb/Al microstructures and represent a step forward towards mastering this emerging nanofabrication
technique.

DOI: 10.1103/PhysRevApplied.19.054009

I. INTRODUCTION

Niobium is a material of choice for a variety of super-
conducting applications, including radio-frequency (rf)
accelerator cavities [1–3], quantum interference devices
[4–6], Josephson tunnel junctions and weak links [7,8],
superconducting resonators and filters [9–11], quantum
bits [12–14], and flexible superconducting transmission
lines [15,16]. The reasons for this privileged position are
manifold: niobium is the element with the highest super-
conducting critical temperature, it develops stable oxide
coatings (NbO, NbO2, and Nb2O5) that protect the super-
conducting phase, it exhibits long-term stability under
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repeated thermal cycling, it can be nanostructured by addi-
tive or subtractive lithography, it is malleable and ductile,
and it has low toxicity.

More importantly, the possibility of performing sur-
face treatments such as thermal etching, electropolishing,
annealing in a controlled atmosphere, and buffered chemi-
cal polishing allows further optimization of the properties
of Nb, such as achieving a low microwave surface resis-
tance desired for boosting the efficiency of rf cavities [17].
Naturally, these procedures are applied homogeneously
to the entire sample or device, and do not allow spatial
selectivity. An elegant approach to overcoming this limita-
tion has recently been proposed, based on local annealing
of the sample by the combined effects of Joule heat-
ing and electromigration [18]. This technique has been
successfully implemented to tune the properties of Nb-
based superconducting weak links [19], superconducting
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quantum interference devices [20], multiterminal junctions
[21], and for the fabrication of nanoheaters [22]. In the
applications listed above, a substantial resistance increase
was achieved by severe electromigration, and the resulting
structural modifications and possible alloying were amply
illustrated and discussed. In contrast, the consequences
of electromigration of Nb limited to an increase in resis-
tance of a few percent have remained largely unexplored
so far.

In this paper, we acquire valuable insights on the subtle
changes of the material induced by electropulsing of Nb/Al
systems. We focus particularly on the low-stress regime,
corresponding to currents slightly above the onset of elec-
troannealing and giving rise to an increase in resistance of
a few percent. A subtle induced change is a reduction of
the work function in the targeted region, likely associated
with local oxidation triggered by thermal effects, although
no microstructural modifications are revealed. By compar-
ing the spread and shape of the affected area with thermal
maps computed through finite-element modeling, we are
able to conclude that temperatures above 435 K are needed
to induce sizable modifications in the material. Several
funnel-shaped constrictions with different angles are fab-
ricated to demonstrate the possibility of controlling the
extent of the affected area via its geometry. Identification
of the key parameters that permit one to master the local
modifications of Nb constrictions and understanding which
material properties are affected by electropulsing represent
relevant steps needed to achieve in situ superconducting
weak links and normal leads.

II. EXPERIMENTAL DETAILS

Resist patterns consisting of a double PMMA/co-
PMMA layer are prepared by electron-beam lithography
on a Si/SiO2 substrate (750 ± 50 µm Si, 300 ± 25 nm
SiO2) using a Pioneer 2 nanofabrication system from Raith
GmbH. Subsequently, a Nb thin film (approximately 50
nm thick) is deposited using radio-frequency magnetron
sputtering in a chamber previously pumped down to 10−8

mbar at a deposition rate of 1 Å/s in an Ar pressure of
5.3 mbar. Without breaking the vacuum, the sample is then
capped with a 7-nm-thick Al layer by electron-beam evap-
oration. The thickness of the Al capping layer is chosen to
be slightly greater than that of the native oxide layer of Al
[23], so that it acts as a protective layer for the Nb [24].
If left uncapped, the Nb would naturally develop a coat-
ing oxide layer, with similar protective effects to those of
the native oxide layer on Al. The final structure is revealed
after a conventional liftoff process in warm (approximately
50 ◦C) acetone.

Figure 1 shows the sample layout, in which a 2-µm-
wide central transport bridge is connected to ten terminals,
symmetrically placed with respect to the central axis of the
bridge. All ten terminals are 1.25 ± 0.05 µm wide at the

FIG. 1. False-color scanning-electron-microscopy image of
one of the Nb multiterminal transport bridges. The circuitry
and polarity of the current source are indicated for the case of
electropulsing of junction 1.

point of contact (the junction) with the bridge. In order to
investigate the possible influence of the junction geometry
on the properties of the zone affected by electropulsing, the
upper row of junctions, labeled from 1 to 5, form different
angles (θ = 90◦ to 50◦, respectively, in steps of −10◦) with
the central axis of the bridge. We consider the complement
of this angle to be the funnel angle, 90◦ − θ . The junctions
in the lower row are intended for the sole purpose of mea-
suring the electric potential drop and remain unaffected by
the electropulsing process.

In order to address a particular junction without affect-
ing the neighboring junctions, the current is fed through the
upper contact corresponding to that particular junction, and
a current sink is connected to the left and right extremes of
the transport bridge. The voltage drop across the junction is
measured between the upper and the opposing lower con-
tact. For the sake of clarity, Fig. 1 shows the polarity of the
current source and voltmeter when junction 1 is modified.
This strategy has been recently discussed by Collienne
et al. for the case of strongly modified Nb trijunctions
[21]. The samples are contacted by needle probes while
they are excited and probed by a dual-channel source meter
(Keithley 2612B). The findings reported in this paper were
reproduced in five different samples.

Kelvin-probe force microscopy (KPFM) [25,26] mea-
surements are conducted under ambient conditions in a
scanning probe microscope (Agilent Technologies, model
5500). The setup is equipped with conductive platinum
silicide probes from NANOSENSORS (PtSi-FM) with
a tip radius of curvature around 25 nm and a nomi-
nal force constant of 2.8 N/m. Using Kelvin-probe force
microscopy, an evolution of atomic force microscopy
(AFM), a difference in work function between the probe
tip and the sample can be measured locally. An ac voltage
is applied to the cantilever of the KPFM probe, caus-
ing an oscillating electrostatic force between its tip and
the sample, while the corresponding signal is measured
by a lock-in amplifier. A dc voltage is then applied to
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the probe tip in order to minimize the oscillations in the
electric potential and the cantilever. This dc voltage rep-
resents the difference in electric potential between the
tip and the sample, and hence the difference in work
function.

III. ELECTROPULSING PROTOCOL
AND METHODOLOGY

The electropulsing protocol consists of applying cur-
rent pulses for 1 s with a linearly increasing amplitude.
A similar technique has been successfully applied to other
materials [27–30]. The resistance of the sample is probed
during the pulses (Rmax) and between the pulses (Rmin).
The time between two consecutive electropulses is 25 s.
This experiment is performed under ambient conditions.
Figure 2 shows the resulting evolution of Rmax (red lines)
and Rmin (blue lines) as a function of the amplitude of the
pulsed current for each of the five junctions. The resistance
Rmax(I) initially increases quadratically as a result of Joule
heating and the finite temperature coefficient of resistance.
At high current amplitudes, a sudden upturn indicates the
onset of irreversible changes in the sample. A more conve-
nient parameter, able to separate the irreversible changes
occurring in the sample from the reversible Joule-heating
contribution, is Rmin, obtained with a probe current of
100 µA. Indeed, pulses of small amplitude lead to no
modification of Rmin, as manifested by a nearly current-
independent resistance. Beyond a certain threshold current
density, a slight decrease in resistivity is systematically
observed. This effect can be linked to the relief of structural
stress during a mild Joule annealing process. This initial
improvement in the sample is followed by a rapid increase
in the resistance, likely associated with irreversible oxi-
dation of the Nb at the addressed junction. We limit the
excess resistance produced by this process to less than 10%
for each junction.

Note that even though the narrowest constriction in each
junction has the same width, the electropulsing curves
are not identical for different junctions. This observation
suggests that the modifications produced in the junctions
may not be dictated solely by the current crowding at
the constriction, but that the funnel angle may play an
important role as well. It is also interesting to observe
that the maximum current amplitude Imax needed to induce
the desired resistance increase varies nonmonotonically
with the funnel angle and is maximized around 60◦–70◦.
This result is reproduced for three different samples,
as shown in the inset of Fig. 2. A plausible explana-
tion for this fact could be unwanted residual Nb, which
tends to round the sharp corners in the junctions and is
apparent for intermediate funnel angles (see the AFM
images in Appendix A). Indeed, it is expected that cur-
rent crowding in sharp bends [31] will tend to reduce

FIG. 2. Resistance probed during (Rmax) and after (Rmin) a
current pulse of amplitude I for the five junctions shown in
Fig. 1. The maximum current amplitude is set such that the ini-
tial resistance Rmin increases by less than 10%. Electropulsing is
performed under ambient conditions. The inset shows the maxi-
mum current Imax needed to obtain a 10% increase in resistance
for three different devices labeled S1, S2, and S3.

the threshold applied current for triggering the electro-
migration process.

IV. VISUALIZATION OF
ELECTROPULSING-INDUCED JUNCTION

MODIFICATIONS

Let us now analyze the induced modifications in
each junction after the electropulsing process described
above. To that end, we use several microscopic inspec-
tion techniques, including atomic force microscopy, scan-
ning electron microscopy (SEM), and Kelvin-probe force
microscopy. AFM measurements (shown in Appendix A)
do not reveal any structural change after electropulsing.
Consistently, no hint of modifications is observed in SEM
images collected with an Everhart-Thornley (ET) detector,
shown in Fig. 3(a). This detector collects mainly spatially
spread type-2 secondary electrons (SE2) and should be
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able to reveal nanoscale morphological changes on the
sample surface. In contrast, the in-lens image shown in
Fig. 3(b) evidences a clear change of contrast in the elec-
tropulsed junctions. The in-lens detector collects mainly
SE1 electrons generated near the upper region of the beam-
sample interaction volume and therefore provides direct
information about the sample surface. These images are
acquired with an accelerating voltage of 2 kV, which,
according to Ref. [32], implies a penetration depth of the
primary electrons into the Nb/Al bilayer of approximately
35 nm. However, the primary factor determining the emis-
sion of secondary electrons (the so-called electron yield)
is essentially the surface potential (work function). Indeed,
the fact that the affected regions appear brighter than the
unaffected parts of the sample implies a higher electron
yield, associated with a lower work function in the affected
area. In order to verify this hypothesis, we carry out KPFM
measurements, as shown in Fig. 3(c). In this image, red
(blue) color indicates a high (low) work function. There is
a close correlation between the areas with a high electron
yield and those where the work function is suppressed.

A possible explanation for the observed modification of
the sample surface after electropulsing is local oxidation
of the Al capping layer. Indeed, it has been recently shown
that secondary-electron emission is directly influenced by
oxidation of an aluminum surface [33]. In particular, for
oxide layers thicker than 0.4 nm, the electron emission
has been shown to increase (and therefore the work func-
tion decreases). The work function of the oxide layer is
also expected to be lower than that of the metallic alu-
minum [34]. More interestingly, in addition to oxidation,
it has been shown that physisorption and chemisorption
of O and C strongly influences the work function and the
secondary-electron emission [35,36]. These experimental
findings have recently been confirmed by first-principles
studies [37]. This phenomenon may also account for the
observed decrease in the work function in the Nb/Al
junctions investigated.

V. FINITE-ELEMENT MODELING

Oxygen diffusion is assisted by the local increase in
temperature during the electropulsing process, and there-
fore estimating the temperature profile in the junctions
is of paramount importance for identifying the extent
of the affected area. An interesting feature observed in
Fig. 3 is the fact that the affected region shrinks as the
funnel angle increases. In order to understand the ori-
gin of this effect, we perform finite-element modeling
taking into account the exact geometry of the samples,
obtained from analysis of the SEM images. The thickness
of the Nb/Al samples, h = 62 nm, obtained from atomic-
force-microscopy (see Appendix A), is assumed uniform.
Simulations assuming a pure 62-nm-thick Nb film or a
Nb(55 nm)/Al(7 nm) bilayer give very similar results. This

(a)

(b)

(c)

FIG. 3. Microscopic inspection of a Nb/Al device after the
electropulsing procedure shown in Fig. 2. (a) SEM images
obtained with an ET detector do not reveal any change that
could be attributed to the electropulsing process. (b) An in-lens
SEM image obtained at 2 kV demonstrates higher contrast in the
junctions that have been electropulsed. (c) KPFM images of all
junctions reveal a lower work function (blue) in the regions that
have been electropulsed.

is due to the fact that most of the current flows through
the Nb layer as a consequence of the high resistivity of the
Al layer (300 µ� cm), which can be attributed to a reduc-
tion of the mean free path due to increased diffusion effects
[38]. The simulation solves the stationary heat equation

∇ · q = Qe, (1)

where q = −k ∇T is the heat flux density in W/m2 and
Qe = ρJ 2 is the local Joule heating, J = (1/ρ)E being
the current density in A/m2 and E = −∇V the elec-
tric field in V/m. The average thermal conductivities κ

for Nb/Al and Si are assigned values of 54 [39] and
130 W/(K m) [40], respectively. The normal-state resis-
tivity ρ(T) of the sample exhibits an approximately lin-
ear temperature dependence ρ(T) = ρ0(1 + α(T − 300)),
where α = 2.5 × 10−3 K−1 is the thermal coefficient and
ρ0 is the resistivity at 300 K. The electric potential distri-
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bution for the Nb layer is obtained by solving Poisson’s
equation

∇2V = 0. (2)

The boundary condition for Eq. (1) sets the temperature at
the bottom of the substrate to room temperature (see inset
of Fig. 4), while three conditions are needed for Eq. (2):
one for the current input and two for the current output (as
an example, see Fig. 1 for junction 1). The two equations
(1) and (2) are coupled by the Joule heating term Qe. The
imperfect contact between the Nb and Si imposes a thermal
resistance Rtherm, which reduces the heat removal towards
the substrate:

qint = (TNb − TSi)/Rtherm, (3)

where qint is the heat flux density into the substrate, and
TNb and TSi are the temperatures of the sample and the
substrate, respectively. Rtherm is the effective thermal resis-
tance in K m2/W, considering the contribution of the
thermal conductivity of the SiO2 layer and the thermal
resistance of the two interfaces, Nb/SiO2 and SiO2/Si
[41,42]. As an example, when subjected to a succes-
sion of current pulses, junction 3 exhibits the resistance
evolution represented by the blue curve in Fig. 4. Simu-
lations without taking into account the thermal resistance

Experiment

FIG. 4. Typical resistance versus current (blue curve)
observed during an electropulsing experiment, together with
simulations without (yellow dots) and with (red circles) thermal
resistance. The blue curve corresponds to Rmax(I) in Fig. 2. The
simulations highlight the existence of zones I and II, where the
transition between them at the threshold current Ith corresponds
to the appearance of irreversible alterations in the transport
properties of the sample.

(Rtherm = 0) are shown by the yellow dots and show that
the heating is insufficient to account for the experimen-
tally observed resistance increase. The thermal resistance,
Rtherm = 2.61 × 10−8 K m2/W, is determined by iteration
until the early states of electropulsing (I < 20 mA) are sat-
isfactorily fitted (red circles). This value of Rtherm is unique
and is the same for all junctions. The threshold current Ith
beyond which irreversible changes occur in the junction
is defined as the current for which the modeling under-
estimates the experimental value of the resistance, which
leads to a distinction between two zones. Zone I, for cur-
rents lower than the threshold current (I < Ith), shows a
reversible parabolic profile characteristic of the Joule effect
without structural modifications. Zone II (I > Ith) is char-
acterized by a sudden increase in the resistance due to
irreversible alterations of the material properties.

The electropulsing curves and simulations of five junc-
tions in the same sample are shown in the upper row
of Fig. 5. An average resistivity ρ0 = 37 ± 3 µ� cm is
determined for the Nb/Al bilayer to fit the value of the
resistance at low current. The middle row of Fig. 5 shows
the current-density profiles for the applied current Ith. Inde-
pendently of the total injected current, we observe that the
current density becomes more inhomogeneous as the fun-
nel angle increases, leading to maximum current crowding
in junction 5. The temperature maps, given in the bottom
row, are compared with the affected areas in Figs. 3(b)
and 3(c) to determine the temperature Tbound at the bound-
ary of the affected area in which the work function is
modified. The isothermal contours are plotted as dotted
lines together with the corresponding threshold temper-
ature Tbound, which can be estimated as approximately
435 ± 35 K. This temperature is to be compared with
the results reported in Ref. [43] concerning the growth
kinetics of thin aluminum oxide films formed by dry ther-
mal oxidation of a bare Al(431) substrate under a partial
oxygen pressure of 1.33 × 10−4 Pa. The authors of that
study identified a threshold temperature of 573 K below
which an amorphous Al oxide film develops that attains
a limiting thickness, whereas above this threshold the
growth of the Al oxide layer is not impeded at a limiting
thickness. In the present study, the partial oxygen pres-
sure under atmospheric conditions is substantially higher,
thus likely reducing the threshold temperature needed for
steady growth of the Al oxide layer. Previous investi-
gations via X-ray photoemission spectroscopy [44] have
demonstrated that Al tends to wet the surface of Nb. This
suggests that the excess Al that is not used in the forma-
tion of Al2O3 will diffuse easily through grain boundaries,
leaving a thin uniform coverage on the Nb grains, sufficient
to protect them from oxidation. In other words, part of the
metallic Al lies between the Al2O3 and the Nb substrate,
and also in the Nb grain boundaries.

In addition to the oxidation of the Al capping layer,
there is a simultaneous process of Nb oxidation taking
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FIG. 5. Simulation results for five junctions in the same sample. The electropulsing measurements (blue curves) are shown together
with simulations (red circles) in the first row. Current-density maps corresponding to the current Ith are shown in the second row.
The images in the third row illustrate the temperature distributions, with the dashed curves denoting the isothermal curves T = Tbound
surrounding the regions in which the work function is modified.

place at the vertical walls of the Nb structure, which are
not protected by the Al capping. It is known that Nb
and Nb2O5 exhibit low diffusivity below 400 K, yielding
good long-term stability, including thermal cycling up to
400 K [45]. In other words, it is not surprising that the
resistivity increases in the locations where the local tem-
perature exceeds 400 K. The numerical simulations also
show a highly inhomogeneous local temperature rise, with
a hot core reaching above 550 K. The fact that above
570 K the oxidation of Nb consists mainly in exponen-
tial growth of the diffusion-controlled oxygen uptake [45]
suggests that the hottest part of the junction may undergo
bulk modifications as well [44]. This is consistent with the
development of a double-step superconducting transition
after electropulsing, as shown in Appendix B. There is a
possibility of some Nb-Al alloying at the interface, since
a finite solubility (approximately 8 at % Al) exists in the
Nb-Al phase diagram; however, in view of the rather low
temperatures achieved during the electroannealing process
(compared with the melting temperature Tm > 1000 ◦C), it
is unlikely that this influences a substantial portion of the
device. It is known that Nb-rich alloys (approximately 75
at % Nb) synthesized with an A-15 structure can exhibit

superconducting transition temperatures well above that of
bulk Nb. It is not surprising that we do not observe any
hint of this phase, due in part to the commonly recognized
difficulty of achieving both the necessary order and the
necessary stoichiometry.

VI. CONCLUSION

In summary, we demonstrate the possibility of chang-
ing the properties of selected individual Nb junctions in
a device with an arbitrary number of terminals through
electropulsing. This is an appealing approach by virtue
of its simplicity, which permits nanofabrication without
complex overlay processing and extra deposition steps. In
addition, a large degree of selectivity is observed: unad-
dressed junctions remain intact, and those targeted can,
to some extent, be tuned by combining purposely pre-
defined geometries and/or controlling the amplitude of
the electropulsed current. As an illustration, this tech-
nique could allow us to transform a series of Nb contacts
in superconductor-normal-superconductor junctions or to
transform them into normal contacts. The current paper
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focuses on minor modifications of the material proper-
ties (using a low current amplitude), for which no struc-
tural change is revealed. In this limit, the affected area
becomes apparent through in-lens imaging in a scanning
electron microscope and as contrast in Kelvin-probe force
microscopy. Both of these characterization techniques
point to a reduction of the work function and an enhance-
ment of the secondary-electron yield in the affected area.
This phenomenon has been investigated in the past and
can be attributed to physisorption and chemisorption of
O and C atoms. It is worth noting that in a recent report
on electromigrated YBa2Cu3O7 nanoconstrictions [46], the
affected area becomes apparent in KPFM, suggesting the
universality of this technique for tracking local modifica-
tions of material properties. Complementary finite-element
modeling using the exact geometry of the samples exper-
imentally investigated suggests that the affected area is
hotter than 435 K. The current flourishing of niobium-
based superconducting devices, together with continuous
progress in the Nb thin films employed in transmon qubit
architectures and the critical role played by oxygen vacan-
cies as a decoherence mechanism, make the findings in this
paper timely, since they reveal the severe implications of
applying moderate currents in those devices.
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APPENDIX A: ATOMIC-FORCE-MICROSCOPY
PROFILE

A line profile of junction 1 obtained by atomic force
microscopy along the white dashed line in Fig. 6, is given
by the blue curve in the inset of the bottom right panel
in Fig. 6. From this measurement, we can extract a height
hNb ∼ 62 nm, which includes the 7-nm-thick Al capping
layer. The red dashed line shows the profile used in the
simulations, in which the width LNb is determined from the
SEM image. Note that the AFM profile does not show ver-
tical walls. This can be attributed in part to the tip-sample
convolution effect [47].

Following electropulsing, AFM analysis is conducted
on all junctions. It is evident from the first row of Fig. 6
that there are no significant structural modifications. The

FIG. 6. After electropulsing, AFM inspection is performed on all junctions (top row). As evidenced by these images, there is no
structural change following electropulsing. The bottom row shows the corresponding R(T) curves for all the junctions, measured with
an applied current I = 1 µA after a subsequent electropulsing process. The height profile of a cross section along the white dotted line
in junction 1 is given by the blue curve in the inset of the bottom right panel. The red dotted lines represent the profile used in the
simulations.
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spikes observed in the AFM images result from residual
resist traces after liftoff.

APPENDIX B: SUPERCONDUCTING
TRANSITION OF EACH JUNCTION AFTER

ELECTROPULSING

The resistance-versus-temperature curves obtained for
the addressed junctions (labeled as indicated in Fig. 1) after
electropulsing are shown in the bottom row of Fig. 6. In
most cases the electropulsing leads to a two-step super-
conducting transition: as the temperature decreases, the
first resistance drop occurs at about T0

c = 5.8 K, corre-
sponding to a superconducting transition in the part of the
Nb bridge between the voltage probes that remains unaf-
fected by the electropulsing. This is followed by a second
drop, to zero resistance, at a lower temperature, which
corresponds to the area affected by the electropulsing pro-
cess. Note that the extent of the affected area is larger for
junction 1, which explains the larger decrease in the super-
conducting critical temperature. The fact that the critical
temperature is substantially reduced with respect to the
bulk value (9.25 K) is a consequence of the fabrication

(a)

(b)

(a)

(c)

FIG. 7. (a) SEM in-lens image of device B, exhibiting higher
contrast close to the electropulsed constrictions. During the
experiment, the middle junction is damaged and therefore is not
considered in the analysis. (b) KPFM images of junctions 1 and 2
[region highlighted by the dashed rectangle (i) in (a)] and of junc-
tions 4 and 5 [region highlighted by the dashed rectangle (ii)]. As
in the main text, red-colored regions are associated with higher
values of the work function than blue-colored ones are. This is
explicitly shown in the profiles in (c), where the work-function
variation (��) around each junction is plotted following the
direction indicated by the white arrow across junction 1.

method, which includes a liftoff procedure. Since Nb is
a refractory material requiring high target temperatures,
significant heating and outgassing of the resist lead to a
reduced critical temperature [48].

APPENDIX C: KELVIN-PROBE FORCE
MICROSCOPY

The observations described in the main text are corrob-
orated by KPFM measurements on similar devices, one of
which is presented in Fig. 7. Although one constriction
is damaged during electropulsing, a comparison between
the in-lens SEM and KPFM images in Figs. 7(a) and (b)
reveals a close correlation of the regions affected by the
process. Furthermore, the profiles of the work-function
variation (��) displayed in Fig. 7(c) reveal unmistakably
that these regions experience a drop in work function.
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