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Conducting tip atomic force microscopy analysis of aluminum oxide
barrier defects decorated by electrodeposition
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We show that the electrodeposition of Ni80Fe20 on top of a thin aluminum oxide barrier leads to
particle growth occurring on preferential nucleation centers. The particle sites are attributed to local
defects in the aluminum oxide barrier. As a function of the thickness of the barrier, different growth
modes can occur. For thinner barriers, new nucleation centers are created during electrodeposition.
The resistance of the defects, characterized by conducting atomic force microscopy, ranges from
less than 104 to greater than 1012V. VariousI (V) characteristics were also obtained, depending on
the resistance of the defect. These results suggest that this experimental technique could be a very
interesting one with which to fabricate nanoconstrictions dedicated to ballistic magnetoresistance
studies. ©2001 American Institute of Physics.@DOI: @10.1063/1.1415775#
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In research on magnetic tunnel junctions,1 ‘‘pinholes’’
are generally viewed as defects which spoil the propertie
the junctions. These pinholes, associated with direct met
contacts or due to stoichiometric defects, give rise to ad
tional conduction channels through the junction barrier.
the other hand, pinholes can be useful defects if they
filled by electrodeposition to fabricate nanocontacts betw
two metals and to investigate magnetotransport propertie
nanocontacts. In particular, this fabrication method can b
interest to study ballistic magnetoresistance~BMR! which
has recently been found in nanocontacts between two fe
magnetic metals.2–4

Until now, these nanocontacts have been fabricated
by one by mechanical or chemical methods which com
cate the study of magnetic and transport properties. Of
different pinholes in a thin insulating barrier, some of the
should present the right conditions to observe BMR. W
the interest in ballistic transport mechanisms, this exp
mental approach should be useful to electrically characte
the different types of defects and the role they may play
tunnel junction devices.

Up to now, two different methods have been used
image pinholes in tunnel junctions: direct measuremen
the local tunnel current using conducting tip atomic for
microscopy~AFM!5–7 and defect decoration by electrod
posited metal.8 The first method allows one to measure var
tions of the local conductivity by scanning a surface. Ho
ever it cannot be used to establish stable contact of
pinhole because the AFM cannot be permanently mainta
at the same position. Moreover, the size of the tip does
allow the measurement of small topographic defects. T
second method seems very promising but a lot of quest
remain. Are the defects created by the electrodeposi
method? What is the resistance and the nature of such

a!Electronic mail: julian.carrey@thalesgroup.com
3150003-6951/2001/79(19)/3158/3/$18.00
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fects? What is the relation, if any, between the size of
electrodeposited particles and the resistance of the defe

In this letter, we present results which lead to significa
progress in the understanding of particle growth mechani
and in defect characterization by combining the electrode
sition of a ferromagnetic material such as Ni80Fe20 ~permal-
loy! on various thickness tunnel barriers with current ma
ping using a conducting tip AFM.

Samples were grown in an Alcatel 610 sputteri
apparatus and have the following structur
Al2O3/Ni80Fe20-150 Å/Si. The Al2O3 barrier was fabricated
by oxidation of Al in an Ar/O2 plasma. The partial pressur
of both gazes are 2 mTorr. Samples with Al thicknesses
10, 15, 20 and 25 Å were studied. The oxidation times w
previously optimized during study of tunnel junctions9 to
fully oxidize the Al layer but not the NiFe layer. Two criteri
were used: the small temperature dependence of the r
tance and the maximization of the tunnel magnetoresista
effect. From transmission electron microscopy~TEM! ex-
periments, the aluminum oxide barriers were found to
amorphous, with a thickness 1.5 larger than the deposite
in agreement with the expected value for crystalline alum
(Al2O3). The conducting tip AFM we used is the same
that fabricated by Houze´ et al.10 and has a resistance me
surement range from 100 to 1012V with bias voltage ranging
from 0.1 to 10 V. Prior to electrodeposition, we observ
samples with different barrier thicknesses: no current c
trast was found on any of the samples with a bias of 1
implying that the local resistance always exceeded 1012V.

To perform electrodeposition, we used a bath of Ni s
fate and Fe sulfate with concentrations of 0.5 and 0.02
respectively. A concentration of 0.4 M of boric acid wa
added as a chemical buffer to limit apH rise at the surface
The electrolyte temperature was maintained at 25 °C.
chemical additives were used because these species are
incorporated into the deposit. The deposition was contro
8 © 2001 American Institute of Physics
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3159Appl. Phys. Lett., Vol. 79, No. 19, 5 November 2001 Carrey et al.
by an EG&G model 263 potentiostat/galvanostat. The p
malloy was deposited at21 V relative to Ag/AgCl electrode.
A pure Ni plate was used as a counterelectrode. The com
sition of the deposited particles was determined by a IC
AES1 spectrophotometer.

The first observation of the permalloy particles was p
formed with scanning electron microscopy~SEM!. The den-
sity of the particles for barriers with 10, 15, 20 and 25 Å
Al were, respectively, about 50 000, 6000, 150 and 75 mm22.

The electrodeposition current provides precious inform
tion about the growth mechanisms of such structures. O
must first distinguish between samples with thick barri
~20 and 25 Å Al! and thinner ones~10 and 15 Å!. Thicker
samples exhibit regular electrodeposition curves, charact
tic of a fixed density of particles all growing at the same r
on a given density of pinholes, as we will see below. SE
observations on such samples show that particles ind
have a very narrow size distribution. In thinner samples,
current shows sudden increases, the electrodeposition cu
are nonreproducible from sample to sample, and a large
tribution in particle size is seen by SEM. It seems clear th
in this case, new nucleation centers are created during
electrodeposition process itself. For thicker samples, p
holes are not created during electrodeposition but we ca
exclude that they could be created by the applied volt
necessary to begin electrodeposition.11

When a particle grows on a defect, the electrodeposi
current can be limited by the resistance of the defect an
by the charge transfer in the solution. At low coverage, e
particle can be considered independent of its neighbors.
der these conditions, if the resistance of the defect does
limit growth, one expects~a! the current to be proportional t
the substrate surface covered by particles and~b! that if the
particle density is constant during growth, the current m
increase with the surface of the particles, and so with
square of time.12 Condition ~a! is indeed verified for all
samples with low particle coverage (,5%) and~b! is veri-
fied for all samples with high barrier thicknesses@see Figs.
1~a! and 1~b!#. Knowing the surface of the electrodepositio
cell, one can extract13 from Fig. 1~a! a surface resistanceRS

due to the reaction. Using the density of particles extrac
from SEM observations,RS can also be derived13 from Fig.
1~b!. Both curves are in good agreement and giveRS538
65 Vcm2. This value means that, if we consider a defe
with a resistance of, for example, 3 MV in series with the
particle, the resistance will start to limit the electrodeposit
current when the particle has reached a diameter of 1mm.
These observations confirm that no new defects are cre
during electrodeposition on thicker barriers. For a high
coverage of particles on the substrate, conditions~a! and~b!
are no longer verified as the current progressively satura
This saturation is due to limitation in the maximum curre
capable of circulating in the solution and to the resistance
the defects. When performing electrodeposition onto a m
tallic substrate, the current is indeed limited to 600mA.

The samples were observed after electrodeposition w
a conducting tip AFM. As the thickness of the barrier i
creases, it becomes more and more difficult, on the A
scale, to localize the particles and consequently to perf
statistical studies. This is why we only report on the samp
Downloaded 10 Apr 2012 to 130.104.65.253. Redistribution subject to AIP l
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with the thinnest barrier. Figure 2 shows an example o
conducting tip AFM scan with topographic~right side! and
resistance~left side! maps of the same area of the samp
Aside from the particles, on the alumina background
measured local resistance of the barrier is above 1012V, as
measured prior to electrodeposition. In contrast, several
ticles have resistances around 6623103 V, which is the
resistance of the AFM conducting tip. We conclude that
resistance of these particles is therefore lower. Particles
have resistances at 1 V of, respectively, 1.13104, 2.1

FIG. 1. ~a! Current at the end of the electrodeposition process as a func
of the particle surface coverage for samples with various barrier thickne
~from 10 to 25 Å of Al! and low particle coverage.~b! Electrodeposition
currenti as a function of timet for a sample with 25 Å of Al. The initial part
of the curve is fit by the functioni;t2. Similar curves are seen for sample
with barriers of 20 and 25 Å of Al.

FIG. 2. Example of images acquired with the conducting tip AFM for
sample with 10 Å of Al, electrodeposited for 600 s. The image on the lef
topographical and that on the right is a current image, with a bias of 1
Particles 1–5 have resistances at 1 V of, respectively. 1.13104, 2.13104,
3.53104, 1.131010, and 1.131011 V. Four small size particles have resis
tance above 1012 V so they are seen in the topographic image but not in
resistance one~white arrows!.
icense or copyright; see http://apl.aip.org/about/rights_and_permissions
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3160 Appl. Phys. Lett., Vol. 79, No. 19, 5 November 2001 Carrey et al.
3104, 3.53104, 1.131010, and 1.131011V. There are also
four small size particles which have resistance above 1012V
so they are seen in the topographic image but not in
resistance one~see white arrows!. In Fig. 3, we plot the
particle height against its electrical resistance as measure
the AFM and for particles found on different areas of t
sample. As was discussed above, the very high resistanc
some defects limits the size of the particle which grows on
This explains why no particle higher than 200 nm can
found for defects whose resistance is higher than 1010V. On
the other hand, one can find small particles with small re
tances. These particles have nucleated later in the depos
as we already mentioned when we used thin barrier samp
so they did not have time to reach a great height. Th
defects also show differences in theirI (V) characteristics.
Low resistance defects have ohmic resistance while high
sistance ones have nonlinear characteristics. Two repres
tive examples of theseI (V) curves are presented in Fig. 4

In summary, we have shown that, when electrodepos
permalloy on an amorphous alumina tunnel barrier, two d
ferent growth modes can occur, depending on the bar
thickness. For thin barriers, new particles nucleate dur
electrodeposition. By using a conducting tip AFM, we ha
shown that the defects revealed by this method have a
large distribution in resistance, ranging from less than 104 to
greater than 1012V, and present various associatedI (V)
characteristics. These results suggest that this experim
approach could be a very interesting one by which to fa
cate nanoconstrictions dedicated to BMR study.

The authors thank F. Houze´ and O. Schneegans of Lab
oratoire de Ge´nie Electrique de Paris for providing the app
ratus and for stimulating discussions, and M. Bowen for
careful reading of the manuscript. One of the authors~L.P.! is
a research associate for the National Fund for Scientific

FIG. 3. Particle height vs its corresponding electrical resistance as mea
by the AFM, for the sample with 10 Å of Al electrodeposited for 600 s. T
bias voltage applied during the conducting tip the AFM analysis was 1
Downloaded 10 Apr 2012 to 130.104.65.253. Redistribution subject to AIP l
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FIG. 4. I (V) of two different particles of the sample with 10 Å of Al
electrodeposited for 600 s.
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