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We show that the electrodeposition ofghfe,; 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 1Hto greater than 8. Variousl (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 Physic§DOI: [10.1063/1.1415775

In research on magnetic tunnel junctidngpinholes” fects? What is the relation, if any, between the size of the
are generally viewed as defects which spoil the properties oflectrodeposited particles and the resistance of the defects?
the junctions. These pinholes, associated with direct metallic  In this letter, we present results which lead to significant
contacts or due to stoichiometric defects, give rise to addiprogress in the understanding of particle growth mechanisms
tional conduction channels through the junction barrier. Orand in defect characterization by combining the electrodepo-
the other hand, pinholes can be useful defects if they arsition of a ferromagnetic material such as;{fie,, (permal-
filled by electrodeposition to fabricate nanocontacts betweefby) on various thickness tunnel barriers with current map-
two metals and to investigate magnetotransport properties gfing using a conducting tip AFM.
nanocontacts. In particular, this fabrication method can be of Samples were grown in an Alcatel 610 sputtering
interest to study ballistic magnetoresistar®VIR) which  apparatus and have the following  structure:
has recently been found in nanocontacts between two ferrgal ,05/NigoFe,-150 A/Si. The ALO; barrier was fabricated
magnetic metal$-* by oxidation of Al in an Ar/Q plasma. The partial pressure

Until now, these nanocontacts have been fabricated ongf both gazes are 2 mTorr. Samples with Al thicknesses of
by one by mechanical or chemical methods which compli-10, 15, 20 and 25 A were studied. The oxidation times were
cate the study of magnetic and transport properties. Of thgreviously optimized during study of tunnel junctiSn®
different pinholes in a thin insulating barrier, some of themfy|ly oxidize the Al layer but not the NiFe layer. Two criteria
should present the right conditions to observe BMR. Withyere used: the small temperature dependence of the resis-
the interest in ballistic transport mechanisms, this experitance and the maximization of the tunnel magnetoresistance
mental approach should be useful to electrically characterizgffect. Erom transmission electron MiCroscoffEM) ex-
the different types of defects and the role they may play iperiments, the aluminum oxide barriers were found to be
tunnel junction devices. amorphous, with a thickness 1.5 larger than the deposited Al

Up to now, two different methods have been used ton agreement with the expected value for crystalline alumina
image pinholes in tunnel junctions: direct measurement ofa|,0,). The conducting tip AFM we used is the same as
the local tunnel current using conducting tip atomic forcethat fapricated by Hotzet al}® and has a resistance mea-
microscopy (AFM)°~" and defect decoration by electrode- syrement range from 100 to ¥@ with bias voltage ranging
posited metaf The first method allows one to measure varia-from 0.1 to 10 V. Prior to electrodeposition, we observed
tions of the local conductivity by scanning a surface. How-samples with different barrier thicknesses: no current con-
ever it cannot be used to establish stable contact of thgast was found on any of the samples with a bias of 1V,
pinhole because the AFM cannot be permanently maintaineﬁlnmying that the local resistance always exceedetf @0
at the same position. Moreover, the size of the tip does not = T, perform electrodeposition, we used a bath of Ni sul-
allow the measurement of small topographic defects. Theate and Fe sulfate with concentrations of 0.5 and 0.02 M,
second method seems very promising but a lot of questionggpectively. A concentration of 0.4 M of boric acid was
remain. Are the defects created by the electrodepositiodyqed as a chemical buffer to limiteeH rise at the surface.
method? What is the resistance and the nature of such dgq electrolyte temperature was maintained at 25°C. No
chemical additives were used because these species are often
¥Electronic mail: julian.carrey@thalesgroup.com incorporated into the deposit. The deposition was controlled
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by an EG&G model 263 potentiostat/galvanostat. The per- %1
malloy was deposited at 1 V relative to Ag/AgCl electrode. 4x10° I
A pure Ni plate was used as a counterelectrode. The compo- z w
sition of the deposited particles was determined by a ICP- = 3x10 37
AES1 spectrophotometer. D ///

The first observation of the permalloy particles was per- g 2x10™1 5
formed with scanning electron microscoEM). The den- O R
sity of the particles for barriers with 10, 15, 20 and 25 A of oty L7 3.)
Al were, respectively, about 50 000, 6000, 150 and 75 fmm 7

The electrodeposition current provides precious informa- 00'0 05 10 15 20 25 30 35 40
tion about the growth mechanisms of such structures. One Surface Coverage (%)
must first distinguish between samples with thick barriers
(20 and 25 A A) and thinner one$10 and 15 A. Thicker 400+
samples exhibit regular electrodeposition curves, characteris- S
tic of a fixed density of particles all growing at the same rate 3201 i
on a given density of pinholes, as we will see below. SEM < /
observations on such samples show that particles indeed ‘:240' /,’3
have a very narrow size distribution. In thinner samples, the T 160 //
current shows sudden increases, the electrodeposition curves 5 yd
are nonreproducible from sample to sample, and a large dis- O 80 _,/ b)
tribution in particle size is seen by SEM. It seems clear that, 0 .,.»//
in this case, new nucleation centers are created during the 0  500_ 1000 . 1500 2000 2500 3000
electrodeposition process itself. For thicker samples, pin- Deposition time (s)

holes are not created during electrodeposition bu.t we Canan_ 1. (a) Current at the end of the electrodeposition process as a function
exclude that they could be created by the applied voltages the particle surface coverage for samples with various barrier thicknesses
necessary to begin electrodeposit?én. (from 10 to 25 A of A) and low particle coveragéb) Electrodeposition
When a particle grows on a defect, the electrodepositioﬁ“”e““ as a function of time for a sample with 25 A of Al. The initial part
. . ' of the curve is fit by the functioin~t2. Similar curves are seen for samples
current can be limited by the resistance of the defect and/Qfn parriers of 20 and 25 A of Al
by the charge transfer in the solution. At low coverage, each

particle can be considered independent of its neighbors. Un-

der these conditions, if the resistance of the defect does n&f'thdth?. th'?ne:::&amer' F'.Qt’#rte 2 shov:}s .arrlteg:mpledof a
limit growth, one expectéa) the current to be proportional to conducting tip scan with topographieight sidg an

the substrate surface covered by particles dmdhat if the resistance(left sidg maps of the same area of the sample.

particle density is constant during growth, the current musfo‘Slde from the particles, on the alumina background the

increase with the surface of the particles, and so with them easured local resistance of the barrier is abo820 as

square of timé? Condition (a) is indeed verified for all measured prior to electrodeposition. In contrast, several par-

. . . . ticles have resistances around-8x10°(), which is the
samples with low particle coverage<6%) and(b) is veri- . T
. . . ) . : resistance of the AFM conducting tip. We conclude that the
fied for all samples with high barrier thicknesdege Figs. : . . .
. . _resistance of these particles is therefore lower. Particles 1-5
1(a) and Xb)]. Knowing the surface of the electrodeposition . ;
. . have resistances at 1 V of, respectively, 210%, 2.1
cell, one can extrati from Fig. 1(a) a surface resistandeg
due to the reaction. Using the density of particles extracted
from SEM observationsRs can also be derivéd from Fig.
1(b). Both curves are in good agreement and greg=38
+5Qcn?. This value means that, if we consider a defect
with a resistance of, for example, 3(Min series with the
particle, the resistance will start to limit the electrodeposition
current when the particle has reached a diameter pfml
These observations confirm that no new defects are created
during electrodeposition on thicker barriers. For a higher
coverage of particles on the substrate, conditi@snd (b)
are no longer verified as the current progressively saturates. _ _
This saturation is due to limitation in the maximum current Height: 0-440 nm Resistance (Ohms)
capable of circulating in the solution and to the resistance of . b
the defects. When performing electrodeposition onto a me- 10 10
tallic substrate, the current is indeed limited to G@A. FIG. 2. Example of images acquired with the conducting tip AFM for a
The samples were observed after electrodeposition withample with 10 A of Al, electrodeposited for 600 s. The image on the left is
a conducting tip AFM. As the thickness of the barrier in- topographical and that on the right is a current image, with a bias of 1 V.

. s articles 1-5 have resistances at 1 V of, respectively< 10f, 2.1x10%,
creases, it becomes more and more difficult, on the AF 5x10% 1.1x10'°, and 1.2x10' Q. Four small size particles have resis-

Scal_e'_ to |0calize the_ p?rtides and Consequemly to perforrﬂance above 1% Q so they are seen in the topographic image but not in the
statistical studies. This is why we only report on the sampleresistance onéwhite arrows.
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FIG. 3. Particle height vs its corresponding electrical resistance as measureu
by the AFM, for the sample with 10 A of Al electrodeposited for 600 s. The FIG. 4. 1(V) of two different particles of the sample with 10 A of Al,

bias voltage applied during the conducting tip the AFM analysis was 1 V. electrodeposited for 600 s.

0 1 ) )
x 10%, 3.5% _104, 1.1% 109, and 1. 10t Q. There argéaISO search(Belgium). This work was partly supported by the
four small size particles which have resistance above@0  gg|gian Interuniversity Attraction Pole PrografRAI-IUAP
so they are seen in the topographic image but not in the,

. , ) 4/10.
resistance ondsee white arrows In Fig. 3, we plot the
particle height against its electrical resistance as measured by
the AFM and for particles found on different areas of the "J- §'7“2°§3$§’1§g§' Kinder, T. M. Wong, and R. Meservey, Phys. Rev.

. . . ett. 74, .
sample. As was discussed above, the very high resistance le. Garcia, M. Munoz, and Y.-W. Zhao, Phys. Rev. L&2, 2923(1999.
some defECtS ||m|tS the Size Of the pal’tIC|e Wh'Ch grOWS on |t 3G Tatara’ Y.-W. ZhaO, M. MUnOZ, and N. Garcia' Phys Rev. Lmt
This explains why no particle higher than 200 nm can be 2030(1999.
. . . 4 . .
found for defects whose resistance is higher thal? @0 On ’3\165%?2%%() H. Rohrer, I. G. Saveliev, and Y.-W. Zhao, Phys. Rev. B&t.
the other hand, One can find small pamCIeS V_Vlth small re_SI_S'SV. D. Costa, C. Tiusan, T. Dimopoulos, and K. Ounadjela, Phys. Rev. Lett.
tances. These particles have nucleated later in the depositiongs, 876 (2000.
as we already mentioned when we used thin barrier samplesy. Ando, H. Kameda, H. Kubota, and T. Miyazaki, J. Appl. PI§%.5206
so they did not have time to reach a great height. Thesg(ZOOQ. . .
. . ; . Y. Ando, H. Kameda, H. Kubota, and T. Miyazaki, J. Appl. Ph38.L737
defects also show differences in the{V) characteristics. 1999.
Low resistance defects have ohmic resistance while high resRr. schad, D. Allen, G. Zangari, I. Zana, D. Yang, M. Tondra, and D.
sistance ones have nonlinear characteristics. Two representg\l\/ang, Appl. Phys. Lett76, 601(2000.
tive examples of thesE(V) curves are presented in Fig 4 J. Nassar, M. Hehn, A. Vaures, F. Petroff, and A. Fert, Appl. Phys. Lett.
C . 73,698(1999.

In summary, we have shown t_hat, when elec_trodep05|_ng),; HouZe R. Meyer, O. Schneegans, and L. Boyer, Appl. Phys. (68.
permalloy on an amorphous alumina tunnel barrier, two dif- 1975(1996.
ferent growth modes can occur, depending on the barriefD. Allen, R. Shad, G. Zangari, I. Zana, D. Yang, M. Tondra, and D. Wang,
thickness. For thin barriers, new particles nucleate during,?; V26 SCi- Technol. A8, 1830(2000. .

" . . ) The volumeV of the particle verifiesv(t)~ [i(t). If we suppose that
E|eCtr0dEpOS|tlon' By using a CondUCtl_ng tip AFM, we have i(t)~S(t), whereS is the surface of the particle, one can easily deduce
shown that the defects revealed by this method have a veryiatit)~t2.
large distribution in resistance, ranging from less thahtb0  *Rg can be derived from Fig.(a) in the following way: we extract from the
greater than ¥, and present various associateg/) data the relation=A®, wherei is the current an® the coverage. If we
characteristics. These results suggest that this experimentafssume that particles are hemispheriédJ, can be calculated with the

. R . . _ 2 . . .
approach could be a very interesting one by which to fabri- formulaRs=2U wR*/A, whereU is the electrodeposition bid4 V) and

- . R the electrodeposition cell radii&.5 mm. Rg can be derived from Fig.
cate nanoconstrictions dedicated to BMR study. 1(b) in the following way: we extract from the data the relatioft)

; RS ) ’ . . . )
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ora ; . q i . P g Pp . then derived simply from these two relations so one finds Rat
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